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Tuning of Perovskites

Wide-Range Tuning of the Mo Oxidation State in
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Abstract: La1–xSrxFe2/3Mo1/3O3 (0 ≤ x ≤ 1) perovskites allow ex-
ceptionally wide tuning of the Mo oxidation state from +3 (x =
0) to +6 (x = 1) with the FeIII oxidation state virtually unchanged.
The end members of this series show antiferromagnetic order-
ing in LaFe2/3Mo1/3O3 at TN = 520 K and ferrimagnetic ordering
in SrFe2/3Mo1/3O3 at TC = 420 K. The crucial role of electron
correlations in the Mo 4d shell suggests that LaFe2/3Mo1/3O3

with a half-filled band is a Mott insulator, whereas

Introduction

The double perovskite Sr2FeMoO6
[1] exhibits ferromagnetic half-

metallic properties with a Curie temperature TC as high as 420 K
and can be used for room-temperature tunnelling-type magne-
toresistance (TMR) devices.[2] The magnitude of the tunnelling
magnetoresistance is directly related to the spin polarization of
the tunnelling electrons. Half-metals are unusual ferromagnets
in which only half of the electrons (either spin up or spin down)
participate in conductivity.[3] Although high values of spin po-
larization and tunnelling magnetoresistance have been meas-
ured at low temperatures, very small effects are usually found
at room temperature.[4] The key factors responsible for the op-
eration of spintronic devices are the ferromagnetic-ordering
temperature and the saturation magnetization.[5] Therefore,
many efforts have been made to increase these parameters by
tuning the chemical composition of suitable compounds
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SrFe2/3Mo1/3O3 is a band insulator. In both cases, the magnetic
structure is dictated by antiferromagnetic superexchange be-
tween localized magnetic moments. At intermediate composi-
tions, an interplay of antiferromagnetic-superexchange and
double-exchange interactions results in nonmonotonous varia-
tions of both the magnetic-ordering temperature and satura-
tion magnetization.

through either hole/electron doping or isovalent substitu-
tions.[6]

The double perovskite Sr2FeMoO6 has a cubic (undistorted
double perovskite, space group Fm3m) or tetragonal structure
(space group I4/m, a ≈ √2aper, c ≈ 2aper) at room temperature,
depending on the degree of antisite (Fe/Mo) disorder,[7] and the
Fe and Mo cations have a chess-type ordering with a slight
octahedral rotation along the c axis, as shown in Figure 1. This
corresponds to the one-tilt a0a0c– system in the Glazer notation.
In Sr2FeMoO6, the Fe cations are in a mixed oxidation state
between +2 and +3, as observed from both 57Fe Mössbauer
spectroscopy[8] and Fe 2p3d resonant photoemission spectro-
scopy.[9]

Figure 1. (a) The crystal structure of Sr2FeMoO6 with the Fe and Mo cations
located in the blue and green octahedra, respectively. (b) The crystal struc-
ture of the orthorhombic perovskite LaFe2/3Mo1/3O3 (Pnma, right). The A
cations are not shown for clarity.

The electron doping of Sr2FeMoO6 through the partial sub-
stitution of the Sr2+ ions by La3+ ions in Sr2–xLaxFeMoO6 solid
solutions is limited to x values close to 1.0 and results in the
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increase of TC to 490 K (x = 1).[10] It has to be mentioned that
the increase in the La content leads to a substantial decrease
of the ordering of the B cations, and no ordering has been
observed for compositions with x > 0.8.[11,12] A decrease of B-
cation ordering is also observed in Sr2–xNdxFeMoO6.[13] This is
not surprising because the close ionic radii of Fe3+ and Mo5+

[rFe3+ high spin (HS) = 0.645 Å, rMo5+ = 0.61 Å][14] results in the
ordering of the Mo and Fe ions in Sr2FeMoO6 owing to the
large charge-difference effect. Therefore, one can expect that
the ordering of the Mo and Fe cations would decrease with
decreasing Mo oxidation state (or with x in Sr2–xRExFeMoO6,
RE = rare-earth cation). DFT calculations for the hypothetical
compound La2FeMoO6 (x = 1) with formal oxidation states of
MoIII and FeIII predict the stabilization of an antiferromagnetic
ground state with TN as high as 537 K.[15,16]

The variation of the Fe/Mo ratio in Sr2FeMoO6 according to
formula Sr2Fe2–yMoyO6 results in the preparation of perovskite-
related oxides with no or partial ordering of the Fe and Mo
cations depending on the x value and the preparation condi-
tions. Fe-rich compositions exhibit large oxygen nonstoichiom-
etry and crystallize with a brownmillerite-type structure with
layered ordering of the oxygen vacancies.[17] The formation of
ordered double perovskites with different octahedral tilting
schemes has been observed for 0.5 ≤ y ≤ 1.2,[18] whereas the
study of compositions 0.75 ≤ y ≤ 2.0 revealed the saturation of
TC at y = 0.95 and decreasing Curie temperature with increasing
Mo content.[19] Popuri et al.[20] observed the absence of B-cat-
ion ordering for the y = 1.2 composition; TC ≈ 250 K was re-
vealed by the magnetic susceptibility measurements, and G-
type antiferromagnetic ordering was observed through room-
temperature neutron powder diffraction (NPD) data. In recent
theoretical studies supported by effective Hamiltonian calcula-
tions,[21–23] it was concluded that a possible way to increase
the ferrimagnetic Tc without sacrificing the conduction electron
polarization in Sr2FeMoO6 is the addition of excess Fe and the
substitution of La on the Sr site to compensate for the loss of
mobile carriers.

In the present paper, we report the syntheses, structures and
a magnetic study of a new La1–xSrxFe2/3Mo1/3O3 (0 ≤ x ≤ 1)
perovskite series. The limiting compositions with x = 0
(LaFe2/3Mo1/3O3) and x = 1 (SrFe2/3Mo1/3O3) have long been
known. LaFe2/3Mo1/3O3 has an orthorhombic perovskite struc-
ture [space group Pnma, a ≈ √2aper = 5.6493(3) Å, b ≈ 2aper =
7.9205(4) Å, c ≈ √2aper = 5.5845(3) Å] with complete disorder
of the B cations and exhibits high-temperature antiferromagne-
tism with TN ≈ 520 K.[24] In contrast, in the crystal structure of
SrFe2/3Mo1/3O3, there is a chess-type ordering of the B cations,
and its chemical formula may be rewritten as Sr2(Fe)-
(Fe1/3Mo2/3)O6 (space group I4/m, a ≈ √2aper, c ≈ 2aper like
Sr2FeMoO6 or space group Fm3m, a ≈ 2aper).[25] It is ferrimag-
netic, and TC varies between 280 and 500 K depending on the
oxygen content.[26] Our X-ray absorption near-edge structure
(XANES) study of La1–xSrxFe2/3Mo1/3O3 perovskites revealed that
the Fe oxidation state remains close to +3 irrespective of x.
Thus, in comparison with Sr2–xLaxFeMoO6 limited to x ≈ 1 com-
position,[10] it is possible to vary the average oxidation state of
Mo in a wide range from +3 for x = 0 to +6 for x = 1. This
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allows the magnetic properties of double perovskites to be
tracked with the number of Mo 4d electrons.

Results

Single-phase samples of La1–xSrxFe2/3Mo1/3O3 were prepared for
compositions 0.0 ≤ x ≤ 0.8 and SrFe2/3Mo1/3O3. It should be
noted that samples with high amounts of lanthanum were pre-
pared at 1150 °C, whereas lower temperatures were used to
synthesize strontium-rich compositions. For example, single-
phase samples of SrFe2/3Mo1/3O3 were obtained at 1000 °C for
24 h. Attempts to synthesize single-phase samples with x = 0.9
were unsuccessful at various temperatures.

Owing to the low oxidation states of the B cations, samples
of La1–xSrxFe2/3Mo1/3O3 demonstrate low stability in air at mod-
erate temperatures. Thus, thermogravimetric (TG) studies of La-
Fe2/3Mo1/3O3 and La0.5Sr0.5Fe2/3Mo1/3O3 samples in air revealed
weight gains at 325 and 350 °C, respectively. The analysis of the
X-ray powder diffraction (XRPD) patterns of the samples after
the TG study showed the formation of La2Mo2O9 and
LaFeO3 for LaFe2/3Mo1/3O3 and SrMoO4 and LaFeO3 for
La0.5Sr0.5Fe2/3Mo1/3O3. We observed only very small differences
between the experimentally observed and calculated (given in
brackets) weight gains of 2.93 (3.12) and 1.67 % (1.74) for the
LaFe2/3Mo1/3O3 and La0.5Sr0.5Fe2/3Mo1/3O3 samples, respectively.
This result indicates that only a small (if any) number of oxygen
vacancies are formed in the crystal structures of the studied
perovskites.

X-ray Powder Diffraction and Neutron Powder Diffraction

The XRPD patterns of the samples with 0 ≤ x <0.8 (Figure 2, A)
were indexed for orthorhombic unit cells corresponding to the
formation of GdFeO3-type perovskite with space group Pnma
(a ≈ √2aper, b ≈ 2aper, c ≈ √2aper), whereas the samples with x =
1 was indexed with a tetragonal unit cell with a = 5.577(2) Å
and c = 7.841(3) Å. Owing to the presence of two competing
trends, that is, the decrease of the B-cation size owing to the
increase of its average oxidation state and the simultaneous
increase of the A-cation average size owing to the larger ionic
radius of Sr2+ (r = 1.44 Å) compared with that of La3+ (r =
1.36 Å),[14] only a slight variation of the unit-cell volume occurs
with x. The small magnitude of the splitting of the perovskite
substructure reflections together with the low intensity of the
superstructure reflections [corresponding to orthorhombic su-
percell (O) a ≈ √2aper, b ≈ 2aper, c ≈ √2aper], especially observed
for compositions with a large Sr content, significantly compli-
cate the correct indexing of the XRPD patterns. The part of the
XRPD patterns with a low-diffraction angle (2Θ = 15–30°), in
which the majority of the strongest superstructure reflections
are located, is shown in Figure 2 (B). The strongest superstruc-
ture reflection in the XRPD pattern of LaFe2/3Mo1/3O3 is the
(111)O reflection located at 2Θ ≈ 25°. Its intensity decreases
with increasing Sr content and it seems to disappear in the
XRPD patterns of the samples with x = 0.8 and 1.0, as shown
in Figure 2 (B). This indicates the formation of B-site-ordered
perovskite phases for these compositions, as this reflection is
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forbidden in both space groups I4/m (a ≈ √2aper, c ≈ 2aper) and
Fm3m (a ≈ 2aper) reported for SrFe2/3Mo1/3O3. At the same time,
the (011)O reflection at 2Θ ≈ 19°, which is absent in the XRPD
patterns of the La-rich samples, becomes intense for composi-
tions with x ≥ 0.5.

Figure 2. (A) XRPD patterns of La1–xSrxFe2/3Mo1/3O3 (0.0 ≤ x ≤ 0.8, x = 1.0). (B)
Magnification of the part of the XRPD patterns in which the superstructure
reflections are shown (see text). The indexes correspond to a unit cell with a
≈ √2aper, b ≈ 2aper, c ≈ √2aper.

The NPD data were obtained at 5 K (for x = 0.5 sample) and
293 K (for x = 0.3 and 0.5 samples). All of the diffraction peaks
were indexed with the space group Pnma. No extra peaks were
detected in the NPD patterns. A comparison of the diffraction
intensities measured at different temperatures indicates the
presence of only a G-type antiferromagnetic (AFM) contribution
for the x = 0.3 sample and both ferromagnetic (FM) and G-type
AFM contributions for the x = 0.5 sample. Simple calculations
of the magnetic structural factors shows that the FM compo-
nent of the magnetic structure for the Pnma space group con-
tributes to the diffraction peaks with the even k Miller index,
whereas AFM G-type ordering contributes to the odd k index.
Thus both components can be refined independently. Similar
conclusions were drawn after the analysis of the magnetic
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structure of Sr2FeMoO6 with ordered and disordered B cati-
ons.[7]

The presence of both FM and AFM components in the mag-
netic structure could be interpreted in several ways. The first
possibility is a (weak) FM contribution in the canted AFM phase,
which is allowed by symmetry for certain orientations of mag-
netic moment. Specifically, the allowed spin configurations con-
taining both G and C components are CxGyFz (corresponding
to Γ2+ irreducible representation in Miller–Love notation) and
AxFyGz (corresponding to Γ4+). However, such canting is nor-
mally caused by a weak relativistic (Dzyaloshinskii–Moriya) term
and cannot lead to the observed high magnitude of the FM
moment. Consequently, this scenario could be excluded.

The second possibility is an incoherent mixture of FM and
AFM phases, that is, mesoscopic separation onto the FM and
AFM domains, which is plausible provided that the distribution
of Fe and Mo over the B-cation sites is highly inhomogeneous.
Alternatively, this could be explained by the formation of a
long-range ferrimagnetic (FIM) structure. Clearly, the presence
of a FIM structure suggests some degree of ordering of the Fe
and Mo cations. Unfortunately, it is difficult to select between
the last two models with the present NPD data restricted to the
particular (x = 0.5) sample, as the refinements converged to
very similar results. Nevertheless, strong evidence in favour of
the AFM structure for low Sr concentration (x < 0.4) and the FIM
structure for 0.4 < x ≤ 1 was obtained from the analysis of the
macroscopic magnetic data. Such an analysis will be developed
in detail in the Discussion section.

The final refinement of the atomic and magnetic structures
in accordance with the neutron diffraction data was performed
with two independent phases (atomic and magnetic: FIM). The
results are shown in Figure 3 and reported in Table 1. The rela-
tive contributions of the crystal and magnetic structures in the
diffraction patterns are shown in Figure 4. Owing to very small
magnitude of the splitting of the perovskite subcell reflections
for La0.5Sr0.5Fe2/3Mo1/3O3 (the relative difference between the
values of the lattice parameters is <0.3 %), it is impossible to

Figure 3. Observed and calculated NPD profiles of La0.5Sr0.5Fe2/3Mo1/3O3 at
5 K and the difference between them. The refinement was performed with
consideration of both magnetic and crystal structure. The vertical ticks indi-
cate the calculated nuclear (upper row) and magnetic (lower row) reflection
positions.
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determine the direction of the magnetic moments with respect
to the crystallographic axes.

Table 1. Summary of the results of the Rietveld fits of the NPD patterns,
final atomic coordinates, and AFM and FM magnetic moments for
La1–xSrxFe2/3Mo1/3O3 (x = 0.3 and 0.5) at room and low temperature. The
thermal parameters of the cations were equated to each other. (La,Sr) and
O1 are at 4c (x, 1/4, z); (Fe,Mo) are at 4b (0, 0, 1/2); O2 is at 8d (x, y, z).

x = 0.3 x = 0.5

T [K] 293 5 293
�2 1.01 2.31 1.93
Rw [%] 8.6 8.6 10.4
a [Å] 5.5923(3) 5.5754(1) 5.5842(2)
b [Å] 7.8921(3) 7.8647(1) 7.8830(2)
c [Å] 5.5867(3) 5.5623(1) 5.5803(2)
x(La/Sr) 0.0245(5) 0.0246(3) 0.0221(5)
z(La/Sr) –0.0098(10) –0.0044(8) –0.0103(5)
B(La/Sr) [Å2] 0.47(2) 0.41(1) 0.34(2)
B(Fe/Mo) [Å2] 0.47(2) 0.41(1) 0.34(2)
x(O1) 0.4950(13) 0.4967(7) 0.5010(11)
z(O1) 0.0435(8) 0.0662(5) 0.0404(7)
B(O1) [Å2] 0.57(7) 0.67(4) 1.01(7)
x(O2) 0.2793(8) 0.2671(4) 0.2664(9)
y(O2) 0.0457(4) 0.0284(2) 0.0312(3)
z(O2) 0.7278(9) 0.7245(4) 0.7306(11)
B(O2) [Å2] 0.95(5) 0.57(2) 1.05(4)
μAFM [μB] 2.9(1) 3.24(7) 2.6(1)
μFM [μB] ca. 0 2.2(2) 1.3(3)

Figure 4. Calculated low-temperature neutron diffraction pattern of
La0.5Sr0.5Fe2/3Mo1/3O3 with contributions from crystal and magnetic struc-
tures. The contribution of the magnetic structure is significant in this d-spac-
ing range.

As ferrimagnetic order (as proposed from the analysis of the
macroscopic magnetization data for x > 0.4) is incompatible
with Pnma symmetry, it is plausible that the actual symmetry
is lower than Pnma, most probably P21/n with checkerboard
ordering of the B cations. However, the high-resolution NPD
data did not reveal any evidence of symmetry lowering, and no
anomalies were observed in the refined magnitudes of the
atomic displacement parameters (ADPs, Table 1); therefore, the
structural distortion (if any exists) is very small. Furthermore,
refinement attempts in the P21/n structural model did not im-
prove the fit quality compared to that for the Pnma model.
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Consequently, we present the results of the refinements of the
Pnma structural model.

Although the formation of B-site-ordered perovskite phases
was confirmed for x = 0.8 and 1, the evaluation of the degree
of Fe and Mo ordering in the compounds with lower La concen-
tration (0.0 ≤ x ≤ 0.7) cannot be performed from the present
XRPD studies of La1–xSrxFe2/3Mo1/3O3. Nevertheless, we argue
below that some degree of B-cation ordering develops progres-
sively for x > 0.4. This suggestion receives some indirect
confirmation from the peculiar magnetic behaviour of
La1–xSrxFe2/3Mo1/3O3, which is remarkably different for x < 0.4
and x > 0.4. This difference is argued to be intimately related to
the Fe and Mo ordering over the B-cation lattice, which occurs
for x > 0.4. The formation of B-site-ordered double perovskites
A2BB′O6 is dictated by the disparity between the average char-
ges of the B and B′ cations, their ionic radii, cation coordination
geometry and A-cation/B-cation size difference.[27] For
La1–xSrxFe2/3Mo1/3O3 perovskites, the increase in charge differ-
ence with x should be the predominant factor, as the ionic ra-
dius of Fe3+ (r = 0.645 Å) is rather close to those of both Mo3+

(r = 0.67 Å) and Mo6+ (r = 0.60 Å).[14]

X-ray Absorption Near-Edge Structure

To reveal the Fe oxidation state, the Fe-K-edge XANES spectra
of LaFe2/3Mo1/3O3 and SrFe2/3Mo1/3O3 together with those of
the standard samples FeO (Fe2+), Fe3O4 (Fe2.66+) and Fe2O3

(Fe3+) were recorded, as shown in Figure 5 (A). Although the
spectra show distinct edge energies for the standard samples
owing to the various oxidation states, the Fe-K-edge energies
of LaFe2/3Mo1/3O3 and SrFe2/3Mo1/3O3 are very close to each
other, which suggests that they have a similar Fe oxidation
state. This is the case for all La1–xSrxFe2/3Mo1/3O3 perovskites, as
shown in Figure 5 (B). To be more quantitative, the edge energy
can be defined according to the inflection of the edge in the
spectrum. The Fe-K-edge energies of all samples are depicted
in Figure 6. These results clearly demonstrate that the oxidation
state of the Fe cations in La1–xSrxFe2/3Mo1/3O3 is very close to
+3 for all studied compositions.

With a nearly constant oxidation state of FeIII, one can
expect the oxidation state of Mo cations to vary from +3 in
LaFe2/3Mo1/3O3 to +6 in SrFe2/3Mo1/3O3 with increasing x. To
verify this scenario, the Mo-K-edge spectra of LaFe2/3Mo1/3O3

and SrFe2/3Mo1/3O3 together with those of the standard sam-
ples Mo, MoO2, MoO3 and La1–xSrxFe2/3Mo1/3O3 are shown in
Figure 7 (A). Moreover, the Mo-K-edge spectra of all
La1–xSrxFe2/3Mo1/3O3 samples are shown in Figure 7 (B). For the
Mo-K-edge, it was suggested that the second-peak energy, as
indicated by the arrow in Figure 7 (B), serves as an appropriate
reference to the Mo oxidation state.[28] According to this
criterion, the consequent Mo oxidation state variation in
La1–xSrxFe2/3Mo1/3O3 with x was explicitly observed, as shown
in Figure 8. Indeed, the Mo oxidation state in
La1–xSrxFe2/3Mo1/3O3 increases from +3 to +6 correspondingly
with the value of x increasing from 0 to 1. It is noted from
Figure 6 that the Fe oxidation state in all La1–xSrxFe2/3Mo1/3O all
samples is generally slightly lower than +3. Similarly, the Mo
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Figure 5. (A) Fe-K-edge XANES spectra of FeO (+2), Fe3O4 (+2.66), Fe2O3 (+3),
LaFe2/3Mo1/3O3 and SrFe2/3Mo1/3O3 normalized between 7780 and 7830 eV;
(B) Fe-K-edge XANES spectra of La1–xSrxFe2/3Mo1/3O3 (0.0 ≤ x ≤ 1) normalized
at the peaks at ca. 7130 eV. The enlarged pre-edges are shown in the inset.

Figure 6. The Fe-K-edge energies of La1–xSrxFe2/3Mo1/3O3 and the standard
samples. Left axis: the doping level x of Sr of La1–xSrxFe2/3Mo1/3O3. Right axis:
Fe oxidation state of the standard samples.

oxidation state for all La1–xSrxFe2/3Mo1/3O3 samples is always
slightly lower than the expected value from the Sr doping con-
tent x. It is plausible that these differences in the oxidation
states can be attributed to a small oxygen deficiency in the
samples, and the oxygen deficiency δ to achieve charge bal-
ance in La1–xSrxFe2/3Mo1/3O3–δ can be estimated. For the oxid-
ation states of Fe and Mo shown in Figures 6 and 8, δ ≤ 0.08
for all samples. This δ value is much smaller than δ = 0.3 for
SrFe1.75/2Mo0.25/2O3–δ, as reported in ref.[29]
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Figure 7. (A) The Mo-K-edge spectra of MoO2 and MoO3 compared with those
of La1–xSrxFe2/3Mo1/3O3 (x = 0, 0.5, 1); (B) the Mo-K-edge spectra of
La1–xSrxFe2/3Mo1/3O3 (0.0 ≤ x ≤ 1). All Mo-K-edge spectra are normalized be-
tween 20660 and 20710 eV.

Figure 8. The second-peak energy of the Mo-K-edge spectra for
La1–xSrxFe2/3Mo1/3O3 (0.0 ≤ x ≤ 1) and the standard samples. The y axis on the
left shows the different doping content of Sr for La1–xSrxFe2/3Mo1/3O3, and
the y axis on the right shows the oxidation state of the Mo standard samples.
The Mo oxidation state increases with increasing Sr content.

The Fe K pre-edges in transition-metal oxides are caused by
the hybridization of 3d and 4p states.[30] These are further en-
larged in the inset of Figure 5 (B). All of the pre-edges show
only one feature at ca. 7114 eV, which is ascribed to the FeIII

state, and further features at a lower energy for FeII are ab-
sent.[29] This concurs with the small δ value estimated
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above and suggests that the Fe oxidation states of all
La1–xSrxFe2/3Mo1/3O3 samples in Figure 6 are very close to +3.
Furthermore, the pre-edges of the x = 1 and 0.8 samples are
intriguingly more significant than those of the others (especially
for x = 1). In general, an increase in the pre-edge intensity can
be caused by a smaller coordination number for the Fe ion or
enhanced distortion of the local octahedral structure.[29,30] In
the present case, considering the absence of FeII features, the
significantly enhanced Fe K pre-edge more likely manifests a
unique octahedral distortion of the Fe environment for the end
compounds. The changes of the spectra at ca. 7120 eV in Fig-
ure 5 are probably caused by the same factor discussed above.
The Mo K pre-edges at ca. 20005 eV in Figure 7 (B) are similar
for all La1–xSrxFe2/3Mo1/3O3 samples and are somewhat less sig-
nificant than those of the Fe-K-edge (with the exception of x =
0.4, possibly because of a particular decrease in the coordina-
tion number of Mo for an unknown reason). These results imply
that the local octahedron of the Mo ions experiences less dis-
tortion than that of the Fe ions even for the end compounds.

To conclude, the oxidation state of the Fe cations in
La1–xSrxFe2/3Mo1/3O3 remains almost constant at close to +3,
whereas the Mo oxidation state from +3 to +6 as x increases
from 0 to 1. Therefore, the XANES results prove that the engi-
neering of the Mo oxidation state is realized, and the magnetic
properties of La1–xSrxFe2/3Mo1/3O3 can be further explored on a
firm base.

Magnetization

The temperature dependence of the reduced magnetization
M/B of LaFe2/3Mo1/3O3 with Fe3+ and Mo3+ ions is shown in the
upper panel of Figure 9. Two peaks at T1 = 527 K and T2 = 130 K
are clearly seen. As the magnetization decreases below both
these temperatures, these transitions can be considered as anti-
ferromagnetic ones. Furthermore, the magnetization curve
measured at 2 K demonstrates a spin-flop-like feature at BC =
2.8 T (see upper panel of Figure 9), which indicates the effects
of magnetic anisotropy.

As suggested and discussed below in more detail, the forma-
tion of AFM ordering in LaFe2/3Mo1/3O3 is the result of the inter-
play of several specific factors. First, owing to their Fe3+ and
Mo3+ ionic states, these ions are distributed statistically over
the B-cation lattice, and the AFM superexchange interaction be-
tween numerous pairs of neighbouring Fe magnetic moments
becomes dominant because of the excess of Fe over Mo. More-
over, we suggest that LaFe2/3Mo1/3O3 is an insulating material
in which localized moments in Mo+3–Mo+3 and Mo+3–Fe+3 pairs
of neighbouring ions are also coupled by AFM superexchange,
as follows from the Goodenough–Kanamori–Anderson (GKA)
rules. In this respect, the nature of the AFM ordering in
LaFe2/3Mo1/3O3 is different from the hypothetical one predicted
in refs.[15,31] for double perovskites La1–xSrxFe1/2Mo1/2O3 as x
tends to zero.

The replacement of even a small amount of lanthanum in
LaFe2/3Mo1/3O3 by strontium changes the response to the exter-
nal magnetic field considerably. In particular, as seen in the
upper panel of Figure 9, the high-temperature anomaly for
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Figure 9. The temperature dependencies of the reduced magnetization M/B
of La1–xSrxFe2/3Mo1/3O3 compounds measured at B = 0.1 T. The vertical arrows
are a guide to highlight the magnetic phase transitions. The Mo oxidation
state is indicated in the top right corner of each panel.

La0.9Sr0.1Fe2/3Mo1/3O3 at T1 transforms into a steplike increase
of reduced magnetization, whereas the anomaly at T2

is suppressed, and the reduced magnetization of
La0.9Sr0.1Fe2/3Mo1/3O3 increases almost four times in compari-
son with that of the parent material (x = 0). We suggest that
the enhanced magnetization indicates the appearance of an
additional contribution from a readily spin-polarizable itinerant
component on top of that from localized strongly coupled mag-
netic moments. In the ionic picture, the introduction of Sr2+

ions leads to the oxidation of molybdenum, that is, the appear-
ance of Mo4+ (4d2, S = 1) ions in the structure. In the band
picture, this means that the occupancy n of the conduction
band is reduced from n = 3 (x = 0) to n = 2.7 (x = 0.1), and the
itinerant component can be viewed, for instance, as holes with
concentration δn = 0.3 in the conduction band of the Mo net-
work.

These processes evolve with the doping level until x = 1/3,
which suggests that the oxidation states of the cations are
equal according to La3+

0.67Sr2+
0.33Fe3+

2/3Mo4+
1/3O3. For higher

strontium concentrations, the growing fraction of Mo5+ (3d1,
S = 1/2) manifests itself in drastic changes to the magnetic
properties. As shown in the middle panel of Figure 9 for La1–x-
SrxFe2/3Mo1/3O3 (0.4 ≤ x ≤ 0.7), the temperature dependences of
the reduced magnetization under the external magnetic field
demonstrate ferro-/ferrimagnetic-type increases as the temper-
ature decreases, and the onset of magnetic ordering occurs in
the same temperature interval of 410–450 K. The measured
magnetization values are approximately two orders of magni-
tude larger than those for compounds with x < 0.3. Further-
more, the magnetization curves measured at 2 K (shown in the
middle panel of Figure 10) demonstrate behaviour typical for
ferro/ferrimagnets and reach saturation for B > 3 T. The values
of saturated magnetization increase with strontium doping for
0.4 ≤ x ≤ 0.7. As discussed below, these features are compatible
with a scenario of a ferrimagnetic state with two-component
magnetization formed by the localized Fe spins and the con-
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duction electrons of the Mo network. In this scenario, the ob-
served behaviour of saturation magnetization can be explained
by consideration of a variation of the induced spin polarization
of the conduction electrons that is dependent on the Sr con-
tent.

Figure 10. The field dependencies of the magnetization of
La1–xSrxFe2/3Mo1/3O3 at T = 2 K. The solid line emphasizes the almost linear
growth of the magnetization below the spin-flop-like transition at BC marked
by an arrow for LaFe2/3Mo1/3O3.

For x = 2/3, the charge states of the ions are
La3+

0.33Sr2+
0.67Fe3+

2/3Mo5+
1/3O3. Therefore, a further increase of

Sr content leads to the appearance of Mo6+ (3d0, S = 0) ions
and the structural ordering of Fe3+ and Mo6+ cations over the
B-cation lattice for x = 0.8 and 1. The temperature dependences
of the reduced magnetization M/B of La1–xSrxFe2/3Mo1/3O3

(x > 0.7) are shown in the lower panel of Figure 9. As in the
previous case, 0.4 ≤ x ≤ 0.7, the observed dependence of M/H
versus T demonstrates ferro-/ferrimagnetic-type behaviour ac-
companied by a small decrease of TC. The decrease of magneti-
zation for both M/B versus T and M versus B corresponds well to
the appearance of nonmagnetic Mo6+ ions, which also means
a steady depletion of the conduction band down to n = 0 at
x = 1, and this explains the decreased induced magnetization
in these compounds. The evolution of the magnetization per
unit cell with x is shown in Figure 10 (lower panel). In total, the

Figure 11. The upper panel represents the magnetic phase diagram of the
La1–xSrxFe2/3Mo1/3O3 family of compounds. The solid lines separate paramag-
netic and magneto-ordered regions. The lower panel represents the magnetic
moments obtained under a 9 T magnetic field at 2 K. The vertical dashed
lines indicate the critical values of x separating different Mo oxidation states.
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data for the macroscopic magnetic characterization of
La1–xSrxFe2/3Mo1/3O3 were used to reconstruct the “critical tem-
perature–concentration” magnetic phase diagram, as shown in
Figure 11 (upper panel).

Discussion

The microscopic mechanisms responsible for the peculiar mag-
netic behaviour of La1–xSrxFe2/3Mo1/3O3 can be understood by
comparison with those of the well-studied double perovskites
La1–xSrxFe1/2Mo1/2O3.[1,32,33] Below, we refer to both compounds
as two members of the same family La1–xSrxFe1–yMoyO3 with
different Fe–Mo compositions, namely, y = 1/3 and y = 1/2,
respectively. The common basis is a low-energy electronic
model properly formulated in terms of the localized (core) spin
S = 5/2 at the Fe sites and the conduction electrons on the
network formed from the t2g orbitals of the Mo ions. Here, the
effective conduction bandwidth Weff and the band filling n, con-
trolled mainly by the composition (y) and Sr concentration (x),
are important parameters of the problem. In general, several
spin-coupling mechanisms present in the system in cooperation
with effects of the band kinetic energy (≈ nWeff ) and electron
correlations owing to on-site Coulomb repulsion (ca. U) to-
gether determine a specific low-temperature magnetic order-
ing, which depends on the Fe–Mo composition and the peculi-
arities of the Fe and Mo spatial distribution over the B-cation
lattice sites.

In Sr-based (x = 1) double perovskites (y = 1/2) with Fe and
Mo located in different sublattices of the B-cation lattice, the
double-exchange-type interaction between nearest-neighbour
(NN) Fe–Mo sites and the band kinetic-energy effects dominate;
thus, a peculiar FIM state occurs, in which the large spins of the
Fe ions are parallel, and the conduction-band spins of the Mo
network are in the opposite direction.

The change of the composition between Fe and Mo from y =
1/2 to y = 1/3 introduces new aspects into the problem. Firstly,
irrespective of the Sr/La concentration, the B-cation lattice can
be considered as composed of two interpenetrating networks
formed of Fe and Mo ions, respectively, and the number of NN
Fe–Fe pairs in the Fe network is much higher than that of NN
Mo–Mo pairs in the Mo network. The strength of superex-
change JFF between the neighbouring Fe core spins can be
estimated from the Neel temperature TN(LFO) = 750 K for similar
perovskite LaFeO3. On the basis of the mean-field expression
TN(LFO) = zS(S + 1)JFF/3kB, in which z = 6, S = 5/2, and kB is the
Boltzmann constant, one obtains JFF ≈ 4 meV. As will be argued
below, the AFM coupling between the core spins in the massive
Fe network becomes the dominant interaction that
determines the main trends in the magnetic behaviour of
La1–xSrxFe2/3Mo1/3O3 at any x. Simultaneously, the effective
bandwidth Weff of the conduction electrons and, hence, the
band kinetic-energy effects in the loosened Mo network are
reduced strongly in comparison with those of the double per-
ovskites. For y = 1/3, the occupancy n of the t2g subshell of
Mo (i.e., the conduction-band filling) depends linearly on the Sr
concentration, n = 3(1 – x), and varies in a wider range from
n = 3 (t2g

3 configuration of Mo) at x = 0 to n = 0 (t2g
0 configura-
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tion) at x = 1, which corresponds to the limits of half-filled and
empty bands, respectively.

Here, we emphasize the potentially crucial role of electron
correlations[5,34] owing to considerable on-site Coulomb repul-
sion (≈ U) in the Mo 4d shell, which may be especially important
in the limit of half-filling (n = 3) but are frequently disregarded
in the theoretical analysis of double perovskites. In this limit,
large U values may lead to the Mott insulating phase if the
ratio U/Weff exceeds the typical threshold (U/W)c ≈ 1/2, which is
credible in La2Fe2/3Mo1/3O3, particularly in view of the reduced
effective bandwidth Weff mentioned earlier. In this case, the
conduction electrons are probably localized with high spin S =
3/2 owing to the intra-atomic Hund interaction in the t2g

3 con-
figuration of Mo.

On the basis of the above arguments for the correlated con-
duction electrons in La1–xSrxFe2/3Mo1/3O3, one expects a cross-
over between two regimes of their behaviour in dependence
on the Sr concentration x and, hence, on the band filling n =
3(1 – x). The first regime, designated hereafter as the correlated
one, is for 2 < n ≤ 3, that is, at and near to the half-filling. At
n = 3, the pronounced electron correlations strive to create a
localized Mo high-spin state that is coupled to the neighbou-
ring moments of Fe and Mo with the coupling constants
JFe–Mo and JMo–Mo, respectively. The AFM nature of the magnetic
interaction in NN Fe–Mo and Mo–Mo pairs is similar to that of
NN Fe–Fe pairs, as can be proved with the use of the standard
concepts of the superexchange theory. In each pair of NN cati-
ons sharing a common oxygen atom, the superexchange path
along the (nearly) 180° bond connects the half-filled t2g orbitals
of both cations. If the conduction-band occupancy deviates
slightly from the half-filled limit, that is, n = 3 – δn (δn ≈ 0.1),
the ground state of the system is no more an insulating one
but can be still regarded as a state with “nearly localized” Mo
magnetic moments with a small admixture (δn ≈ 0.1) of itiner-
ant degrees of freedom. This consideration is helpful in under-
standing the difference in the character of the magnetic suscep-
tibility as a function of temperature at x = 0 and at low but
finite Sr concentration (x = 0.1), as clearly seen in the upper
panel of Figure 9. The second regime, regarded as the itinerant
one, is for 0 < n < 2, in which the correlation effects are typically
weakened,[5,34] and the delocalized spin densities of the con-
duction electrons of the Mo network are antiferromagnetically
coupled to the local Fe spins and prefer to follow (with opposite
sign) the spatial spin distribution dictated by the massive net-
work of Fe cations. Only this double-exchange-type Mo–Fe cou-
pling and strong AFM NN Fe–Fe superexchange determine
the overall magnetic development in the entire system
La1–xSrxFe2/3Mo1/3O3 with delocalized band electrons for
x > 1/3.

To be more precise, consider first the limit x = 0, for which
the formal ionic charges of Fe3+ and Mo3+ are the same, and
one expects full structural disorder in the distribution of both
ions over the B-cation sites in the perovskite lattice. As the site-
occupancy probabilities of 2/3 and 1/3 for Fe and Mo, respec-
tively, are larger than the percolation threshold of 0.31, the per-
colation theory[35] allows us to consider each of two interpene-
trating networks as containing a single infinite cluster and some
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amount of “isolated” ones. As in the dense LaFeO3 system, the
infinite Fe cluster tends to undergo the magnetic phase transi-
tion into the Neel-type ordered state but at the reduced tem-
perature T′N ≈ 0.6TN(LSO) = 450 K. Here, the factor 0.6 is for the
reduced concentration (2/3) of interacting spins located on the
sites of a simple cubic lattice.[35] As (1) the Mo network is ex-
pected to be in a strongly correlated regime with high spin S =
3/2 localized on Mo sites and (2) the overall compliance of all
NN exchange interactions JFF, JMM and JFM (i.e., all NN exchanges
are of AFM character), we conclude that the LaFe2/3Mo1/3O3 sys-
tem should display properties of a two-sublattice AFM pattern
with the complete compensation of the sublattice magnetiza-
tions because of the random distribution of Fe and Mo over
both sublattices in the B-cation (nearly) cubic lattice. The order-
ing temperature is expected to be higher than the above esti-
mate, that is TN > T′N, because of the mutually supportive NN
AFM interactions in the entire system.

It is tempting to recognize the broadened peak at T1 = 527 K,
seen in the upper panel of Figure 9, as the onset of the Neel
transition in LaFe2/3Mo1/3O3. However, the broadening of this
peak and the presence of a second sharp peak at T2 = 130 K
indicate the more complex two-step nature of the magnetic
ordering, which is not captured in the simple intuitive picture
developed above. The complexity has several sources including
(1) the percolating character of the Fe and Mo networks, which
is probably responsible for the broadening of the high-temper-
ature peak at T1 = 527 K, and (2) the potentially important
role of the spin anisotropy in determining the peculiar low-
temperature magnetic structure. The complexities introduced
by the aforementioned effects deserve more detailed quantita-
tive examination in future studies.

For a weak deviation, x = 0.1, from half-filling, n = 2.7 < 3,
the corresponding temperature dependence of the magnetic
susceptibility (presented in the upper panel of Figure 9) is
changed. Here, the electrons of the Mo network are still
strongly correlated and nearly localized and, thus, support the
same overall AFM order as for x = 0; however, the itinerant
degrees of freedom viewed as holes with concentration δn =
0.3 can be readily spin-polarized by the external field, in con-
trast to the weaker response of the rigid localized AFM frame-
work. Therefore, at x = 0.1, the magnetic susceptibility is the
sum of two contributions, namely, a weaker one from the anti-
ferromagnetically coupled localized moments and a somewhat
larger contribution from the itinerant part.

As the Sr concentration x increases beyond 0.1, the magnetic
response of the entire system continues to evolve. For x = 0.3,
the neutron diffraction data provides definite evidence of the
AFM state (μAFM = 2.9 μB per site, μFM ≈ 0). Both the magnetic
and neutron measurements for x ≥ 0.4 indicate the advent of
the other physical regime, which persists up to x = 1, as seen
in the lower panels in Figure 9 (here, one has to pay attention to
the larger scale for M/H compared to that of the upper panel).

The nominal charge difference between the Fe and Mo ions
grows with x and makes dissimilar ions occupy alternative sub-
lattices, A and B, and this kind of structural ordering is expected
to increase as x increases. At x = 1, the highest possible charge
disproportionation between the Fe3+ and Mo6+ ions dictates
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the largest cation adjustment; one sublattice is fully occupied
by Fe cations, and the residual Fe cations are randomly distrib-
uted in the second sublattice with the Fe spins on different
sublattices connected through the NN AFM superexchange JFF.
Moreover, at x = 1, the magnetic Fe and nonmagnetic Mo net-
works are fully decoupled as the conduction band is empty, n =
0. We suggest that the value of the magnetic-ordering tempera-
ture in the Fe network is not far from the estimated T′N = 450 K
obtained earlier for the percolating infinite cluster of Fe cations.
However, although the ordering in the percolating cluster with
equal distribution of Fe ions over both sublattices is classified
as the AFM one, the present case of SrFe2/3Mo1/3O3 should be
regarded as an insulating FIM pattern: most of the Fe ions with
“up”-oriented magnetic moments occupy the A sublattice, and
the remaining portion of the Fe cations with moments “down”
are on the B sublattice. The increase of the measured suscepti-
bility M/H below TC ≈ 410 K (at x = 1) indicates the onset of
the FIM state. The atomic interchange between the A and B
sublattices or the “up” and “down” spin alignment is considered
to produce energetically equivalent FIM configurations, and this
degeneracy may give rise to a domain structure in the sample.

Considering now the whole range 0.4 ≤ x ≤ 1, one may see
from the lower panels of Figure 9 that the characteristic tem-
perature dependence of the magnetic susceptibility M/H meas-
ured at different x is qualitatively similar, and the onset of a
magnetic ordering occurs in the same temperature interval be-
tween 410 and 450 K. This observation shows that the main
features of the magnetic structure persist over a wide range of
x, irrespective of the varying degree of B-cation order and
changes to conduction-band occupancy, 0 ≤ n ≤ 2. We con-
clude that the magnetic free energy of the dense Fe network
dominates over the other sources of spin interactions in the
whole system and determines the scale of the Fe core spin FIM
ordering temperature TC ≈ T′N = 450 K, as discussed previously.
The ordered Fe core spins create alternating internal exchange
fields on the sites of the Mo ions and polarize the spins of
itinerant Mo electrons. The mechanism behind this polarization
is the same as that in the standard double perovskites. A close
inspection shows that the spin density at Mo located on the
A(B) sublattice is up(down)-polarized, that is, this density fol-
lows the FIM arrangement imposed by the ordering of the Fe
moments.

Recalling that the magnetically ordered phase is regarded to
be the AFM one for x ≈ 0.1 because of the complete cancella-
tion of the sublattice magnetizations owing to the full cation
structural disorder, there is no such cancelation for x > 0.4, and
the system acquires a finite net magnetic moment, which signi-
fies the FIM state. This conclusion is in compliance with the
neutron magnetic scattering data. As discussed previously, in
the representative sample with x = 0.5, the low-temperature
measurements revealed the presence of both the FM and AFM
components in the magnetic structure, compatible with the FIM
state. The other argument in favour of the derived picture is
the remarkable similarity with the temperature-dependent
magnetic behaviour that is characteristic of the FIM phase in
double perovskites, as reported in ref.[10] We refer to Figure 3
from ref.,[10] in which the data are presented for the magnetiza-
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tion M(T) measured under an external magnetic field with x
varied in the range 1/2 ≤ x ≤ 1. A comparison with the corre-
sponding data in the lower panels of Figure 9 reveals not only
a qualitative similarity in the temperature dependence of the
field-induced magnetization in both compounds but also that
the onset of a magnetic ordering in them occurs at TC ≈ 450 K.
The latter coincidence seems to be an accidental one, as the
mechanisms behind the formation of FIM ordering in the two
compounds are quite different.

Conclusions

The series of La1–xSrxFe2/3Mo1/3O3 solid solutions enables an ex-
ceptionally wide tuning of the 4d-element oxidation state with
the 3d-element oxidation state virtually unchanged. The Fe
oxidation state is close to +3 throughout the series, whereas
the Mo oxidation state increases from +3 in the La-based com-
pound (x = 0) to +6 in the Sr-based compound (x = 1). The
charge difference between the Fe and Mo cations, which may
result in the ordering of the B cations, becomes significant (>2)
only for x ≥ 2/3. Therefore, the magnetic behaviour of La1–x-
SrxFe2/3Mo1/3O3 (0.0 ≤ x ≤ 0.7) seems to be governed only by
the multitude of various superexchange and double-exchange
magnetic interactions between similar (Fe–Fe and Mo–Mo) and
distinctly different (Fe–Mo) ions. In the vicinity of the
La1/3Sr2/3Fe2/3Mo1/3O3 composition, the saturation magnetiza-
tion reaches its highest value μS ≤ 1 μB, which corresponds to
the formation of a ferrimagnetic state. The critical temperature
of this state formation remains rather high (Tc ≈ 420 K); there-
fore, this and neighbouring compounds are attractive for practi-
cal applications.

Experimental Section
General: Samples of La1–xSrxFe2/3Mo1/3O3 (0 ≤ x ≤ 0.9) were pre-
pared by heating stoichiometric amounts of La2O3, Fe2O3, MoO2,
Mo metal and Sr3MoO6 at 1050–1150 °C in an Ar/H2 (9 %) mixture.
MoO2 was prepared by the two-step reduction of MoO3 in an Ar/
H2 (9 %) mixture at 500 °C for 7 h with final annealing at 700 °C for
7 h. Sr3MoO6 was synthesized by heating stoichiometric amounts
of SrCO3 and SrMoO4 at 950 °C for 50 h. All used reagents were
analytical grade. SrFe2/3Mo1/3O3 was prepared by a citrate-based
route. For the synthesis, excess citric acid monohydrate was melted
in a porcelain cup, and stoichiometric amounts of Sr(NO3)2,
FeC2O4·2H2O and (NH4)6Mo7O24·4H2O dissolved in a minimal
amount of water were added. The mixture was heated in air until a
dark solid formed. The obtained precursors were annealed prelimi-
narily at 500 °C for 8 h and then pressed into pellets, and the sam-
ples were fired at 800 °C for 8 h. The final heat treatment was
performed in an Ar/H2 (9 %) mixture at 1000–1150 °C for 24 h.

The phase-purities of the compounds were checked by XRPD with
a Huber G670 Guinier diffractometer (Cu-Kα1 radiation, image foil
detector). The TG studies were performed in artificial air [20 % O2,
80 % Ar] from 25 to 900 °C at a heating rate of 10 K/min with a
Netzsch STA 449C thermoanalyzer.

The NPD data for La0.7Sr0.3Fe2/3Mo1/3O3 and La0.5Sr0.5Fe2/3Mo1/3O3

were collected with a high-resolution Fourier diffractometer[36] at
the IBR-2 pulsed reactor in Dubna. The correlation method for data
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collection with the high-resolution Fourier diffractometer provides
an exceptionally high resolution (Δd/d ≈ 0.001), which is practically
independent of the interplanar distance over a wide range of dhkl.
The Rietveld analysis of the diffraction patterns was performed with
the MRIA[37] and FullProf[38] program packages with the use of their
internal tables for coherent scattering lengths and magnetic form
factors.

The XANES studies of La1–xSrxFe2/3Mo1/3O3 (0 ≤ x ≤ 1) were per-
formed at beamlines 17C and 01C at the National Synchrotron Radi-
ation Research Center in Taiwan. To study the oxidation states of the
cations, Fe-K-edge and Mo-K-edge XANES spectra were recorded in
transmission mode at room temperature. The energy resolution of
the Fe-K-edge spectra was 0.35 eV, and that of the Mo-K-edge spec-
tra was 1 eV.

The magnetization of La1–xSrxFe2/3Mo1/3O3 pellet samples was stud-
ied with a Quantum Design PPMS-9T physical properties measure-
ment system in the temperature range 2–1000 K under a magnetic
field of up to 9 T.
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