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Challenges in Sr2FeMoO6δ Thin Film Deposition
Gunnar Suchaneck,* Nikolay Kalanda, Evgenij Artsiukh, and Gerald Gerlach
expectations was reached, followed by a
trough of disillusionment and afterwards a
renewed interest to be seen as a slope of
enlightenment. What should be expected
now is the plateau of productivity. However, this phase has not yet occurred. The
main reasons for the still-missing wide application of SFMO is the low reproducibility of
its magnetic properties originating in cation
and oxygen stoichiometry issues and its
aging in contact with air and moisture. On
the other hand, research focusing on thin
ﬁlms most promising for device fabrication
is still a small fraction of the SFMO publication activities (cf. Figure 1).
The physical origin of magnetoresistance in SFMO is the half-metallic nature
of the ground state, that is, the material
is a semiconductor for the up-spin band,
but a metal for the down-spin band, since
the latter is continuous at the Fermi level.
This theoretically leads to a complete spin
polarization at the Fermi level, making
SFMO suitable for applications as a source of spin-polarized
charge carriers in spintronic devices.[2] The ideal structure
of an A2B0 B00 O6 double-perovskite lattice can be viewed as a
3D checkerboard of alternating B0 O6 and B00 O6 octahedra.
The A cations reside in the cuboctahedral cavities created by
the corner-sharing octahedral (Figure 2a).
Maintaining the half-metallic ferrimagnetic character of SFMO
is one of the key issues for its industrial applications in magnetoresistive and spintronics devices. First-principle calculations reveal
that the most abundant point defects in SFMO are oxygen vacancies (Figure 2b) as well as antisite defect pairs FeMo and MoFe
(Figure 2c).[6] They yield a diminution of half-metallic character
by FeMo antisite defects and Mo vacancies, that is, in Fe-rich
SFMO ﬁlms,[6,7] as well as by FeMo þ MoFe pairs.[5–13] According
to other ﬁrst-principle calculations, the half-metallic characters
are maintained for SFMO containing FeMo and Fe vacancies
(i.e., in Mo-rich ﬁlms),[7] oxygen vacancies,[7,11,13–15] or Sr vacancies.[7] This illustrates that SFMO is a material that is very sensitive
to Fe-excess, but less sensitive to oxygen- and Sr-deﬁcit.
The understanding of the degree of deviation from equilibrium during ﬁlm growth as well as the point defect formation
mechanisms is fundamental for the optimization of physical
properties with regard to device application. Defects deteriorating half-metallicity should be avoided.[7] Additionally, it was
suggested to increase the amount of oxygen vacancies so as to
improve TC since they do not even deteriorate spin polarization,
a key parameter for applications.[13] A larger Ms was predicted in
the presence of small amounts of strontium vacancies since a
deﬁcit of strontium without the formation of oxygen vacancies

This work reviews some fundamental issues that are relevant for the fabrication
of stable-phase strontium ferromolybdate thin ﬁlms. The main challenges for
strontium ferromolybdate thin ﬁlm deposition arise from the sensitivity of the
material’s magnetic properties to point defect formation: i) Antisite defect formation and oxygen nonstoichiometry should be avoided by precise composition
control during ﬁlm manufacturing; ii) a highly ordered state of the correct phase
and B-site cation valence will be obtained only in a very narrow window of growth
conditions; iii) to avoid additional antisite disorder with decreasing synthesis
temperature, the effective temperature at the ﬁlm surface should be increased by
an energy ﬂux to the growing ﬁlm surface. Since thin ﬁlm deposition is nonequilibrium in nature, the review starts with the consideration of equilibrium
phase stability. Cation and oxygen stoichiometries are analyzed with regard to
their effect on key magnetic properties. Film strain formed due to thermal and
lattice mismatch is of great concern since it inﬂuences the choice of the substrate. Finally, thin ﬁlm deposition techniques are valued for their beneﬁts in
strontium ferromolybdate thin ﬁlm technology.

1. Introduction
The era of oxide perovskites with ferromagnetic behavior around
room temperature was opened in 1950 by pioneering studies
on La1xCaxMnO3 (0.2 < x < 0.4).[1] The discovery of low-ﬁeld
magnetoresistance (LFMR) and half-metallicity of the strontium ferromolybdate (Sr2FeMoO6δ, SFMO) compound by Kobayashi et al.
in 1998[2] renewed the interest in these materials in the context of
their potential applications in the ﬁeld of spin electronics. The number of publications in the following years (Figure 1) reproduces a
Gartner hype cycle for emerging technologies[3]: Kobayashi’s article
triggered an increasing interest until the peak of inﬂated
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Figure 1. Number of SFMO publications recorded by the Web of
Science for each year. The blue part indicates the fraction of publications
on SFMO thin ﬁlms.

will increase the valence of Fe and Mo to ensure electrical neutrality of the formula unit.[12] The same holds for molybdenum
vacancies (VMo) where most of the injected holes are mainly
localized at Mo sites.[16]
In stoichiometric SFMO, the order parameter S is related
to the fraction of ions B0 (or B00 ) on the wrong sublattice called
antisite disorder (ASD)[17]:
S ¼ ð1  2ASDÞ

(1)

Here, the value of ASD varies from 0 (corresponding to a complete
order) up to 0.5, describing a completely random Fe-Mo site
occupancy.
Magnetic tunnel junctions (MTJs) use materials with almost
ideal (100%) spin polarization. These devices consist of two
ferromagnetic layers sandwiching a very thin barrier layer of
an insulator material.[18] The resistance of MTJs is highest when
the magnetic moments in two ferromagnetic layers are antialigned, and lowest when they are aligned. The ratio between
these values is called magnetoresistance ratio (MR). A ﬁrst picotesla magnetic ﬁeld sensor using spin-dependent tunneling
devices was presented in 1998.[19] MTJs may exhibit extremely
high MR values. Theoretically it reaches 1000% in Fe/MgO/Fe
structures.[20,21] Sr2FeMoO6/SrTiO3/Sr2FeMoO6 trilayer MTJ
devices show a tunneling MR of 7% at room temperature.[22]
Nowadays, SFMO is the most studied ferrimagnetic double
perovskite. SFMO double perovskites are promising candidates
for magnetic electrode materials for room-temperature spintronics
applications, because they present a half-metallic character (with
theoretically 100% polarization), a high Curie temperature (TC) of
about 415 K (ferromagnets should be operated in their ordered
magnetic state below TC), and a low-ﬁeld magnetoresistance.[2]
As there is still no clarity about the effect of point defects on
SFMO magnetic properties, in the following we will consider the
role of phase stability and point defects in SFMO (Section 2) and
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the impact of the latter on its magnetic properties (Section 3).
Section 4 is devoted to particular problems of SFMO thin ﬁlm
deposition. Finally, this feature article is completed by conclusions.

2. Phase Stability and Point Defects in
Sr2FeMoO6δ
2.1. Equilibrium Phase Stability
Phase diagrams of the system SrO-Fe3O4-MoO3 at 1200  C
are available in air[23] and in Ar with 1% H2.[24] In air, the
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Figure 2. a) Ideal lattice structure of SFMO, b) SFMO lattice consisting of an oxygen vacancy, and c) an antisite defect pair. The atoms are shown as
colored balls (Sr, green; Fe, blue; Mo, yellow; O, red). These images were drawn using the 3D visualization program for structural models, VESTA.[4]
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solubility of SrMoO4 in SrFeO3δ is about 17 mol% (up to
Sr2Fe1.34Mo0.68O6δ), that of SrFeO3δ in SrMoO4 amounts to
2.2 mol%. Consequently, Sr2FeMoO6δ in air is thermodynamically unstable due to insufﬁcient Mo and Fe solubilities in
SrFeO3δ and SrMoO4, respectively. In fact, a sample of
Sr2FeMoO6δ annealed at 1200  C in Ar was found to contain
10% of a second phase of SrMoO4.[25] In 1% H2/Ar, the solubility
of Mo in SrFeO3δ extends to 29 mol%, that is, the homogeneity
region of the solid solution of SrFeO3δ exceeds that of
Sr2Fe0.92Mo1.08O6δ. Here, oxygen nonstoichiometry δ was
found to approach a value of 0.2, reducing also the cation
valence.[24] Contrarily, other authors obtained a maximum oxygen
nonstoichiometry of 0.086 under similar conditions at 1200  C
in 2% H2/Ar.[26,27]
Stoichiometric Sr2FeMoO6δ (SFMO) is thermodynamically
stable at 1200  C only in a narrow window of oxygen partial pressures of 3.20  109 ≤ pO2 ≤ 1.61  105 Pa.[28] By reduction it
decomposes into SrO þ Mo þ ε-Fe3Mo2 and by oxidation into
SrMoO4 þ SrFeO3δ. According to ref. [26,27], the phase stability of
SFMO at 1200  C ranges from pO2 ¼ 2.0  109 to 6.39  106 Pa.
Increasing oxygen partial pressure, oxygen nonstoichiometry
will be reduced up to the point where δ  0. Above this point,
excess oxygen is accommodated by SrMoO4 phase formation.
Following ref. [29], SFMO is thermodynamically stable below
oxygen partial pressures of 1.0  106–2.8  106 Pa in the
temperature range of 1140–1220  C with an oxygen partial molar
enthalpy of 1.73  0.08 eV. Thus, with regard to the cation-toanion ratio, SFMO possesses a one-sided homogeneity region
(Figure 3).
At 1200  C, SFMO can be completely synthesized in an atmosphere of 5% H2 in N2.[30] It decomposes in air to form SrMoO4
and Sr2Fe2xMoxO6 rather than SrFeO3 following the reduction
of the solubility of molybdenum ions in SFMO. The synthesis of
SFMO in a reducing atmosphere is attributed to the creation
of oxygen vacancies. When Mo ions substitute Fe ions, the radii
of Fe3þ and Mo5þ in SFMO become larger than the one of Fe4þ
in SrFeO3. The required larger unit cell volume is then provided
by oxygen vacancies. In a reducing 1% H2/Ar atmosphere, the
solubility of SrMoO4 in SrFeO3δ0 is about 30%, that is, beyond
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Figure 3. SFMO homogeneity region based on data in refs. [27] (1), [28]
(2) and represented in dependence on the lower and upper limits of the
oxygen nonstoichiometry parameter δ (cf. Equation (7)) at equilibrium.

the point of SFMO formation. In air, SFMO will be unstable
since here the solubility of SrMoO4 does not exceed 16.5%
needed to form a mixture SrFe1xMoxO6δ and SrMoO4 at
higher Mo content.[24] Above the minimum oxygen deﬁciency
δmin, SFMO oxidizes according to
Sr2 FeMoO6 þ 1=4O2 ! SrMoO4 þ SrFeO2:5

(2)

Below δmax it is reduced, resulting in Sr3FeMoO7 and Fe.[27]
For instance, a nonmagnetic minority phase of 10% SrMoO4 was
obtained in SFMO sintered for 2 h in pure Ar at 1200  C.[25] As a
result, achieving a precise stoichiometric ratio of Sr:Fe:
Mo ¼ 2:1:1 in a sample is not trivial.
It has to be noted that the above-stated pO2 values are below the
ones in an atmosphere of ultra-high purity Ar 5.0 (≥99.999 vol%
Ar). On the other hand, thin ﬁlm deposition is a thermodynamically nonequilibrium process, that is, phase formation during
ﬁlm growth and evolution of the ﬁlm texture are determined
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by kinetics of adsorption, diffusion, and other processes.
Consequently, the material properties not only are very sensitive
to synthesis and processing conditions, such as temperature and
rate of temperature changes, composition of gas atmosphere,
phase formation rate, as well as atmosphere for postsynthesis
heat treatment, but also will deteriorate with time, since the ﬁlm
is in a metastable state. Evidence of SFMO metastability at room
temperature is given by a sudden increase of resistivity of polycrystalline samples after exposing them to air.[31] This was attributed to a change of oxygen content at grain boundaries. SFMO
thin ﬁlms grown by pulsed laser deposition (PLD) in vacuum age
signiﬁcantly with time, while those grown in Ar atmosphere are
comparably much more stable.[32] The transition of a 40-nmthick SFMO thin ﬁlm into its aged state within 8 days yields a
room temperature diffusion coefﬁcient of 2  1017 cm2 s1,
which is in good agreement with the extrapolation of oxygen
vacancy diffusion data in perovskites[33] down to lower temperatures. Air exposure of sputter-deposited SFMO ﬁlms at room
temperature indicates the formation of a SrMoO4 surface barrier
layer with a thickness of about 0.9 nm per month.[34] Phase
decomposition of SFMO with a typical grain size of about
1 μm in air into SrMoO4 and Fe at room temperature was studied
in ref. [35]. In sintered pellets, unit cell expansion and decomposition to SrMoO4 is rather moderate at room temperature. The
fraction of SrMoO4 increases logarithmically with time. Thereby,
there is no noticeable increase of ASD within 48 days. At a higher
temperature of 60  C, SrMoO4 formation is accelerated. Aging
is much stronger in granular thick ﬁlms prepared by screen
printing. Here, phase decomposition is strongly pronounced
>300  C. SFMO transformation is supposed to be triggered
by the presence of H2O and leads up to total decomposition.
The hypothesized reaction products are SrMoO4, FeO, and
Sr(OH)2, which in air are easily transformed with CO2
into SrCO3.[30] In a ﬂowing air or nitrogen atmosphere
(pO2  1–10 Pa), Raman scattering, thermogravimetric analysis,
and thermomagnetization reveal above 400  C an irreversible
SFMO decomposition into SrMoO4 and SrFeO3δ0 .[36] This
decomposition might be attributed also to a solubility of Mo
in SrFeO3δ0 decreasing with temperature. In fact, Mo evaporation was obtained when SFMO was heated in air.[30] The longterm structural decomposition of SFMO in air is accompanied
by a gradual shift of the Fe2þ/Fe3þ mixed valence state toward
Fe3þ.[37] The fraction of Fe3þ ions in SFMO was found to
increase at room temperature from 35% to 40% within 3 years.
2.2. Strontium Nonstoichiometry
In SFMO with strontium-deﬁcit, each strontium donates two
holes to the electronic system, increasing the valence of the
Fe-Mo couple, thus favoring B0 /B00 site ordering.[38] On the other
hand, the higher ASD in strontium-deﬁcit samples compared to
stoichiometric ones is explained by the fact that strontium vacancies favor preferential occupation of surrounding B0 /B00 sites by
Mo5þ, that is, the cation having a higher formal valence.[12]
Without the formation of a new oxygen vacancy (VO), the valence
increase is fully borne by the Mo ions. Therefore, the deterioration of Ms with increasing ASD will not change much compared
to stoichiometric ﬁlms (cf. Section 3). Note that at a high oxygen
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partial pressure (>100 Pa at 1050  C), strontium vacancies are
predicted to become the most abundant point defects in
SFMO.[5] However, such large oxygen partial pressures are not
typical for ﬁlm deposition conditions.
SFMO compositions with a small excess of strontium contain
SrMoO4δ0 as the main impurity phase.[12] The amount of
SrMoO4 in the samples increases with an increase of strontium
excess. Assuming that SrMoO4 results totally from the excess
strontium in the sample, the host phase should form with a
chemical composition Sr2FeMo1xO6δ where x is the concentration of strontium taken in excess during sample preparation.
Evidence for this assumption is given by the experimentally
obtained diminution of both lattice constants, which is similar
with that observed in Sr2FeMo1xO6δ.[16] Here, holes donated
by VMo formation localize mainly at Mo sites and cause a stronger electrostatic attraction with the intervening oxygen ion. The
improved ordering between Fe and Mo cations enhances MR
compared to the stoichiometric sample. Experimentally, the
decomposition of nominally A-site-deﬁcient Sr2yFeMoO6δ
compositions (0 ≤ y ≤ 0.5) into non-A-site-deﬁcient and Mo-rich
Sr2Fe1yMo1þyO6δ double perovskites was obtained under synthesis conditions (reducing H2/Ar atmosphere at 1350–1400  C)
in ref. [39]. It is accompanied by a gradual transition from the
largely B-site-ordered composition at y ¼ 0 to the fully disordered
one at y ¼ 0.2. The behavior of Sr2Fe1yMo1þyO6δ compounds
is additionally discussed in Section 2.3.
When the amount of additional Sr is increased to a ratio allowing the formation of an extra rocksalt-structured SrO layer,
Ruddlesden–Popper phases will occur.[40] These excess SrO
layers are a common defect in perovskite materials such as
SrTiO3,[41] SrCeO3,[42] Sr3Fe2O6–δ,[30] Sr2Mn0.5Ru0.5O4 and
Sr3MnRuO7,[43] Sr3Fe2xMnxO7δ,[44] Sr3Fe2xCoxO7δ,[45] and
others. In Sr3FeMoO7δ, every two layers of transition metal
BO6 (B ¼ Fe, Mo) octahedral planes are interrupted along the
c-direction by one SrO layer. The extra SrO layer in
Ruddlesden–Popper phase intergrowths of SFMO thin ﬁlms
with a slight Sr-excess disrupts the strong Mo-Fe FM coupling,
leading to a deterioration of Ms.[46] Also, the intercalation of conducting perovskite ABO3 layers by insulating AO layer results in
a substantial 2D character of selected physical properties.
Two-dimensional BO6 layers are found to form highly ordered
Fe-O-Mo ﬂat nanodomains separated by antiphase boundaries.
The interaction between these disc-like ordered domains gives
rise to interesting magnetic, transport, and magnetotransport
properties.[47] A special feature is that Fe and Mo ions are randomly distributed on the B-site at room temperature (similarly to
B-site nonstoichiometric SFMO; cf. Section 2.3)[40,48,49] with a
small fraction of B-site and oxygen vacancies as well as stacking
faults along the c-axis.[48,49] Annealing in 5% H2/Ar at 900 and
1000  C, respectively, does not improve B-site ordering.[49] The
two B-sites are antiferromagnetically coupled. However, there
are still controversies about the magnetic properties of
Sr3FeMoO7δ at low temperatures.[48,49] Note that ceramic
manufacturing by the solid-state reaction method is not capable
of preparing a fully oxygenated Sr3FeMoO7 phase. The oxygen
vacancies in the resulting Sr3FeMoO6.88 compound occur preferentially between the two perovskite layers.[48] The compound
is instable in air and decomposes within a few months.
In Sr4FeMoO8δ, perovskite-like blocks with a thickness of
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(x ¼ 0.25), but drastically at Fe-excess (x ¼ 0.25).[54]
According to ref. [6], full spin polarization extends into the
Mo-rich region up to x  0.125, which means that a slight
Mo-excess in thin ﬁlms may not be harmful for device
application.

two BO6 octahedra are separated by two rocksalt-like
SrO layers.[40] A Ruddlesden–Popper phase formed in
Sr2Fe1þxMo1xO6 is Sr3Fe5/4Mo3/4O6.9, which also decomposes
in the ambient (even in the glovebox) over a period of months.[50]
The instability of SFMO Ruddlesden–Popper phases in humid
conditions originates from the intercalation of two water
molecules per formula unit forming a new OH/H3Oþ layer
between two rocksalt layers.[51] SrO decomposes into Sr(OH)2
when reacting with CO2 to form a carbonate.
First-principle calculations yield that the chemical bond of
Sr is not affected by either ASDs or oxygen vacancies.[14]

2.4. Antisite Defects and Antisite Disorder

2.3. Iron–Molybdenum Ratio
Recently, many efforts have been made to study the structural
and magnetic properties of Sr2Fe1þxMo1xO6, 1 ≤ x ≤ 1,
compounds by varying Fe and Mo contents.[6,52–60] Fe and Mo
nonstoichiometry in SFMO is mainly accommodated by forming
FeMo and MoFe as AS defects.[6] Such AS defects create both
Fe-O-FeMo and Mo-O-MoFe nearest-neighbor pairs, which affect
the electronic and magnetic properties. Fe, replacing Mo sites in
Sr2Fe1þxMo1xO6, reduces the total conduction electron density
and thus weakens the double exchange mechanism,[61] which is
responsible for ferromagnetic coupling.[58] Correspondingly, Ms
deteriorates due to the ferrimagnetic spin state of Fe atoms on
Mo sites.[6] On the other hand, a small amount of Mo vacancies in
SrFeMo1xO6 (up to x ¼ 0.4) seems to improve the magnetic
properties as shown in ref. [16]. At low concentrations (x ! 1),
Mo is in the Mo6þ state. With increasing Mo content, the Fe ion
is reduced starting from Fe4þ and Fe3þ in SrFeO3δ via an Fe3þ
state to a mixture of Fe2þ and Fe3þ at x ¼ 0.35. Mo5þ appears
simultaneously with Fe2þ. Both reduced ions possess larger
ion radii and form the driving force for a cubic to tetragonal lattice transformation
between x ¼ 0.35
and 0.50.[57]
Experimentally, this phase transition was obtained already at
x ¼ 0.20 in ref. [52] and at x  0.35 in ref. [55]. In stoichiometric
SFMO, Mo was found in a mixed state (Mo6þ/Mo5þ in a
66%:34% ratio),[62] complementary to the Fe2þ/Fe3þ state.[37,63,64]
Thus, SFMO can be considered to be in a Fe2þ þ Mo6þ ↔
Fe3þ þ Mo5þ mixed valence state. A further increase of
x reduces molybdenum to Mo4þ for x ! 1.
In Sr2Fe1þxMo1xO6 with x < 0, excess Mo increases the
conduction electron density, diluting the ferromagnetic
bonds.[58] The tetragonal structure was obtained to be stable
for Fe deﬁciencies in the range of x ¼ 0…0.1.[60] However, magnetic properties, especially LFMR, were found to be degraded.
Surprisingly, also here, an improvement of magnetic properties
of Sr2Fe1xMoO6 compounds was obtained in a decreasingincreasing-decreasing behavior for a small Fe deﬁciency
(x ¼ 0.05). Upon increasing the Mo-excess in Sr2Fe1þxMo1xO6,
the half-metallic character of the compound predicted by ﬁrstprinciple calculations is lost at x  0.125, that is, the compound
resembles nonmagnetic strontium molybdate.[6]
For Sr2Fe1þxMo1xO6 compounds, it has been found that the
values of S, Ms, and MR are highest at x ¼ 0 and are decreasing
as x deviates from 0.[6,52–54,56,58,59]
The predicted spin polarization decreases with ASD and
nonstoichiometry, in the latter case moderate at Mo-excess
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In accordance with a low AS defect formation energy,[5] Fe/Mo
nonstoichiometry in SFMO is mainly accommodated by Fe and
Mo AS defects, that is, by Fe atoms on Mo sites and vice versa.
A crude estimation of the lower energy limit for the formation
of lattice defects in a cubic crystal consisting of an A-atom in a
host position B may be given by the elastic energy required for
a volume change ΔV  3/2Δr:


3
ΔHf ðAB Þ ¼
ðc11 þ 2c12 Þ þ πðc11  c12 Þ aðΔrÞ2
(3)
8
where cij are elastic constants, a the lattice constant, and Δr the
difference of the ion radii of the host and impurity atoms.[65]
Inserting elastic constants from ﬁrst-principle calculations in
ref. [5] and Δr values between Fe2þ and Mo6þ ions taken from
ref. [66] resulted in ΔHf(FeMo) ¼ ΔHf(MoFe) ¼ 0.22 eV. On the
other hand, ABO3 energetics are controlled mainly by the
Goldschmidt tolerance factor[67,68]
d
t ¼ pﬃﬃﬃ AO
2hdBO i

(4)

where the atomic distances, d, to the nearest oxygen neighbor are
easily obtained by the Rietveld reﬁnement method. Here, 〈〉
stands for the average of B0 and B00 parameters.[69] For nonstoichiometric samples, the tolerance factor can be adapted as
proposed in ref. [16]. A reasonable estimation of the antisite
defect formation energy is then given by
ΔHf ðAB Þ ¼

∂Hf ðABO3 Þ
ðtAB0 O3  tAB00 O3 Þ
∂t

(5)

with ∂Hf(ABO3)/ ∂t  920 kJ mol1 for SrMO3 (M ¼ lanthanide
or actinide) perovskites.[68] Note that this kind of estimations
depends much on ion radii. We use Shannon's values taken
from ref. [66] yielding an AS defect formation energy of
0.27 eV. First-principle calculations for a Sr8Fe4Mo4O24 supercell
results in ASD formation energies of about 0.4…0.7 eV, where
ASD along the diagonal of the cubic B-site sublattice is predicted
to be the most favorable while the formation energies of
ASDs along the xy plane and z directions are very similar.[14]
Another value of 0.77 eV was derived using the ﬁrst-principle
approach for AS MoFeþFeMo pairs in stoichiometric SFMO.[5]
It is independent of oxygen partial pressure. On the other hand,
the value of ΔHf (FeMo þ MoFe) in stoichiometric SFMO depends
not only on the amount of disorder but also on the nearestneighbor arrangement.[6] For SFMO exhibiting an ASD of
0.125, less energy (0.25 eV in the relaxed case) is needed for
AS pair formation when they are placed next to each other than
for the case with a third-nearest-neighbor arrangement (0.74 eV).
ASD in SFMO is lowest at an optimum synthesis temperature,
which amounts to about 1200  C for ceramics long-term
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annealed under oxygen-deﬁcient conditions,[70] and to about
850  C for SFMO thin ﬁlms deposited by PLD.[71] The maximum
order indicates that a thermodynamic equilibrium is reached.
Below the optimum temperatures, ASD is controlled by kinetics[70]
and it increases with decreasing synthesis temperature.[57,72,73]
The latter is a big challenge for thin ﬁlm deposition at substrate
temperatures that are compatible with silicon technology.

Δδ ¼ ðΔmMSFMO =Δm0 M O Þ

2.5. Oxygen Vacancies
Oxygen vacancies may be formed in two nonequivalent positions,
in-plane (Oxy) and out-of-plane (Oz). The formation of oxygen
vacancy (VO) implies a reduction of the other remaining species,
that is, the oxidation state (the positive charge) of cations
decreases. As a consequence, the ionic radii of Fe and Mo ions
increase.[66] This alters the number of delocalized electrons and
also affects the magnitude of magnetic moments of surrounding
atoms. Additionally, electronic conductivity is enhanced upon
oxygen vacancy formation through changes in d-state occupation.
The variation of the oxygen deﬁciency parameter δ of
Sr2FeMoO6δ depending on oxygen partial pressure is attributed
to a VO formation according to the defect reaction[27]

OxO ! V 2þ
O þ 2e þ 1=2O2 ðg "Þ

(6)

Oxygen nonstoichiometry δ can be derived from the law of
mass action and the electroneutrality condition
n
δ ¼ ½V 2þ
O   pO2

(7)

with n ¼ ½. In this context, it has to been noted that 1 at% of
oxygen vacancies corresponds to δ ¼ 0.06. The exponent n
obtained in the temperature region from 1000 to 1200  C within
the stability region of SFMO amounts to 0.35,[27] illustrating that
Equation (6) is a simpliﬁed picture of oxygen nonstoichiometry
formation. A more precise model should include changes of the
oxidation state of the two transition metal ions, reducing the
number of delocalized electrons as well as vacancy interaction
into Equation (6), for example, by overlapping local lattice
deformations around the vacancy. According to ﬁrst-principle
calculations,[11] only 1.5 electrons on average are delocalized
or localized on other atoms by removing one oxygen atom per
cell. In the presence of AS defects where Fe-O-FeMo and
Mo-O-MoFe nearest-neighbor pairs appear, a signiﬁcant amount
of electron density (0.4 e) delocalizes in the ﬁrst case onto the
oxygen sublattice. This delocalization reduces electronic repulsion and stabilizes the vacancy. In the second case, the electrons
donated by the vacancy remain localized among the neighboring
Mo atoms, leaving the rest of the electronic density almost
unchanged.[14]
The value of δ was determined only in a few number of
reports.[27,74–77] SFMO ceramics synthesized using SrCO3,
Fe2O3, and MoO3 powders as starting materials and applied to
SFMO ceramics sintered at 1150  C for 50 h in sealed ampoules
together with Fe grains as oxygen trap possess an oxygen deﬁciency of δ  0.03  0.02 as obtained by a redox method based
on coulometric titration of both Fe2þ and Mo5þ in an inert Ar
atmosphere.[74,78] In ref. [75], the reduction of Ms of SFMO by
1.8 μB/f.u. was explained by a hypothesized value of δ ¼ 0.36.
Phys. Status Solidi B 2019, 1900312

The ceramic sample was synthesized from SrCO3, MoO3, and
Fe(C2O4)·2H2O and subsequently sintered for 2 h at 900  C.
Values of δ in the range from 0.0055 to 0.0913 (with a lower
phase boundary δ ¼ 0.085 at 1200  C) were obtained for
SFMO ceramics prepared with a standard mixed oxide route.
By calculating at a given oxygen partial pressure, the change
of oxygen nonstoichiometry is given by[26]
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(8)

with m0 as initial sample mass and M as molar mass of
SFMO and oxygen, respectively. For the calculation of δ, the
resulting Δδ were ﬁtted to the equation
Δδ ¼ δ  δ0 ¼ kpn
O2  δ0

(9)

where δ0 is nonstoichiometry at the reference oxygen partial
pressure, k an equilibrium constant, and n  0.35. All parameters
have been determined experimentally.[27] Iodimetry was
performed by dissolving the sample in a dilute solution of
HCl and I1 ions, and the quantity of I2 formed by oxidation
was determined using titration of Na2S2O3. This revealed values
of δ ¼ 0.132 and 0.296 for polycrystalline ceramic samples sintered in a ﬂow of 5% H2/Ar gas mixture at 1160  C for 9 and
15 h, respectively.[76] By means of weighing the samples before
and after their complete reduction in a hydrogen ﬂux at 1100  C
for 20 h, values of δ ¼ 0.03…0.06 were obtained in polycrystalline
SFMO samples prepared by the solid-state synthesis technique
from SrFeO2.52 and SrMoO4 precursors and annealed in a ﬂux
of 5% H2/Ar gas mixture at 1150  C for 5 h with a subsequent
quenching to room temperature.[77]
Ceramic SFMO samples synthesized at 1150  C for 50 h
possess an oxygen vacancy concentration of 0.5%.[74] With regard
to a quite small contribution of the ﬁrst-principles-derived vibrational entropy to the Gibbs vacancy formation free energy of
SrCoO3δ and La0.5Sr0.5Mn0.5Co0.5O3δ perovskite thin ﬁlms,[79]
we have to take into account only the entropy difference between
oxygen ions in the solid and oxygen in the gas phase, which
amounts to about 10 k per O atom.[80] Here, k denotes the
Boltzmann constant. Neglecting the small conﬁgurational
entropy contribution, the enthalpy (internal energy) of oxygen
vacancy formation Hf(VO) yields about 1.88 eV. This value is
signiﬁcantly lower than the formation energies of neutral oxygen
vacancies Ef(VO) calculated from ﬁrst principles.[13,14,81] For different conﬁgurations, the enthalpy values range from about 3 to
about 6 eV at 0 K and 0 pressure. The thus-calculated values of
Ef(VO) are affected by the choice of chemical potential μO of
oxygen, which is known merely approximately for the given
experimental conditions. Usually, oxygen-rich conditions are
considered where an upper limit of μO is chosen as half of
the total energy of a free, isolated O2 molecule in the triplet state
at T ¼ 0 K.[82] However, this upper limit can never be realized
experimentally. On the other hand, the exact oxygen partial pressures in the fabrication processes of thin-ﬁlm and bulk samples
cannot be determined accurately, but their difference in ﬁlm and
bulk sample fabrication should be rather small.
However, introducing this in a combined DFT and thermodynamic model, and using a temperature- and partial pressuredependent value μO(T,pO2),[82] Ef(VO) values are reduced from
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4.5 eV in the oxygen-rich limit to 2.9 eV at pO2 ¼ 2.1·104 Pa
(corresponding to air) and to 1.7 eV at pO2  104 Pa
(corresponding to an atmosphere of ultrapure [99.999%] Ar at
10 Pa).[5] In this model, oxygen nonstoichiometry vanishes in
the oxygen-rich limit, but is still negligible, δ  104, under lowpressure ultrapure Ar conditions. Another drawback of DFT is
supercell ﬁnite-size errors. To save computation time, supercells
are considered to be consisting of only two or four formula units.
In this case, on-site Coulomb repulsive interaction cannot be
properly taken into account.[7] A supercell of four-formula units
should be a minimum size.[6] When using DFT þ U calculations,[6,7,13,14,81,83] the strengths of on-site interactions are usually
described by a parameter
U eff ¼ U  J

0,25

Antisite Disorder

0,20

(10)
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which is the difference between the average Coulomb energy and
the exchange energy. Thereby, d and f electrons in magnetic
systems can be properly modeled. Unfortunately, there is no consistent procedure for the determination of Ueff. The parameters
U and J are obtained either semi-empirically by choosing them in
a way that the results coincide with the experimentally obtained
structural or magnetic properties, or they are extracted from ab
initio calculations, e.g., ref. [84]. Other uncertainties in modeling
ionic defects using DFT are reviewed in ref. [85]. Experimentally,
the partial molar enthalpy of oxygen was determined in the temperature region from 1140 to 1230  C from the slope of the upper
phase-stability line of SFMO in a pO2 versus 1/T diagram.[29] This
quantity is equivalent to Ef(VO). It amounts to 1.73  0.08 eV in
satisfactory agreement with ﬁrst-principle calculations extended
by thermodynamic considerations of the chemical potential
of oxygen.[5]
In cubic SrFeO3δ0 , the oxygen vacancy formation energy
exhibits a constant low value (0.4 eV) for δ < 0.05; increases
to 0.5 eV for 0.05 < δ < 0.1; and further increases quickly with
concentration when δ > 0.1.[86] This increase is attributed to the
local charge redistribution after VO formation and to overlapping
local lattice transformations. By the same reason, the dependence
of SFMO oxygen diffusion activation energy on oxygen nonstoichiometry[87] provides evidence of vacancy interactions over distances at least up to four unit cells. A similar oxygen diffusion
behavior was found earlier for SrCo0.8Fe0.2O3δ0 ceramics[88] and
for PLD Ba0.5Sr0.5Co0.8Fe0.2O3δ0 thin ﬁlms,[89] but at much
higher oxygen deﬁciencies, that is, much lower interaction
distances.
With regard to their small formation energy, AS defects are
the most abundant point defects in stoichiometric SFMO.
Moreover, oxygen deﬁciency is correlated with ASD (Figure 4).
According to Figure 4, SFMO saturated with oxygen (δ ! 0)
exhibits a base level of about 5% of AS defects, which is in good
agreement with experimental data in ref. [52,63,91,92]. The slope
of Figure 4 yields a correlation of each oxygen vacancy with about
two AS defects. This suggests the conclusion that oxygen vacancies are interacting via AS defects. The appearance of AS defects
generates both Fe-O-FeMo and Mo-O-MoFe nearest-neighbor
pairs. The formation energies of oxygen vacancies are for their
part very sensitive to the nearest-neighbor arrangement. For
instance, the formation energy for oxygen vacancies along
Fe-O-FeMo bonds is predicted to be 1 eV lower in energy than
Phys. Status Solidi B 2019, 1900312
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Figure 4. ASD in dependence on oxygen deﬁciency. Data from: 1, ref. [27];
2, ref. [76]; 3, ref. [78]; and 4, ref. [90].

the Fe-O-MoFe one in defect-free SFMO.[14] Early-transition
metals such as Mo bind much more strongly to oxygen than latetransition metals such as Fe.[93] Consequently, a signiﬁcant
amount of electron density delocalizes in the Fe-O-FeMo case
onto the oxygen sublattice and stabilizes the vacancy. As a result,
the presence of ASD promotes oxygen vacancy formation. Note
that further oxidizing a stoichiometric sample at a low temperature of 400  C with an oxygen partial pressure of 6 Pa up to
δ ¼ 0.04 localizes oxygen near the surface of the grains and
generates a small amount of a SrMoO4 impurity phase, which
improves LFMR, but does not diminish Ms.[94]
Contrarily to the view in this section, oxygen deﬁciencies
δ were found to induce a superstructural ordering for samples
with δ ¼ 0.03…0.06.[77] However, XRD with superstructure peaks
of different intensity were not related by the authors to a particular oxygen deﬁciency.
2.6. Strained Films
Complex oxides are mostly applied as thin ﬁlms. Therefore,
biaxial strain induced due to lattice mismatch,[95,96] different
thermal expansion coefﬁcients upon cooling from the growth
temperature,[97] or cationic or oxygen off-stoichiometry[98] have
to be taken into account. Film strain is more signiﬁcant for thin
ﬁlms below a critical thickness.
SFMO ﬁlms deposited onto SrTiO3(001)[99,100] and MgO(001)
substrates[99] grow in the Stranski–Krastanov mode.[101] Initially,
one or more monolayers are grown in a layer-by-layer fashion.
Beyond a critical layer thickness, which depends on strain and
substrate nature, growth continues through nucleation and coalescence of islands, relieving ﬁlm strain. In a layer-by-layer epitaxially grown thin ﬁlm, the in-plane lattice parameter of very
thin ﬁlms is close to the one of the substrate.[102] Therefore,
SFMO thin ﬁlms sustain in-plain compressive strain when
deposited onto substrates with a smaller lattice parameter,
e.g., SrTiO3(001), and in-plane compressive strain on substrates
with a larger one such as MgO(001).[103] The out-of-plane lattice
parameter results from an unconstrained minimization of
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atomic forces. It is usually expanded with respect to bulk value
regardless of the sign of lattice mismatch of the substrate[104] and
decreases toward the bulk value with increasing growth temperature and decreasing deposition rate.[96] With the increase of ﬁlm
thickness, strain in the SFMO thin ﬁlm becomes relaxed toward
the bulk lattice parameter values.[96,102,105] A general trend in
SFMO ﬁlms is that the smaller the lattice parameter, the better
the magnetic ﬁlm properties.[104] Strain relaxation of SFMO thin
ﬁlms on SrTiO3(001) occurs in the range of 30–80 nm.[97,102]
The relaxation of SFMO thin ﬁlms occurs through stacking
faults, which are perpendicular to the surface of the substrate
and originate from the SFMO/substrate interface.[97] Another
effective mechanism for the relief of compressive strain is the
formation of secondary phase, e.g., SrMoO3,[99,103] allowing
the SFMO ﬁlm lattice parameters to more closely approach those
of bulk SFMO. A mechanism for the relaxation of tensile strain is
the formation of a Fe-rich layer at the substrate/ﬁlm interface.[105] Octahedra rotation is an additional mechanism for
the compensation of both tensile and compressive in-plane biaxial strain.[106] The rotation becomes larger under compressive
biaxial strain.[5]
At a large negative lattice mismatch, e.g., for LaAlO3(001) substrates,[99] the growth modes change from Stranski–Krastanov
to Volmer–Weber mode.[107] The latter is characterized by a
3D growth of isolated islands at the initial state, since the
adatom–adatom interactions are stronger than those of the
adatom with the surface. With island coalescence, the interfacial
energy is reduced at the expense of associated strain energy of the
stretching toward each other island forming a grain boundary.[108] This compensates in part the large lattice mismatch.
To explain the effect of strain on the magnetic properties of
SFMO ﬁlms deposited onto different substrates, oxygen vacancies need to be considered.[109] Since the unit cell volume
increases with tensile strain and decreases with compressive
one, VO formation energy is sensitive to the biaxial strain induced
on a substrate–thin ﬁlm interface. The reduction Fe and Mo ions
by oxygen vacancy formation increase their ionic radii.[66] The
results of ﬁrst-principle calculations are not consistent. With
compressive strain, vacancy formation energies were predicted
to increase in ref. [13], and to decrease in ref. [5]. The higher
TC and reduced Ms in tensile-strained ﬁlms suggest that tensile
strain and interface defects promote the formation of oxygen
vacancies.[110] According to ref. [5], the formation energies of
in-plane (Oxy) and out-of-plane (Oz) vacancies decrease differently in dependence on both tensile and compressive biaxial
strain. For compressive strain, this effect is less pronounced
for VOz vacations and smaller than for tensile strain. Thus,
the formation of oxygen vacancies is more likely for tensile strain.
The same was obtained for CaMnO3 with a more pronounced
effect for VOxy vacations.[106] The higher amount of oxygen vacancies in tensile-strained samples causes a higher TC compared
to the compressively strained ones (cf. Section 3.2).
The formation energies of antisite defects increase within a
strain range of 3%. Thus, the amount of antisite disorder
can be reduced by means of strain to obtain improved magnetic
properties of SFMO. First-principle GGAþU calculations
in ref. [13] revealed an increase of AS defect formation energies,
that is, the SFMO lattice is stabilized against AS formation.
Contrarily, compressive strain was found to reduce the antisite
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disorder favoring device application in spintronics,[5,13] but also
to increase ASD thereby decreasing magnetization.[96] Experimentally, a decrease of compressive strain by means of a
Ba0.4Sr0.6TiO3 buffer layer has been found to improve Ms.[111]
Considering the other point defects, VSr, VFe, and MoFe are
marginally inﬂuenced by biaxial strains in the range from
3% to 3%.[5]
First-principle calculations[13] predict that even large lattice
strains maintain the half-metallic character of SFMO. On the
other hand, an earlier study[97] suggests that very thin ﬁlms
matched to the lattice parameter of SrTiO3 (lattice parameter
>0.556 nm) are theoretically nonhalf-metallic, that is, it does
not seem possible to obtain fully strained half-metallic ultrathin
ﬁlms.
To reduce strain, the substrate is usually chosen to have lattice
parameters close to the desired ﬁlm material.[104,111] Compressive biaxial strains of about 1% at strontium titanate
substrates do not show any signiﬁcant direct impact on the
magnetic properties of SFMO.[13] Consequently, a small negative
lattice mismatch will not be a disadvantage, because strain can
be beneﬁcial for the magnetic properties, enhancing saturation
magnetization via a diminution of antisite disorder.
Substrates suitable for a silicon-based technology are both
(100)-oriented silicon (lattice misﬁt 2.7%[112]) and platinized
silicon wafers exhibiting a (111) texture (lattice misﬁt estimated
as 1.7%). In the ﬁrst case, problems arise at the interface by the
strong oxidizing action of SFMO. On the other hand, due to a
different nucleation and growth mechanism, (111)-oriented
ﬁlms possess a mosaic texture exhibiting the potential of a larger
LFMR.
Strain can be tuned by varying the substrate,[110] using different buffer layers[113] or by changing the thickness of the ﬁlm.[97]
By tuning the level of strain from compressive to tensile with the
use of different buffer layers, switching of magnetocrystalline
anisotropy from an in-plane to an out-of-plane state has been
demonstrated in SFMO thin ﬁlms.[114]

3. Effect of Point Defects on Saturation
Magnetization, Curie Temperature, and Low-Field
Magnetoresistance
Avoiding deterioration of thin ﬁlm properties in comparison
with the bulk is extremely challenging. Although SFMO is a
promising candidate for magnetic device applications, currently
no thin ﬁlm synthesis technique is known that would preserve
the magnetic properties of bulk SFMO.[13] Thin ﬁlms are synthesized at much lower temperatures than bulk ceramics. This leads
inherently to a larger ASD.[57,72,73] In most cases, Ms and TC
values of thin ﬁlms are lower than for the bulk.[71,111,115–117]
The magnetoresistance of SFMO thin ﬁlms at room temperature
has not exceeded a few percentage,[32,118,119] and is much lower
than the magnetoresistances of bulk materials, which reach a
value as high as 11%.[120,121] A direct comparison of SFMO thin
ﬁlms fabricated by PLD on SrTiO3(001) substrates and a polycrystalline SFMO target used in ﬁlm deposition was reported in
ref. [13]. TC of the standard 160-nm-thick SFMO ﬁlm was found
to be around 320 K, whereas that of a polycrystalline bulk material was 23% higher, while Ms of the ﬁlm was 33% higher than
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in the bulk sample. The large difference in Curie temperature
and saturation magnetization between SFMO thin ﬁlms and
polycrystalline bulk sample was related to antisite disorder
and oxygen vacancies. Thus, for a deeper understanding of
ﬁlm peculiarities, an examination of the effects of antisite disorder and oxygen vacancies is necessary. Since SFMO thin ﬁlm
applications would beneﬁt from the low-ﬁeld magnetoresistance, Section 3.4 analyzing this property was included for
completeness.
A ﬁrst-principle study of defective SFMO reveals that (except
Sr vacancies) all other point defects (Mo, Fe and oxygen vacancies, FeMo and MoFe antisites, as well as FeMo þ MoFe pairs)
degrade the total magnetic moment μtot.[7] The reason for this
slight increase in the VSr case was attributed both to the slightly
larger parallel aligned (positive) magnetic moment of four Fe
atoms, that is slightly larger for perfect SFMO, and the slightly
larger antiparallel-aligned (negative) magnetic moment for four
Mo atoms. Degradation occurs with increasing ASD for saturated
magnetization with stoichiometries deviated from Fe/Mo
stoichiometry as well as for spin polarization as a function of
ASD in stoichiometric SFMO.[6]

vacation concentration,[27] and a diminution of spin polarization
with ASD.[90] On the other hand, Sr off-stoichiometry enhances
ASD both in Sr-deﬁcient and Sr-excess samples, deteriorating
saturation magnetization (cf. Table 1 in ref. [13]).
Assuming equilibrium conditions and reasonable oxygen partial pressures, AS defects and oxygen vacancies appear to be the
most abundant point defects in SFMO.[5] By removing one
O2 ion from the lattice, the total magnetic moment in the unit
cell will be reduced by about 2 μB.[11] On the other hand, a pair of
an oxygen vacancy and a FeMo AS reduce μtot by 8 μB[124]—not
distinguishable from the contribution of an AS alone.[72] Since
vacancies favor atomic mobility, it is reasonable to assume that
VO-FeMo pairs are formed. As a result, the formed Fe-O-FeMo
bonds strongly favor a parallel coupling between the magnetic
moments of Fe atoms.[11] The formation energy of oxygen
vacancies for Fe-O-FeMo bonds, calculated by ﬁrst principles is
smallest, that is, about 1 eV lower in energy than the one for
Fe-O-Mo bonds in defect-free SFMO.[14]
Saturation magnetization decreases linearly with the Mo/Fe
antisite defect concentration x[8]

3.1. Saturation Magnetization

where the coefﬁcient b depends on the nature of magnetic coupling between metal cations,[125] the competition of magnetic
moments on ions in antisite positions, the relative orientation
between Fe moments at antisite positions and Fe moments
on the regular sites,[75] and the additional presence of oxygen
vacancies.[11] Another factor lowering the experimental Ms values
is the presence of grain and antiphase boundaries.[94,126,127]
The values of b range between 6.56[11,75] and 10.[72,91,125]
A suitable approximation is the ferromagnetic arrangement
(FIM) model[72] where Fe3þ(3d5, S ¼ 5/2) ions in B-sites are antiferromagnetically coupled to its six Mo5þ(4d1, S ¼ 1/2) neighbors
occupying the B0 sites. This approach is in good agreement with
experimental data.[17,72,75,92,103,128] This ideal arrangement
produces a net magnetization of

Ms ¼ M s ðASD ¼ 0Þ  bASDðμB =f :u:Þ

The correlation between Ms and ASD defects has been widely
studied.[8,11,13,17,27,53,72–75,90,91,94,122–128] The degradation of
both Ms and TC with increasing ASD as well as the degradation
of Ms with increasing concentration of oxygen vacancies were
predicted in ref. [8] based on Monte Carlo simulation. The
correlation between Ms and TC deterioration was later experimentally conﬁrmed in ref. [73]. Figure 5 illustrates the effect
of oxygen deﬁciency on saturated magnetization of SFMO.
Experiments have shown a decrease in Ms with deviation from
Fe/Mo stoichiometry,[53] an decrease in Ms and TC with ASD in
SFMO single crystals[17] as well as in SFMO ceramics,[123] a
decrease in Ms with simultaneously increasing ASD and oxygen

Ms ¼ ð1  2ASDÞmFe  ð1  2ASDÞmMo

Ms /µ f.u.

4,0

1
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Ms ¼ 4 þ Δ  ð8 þ 2ΔÞASDðμB =f :u:Þ
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Figure 5. Inﬂuence of oxygen nonstoichiometry on saturation magnetization Ms calculated by a ﬁrst-principle approach (1) (data from ref. [122])
and compared to the experimentally observed combined effect of ASD and
oxygen vacancies on Ms (2) (data from ref. [27]).
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(12)

where mFe and mMo are the magnetic moments of Fe and
Mo ions, respectively. Assuming a spin-only contribution with
mFe(Fe3þ) ¼ 5 μB and mMo(Mo5þ) ¼ 1 μB, we arrive at
Ms(ASD ¼ 0) ¼ 4 μB/f.u. and b ¼ 8. Thus, the FIM model is a
simple mean-ﬁeld model that omits the itinerant character of
spin-down electrons for the sake of simplicity. This simpliﬁed
approach allows also an estimate of the effect of other point
defects on Ms. Sr deﬁcits without the formation of oxygen vacancies lead to an increase of the valence of the Fe-Mo couple.
According to the FIM model, this is fully borne by Mo ions.
This transfers Equation (11) into:[12]

3,5

2,5
0,0

(11)

(13)

where Δ represents the increase of molybdenum valence (Δ ¼ 2x
where x is the concentration of strontium vacancies in
Sr2xFeMo6δ). Since a small excess x of Sr is accommodated
by the formation of VMo (cf. Section 2.2), yielding a compound
Sr2FeMo1xO6, Equation (11) changes in the absence of VO
formation and AS redistribution as
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Table 1. Synthesis parameters and LFMR properties of ceramic SFMO composites.
Synthesis method

Sintering temperature [ C]

Sintering duration [min]

Sintering atmosphere

Composite phase

MR, @0.2T [%]

T [K]

Ref.
[155]

SSR

430

20

5%H2/N2

50% Pb-Si-B glass

18

10

SSR

430

20

36%H2/N2

50% Pb-Si-B glass

17

10

[127]

Sol-gel þ powder

600

30

5%H2/N2

30% CeO2

2.21

10

[156]

SSR

1200

120

5%H2/Ar

15% ZnxFe1-xFe2O4

a)

1.61

300

6,9

300

[121]

a)

SSR, solid-state reaction.

M s ¼ 4 þ x  8ASDðμB =f :u:Þ

(14)

In the presence of Mo- or Fe-excess, AS defects MoFe or
FeMo appear besides the AS MoFe þ FeMo pairs, that is,
0
[MoFe] 6¼ [FeMo]. Denoting the site occupation factors as OB
00
and OB , for B0 and B00 sublattices, respectively, Equation (11)
should be written in the case of Mo deﬁciency as[16]
h

i
00
0
0
0
M s ¼ 4 þ x  10 OBFe þ 1  OBFe  OBMo  2OBMo ðμB =f :u:Þ
(15)
and in the case of Fe deﬁciency as
h

i
00
0
00
00
M s ¼ 4  5x  10OBFe  2 OBMo þ 1  OBFe  OBMo ðμB =f :u:Þ
(16)
Note that ASD is deﬁned only for a stoichiometric Fe/Mo
00
0
ratio, that is, for OBFe ¼ OBMo . In this case, all corrections
to Ms are small and Equation (11) represents a suitable
approximation.
Saturation magnetization has been observed to decrease with
increasing lattice mismatch.[99,129] Fully strained ﬁlms exhibit
low Ms values. Increasing ﬁlm thickness, a monotonic increase
of Ms of 1 μB/f.u. was observed with decreasing compressive
in-plane strain.[13] With increasing ﬁlm relaxation, saturation
magnetization was claimed to both increase[96] and decrease,[130]
the latter for Fe-rich SFMO ﬁlms.
3.2. Curie Temperature
Strontium deﬁciency leads to a moderate increase in ASD and a
signiﬁcant decrease in Curie temperature TC.[12,38]
In Sr2Fe1þxMo1xO6δ, TC exhibits a continuous increase
between x ¼ 0.2 and 0.1.[52] With further increase of x,
TC exhibits a sharp drop around the phase transition point at
x ¼ 0.2. A step decrease in TC with increasing Mo-excess,
x > 0.05, was reported also in ref. [53]. Curie temperature is
almost insensitive to a small Fe-excess.[53,55,60]
Electron doping provides a strategy to enhance Tc.[131] On the
other hand, both strontium and molybdenum vacancies provide
holes to the electronic system, hence decreasing TC.[16,38] The
initial increase of TC up to ASD ¼ 0.1 predicted in ref. [132]
coincides with TC values in Sr2FeMo1xO6δ that are higher than
that of undoped samples. The latter possess a maximum of both
TC and Ms at x ¼ 0.04.[16] In this case, it has to be taken into
Phys. Status Solidi B 2019, 1900312
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account that the maximum degree of ordering in
Sr2Fe1þxMo1xO6δ occurs at x ¼ 0.05.[52]
Similar to saturation magnetization, Equation (11), the
deterioration of TC with ASD can be described by[8]
T C ¼ T C ðASD ¼ 0Þ  bASD

(17)

Monte Carlo simulations yielded parameter values of TC
(ASD ¼ 0) ¼ 456 K and b ¼ 300 K obtained by ref. [8], which
are in good agreement with experimentally determined values
of TC (ASD ¼ 0) ¼ 422 K and b ¼ 152 K for ASD < 0.16 obtained
for SFMO single crystals.[17]
The dependence of Curie temperature on oxygen vacancy
concentration is still under debate. Based on a ﬁrst-principle
study, oxygen vacancies are suggested to favor an increase of
TC in SFMO, while the total magnetic moment is reduced.[122]
A forthcoming study[13] supposes that, by increasing the number
of oxygen vacancies, TC of SFMO can be increased without deteriorating its half-metallicity. The authors of ref. [77] attribute the
elevation of TC to an increase of free-carrier concentration leading to a rise of the density of states at the Fermi level and, as a
consequence, to an enhancement of exchange interaction. This
explanation is in contradiction to ref. [122] where the introduction of oxygen vacancies was found to resemble a stronger localization of the orbitals leading to a decrease in electron hopping
and, thereby, to a decrease in magnetic coupling strength. A
strong connection of TC to the density of states at the Fermi level
was proposed in ref. [133]. The strength of ferromagnetic coupling is thus controlled by carrier mobility in the conduction
band and the density of charge carriers. This is the basis for
the above-mentioned strategy to increase TC by electron doping.
Experimental evidence for an increase of TC with increasing VO
concentration is given in ref. [13]. The authors compared two types
of SFMO: i) a polycrystalline PLD target that was made by the
citrate-gel method and ii) a thin ﬁlm deposited by means of
PLD onto SrTiO3(100) substrates. ASD of the polycrystalline
material was found to be around 28%, which is at least twice as
large as the 12%  3% of ASD in the ﬁlms. Based on Ef(VO)
calculations, a lower amount of oxygen vacancies was expected in
the ﬁlms compared to the polycrystalline bulk. On the other hand,
the TC value of 160-nm-thick SFMO ﬁlms was found to be around
320 K, whereas TC of the polycrystalline bulk material was 23%
higher, around 400 K. The large difference in TC between the target
and the ﬁlm was explained by the lower amount of VO in the ﬁlm.
A theoretical study in ref. [122] addresses explicitly the variation of
TC with VO. The ﬁrst-principle calculation of magnetic coupling
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3.3. Spin Polarization
Spin polarization P of SFMO depends on the disorder on B-sites
(the formation of antisite pairs consisting of Fe atoms on Mo
sites [FeMo] and vice versa). A value of P ¼ 0.4…0.75 was stated
within uncertainty of data analysis for highly ordered SFMO thin
ﬁlms in ref. [134]. For the SFMO layer in a SFMO/SrTiO3/Co
junction, possessing a fraction S  0.85…0.87 of correctly located
B0 and B00 ions, spin polarization of 85% was deduced by means
of the Jullière model.[135] According to the point contact Andreev
reﬂection technique, P reaches 70% in single crystals of SFMO
with an order parameter S ¼ 0.89 as evaluated using the Rietveld
reﬁnement method.[90]
3.4. Low-Field Magnetoresistance
A practical application of LFMO requires a substantial magnetoresistive effect at low magnetic ﬁelds from 100 to 200 mT. LFMR
was discovered in 1998.[2] It has been reported to exist in polycrystalline samples in magnetic ﬁelds of 0…0.5 Tesla[136,137]
and is almost absent in single crystals.[91]
At present, it is well established that in SFMO ceramics the
main contribution to LFMR arises from spin-dependent electron
tunneling across insulating grain boundaries (GBs)[94,128,137–140]
and not by ASD.[141] ASD comes into play solely at high levels of
ASD ≥ 0.26.[128] In the case of a signiﬁcant disorder, ASD ¼ 0.3,
LFMR diminishes only for low-resistivity ﬁlms, that is, weak
insulating barriers, while the effect of disorder is negligible when
GBs dominate in transport properties.[139]
A study of an epitaxial SFMO thin ﬁlm grown on a
SrTiO3(100) bicrystal boundary gives evidence that LFMR is similar to ceramics and is caused by an electron spin-dependent
transfer across GBs and not by an intragranular effect.[142]
Depending on deposition conditions, LFMR might be missing
in SFMO thin ﬁlms deposited by PLD onto SrTiO3(001)
substrates.[32,109] However, the tunneling barriers necessary
for LFMR could be additionally created, for instance, by a postdeposition ﬁlm annealing at 475–500  C in an ultrapure Ar
(99.9995%) atmosphere for 5 h[32] or by annealing in a reducing
5% H2/N2 atmosphere for 10 h.[143] Contrarily, neither magnetic
nor magnetotransport or structural properties were improved by
postdeposition annealing of SFMO thin ﬁlms between 500 and
1100  C in vacuum, Ar, 5% H2/Ar, and air atmospheres for
5 or 10 h.[144] Obviously, grain boundary modiﬁcation should
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be performed under carefully selected conditions. LFMR is
favored in thin ﬁlms subjected to large biaxial compressive strain
at the ﬁlm–substrate interface.[109] This is attributed to the
formation of low-angle GBs. SFMO thin ﬁlms grown by PLD
on SrTiO3(111) substrates exhibit a larger LFMR effect in
(111)-oriented ﬁlms compared to that ones with (001) orientation.[145] The origin of this phenomenon is suggested to be
the presence of antiphase domain boundaries since the superstructure direction is aligned here to the growth direction.
LFMR can be signiﬁcantly improved by modifying GB-insulating barriers by means of: 1) slightly oxidizing the sample to
form SrMoO4 as an impurity phase, strengthening the insulating
barrier [Table S1 and S2, Supporting Information], 2) modiﬁcation of GBs by A-site substitution,[146,147] Co doping,[148] as well
as combining A-site substitution and doping,[149,150] 3) forming
composites (Table 1), 4) reducing grain size in the nanometer
range (Figure 6), 5) postsynthesis annealing,[138] etc.
The low temperature for oxidation in ref. [139] is not high
enough to modify the SFMO bulk substantially. Thus, the
SrMoO4 phase is expected to be located at the GBs with the consequence of enhancing the intergrain insulating barrier. Oxygen
cycling creates SrMoO4 under oxidizing conditions and Fe2Mo as
well as FeO under reducing conditions.[151] It changes the oxygen
content not only in GBs but also in the bulk. Upon overoxidation,
the SFMO intragranular regions become Fe-rich, and the intergranular regions Mo-rich. The Fe-rich material is required to
compensate for the Mo-rich regions created at GBs. The highest
LFMR value corresponds to the point in the oxidation–reduction
cycle where SrMoO4 just begins to appear or disappear. SrMoO4
regions that are too thick will not act as effective tunnel
barriers.[151,152] Excess Fe was obtained in large grains also in
ref. [152]. The intensity of the superstructure peak (101) in
XRD pattern gives evidence that these extra Fe ions lead to antiferromagnetic Fe-O-Fe interactions and produce antisite defects.
On the other hand, LFMR diminishes in more Fe-deﬁcient
40
35

Magnetoresistance / %/T

between the B-site ions reveals that the oxygen-mediated exchange
between Fe ions reduces whereas the AFM exchange between
Fe and Mo ions is favored. At the same time, the stronger AFM
coupling between Fe and Mo sites will mediate an additional
FM coupling and increases TC while the total magnetic moment
is reduced.
Contrarily, a decrease in TC with increasing oxygen deﬁciency
was experimentally conﬁrmed in ref. [76]. However, ASD effects
were not completely ruled out in this article.
With decreasing compressive biaxial in-plane (tensile outof-plane) strain, TC increases monotonously by a few Kelvin,
while the half-metallic character is preserved for both compressive and tensile strains up to 3%.[13]

1
2
3
4

30
25
20
15
10
5
0
10

100

1000

10000

Grain size / nm

Figure 6. Relative change of magnetoresistance per magnetic ﬂux
density as a function of SFMO grain size. Data for SFMO ceramics were
taken from refs. [96,151,174–176] and for SFMO thin ﬁlms from
refs. [117,119,140]. MR measured for H ≤ 1 T was classiﬁed into different
temperature ranges: (1) 4–5 K, (2) 10–20 K, (3) 50–77 K, and (4) 300 K.
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(>2%) SFMO ceramics since the reduction of Fe-O-Mo bonds
degrades the LFMR properties, and the deﬁciency of Fe in Mo
sublattice opens up Mo-to-Mo hopping channels via oxygen
states, thereby reducing spin polarization.[60] Thus, large Fe
deﬁciency is highly detrimental to attain suitable LFMR values
in SFMO.
The SrMoO4 phase in SFMO PLD thin ﬁlms was studied also
in other reports. In ref. [153], no MR data was speciﬁed for
SrFeO3 nanoparticles that were dispersed in SrMoO4 grains
although a FM hysteresis loop attributed to SrFeO3 was present,
while in ref. [154], MR data of an SFMO ﬁlm consisting of
embedded precipitates of SrMoO4 were quoted only for
B ¼ 8 T. A native SrMoO4 barrier layer was detected by X-ray
photoelectron spectroscopy on the surface of SFMO thin ﬁlms
sputtered in a H2/Ar atmosphere at 750  C.[34]
Table 1 consists of solely ceramic technologies of composite
fabrication. However, thin ﬁlms of perovskite-spinel composites
are known to be manufactured onto SrTiO3 substrates both
by PLD[157,158] and by ceramic target magnetron sputtering.[159]
The addition of a second phase in composites, which is most
likely located at the GBs, improves the barrier for spin-dependent
intergranular tunneling. Thereby, the crystal structure of
SFMO should not be changed. The original grain boundary is
replaced by a nonmagnetic, insulating compound that separates
the ferromagnetic half-metallic grains, thereby increasing
resistivity. On the other hand, MR decreases rapidly at higher
temperatures due to an enhancement of spin-independent
electron hopping through localized states induced even by the
second phase.
In the case of SFMO-Al composites, contradictory experimental results were reported by the same group nearly at the same
time.[160,161] A decrement in LFMR values was obtained in
ref. [160] attributed to the presence of metallic Ag at the GBs,
which suppresses spin-polarized tunneling and, ﬁnally reduces
magnetoresistance. On the other hand, the enhancement of
LFMR was explained in terms of the formation of nonmagnetic
patches like Mo-O-Ag-O-Mo-O within the grain, which acts as
insulating tunnel barrier.[161] For that reason, these data were
not considered in Table 1.
LFMR similar to SFMO also occurs in manganites. It is
adjusted by forming composites with borosilicate glass,[162]
CeO2,[163] Y-stabilized ZrO2[164] TiO2,[165] SrTiO3,[166,167] SrZrO3,[167]
CoFe2O4,[168] polymers,[169] etc., by doping[170] or adapting grain
size.[171,172] However, this occurs only at temperatures much lower
than TC. MR associated with intergranular transport of spin-polarized
electrons is known also in Fe3O4.[173]
Unfortunately, the grain size dependence of LFMR (Figure 6)
possesses a minimum just in the region of about 50…100 nm,
the typical column size of thin ﬁlms fabricated by PLD.[177]
This signiﬁcantly limits the prospects of LFMR improvement
by grain size tuning of thin ﬁlms.

4. Film Deposition Methods
A number of comprehensive books have already been published
on the subject of thin ﬁlm technology,[178–182] particularly
PLD[177,183]. In this section, we consider particular problems
of SFMO thin ﬁlm deposition.
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With regard to the peculiarities described in Section 2 and 3,
SFMO thin ﬁlm deposition is a very complex subject involving
issues of phase purity, stoichiometry, and Fe/Mo ordering.
The deposition of stoichiometric SFMO has been reported at a
high temperature, usually above 800  C, which is not compatible
with silicon technology. SFMO thin ﬁlms could be formed: 1) by
a two-step process comprising the formation of a polymeric ﬁlm
by chemical solution deposition (CSD) or by sputter deposition
(SP) of amorphous thin ﬁlms at low substrate temperatures
followed by a subsequent high-temperature annealing procedure, or, 2) by a one-step process at sufﬁciently high substrate
temperatures that enable in situ crystallization.
The adjustment of the magnetic properties of SFMO is a
complex issue, which is affected by: 1) the choice of the substrate,
2) the limited range of oxygen partial pressure and substrate
temperature, and, 3) the postdeposition treatment.
Three particular thin ﬁlm techniques have been mostly
studied for SFMO thin ﬁlm deposition: PLD, ceramic target
magnetron sputtering (MSP), and CSD. Each of these techniques
has its own advantages, disadvantages, and manufacturing
capabilities. However, the overwhelming majority of studies is
devoted to PLD.
4.1. Pulsed Laser Deposition
In PLD, a high-energy laser pulse (mostly in the UV range) with
very short pulse durations (laser ﬂuence up to a few J cm2) is
directed in vacuum or in the presence of a background gas at
low pressures onto a small area of a pure, stoichiometric target
synthesized by ceramic or sol-gel technology. Target quality is
an important issue. Dense nanograined targets fabricated by
wet chemistry methods are advantageous.[184,185] The absorbed
laser energy leads to the ablation of atoms, molecules, ions,
agglomerates, molten droplets, etc., forming an expanding
so-called plasma plume. Due to simultaneous evaporation of
all the components in the target, irrespective of their binding
energies, the stoichiometry of the material is preserved in
the plasma plume. This enables the transfer of target stoichiometry into the thin ﬁlm.[182] Another feature of PLD is its pulsed
nature. In between the pulses, ﬁlm growth is not disturbed by
new incident species. Thus, additional surface diffusion occurs,
favoring a higher crystallinity and layer-by-layer growth. As a
result, PLD is a suitable technique to grow ﬁlms of complex
oxides such as double perovskites. For this reason, the majority
of SFMO thin ﬁlm depositions have been performed by this
method.
Film nucleation and growth are driven by the thermal conditions at the substrate. On the other hand, the translational energy
of incident species is much higher, in the range of 1–100 eV
(104–106 K). Substrate temperatures reported for PLD in most
of literature are found to be around 950  C or higher because
PLD ﬁlm growth is dominated by kinetic processes where higher
temperatures facilitate atom mobility during deposition. For
research purposes, the substrate is placed off-axis at the edge
of the plume to restrict the incorporation of agglomerates and
droplets into the ﬁlm. However, this signiﬁcantly lowers the
efﬁciency of material usage. Moreover, the substrate size is usually in the order of about 1 cm2.
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There are reports on PLD of complex oxide thin ﬁlms onto Si
wafers with up to 200 mm in diameter.[186] However, information about SFMO deposition is still missing and PLD is not
mastered yet in real production. Large-area PLD uses laser beam
homogenization, beam shaping, and steering. Nevertheless,
problems remain due to crater formation on the target as well
as cluster and droplet splashing. For example, oxygen-deﬁcient
or nonstoichiometric parts of a target created by ablation will
be transferred into oxygen-deﬁcient or nonstoichiometric areas
in the ﬁlm, respectively, affecting the physical properties of
the entire ﬁlm.
PLD synthesis of double perovskite oxides requires tuning of
the different oxidation behavior of transition metals.[93] For the
deposition of oxide thin ﬁlms exhibiting a preselected perovskite
phase or a B-site ordering in double perovskites, the main two
parameters of the growing ﬁlm environment, oxygen partial
pressue pO2 and substrate temperature Ts, are usually adjusted
to provide conditions favorable for the formation of the desired
ﬁlm structure.[145,187–191] B-site ordering is known to become stable only at a large-enough size and a valence difference of the B0
and B00 cations of about 15…20 pm and 2.5…3, respectively.[192]
PLD favors a kinetically driven spontaneous ordering where
the driving force is the difference in ionic radii and the oxidation
states of the two B-site cations.[187–190] Here, on completion of
deposition the ﬁlms should be quenched to room temperature
to freeze the ion positions in the lattice, preserving the achieved
cation ordering. In this context, optimum SFMO ﬁlm growth
conditions were related to the crossover point of the thermodynamic MoO3/MoO2 and Fe2O3/Fe3O4 coexistence lines in a
pO2–Ts phase diagram.[145] Generally, the window of growth
conditions for highly ordered double-perovskite thin ﬁlms is very
narrow.[145,187–190] With regard to the strong effect of ASD on
the magnetic properties (cf. Section 3.1), this turns out to be
another challenge for the deposition of SFMO thin ﬁlms suitable
for application.
The importance of temperature and partial oxygen pressures
to obtain the correct phase of complex oxides is known in the
particular case of YBa2Cu3Oy for already 30 years.[193] The stability regions of the required oxidation states of the cations can be
roughly identiﬁed from the thermodynamic pO2–Ts phase
diagram. A compilation of SFMO thin ﬁlm deposition by means
of PLD is given in Table S3, Supporting Information. Based on
these data, a pO2–Ts phase diagram was built, revealing the
conditions of pure SFMO phase formation by PLD (Figure 7).
PLD is a strongly nonequilibrium process. Ablated species
possessing translational energies of 1–100 eV are quenched
within a time t ¼ a/R, where a is the lattice constant and
R the deposition rate. The incident species do not have enough
time to reach an equilibrium conﬁguration before their mobility
is lost by interaction with the substrate. The higher the substrate
temperature, the greater the surface mobility and the closer the
thin ﬁlm to equilibrium. Ordering of B-site cations Fe and
Mo suggests approximate equilibrium conditions at a synthesis
temperatures of 1200  C on a timescale of 50 h.[70] Consequently,
the optimum growth conditions in Figure 7 are far from equilibrium. They appear at much higher oxygen partial pressures than
the ones speciﬁed for equilibrium in Section 2.1.
Nonmagnetic SrMoO4 is a common impurity in polycrystalline SFMO and in SFMO thin ﬁlms occurring at high
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Figure 7. Film growth conditions in a pO2–Ts plot. Squares, triangles—
pure-phase ﬁlms; circles—impurity phases. Data taken from Supporting
Information (Table S3, Supporting Information).

pO2.[154,176,194–196] In particular, it appeared during postdeposition cooling in an oxygen atmosphere.[197] SrMoO4 formation
is favored by biaxial tensile ﬁlm strains.[110] During pulse laser deposition of thin ﬁlms at 820  C,[96] over 850  C,[117] at 900  C,[115] and at
950  C,[194,198] decomposition of SFMO into SrMoO4 and other
oxides was obtained already at pO2 > 102 Pa. The appearance of
SrMoO4 causes an increase in ﬁlm resistivity,[32,96] thus strengthening the GB insulting barriers as described in Section 3.3.
Other impurity phases obtained in SFMO are metallic Fe, Fe
oxides, and SrFeO3δ0 . Metallic Fe occurs under too much
reducing conditions.[32,46,117,185,194–196,198,199] Due to a different
nucleation and growth mechanism, their tendency to form epitaxial Fe becomes more pronounced on (111)-oriented ﬁlms.[46]
The peaks associated with Fe disappeared from the XRD pattern
after postdeposition annealing at 900  C for 4 h in 5% H2/Ar
atmosphere and the Ms value increased from 2.8 to 3.3 μB/f.u.
In SFMO thin ﬁlm deposited onto Si(100) substrates, metallic
Fe appears at higher oxygen partial pressures.[112] Fe3O4 is
formed under very oxidizing conditions.[194,198] SrMoO4 coexists
with iron oxides[154] and iron.[100] Also SFMO decomposes into
SrMoO4 and SrFeO3δ0 at very high oxygen partial pressures.[153]
SrFeO3δ0 , as a decomposition product, was obtained in small
quantities in SFMO thin ﬁlms deposited at a higher laser ﬂuence.[115] In ref. [118], the impurity phase was attributed to
SrFe1.5Mo0.5O6δ. It has to be taken into account that parasitic
magnetic phases such as from Fe, iron oxides, and SrFeO3δ0
increase magnetization. If the presence of such impurities is
overlooked, then an overestimation of saturation magnetization
attributed to the SFMO phase may occur.[98]
With regard to Section 2.6 and 3.3, the most popular substrate
for growing Sr2FeMoO6 ﬁlms is SrTiO3(001) due to the close
lattice matching between the two materials. Other substrates
include LaAlO3(001), MgO(001), NdGaO3(001) (LaAlO3)0.3
(Sr2AlTaO6)0.7(001) (LSAT), Sr2Al0.3Ga0.7TaO6(001) (SAGT),
SrLaAlO4(001) (SLAO), TbScO3(110) (TSO), DyScO3(110)
(DSO), and sapphire [Table S3, Supporting Information].
Si(100) substrates were applied with an ultrathin SrTiO3 buffer
layer.[22] Only one report used pure Si(100) as substrate.[112]
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To reduce lattice mismatch, SrTiO3(001) substrates were covered with PLD Ba0.4Sr0.6TiO3(001)[143] or with spark plasmasintered polycrystalline Sr2MgWO6.[197] The study in ref. [200]
is devoted solely to buffer layer deposition by PLD on
SrTiO3(001) substrates.
Early work did not ﬁnd differences in transport and magnetic
properties between samples deposited onto SrTiO3(001) and
LaAlO3(001) substrates.[142] Later, magnetic and transport
properties were shown to be different with smaller magnetic
moments for larger lattice mismatch (Figure 8). Only data
providing lattice constants measured in-plane were taken into
account. For comparison, also data for ceramic target sputtering
are shown.
4.2. Ceramic Target Sputtering
Sputter deposition or sputtering is a technique in which material
species from a so-called target are ejected from its surface by
bombardment with high-energetic species originating from
the plasma. In thin ﬁlm deposition technology, low-pressure
plasmas are ignited between the target and the substrate, mostly
in an Ar atmosphere providing Arþ ions for this purpose. The
operational pressure deﬁnes the mean free path of Arþ ions
and the sputtered species. If the mean free path is smaller than
the target–substrate distance, then cluster formation becomes
possible. At too low pressure, the degree of thermalization of
the sputtered species is low, and a surface bombardment with
energetic particles results. It is optimal when there are just a
few collisions in the target–substrate gap. For a direct synthesis
of oxides, nitrides, etc., reactive sputtering is applied. Here, gases
such as oxygen or nitrogen, in addition to Ar, are introduced into
the chamber during ﬁlm growth. The plasma may be driven by
DC, pulsed DC, and RF generators. DC sputtering suffers from
charge buildup at insulating surfaces. This surface charge develops a signiﬁcant voltage drop across insulating layers. Electrical
breakdown of the insulating layer then initiates arcing. This
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Figure 8. Saturation magnetization as a function of lattice mismatch for
PLD (data from refs. [S9, S12, S22, S25, S29, S36, S42, S44, S47], Table S3,
Supporting Information) and for ceramic target magnetron sputtering
(MSp) (data from refs. [S49, S52, S58], Table S4, Supporting Information).
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deteriorates ﬁlm quality due to crater formation at the target surface and the splashing of droplets and agglomerates. To prevent
surface charge buildup, RF (mostly at 13.56 MHz) sources are
used. Pulsed DC is a periodically interrupted DC with similar
behavior to an RF source.
A magnetron sputtering source takes advantage of the conﬁnement of the low-pressure plasma to a region close to the target.
Electrons are held by a magnetic ﬁeld exhibiting increasing
strength in all planar directions in a cycloidal path near the target
long enough to greatly increase the number colliding with the
background gas. This leads to a higher plasma density and
increased deposition rates.
Since sputtering does not require melting or evaporation of
the source material, nearly all materials can be deposited by
magnetron sputtering, regardless of their melting temperature.
Film texture is determined by the ratio of the substrate temperature to the melting temperature of the source material and the
energy ﬂux carried from the plasma to the growing surface.[201]
At temperatures suitable for silicon technology, sputtered thin
ﬁlms exhibit a columnar texture, e.g., these ﬁlms will be in an
intermediate state between tetragonal 4 mm symmetry of single
crystals and ∞m symmetry of ceramics. Consequently, the interpretation of grain size parameter will be very different from bulk
ceramics.
A compilation of SFMO thin ﬁlm deposition by means of sputter techniques is given in Table S4, Supporting Information.
Film deposition is performed either by ceramic target MSP or
by argon ion beam sputtering (IBSP) in a narrow technology window of Ts ¼ 750…950  C and pO2  4  106…3  105 Pa. The
optimal pO2 values are about one order of magnitude lower than
for PLD since sputtering is closer to thermal equilibrium. To provide low-enough oxygen partial pressures, the majority of reports
use a H2/Ar gas atmosphere.
Ceramic target MSP of multicomponent oxides suffers from
different sputter yields of the individual components. Generally,
sputter yield depends on atomic masses and the surface binding
energies of the different components present in the target. Lighter
elements are preferentially sputtered. For similar masses, the
surface binding energy determines the sputter yield. In the case
of SFMO, the masses of Sr and Mo are close to each other, while
Fe has a lighter one. Then again, the dissociation energies of the
metal–oxygen bond are not very different ranging from 4.4 eV for
Fe up to 5.2 eV for Mo.[202] The listed peculiarities require a long
pre-sputtering step until a steady state at the target surface is
reached. Since atom scattering in the gas phase is also massdependent (lighter atoms scatter more widely), a desired composition will be transferred to the ﬁlm only in a very narrow range of
operational pressures allocating the mean free path of sputtering
atoms. The same problems arise for IBSP. Here, the kinetic
energy of Arþ ions impinging at the target can be controlled
separately. It is mostly higher than for MSP, providing higher
sputter yields. However, the sputtered target area is usually small.
Substrates used for SFMO sputter deposition are SrTiO3(001),
LaAlO3(001), MgO(001), polycrystalline Ba0.5Sr0.5TiO3, and
sapphire ceramics. To improve lattice mismatch, SrTiO3(001)
substrates were covered with Ba0.4Sr0.6TiO3(001),[104] Sr2GaTaO6
(001), and Sr2CrNbO6(001),[203] as well as LSAT substrates with
Sr2CrNbO6(001) buffer layers.[203] In particular, Ba0.4Sr0.6TiO3
was selected as a buffer layer since its bulk lattice constant
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(2  0.3948 ¼ 0.7896 nm) almost completely matches with the
one of bulk SFMO (0.7892 nm). The Ba0.4Sr0.6TiO3 buffer layer
was shown to improve also B-site ordering, lowering the ASD of
(111)-oriented thin ﬁlms deposited from 0.135 for ﬁlms on a bare
SrTiO3(111) substrate to 0.05 for ﬁlms on a SrTiO3(111) substrate
with a lattice-matched Ba0.4Sr0.6TiO3 buffer layer.[34] The role of
lattice mismatch on B-site ordering was emphasized also in
ref. [204]. Similar to PLD ﬁlms (cf. Figure 8), saturation magnetization Ms reduces as the magnitude of lattice mismatch
between SFMO and the substrate worsens. This was assigned
to the formation of a so-called dead layer near the substrate–ﬁlm
interface. With thickness decreasing up to 30 nm, ﬁlms on
Ba0.5Sr0.5TiO3 showed an initial rise of MR value at 22 K and then
a dip for the 15-nm-thick ﬁlm. Such an extrinsic behavior was
associated with peculiarities of grain orientation induced by
the polycrystalline substrate.
Off-axis sputtering is a suitable research method providing
epitaxial growth and improved crystallinity.[116] Here, the substrate is oriented perpendicularly to the surface of the target
and replaced away from the center. This avoids bombardment
by high-energy particles. However, in the considered case, material utilization and the substrate size (5  5 mm2) were small.
Phase-pure and highly ordered (S ¼ 0.854) SFMO ﬁlms were fabricated on SrTiO3(111) substrates by carefully controlling Fe/Mo
stoichiometry and by optimizing background gas and gas pressure. Films deposited onto SrTiO3(001) substrates were less
ordered and had a slightly higher out-of-plane lattice constant.
The trend that smaller lattice constants are related to better ﬁlm
properties was found to be a general behavior in sputtered SFMO
thin ﬁlms.[205]
Several impurity phases have been detected in sputtered SFMO
ﬁlms: SrMoO4 and iron oxides formed under very oxidizing conditions in ﬁlms on LaAlO3(111)[116,204] as well as SrMoO4 and
SrFeO3δ0 in ﬁlms deposited by IBSP onto corundum ceramics
substrates at deposition rates of 1.8 and 0.7 nm min1, respectively.[206] In the ﬁrst case, the appearance of impurity phases
depends on the kind of the substrate and thickness.[204] SFMO
ﬁlms on SrTiO3(001) substrates included an additional SrO
phase created by SrTiO3 decomposition at 950  C. Very thin
ﬁlms (30 nm) on MgO(001) and LaAlO3(001) substrates were
Fe-rich with compositions of Sr1.75Fe1.35Mo0.91O6þδ and of
Sr1.89Fe1.23Mo0.89O6þδ, respectively. The larger Fe content occurring in the thin layer gives evidence of a Fe-rich layer at the substrate–ﬁlm interface layer. For a ﬁlm thickness of 240 nm, the
dependence of composition on substrate type disappeared.
Polycrystalline Sr0.5Ba0.5TiO3 revealed a more complex behavior.
It possesses many XRD peaks caused by the polycrystalline nature
of the substrate. Here, apart from iron oxide and SrMoO4,
SrFeO3δ0 also became visible. According to ref. [116], the Mo content of SFMO ﬁlms increases monotonically with increasing Ar
pressure in the chamber. At higher pressures, this favors the formation of the SrMoO4 impurity phase. Supposing a constant
residual oxygen content, the cited increase of the Ar pressure
means simultaneously an increase of oxygen partial pressure
by more than an order of magnitude. On the other hand, pO2
buildup in the chamber originating from sputtered oxygen also
increases at higher pressures.
Surprisingly, reports on a direct synthesis of SFMO thin ﬁlms
by reactive sputtering are still missing. One reason might be that
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all used target materials are easily oxidizing,[202] that is, their
behavior will be similar to a Pb target in PbZrxTi1xO3 ﬁlm deposition,[207] which does not show any pronounced hysteresis of the
spectral intensity of Pb emission from the low-pressure plasma
when changing oxygen ﬂow. For increasing and decreasing
oxygen ﬂow, the data points coincide, meaning that there is
no transition from the metal mode to the oxide mode of sputtering. The target surface is always poisoned by a thin oxide layer.
That always causes that oxide to sputter with a typical low sputter
yield. Another reason is that in a multitarget system, adjusting
the type of power supply to each target—the power supplied to
the target, individual oxygen ﬂow, operational pressure, etc.—is
very cumbersome.
4.3. Chemical Solution Deposition
CSD is a non-vacuum, wet chemical technique of preparing a
chemical solution from precursor chemicals and depositing it
onto a substrate by means of available methodologies (spin coating, dip coating, web coating, ink jet printing, etc.). CSD ranges
from the sol-gel process to metal-organic decomposition (MOD).
In the sol-gel process, a controlled initial hydrolysis stage occurs,
allowing the condensation reaction to proceed leading to the formation of a polymer network. MOD consists of a process where
metal-organic precursors decompose to produce the required
ﬁlm. Further multistage heat treatments cause further pyrolysis,
drying, carbon removal, nucleation of crystallites, and ﬁnal
crystallization. Here, crystallization is accompanied by a large
volume change, creating ﬁlm strain.
CSD is suitable for the fabrication of multicomponent thin
ﬁlms such as SFMO since it enables a precise composition
control that provides high purity and a good ﬁlm homogeneity,
and all at comparably lower costs.
SFMO ﬁlm deposition makes use of a variety of heat treatment
procedures[208–210]: 1) drying and SrMoO4 precursor formation at
300–400  C, 2) calcination in oxygen-containing atmosphere to
remove carbon and creating a mixture of SrMoO4 and
SrFeO3δ0 at 700–750  C, and 3) reduction of SrMoO4 and
Fe/Mo ordering at 850–900  C.
Available results of SFMO CSD are compiled in Table S5,
Supporting Information. Sufﬁcient B-site ordering was
obtained only for a special procedure of solution manufacturing,
including a separate preparation of (Sr(OiPr)2-(Fe(acac)3- and
(MoO2(acac)2- solutions in 1-PrOH/2 and mixing them after
12 h hydrolysis. On the other hand, there is a large body of
SFMO powder fabrication with different kinds of wet chemistry
methods, including nanoscaled material (cf., for instance[184]).
Here, SFMO is usually crystallized at temperatures exceeding
1000  C, that is, much above the temperature of SrTiO3 substrate
stability.[211]
4.4. Other Methods
SFMO and Sr3FeMoO7 thin ﬁlms were fabricated by spray
pyrolysis in ref. [212]. A solution of Sr and Fe chlorides as well
as ammonium molybdate-tetrahydrate was sprayed onto a heated
silica glass substrate. SFMO was formed at 460  C; Sr3FeMoO7 at
480  C. Optical and thermal properties were investigated, but
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no magnetic properties were reported. The obtained optical gaps
of 2.31  0.08 and 2.28  0.08 eV of SFMO and Sr3FeMoO7,
respectively, are characteristic for wide-bandgap semiconductors.
SFMO thin ﬁlms have been prepared via ultrasonic spray
pyrolysis on LaAlO3(001) substrates at temperatures between
600 and 900  C followed by postannealing at 1200  C in 5%
H2/Ar for 5 h.[213] This method does not require vacuum conditions. A mist is generated from an aqueous solution containing
dissolved Sr and Fe nitrates and ammonia-complexed molybdic
acid by means of vibrations of ultrasonic transducers. Argon
is used as a carrier gas to transfer the mist onto the heated
substrate where pyrolysis occurs. The deposition rate amounted
to 10 nm min1. SrMoO4 present in the as-deposited ﬁlms
disappears after annealing, thereby acting as a seed for SFMO
growth. Only ﬁlms deposited at 900  C showed metallic conductivity. The Ms value at 4.2 K was 2.5 μB/f.u., the MR values at 1 T
were 0.24% and <0.05% at 50 K and room temperature,
respectively. The MR effect at 1 T increases in less ordered ﬁlms
with decreasing substrate temperature up to 2.3% for ﬁlms
deposited at 600  C. The ﬁlms possess a spin polarization
of 60%  3% as measured by the Andreev point contact
technique, independent on the ﬁlm deposition temperature.
In electrophoretic deposition, colloidal particles suspended in
a liquid acquire an electric charge and migrate in an electric ﬁeld
to one of the electrodes, forming a coherent deposit. This deposit
is then subjected to further thermal treatment. Electrophoretic
deposition of SFMO layers was reported in ref. [214]. Finely
ground SFMO powder in a I2–aceton mixture was sedimented
onto single-crystalline Si substrates exhibiting a resistivity of
about 2.8 mΩ m. The postannealing treatment was performed
at 900…1100  C in a 5% H2/Ar atmosphere. The single-phase
layers formed at an annealing temperature of 1100  C showed
a ferromagnetic–paramagnetic phase transition with TC ¼ 282 K,
which is lower than that of the parent powder. SrMoO4 appeared
in layers annealed at lower temperatures, decreasing the TC value
further. In another report,[215] SFMO powders were manufactured by means of the citrate-gel method. Ethanol with 0.1 vol%
phosphate ester as well as isopropyl alcohol with 2 vol%
I2-aceton were used for suspension preparation since the SFMO
particles in an aqueous solution under ultrasonic treatment
completely decomposed into Fe2O3, SrMoO4, and SrCO3 phases.
Stainless steel plates were used as conducting substrates.
Deposits obtained in pure ethanol were highly agglomerated
and nonuniform. No postdeposition treatment was communicated. Layers sedimented from the ethanol–phosphate ester
mixture were more uniform and had a higher density compared
with that from the isopropyl alcohol(I2acetone) mixture.
The coexistence of Fe3þ-Mo5þ and Fe2þ-Mo6þ pairs was proved
by X-ray photoelectron spectroscopy.
SFMO thick ﬁlms possessing an ASD 0.12 were screenprinted by mixing calcined SFMO powder with a terpineol binder
and annealing the printed ﬁlm in three steps up to 1400  C under
ﬂowing oxygen.[35] Due to the granular structure of the ﬁlms,
they degrade quickly at room temperature forming SrMoO4
at GBs.
In molecular beam epitaxy (MBE), several atomic or molecular
beams from evaporation sources are directed to the substrate in
ultra-high vacuum conditions (p < 108 Pa). This allows the
growth of very high-quality thin ﬁlms of low defect density.
Phys. Status Solidi B 2019, 1900312
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However, the strongly reducing conditions of MBE are detrimental to SFMO deposition.
Metal-organic chemical vapor deposition provides ﬁlm growth
via chemical reaction at elevated temperatures and reduces
pressure, creating high-purity thin ﬁlms. SFMO deposition suffers from the absence of suitable Fe sources. Fe(THMD)3 is
hygroscopic, has a melting point of 180  C, and decomposes
above 300  C.[216] An alternative is Fe(TBOB)3 that possesses
sublimation temperatures between 350 and 500  C at 270 Pa.[217]

5. Conclusions
Strontium ferromolybdate is a promising material for magnetic
ﬁeld sensors due to its excellent magnetic properties: i) saturation magnetization of 4 μB/f.u; ii) high spin polarization up to
100%; iii) high Curie temperature up to 420 K; and iv) presence
of a low-ﬁeld magnetoresistance. However, the experimental values of saturation magnetization, spin polarization, and Curie
temperature have been reported to be signiﬁcantly lower in most
studies. Also, achieving these value in thin-ﬁlm materials
appears to be challenging.
The magnetic properties of SFMO are very sensitive to B-site
disorder and deviations from cation and oxygen stoichiometry.
This requires a precise composition control during ﬁlm
manufacturing. Although PLD provides a stoichiometric transfer
of the target composition into the thin ﬁlm, it is not suitable for
large-scale device fabrication. Large-area deposition by ceramic
target sputtering suffers from transferring the target composition adequately into the ﬁlm. Attempts of CSD did not provide
highly ordered ﬁlms. Thus, a direct synthesis by reactive
multitarget sputtering comes into the focus as a promising
approach for industrial device fabrication. Here, the handling
of three easily oxidizing metal targets requires a sophisticated
target power supply and a precise control of deposition
conditions.
Reasonable costs of SFMO-based MTJ thin-ﬁlm devices
require a silicon substrate-based fabrication technology. This
limits signiﬁcantly the acceptable substrate temperatures, thereby deteriorating B-site order. A proper solution to this problem
needs further research on additional nonthermal stimulations of
growth processes on ﬁlm surface. An approach to increase the
surface temperature of the substrate is the use of energy that
a low-pressure plasma carries to the substrate surface. By this
way, the effective substrate temperature could be increased by
about 200…300  C.[218,219]
Another concept of SFMO MTJ devices is the use of nanosized
core-shell particles where the shell acts as a tunnel barrier.
However, this concept is beyond the scope of this work.
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