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Abstract—Transformations of polycrystalline La0.5Sr0.5FeO3 – γ ferrites subjected to vacuum annealing in the
temperature range of 400–650°C were studied by Raman spectroscopy at ambient conditions. It was shown
that the homogeneity of the sample and its local ordering depended on the vacuum annealing temperature.
An increase in the vacuum annealing temperature resulted in a gradual loss of oxygen and a transition of all
iron ions to the oxidation state Fe3+. These ferrites demonstrated a shift of the whole Raman spectra (includ-
ing two-magnon modes) to higher frequencies with increasing Sr content of 0 < x < 0.5. The possible reasons
for the observed effects are discussed.
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INTRODUCTION
Ferrites with a perovskite-type structure

(R1 ‒ xAxFeO3 – γ, where R is the rare-earth element,
A is Ca, Sr, or Ba) have unique electrical, magnetic,
and catalytic properties that make them suitable for
many applications. They are used as cathode materials
of solid oxide fuel cells due to their high ionic conduc-
tivity [1–3] and in catalytic reactions to decompose
combustion products [4, 5]. Moreover, some com-
pounds have antiferromagnetic properties, which
enable their use as materials for magnetic memory
devices. The LaFeO3 and SrFeO2.5 ferrites are antifer-
romagnets at room temperature. Their Neel tempera-
tures are TN ∼ 750 K [6, 7] and ∼690 K [8], respectively.

In the substituted La1 – xSrxFeO3 – γ lanthanum fer-
rite, a gradual loss of oxygen and an increase in the
number of oxygen vacancies occurred with an increase
in the vacuum annealing temperature. It was shown in
our previous papers that this process was accompanied
by a change in the oxidation state of iron ions from a
mixed Fe3+/Fe4+ state to a pure Fe3+ one [9–12]. The
composition of these ferrites, with Fe3+ ions, can be
described by the general formula La1 – xSrxFeO3 – x/2.
In the compositions with Sr content of 0 < x < 0.5,
these ferrites have an orthorhombic structure, and for
the La0.5Sr0.5FeO2.75 ferrite a cubic structure (
space group) for a metal sublattice is attained [11].

The SrFeO3 ferrite with a high-symmetry cubic
 structure does not have Raman active modes.

In the orthorhombic LaFeO3, Fe3+ ions have a dis-
torted octahedral environment FeO6, therefore, this
lattice gives Raman active modes. In [13], rare-earth

orthoferrites were studied by Raman spectroscopy,
and the ab initio calculations performed allowed for a
reliable mode assignment of the peaks in the experi-
mental spectra. According to [11], in the
La0.5Sr0.5FeO2.75 ferrite obtained by vacuum annealing
at 650°C, the metallic sublattice is well described by a
cubic structure with a = 3.914(1) Å (  space
group). Nevertheless, this oxygen-deficient ferrite has
a Raman spectrum composed of a series of broad
peaks. As was demonstrated in [9–12] for La/Sr fer-
rites, in the Raman spectra there were low–frequency
phonon modes (below 1000 cm–1). In addition, there
was a high-frequency broad band (above 1000 cm–1)
associated with two-magnon scattering [14–16].

In our recent publications [9–11] we studied by
means of X-ray diffraction, Mössbauer spectroscopy
and, in part only, by Raman spectroscopy structural
changes, evolution of the Fe ions oxidation state and
their local oxygen environment in the course of vac-
uum annealing. This was done for the samples with the
fixed La/Sr ratio.

In the present work, the whole set of the Raman
spectroscopy data is reported. The Raman spectra of
La/Sr ferrites with Fe ions in the Fe3+ oxidation state
(i.e. the lowest oxygen content for a given La/Sr ratio)
were analyzed for the entire composition range from
LaFeO3 to SrFeO2.5 ferrite. The effect of strontium
substitution on the evolution of the ferrite Raman
spectra was analyzed. We studied in detail transforma-
tions of the substituted La0.5Sr0.5FeO3 – γ ferrite sub-
jected to vacuum annealing as the equally distant one
from the edges in terms of La/Sr composition.
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Fig. 1. Raman spectra of the La0.5Sr0.5FeO3 – γ ferrites. The samples were annealed in vacuum (10–3 Torr, 4 h) at temperatures
within the range of 400–650°C. The lowest spectrum corresponds to the sample annealed at 650°C for 10 h. All spectra were
acquired with the same laser excitation power, exposure time, and number of accumulations. The featureless smooth background
was subtracted manually from the spectra.
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EXPERIMENTAL
Polycrystalline La0.5Sr0.5FeO3 – γ sample was syn-

thesized in the air by a glycine-nitrate combustion
method at 1100°C for 20 h using La, Sr, and Fe nitrates
in a stoichiometric proportion and glycine as starting
reagents. The details of the preparation procedure
were described in [9]. After the synthesis, the sample
and the furnace were cooled down slowly to room
temperature. Portions of as-prepared La0.5Sr0.5FeO2.86
were annealed in vacuum (10–3 Torr) at 400–650°С
for 4 h to decrease oxygen concentration in the lattice.
The last sample of this series was annealed at 650°C for
10 h to make certain that the state finally stabilized.

The Raman spectra were recorded with a Princeton
Instruments HRS 500 spectrometer equipped with a
liquid nitrogen-cooled charge-coupled device detec-
tor and a grating of 1200 grooves/mm. The samples
were irradiated in a back-scattering geometry at room
temperature with a 532 nm DPSS laser. The laser
power at the sample was ∼5 mW. A 20x Plan Apo
Mitutoyo objective was used to focus the excitation
laser line and collect scattered light. The beam spot on
the sample surface was about 3 μm in diameter. The
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razor edge (Semrock) and holographic Notch filters
(Tydex) were used for laser line discrimination. The
Raman spectra were acquired above ∼150 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 phase composition, crystalline structure, and
local atomic order of Fe ions were characterized by
powder X-ray diffraction and Mössbauer spectros-
copy. The results of these studies and details of the
experimental methods were reported in [11].

RESULTS AND DISCUSSION
For all vacuum annealing temperatures, the num-

ber of Raman spectra from different points on the
sample surfaces was acquired. Representative spectra
are shown in Fig. 1. An increase in the annealing tem-
perature leads to a decrease in the linewidth of the
peaks and a profound increase in their intensity. This
effect indicates the improvement of the ferrite crystal-
line structure. Longer annealing time of 10 h at 650°C
does not result in any conspicuous change in the
: PHYSICS  Vol. 87  Suppl. 1  2023
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Fig. 2. Dependence of (a) the peak positions and (b) the full width at the half maximum on the annealing temperature (bottom
scale) and oxygen content in the La0.5Sr0.5FeO3 – γ samples (upper scale). Open circles denote the values obtained for different
points of the sample. Red error bars indicate a standard deviation from the average of the point spread. Dash lines drawn through
the mean values are the guides for the eye.
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Raman spectrum (compare the two lowest spectra of
the sample, Fig. 1).

An increase in the annealing temperature leads to a
decrease in the oxygen content in ferrites. Peak posi-
tions and the full width at the half maximum (FWHM)
of the Raman active modes monitored within the
150–2000 cm–1 interval are plotted as a function of the
annealing temperature and oxygen content (the
parameter 3 – γ) in Fig. 2. The oxygen contents in all
samples were determined using the Mössbauer spec-
troscopy data from [11]. The applicability of this
method for the estimation of oxygen content was
demonstrated in [12] for SrFeO3 – δ ferrites.

The frequency range of the Raman spectra can be
divided into two intervals. The low–frequency bands
(below 1000 cm–1) correspond to the phonon–like
vibrations, and the high–frequency ones (above
1000 cm–1) are probably due to magnons of the ferrite
antiferromagnetic sublattices since, according to the
calculations of Weber et al. [13], no phonon–like
BULLETIN OF THE RUSSIAN ACADEM
vibrations in the parent LaFeO3 ferrite have frequen-
cies higher than 650 cm–1.

Figures 2a and 2b show that the spread of the peak
positions over the sample points, as well as corre-
sponding FWHM, decreases substantially with an
increase in the annealing temperature. Above 500°C,
a homogeneous state and composition uniformity are
observed.

The dependence of the formula unit volume of
La1 – xSrxFeO3 – x/2 ferrites on the strontium content
for x = 0–0.5 is presented in Fig. 3. The structural data
available in the literature [17–19] and from our recent
publications [10, 11] were used to calculate the specific
volume of the ferrites. This dependence is close to a
linear one. The substitution of La3+ with Sr2+ leads to
a relative volume decrease of ∼1.2% and, hence, a
decrease in the Fe–O bond length. This is the reason
for the hardening of phonon modes.

The ab initio calculations performed in [13] for
LaFeO3 allowed for a reliable vibration mode assign-
ment of the experimental peaks. The peaks in low-fre-
Y OF SCIENCES: PHYSICS  Vol. 87  Suppl. 1  2023
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Fig. 4. Raman spectra of the La1 – xSrxFeO3 – γ ferrites with Fe 
normalized to the intensity of the peak in the range of 600–7
annealed at 650°C for 4 h. The spectra for LaFeO3 and La0.67S
Red vertical bars denote the experimental positions of LaFeO3 pe
are given on the right side. (For interpretation of the references
version of this article.)

200 400 600 800

15
3

17
5

28
1

33
7

41
0

57
4

63
1

66
343

2

19
0

31
9

47
1

28
8

31
6

35
9

37
6

43
8 59

1

66
2

69
7

58
1

69
6

59
5

46
3

31
0

68
2

In
te

ns
ity

, n
or

m
al

iz
ed

, a
rb

. u
ni

ts

Rama

Fig. 3. Dependence of the formula unit volume on the
strontium content in the La1 – xSrxFeO3 – x/2 ferrites (x ≤
0.5). Triangles note the data from [17], a square—from
[19], a rhomb—from [18], and circles—from [10, 11]. A
dashed line is the approximating linear function of points
(for x = 0, the point marked with the circle was taken).
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quency range correspond to the following Fe–O
vibration modes: two-centered (Fe–O), three-cen-
tered (O–Fe–O), and multicentered (FeO6 – squeez-
ing, rotation, and breathing). The Raman spectra of
the substituted La0.67Sr0.33FeO2.84 and La0.5Sr0.5FeO2.76
ferrites presented in Fig. 4 appear as a set of broad
bands in contrast to pure LaFeO3 and SrFeO2.5. The
peak broadening is due to the existence of oxygen
vacancies in the crystal structure of these substituted
ferrites. The frequency intervals and relative intensities
of the substituted ferrites spectra resemble the spec-
trum of the pure LaFeO3 ferrite. With increasing of
strontium content, both phonon and magnon bands
shift to higher frequencies. This effect might be due to
the shortening of Fe–O bonds.

Further substitution of La with Sr, x > 0.5, does not
lead to a noticeable shift of the Raman spectra to
higher frequencies (compare the spectra of
La0.67Sr0.33FeO2.84 and La0.5Sr0.5FeO2.76 with that of
SrFeO2.5), which apparently results from phase trans-
formation in the strontium-rich ferrites and the emer-
gence of FeO4 tetrahedra [20, 21].
: PHYSICS  Vol. 87  Suppl. 1  2023

ions in a Fe3+ oxidation state. The intensities of the spectra were
00 cm–1. Black spectrum was presented for La0.5Sr0.5FeO2.76
r0.33FeO2.84 were taken from [10], and for SrFeO2.5—from [12].
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CONCLUSIONS

Summarizing the results obtained, we come to the
following conclusions.

An increase in the vacuum annealing temperature
in the La0.5Sr0.5FeO3 – γ ferrite leads to improvement in
the crystal structure and noticeable homogenization
of the sample.

For the substituted La1 – xSrxFeO3 – x/2 ferrites with
Sr content of 0 < x < 0.5 and Fe ions in the oxidation
state Fe3+, a perceptible shift of the whole Raman
spectra to higher frequencies is observed. It might be
due to a decrease in the specific volume and a corre-
sponding decrease in the Fe–O bond lengths.
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