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Raman spectra have been measured in polycrystalline samples of La0.5Sr0.5FeO3–δ and SrFeO2.5 antiferro-
magnetic orthoferrites in the orthorhombic and brownmillerite phases, respectively, in the temperature range
of 300–700 K. A significant decrease in the intensity of the 1300–1400 cm–1 band when approaching the Néel
temperature (TN ~ 410 K in the substituted orthoferrite La0.5Sr0.5FeO3–δ and TN ~ 670 K in the brownmiller-
ite SrFeO2.5) indicates magnetic ordering in the crystals under normal conditions, and the band itself is due
to two-magnon scattering, in contrast to the ~1100-cm–1 biphonon scattering band, which retains its intensity
over the entire temperature range.
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INTRODUCTION
Perovskite oxides R1–xAxBO3–γ (R is a rare earth

element; A = Ba, Ca, or Sr; and B = Fe, Mn, Co, or
Ni) are promising materials due to their unusual elec-
trical, magnetic, and catalytic properties [1, 2]. In
such compounds, transition metal ions have mixed
valence states, which are responsible for a high elec-
tronic conductivity at room temperature. These states
can result in significant oxygen non-stoichiometry,
which is due to the strong diffusion of oxygen ions.
Mixed valence can be caused either by the substitution
of bivalent ions (A) for the sites of the trivalent element
(R) or by the formation of oxygen vacancies [3]. The
magnetic properties of these complexes are due to the
superexchange mechanism involving the 3d electrons
of transition metal ions and the p orbitals of oxygen
[4]. Thus, oxygen plays a very important role in the
magnetic ordering of these compounds. The oxides in
this family with the composition RBO3 have per-
ovskite-like crystal structures. Compounds in which
the metal ion (B) is Fe are called orthoferrites and
their perovskite structure is orthorhombically dis-
torted due to the displacement of oxygen ions and
rare-earth elements from sites corresponding to the
cubic structure [5, 6]. LaFeO3 is a multiferroic mate-
rial due to the presence of bound magnetic and ferro-
electric orders in it [7] and therefore can have a variety
of applications, including as electrode materials for
fuel cells, catalysts, chemical sensors, optoelectronic
devices, magnetic memory devices, etc. [8–12]. The
compound has an orthorhombic structure with the
space group Pbmn. Iron ions in it are in a trivalent state
Fe3+ and have an octahedral oxygen environment, and

the O2– anions between the 7octahedra create a super-
exchange interaction between Fe3+ ions. According to
the theory, the superexchange interaction between two
Fe3+ cations is antiferromagnetic (AFM), and stronger
than that between Fe4+ and Fe3+ ions or between two
Fe4+ cations [4]. Due to the slight deviation of the
spins from the strict antiparallel orientation resulting
from the zigzag arrangement of the oxygen octahedra,
the samples exhibit non-collinear antiferromagnetism
(weak ferromagnetism), with the superexchange inter-
action between Fe3+ ions increasing with the angle θ of
a Fe3+–O2––Fe3+ bond [6]. LaFeO3 has the largest
bond angle in the orthoferrite family, resulting in the
highest Néel temperature TN ≈ 750 K [7]. The partial
substitution of bivalent Sr for trivalent La leads to an
increase in the valence state of iron ions from Fe3+ to
Fe4+, resulting in the appearance of holes and a signif-
icant decrease in the resistivity at room temperature.
Another consequence of ionic substitution of Sr2+ for
La3+ in La1–xSrxFeO3–δ is the weakening of the AFM
order: TN decreases significantly with an increase in
the Sr content [5].

For the study of the spectrum of magnetic exci-
tations in magnetically ordered systems, the most
informative methods are inelastic neutron scattering
and optical Raman spectroscopy [13, 14]. For exam-
ple, the parameters characterizing the magnetic inter-
action in AFM crystals with a simple magnetic struc-
ture of rutile or perovskite can be accurately deter-
mined by the Raman scattering method, similar to the
neutron scattering technique [14]. The ideal cubic
symmetry in most of the perovskites is broken, which
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is accompanied by the appearance of longitudinal
optical (LO) phonons active in the Raman spectra [15,
16]. The strong coupling of the electron system to
phonon lattice oscillations in perovskites leads to the
extreme sensitivity of LO phonons to oxygen content
and a significant temperature dependence of their
energy [17, 18]. The classification of phonon modes in
the region below 1000 cm–1 was studied in numerous
works and is quite well defined [15, 19]. For example,
modes below 200 cm–1 in LaFeO3 are referred to lat-
tice oscillations of heavy lanthanum, modes in the
range of 200–450 cm–1 are attributed to oscillations of
lighter oxygen in inclined FeO6 octahedra, and a
strong ~650 cm–1 mode is referred to the in-phase
stretching of Fe–O bonds [15]. At the same time, such
certainty in the interpretation of modes with frequen-
cies above 1000 cm–1 in orthoferrites is still absent.
Due to the high energy of these modes, some authors
attribute them to two-magnon scattering [16, 20], but
other authors treat them as two-phonon combinations
of LO phonons [6, 21]. In this regard, many authors
emphasize that only studies in a wide temperature
range below and above the Néel temperature can clar-
ify the situation, as done in [20, 22]. It is interesting
and important to study the temperature dependence of
Raman spectra in multiferroic BiFeO3 [23], where
intense biphonon scattering lines sensitive to the AFM
transition were observed in the Raman spectra. Fur-
thermore, one of these lines almost disappeared above
the Néel temperature TN ≈ 375°C, which was
explained by the strong coupling between the phonon
and spin systems in this compound [23]. The authors
of [21] studied in detail LaFeO3 modes in the energy
range up to 3000 cm−1 in a wide temperature range
below and above the Néel temperature TN = 740 K. A
significant decrease in the intensity of the characteris-
tic ~1300 cm–1 band, as well as other bands of the
spectrum, was observed when heated to TN and above,
up to the maximum temperature of 873 K, the satura-
tion or complete disappearance of the band was not
observed. In our opinion, the authors of [21] made an
erroneous conclusion about the absence of correlation
between this band, which is characteristic of many
magnetically ordered orthoferrites, and two-magnon
scattering. The fact is that two-magnon scattering in
AFM perovskites can be observed not only up to the
Néel temperature TN ~ 410 K, but also above it due to
correlations of magnetic moments, and the intensity in
the AFM compound with a rutile structure initially
increases even above TN, while the frequency of the
maximum of the two-magnon scattering band in all
cases decreases monotonically [14].

In this work, polycrystalline samples of AFM
orthoferrites La0.5Sr0.5FeO3–δ (orthorhombic phase)
and SrFeO2.5 (brownmillerite phase) are studied by the
method of Raman spectroscopy in the wide range
300–700 K from room temperature to the Néel tem-
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perature and above. With an increase in the tempera-
ture, a significant drop in the intensity of the charac-
teristic ~1350–1400 cm–1 band is observed in both
compounds when approaching TN, which indicates
the presence of ordering in the AFM samples, and the
band itself is due to two-magnon scattering, in con-
trast to the bands of single- and two-phonon scatter-
ing, which retain the intensity over the entire tempera-
ture range.

SAMPLES AND THE EXPERIMENTAL 
METHOD

Polycrystalline La1–xSrxFeO3–δ (x = 0, 0.5, 1.0)
samples were synthesized by the sol–gel method from
Sr, Fe, and La nitrates in a stoichiometric ratio as ini-
tial reagents. Details of sample preparation, their com-
position, and structure are described in [24, 25]. Each
sample was a conglomerate of melted particles ranging
in size from fractions to tens of microns. Heat treat-
ment insignificantly affects the size and shape of par-
ticles. Note that each member of the La1–xSrxFeO3–δ
strontium orthoferrite family is a compound with an
anion-deficient structure of the perovskite type (the
symbol δ characterizes the content of oxygen vacan-
cies), and Fe cations can have a mixed valence state
(Fe3+ or Fe4+). The physical properties of these oxides
are extremely sensitive to the oxygen content, which
depends significantly on the conditions of synthesis
and heat treatment. In particular, lanthanum ortho-
ferrite LaFeO3 has complete stoichiometry in oxygen
content and thereby cannot have oxygen vacancies,
which is confirmed by Mössbauer spectroscopy. X-ray
diffraction analysis indicates the initial orthorhombic
phase Pbnm of the synthesized samples [24]. After
synthesis, the La0.5Sr0.5FeO3–δ sample was annealed in
vacuum (10–3 Torr) at a temperature of T = 650°C for
6 h to reduce the oxygen content and create oxygen
vacancies in the immediate vicinity of iron ions, con-
verting them to the trivalent Fe3+ state. Previously, it
was found that a significant fraction of Fe4+ ions in
unannealed samples leads to complete suppression of
phonon modes [25]. It should be noted that the Möss-
bauer spectroscopy data [26] indicate that the oxygen
content in this annealed sample is 2.76 ± 0.05, which
requires additional confirmation. After synthesis, an
SrFeO3–δ strontium orthoferrite sample was annealed
either in a vacuum at 650°C for 10 h or in an oxygen
atmosphere at 360°C for 240 h. The SrFeO2.5 sample
in the brownmillerite phase (orthorhombic phase with
the group Ibm2) was obtained in the first case, and the
SrFeO2.9 strontium orthoferrite sample in the tetrago-
nal phase was formed in the second case, which, after
annealing in oxygen, has a composition close to com-
plete stoichiometry in oxygen content of 2.93 ± 0.03,
which was established by X-ray spectral analysis [24].

Raman spectra were measured in backscattering
geometry on a facility equipped with a homemade
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Fig. 1. (Color online) Raman spectra of samples at room
temperature (sequentially shifted up vertically): LaFeO3
lanthanum orthoferrite (orthorhombic phase), substituted
La0.5Sr0.5FeO3–δ orthoferrite after vacuum annealing
(orthorhombic phase), and SrFeO2.9 strontium orthofer-
rite after annealing in oxygen (tetragonal phase). The inset
shows the spectra of the La0.5Sr0.5FeO3–δ sample above
800 cm–1 at different temperatures.
optical thermostat designed for Raman measurements
in microsamples from room temperature to ~750 K.
The stabilization system ensures maintaining the tem-
perature within ±4°C. The optical part of the facility
includes an Acton SpectraPro-2500i spectrograph
with a CCD detector Pixis2K cooled to –70°C and an
Olympus BX51 microscope. To excite Raman scatter-
ing, we used a solid-state single-mode cw laser with a
wavelength of λ = 532 nm. The laser beam was focused
on the sample with a 50× Olympus SLMPLN objec-
tive with a numerical aperture of 0.35, and a working
distance of 18 mm. the laser radiation line in the scat-
tered beam was suppressed by an edge filter for λ =
532 nm with an optical density of OD = 6 and a pass-
band shift of ~60 cm−1, and the intensity of the laser
excitation immediately in front of the sample was
~1 mW.

RESULTS AND THEIR DISCUSSION
Figure 1 shows the Raman spectra of LaFeO3 lan-

thanum orthoferrite, La0.5Sr0.5FeO3–δ substituted lan-
thanum orthoferrite, and SrFeO2.93 strontium ortho-
ferrite at room temperature. It can be seen that the
SrFeO2.93 sample obtained by annealing in an oxygen
atmosphere and having an oxygen stoichiometry close
to the ideal for perovskites (3.0) has very weakly
expressed LO phonons in the Raman spectrum
(marked with arrows in Fig. 1), which is due to a weak
violation of cubic symmetry (tetragonal phase). The
matter is that an ideal ABO3 perovskite of cubic sym-
metry with La ions in the lattice nodes A and Fe ions
in the center of oxygen octahedra B should not have
Raman-active phonon modes for symmetry reasons
[6]. However, in most of the real perovskites, symme-
try is broken due to the displacement of ions from the
positions of the ideal cubic structure, which leads to
the appearance of LO phonons in the Raman spectra.
In particular, as shown in [17], the sequential anneal-
ing of a thin La0.2Sr0.8FeO3 film leads not only to the
loss of oxygen with a simultaneous increase in the
resistance, but also to a change in the crystal structure
from rhombohedral to brownmillerite structure,
which results in the activation of modes in the range of
400–800 cm–1 in the Raman spectrum. In LaFeO3
lanthanum orthoferrite, which is crystallized in the
orthorhombic phase, LO phonons are initially pro-
nounced (see Fig. 1). Similarly, in the La0.5Sr0.5FeO3–δ
substituted orthoferrite, which also has a orthorhom-
bic structure, less intense LO phonons are clearly pro-
nounced, but strongly broadened and blueshifted (see
Fig. 1). A significant broadening of all Raman lines in
La0.5Sr0.5FeO3–δ is naturally attributed to the local dis-
order, which occurs when strontium is substituted for
lanthanum. The strong microscopic inhomogeneity of
the charge state of Fe4+/Fe  ions and the associated
oxygen vacancies arising during vacuum annealing
additionally contributes to disorder. The inset of Fig. 1

+3
shows the Raman spectra above 800 cm–1 from room
temperature to the Néel temperature, which was esti-
mated after vacuum annealing from the temperature
dependence of the magnetic moment M(T) at TN ≈
410 K [26]. The Raman spectrum in this spectral range
has two pronounced bands ωP ~ 1120 and ~ 1370 cm–1.
As can be seen in Fig. 1, the intensity of the ωM band
decreases monotonically to almost zero between 370
and 420 K, i.e., above TN, while the ωP band changes
slightly. The experimentally observed strong decrease
in the band intensity to the background level near the
Néel temperature TN is similar to the behavior of two-
magnon scattering in previously studied AFM per-
ovskites [14]. At the same time, the weak temperature
dependence of the band corresponds to the behavior of
biphonon scattering, and the band itself is probably
associated with the combination of the two strongest
phonons at ~465 and ~695 cm–1 in this sample (see
Fig. 1).

The low intensity of bands above 1000 cm–1 signifi-
cantly complicates the processing of the temperature
dependence of Raman spectra in substituted orthofer-
rite samples. For this reason, for a more detailed study
of the two-magnon scattering in this system, the
SrFeO2.5 brownmillerite phase (Sr2Fe2O5 in another
designation) was chosen with a higher intensity of
Raman spectra above 1000 cm–1 at room temperature
[27] and having a higher Néel temperature TN ≈ 670 K
[28]. The Raman spectra of this sample from room
temperature to TN and above are shown in Fig. 2
together with the spectrum of the sample cooled to
room temperature after the end of the temperature
series (marked as 294 K after), which is almost the
same as the original spectrum (specified as 294 K
JETP LETTERS  Vol. 122  No. 7  2025
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Fig. 2. (Color online) Spectra of the SrFeO2.5 brown-
millerite phase sample normalized to the ~660 cm–1 pho-
non mode and sequentially shifted vertically. For conve-
nient processing, the nonlinear background is subtracted
from the spectra. For comparison, the spectra of the orig-
inal sample (294 K before) and after the end of the tem-
perature series (294 K after) are given.
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Fig. 3. (Color online) (a) (Squares) Temperature depen-
dence of the relative intensity of the band ωM in the
SrFeO2.5 sample, (violate solid line) its second-order
polynomial approximation in the interval T = 294–630 K,
(circles) the integral intensity of the ~660 cm–1 phonon
mode together with its ~630 cm–1 and ~690 cm–1 satel-
lites, and (black line) the temperature factor  for
Stokes components of phonon modes (see the main text).
All data are normalized to the values at T = 294 K.
(b) Temperature dependence of the frequency of the band
maximum ωM.
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before) and shows the stability of the samples during
thermal cycling during the measurement process. It
can be seen that a strong mode at ~660 cm–1 is pro-
nounced in the low-frequency region, which corre-
sponds to the in-phase stretching of Fe–O bonds in
FeO6 octahedra [15]. This band has two pronounced
shoulders at ~630 and ~690 cm–1, which can be
attributed to different local oxygen environments of
Fe3+ ions, which is characteristic of the SrFeO2.5
brownmillerite phase [24]. With an increase in tem-
perature, the ~660 cm–1 mode is broadened notice-
ably, but its absolute intensity at the peak changes
slightly, and the maximum of the band itself is hardly
shifted (see Fig. 2). Figure 3a shows the temperature
dependence of the integral relative intensity of this
phonon mode together with its satellites (shoulders
~630 and ~690 cm–1), normalized to the value at T =
294 K, and the black solid line also shows the normal-
ized dependence of the temperature multiplier S(ω, T)
for the Stokes components of the phonon modes
(Bose factor), which is related to the Bose–Einstein
distribution n( ω, kT)) as:

(1)

where ω is the energy of the mode (Raman shift)
[14]. Good agreement of the Bose factor S(ω, T) with
the experimental dependence of the intensity of this
phonon mode is seen.

The high-energy part of the Raman spectra
demonstrates a different behavior. With an increase in
the temperature, the intensity of the characteristic
band (~1370 cm–1 at 300 K) drops significantly and its
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maximum is redshifted. However, the ωM band does
not disappear completely at high temperatures, unlike
that in the La0.5Sr0.5FeO3–δ substituted orthoferrite
(see Fig. 1). Similarly, the ωP band (~1130 cm–1 at
300 K) behaves in a more complex way: it has a wide
satellite ω2L at ~1075 cm–1 above ~400 K, while both
lines are maintained up to 700 K, slightly changing in
intensity (see Fig. 2). Interestingly, simultaneously
with the ω2L satellite, the ωL band appears in the low-
frequency region of ~490–550 cm–1 (see Fig. 2). The
origin of the ωL and ω2L bands is currently unclear and
requires further investigation. The stability of the ωP
band with temperature also indicates a biphonon
origin, apparently as a combination of the strongest
~660 cm–1 phonon mode and some other, but an
unambiguous answer requires a study at high pres-
sures, which will also allow us to identify a possible
biphonon contribution in the ωM band region. How-
ever, a significant decrease in the intensity near the
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Néel temperature is observed only in the ωM band.
Figure 3a shows the temperature dependence of the
relative intensity of the ωM band normalized to its
value at room temperature, and the solid line shows
the second-order polynomial approximation of this
dependence in the range T = 290–630 K. The point of
intersection of the approximation curve with the x axis
at 684 ± 9 K agrees well with the Néel temperature
TN ≈ 673 K of the SrFeO2.5 brownmillerite phase,
which was determined from the temperature depen-
dence of the magnetic susceptibility [28]. The maxi-
mum of the ωM band is redshifted with an increase in
the temperature (see Fig. 3b), in contrast to the ωP
biphonon scattering band. The band itself is clearly
pronounced and has a noticeable intensity I(700 K) ~
0.15I(300 K) above the Néel temperature TN (see
Fig. 3a), which indicates a significant role of AFM
fluctuations above TN, in accordance with the theory
(see [14] and references therein). The observed behav-
ior is fully consistent with the temperature behavior of
the two-magnon scattering band previously observed
in AFM perovskites, which gives us reason to attribute
the ωN band to two-magnon scattering.

CONCLUSIONS
In this work, polycrystalline samples of

La0.5Sr0.5FeO3–δ antiferromagnetic orthoferrites (ort-
horhombic phase) and SrFeO2.5 (brownmillerite
phase) have been studied by the Raman method in the
wide temperature range of 300–700 K. A significant
decrease in the intensity and a noticeable redshift (in
SrFeO2.5) of the characteristic high-energy ~1300–
1400 cm–1 band has been observed when approaching
the Néel temperature TN, which makes it possible to
attribute it to two-magnon scattering in magnetically
ordered samples, in contrast to the ~1100 cm–1 bipho-
non scattering band, which retains its intensity and
position over the entire temperature range.
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