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Abstract

The influence of nonstoichiometry on the structural and magnetic properties of
Sr,FeMoOg (SFMO) has been investigated by varying the ratio of Fe in polycrystal-
line samples. We demonstrate that changes in the Fe/Mo ratio can elevate the Curie
temperature (7) in SFMO, even though the total magnetic moment is reduced at
the same time. The discoveries of the stoichiometric imbalance between the cations
Fe and Mo are discussed in the context of first-principles calculations on the elec-
tronic and magnetic structures of SFMO using the GGA+U method. Our theoretical
results reveal that Fe deficiency reduces the 7 due to the antiparallel alignment of
Fe moments in Mo positions, which is consistent with experimental observations. In
contrast, accurate 7 trends for Fe excess are reproduced only by considering spin
disorder, with both parallel and antiparallel Fe moment orientations. These insights
provide a detailed understanding of the magnetic interactions in SFMO. Our find-
ings lay the groundwork for developing innovative SFMO-based materials and
emphasize the significance of stoichiometry control in optimizing SFMO properties.
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1 Introduction

In recent decades, magnetic double perovskites, represented by the general for-
mula A,BB’Og4 (where A stands for alkaline-earth-metal or rare earth-metal cati-
ons, and B, B’ denote transition metal cations), have garnered significant atten-
tion [1-4]. Among these, double perovskite Sr,FeMoO, (SFMO) has gained
extensive study due to its high Curie temperature (7 = 420 K) and half-metallic
behavior, providing complete (100%) spin polarization [5]. These characteristics
are important for spintronics applications, including magnetic tunnel junctions
and spin injectors [6]. Thus, it seems that SFMO is a good fit for incorporation
into spin electronic devices. However, it has been discovered that the manufactur-
ing factors of this compound are extremely sensitive and significantly impact its
structural defects and, consequently, its magnetic and transport properties [7—13].
Also, the magnetotransport properties of SFMO and other double perovskites can
be adversely affected by defects such as anti-site disorder (ASD) and nonstoichi-
ometry [14-16].

In a perfectly ordered SFMO, Fe and Mo cations are arranged in NaCl-like pat-
tern, separated by oxygen anions, and their magnetic moments are antiferromag-
netically coupled [5].

However, a certain amount of disorder is fundamentally introduced during the
synthesis of SFMO, whether it is done in bulk sintered form, single-crystalline
structure, or epitaxial thin-film growth. Potential defects encompass nonstoichi-
ometry arising from excess Fe or Mo, ASD due to simultaneous replacement of
Fe with Mo and vice versa, the presence of oxygen vacancies (V,), and the devel-
opment of extended phases. It has been found that M, and T values are associ-
ated with the composition x in Sr,Fe;, ,Mo,_,O¢; magnetization is affected by V,
concentration, whereas cation ordering determines M, values and spin polariza-
tion [17-20]. In previous work [17], the elevation of T in Sr,Fe,, Mo,_,O¢ with
x > 0 was explained by kinetic energy gains arising from increased spin polari-
zation among itinerant electrons within the ferromagnetic Fe background. This
effect is driven by the augmented concentration of Fe and a reduced Fe-Fe sepa-
ration. The substitution of Mo with Fe beyond x = 0O results in a structured Fe-O-
Fe-O-Fe sequence, enhancing the ferromagnetic coupling between Fe ions on the
same sub-lattice and leading to an incremental 7., especially in the presence of
minimal mis-site disorder.

Kobayashi et al. [21] and Sugata et al. [22] investigated Sr,Fe(W,_,Mo,)O, by
introducing W at the Mo site. They observed a ground state transition from an
antiferromagnetic insulator to a ferromagnetic metal. In a similar context, Yuan
et al. [23] explored Sr,(Fe,_,Cu,)MoQg, introducing Cu at the Fe site. Their study
revealed that a higher degree of Fe/Mo ordering was observed with heavy Cu
doping at the Fe site, leading to a transition from semiconductor to metal. G.Y.
Liu et al. [24-26] examined the structural, magnetic, and transport properties of
Sr,Fe Mo,_,O4 and related these properties with the degree of Fe/Mo ordering. A
few attempts have been made to examine the effect of strontium nonstoichiometry
and various oxygen concentrations (Og_g) in SFMO [8, 27-29]. There have been
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studies conducted on sintered SFMO found that the Fe and Mo ions deviate from
their respective sub-lattices [1, 14, 30]. Extensive research has been conducted
on site doping with Mo or Fe but there is a notable gap in studies focusing on the
alteration of the Fe/Mo ratio.

According to both theoretical and experimental data, the magnetic properties of
SFMO are largely dependent on the configuration of oxygen vacancies, ASD, and
stoichiometric imbalance [5, 31-33]. The occurrence of oxygen vacancies and ASD,
which is defined by the incorrect positioning of Fe in Mo sites and vice versa, usu-
ally lowers saturation magnetization (M,). The lower M, of 3 up/f.u. at 4.2 K in
SFMO, which is associated with the ASD, serves as an example of this [5]. Some
degree of ASD is currently deemed unavoidable, even in stoichiometric bulk sam-
ples [14]. Figure 1 illustrates the schematic representation of excess of Fe and ASD.

The motivation for the present work is rooted in our previous study [34], where
we explored the impact of deposition distance on SFMO thin films grown by pulsed
laser deposition. The optimal properties were observed at longer distances, includ-
ing an onset Curie temperature of approximately 400 K. These improvements were
attributed to a stoichiometric imbalance between Fe and Mo cations, altering mag-
netic interactions and enhancing overall properties.

In this study, we explored the effects of Fe/Mo stoichiometry imbalance on the
structural and magnetic properties of SFMO samples. We synthesized Sr,Fe Mo,_,Og4
across a broad range of compositions (Fe = 0.8, 0.9, 1, 1.05, 1.1, 1.15, 1.2) and ana-
lyzed their structural and magnetic characteristics. To understand the observed mag-
netic properties, we conducted first-principles calculations using the Green func-
tion method within the density functional theory framework. We addressed ASD and
excess Fe using a coherent potential approximation and described magnetic properties
through Heisenberg exchange constants calculated via the magnetic force theorem.
This approach allowed us to present a detailed theoretical perspective on the relation-
ship between Fe/Mo concentration, magnetic ordering, and Curie temperature. Our
findings provide explanations for experimental observations and offer guidance for
future efforts to optimize SFMO for technological applications. A clear understanding
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Fig. 1 Schematic illustration of the ASD where simple SFMO crystal (left), the excess of Fe atoms
placed on the Mo sites (middle) and Mo atom replaced with Fe atom and vice versa and their stoichi-
ometry imbalance (right). The solid circles represent Fe and open circles represent Mo, while the arrows
represent the magnetic moments of the atoms
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of nonstoichiometry and its role in modulating the magnetic properties of bulk SFMO
is imperative for advancing these applications.

2 Experimental Details

A set of seven polycrystalline SFMO samples were prepared by solid-state reaction
method using earlier optimized growth parameters [35, 36]. The synthesis of bulk sam-
ples of SFMO frequently employs the solid-state reaction technique which requires
high temperatures and long annealing time. Strontium carbonate (SrCOj), iron oxide
(Fe,0;), and molybdenum oxide (MoO;) were mixed in nonstoichiometric propor-
tions as part of the preparation for this study. The chemical reaction 4SrCO; + Fe,O;
+ 2MoO; + H, — 2Sr,FeMoOg + 4CO, + H,0 accounting for the different cation
ratios was used to synthesize the nonstoichiometric samples. The nonstoichiometry of
the polycrystalline SFMO was managed by changing the MoO; and Fe, Oj; cation ratio.

These raw materials were combined and ground with a mortar and pestle. The pow-
der material was then placed in a pellet press machine to make the powder into a pel-
let form (10 min at 30 MPa). The solid-state reaction required a tube furnace to heat
these pellets to 600°C for 60 h with ramping temperature rates. The initial annealing
produced a significant change in the volume and color of the material. At this point,
the powders were re-grounded as a part of the solid-state reaction method and pressed
again. Then, the pellets were subjected to a high-temperature calcination process at
1100°C for 24 h in flowing Ar+5% H,+H,0. The calcination procedure promotes the
creation of the SFMO phase in the polycrystalline samples [37].

In order to avoid any structural flaws from arising, the bulk SFMO samples were
slowly ramped down to room temperature after calcination.

The crystal structures of the sintered SFMO pellets were investigated by X-ray dif-
fraction (XRD) at room temperature using a Panalytical Empyrean diffractometer with
a 5-axes goniometer using CuK, radiation. The crystallinity, phase purity, and lattice
parameters of polycrystalline SFMO were determined from 6 — 26 scans within the
angular range 10° — 120°. Rietveld refinement was performed by Maud software for
polycrystalline SFMO samples [38]. The cation nonstoichiometry was confirmed by
X-ray fluorescence spectrometry (XRF) with Panalytical Epsilon 1 spectrometer. The
magnetic measurements were done using a Quantum Design MPMS SQUID mag-
netometer with an external magnetic field. The temperature-dependent field-cooled
(FC) magnetizations were measured between 10 K and 500 K in 100 mT field, and the
Curie temperature was defined as the minimum of the temperature derivative of the FC
curve. To determine the saturation and coercivities, the magnetic hysteresis loops were
measured at 10 K between +1T.
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Fig.2 Rietveld refinements on the XRD data of the sample Fe-1 (main panel). Purple round symbols
present the experimental data, the black solid line indicates the simulated XRD profile. The bottom red
continuous line stands for the difference between the experimental and theoretical patterns. The right
inset shows the evolution of the (00 1) peak around 6 = 19.4° for all the samples. The left inset shows the
amount of ASD % as a function of increasing amount of Fe

3 Results and Discussion
3.1 Effect of Cation Ratio on Structural Characteristics

The confirmation of cation nonstoichiometry in the SFMO polycrystalline samples
was achieved through x-ray fluorescence spectrometry (XRF) which allowed for the
precise quantification of the elemental composition within the samples, highlight-
ing any deviations from the expected stoichiometric ratios of strontium, iron, and
molybdenum.

The Fe concentration values are as expected and listed in the second to last col-
umn of Table 1.

To determine the structural parameters, the experimental XRD data of all the
samples were subjected to Rietveld refinement. The refinement was obtained with
the Maud XRD analysis program [38]. Only SFMO peaks are detected, and we

Table 1 Values of parameters

obtained from the Rietveld Sample a (A) cA) 2 Fe, XRF)  ASD(%)

refinement using the structural — gogg  55704(1) 7.90492) 1424 0.80 3

model as well as the refined _

ASD percentage. The Fe Fe—0.9  5.5811(1) 7.9072(2) 1.449 0.90 28

concentration values given Fe-1 5.5708(1) 7.9000(1) 1.342 1 29

in the second last column are Fe-1.05 5.5727(2) 7.90313) 1.573 1.04 55

measured by XRF Fe-1.1  5.5736(2) 7.8998(4) 1.531 1.10 85
Fe-1.15 5.5720(2) 7.8980(2) 1.333 1.14 59
Fe-1.2  5.5704(1) 7.8968(2) 1318 1.19 75
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conclude that the SFMO polycrystalline samples are phase pure. The refined XRD
pattern together with the Rietveld refinement for Fe-1 sample is displayed in Fig. 2
(main panel), where the black solid line represents the simulated diffractogram, the
purple round symbols correspond to the experimental data, and the red line indicates
the difference between the experimental and theoretical patterns.

The results from the Rietveld refinement for the a and ¢ parameters are shown
in Table 1. The standard deviation of the last numbers are shown in parenthesis,
and it is the error of the last digit. The lattice parameters a and ¢ as a function of Fe
concentration are also graphically presented in Fig. 3 accompanied by error bars.
The performance of Rietveld refinement in this study was assessed based on several
fitting parameters, including the chi-square factor (y?), profile (Rp), and weighted
profile factor (Rwp). All the refinements were satisfactory, as indicated by the (y?)
values shown in Table 1. The refinement gives lattice parameter values that are quite
close to the values reported in the literature, a = b = 5.575 Aandc=7.893 A [39].
As the concentration of Fe increases, there is a subtle variation in the lattice param-
eter a and a slight decrease is observed in the lattice parameter c.

The observed subtle variations have been attributed to the valencies of Fe** and
Mo®* ions, along with the significantly larger ionic radius of Fe** (0.78 A) when
compared to Fe** (0.645 A) [40]. Also, the increasing concentration of anion vacan-
cies and order among Fe/Mo cations can have an effect [8]. The presence of vacan-
cies and valence disproportion may result in a reduction in the unit cell volume
as the Fe content increases [25]. This is concurrent with the observation that the
Fe-O(1) bonds shorten and the Mo-O(1) bonds lengthen, demonstrating a compres-
sion of the FeO, octahedron and an elongation of the MoOg octahedron along the
SFMO c-axis [8]. There are complex effects arising from factors like the interplay
of ionic radii or the presence of defects in samples with different Fe-stoichiometry.
Additionally, oxygen vacancies could have an impact on the observed variations in
the lattice parameters [29, 33, 41].

The right inset in Fig. 2 shows the evolution of (101) peak intensity reflecting the
Fe/Mo ordering [42]. It appears that, with increasing Fe concentrations, the (101)
SEFMO superstructure peak intensity decreases. This is related to the substitution of
Fe for Mo, which destroys the regular arrangements of B-site in the double perovs-
kite structure [43-45].

Fig. 3 Graphical representa- a(A) ——
. . 558
tion of @ and ¢ parameters with
error bars as a function of Fe < 5576
concentration ©
5572
c(A) ——
7.905
<
° 79
7895 1 1 1 1 1 1 1
0.8 0.9 1.0 1.05 11 1.15 1.2
Fe
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This disorder gives rise to the formation of new Fe,;,-O-Fe and Mog,-O-Mo
bonds [31]. The variation of ASD with sample nonstoichiometry is shown in the top
left inset of Fig. 2. The ASD concentration was determined by allowing the occupa-
tion of Fe and Mo ions in both sets of positions to vary while keeping the stoichiom-
etry constant in the Rietveld refinement. The ASD concentrations of all samples are
3,28, 29, 55, 85, 59, and 75% with growing Fe content as presented in Table 1. By
confirming the absence of impurities, it becomes clear that the observed deviations
in the material’s properties are intrinsic and related to cation nonstoichiometry. This
provides confidence in the findings and underscores the significance of nonstoichi-
ometry as a fundamental aspect of the material’s behavior, distinct from impurity-
induced effects.

In a disordered Fe/Mo sub-lattice, the formation energy for a single pair of anti-
sites varies depending on the amount of disorder and their specific arrangements
[14]. The orientation of the magnetic moment on the Fey,, anti-site atoms is influ-
enced by their nearest neighbors, with closer anti-site pairs exhibiting lower forma-
tion energy, indicating short-range order in a disordered SFMO. This means that
ASD is likely to be found as antiphase boundaries or clusters instead of separated
defects. Additionally, in Fe-rich conditions, Fey,, is the preferred defect, and Mog,
incurs a higher energy penalty. Conversely, in Mo-rich conditions, Mog, anti-sites
are favored, while Fey,, anti-sites incur a higher energy penalty [14]. A more favora-
ble mechanism is observed for anti-sites in SFMO than vacancies for addressing
nonstoichiometry. However, the formation energy for both Mo and Fe vacancies in
Mo-rich SFMO is observed to be lower than the respective defect formation energies
in a Fe-rich environment [14]. This correlation aligns with our findings illustrated
in Fig. 2, where higher level of ASD is demonstrated in Fe-rich samples. This can
be attributed to the tendency for higher ASD in Fe-rich samples, since the absence
of vacancies in these samples leads to increased ASD. The energetics of vacancy
formation in Mo-rich versus Fe-rich environments thus correlate with the observed
variations in ASD levels, as depicted in our XRD data.

3.2 Modified Magnetic Properties by Varying Fe/Mo Ratio

In Fig. 4, the main panel illustrates the normalized FC magnetization curves as a
function of temperature for each of the samples under 100 mT magnetic field. The
results were normalized by dividing the magnetization values with the FC magneti-
zation values at 10 K. In the FC curves, the slopes at transition change slowly as Fe
concentration increases from Fe—0.8 to nominal concentration Fe-1. The ferro-para-
magnetic transition appears sharper, and magnetization is preserved better at higher
Fe concentration. The inset graph shows the Curie temperature, T, as a function of
the stoichiometric imbalance between Fe and Mo. The T is determined from the
first-order derivative of the FC curve. T- shows an increasing tendency with increas-
ing Fe concentration up to the nominal stoichiometric concentration Fe-1, having the
value of 420 K. After that the T~ values remain round 430 K, being clearly higher
than the earlier reported around 400—420 K [46, 47].
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Fig.4 Normalized field-cooled magnetization as a function of temperature for each sample measured in
100 mT field (main panel). The inset shows the Curie temperature 7 as a function of Fe concentration

It has been observed that sufficiently high ASD concentrations resulting in a
strong antiferromagnetic coupling between Fe-O-Fe lead to an increase in 7 [48],
as is also seen here. In addition, the theoretical and experimental investigations
reported that higher oxygen vacancy concentration could increase 7. A rise in the
number of oxygen vacancies and ASD, attributed to variations in the ferromagnetic
(FM) and antiferromagnetic (AFM) magnetic couplings between Fe and Mo ions,
results in a notable and robust increase in 7 [33]. The ASD defects facilitate Fe-O-
Fe,;, and Mo-O-Mog, bonds resulting from a stoichiometric imbalance between Fe
and Mo in SFMO [49]. Figure 1 depicts the schematic representation of excess of
Fe and ASD, where Fe substitutes on a Mo site with a spinf configuration, inducing
super-exchange interactions [50]. The reasons for these reported findings will be fur-
ther discussed in the theoretical model section.

Figure 5 shows partial hysteresis loops of SFMO samples recorded at 10 K. The
results were used to determine saturation magnetization M and coercivity fields B.,
which are shown in the inset of Fig. 5 as a function of increasing Fe concentra-
tion. It was observed that at compositions Fe—0.8, Fe—0.9, and Fe-1, the saturation
magnetization has a maximum and diminishes from there on. The diminished mag-
netization can be ascribed to imperfections such as ASD, oxygen deficiency, and
valence disproportion [24, 51]. The reduction in the magnetization is much larger
in samples with high concentration Fe samples, which can be attributed to the
increased ASD in these samples [52, 53]. The ASD disrupts the collinear alignment
of atomic moments between the B and B’ sub-lattices, which is illustrated in Fig. 1.
Antiferromagnetic coupling of Fe spins on the Mo site with regular Fe spins can
lead to a decrease in M, [17, 51]. This observation aligns with the previously pro-
posed models [45, 54]. However, an alternative hypothesis suggests that the decline
in M, is primarily due to a reduction in the net magnetic moment of individual Fe
sites. Remarkably, this reduction occurs, while the ferromagnetic alignment is main-
tained [55], signifying that the nearest Fe sites within an ASD continue to couple
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Fig.5 First quadrants of the hysteresis loops between +1T measured at 10 K (main panel). The inset
shows the saturation magnetization M, (left side) and coercive field B, (right side) as a function of Fe
stoichiometric imbalance

ferromagnetically. The variation of M, with Fe/Mo imbalance has been documented
in the literature [41, 56, 57]. Additional factors such as valence disproportion and
oxygen vacancies are possible causes for the reduction in magnetization. Addi-
tionally, it has been observed that high concentrations of ASD can disrupt the spin
polarization of charge carriers, further impacting the material’s magnetic properties
[55, 58].

Our findings indicate that as Fe concentration increases, the B, values increase.
Inset of Fig. 5 (red) illustrates the relationship between B, and Fe concentration. The
observed increment in B, with higher Fe concentration can be elucidated as the pres-
ence of ASD leads to a higher density of antiphase boundaries. Consequently, the
magnetic domain walls experience increased pinning, making the process of mag-
netic domain rotation more challenging under a constant external field [59].

4 Theoretical Model

Previous studies have explored various mechanisms to explain trends in the T, such
as oxygen vacancies, ASD, and point defects in SFMO [14, 17, 28]. Strategic car-
rier doping has been proposed as a method to achieve higher 7., compensating for
the fewer itinerant electrons resulting from the substitution of Mo with Fe [60]. In
addition, the antiferromagnetic coupling between Fe** and Mo’* ions underlies the
ferrimagnetic ordering in SFMO [44, 45]. Furthermore, Fe can exist as 2* instead
of 3%, and Mo can have a valence of 67 instead of 5% [58, 61, 62]. The valence
mixing, Fe’*-O-Mo-O-Fe**, undergoes double exchange with itinerant electrons.
Experimental confirmation of valence mixing in SFMO for Fe and Mo has been
documented in [63, 64]. However, the existing models have proven either not appli-
cable or inconclusive in explaining these phenomena.
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To elucidate the current experimental results and provide a theoretical founda-
tion, we have performed a first-principles study on electronic and magnetic struc-
tures of SFMO. The calculations were carried out using a Green function method
[65] within the density functional theory in a generalized gradient approximation
(GGA) [66]. To describe adequately localized 3d Fe, a GGA+U method [67] was
utilized using an effective U,z = U — J value of 2 eV. The methods and parame-
ters were already successfully applied to study the electronic and magnetic struc-
ture of SFMO [68, 69]. In particular, T,, estimated using Monte Carlo simula-
tions and assuming a presence of oxygen vacancies, was found to be a very good
agreement with experiment [69]. However, in the current study, we do not take
into account oxygen vacancies to avoid complexity in physical interpretation. As
it was shown in our pervious work [69], oxygen vacancies can significantly lower
M and increase the 7, in SFMO. ASD and the excess of Fe were treated within
a coherent potential approximation as it is implemented within the multiple scat-
tering theory [70]. To describe the magnetic properties of SFMO, Heisenberg
exchange constants J; were calculated within the magnetic force theorem [71].
T was estimated within a mean field approximation for the Heisenberg model.
Although the mean field approximation is known to overestimate 7, the trend of
T as a function of Fe concentration in nonstoichiometric positions should be well
reproducible.

In the case of Fe deficiency, we assumed that Fe moments in Mo positions
are antiparallel to Fe magnetic moments in stoichiometric positions. In the case
of Fe excess, we considered three different scenarios: (i) all magnetic moments
of Fe are parallel; (ii) magnetic moments of Fe in nonstoichiometric positions
are antiparallel to moments of stoichiometric Fe; (iii) magnetic moments of Fe
in nonstoichiometric positions can be parallel and antiparallel to Fe moments in
stoichiometric positions with equal probability. Magnetic moments of Mo atoms
were considered to be induced, and their orientation depends on the underlying
order of Fe moments. In the stoichiometric SFMO, Fe atoms possess a magnetic
moment y=4.12 up, while Mo moments of y=—0.62 u, are antiparallel to Fe
moments. The magnetic moments for Fe and Mo in Fe-excess (Fe—1.1) and Fe-
deficient (Fe—0.8) configurations were calculated using GGA+U. In the Fe-excess
case, the Fe moments at the Fe and Mo sites are 4.05 uy, 4.19 pg, and —4.44 pp,
respectively, while the Mo moment is —0.59 pB. For the Fe-deficient configura-
tion (Fe—0.8), the Fe site exhibits a moment of 4.19 uj, and the Mo moments are
—0.61 up (Mo site) and 0.52 puy (Fe site). The results of our simulations are pre-
sented in Fig. 6.

Our model for the Fe deficiency reproduces correctly the experimental trend
shown in Fig. 4: T,- reduces with the decrease in Fe concentration. This confirms
that Fe moments in Mo positions are antiparallel to Fe moments in stoichiomet-
ric positions. Mo atoms in Fe stoichiometric positions possess induced mag-
netic moments of ;=0.52 u,, which are parallel to Fe moments in stoichiometric
positions. However, the same scenario for the Fe-excess case does not work: 7
decreases with the increase in Fe concentration, which disagrees the experimental
results (Fig. 4). Therefore, we have tried two other models for magnetic order in
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Fig.6 T, as a function of Fe concentration calculated for different theoretical models: all Fe moments
are ferromagnetic (black line), moments of the excess Fe are antiparallel to the Fe moments in stoichio-
metric positions (blue line), and moments of the excess Fe are parallel and antiparallel to the Fe moments
in stoichiometric positions with the equal probability (red line) (left panel). Mo-Fe effective pair interac-
tion in SFMO for parallel (blue) and antiparallel (red) alignment of Fe magnetic moments (right panel)

this case. First, we assumed that moments of the nonstoichiometric Fe are paral-
lel to moments of the stoichiometric Fe. In this case, T increases almost lin-
early with increase in the nonstoichiometric Fe concentration. Apparently, this
behavior also contradicts the experimental trend. Only assuming that moments
of the nonstoichiometric Fe can have both parallel and antiparallel orientation of
moments (spin disorder), we could reproduce correctly as illustrated by the red
line in Fig. 5. Our total energy calculations show that the AFM configuration is
only 0.5 meV lower in energy than the FM one assuming a random distribution
of the nonstoichiometric Fe atoms. However, Fe atoms can cluster in the sample
having the ferromagnetic order 0.3 meV lower in energy than the AFM order.
Comparison of our 7 calculations with the experiment shows that both scenarios
take place in the same sample.

To describe a possible distribution of nonstoichiometric Fe atoms depending
on the magnetic moment orientation in the Fe-excess case, we have calculated the
Mo-Fe effective pair interaction using the generalized perturbation method as it is
implemented within the multiple scattering theory [72]. The effective pair interac-
tion in a binary alloy with atoms A and B is given by

_ AA BB AB BA
Vi= Vi + Vi =V =V W

where i and j index the lattice vectors in real space. V;; < 0 corresponds to segre-
gating alloys (phase separation, clustering), while V;; > 0 corresponds to ordering
alloys. In SFMO for the Fe-excess case (in particular for the concentration of 1.1),
nonstoichiometric Fe atoms with moments antiparallel to the moments of stoichio-
metric Fe atoms tend to an ordered alloy since V; is positive for the nearest and
next nearest neighbors (see right panel of Fig. 5). In the case of the parallel align-
ment of the Fe moments, the situation is controversial: the nearest neighbors tend to
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clustering (V;; < 0), while the effective pair interaction with the next nearest neigh-
bors is positive and large showing the tendency to an ordered alloy. We interpret
these results as following: Excess Fe atoms, which possess magnetic moments par-
allel to the moments of the stoichiometric Fe, can surround a Mo atom with the
antiparallel ordered moment forming a small cluster around. However, the excess Fe
moments can be ordered also antiparallel to the stoichiometric Fe moments (paral-
lel to Mo moments), since the effective pair interaction is comparable to the previ-
ous case, however, without clustering. The effective pair interaction energies dem-
onstrate that Fe moments on the Mo site prefer to be parallel to the moment of the
stoichiometric Fe in its vicinity and antiparallel otherwise.

5 Conclusions

In this study, we investigated the impact of nonstoichiometry on the magnetic prop-
erties of SFMO. Our analysis showed that the 7> increases with higher Fe concentra-
tions, driven by a complex interplay between ferromagnetic (FM) and antiferromag-
netic (AFM) couplings, which are significantly influenced by the increased presence
of Fe ions. As Fe concentration rises, ASD also increases, affecting the magnetic
interactions within the material. Interestingly, the total magnetic moment M, was
observed to decrease with increasing Fe content, explained by variations in the mag-
netic coupling between Fe and Mo ions, where the balance between FM and AFM
interactions shifts. Our theoretical model supports these findings by demonstrating
that Fe deficiency leads to a decrease in 7~ due to the antiparallel alignment of Fe
moments, aligning with experimental trends. Moreover, total energy calculations
suggest that for Fe excess, both AFM and FM configurations coexist in the sample
due to their comparable energies. Effective pair interaction calculations indicate that
excess Fe atoms with antiparallel moments to stoichiometric Fe atoms tend to form
ordered alloys, while parallel-aligned Fe moments can form small clusters around
Mo atoms. This clustering behavior in an iron-rich environment contributes to the
observed increase in 7 and the overall magnetic behavior of SFMO. These findings
provide a comprehensive understanding of the magnetic interactions in SFMO, elu-
cidating the complex behavior observed experimentally, and underscore the impor-
tance of stoichiometry control in optimizing the magnetic properties of SFMO for
advanced material applications.
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