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Abstract 

Double perovskite ceramics Sr2FeMoO6–δ having different amount of antisite 

disordering and oxygen content are prepared by the solid-phase reaction method using 

SrFeO2.52(3) and SrMoO4 initial reagents. X-ray and neutron diffraction techniques are used to 

estimate a modification in the structural parameters as a function of oxygen content and B–

site cationic ordering. Reduction of oxygen content leads to an increase in the unit cell 

volume, which is mainly associated with an elongation of c –parameter of the tetragonal unit 

cell and relative expansion of the chemical bonds between Mo/Fe ions and apical oxygen 

ions. Superstructural ordering observed for the compounds causes a decrease in the unit cell 

volume, which is accompanied by a reduction in the length of the Mo/Fe – O bonds, located 

in the basal plane of oxygen octahedra. This modification of the unit cell parameters notably 

affects a character of the exchange interactions formed between B–site ions thus allowing to 

control magnetic and transport properties of Sr2FeMoO6–δ ceramics. It is found that 

comprehensive approach allows a consistent understanding of much debated 

structural/magnetic behaviors of double perovskite Sr2FeMoO6–δ systems, opening a venue for 

designing reliable devices based on the half-metallic double perovskite materials.  
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1. Introduction  

Strontium ferromolybdate Sr2FeMoO6–δ (SFMO) with double perovskite structure is a 

prospective material for various applications in modern electronic industry, such as non-

volatile magnetoresistive random-access memory (MRAM), magnetic read/write heads for 

hard disk drives, highly sensitive magnetic field sensors, electrodes for solid fuel cells, etc. 

[1–4]. These applications require the use of structurally perfect SFMO samples with Curie 

point above room temperature (TC), high saturation magnetization (Ms), large degree of 

Fe/Mo cations superstructural ordering (P) as well as high spin polarization of free 

(delocalized) electrons [5–8]. The key task in the field of spintronics is to improve the 

technology for obtaining high-quality SFMO samples with reproducible magnetic and 

galvanomagnetic properties. The most crucial issue to get high degree of spin polarization in 

strontium ferromolybdate is the superstructural ordering of Fe/Mo cations located in the 

centers of oxygen octahedra with the required concentration of oxygen vacancies [7, 8]. 

Physico-chemical properties of the SFMO considerably depend on the oxygen 

stoichiometry, which influences the degree of superstructural ordering of iron and 

molybdenum cations, the orbital, charge and spin degrees of freedom, and therefore these 

properties particularly depend on the electronic exchange interaction between Fe3+ and Mo5+. 

In a real crystal structure there is a number of various zero-dimensional defects, MoFe, FeMo 

antisite defects, as well as oxygen vacancies which cause a distortion of the crystal structure 

and lead to a redistribution of electron density and an appearance of cations of iron Fe2+ (3d6 

{S = 2}) and molybdenum Mo6+ (4d0 {S = 0}). Since the diamagnetic molybdenum cation 

Mo6+ does not participate in exchange interactions, and only negative exchange interactions 

are possible between Fe2+(3d6) or Fe3+(3d5) ions, this leads to the formation of 

antiferromagnetic ordering. Therefore, any distortions of the crystal lattice caused by oxygen 

deficiency have a strong effect on the electrical transport and magnetic properties of strontium 

ferromolybdate [9, 10]. 

It is known that in the SFMO compound the density of electronic states N(E) near the 

Fermi level (EF) is the key factor which determines the critical temperature (TС) of the 

transition from paramagnetic to ferrimagnetic state, the saturation magnetization and 

galvanomagnetic properties. In turn, the value of EF depends on the oxygen content () and 
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the ordering of both oxygen vacancies and antisite defects MoFe, FeMo in the SFMO structure 

[6 – 8]. The possibility of simultaneous increase of the parameters and P is in a contradiction 

with the results obtained by the authors of the work [11]; at the same time, the authors of 

other work [12] have declared similar results. We consider that this is due to the difference in 

the distribution of iron and molybdenum cations during their ordering associated with the 

concentration of oxygen vacancies. 

Thus the functional dependence =f(MoFe, FeMo) is determined by the oxygen 

nonstoichiometry, as well as the Fe/Mo superstructural ordering value. This circumstance 

leads to the fact that different synthesis conditions of strontium ferromolybdate, such as 

temperature, duration time and oxygen partial pressure p(O2) make it possible to obtain 

different values of the parameter P at a fixed value of oxygen vacancies and vice versa [13 – 

15]. So, there is a number of works which declare various galvanomagnetic properties of the 

SFMO samples while the synthesis conditions are similar [15 –18]. One of the reasons why 

these materials are not widely used is the low reproducibility of the properties of materials 

obtained under similar conditions. Annealing temperature and time, type and flow of gas have 

a significant effect on the oxygen content of SFMO. This confirms the high sensitivity of the 

composite material to the synthesis conditions, on which the values of the parameters δ and P 

are largely depending [6–10]. 

The main purpose of this work is to determine a correlation between the oxygen non –

stoichiometry and the degree of cationic ordering of iron and molybdenum ions in the SFMO 

compounds in order to obtain samples having optimal and reproducible magnetic and electro–

physical properties. 

 

Experimental 

Sr2FeMoO6–δ polycrystalline samples were synthesized by solid-phase reaction 

technique [19, 20] using SrFeO2.52(3) and SrMoO4 as precursors. The precursors were obtained 

by conventional ceramic technology from high purity simple oxides MoO3, Fe2O3 and 

strontium carbonate SrCO3. Starting reagents taken in stoichiometric amounts were 

thoroughly mixed using planetary mill in alcohol medium for 3 h. Resulting mixtures were 

dried at temperature of 350 K and pressed into pellets. Sintering of the SrFeO3 –x and SrMoO4 

precursors was performed in air at 970 K and 1070 K for 20 h and 40 h respectively. To 

increase chemical homogeneity of the compounds, the mixtures were milled two times. The 

final synthesis of the compound SrFeO3–x was performed at T = 1470 K for 20 h in argon 

flow, for the compound SrMoO4– at T = 1470 K for 40 h, with oxygen pressure p(O2) = 
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0.21×105 Pa followed by rapid tempering down to room temperature. The oxygen content in 

SrFeO3–x was determined by a weighing before and after its reduction to the SrO simple oxide 

and metallic Fe in the hydrogen atmosphere at 1373 K for 20 h. It was determined that 

strontium ferrite compound has a chemical composition SrFeO2.52(3). 

During the synthesis procedure the strontium ferromolybdate was pressed into pellets 

with a diameter of 10mm and a thickness of 4–5 mm. SrFeO2.52(3) and SrMoO4 taken in 

stoichiometric ratio were used as the starting reagents. The pellets were annealed in a gas 

mixture of 5%Н2/Ar at 1420 K for 5 h, followed by the tempering down to the room 

temperature. According to the XRD data, the initial samples of strontium ferromolybdate 

were single-phase compounds without the ordering of iron and molybdenum cations. The 

amount of oxygen content was estimated based on a complete reduction of the compound to 

the simple oxide SrO and the metals Fe and Mo in the hydrogen flow at 1373 K for 20 hours. 

The chemical formula Sr2FeMoO5.99(1) attributed to the double perovskite has been 

determined. Density of the compound was ρ= 87%ρtheor, the average grain size was about 

1µm, cations ordering P was about 56% (Fig. 1). 

Ideally, the atoms of iron and molybdenum are arranged in the crystal lattice of 

Sr2FeMoO6–δ in the chess-like order − the superstructural ordering of iron and molybdenum 

cations. However, it often happens that the iron cation replaces the molybdenum cation, and 

vice versa, antisite defects arise (Fig. 2). 

The phase purity and the unit cell parameters were determined based on the XRD data 

using the ICSD – PDF2 (Release 2000) database, FullProf [21] and PowderCell [22] software 

by the Rietveld technique on the basis of XRD data obtained in a Philips X'Pert MPD 

diffractometer using the Cu−Kα radiation at RT. XRD patterns were recorded at RT at a rate 

of 60 deg/h in the 10 – 90 deg angular range. The degree of the superstructural ordering of 

iron and molybdenum cations (P) was calculated using the formula P=(2·SOF –1)·100%, 

where SOF is the occupation factor calculated based on the XRD data. 

The powders were characterized by thermogravimetry (TGA) at a heating rate of 2.5 

K/min in a flowing gas stream of 10%H2/Ar using a SETARAM SetSys 16/18 system. The 

measurement error for a device with a mass variation range of ± 20 mg is 10 μg. 

The neutron diffraction studies were performed in the temperature range of 5–500 K 

using a high resolution Fourier diffractometer (FDHR) installed in the IBR–2 pulsed reactor 

at the JINR (Dubna, Russia), for the investigations of crystal and magnetic structure of the 

Sr2FeMoO6–δ compounds. High-resolution neutron diffraction patterns were measured with 
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the detectors located at average neutron scattering angles of ± 152°, in the d –space range 

of0.6–4.5 Å. Neutron diffraction patterns were analyzed using FullProf software package. 

X–ray photoemission spectra (XPS) measurements were carried out to investigate 

electronic structures of Fe and Mo edges by means of microfocused scanning X–ray source 

(PHI Quantera–II, Ulvac–PHI) over a sample area of 100 μm at room temperature with 

energy resolution of 0.48 eV. 

Scanning electron microscopy (SEM) investigations have been carried out by means of 

the Vega 3 Tescan set up, which is a high-performance analytical thermionic emission SEM 

system, capable of operating in both high-vacuum and low-vacuum modes. It has a LaB6 

filament with best resolution of 2 nm at 30 kV in high-vacuum mode and 2.5 nm at 30 kV in 

low-vacuum mode. 

The Curie temperature was determined through the analysis of the temperature 

dependences of the magnetization of the Sr2FeMoO6–δ samples by the ponderomotive 

technique in the temperature range from 77–800 K in an applied magnetic field of 0.86 T, 

using the PPMS universal setup by the Cryogenic Ltd. 

 

Results and Discussion  

Analysis of the saturation rates of the oxygen index and the degree of cations ordering 

of Sr2FeMoO5.99(1) samples was performed based on the isothermal dependencies having the 

form: (6−) =1(t) and Р=2(t). The behavior of the (6−) =1(t) dependencies has been 

studied under conditions of isothermal annealing of the samples Sr2FeMoO5.99(1) at different 

temperatures in a flow of the 5%Н2/Ar gaseous mixture. Temperature is increased at a rate of 

12 K/min. The change in the oxygen index reaches the saturation value of 5.96(2) at T = 

1370 K after annealing for 18.2 hours, while at an increased annealing temperature of T = 

1470 K for 13.6 hours the oxygen index becomes 5.92(3) (see Fig. 3). The dependence (6–) 

=1(t) was fitted with a function 6–= (6–o)exp(–t/о), where о – relaxation time of oxygen 

desorption, (6–o) = 5.99(1) – oxygen content at the beginning of the measurements (Table 1). 

Kinetics of the Fe/Mo cations ordering in the Sr2FeMoO5.99(1) compounds has been 

studied analyzing the function Р=2(t), constructed for the compounds annealed in gaseous 

mixture of 5%Н2/Ar at different temperatures during 120 h with a step of 15 h. After 

annealing the compounds were tempered down to room temperature in the same atmosphere. 

According to the XRD data, the superstructural ordering degree of Fe/Mo cations has non-

linear character whereas reaching the maximum values of P parameter requires a long time 

annealing (Fig. 4). It was observed that the value of P parameter is growing with an increase 
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in a temperature of isothermal annealing and reaches the magnitudes of Pmax = 88% at T = 

1320 K for t = 120 h, Pmax= 92% at T = 1420 K for t = 100 h, while the value Pmax= 90% at T 

= 1470 K for t = 45 h. It is considered that the value of Pmax at T = 1470 K which is lower than 

the value at T = 1420 K is caused by the effect of thermal energy which destroys the chain 

ordering of Fe and Mo cations, placed in the staggered arrangement. At the approximation of 

dP/dt=2(t) by the function dP/dt= exp(–t/р) dPo/dt, where р is the relaxation time of the 

Fe/Mo cations superstructural ordering, and dPo/dt is the derivative of the superstructural 

cations ordering at the starting time the value of the parameter р has been calculated at 

various annealing temperatures (see Table 1).  

Comparison of the kinetics of changes in oxygen nonstoichiometry and the degree of 

superstructural ordering of Fe/Mo cations indicates that the rate of oxygen desorption is 

several times higher than the rate of superstructural ordering of cations (Fig. 5). It should be 

pointed out that the rate of increase in the Curie temperature (TC) correlates with the rate of 

growth of P. Nevertheless, it is clearly seen from Fig. 5 that the impetus for an increase in the 

values of P and TC was a decrease in the oxygen concentration in the anionic sublattice of the 

magnetic. 

To further understand the effect of oxygen non – stoichiometry and cation ordering on 

the crystal structure, we have carried out heat treatment for the sample, allowing an oxygen 

desorption to vary the oxygen index. The obtaining of strontium ferromolybdate with 

different  and P values was carried out by annealing at 1420K in a flow of a gas mixture of 

5% H2/Ar for 15 hours – SFMO –1 (Sr2FeMoO5.97(5) with P = 60%), 18 hours – SFMO –

2(Sr2FeMoO5.94(4) with P = 67%), 21 hours – SFMO – 3 (Sr2FeMoO5.94(1) with P = 78%), 50 

hours – SFMO – 4 (Sr2FeMoO5,94(1) with P = 86%), 90 hours– SFMO – 5 (Sr2FeMoO5.94(1) 

with P = 93%). As expected based on the previous observation in the cases of annealing, it 

has been found that P increases from 60% to 93% and 6− decreases from 5.97(5) to 5.94(1) 

with respect to the heat treatment time due to the increasing oxygen desorption. The presence 

of XRD peak at (101) indicates the formation of the Fe/Mo cations superstructural ordering 

(Fig. 6). 

The crystal structure of the SFMO compound is similar to the structure of the ideal 

ABO3 perovskite. While in contrast to ABO3, the unit cell of strontium ferromolybdate at 

room temperature is characterized by the metric√2𝑎𝑝·√2𝑎𝑝·2ap, where ap is the parameter of 

the primitive perovskite unit cell [23]. Phase purity of the compounds SFMO –1, 2, 3, 4, 5 

was confirmed based on the neutron diffraction data, where unit cell parameters, ion 

occupation values, and the bond lengths were calculated. It was established that at 

https://doi.org/10.1007/s10853-021-06072-0
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temperatures less than T < TC the compounds have tetragonal symmetry of the unit cell 

(described by the space group I4/m), and at temperatures T  TC (e.g. T = 500 K) the samples 

are characterized by cubic symmetry (space group Fm –3m, Fig. 7). The calculated 

parameters of the unit cell cells are presented in the Table 2. 

Two main space groups I4/m and I4/mmm with the same metrics (√2𝑎𝑝·√2𝑎𝑝 2ap) have 

been considered, in order to describe tetragonal distortions of the SFMO compounds. The 

main difference between the mentioned space groups is associated with the coordinates of 

oxygen ions located in different structural positions O1 and O2, Table 2 [24, 25]. This 

difference is associated with two types of asymmetrically distorted oxygen octahedra FeO6 

and MoO6which are located in chess-like order and have apical oxygen ions O1 aligned along 

c –axis, while four oxygen ions O2 are located in basal ab plane of oxygen octahedra. In the 

I4/m space group the above indicated position is characterized by the set of coordinates (x, y, 

0), while in the space group I4/mmm the dependent set of coordinates associated with the 

same oxygen ion is (x, x, 0) which means similar values for x and y coordinates. Two 

independent coordinates of the oxygen ions allowed in the space group I4/m result in a 

possibility of a rotation of oxygen octahedral in the ab plane, while such structural distortion 

is forbidden in the I4/mmm space group.  

The diffraction patterns obtained for the compounds SFMO–1, 2, 3, 4, 5 were analyzed 

using the both mentioned space groups. The amount of antisite defects taken from the XRD 

data as well as the value of oxygen deficiency taken from the TGA data were fixed during 

refinement procedure. The reliability factors calculated using the space group I4/m were 

predictably lower as compared to those obtained for the model with the space group I4/mmm. 

Additionaly, the profile of the neutron diffraction pattern, taking into account the neutron 

reflections 121|013, 213|301 associated with the rotation of the oxygen octahedron around the 

c axis, could be well described only within the space group I4 / m (Fig. 8). The diffraction 

patterns were successfully refined using the same space group I4/m, which confirms structural 

stability of the tetragonal phase in the temperature range 5 – 300 K. 

Based on the fact that the binding energies of the oxygen ions O1 and O2 are practically 

equal, the oxygen vacancies in the unit cell of SFMO can form both in the base plane 

(chemical bonds Fe/Mo – O2) as well as along the OZ axis in (Fe/Mo – O1) [26 – 28]. While 

based on the analysis of the neutron diffraction data one can conclude about dominant 

location of oxygen vacancies in the structural positions O2, and this conclusion is valid for all 

the studied compounds, SFMO –1, 2, 3, 4, and SFMO –5. 

https://doi.org/10.1007/s10853-021-06072-0
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The values of the reliability factors presented in the Table 2 (Rwp< 6% and χ2 < 4) 

exhibit a well match between the experimental and calculated data, which allows us to 

calculate the parameters of the unit cell lattice, coordinates, and the bond lengths with high 

accuracy.  

The formation of oxygen vacancies leads to an increase in the unit cell parameters, 

which, in turn, contributes to an increase in the bond lengths Fe–O1, Fe–O2, Mo–O1, and 

Mo–O2, thereby increasing the unit cell volume (Table 2). It should be noted that the lattice 

parameter a increases faster than parameter c as concentration of defects δ increases (Fig. 9, 

Table 2). 

It was found that an increase in the Fe/Mo cation ordering leads to nonuniform decrease 

in the and c unit cell parameters, viz. the bond length Fe – O1 decreases and Mo – O1 

increases, which indicates compression of FeO6 octahedra and elongation of the MoO6 

octahedra along the OZ axis. Thus, apical anions O1 of the FeO6 oxygen octahedra located 

along the tetragonal axis c become more separated from the iron cations, while four O2 anions 

located in the ab plane of the octahedra become to be closer to the iron cation. In the MoO6 

octahedron the situation is reversed; the anions O1 are located at a larger distance from the 

Mo cation than four O2 anions located in the ab plane. 

Despite the presence of oxygen vacancies, the unit cell volume decreases with an 

increase in the P value, implying an increase of chemical bond covalency associated with an 

overlapping of the electronic orbitals of cations and anions. The Fe/Mo cation ordering 

strongly affects the unit cell parameters, compared to the influence of oxygen vacancies. It 

should be noted that compounds with high P values are characterized by distinct differences 

in the bond lengths of Fe – O and Mo – O, which is found to be valid for both positions of 

oxygen ions (Fig.10). 

It can be assumed that the noticeable difference in the mentioned bond lengths is 

associated with the redistribution of the electron charge density towards to Mo ions, due to 

their higher electronegativity as compared to iron ions. As the result, the chemical bond Mo–

O1 is more covalent than the Fe – O1 one. Thus, an increase in the value of P leads to a 

redistribution of the electron density and the transition of a part of the molybdenum cations to 

the higher-spin state Mo6+→ Mo5+, which in turn increases the degree of population of t2g 

orbitals of molybdenum cations [28 – 30]. This fact is confirmed by the results of the XPS 

measurements. 

Fig. 11 shows the XPS spectra of core levels of Fe2p (a) and Mo3d (b) for the SFMO–1, 

3, and 5 samples. The results of XPS measurements performed for the compounds SFMO–1, 

https://doi.org/10.1007/s10853-021-06072-0
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3, and SFMO – 5 has allowed to clarify electronic state of the molybdenum and iron cations. 

It was found that the core level of Fe2p is a spin-orbit doublet and it consists of two Fe2p3/2 and 

Fe2p1/2 sublevels (Fig. 11 a). When processing the energy spectra of iron, the distance between 

the doublets was set equal to 13.6 eV and the ratio of the peaks Fe2p3/2/ Fe2p1/2 was 2/1 [31]. 

Analysis of the XPS spectra of the SFMO–1, 3, and 5 compounds, has allowed to determine 

that the Fe2p spectrum is a superposition of four components– two for Fe2p3/2 and two for 

Fe2p1/2, indicating the valence states of Fe3+ and Fe2+ (respective areas are highlighted in red 

and blue colors, Fig. 11 a) [32–35]. Thus, it was determined that the concentration of Fe2+ions 

increases with decreasing of the parameter P (Table 3). 

Similar situation is observed for the core level of Mo3d, which is a spin-orbit doublet 

and consists of two Mo3d5/2 and Mo3d3/2 sublevels (Fig. 11b). The XPS data have been 

analyzed given the distance between the doublets is equal to 3.13 eV and the ratio of the 

peaks Mo3d5/2/Mo3d3/2 is 3/2 [31]. The XPS spectra of the Mo3d ion in the compounds SFMO–

1, 3, 5 has been refined assuming a superposition of four components: two for Mo3d3/2 and two 

for Mo3d5/2, indicating Mo5+ and Mo6+ valence states (respective regions are marked by red 

and blue lines, Fig. 11b) [32–35]. The spectral features denoting an increase in the amount of 

Mo6+ ions with a decrease in the value of P have been observed (Table 3). The XPS data have 

confirmed the absence of iron and molybdenum ions having Fe0 and Mo4+ electronic 

configurations, which confirms the single-phase nature of the obtained compound SFMO–1, 

3, 5, which is in good agreement with the results of the XRD data. 

Thus, in the compounds having low values of P and δ, the iron and molybdenum cations 

have the mixed valence states with a larger fraction of Fe2+(3d6) and Mo6+(4d0) cations. In this 

case, the magnetic moment of the molybdenum cation (Mo6+) is equal to zero, and the μ(Fe2+) 

is equals 4 μB. Therefore, the total magnetic moment of strontium ferromolybdate is 4 μB/f.u. 

Increase in the values of P and δ leads to redistribution of the charge density with the 

predominant formation of iron Fe3+(3d5) and molybdenum cations and Mo5+ (4d1).  

The magnetic structure of the compounds SFMO–1, 2, 3, 4, and 5 was determined based 

on the neutron diffraction data using FullProf software package. It was found that the most 

intensive reflections observed at 5 K and 300 K correspond to magnetic ordering at distance 

1.8, 2.38, and 4.55 Å. At temperatures above TС (viz. T=500 K), the mentioned reflections 

were not detected, the additional reflections ascribed to superstructure magnetic order was not 

detected, which points at ferrimagnetic structure with a wave vector k = [0,0,0] (Fig. 8). 

Using the determined propagation vector, we have performed the symmetry analysis of 

the possible magnetic ordering schemes which has been carried out by means of the SARAh 

https://doi.org/10.1007/s10853-021-06072-0
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program [36]. The theory and details about this method application can be found, for 

example, in [37]. For both magnetic 2a and 2b sites, the ordering occurs with the same 

irreducible representations (IRs). There are three IRs, for which the decomposition for both 

sites has non-zero coefficients. From the analysis it follows that, the magnetic transition 

should involve one or more of the following three IRs: Г1, Г3, and Г7 (in notation of 

SARAh). The IR of Γ1 implies the orientation of the magnetic moments of atoms only along 

the c – axis, Г3 – along a–axis and Г7– along b –axis. The best fit was achieved assuming 

both IRs Γ1 and Γ7, in this case the magnetic moments are located in the plane (bc) and are 

parallel to the directions [011] (Fig. 12). 

When calculating the magnetic moment of the iron and molybdenum sublattice at 

T=300 K, it was found that the values of the magnetic moment are monotonically decreasing 

from 2.1 µB/f.u. to1.6 µB/f.u. for Fe and from 0.3 µB/f.u. to 0.1 µB/f.u. for Mo with an increase 

in the oxygen nonstoichiometry coefficient from δ = 0.025 to δ = 0.06. When the P value 

increases and at a constant δ = 0.06, the reverse trend is observed, in which the values of the 

magnetic moment are monotonically increasing from 1.6 µB/f.u. to 2.5 µB/f.u. for Fe and from 

0.1 µB/f.u. to 0.4 µB/f.u. for Mo (Table 2).  

It should be noted that the magnitude of the error in the magnetic moment of 

molybdenum (~10%) is quite large due to multiple correlations with other refined parameters. 

Therefore, strictly speaking, it is difficult to establish exact values of the magnetic moment of 

molybdenum. A similar situation is observed at helium temperature (5K). 

 

Conclusions 

The effects of oxygen non–stoichiometry and Fe/Mo cation ordering on crystalline and 

magnetic structure of the SFMO double perovskites have been comprehensively studied by 

combining XRD, neutron diffraction, and XPS. Study of the changes occurred in oxygen 

nonstoichiometry and the degree of cations ordering has allowed to determine that the oxygen 

desorption rate is several times larger than the superstructural ordering rate of iron and 

molybdenum ions. 

In the compounds with low values of P and δ, the iron and molybdenum cations have a 

mixed valence states with a large fraction of Fe2+ (3d6) and Mo6+ (4d0) cations. Increase in the 

values of P and δ leads to a redistribution of the charge density with the predominant 

formation of iron Fe3+(3d5) and molybdenum Mo5+(4d1) cations. Analysis of magnetic 

structure performed using irreducible representation methods has allowed to find out that the 

best agreement was achieved when the magnetic moments are located in the (bc) planes and 
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parallel to the direction [011]. It was found that the magnetic moment of Fe cations 

monotonically decreases while for Mo ions the magnetic moments increases with increasing 

of δ, while the opposite tendency is observed for the P parameter. 

Our systematic approach allows a comprehensive and consistent analysis of the 

structural and magnetic properties of the SFMO compound, shedding a light in application of 

double perovskite materials for future spintronic applications. 
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Figure Captions 

Figure 1 SEM image obtained for compound Sr2FeMoO5.99(1). 

Figure 2 Schematic representation of the deficiency and the formation of superstructural 

ordering of iron and molybdenum cations in the crystal structure of strontium ferromolybdate 

during its synthesis: a) the powder is enriched in iron, Sr2Fe1+xMo1–xO6–δ; b) Sr2FeMoO6–δ, P 

<100%; c) Sr2FeMoO6–δ, P = 100% (the square represents the vacancy for molybdenum, 

strontium is in the center of each cell, but not shown for clarity). 

Figure 3 The dependencies of oxygen content as a function of annealing time of 

Sr2FeMoO5.99(1) compounds in a stream of a mixture of inert gases 5%Н2/Ar with a heating 

rate of 12 K/min followed by isothermal annealing at different temperatures. 

Figure 4 Time dependencies of the superstructural ordering degree of the Fe/Mo cations 

obtained during the thermal treatment of Sr2FeMoO5.99(1) compounds in a stream of the 

5%Н2/Ar gaseous mixture with a heating rate of 12 K/min. The inset shows the first 

derivative of the time dependencies of the Fe/Mo cations superstructural ordering degree. 

Figure 5 Fe/Mo cations ordering degree, the temperature Curie and oxygen index 6– with 

respect to the heat treatment time. 

Figure 6 XRD pattern of the Sr2FeMoO5.94(1) compound obtained at room temperature. The 

inset shows the X–ray reflection (101), which relates to samples with different degrees of 

superstructural ordering of Fe/Mo cations. 

Figure 7 а) tetragonal lattice (space group I4/m); b) cubic lattice (space group Fm 3 m). 

Figure 8 a) Neutron diffraction patterns obtained for the SFMO –1,b) SFMO –3, and c) 

SFMO – 5 compounds at temperature of 5 K. Bragg positions attributed to the structural 

tetragonal phase are marked by vertical ticks; ticks at bottom row are associated with the 

magnetic structure. The inset shows the selected peaks associated with oxygen octahedra 

rotation (*) and cationic and magnetic order (•) at temperatures 5 K, 300 K and 500 K. 

Figure 9 The unit cell parameters (а, с, V) calculated at T=300 K for the compounds SFMO–

1, 2, 3, 4 и 5 with different values of δ depending on the values of the Fe/Mo cations ordering. 

Figure 10 Dependencies of the Fe – О1, Fe – О2, Mo – О1 and Mo – О2 bond lengths 

obtained at T=300 K depending on the Fe/Mo cations superstructural ordering. 

Figure 11 XPS spectra of the core levels of a) Fe2p, and b) Mo3d of the SFMO– 1, 3 and 5 

compounds. 

Figure 12 Tetragonal lattice (space group I4/m) with magnetic moments ascribed to the Fe 

and Mo ions and aligned along the direction [011]. 
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Table 1 Relaxation time of oxygen desorption process and the values of Fe/Mo cations 

ordering in the compounds Sr2FeMoO5.99(1) annealed in the 5%Н2/Ar gaseous mixture with a 

heating rate of 12 K/min.  

T, K 6 – о, s dPo/dt р, s 

1320 5.97(8) 5.4320 0.4479 27.1173 

1370 5.97(0) 5.0235 0.6458 25.8194 

1420 5.94(1) 4.7411 0.7269 22.2838 

1470 5.92(4) 2.7961 0.8191 19.7692 
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Table 2 The unit cell parameters (a, c), reduced unit cell volume (Vred=V/4 for tetragonal 

lattice, Vred = V/8 for cubic lattice), coordinates, bond lengths, angles and reliability factors 

calculated for the Sr2FeMoO6– compounds based on the neutron diffraction. 

 

 

 

SFMO–1 (P=60%) SFMO–2 (P=67%) SFMO–3 (P=78%) 

I4/m 

T=5K 

I4/m 

T=300

K 

Fm –3m 

T=500

K 

I4/m 

T=5K 

I4/m 

T=300K 

Fm –3m 

T=500K 

I4/m 

T=5K 

I4/m 

T=300K 

Fm –3m 

T=500K 

a (Å) 
5.5566 5.5737 7.9059 

5.5586 5.5739 7.9098 
5.555

0 

5.5751 7.9051 

c (Å) 
7.9126 7.9034  

7.91215 7.9041  
7.912

10 

7.9048  

Vred(Å3) 61.08 
61.38 61.77 

61.08 61.39 61.43 
61.22

5 

61.42 61.91 

O1 (0,0,z) 
0.2602 0.2581 0.2513 

0.2697 0.2581 0.2504 
0.233

52 

0.2356 0.2510 

O2 (x) 
0.2271 0.2327  

0.2242 0.2327  
0.225

8 

0.2290  

O2 ( y) 
0.2797 0.2752  

0.2692 0.2752  
0.270

8 

0.2643  

Fe–O1(Å) 1.9912 2.0061 2.1865 
2.0813 2.0065 1.9782 

2.074

7 

2.0059 1.9861 

Fe–O2(Å) 1.9978 1.9844  
1.9918 1.9826  

1.996

8 

1.9837  

Mo–

O1(Å) 

1.9174 1.9572 1.9664 
1.8919 1.9557 1.9717 

1.911

8 

1.9583 1.9698 

Mo–

O2(Å) 

1.9489 1.9759  
1.9502 1.9768  

1.949

3 

1.9760  

Fe/Mo 

(µB) 
2.5/ –

0.3 

2.1/ –

0.3 
 – 2.2/ –0.2 

1.8/ –

0.2 
 

2.6/ –

0.5 

1.6/ –

0.1 
 – 

Rwp, % 3.19 5.10 5.25 5.84 5.21 5.07 4.47 4.34 4.62 

χ2 3.70 2.85 2.18 4.62 4.24 3.54 2.74 2.24 2.85 

 

SFMO –4 (P=85%) SFMO –5 (P=93%) 

I4/m 

T=5K 

I4/m 

T=300K 

Fm –3m 

T=500K 

I4/m 

T=5K 

I4/m 

T=300K 

Fm –3m 

T=500K 

a (Å) 5.54658 5.5737 7.90562 5.5382 5.5713 7.9038 

c (Å) 7.8860 7.8947  7.8799 7.8889  

Vred(Å3) 60.08 61.31 61.76 60.49 61.22 61.72 

O1 (0,0,z) 0.2639 0.2539 0.2520 0.2619 0.2623 0.2525 

https://doi.org/10.1007/s10853-021-06072-0


Author Accepted Manuscript. This article is published in Journal of Materials Science 56, 11698–11710 (2021), 

https://doi.org/10.1007/s10853-021-06072-0 

25 

 

 

 

 

 

 

 

 

 

 

 

Table 3 Binding energies of core levels of Fe2p and Mo3d ions, percentage of valence states of 

iron and molybdenum ions in the compounds Sr2FeMoO6–δ having different degree of the 

Fe/Mo cationic superstructural ordering. 

Sample 
Mo3d5/2 Mo3d3/2 

Mo6+ (%) Mo5+ (%) Mo6+ (%) Mo5+ (%) 

SFMO –1 232.49 (69%) 230.20 (31%) 235.70 (69%) 234.86 (31%) 

SFMO –3 232.54 (76%) 230.85 (24%) 235.67 (76%) 234.56 (24%) 

SFMO –5 232.61 (84%) 230.58 (16%) 235.72 (84%) 234.58 (16%) 

 
Fe3p3/2 Fe3p1/2 

Fe2+ (%) Fe3+ (%) Fe2+ (%) Fe3+ (%) 

SFMO –1 709.63 (72%) 712.10 (28%) 723.32 (72%) 725.96 (28%) 

SFMO –3 709.91 (79%) 712.41 (21%) 723.24 (79%) 725.51 (21%) 

SFMO –5 709.86 (83%) 712.21 (17%) 723.21 (83%) 724.34 (17%) 

 

O2 (x) 0.2337 0.2368  0.2238 0.2317  

O2 ( y) 0.2623 0.2647  0.2719 0.2682  

Fe –O1(Å) 2.0071 2.0034 2.0094 1.9792 1.9993 2.0260 

Fe –O2(Å) 1.9994 1.9852  2.0005 1.9859  

Mo –

O1(Å) 
1.9168 1.9595 1.9604 1.9238 1.9616 1.9559 

Mo –

O2(Å) 
1.9469 1.9693  1.9440 1.9688  

Fe/Mo (µB) 
3.2/ –0.5 2.2/ –0.3  – 

3.9/ –

0.5 
2.5/ –0.4  – 

Rwp, % 5.52 5.84 5.24 5.21 5.57 4.25 

χ2 4.12 3.54 3.62 3.24 3.95 2.84 
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