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Single-phase Sr,FeMoOs.s powders with various oxygen indices (J) and degrees of the
superstructural ordering (P) of the Fe/Mo cations were obtained from SrFeO,s, and SrMoOg4
reagents via solid-state synthesis. It has been established by means of the x-ray and neutron
diffraction that, upon reducing the oxygen content and enhancing the superstructural ordering, the
lengths of the Fe—O1 and Mo—O2 bonds in the crystal lattice increase, whereas the Fe—O2 and Mo—
Ol bond lengths decrease. At the same time, the volume of the unit cell is reduced, which indicates
an enhancement of the covalency degree of the bonds and stimulates a redistribution of the electron
density, as well as an increase of the concentration of the spin-down charge carriers located in the
conduction band on the Mo(tzg)i orbitals. This circumstance leads to an increase of the density of
states at the Fermi level, accompanied by an amplification of the exchange interaction and elevation
of the Curie temperature, which points to the leading role of the spin-polarized charge carriers at the

Fermi level in the exchange interaction.

1. Introduction

The strontium ferromolybdate Sr,FeMoOg s (SFMO) with a double perovskite structure is a
promising electronic material for the development of nonvolative magnetoresistive random-access
memories (MRAM), reading heads for hard disks, high-sensitivity magnetic field sensors and fuel-
cell electrodes 1. For these applications, structurally perfect SFMO samples are needed which
exhibit high values of the Curie temperature (7¢), saturation magnetization (M;), degree of
superstructural ordering (P) of the Fe/Mo cations and spin polarization of the free (delocalized)
electrons 7.

An important problem in the microelectronic industry remains the improvement of the
fabrication technology of high-quality, structurally perfect SFMO samples with reproducible
magnetic and electrical transport properties. One of the most important preconditions of the
maximal spin polarization in strontium ferromolybdate is the superstructural ordering of the Fe and
Mo cations which sit in the centers of octahedrons, in whose apices the oxygen anions O(1) and
O(2) are located 4. In the ideal picture, the Fe and Mo are alternatively placed in the structure
surrounded by oxygen (superstructural ordering of the iron and molybdenum cations). However,
some disorder between the two cations can occur, which means that two Fe atoms or Mo can sit
next to each other .. It can be easily understood that anti-site disorder (ASD) affects the transport
and magnetic properties as the overlapping of orbitals would be altered according to the degree of
ASD. For example, the ASD degree plays a role on the Curie temperature ™) and the

[10

magnetoresistance ' In the absence of point defects, the ideal structure exhibits a long-chain

superstructural ordering (P) of the cations —Fe’*—O* —Mo’"— with high values of the saturation
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magnetic moment (ms) being close to the theoretical value 4.0 pup/fu. In real crystals, various kinds
of zero-dimensional defects, especially the Mog., Fey, antisites and oxygen vacancies Vo, induce a
distortion of the crystal structure, which leads to a redistribution of the electron density and to the
formation of iron and molybdenum cations, Fe*"(3d°) {S=2} and Mo®'(4d’) {S =0}, respectively.
Diamagnetic Mo®'(4d”) ions do not participate in the exchange interactions, and the latter ones
between the Fe’'(3d°) or Fe’’(3d°) ions are necessarily negative, thus producing an
antiferromagnetic ordering of the magnetic moments "' 1. Therefore, the distortion of the crystal
lattice caused by defects in the cation and anion sublattices strongly influences the magnetic and
electrical transport properties of strontium ferromolybdate 1311,

It is known that the critical temperature (7¢) of the paramagnetic-ferrimagnetic transition,
the saturation magnetization (Ms) and the electrical resistivity (p) are determined by the density of
the electronic states N(E) close to the Fermi level (Ef). In its turn, the N(E) value depends on the
oxygen concentration (6—J) and ordering of both antisite Mog., Fey, defects and oxygen vacancies
in the SEMO structure °7. However, the functional dependence 6 = f([Mog.], [Femo]) is not unique
and is determined by the variation dynamics of both the oxygen nonstoichiometry and antisite
defect concentration as a function of the SFMO synthesis regime (temperature 7, duration ¢ and
partial oxygen pressure p(0O;)), because one and the same o value can be obtained for different
[Mor.], [Femo] values, and vice versa '®'7. This circumstance leads to a situation in which several
publications report different magnetic and electrical transport properties of SFMO samples prepared

by similar methods B

. One of the main reasons why these materials obtained under similar
regimes are not widely used is a low reproducibility of their physical-chemical parameters. This fact
indicates a high sensitivity of the compound to the synthesis parameters which affect the variation
of § and P values from sample to sample 4.,

Thus, the motivation of the present work is rooted in the necessity to establish a correlation
between the oxygen nonstoichiometry and the degree of superstructural ordering of the iron and
molybdenum cations in SFMO with the aim of obtaining samples possessing optimum magnetic

and electrical transport characteristics.

2. Experimental Section
Polycrystalline Sr,FeMoOg s samples were prepared by the solid-state synthesis technique
from the SrFeO, s, (SFO) and StMoO4 (SMO) precursors. The latter were obtained by the standard
ceramic technology from high-purity MoOs, Fe,O3 oxides and strontium carbonate SrCOs. Grinding
and mixing of a stoichiometric blend of the starting components were carried out for 3 h in
ethylalcohol in a vibromill. The obtained powders were dried at 350 K and then pressed into pellets.

Upon the synthesis of the SFO and SMO precursors, the preliminary annealing was carried out for
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20-40 h at 970 K and 1070 K, respectively. To increase the homogeneity of the batch, a repeated
milling was used. The final synthesis of the SFO and SMO compounds was performed in an Ar
atmosphere at p(0,) = 0.21-10° Pa at = 1470 K for 20 h and 40 h, respectively, with a subsequent
quenching down to room temperature. Then SFMO samples with different 6 and P parameter values
were obtained by means of annealing at 1420 K in a flux of the 5%H,/Ar gas mixture for 20 h
(sample A-1, Sr;FeMoOsg7, P=76%), 50h (4-2, Sr,FeMoOsgs, P=86%) or 90h (4-3,
Sr,FeMoOs 94, P = 93%)).

The oxygen content in SrFeOs;., was determined by means of weighing the samples before and
after their complete reduction in a hydrogen flux at 1373 K for 20 h resulting in the simple SrO
oxide and Fe metal. The obtained strontium ferrite had the composition SrFeO,s,. The 4-5 mm
thick pellets with a diameter of 10 mm, consisting of the starting reagents SrFeO, s, and StMoO4
and having a stoichiometric composition, were annealed in a flux of the 5%H,/Ar gas mixture at
1420 K for 5h with a subsequent quenching to room temperature. The oxygen content in
Sr,FeMoOg_s was determined in the same way as in SrFeOs.,.

The phase composition and crystal lattice parameters of the solid-state synthesis products
were determined by the x-ray diffraction (XRD) analysis of the CuKa radiation in a DRON-3
diffractometer using the ICSD-PDF2 (Release 2000) database and the PowderCell (8] FyllProf [
software applying the Rietveld refinement technique. The diffraction curves were measured at room
temperature at a scanning speed of 60°h in the angular range 260 = 10-90°. The degree of
superstructural ordering of the iron and molybdenum cations (P) was calculated from the
superstructure peaks ((101) and (103)) using the formula P = (2:SOF — 1)-100%, where SOF is the
site occupation factor calculated basing on the XRD data.

In order to study the crystalline and magnetic structure of Sr,FeMoOg_s, neutron diffraction
measurements were performed at 300 K and 450 K in the high-resolution Fourier diffractometer
(HRFD) based on the IBR-2 reactor in the Frank Laboratory of Neutron Physics of the Joint
Institute for Nuclear Research (Dubna, Russia). A correlation technique of data accumulation was
used at the HRFD, which provided a high resolution (Ad/d = 0.001, with d being the interplanar
distance and Ad, the respective measurement error) that only weakly depends on the interplanar
distance in a wide variation range of the latter. The high-resolution neutronograms were measured
by detectors placed at mean neutron scattering angles of +152° in a range of the interplanar
distances from 0.6 A to 3.6 A. The neutron diffraction data were analyzed by means of the FullProf
software package [19] applying the Rietveld refinement technique.

The Curie temperature was determined through the analysis of the temperature dependences
of the magnetization of the Sr2FeMoO6—6 samples by the ponderomotive technique in the
temperature range from 77-800 K in an applied magnetic field of 0.86 T.
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The electrical properties of the SFMO samples were studied using a multipurpose
measurement system (Cryogenic Ltd.). The samples for these measurements had a rectangular
shape with dimensions of 10x3x3 mm3. The electrical resistivity measurements were performed by
a common four-point probe in the 4.2-600 K temperature range. To exclude parasitic thermo-EMF,

the directions of the field and current were swapped.

3. Results and discussion
The crystal structure of SFMO is analogous to that of the ideal perovskite ABO; Ml In
contrast to ABOs, the unit cell of the strontium ferromolybdate is characterized by the space group
\2a,\2a, 2a,, where a, is the parameter of the ideal perovskite lattice.
According to the x-ray phase analysis, the single-phase SFMO samples were obtained. The
presence of the (101) and (103) reflexes indicates the appearance of the superstructural ordering of

the iron and molybdenum cations in the SFMO unit cell (Figure 1).
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Figure 1 (color online). X-ray diffractograms of samples 4-1, 4-2 and 4-3.

The results of the neutron diffraction measurements confirmed the single-phase composition

of all samples. At temperatures below 7¢ they have a tetragonal symmetry of the unit cell (space

group /4/mmm), and above T¢ they are characterized by the cubic Fm3m symmetry group. The
analysis of the neutron diffraction data permitted a more precise determination of the oxygen
content in the samples. Samples A—1 and A-2 had different oxygen indices J, whereas the ¢ values

for samples 4-2 and A-3 were practically equal.
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The neutron diffraction measurements for samples 4—1 and A4-2, performed at room

temperature and refined using the Rietveld method, are presented in Figure 2.
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Figure 2 (color online). Neutron diffraction patterns of the samples A—1 (a) and A-2 (b) taken at
room temperature. The evolution of the reflexes, corresponding to the magnetic phase, at

temperatures varying from 300 K to 450 K, is shown in the insets.

According to the neutron diffraction data obtained at room temperature, the Fe and Mo atoms
occupy the 2a and 2b positions in the SFMO structure, have the coordination number N = 6 and are

enclosed in the octahedron formed by the O(1) and O(2) oxygen atoms. Through the analysis of the
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neutron diffraction data, an influence of the oxygen index o and the superstructural ordering degree
P of the Fe/Mo cations on the bond lengths between the molybdenum, iron and oxygen ions Mo—O
n Fe—O has been concluded (Table 1).

The values of the reliability factors (Rwp < 15% u 1 <y2 <2) shown in Table 1 attest a high
degree of concordance between the experimental and theoretical data, which allowed a sufficiently
precise determination of the unit cell parameters, bond lengths and coordinates of the ions.

On the assumption of the equality of the bonding energy of the O(1) and O(2) anions with the
crystal lattice and according to the results of Refs. [20-23], the oxygen vacancies may be formed
both in the basis plane (Fe/Mo—O(2)) and along the OZ axis in the Fe/Mo—O(1) planes. Therefore,
with increasing J, a growth of both the a and ¢ parameters should be expected, which corresponds to
an increase of the bond lengths and thus to an increase of the unit cell volume.

However, we have found that the a and c parameter weakly decrease with increasing
concentration of the anion vacancies and superstructural ordering degree of the Fe/Mo cations. It
has been established that the Fe—O(1) bonds shorten and the Mo—O(1) ones lengthen, which
witnesses to a compression of the FeO6 octahedron and a stretching of the MoO6 octahedron along
the OZ axis. At the same time, the unit cell volume slightly diminishes, which indicates an
enhancement of the bond covalency due to a stronger overlap of the cation and anion orbitals
(Figure 3). It occurs because the superstructural ordering of the Fe/Mo cations has a stronger

influence on the variation of the crystal lattice parameters than the oxygen deficiency.
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Table 1. Lattice parameters (a, ¢) and reduced volumes of unit cells (for the tetragonal phase Vieq =
V/4 and for the cubic phase Viq= V/8), atomic positions, metal-oxygen bond lengths, isotropic
Debye-Waller factors (Bis,) and agreement factors (Rwp, Rexp, KRB, Rmag, )(2) in SFMO as determined
at various temperatures using the Rietveld refinement, were Ry, is the Weighted Profile Factor, Rex,
is the Expected Weighted Profile Factor, Rg the is Bragg Factor, Rm,g is the magnetic Rietveld

factor, * is the reduced chi-square !% %,

4-1 4-1 A-2 A-2 A-3 A-3
Composition 7=300 K =450 K  T=300K =450 K  7=300K 7=450 K
(I14/mmm) (Fm3m) (14/mmm) (Fm3m) (IA/mmm)  (Fm3m)

aA) 55770(4)  7.9059(1) 5.5788(3)  7.9055(3) 5.5746(2)  7.9055(1)
c (A) 7.9074(6) — 7.9067(4) — 7.90703) —
Viea(A%) 61.48 (3) 61.76 (1) 61.46(2) 61.75(3) 61.42(6) 61.75 (1)
o1 4e (0,0,2) 24e 4e (0,0,2) 24e 4e (0,0,2) 24e (x,0,0)
7le 0.2507(8) 0.2518(7) 0.24945(5)  0.2519(7) 0.2488(5)  0.2525(8)
02 8h (x,x,0) — 8h (x,x,0) — 8h(x,x,0)

x/a 0.2493(6) — 0.2503(3) — 0.2507(8)

Fe-01 1.9830 1.9907 1.9726 1.9919 1.9670 1.9967
Fe-02 1.661 1.9737 1.9764

Mo - O1 1.9707 1.9907 1.9813 1.9919 1.9860 1.9967
Mo - 02 1.9775 1.9690 1.9655

Bigo, A? 0.826(19) — 0.832(15) — 0.25994) —

Ryp, % 9.59 9.13 9.83 9.62 10.4 12.3
Rexp, Y% 7.00 6.36 6.98 6.88 7.56 9.10

Ry, % 3.09 2.71 4.10 3.34 3.87 6.26
Runag, %0 13.9 — 11.4 — 8.67 —

P 1.87 1.99 1.98 1.96 1.88 1.83
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Figure 3. Crystal lattice parameters and unit cell volume of Sr2FeMoO6-9 vs. the
superstructural ordering degree of the Fe/Mo cations at T =300 K.

Figure 4 shows the (001) and (100) planes of the tetragonal unit cell which contain oxygen
ions located at different structural positions, Ol (4e) and O2 (8h), which allows estimating the
charge density distribution for all possible Mo(Fe)—O ion pairs. This distribution was calculated by
means of the Vesta/Venus software package using the maximal entropy approach [24].

The unit cell parameters, ion coordinates and populations, calculated from the XRD patterns
of sample A-3 at room temperature, were used as input data. The obtained results point to a shift of
the charge density distribution toward the molybdenum ions along the Fe—O(1)-Mo u Fe—O(2)-Mo
chains, which applies to all investigated compositions. To a great extent, this shift occurs due to a
higher electronegativity of the molybdenum ions as compared to the iron ones. The redistribution of
the electron density along the Fe—O(1)-Mo and Fe—O(2)-Mo chains promotes an increase of the
concentration of spin-down-polarized electrons located in the conduction band at the Mo(t2g){

orbitals.
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b)

Figure 4 (color online). Visualization of the charge density in sample A-3 in the (001) (a) and
(100) (b) planes containing the O2 and O1 oxygen anions, respectively.

The results obtained by means of the Vesta/Venus software package [24] using the maximal
entropy approach agree well with the experimental measurements of the electrical conductivity of
samples A—1, A-2 and A-3, see Figure 5. As all these samples exhibit a metallic conduction, one
may use the classical Drude formula:

p=1/N(EF)-e2-vF2-1, (1)

where N(EF) is the density of spin-polarized carriers at the Fermi level, e the electron charge,
VF the electron velocity at the Fermi level, t (T) the mean linear momentum relaxation time of the
charge carriers. The factor N(EF), being determined by the density of states at the Fermi level, can
only increase upon a rise of the superstructural ordering degree of the Fe/Mo cations which depends
on the population of the oxygen sites (O(1) m O(2)). When the unit cell volume decreases
(Figure 3), the bond covalency in the Fe — O — Mo chains increases, which enhances the degree of
the overlap of the electron wavefunctions. In the case of the metallic conduction and at a fixed
temperature, the terms vF (T) and t (T) are constant, so that according to Equation 1 the diminution

of p is caused by a rise of N(EF).

10
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Figure 5 (color online). Experimentally measured temperature dependence of the normalized

electrical resistance of the Sr,FeMoOg_s samples.

Besides, we have found out that an increase of P is accompanied by a rise of the
magnetization M(T) values in the temperature range from 77 K to 7, and at 77 K they amount to
M(A-1)77x = 26.41 A-m>kg ', M(4-2)77x = 32.36 A'm*kg"' and M(4-3)77x = 42.66 A-m*kg"
(Figure 6). It has also been established that samples 4-1, A-2, A-3 have temperatures of the
paramagnetic-ferrimagnetic transitions amounting to 7c= 422K, Tc= 428K u Tc= 437K,
respectively. The monotonous growth of 7¢ with increasing P correlates also with the diminution of
the electrical resistivity of the investigated samples and, respectively, with a rise of the spin-
polarized charge carrier concentration. This fact indicates that the spin-polarized charge carriers at
the Fermi level have a dominating role on the exchange interactions, which corroborates the

conclusions drawn by other authors 2529,

11
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Figure 6 (color online). Temperature dependence of the magnetization of samples A-1, 4-2 and 4—
3, measured in the applied magnetic field B= 0.86 T. The inset represents the temperature

dependence of the magnetization on a increased scale.

Some authors have suggested that the exchange interaction between the iron and
molybdenum cations in the double perovskite occurs according to the Zener double exchange

27,3031 " Tovar et al. B

mechanism, as it is the case in manganites argue that the exchange
interaction is realized through free spin-polarized electrons after the Ruderman — Kittel — Kasuya —
Tosida (RKKI) mechanism P%*". We are also inclined to this interpretation because, according to
the RKKI theory, an increase of the free carrier concentration leads to a rise of the density of states
at the Fermi level and, as a consequence, to an enhancement of the exchange interaction and to a
rise of the Curie temperature. Sarma er al. *> ! affirmed that the double exchange does not take
place in SFMO because the Fe(3d)T orbitals are completely occupied and the spin-down (|)
electrons can only occupy the Fe(tys)] levels, thus becoming delocalized. As a result, electron-
electron interaction between the delocalized spin-down electrons on the Mo(4d') orbitals and the
localized spin-up Fe(3d®) electrons according to Hund’s law cannot occur. However, this is
fundamentally necessary for the double exchange. Hence, the latter appears improbable in SFMO.
As it follows from the obtained data, the growth of 7¢ and reduction of p are a consequence
of a rise of the oxygen vacancy concentration leading to an increase of the oxygen non-

stoichiometry from 6= 0.03 to 0= 0.06 (Figures 5, 6). According to the XRD measurements

(Figure 1), it has been concluded that the oxygen deficiency induces the superstructural ordering of

12
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the Fe/Mo cations, diminution of the chemical bond length and unit cell volume, thus enhancing the
overlap of the electron orbitals accompanied by the formation of a long-chain Fe-O—Mo ordering,
as well as promoting an increase of the spin-polarized charge carrier concentration at the Fermi

level on the hybridized Fe(3d,)-O(2p)-Mo(4dy,) orbitals.

4. Conclusions

By means of the neutron diffraction data we have revealed the variation tendency of the
Mo—O and Fe—O bond lengths in SFMO as a function of the oxygen deficiency index ¢ and the
superstructural ordering degree P of the Fe/Mo cations. It has been established that the O1-Fe/Mo—
O1 and O2-Fe/Mo—0O2 bond lengths along the (001) and (110) crystallographic planes shorten, thus
leading to a reduction of the unit cell volume. This tendency indicates an enhancement of the bond
covalency, which stimulates a redistribution of the electron density and increases the concentration
of the spin-down electrons located in the conduction band on the Mo(tzg)i orbitals. These data
permit us to assume that the exchange interaction in SFMO is realized through free spin-polarized

electrons according to the RKKI mechanism.
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