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A B S T R A C T   

Crystal structure, short range order, lattice dynamics and valence state of polycrystalline single-phase strontium 
ferrites SrFeO3-δ (with 3–δ = 2.87 ÷ 2.5) were studied by Raman and Mössbauer spectroscopy at normal con-
ditions. Valence states of Fe ions and their fractions were determined from Mössbauer spectroscopy and con-
centrations of oxygen in all phases were estimated. For all studied SrFeO3-δ phases only five (or less) bands were 
observed above 200 cm− 1 in spite of numerous Raman active phonon modes predicted by a factor group analysis. 
For the antiferromagnetic Brownmillerite phase (3–δ = 2.5), a broad band observed at ~ 1350-1400 cm− 1, was 
attributed to the two-magnon scattering. This band was found also for the SrFeO3-δ samples with 3–δ = 2.87 ÷
2.725 which are in paramagnetic state at room temperature. This fact indicates an existence of the unusual 
magnetic correlations in all SrFeO3-δ perovskites.   

1. Introduction 

Being antiferromagnetic (AFM), SrFeO3–δ ferrite recently acquired 
sufficient deal of interest. Absence of the net magnetization and stray 
fields make antiferromagnets attractive for applications in magnetic 
memory devices. Comparing to the ferromagnets they are characterized 
by ultrafast spin dynamics due to the absence of the macroscopic 
magnetization [1]. Antiferromagnetic materials are promising for ap-
plications such as non-volatile memory and other magnetic devices with 
multilayer structures [2]. The SrFeO3–δ oxide belonging to this family of 
materials is a compound with an anion-deficient perovskite-type struc-
ture, in which Fe cations can have a mixed valence state: Fe4+, Fe3+ and 
the averaged valence state Fe3.5+ [3]. The physical properties of 
anion-deficient perovskite-type oxides SrFeO3–δ are extremely sensitive 
to variations of oxygen content [3], which is dependent on the synthesis 
conditions. Thus, variation of “3–δ” parameter changes iron atoms 
valence state and the Fe3+/Fe4+ ratio in the compound. The later, in its 
turn, induces alterations of the crystalline structure, magnetic order, 
electrical conductivity [4]. Sensitiveness of the material properties to 
existence and amount of oxygen vacancies opens another application 
field as oxygen gas gauges and fuel cells materials [5–7]. Despite of the 
numerous structural data available and assumptions concerning the 
origin of different SrFeO3–δ structural arrangements the interplay of the 
charge state of Fe atoms, structural ordering of oxygen vacancies and 

magnetic structure of materials remains unclear yet. Raman spectros-
copy is the promising experimental method to explore the atomic elec-
tron configurations and vibrational behavior of the materials [8]. 

Since first observations, a large number of theoretical and experi-
mental works on Raman scattering by two magnons in antiferromagnets 
has shown the large effect of magnon-magnon interactions [9]. Recently 
the magnetic ordering in SrFeO3–δ and related compounds was explored 
thoroughly by two-magnon Raman scattering [10–13]. 

Up to date the Raman spectroscopy studies of SrFeO3–δ were focused 
on the frequency range below 1000 cm− 1 since its main phonon modes 
fall into this interval. The lack of information at higher frequencies 
motivated our studies and in the present work the SrFeO3–δ oxide with 3- 
δ = 2.87 ÷ 2.50 was investigated by Raman spectroscopy in the wide 
range of 250–2000 cm− 1. We observed rather prominent two-magnon 
Raman band at ~1400 cm− 1 in addition to the well-known Raman 
features at low frequencies. 

2. Methods 

Samples of strontium ferrite SrFeO3-δ under investigation with oxy-
gen content 3–δ varying from 2.87 to 2.50 were synthesized in air using 
sol-gel method. Nitrates Sr(NO3)2 and Fe(NO3)3●9H2O were used in the 
stoichiometric proportion as initial materials [3]. This preparation 
method was used as it proved to produce homogeneous samples with 
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high degree of crystalline ordering. As-prepared SrFeO2.80 was subjected 
then either to vacuum annealing (10− 3 Torr) or to oxygen saturation (1 
atm. O2) at 450 ◦C ÷ 650 ◦C for 4 h in order to get samples with lower 
and higher oxygen concentration, respectively. Phase composition, 
crystalline structure and local atomic order of Fe ions were studied by 
powder X ray diffraction and Mössbauer spectroscopy. The results of 
these studies and details of the experimental methods were reported 
elsewhere [3]. One should note that the prepared samples are agglom-
erates of particles with sizes varying from a few fractions of micrometer 
to dozens of micrometers as was observed in electron-microscopy 
studies [3]. 

Raman spectra were recorded with the Princeton Instruments HRS 
500 spectrometer equipped with a liquid nitrogen cooled charge coupled 
device detector and a grating of 1200 grooves/mm. The samples were 
irradiated at room temperature with a 532 nm laser line (KLM-532/SLN- 
100 DPSS, Optronic) with the laser power of about 5 mW at the sample 
using a back-scattering geometry. A 20x Plan Apo Mitutoyo objective 

was used to focus the laser beam to a spot of approximately 3 μm in size 
and collect the scattered light. Holographic Notch filter (Tydex) was 
used for laser line discrimination and acquiring Raman spectra higher 
than 200 cm− 1. The spectral resolution in the studied spectral range was 
≈1 cm− 1. The Raman spectrometer was calibrated using Ne spectral 
lines with an uncertainty of ±1 cm− 1. 

The Mössbauer measurements were carried out on polycrystalline 
samples using a CM 1101 spectrometer operating in the constant ac-
celeration mode using 57Co(Rh) as a radioactive source. The Mössbauer 
absorption spectra were analyzed by the MossFit 3.1 software package 
for the spectra decomposition into the partial spectra approximated by a 
sum of analytical functions. The program algorithms assumed a thin 
absorber approximation. 

Fig. 1. Mössbauer spectra measured: (a,b,c) at 300 K, (a1,b1,c1) at 90 K, SrFeO2.87, tetragonal phase (sample annealed in oxygen), SrFeO2.80, tetragonal phase (as- 
prepared sample), SrFeO2.725, orthorhombic phase (sample annealed in vacuum). 
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3. Results and discussion 

3.1. Mössbauer spectroscopy 

The detailed Mössbauer spectroscopy study of SrFeO3-δ oxide struc-
tural features was reported in our previous publication [14]. In the 
present work the necessary results of [3,14] are given in brief for the 
sake of convenience to use them for analysis of the Raman spectroscopy 
data in the next section. 

In anion-deficient SrFeO3-δ oxide the following single-phase struc-
tures are possible depending on oxygen content [3,14]. The cubic 
SrFeO3 compound with iron ion in pure tetravalent state is free of ox-
ygen vacancies. The SrFeO2.875 has tetragonal structure at room tem-
perature, in which iron ions are in Fe4+ valence state with octahedral 
(Fe4+(oct)) and pyramidal (Fe4+(pyr)) oxygen environment and in the 
Fe3.5+ averaged-valence state with octahedral (Fe3.5+(oct)) oxygen 
environment. The SrFeO2.75 oxide has orthorhombic structure in which 
the Fe3.5+ ions transform into Fe3+ valence state with octahedral 
Fe3+(oct)) oxygen environment, Fe4+ ions are only in pyramidal 
(Fe4+(pyr)) oxygen environment. So, the Fe4+ ions are present in all 
these compounds. 

The Brownmillerite SrFe2.5 compound has only Fe3+ ions, but in two 
different oxygen environments, octahedral (Fe3+(O)) and tetrahedral 
(Fe3+(T)) ones. The characteristic Mössbauer spectra measured at 300 
and 90 K for single phase SrFeO3-δ structures, SrFeO2.87, SrFeO2.80, 
SrFeO2.725, are presented in Fig. 1. These phases are paramagnetic at 
room temperature. The Mössbauer spectra measured at 300 K for 
SrFe2.62 containing the paramagnetic orthorhombic SrFeO2.725 and 
magnetic Brownmillerite phases in equal proportion and SrFeO2.5 
Brownmillerite phase are presented in Fig. 2. 

The experimental Mössbauer spectra of SrFeO3-δ (3-δ = 2.87 ÷
2.725) measured at 300 K and 90 K were decomposed into partial sub-
spectra corresponding to the iron ions in different valence states as 
shown in Fig. 1. Parameters of the subspectra including the fraction of 
each subspectra (A) are presented in Table 1. Using the fraction values 
we calculated the averaged iron ion valence state and then the oxygen 
content in ferrite (3-δ) given in the first column of Table 1 in brackets. 
Mössbauer subspectra parameters for two-phase SrFeO2.62 ferrite and 
single Brownmirreite phase SrFeO2.5 studied at 300 K are given in 
Table 2. 

The low temperature Mössbauer spectra demonstrate increasing of 
the Néel temperature with decreasing the oxygen content in the SrFeO3-δ 
oxides. Thus, the SrFeO2.87 is still paramagnetic at 90 K while the 
magnetic contribution in Mössbauer spectrum of SrFeO2.80 appears at 
90 K. 

3.2. Raman spectroscopy 

Representative Raman spectra of SrFeO3–δ for oxygen content 3–δ 
varying from 2.87 to 2.5 compounds are shown in Fig. 3. Peak positions 
of the Raman active modes monitored within the 250-2000 cm− 1 in-
terval are plotted as a function of 3–δ parameter in Fig. 4. It should be 
stressed that in the present work the oxygen contents in all samples were 
determined from Mössbauer data while in Ref. [12] the “3–δ” values 
were determined by the thermogravimetry method. Experimental points 
obtained by this direct method in Ref. [12] fit sufficiently well to the 
smooth curves formed by the data in the present work. This effect in-
dicates the adequate accuracy of the method applied in the present work 
for oxygen content determination. 

Gradual oxygen release induces the following series of structural 
phase transitions in the strontium ferrite. For the starting compound 
SrFeO3 with high symmetry cubic structure there are no active Raman 
modes [11,12]. For lower 3–δ = 2.87 oxygen concentration a tetragonal 
structure (I4/mmm space group) is stable. This sample was prepared by 
annealing of the as-prepared material (3–δ = 2.80) under oxygen at-
mosphere. Vacuum annealing (10− 3 Torr) at 450 ◦C for 4 h of the 
as-prepared sample results in formation of the orthorhombic crystal 
structure with 3–δ = 2.725 with the space group Cmmm. Vacuum 
annealing at 650 ◦C for 4 h leads to Brownmillerite type compound 
SrFeO2.5 with orthorhombic space group Ibm2. The sample of interme-
diate composition annealed at 450 ◦C, 3–δ = 2.62, is a two-phase 
mixture of Brownmillerite and orthorhombic phase, as demonstrated 
by imposing red and gray spectra in Fig. 5 and was confirmed by the 
Mössbauer and X-ray diffraction data in Ref. [14]. Black and gray 
spectra monitored at the different points of Brownmillerite SrFeO2.5 
sample (Fig. 5) contain similar peak sets with practically the same peak 
positions while the peaks at the gray spectrum are significantly broad-
ened in contrast to those at the black spectrum. 

As demonstrated in the review published by M. Kitajima [15] the 
Raman peak broadening is caused by a substantial increase of the 
structural defects fraction in the materials and, hence, decreasing of the 
grain size down to a nanometer range. The defects were induced in 
graphite, Si [15], GaAs [16] by high energy ions irradiation or by vac-
uum annealing of TiO2 [17] and by varying the grain size in the nano-
crystalline CeO2 thin films [18]. We assume the similar reasons of the 
effect observed for the Brownmillerite SrFeO2.5 phase. Thereby, the 
degree of the lattice perfection of SrFeO2.5 sample varies from point to 
point on a micron length scale. 

Formation of the Brownmillerite phase in the sample manifests itself 
by essential complication and modification of the observed Raman 
spectra (see Fig. 3). Low-frequency peak at ~300 cm− 1 is split. Another 
mode at ~400 cm− 1 disappeared at all, three peaks in the 600 ÷ 700 cm 
− 1 range are now well resolved. Interestingly, that in the Brownmillerite 

Fig. 2. Mössbauer spectra measured at 300 K (a) of two-phase SrFeO2.62 containing 50% Brownmillerite and 50% orthorhombic phase, (b) SrFeO2.5, Brownmillerite 
phase. The Octahedral and Tetrahedral environments of Fe3+ ion in the Brownmillerite phase are labeled by (O)and (T), respectively. 

O.I. Barkalov et al.                                                                                                                                                                                                                             



Solid State Communications 354 (2022) 114912

4

structure we observed a very weak Raman band at ~1130 cm− 1 tenta-
tively attributed to the two-phonon Raman scattering caused by a strong 
coupling with spin subsystem in the AFM phase [20]. 

Broad feature in 1350 ÷ 1400 cm− 1 frequency range is observed for 
all SrFeO3-δ compositions (been extremely weak for 3-δ = 2.80 tetrag-
onal phase it is shown in a large scale in Fig. 3 above the main spectrum). 
The tetragonal and orthorhombic samples (3-δ = 2.87, 2.80 and 3-δ =

2.725, respectively) at room temperature are in the paramagnetic state, 
nevertheless, the two-magnon peaks are detected. We assume that the 
fragments of antiferromagnetic chains of few nanometers length still 
persist in their magnetic lattices. The extremely low amplitude of the 
two-magnon peak for tetragonal sample with 3-δ = 2.80 is, possibly, due 
to the high degree of the magnetic disorder for this very composition. 
The iron cations in it are in 3+, averaged-valence 3.5+ and 4+ oxidation 
states. For Brownmillerite phase, which is AFM at room temperature, the 
relative intensity of the two-magnon peak is extremely high. The broad 
peak at ~1370 cm− 1 was attributed in Ref. [13] to the two-magnon 
scattering in this AFM compound with the highest among others 
SrFeO3–δ ferrites Néel temperature TN ~ 673 K [21]. The two-magnon 
scattering in the AFM crystal involves excitation of two magnons, with 
one magnon on each sublattice [10,11]. It should be stressed that the 
two-magnon excitations well above Néel temperature were observed 
also for micro- and nanoparticles of Fe2O3 synthesized by sol-gel method 
(TN = 450 K) [22]. Such a magnetic excitation above TN with rather 
complicated origin is called paramagnon and represents the object of 
intensive studies during last years [23]. 

Full and reliable assignment of the phonon modes of SrFeO3-δ phases 
has not been accomplished yet due to the following reason. Even for the 
high symmetrical tetragonal compound SrFeO2.87 a factor group anal-
ysis at Γ point reveals 31 active modes [12,24,25] while only four peaks 
(three phonon peaks and one two-magnon peak) are resolved in the 
spectrum, presumably, due to low intensity of the modes, see Fig. 3. As 
reported in Refs. [12,25] decreasing temperature below 70 K (charge 
ordering phase transition) resulted in prominent modification of the 
observed spectra. 

Numerous new peaks were observed below this temperature. To 
proceed with the assignment one needs to perform ab initio calculations 
of modes frequencies and their relative intensities, similar to those re-
ported by A. Piovano et al. for CaFeO2.5 [19]. Regretfully, a direct 

Table 1 
Mössbauer parameters of the subspectra measured at 300 K and 90 K for the as-prepared SrFeO3-δ sample (AP), and also for the samples annealed in vacuum (AV) and 
oxygen (AO). IS is the isomer shift (with respect to bcc Fe at 300 K); Δ is the quadrupole splitting; Γ is the Mössbauer line width; Hn is the effective magnetic field on 
a57Fe nucleus for various iron ion sites in the lattice; A is the portion of each subspectrum.  

Sample (3-δ) Valence of iron ion 300 K 90 K 

IS, mm/s Δ, mm/s Γ, mm/s A, % IS, mm/s Δ, mm/s Γ, mm/s Hn, kOe A% 

AO (2.87) 4+ − 0.05  0.29 14      
4+ − 0.08 0.19 0.30 33 − 0.04 0.19 0.37  51 
3.5+ 0.27 0.41 0.27 53 0.40 0.46 0.42  49 

AP (2.80) 4+ − 0.06  0.31 15      
4+ − 0.09 0.22 0.29 30 − 0.04 0.27 0.49  46 
3.5+ 0.27 0.40 0.28 41 0.40 0.59 0.69  39 
3+ 0.38 0.69 0.36 4      
3+ 0.36 1.30 0.34 10 0.49 1.28 0.5 433 15 

AV (2.725) 4+ − 0.08 0.29 0.29 46 − 0.08 0.16   49 
3+ 0.32 0.28 0.32 5 0.25 0.58  243 13 
3+ 0.41 0.70 0.32 4      
3+ 0.35 1.31 0.27 45 0.54 − 1.22  434 38  

Table 2 
Parameters of the Mössbauer subspectra at 300 K of the SrFeO3-δ annealed in vacuum at 450 ◦C (450AV) and 650 ◦C (650AV). Ortho is the orthorhombic phase, Brm is 
the brownmillerite phase; Sx–1 and Sx–2 are magnetic sextets for Fe3+(O) and Fe3+(T), respectively, D–1 and D–2 are paramagnetic doublets for Fe4+(pyr) and 
Fe3+(ort), respectively; IS is the isomer shift (with respect to bcc Fe at 300 K); Δ is the quadrupole splitting; Hn is the effective magnetic field on a57Fe nucleus for Sx-1 
and Sx-2; A is the contribution of the given subspectrum.  

Annealing Phase Subspectrum IS, mm/s Δ, mm/s Hn, kOe A, % 3-δ 

450AV Brm Sx–1 0.38 (1) 0.66 (1) 496 (1) 23 2.62 
Sx–2 0.17 (1) − 0.56 (1) 419 (1) 26 

Ortho D–1 − 0.09 (1) 0.39 (1)  24 
D–2 0.42 (1) 1.28 (1)  27 

650AV Brm Sx–1 0.38 (1) 0.67 (1) 496 (1) 44 2.5 
Sx–2 0.17 (1) − 0.57 (1) 420 (1) 50 

Ortho D–1 0.23 (5) 0.36 (5)  2 
D–2 0.24 (5) 1.17 (5)  4  

Fig. 3. Representative Raman spectra of SrFeO3-δ samples with various oxygen 
contents. The spectra were normalized by the intensity of the peak at ~600 
cm− 1 of SrFeO2.5. The oxygen content (3–δ) of the sample is given at the right 
side of the plot. The vertical dash-and-dot line denotes the position of the 
parasitic laser line at ~364 cm− 1. Smooth and featureless background caused 
by the sample luminescence was subtracted manually from the spectra. 
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comparison of phonon modes with the results of Ref. [19] is not possible 
because of different crystal structures of CaFeO2.5 and SrFeO2.5 
compounds. 

4. Conclusions 

Summarizing the results obtained we come to the following con-
clusions. Our spectroscopic data justify that the oxygen content in 
SrFeO3-δ prepared by sol-gel method and subsequently annealed in 
vacuum or in oxygen can be estimated by using the iron ions oxidation 
numbers determined from the Mössbauer spectra of the compounds. The 
uncertainties of this method are comparable with those of the direct 
method based on thermogravimetric scans reported in Ref. [12]. 

A broad Raman band observed in all studied samples in the high 
frequency region at ~1375 cm − 1 is attributed to the two-magnon 
scattering. Observation of this band not only for the antiferromagnetic 
Brownmillerite phase (3–δ = 2.5) but also for all other SrFeO3-δ phases, 
paramagnetic at room temperature, indicates a rather strong magnetic 
correlations in all studied SrFeO3-δ perovskites. Tentatively these mag-
netic correlations are attributed to the paramagnons [23] but exact 
modes assignment requires detailed Raman studies in a wide tempera-
ture range. Measurements in the low frequency range (below 1000 

cm− 1) revealed only few Raman phonon modes in contradiction to 
numerous active modes predicted by a factor group analysis. This 
discrepancy requires additional investigations at low temperatures. 
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[22] J. López-Sánchez, A. Serrano, A. Del Campo, M. Abuín, O. Rodríguez de la Fuente, 
N. Carmona, Sol–gel synthesis and micro-Raman characterization of ε-Fe2O3 
micro- and nanoparticles, Chem. Mater. 28 (2016) 511–518. 

[23] O.P. Sushkov, Paramagnons the long and the short of it, Nat. Phys. 10 (2014) 
339–340. 

[24] J.P. Hodges, S. Short, J.D. Jorgensen, Evolution of oxygen-vacancy ordered crystal 
structures in the perovskite series SrnFenO3n-1 (n = 2, 4, 8, and ∞), and the 
relationship to electronic and magnetic properties, J. Solid State Chem. 151 (2000) 
190–209. 
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