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A B S T R A C T   

The changes in the substituted La0.5Sr0.5FeO3− γ orthoferrite under vacuum annealing in the temperature range of 
200–650 ◦C have been studied by X-ray diffraction analysis, as well as Mössbauer and Raman spectroscopy. 
Annealing of the as–prepared ferrite with the rhombohedral structure (R 3 c) resulted in its transition to the cubic 
one (Pm 3 m) at 650 ◦C. In the as–prepared ferrite being paramagnetic at room temperature, Fe ions were 
detected in an averaged–valence state between Fe3+ and Fe4+, which was not revealed with a decrease in the 
temperature down to 85 K. Gradual oxygen loss and an increase in the number of oxygen vacancies took place 
with an increase in the vacuum annealing temperature. Only Fe3+ ions were present in the ferrite at a vacuum 
annealing temperature above 500 ◦C. Several Zeeman sextets in the Mössbauer spectra associated with Fe3+ ions 
were resulted from the presence of oxygen vacancies and Fe4+ ions in the local environment of Fe3+ ions. The 
variations in the ratio of the valence states of Fe ions obtained from Mössbauer data depending on a vacuum 
annealing temperature allowed determining the content of oxygen in all the investigated samples. The contri
bution of Fe3+ ions that did not have Fe4+ ions and oxygen vacancies in their local environment was shown to 
increase with a vacuum annealing temperature from 12% (for the as–prepared sample) to 60% (for the sample 
annealed at 650 ◦C). On a whole, the process taking place under vacuum annealing can be characterized as a 
variation of the local environment of Fe3+ ions towards a decrease in its distortion. It was found that the width of 
the peaks of the Raman spectra decreased and their amplitude increased with an increase in the vacuum 
annealing temperature, which also demonstrated the improvement of the structural perfection of the samples.   

1. Introduction 

Perovskite-like oxides with R1-xAxBO3-γ–type heterovalence substi
tution (where R is the rare-earth element, A is Ba, Ca, or Sr, and B is Fe, 
Mn, Co, or Ni) are promising materials due to their unusual electrical, 
magnetic, and catalytic properties [1,2]. They can be used as electrode 
materials for fuel elements, catalysts, chemical sensors, optoelectronic 
devices, and magnetic memory devices [3–7]. 

Transition metal ions in these systems have mixed–valence states, 
which provide high electron conductivity at room temperature [8]. 
Oxygen nonstoichiometry (the presence of oxygen vacancies) causes 
high oxygen ionic conductivity. A mixed valence state is formed to 

compensate for charge disbalance; it can result from both the substitu
tion of a trivalent element with divalent ions (A) and the formation of 
oxygen vacancies [9]. 

Magnetic properties of substituted ferrites that are part of this family 
result from the superexchange interactions including 3d electrons of 
transition metal ions and p oxygen orbitals [10]. In LaFeO3 that is 
multiferroic [11], Fe ions are in a trivalent state with an octahedral 
oxygen environment, in which oxygen octahedra have common ver
texes. According to Goodenough’s theory [12], superexchange interac
tion between Fe3+ and Fe3+ cations is antiferromagnetic and stronger 
than that between Fe4+ and Fe3+, as well as Fe4+ and Fe4+ ions. 

When divalent Sr2+ substitutes for trivalent La3+ in LaFeO3, the 
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structural and charge orderings are violated at a local level. This sub
stitution results in the emergence of Fe4+ ions in the ferrite 
La1− xSrxFeO3− γ structure and the formation of oxygen vacancies. This 
results in the weakening of an antiferromagnetic order. The Neel tem
perature TN decreases with an increase in the Sr concentration [13–15]. 
TN is the highest in stoichiometric LaFeO3 (TN ≈ 740 K [12,16]), while 
SrFeO3 containing only Fe4+ ions is ordered antiferromagnetically at TN 
= 134 K [17]. 

According to Ref. [18], the La1− xSrxFeO3 ferrite has a rhombohedral 
structure in the range of x = 0.4 ÷ 0.5. The oxygen stoichiometry was 
reached under special annealing at high oxygen pressure. The 
La0.5Sr0.5FeO3-γ compound prepared at normal pressure (in the air) also 
has a rhombohedral structure [19,20], which transforms into the cubic 
perovskite lattice under heating as shown in Ref. [20]. 

Mössbauer spectroscopy is an effective method for the study of the 
valence states of Fe ions and the variation of their nearest oxygen 
environment in substituted ferrites. In these compounds, Mössbauer 
spectra of Fe ions with different valence states are composed of a few 
subspectra of the magnetic–ordered type. The substitution of an alka
li–earth element for La leads to a decrease in the value of an effective 
magnetic field, while the emergence of oxygen vacancies changes an 
isomer shift [21,22]. 

A series of ferrites of rare–earth elements was studied in detail by 
Raman spectroscopy in Ref. [23]. Density functional theory calculations 
performed in Ref. [23] for LaFeO3 allowed assigning reliably the 
observed experimental peaks to the lattice vibration modes of the ferrite. 
In our earlier work on the study of the La0.67Sr0.33FeO3-δ ferrite [24], it 
was shown that a set of wide optical bands gradually appeared in the 
spectrum of the substituted ferrite under vacuum annealing with an 
increase in the annealing temperature. The position and intensity of 
these bands were similar to those of LaFeO3. This makes Raman spec
troscopy a very effective instrument in the investigation of structural 
changes in the ferrite under vacuum annealing. 

In the present work, the changes in the structure and the valence 
states of Fe ions in the substituted La0.5Sr0.5FeO3− γ orthoferrite were 
studied under vacuum annealing using X–ray diffraction analysis, as 
well as Mössbauer and Raman spectroscopy. 

2. Material and methods 

A polycrystalline La0.5Sr0.5FeO3− γ sample was prepared in the air by 
a sol–gel method at 1100 ◦C for 20 h using Sr, Fe, and La nitrates in a 
stoichiometric proportion and glycine as starting reagents. The details of 
the preparation procedure were described in Ref. [25]. After the syn
thesis, the sample and the furnace were cooled down slowly to room 
temperature. Then, the samples were annealed in vacuum (10− 3 Torr) at 
200–550 oС for 4 h to decrease the oxygen concentration in the lattice. 
The last sample of this series was annealed at 650 ◦C for 10 h to finally 
stabilize the state. 

The structural characterization of the polycrystalline samples was 
carried out at room temperature on a Rigaku SmartLab SE diffractom
eter using CuKα radiation. The Powder Cell 2.4 and Match3 software 
packages were used for the phase analysis and determination of the 
structural parameters. 

The Mössbauer measurements of the polycrystalline samples were 
performed at room temperature and at 85 K on a CM 1101 spectrometer 
operating in a constant acceleration mode. The radioactive source was 
57Co (Rh). The spectra were fitted and analyzed using model fitting and 
the distribution of hyperfine spectral parameters by the SpectrRelax 
program [26]. 

The Raman spectra were recorded with a Princeton Instruments HRS 
500 spectrometer equipped with a liquid nitrogen–cooled char
ge–coupled device detector and a grating of 1200 grooves/mm. The 
samples were irradiated in a back–scattering geometry at room tem
perature with a 532 nm KLM-532 nm DPSS laser. The laser power at the 
sample was ~5 mW. A 20x Plan Apo Mitutoyo objective was used to 

focus the laser beam to a spot of ~3 μm in size and collect the scattered 
light. The spectral width of the setup was 200 cm− 1. The spectral reso
lution in the studied spectral range was ≈1 cm− 1 with an absolute ac
curacy of ±1 cm− 1. 

3. Results and discussion 

3.1. X-ray diffraction data 

The lines of all the X–ray diffraction patterns of the series, except for 
that of the sample annealed at 650 ◦C, are strongly broadened (see the 
right panel of Fig. 1). This may be associated with both a small size of 
crystallites and heterogeneous oxygen distribution over the sample. This 
strong broadening results in the overlap of diffraction lines and hinders 
the identification of the structure. However, the detailed consideration 
of the shape of the curves describing the total intensity of the separated 
line groups helps us to choose the space group with more certainty. 

The X–ray diffraction pattern of the as–prepared (synthesized) 
La0.5Sr0.5FeO3− γ sample (Fig. 1) was well described by the rhombohe
dral unit cell with the space group R 3 c and lattice parameters a = 5.511 
(2) Å, c = 13.437(4) Å in hexagonal axes (a = 5.494(2) Å and α = 60.20 
(1)о) for the rhombohedral unit cell). The cubic (Pm 3 m) and ortho
rhombic (Pbnm) structures were also considered; however, they yielded 
worse agreement with the experimental data. The diffraction patterns of 
all the studied samples are similar. This means that the evolution of the 
ferrite structure occurs by small successive rearrangements during 
vacuum annealing. The structure remains rhombohedral with increasing 
the vacuum annealing temperature Tann, except for the sample annealed 
at 650 ◦C; only the unit cell parameters change monotonically. In 
particular, the angle α decreases from 60.20о to 60.00о (Fig. 2a). This 
means that the rhombohedral distortion of the pseudocubic unit cell is 
reduced with a decrease in the oxygen concentration and disappears in 
the sample annealed at 650 ◦C for 10 h (Fig. 2a). The X–ray diffraction 
pattern of this sample (Fig. 1c) is well described by the cubic unit cell 
(Pm 3 m) with a = 3.914(1)Å. 

It is convenient to use the value of volume per one pseudocubic 
perovskite cell to describe the evolution of the ferrite structure. The 
dependence of the pseudocubic unit cell volume on the vacuum 
annealing temperature is shown in Fig. 2b. The unit cell volume 
continuously increases with annealing temperature within the range of 

Fig. 1. X–ray diffraction patterns of the La0.5Sr0.5FeO3-δ ferrites. Main panel: 
(a) the pattern of the as-prepared La0.5Sr0.5FeO2.84; the patterns of the samples 
annealed in vacuum at (b) 300 ◦C, (c) 400 ◦C, (d) 550 ◦C, (e) 650 ◦C for 10 h. 
(a)–(d) the R 3 c phase and (e) the Pm 3 m phase. The right panel demonstrates 
the fragments of the experimental patterns on a larger scale. The Miller indexes 
of the reflections are given in brackets. The intensities of the X–ray patterns in 
the right panel are not normalized. 
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200–500◦С, and this process is leveled at higher temperatures. In the 
literature, this is associated with a decrease in the concentration of ox
ygen in the lattice, which operates as a contractive factor [27,28], or 
with the substitution of Fe3+ for Fe4+ ions that have a significantly larger 
ion radius [20]. 

The X–ray diffraction patterns of the samples annealed at 300 ◦C and 
400 ◦C were also well described by the orthorhombic lattice (Pbnm) and 
one annealed at 550 ◦C by the cubic lattice (Pm 3 m); however, it is very 
difficult to make an unambiguous choice because of the strong broad
ening of the diffraction lines. 

3.2. Mössbauer spectroscopy 

3.2.1. Room temperature measurements 
The room–temperature Mössbauer spectra of the as-prepared 

La0.5Sr0.5FeO3− γ sample and those annealed in vacuum at Tann = 300 
and 650 оС are shown in Fig. 3. The distribution p(Hhf) of a hyperfine 
magnetic field Hhf was reconstructed for each spectrum taking into ac
count a possible paramagnetic contribution described by the quadrupole 
doublet. 

When reconstructing p(Hhf), the presence of linear correlation be
tween a hyperfine magnetic field and the isomer shift δ of the spectrum 
was suggested at the desired average value of the quadrupole splitting ε. 
The Tann dependence of the relative areas and hyperfine parameters of 
Mössbauer subspectra are shown in Fig. 4 for the La0.5Sr0.5FeO3− γ 
samples as compared to the corresponding data for pure LaFeO3. 

The as–prepared sample is a paramagnet (Fig. 3a) and is described by 
a quadrupole doublet. The subspectrum of the magnetic–ordered type 
arises in the spectrum of the sample annealed at 200 ◦C; its contribution 
increases with increasing Tann (Fig. 3b and 4a). The presence of several 
low–intensity maxima in the distribution p(Hn) (Fig. 3b) can be associ
ated with both statistic variations in the magnetic part of the spectrum 
and a local inhomogeneity for Fe ions. This inhomogeneity is caused by 
the presence of different numbers of oxygen vacancies and Fe ions with 
different valence states in the structure. The quadrupole doublet is 
almost absent in the spectra at Tann ≥ 450 ◦C (Fig. 3c and 4a). As noted 
above, the substitution of Sr ions for La in LaFeO3 results in the 
appearance of Fe4+ ions in addition to Fe3+ ions. The values of the 
isomer shifts of the quadrupole doublets δ = 0.14 ÷ 0.18 mm/s for the 
as–prepared sample and those annealed up to 450 ◦C indicate that a part 
of Fe ions is in an averaged–valence state, i.e., is with a fractional 
oxidation degree between 3+ and 4+ (Fig. 4c). This averaged–valence 
state of Fe ions is due to the fast (with a characteristic time of <10− 8 s) 

electron transfer between Fe3+ and Fe4+ ions at room temperature; 
therefore, Fe4+ ions are not detected in the room–temperature 
Mössbauer spectra [15,21,29]. 

According to the average values δaver(p(Hhf)) ~ 0.30 mm/s and the 
values in the maximum of the distribution of isomer shifts δmax(p(Hhf)) 
~ 0.34 mm/s (Fig. 4c) for magnetic-ordered subspectra of the samples 
annealed at 200 ◦C and higher, Fe ions corresponding to these values are 
in a trivalent state, Fe3+. For Fe3+ ions, the broadened distribution p 
(Hhf) of a hyperfine magnetic field Hhf is caused by local heterogeneity in 
the environment of Fe ions, namely, by the presence of oxygen vacancies 
and different valence states of Fe ions in the structure. 

The area of the quadrupole doublet S(doublet) significantly de
creases with increasing Tann (Fig. 4a), which is equivalent to a decrease 
in the number of Fe ions in an averaged–valence state. This leads to a 
decrease in the local heterogeneity degree in the nearest environment of 
Fe3+ ions and, as a consequence, to a decrease in the width of the dis
tribution p(Hhf). Beginning from Tann = 450 ◦C, Fe ions in an aver
aged–valence state are almost absent. In the annealing temperature 
range of 500–650 ◦C, Hmax(p(Hhf)) and δmax(p(Hhf)) reach their 
maximum values and the width of distribution p(Hhf) reaches its mini
mum values, which approach the values for LaFeO3 (Fig. 4). The pres
ence of two clear peaks in the distribution p(Hhf) (Fig. 3c) for the sample 
annealed at 650 ◦C testifies to the existence of only two dominating 
contributions to the spectrum. Their appearance becomes understand
able after the analysis of the 85–K Mössbauer spectra, which is given 
below. The largest value of quadrupole splitting ε of ~0.18 mm/s is 
observed for the doublet of the as–prepared sample, which decreases 
almost to zero at 400 оС with increasing Tann and does not change at 
higher annealing temperatures. The average value of εaver(p(Hhf)) for the 
p(Hhf) distribution is near zero for all annealing temperatures. The value 
of ε for LaFeO3 is 0.036(1) mm/s. 

An increase in the number of oxygen vacancies should lead to the 
distortion of an oxygen environment of Fe ions and, consequently, to an 
increase in the ε value of the Mössbauer spectra. One can suppose that 
the near–zero ε value is related to the high oxygen mobility [8], an in
crease in the perovskite cell volume with increasing Tann, and possible 
redistribution of oxygen ions for the creation of a more symmetrical 
oxygen environment of Fe ions. 

3.2.2. Low temperature (85 K) measurements 
The 85–K Mössbauer spectra of the La0.5Sr05FeO3-γ samples are a set 

of several subspectra in the form of Zeeman sextets. One of them, which 
has the smallest isomer shift and a hyperfine magnetic field, can be 

Fig. 2. (a) Parameters of the rhombohedral unit cell (R 3 c) and (b) unit cell volume of the La0.5Sr0.5FeO3-δ ferrite plotted as a function of the vacuum annealing 
temperature. The lines drawn through the data points are guides for the eye. 
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associated with Fe4+ ions, while the others can be attributed to Fe3+ ions 
(Fig. 5). 

The presence of several subspectra for Fe3+ ions in each spectrum of 
the substituted ferrite is associated with the possible different numbers 
of oxygen vacancies and Fe4+ ions in the nearest environment of Fe3+

ions, i.e., with the formation of a heterogeneous local environment. 
Vacuum annealing of the as–prepared sample increases the number of 
oxygen vacancies and, as shown in Fig. 5, decreases the number of Fe4+

ions; and, thus, the areas of the subspectra for Fe3+ ions are 
redistributed. 

Based on the electroneutrality condition, the crystal–chemical for
mula of La1-xSrxFeO3-γ can be written as: 

La3+
1− xSr2+

x Fe3+
1− yFe4+

y O2−
3− γ ⇒

(
La3+

1− xSr2+
x

)(
Fe3+

1− x+2γFe4+
x− 2γ

)(
O2−

3− γ□γ

)
(1)  

where x, y = x–2γ, and γ = (x–y)/2 are the number of Sr2+ and Fe4+ ions 
and oxygen vacancies (□) per formula unit of the ferrite, respectively. 
For La0.5Sr0.5FeO3-γ, γ = (0.5 – y)/2. 

The presence of a Fe4+ ion in the nearest cation environment of a 
Fe3+ ion results in the weakening of the superexchange interaction 
Fe3+–O2-–Fe4+, while the emergence of an oxygen vacancy in the nearest 
anion environment of a Fe3+ ion leads to the breaking of the exchange 
bond. These effects decrease a hyperfine magnetic field Hhf and change 
the value of the isomer shift of the spectrum [30]. When fitting the 
Mössbauer spectra, additive changes in the hyperfine magnetic field and 
the isomer shift of Fe3+ ion subspectra were suggested, which were 
identical for the vacancy and Fe4+ ion when the number of either 
breaking or weakening of the exchange bonds (m) was increased:  

Fig. 3. The results of Mössbauer spectrum fitting of the as–prepared sample (a) and the results of the reconstruction of the distribution p(Hhf) of a hyperfine magnetic 
field Hhf taking into account the paramagnetic contribution for the Mössbauer spectra of the La0.5Sr0.5FeO3− γ samples annealed in vacuum at 300 ◦C (b) and 650 оС 
(c). The thick solid line is a resultant fitting curve. The difference spectra between the experimental points and the calculated curve are shown at the bottom of 
each spectrum. 
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Hhf(Fe3+;m) = Hhf(Fe3+;0) – mΔHhf(Fe3+)                                          (2)  

δ(Fe3+;m) = δ(Fe3+;0) + mΔδ(Fe3+)                                                 (3) 

Here Hhf(Fe3+;0) and δ(Fe3+;0) are the values of the hyperfine 
magnetic field and the isomer shift for the subspectrum of Fe3+ ions with 
six exchange bonds when there are no oxygen vacancies or Fe4+ ions in 
the nearest Fe3+ environment, and ΔHhf(Fe3+) and Δδ(Fe3+) are the 
changes in the hyperfine magnetic field and the isomer shift when either 
breaking or weakening of one exchange bond takes place. 

For simplicity, the value of the quadrupole splitting ε was suggested 
to be the same for all subspectra of Fe3+ ions. In the general case, their 
positions in the crystallographic positions relative to Fe3+ ions and each 
other can differ at the same m value, which results in different ε values. 

The fitting of the spectra was performed taking into account the 
possible number of oxygen vacancies (γ) and Fe4+ ions (y) up to 
obtaining the best difference spectrum. It corresponded to five sub
spectra for Fe3+ ions and one subspectrum for Fe4+ ions (Fig. 5). The 
Tann dependencies of the relative areas of the Fe4+ subspectrum and the 
sum of all subspectra for Fe3+ ions obtained from the model fitting of the 
experimental Mössbauer spectra are shown in Fig. 6a. The relative area 
of the subspectrum associated with Fe4+ is maximum for the 
as–prepared sample. Its area decreases with increasing Tann and 

approaches zero at Tann = 650 ◦C. In this case, the greatest changes take 
place until Tann = 500 ◦C, while at a higher temperature the areas almost 
do not change (Fig. 6a). The hyperfine parameters of the Fe4+ sub
spectrum were taken from the results of the fitting of the as–prepared 
sample spectrum and fixed since its contribution to the experimental 
spectrum was small at high annealing temperatures. 

As was mentioned above, a superexchange interaction between Fe 
ions is weakened in lanthanum orthoferrites when Sr is substituted for 
La, i.e., when Fe4+ ions and oxygen vacancies appear. The contributions 
of the subspectra for different Fe3+ states are redistributed with 
increasing Tann (Fig. 6b). The relative area of the subspectrum S(Fe3+;0) 
for Fe3+ ions with six exchange bonds Fe3+–O2––Fe3+ (m = 0) signifi
cantly increases from the minimum value of 12% for the as–prepared 
sample to ~ 60% for the sample annealed at 650 ◦C in vacuum. The 
second significant contribution is given by the subspectrum of Fe3+ ions 
for m = 1. Its area S(Fe3+;1) increases in the Tann range of 200 ÷ 300 ◦C; 
then, it almost does not change and reaches ~30% at 650 ◦C. The areas 
of the subspectra of Fe3+ ions decrease for m = 2, 3, 4 (Fig. 6b). This 
means that almost two principal subspectra of Fe3+ ions for m = 0 and 1 
with the most perfect local environment remain at 650 ◦C. These two 
principal contributions are manifested in the distribution of hyperfine 

Fig. 4. The Tann dependence of (a) the relative areas of the quadrupole doublet S(doublet) and the subspectrum of the magnetic–ordered type corresponding to the 
distribution p(Hhf); (b,c) hyperfine parameters of the subspectra of the La0.5Sr0.5FeO3− γ samples: the average values (Haver, δaver) and the values in the maximum 
(Hmax, δmax) of the distribution. The corresponding values for LaFeO3 are shown for comparison. The lines drawn through the data points are guides for the eye. 
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magnetic fields obtained at room temperature (Fig. 3c). As a whole, this 
process can be interpreted as a variation in the local environment of Fe3+

ions towards a decrease in its distortion. 
A few interdependent processes occur in a crystal lattice under 

vacuum annealing: an oxygen ion moves away with the vacancy for
mation, the valence state of Fe ions changes, and oxygen ions are 

redistributed over vacant positions to minimize lattice distortions. To 
comply with the electric neutrality conditions, in the substituted ferrite a 
Fe4+ ion must be in close proximity to Sr2+ to compensate for a negative 
charge. If an oxygen ion is removed from its nearest environment under 
vacuum annealing, an oxidation degree changes from 4+ to 3+. More
over, one oxygen ion moving away (addition of one vacancy) leads to 

Fig. 5. The results of the model fitting of 85–K Mössbauer spectra of the La0.5Sr0.5FeO3− γ samples: as-prepared (a) and annealed in vacuum at 300 (b) and 650 оС (c). 
The subspectrum of Fe4+ ions is marked with red. The difference spectra (deviation of the experimental spectra from the calculated envelope ones) are shown at the 
bottom of each spectrum. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. The Tann dependencies of the relative areas of the subspectra: (a) for all Fe3+ and Fe4+ ions and (b) for Fe3+ ions, in the nearest environment of which m = 0, 
1, 2, 3, 4 either breaking or weakening of exchange couplings occurred. The Mössbauer parameters correspond to the 85–K spectra. The lines drawn through the data 
points are guides for the eye. 

V. Sedykh et al.                                                                                                                                                                                                                                 



Ceramics International 49 (2023) 25640–25648

25646

the disappearance of two Fe4+ ions in the region under consideration. 
Thus, there is a correlation between the arrangement of an oxygen va
cancy and that of a Fe4+ ion; in addition, their common arrangement is 
related to the distribution of Sr and La ions. The presence of this cor
relation in the La1− xSrxFeO3− γ compounds is shown in Refs. [13,19, 
31–33]. 

Assuming the recoil–free fraction for Fe3+ and Fe4+ to be the same, 
the numbers of Fe4+ ions (y = I(Fe4+)), oxygen vacancies (γ = (x – y)/2), 
and oxygen anions (3–γ) per formula unit can be determined (1) from 
the relative areas of the subspectra when the number of Sr2+ ions (x) is 
fixed. The Tann dependencies of the number of oxygen vacancies (γ) and 
oxygen ions (3–γ) are demonstrated in Fig. 7. With increasing Tann, the 
number of vacancies in the sample increases from 0.12(1) to 0.24(1) 
and, correspondingly, the number of oxygen anions decreases from 2.88 
(1) to 2.76(1). 

Assuming the linear dependence of the hyperfine parameters of the 
subspectra of Fe3+ ions on the number m of breaking or weakening of the 
exchange bonds (see (2) and (3)), the values of Hhf(Fe3+;0) and δ(Fe3+;0) 
for the subspectrum of Fe3+ ions and the changes in the hyperfine 
magnetic field ΔHhf(Fe3+) and the isomer shift Δδ(Fe3+) under either 
breaking or weakening of one exchange bond are determined for all the 
samples as a result of the model fitting of the spectra (Fig. 8). The hy
perfine parameters of the subspectra of Fe3+ and Fe4+ ions obtained for 
La0.5Sr0.5FeO3− γ weakly depend on Tann. The values of Hhf(Fe3+;0) and 
δ(Fe3+;0) are close to the corresponding values of Hhf and δ for LaFeO3, 
in which all Fe3+ ions participate in all six exchange bonds. The average 
values of ΔHhf(Fe3+) and Δδ(Fe3+) are 2.3(3) Т and 0.03(3) mm/s, 
respectively. The average values of the quadrupole splitting ε of the 
subspectrum components are small and near–zero for Fe3+ ions and 
negative, ~ − 0.03 mm/s, for Fe4+ ions. 

The values Hhf(Fe4+) = 25.7(1) T and δ(Fe4+) = − 0.063(11) mm/s 
obtained for the spectrum of Fe4+ ions in the as–prepared sample and 
measured at 85 K agree well with the data for Fe4+ in La0.8Sr0.4

Fe0.7Al0.3O3-δ [34]. The value of the isomer shift for the possible mixed 
charge state of Fe ions at 85 K can be estimated by using the values of 
isomer shifts and the relative areas of the subspectra for Fe3+ (+0.40 
mm/s, ~70%) and Fe4+ (− 0.06 mm/s, ~30%) ions obtained at 85 K 
(Figs. 8b and 6a); it is ~0.26 mm/s. Taking into account a decrease in δ 
of the spectrum by ~0.1 mm/s with an increase in the temperature up to 
room one, the δ value for the observed averaged charge state of a Fe ion 

at room temperature is ~0.16 mm/s, which corresponds well to the 
experimental value of 0.179(1) mm/s obtained at room temperature for 
the quadrupole doublet (Fig. 4c). 

3.3. Raman spectroscopy 

The characteristic Raman spectra of the samples annealed in vacuum 
at 400 ÷ 650 ◦C for 4 h are shown in Fig. 9. Seven broad optical bands 
are resolved in the spectra. An increase in the annealing temperature 
results in a pronounced decrease in the peak linewidth and an increase 
in the signal to the noise ratio. Both experimental facts indicate the 
improvement of the homogeneity of the samples and their crystalline 
structure upon the annealing process. As shown by the vertical bars in 
Fig. 9, the most intensive peaks in the spectra demonstrate a pronounced 
shift to higher frequencies when increasing the annealing temperature. 
An increase in the annealing time at 650 ◦C from 4 to 10 h does not lead 
to any detectable change in the Raman spectrum (compare the two 
lowest spectra in Fig. 9). 

The frequency range of the spectra presented in Fig. 9 can be divided 
into two parts. The low–frequency bands (below 1000 cm− 1) correspond 
to the phonon–like vibrations, while the high–frequency ones (above 
1000 cm− 1) are caused presumably by magnons of the ferrite antifer
romagnetic sublattices since, according to the calculations of Weber 
et al. [23], no phonon–like vibrations in the parent LaFeO3 ferrite have 
frequencies higher than 650 cm− 1. 

The Raman spectra of the La– Sr ferrites with Fe ions in a Fe3+

oxidation state are presented in Fig. 10. The spectra for La0.67Sr0.33

FeO2.84 and LaFeO3 were taken from Ref. [24]. Successive substitution 
of La atoms with Sr ones results in the transformation of the ortho
rhombic lattice for pure LaFeO3 to the cubic perovskite one for 
La0.5Sr0.5FeO2.76. The introduction of a divalent Sr atom causes the 
formation of oxygen vacancies in the ferrite structure, as shown by 
Mössbauer spectroscopy. As demonstrated recently in Ref. [23], for pure 
LaFeO3 the vibration modes in the frequency range of 250 ÷ 650 cm− 1 

are attributed only to the vibrations of Fe and oxygen atoms that form 
double–centered or multi–centered chemical bonds or even the vibra
tions of the FeO6 octahedra as a whole. Thus, the pronounced high
–frequency shift observed in the range of 600 ÷ 650 cm− 1 is caused by 
an increase in the number of oxygen vacancies. A similar shift was found 
also for the high–frequency magnon band of the spectra (see the inset of 
Fig. 10). 

The Raman spectra of the annealed La1-xSrxFeO3-γ samples consist of 
several broadened bands. Their positions and relative intensities are 
similar to those of the peaks in the LaFeO3 spectrum. This analogy 
allowed associating the observed bands with the vibrations of two–, 
three–, and multi–centered Fe–O chemical bonds. In substituted La1- 

xSrxFeO3-γ, a noticeable shift towards ~690 cm− 1 is observed for the 
“breathing” mode of the FeO6 octahedron, as compared to the band at 
~630 cm− 1 in stoichiometric LaFeO3. According to the X-ray results of 
the present work, this shift is due to that the unit cell volume in the 
substituted La0.5Sr0.5FeO3-γ ferrite is smaller by ~1% as compared to 
that in LaFeO3 [32]. 

A wide band at frequencies higher than 1000 cm− 1 in the ferrite 
spectrum is possibly due to two-magnon scattering. Its position and 
structure are similar to the two–magnon peaks of LaFeO3 and other La – 
Sr ferrites [35–38], which allows anticipating an antiferromagnetic 
ordering type for the La1-xSrxFeO3-γ ferrite as well. A large width of the 
optical phonon bands of the Raman La1-xSrxFeO3-γ spectra testifies to the 
significantly disordered oxygen ferrite sublattice with a sufficient 
number of oxygen vacancies. 

4. Conclusions 

Summarizing the results obtained, we come to the following con
clusions. The as–prepared sample and those annealed in vacuum have a 
rhombohedral structure except for one sample annealed at 650 ◦C. It has 

Fig. 7. The Tann dependencies of the number of oxygen vacancies (γ) and ox
ygen ions (3-γ) per formula unit in the La0.5Sr0.5FeO3− γ ferrite. The Mössbauer 
parameters correspond to the 85–K spectra. The lines drawn through the data 
points are guides for the eye. 
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a cubic perovskite structure (Pm-3m). The pseudocubic unit cell volume 
increases for the samples annealed in vacuum at 200–500◦ С; it almost 
does not change at higher annealing temperatures. The changes in the 
structural parameters occur up to 650 ◦C. 

The as–prepared sample is paramagnetic at room temperature. Upon 
the oxygen loss under vacuum annealing, the magnetic contribution 
appears in addition to the paramagnetic fraction of the sample; its 
fraction increases with an increase in the annealing temperature. The 
quadrupole doublet associated with a paramagnetic state almost dis
appears in the Mössbauer spectra of the samples annealed at tempera
tures above 450 ◦C. 

The analysis of the Mössbauer spectra demonstrates that Fe ions are 
in an averaged–valence state at room temperature. This state is not 
observed in the 85–K spectra, which allows separating the subspectra of 
Fe3+ and Fe4+ ions, determining their relative areas, and calculating the 
amount of oxygen in the samples. 

Based on the results that were obtained using three different methods 
and agree with each other, the following may be concluded on the na
ture of changes taking place in La0.5Sr0.5FeO3-γ: the transformation of 
the valence state of Fe ions from 4+ to 3+ up to complete Fe4+

disappearance and an increase in the number of oxygen vacancies occur 
simultaneously in the vacuum annealing temperature range of 200–500 
oС. The annealing at 500–650◦ С leads to a significant decrease in the 
degree of distortion of the ferrite structure at a local level. The areas of 
the Mössbauer subspectra responsible for different oxygen environments 
of Fe ions are redistributed, and the fraction of non–distorted oxygen 
octahedral increases. Finally, the rhombohedral structure transforms 
into the cubic one. 
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Fig. 8. The Tann dependencies of the hyperfine parameters of the subspectra of Fe3+ and Fe4+ ions: (a) Hhf(Fe3+;0), ΔHhf(Fe3+), Hhf(Fe4+) and (b) δ(Fe3+;0), 
Δδ(Fe3+), δ(Fe4+) as compared to the corresponding data for LaFeO3. The Mössbauer parameters correspond to the 85–K spectra. 1 – Hhf(Fe3+;0), δ(Fe3+;0); 2 – 
ΔHhf(Fe3+), Δδ(Fe3+); 3 – Hhf(Fe4+), δ(Fe4+); 4 – Hhf(LaFeO3), δ(LaFeO3). The lines drawn through the data points are guides for the eye. 

Fig. 9. Representative Raman spectra of the La0.5Sr0.5FeO3-γ ferrites. The 
lowest spectrum corresponds to the sample annealed at 650 ◦C for 10 h. The 
spectrum intensities were normalized to the amplitude of the peak at ~670 
cm− 1. The annealing temperatures (in oC) for each spectrum are given at 
the right. 

Fig. 10. Raman spectra of pure LaFeO3 and the substituted La1-xSrxFeO3-γ 

ferrites with Fe ions in a Fe3+ oxidation state. The spectrum intensities were 
normalized to the intensity of the peak in the frequency range of 600–700 cm− 1. 
Red vertical bars denote the experimental positions of LaFeO3 peaks presented 
in Ref. [23]. The spectra for La0.67Sr0.33FeO2.84 and LaFeO3 were taken from 
Ref. [24]. The same spectra in the wide frequency range are shown in the inset. 
The exact sample compositions are given on the right side of the main panel. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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