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A B S T R A C T   

La0.5Sr1.5Fe0.5Ti0.5O4 and La0.7Sr1.3Fe0.7Ti0.3O4 solid solutions with the layered perovskite structure were syn
thesized using a solid state method. Structural properties of obtained samples were characterized using X-ray 
diffraction and X-ray fluorescence analyses. Magnetic properties were investigated using magnetometry, electron 
spin resonance (ESR) and Mössbauer spectroscopy methods. Based on magnetization and ESR measurements it 
was suggested the presence of Fe4+ ions in addition to trivalent iron ions that was exactly confirmed by 
Mössbauer spectroscopy investigations. Based on all experimental results one can suggest the presence of the 
electronic phase separation in the investigated samples – the simultaneous existence of the paramagnetic phase 
and magnetically correlated regions, which form due to the mixed-valence iron ions. So the paramagnetic phase 
with strong antiferromagnetic correlation exists in both samples, while the second phase is ferromagnetically and 
ferrimagnetically correlated regions in La0.5Sr1.5Fe0.5Ti0.5O4 and La0.7Sr1.3Fe0.7Ti0.3O4, respectively.   

1. Introduction 

Layered perovskite structures with the chemical formula A2BO4, 
(where А is a rare earth or alkaline earth element, and В is - d-metals of 
the IV period of the periodic table), are widely known and intensively 
studied, since they possess a multifunctional set of properties that are 
promising for practical applications. Recently interest in these com
pounds was increased due to new synthesis methods and experimental 
results demonstrating the possible using in energy-storage devices, 
including negative electrodes for advanced Li-ion batteries [1], for 
low-loss microwave dielectric applications and many others [2]. So the 
giant dielectric permittivity was found in strontium nickelates which 
were considered until 2009 as low-resistance semiconductors [3,4]. It is 
known that La0.6Sr1.4MnO4 has the largest magnetoresistance ratio 
([ρ(H)-ρ(0)]/ρ(0)), which reaches to 78.4% at 48 K [5], while La2-xSrx

CuO4 is a superconducting material [6], Sr2CoO4 is a ferromagnetic 
metal with the ferromagnetic–paramagnetic transition Curie tempera
ture TC ≈ 250 K [7]. Strontium titanate Sr2TiO4 is considered as a 
dielectric material with a high Q factor [8] and a photocatalyst [9] or a 
luminophore in the case of doping in the A position with rare earth 

elements such as Eu, Gd and others [10]. 
In the A2BO4 structure, the ABO3 layers with the perovskite structure 

are separated by A - O layers of rock salt, and the B–O – B electronic 
interactions can occur only in the plane. Variations in electrical, mag
netic, catalytic, and other properties are possible both by isomorphic 
substitution of cations in the B positions, and by conjugate substitution 
in the B and A positions. So Sr2TiO4 is a diamagnetic dielectric material 
(A2BO4 structure with B–– Ti4+, 3d0), while the inclusion of La/Fe in the 
oxide composition significantly improves the optical absorption of 
Sr2TiO4 in the visible region of the spectrum due to the formation of 
additional spin-polarized bands (SPBs) within the initial band gap of 
Sr2TiO4, so the complex oxide Sr1.7La0.3Ti0.7Fe0.3O4 is recommended for 
use in the photocatalytic decomposition of water [11]. From the point of 
view of dielectric properties Sr2-хLaхTi1-хFeхO4 (х = 0.5 и 0.7) are ma
terials with a high dielectric constant ε ≈ 105 [12]. One of the reasons for 
the high values of the dielectric constant of these oxides is small polaron 
hopping conduction mechanism presumably due to the different valence 
state of Fe. One can suggest that observed in strontium titanate (with 
conjugated La/Fe substitution in positions A and B) effects can be due to 
the presence of half-filled d-orbitals of Fe3+ ions, which are usually in a 
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high spin state, as well as the probability of the existence of 
mixed-valence iron ions. Thus a deep understanding and explanation of 
properties such as photocatalytic activity and high dielectric constant in 
Sr2-хLaхTi1-хFeхO4 (х = 0.5 и 0.7) oxides requires a detailed investigation 
of their magnetic properties. Here we present the magnetometry, elec
tron spin resonance and Mössbauer spectroscopy measurements of 
LaхSr2-хFeхTi1-хO4 (х = 0.5 и 0.7) oxides to prove the existence of 
mixed-valence iron ions and study the associated effects. 

2. Synthesis and experimental details 

The synthesis of LaxSr2-xFexTi1-xO4 (x = 0.5 and 0.7) complex oxides 
was carried out by the nitrate - citrate method with the addition of 
diammonium citrate as an organic component owing to procedure 
described in Ref. [13]. The final firing temperature of the compact 
pressed sample was 1300 ◦C. 

Phase formation process was controlled by X-ray analysis using a 
Shimadzu XRD-7000S automatic diffractometer. X-ray pattern process
ing was performed according to the Rietveld method using the 
FULLPROF-2018 software. The X-ray fluorescence analysis (XFA) of 
La0.5Sr1.5Fe0.5Ti0.5O4 and La0.7Sr1.3Fe0.7Ti0.3O4 samples was carried out 
on a Bruker S2 Ranger X-ray fluorescence spectrometer. 

The magnetization was measured using a commercial PPMS-9 plat
form (Quantum Design) in the temperature range from 5 to 300 K in 
zero-field-cooled (ZFC) and field-cooled (FC) regimes. The magnetic 
hysteresis loops were measured in the magnetic field range 2 T and in 
the temperature range from 2 K to 100 K. To investigate the magnetic 
hysteresis loops in M − H curves the magnet was demagnetized to zero 
field in the oscillation mode. Magnetic resonance spectra of solid solu
tions were measured on an ER 200 SRC (EMX/plus) spectrometer 
(Bruker) at the frequency of 9.4 GHz with a flow N2 Temperature 
Controller RS 232 cryostat (Bruker) in the temperature range from 100 
to 340 K and Temperature Controller ITC 503S (Oxford instruments) in 
the temperature range from 5 to 150 K. 

Mössbauer measurements were performed using a conventional 
constant-acceleration setup with WisseL (Germany) electronics mod
ules. Spectra have been recorded in transmission geometry in the tem
perature range 5–300 K. A 57Co (Rh) commercial source (Ritverc isotope 
products, Saint Petersburg, Russia) was used as the γ-radiation source. 
Low-temperature measurements were carried out with a continuous 
flow cryostat (model CFICEV from ICE Oxford, UK), equipped with Cryo- 
Con temperature controller (Model 32B). The recorded spectra were 
fitted with hyperfine parameter distributions by the SpectrRelax soft
ware [14]. A metallic iron foil at RT was used for velocity calibration of 
the Mössbauer spectrometer. Isomer shifts were referred to α-Fe at RT. 

3. Sample characterization 

3.1. X-ray diffraction analysis 

Experimental, theoretical, and difference X-ray diffraction patterns 
of La0.7Sr1.3Fe0.7Ti0.3O4 sample are shown in Fig. 1. The diffraction 
pattern of La0.5Sr1.5Fe0.5Ti0.5O4 sample has a similar profile. The per
formed XRD measurements showed that both samples are single-phase 
one and their crystal structures are indexed on the basis of space 
group I4/mmm (No 139). The parameters of unit cells are shown in 
Table 1. 

3.2. X-ray fluorescence analysis 

La0.7Sr1.3Fe0.7Ti0.3O4 and La0.5Sr1.5Fe0.5Ti0.5O4 solid solutions were 
investigated by X-ray fluorescence analysis (XFA) at the maximum 
possible resolution of the instrument at room temperature. The element 
selective images obtained using XFA for both samples demonstrated the 
uniform distribution of elements (element distribution maps and initial 
atomic ratio are given in supplemental materials (Table S1 and Fig. S1)). 

Table 2 summarizes the average concentration ratio between elements 
for investigated samples. From Table 2 it can be seen that the average 
composition of the samples is close to the composition expected from the 
initial synthesis process. 

In the end of discussion we should note that both samples have a 
granular structure with an average grain size of 1.2 μm and 1.38 μm for 
La0.5Sr1.5Fe0.5Ti0.5O4 and La0.7Sr1.3Fe0.7Ti0.3O4, respectively (Fig. 1 in 
Ref. [12]). We suggest that the size of the granules is large enough to 
exclude the influence of size effects on the magnetic properties of the 
samples. 

Fig. 1. Experimental, theoretical, and differential diffraction patterns of (a) 
La0.5Sr1.5Fe0.5Ti0.5 and (b) La0.7Sr1.3Fe0.7Ti0.3O4. 

Table 1 
Unit cell parametres of LaxSr2-xFexTi1-xO4 (x = 0.5 and 0.7) oxides, space group 
I4/mmm.  

Unit cell parameters х = 0.5 х = 0.7 

a = b, Å 3.8802 (1) 3.8807 (1) 
c, Å 12.6705 (1) 12.6905 (3) 
V, Å3 190.765 (7) 191.117 (8)  
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4. Experimental results 

4.1. Magnetization 

The magnetization of La0.7Sr1.3Fe0.7Ti0.3O4 and La0.5Sr1.5Fe0.5Ti0.5O4 
solid solutions as a function of temperature (M-T curve) was measured in 
magnetic fields of H = 0.1 T in FC regime (Fig. 2) and in magnetic field 
H = 10 mT in FC and ZFC regimes (Fig. 3). The magnetization of 
La0.5Sr1.5Fe0.5Ti0.5O4and La0.7Sr1.3Fe0.7Ti0.3O4 samples as a function of 
magnetic field (M − H curve) was measured at different temperatures 
and it is presented in details in Fig. S2 and Fig. 4. 

From Fig. 4 and Fig. S2 one can see that the magnetization is not 
saturated in the investigated magnetic field range even at T = 2 K. This 
fact suggests most of the sample is in paramagnetic state. At the same 
time the ferromagnetic nature of the hysteresis loops suggests the 
presence of magnetically correlated regions simultaneously with the 
paramagnetic phase. Since the magnetization is the total characteristic 
of the entire sample and it is not possible to separate experimentally the 
paramagnetic and ferromagnetic contributions to the magnetization 
data (M − H curve at low temperatures) can be considered as a sum of 
the ferromagnetic and paramagnetic contributions: 

M(H)=MFM(H) + MPM(H) (1)  

where the paramagnetic contribution is MPM(H) = χ⋅H, while the 
ferromagnetic hysteresis loop is given by Refs. [15,16]: 

MFM(H)=
2MS

π tan− 1
(

H ± HC

HT

)

(2)  

where MS is the saturation magnetization, HC is the coercive field, H is 
the external magnetic field and HT is the threshold field that has to be 
exceeded to saturate the sample magnetically. The obtained fitting 

parameters are listed in Table 3. The calculated using Eqs. (1) and (2) 
theoretical curves are presented in Fig. 4 by solid lines. 

4.2. Electron spin resonance 

The typical electron spin resonance spectra of the investigated 
samples La0.5Sr1.5Fe0.5Ti0.5O4 and La0.7Sr1.3Fe0.7Ti0.3O4 at different 
temperatures are presented in Fig. 5. The broad line observed in ESR 
spectra is related to Fe3+ ions (3d5, S = 5/2). The absence of the fine 
structure of Fe3+ ion in the ESR spectra of La0.5Sr1.5Fe0.5Ti0.5O4 and 
La0.7Sr1.3Fe0.7Ti0.3O4 can be associated with the presence of exchange 
interactions between spins of iron ions. Exchange interactions between 

Table 2 
The average element composition of La0.7Sr1.3Fe0.7Ti0.3O4 and La0.5Sr1.5Fe0.5Ti0.5O4 samples (XFA data).  

data source\ element La
La + Sr + Fe + Ti  

Sr
La + Sr + Fe + Ti  

Fe
La + Sr + Fe + Ti  

Ti
La + Sr + Fe + Ti  

La0.7Sr1.3Fe0.7Ti0.3O4 

initial values 0.23 0.43 0.23 0.1 
XFA 0.19 0.53 0.2 0.08 

La0.5Sr1.5Fe0.5Ti0.5O4 

initial values 0.17 0.5 0.17 0.17 
XFA 0.16 0.56 0.17 0.11  

Fig. 2. Temperature dependencies of the first derivative of the magnetization 
for La0.7Sr1.3Fe0.7Ti0.3O4 and La0.5Sr1.5Fe0.5Ti0.5O4 measured in FC regime in 
the external magnetic field H = 0.1 T. Inset shows the temperature dependence 
of the magnetization of both samples [12]. 

Fig. 3. Temperature dependence of magnetization in: (а) La0.5Sr1.5Fe0.5Ti0.5O4 
and (b) La0.7Sr1.3Fe0.7Ti0.3O4 measured in FC, ZFC regimes in the external 
magnetic field H = 10 mT. Insets show the low temperature data in more detail. 
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magnetic ions in such magnetically concentrated compounds lead to the 
merging of the fine-structure lines into a single absorption [17]. The 
Fe4+ (3d4, S = 2) iron ion, which is presented in La0.5Sr1.5Fe0.5Ti0.5O4 
and La0.7Sr1.3Fe0.7Ti0.3O4 samples according to Mössbauer spectroscopy 
data, has the singlet ground-state and is an ESR-nonactive ion. The 
population of higher energy levels and the direct observation of Fe4+ ion 
in ESR spectra are possible at higher temperatures than it was in our 
experiments. At the same time we can detect the influence of the ex
change interaction between Fe3+ and Fe4+ on the ESR lineshape as an 
additional absorption line from the magnetically correlated regions 
formed due to exchange interaction between Fe3+ and Fe4+ ions (line 2). 

The observed ESR absorption is well described by the sum of two 
field derivative of a Lorentzian line with resonance field Hres and half 

width at half maximum linewidth ΔH within the whole temperature 
range. The decomposition details of magnetic resonance spectra are 
given in supplemental materials (Fig. S3). Temperature dependencies of 
parameters of ESR spectra (resonance field Hres, linewidth ΔH, integral 
intensity I) are shown in Fig. 6. The normalized integral intensity was 
obtained as the integral intensity I = A∙ΔH2 (A - signal amplitude, ΔH – 
ESR linewidth) divided by the maximum value for two lines Imax to be 
able to compare the integrated intensities of the two components of the 
ESR spectrum with each other. 

We suggest that the first line (dependencies with index 1 in Fig. 6) is 
a signal from a paramagnetic phase in investigated samples at high 
temperatures: T > 120 K for La0.5Sr1.5Fe0.5Ti0.5O4 and T > 150 K for 
La0.7Sr1.3Fe0.7Ti0.3O4. This is confirmed by the typical paramagnetic 
behavior of ESR parameters: 

(i) hyperbolic dependence of the integral intensity of ESR lines. 
Usually, the temperature dependence of the integral intensity coincides 
with the temperature behavior of the DC magnetic susceptibility I ~ χ 
and follows the Curie-Weiss law I-1 ~ (T-θ) for paramagnetic materials 
(Fig. 6c and d); 

(ii) values of resonance fields are about Hres ≈ 340 mT (it is equal to 
g-factor g ≈ 2) at high temperatures (Fig. 6a), which is typical for Fe3+

iron ions with S = 5/2. The increasing in the resonance field and ESR 
linewidth with decreasing of temperature (Fig. 6a and b) can be 

Fig. 4. Magnetization as a function of the external magnetic field in 
La0.5Sr1.5Fe0.5Ti0.5O4 and La0.7Sr1.3Fe0.7Ti0.3O4 solid solutions at: (a) T = 2 K 
and (b) T = 5 K. Solid lines corresponds to the fitting using Eqs. (1) and (2). 
Insets show the same data on a larger scale. 

Table 3 
Hysteresis loop characteristics of La0.5Sr1.5Fe0.5Ti0.5O4 and La0.7Sr1.3Fe0.7Ti0.3O4 
solid solutions. 
MS is given in 10− 3 emu/g and χ is given in 10− 3 emu/(g∙Oe), HC and HT are 
given in mT.  

T (K) HC (left) HC (rigth) HT MS χ 

La0.5Sr1.5Fe0.5Ti0.5O4 

2 115 68 771 823 422 
5 65 7 702 644 445 

La0.7Sr1.3Fe0.7Ti0.3O4 

2 192 90 946 619 306 
5 82 − 9 1072 800 237  

Fig. 5. Typical ESR spectra of (a) La0.5Sr1.5Fe0.5Ti0.5O4 and (b) La0.7Sr1.3

Fe0.7Ti0.3O4 at X-band frequency (9.4 GHz) at different temperatures. Symbols 
indicates experimental data, solid lines indicate fits by the sum of two field 
derivative of a Lorentz curve. 
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observed due to the partial transition of the system into a magnetically 
ordered state and the appearance of regions with a short-range magnetic 
order in magnetically concentrated system when approaching the 
magnetic phase transition temperature [18,19]. 

At low temperatures T < 120 K for La0.5Sr1.5Fe0.5Ti0.5O4 and T < 150 
K for La0.7Sr1.3Fe0.7Ti0.3O4, the paramagnetic phase goes into magneti
cally ordered state (antiferromagnetic state), that confirms by the sig
nificant drop in the integral intensity and negative values of Weiss 
constants. 

The temperature behavior of ESR parameters of second line (de
pendencies with index 2 in Fig. 6) is different for two samples. Most 
probably, the second line in La0.5Sr1.5Fe0.5Ti0.5O4 is a signal from the 
ferromagnetically correlated regions containing Fe3+ and Fe4+ ions, 
because the position and integral intensity are independent of temper
ature except very low temperatures T < 25 K. For La0.7Sr1.3Fe0.7Ti0.3O4, 
both the dependencies of the resonance field and the integral intensity of 
line 2 on temperature were observed. From Fig. 6c and d we can see that 
the integral intensity follows the Curie-Weiss law I-1 ~ (T-θ) with posi
tive value of the Weiss constant θ = 60 K at high temperatures and drops 
down at low temperatures assuming the presence of ferrimagnetic 
ordering in this phase. 

4.3. Mössbauer effect study 

Mössbauer spectroscopy was used to determine the oxidation state of 
Fe ions, once this technique is very sensitive to the chemical environ
ment around the 57Fe nucleus. The room temperature Mössbauer spectra 
of La0.5Sr1.5Fe0.5Ti0.5O4 and La0.7Sr1.3Fe0.7Ti0.3O4 samples (Fig. 7) 
exhibit a doublet with broadened and asymmetrical lines, which in
dicates the presence of electric quadrupole interactions with a hyperfine 
parameters distributions. These spectra were fitted with hyperfine 

parameters distributions by the SpectrRelax software. 
The reconstruction of the distribution function of the hyperfine pa

rameters (see inserts on Fig. 7) revealed that the main part of the iron 
ions has an isomer shift close to 0.33 mm/s, which corresponds to 
trivalent iron ions Fe3+ in an octahedral environment. A small peak in 
the region of small and negative values of isomer shifts is also observed 
on the distribution curve, p (IS). These values of isomer shifts are close to 
the parameters given in the work [20] for iron ions in the four valence 
state, Fe4+. It is worth pointing out that the shape of the Fe3+ doublet is 
not a simple Lorentzian, and it is likely composed of several doublets 
corresponding to different environments of iron ions. To verify this 
assumption, we performed the fitting of the experimental spectra by the 
SpectrRelax software to reveal the distribution of quadrupole splittings. 

Fig. 8 shows the result of a best fit of the spectrum of the 
La0.7Sr1.3Fe0.7Ti0.3O4 sample under the assumption of the hyperfine 
parameters distribution. As can be seen from Fig. 8, at least four com
ponents are determined in the distribution of quadrupole shifts. The 
existence of four or more kinds of octahedral sites for iron ions, Fe3+, is 
in agreement with a statistical distribution of iron in the octahedral sites. 
This is also in agreement with the absence of any superstructure ac
cording to our X-ray data. For our samples of composition La0.7Sr1.3

Fe0.7Ti0.3O4 and the La0.5Sr1.5Fe0.5Ti0.5O4 for each Fe3+ site there are 
five possibilities of neighbours corresponding to 4 Ti, 3 Ti + l Fe, 2 Ti + 2 
Fe, 1 Ti + 3 Fe and 4 Fe, respectively. The two extreme possibilities, 4 Ti 
or 4 Fe, should in fact be rather low. 

Hence a description of the environments of one Fe3+ ion by other 
metallic Ti ions can be proposed. It is based on a binomial distribution, 
in which the probability P (m, x) that one Fe3+ ion be surrounded by m 
Fe ions as first neighbours is given by the equation: 

P(m, x)=
4!

m!(4 − m)!
xm(1 − x)4− m (3) 

Fig. 6. Temperature dependence of (a) resonance field, (b) linewidth, (c) normalized integral intensity I/Imax and (d) inverse normalized integral intensity I− 1 of two 
lines in ESR spectra of La0.5Sr1.5Fe0.5Ti0.5O4 and La0.7Sr1.3Fe0.7Ti0.3O4. 
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where (1-х) corresponds to the titanium concentration and m ranges 
from 0 to 4. The probabilities for the compositions x = 0.5 and 0.7 are 
shown in Table 4. The binomial distribution probability values for x =

0.7 suggest that at least the four components can be observed in the 
Mössbauer spectrum, which correspond to the nearest-neighbor envi
ronment of one Fe3+ ion having one, two, three and four other iron 
cations. Qualitatively, these probabilities are consistent with the dis
tribution of quadrupole shifts shown in Fig. 8. 

The next step in our analysis was to verify the possibility of 
decomposing the experimental spectrum into separate doublets with 
different values of the isomer shift and quadrupole splitting. The refined 
values of the hyperfine parameters (IS, QS, Γ), the fitted intensities of 
different components and the intensities deduced from binomial distri
bution are given in Table 5. The revealed doublets exhibit isomer shift 
values in the range from 0.32 (4) to 0.33 (2) mm/s, which are charac
teristic for Fe3+. The minor doublet with small quadrupole splitting, 
which have the negative isomer shift can be attributed to Fe4+. As can be 
seen from Table 5, there is a qualitative correspondence between the 
experimental data and the calculated probabilities of the binomial 
distribution. 

The doublet structure of the Mössbauer spectra of the studied sam
ples is preserved up to low temperatures, however, starting from a 
temperature of the order of 100 K, a broadened magnetic sextet begins to 
appear in both compounds (Fig. 9). 

The average center shift of doublets is found to increase as the 
temperature is decreased. The total change from T = 295 K down to T =
80 K is about 0.11 mm/s and 0.098 mm/s for La0.7Sr1.3Fe0.7Ti0.3O4 and 
La0.5Sr1.5Fe0.5Ti0.5O4, respectively. This variation can be mainly attrib
uted to the relativistic temperature-dependent contribution to the iso
mer shift caused by the second-order Doppler shift. In the Debye 
approximation center shift can be expressed by Ref. [21] or [22]: 

δ= δIS + δSOD = δIS −
9kBθD

2Mc2

⎡

⎢
⎢
⎢
⎣

1
8
+

(
T
θD

)4 ∫

0

θD/T x3

ex − 1
dx

⎤

⎥
⎥
⎥
⎦

(4)  

where δIS - the temperature independent part of the isomer shift, i.e. it is 
a measure of the s-electron density at the nucleus, kB- the Boltzmann 
constant, θD- Debye temperature, M- the mass of the 57Fe atom, c- the 
speed of light. The solid red line in Fig. 10 represents the best fitting of 
the data obtained by the least-squares procedure. From the experimental 
results, the effective Debye temperature, θD is estimated to be about 543 
K for La0.5Sr1.5Fe0.5Ti0.5O4 solid solution, and 470 K for 
La0.7Sr1.3Fe0.7Ti0.3O4. 

5. Discussion 

Our previously initial magnetization measurements of La0.5Sr1.5

Fe0.5Ti0.5O4 and La0.7Sr1.3Fe0.7Ti0.3O4 were reported in Ref. [12] and 
suggested that the investigated samples are in the paramagnetic state 
with strong antiferromagnetic correlation between spins of magnetic 
ions, because above T > 200 K the M-T curve (FC regime H = 0.1 T) can 
be fitted by the Curie-Weiss low with negative values of the Weis con
stant. Moreover, in the sample with a higher iron content La0.7Sr1.3

Fe0.7Ti0.3O4 the sharp feature was clearly detected at the temperature 
about 6 K (Fig. 2), that most probably corresponds to the phase transi
tion to the antiferromagnetically (AFM) ordered state. The phase tran
sition to AFM state is confirmed by further ESR experiments, where the 
drop decrease in the integral intensity of the paramagnetic line (line 1) is 

Fig. 7. Mössbauer spectra of (a) La0.5Sr1.5Fe0.5Ti0.5O4 and (b) La0.7Sr1.3Fe0.7

Ti0.3O4 samples measured at RT and corresponding distributions of the isomer 
shift, p (IS). 

Fig. 8. The distribution of the quadrupole shifts, ε, revealed in the RT spectrum 
of the La0.7Sr1.3Fe0.7Ti0.3O4 sample, p(ε). 

Table 4 
Binomial distribution: the probability that an iron ion has m iron ions as first 
nearest-neighbours (0 ≤ m ≤ 4).  

x M 

0 1 2 3 4 

0.5 0.0625 0.25 0.375 0.25 0.0625 
0.7 0.0081  0.0756  0.2646  0.4116 0.2401  
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observed below T = 50 K. In addition to above mentioned experiments 
the magnetization measurements in FC-ZFC regimes in low magnetic 
field H = 10 mT (see Ref. [12] and Fig. 3) were performed to determine 
the temperature below which magnetic correlations become dominant 
over thermal fluctuations. The ZFC-FC splitting was already observed in 
La0.7Sr1.3Fe0.7Ti0.3O4 below Tsplit = 150 K, while in La0.5Sr1.5Fe0.5Ti0.5O4 
it was observed only below Tsplit = 120 K (Fig. 3). This splitting suggests 
the presence of short-range magnetic correlations in the investigated 
samples that can be proved at the next step by isothermal magnetization 
measurements as a function of the external magnetic field below 
120–150 K (Fig. S2). 

Nonlinear behavior of M − H curves was observed for both samples 
at T = 10 K, while the ferromagnetic hysteresis loops were clearly 
detected in M − H curves at temperatures 5 K and 2 K (Fig. 4, Fig. S2). 

From Fig. 4 and Table 3 one can see some interesting results:  

(i) hysteresis loops are not symmetric about the M axis (left and right 
coercive fields are different);  

(ii) opposite behavior in temperature dependencies of saturation 
magnetization MS and threshold field HT for two samples 
(decrease of MS and HT for La0.5Sr1.5Fe0.5Ti0.5O4 and increase for 
La0.7Sr1.3Fe0.7Ti0.3O4 with increasing temperature). 

The observed shift of the magnetic hysteresis loop is the typical 
manifestation of exchange bias effect [23], so one can suggest the 
presence of two different types of magnetic phases, which are exchange 
coupled to each other. Usually the shift was absent when the sample was 
cooled in zero field (in our case the shift was observed in ZFC regime), 

Fig. 9. Mössbauer spectra of (a) La0.5Sr1.5Fe0.5Ti0.5O4 and (b) La0.7Sr1.3Fe0.7Ti0.3O4 samples measured at 67 К; (c) La0.5Sr1.5Fe0.5Ti0.5O4 at T = 5 K, (d) distribution of 
hyperfine magnetic fields for La0.5Sr1.5Fe0.5Ti0.5O4. 

Table 5 
Mössbauer parameters of the LaxSr2-xFexTi1-xO4, (x = 0.5 and 0.7) samples measured at RT.  

x IS, mm/sec QS, mm/sec Γ, mm/sec % exp valence state m % cal 

0.7 0.32 (8) 0.91 (4) 0.30 (5) 34.(5) Fe3+ 3 41.16  
0.33 (2) 1.23 (9) 0.30 (5) 24.(4) Fe3+ 4 24.01  
0.33 (1) 0.63 (2) 0.30 (5) 26.(7) Fe3+ 2 26.46   
0.32 (9) 0.31 (5) 0.30 (5) 10.(3) Fe3+ 1 7.56   
− 0.04 ± 0.05 - 0.27 ± 0.1 4 ± 2 Fe4+

0.5 0.32 (3) 0.78 (5) 0.25 (3) 28.(5) Fe3+ 2 37.5  
0.32 (7) 1.05 (9) 0.25 (3) 24.(4) Fe3+ 1 25.0  
0.32 (9) 0.52 (6) 0.25 (3) 21.(8) Fe3+ 3 25.0  
0.32 (4) 0.24 (9) 0.25 (3) 11.(3) Fe3+ 0 6.25  
0.32 (8) 1.36 (2) 0.25 (3) 9.(9) Fe3+ 4 6.25  
− 0.01 ± 0.05 - 0.37 ± 0.1 4 ± 2 Fe4+

IS - isomer shift relative to metallic iron; QS - quadrupole splitting; Г - half-height width; % exp - fitted intensities of different components; and % cal - intensities 
deduced from binomial distribution. 
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and it appears in FC regime, so one can suggest the presence of the 
uncompensated magnetic moment in one of two magnetic phases which 
plays the role of an external magnetic field. 

Moreover, it should be noted that simultaneous existence of the high 
temperature antiferromagnetic correlations and the low temperature 
ferromagnetically correlated regions was previously observed in other 
perovskites, including Sr-doped systems: YbMnO3, Yb0.82Sr0.18MnO3 
[24,25]. Based on electron spin resonance and magnetization mea
surements it was suggested that in above mentioned perovskites the 
ferromagnetically correlated nanoregions were formed due to the 
presence of mixed-valence manganese ions Mn3+/Mn4+ and the double 
exchange interaction between them [24,25]. So we can suggest that in 
the investigated here La0.5Sr1.5Fe0.5Ti0.5O4 and La0.7Sr1.3Fe0.7Ti0.3O4 
layered perovskites iron ions can be in different valence states, that is 
confirmed by Mössbauer experiments. The exchange interaction be
tween Fe3+ (3d5) and Fe4+(3d4) have the complex nature and lead to the 
electronic phase separation. 

Electron spin resonance measurements prove the possible electronic 
phase separation (the simultaneous existence of the paramagnetic phase 
and magnetically correlated regions) demonstrating two types of signals 
in ESR spectra (Fig. 5, Fig. S3). One can see from Fig. 6c that the integral 
intensity of the ESR signal from the paramagnetic phase (line 1) is two 
orders of magnitude higher than from magnetically correlated phase 
(line 2) assuming that samples are in a paramagnetic phase with a small 
inclusion of magnetically correlated regions that coincides with 
Mössbauer spectroscopy data showing only 4% of Fe4+ iron ions 
(Table 5). The change in the temperature behavior of ESR parameters 

was observed below 120 K in La0.5Sr1.5Fe0.5Ti0.5O4 and below 150 K in 
La0.7Sr1.3Fe0.7Ti0.3O4 that coincides with the splitting temperature of 
ZFC-FC curves during magnetization measurements. The shown in 
Fig. 6d Weiss constants were obtained from the fitting of the ESR inte
gral intensity and they are equal to θ = − 50 K for La0.5Sr1.5Fe0.5Ti0.5O4 
and θ = − 100 K for La0.7Sr1.3Fe0.7Ti0.3O4, respectively, confirming the 
presence of antiferromagnetic correlations in this phase. For La0.7Sr1.3

Fe0.7Ti0.3O4, this value is perfectly coincides with the Weiss constant 
obtained from magnetization measurements [12], while for La0.5Sr1.5

Fe0.5Ti0.5O4 the magnetization data can be described by the Curie - 
Weiss law with the Weiss constant θ = − 50 K (Fig. S4). 

The temperature behavior of ESR parameters of line 2 in two samples 
coincides with the low temperature behavior of magnetization. So the 
typical for a ferromagnetic material increase of MS and HT with 
decreasing temperature in La0.5Sr1.5Fe0.5Ti0.5O4 corresponds to the 
ferromagnetic nature of line 2 in ESR spectra, while for La0.7Sr1.3Fe0.7

Ti0.3O4 all experiments (Table 3 and Fig. 6) prove the complex nature of 
exchange interactions in magnetically correlated regions, which leads, 
for example, to ferrimagnetic ordering of the canted spin sublattices or 
to a helical spin structure. More detailed information on the type of 
magnetic ordering can be obtained in the future by the neutron powder 
diffraction method. 

Mössbauer spectroscopy measurements were performed to investi
gate the valence state of iron ions in details (Figs. 7–9). The room 
temperature Mössbauer spectra of La0.5Sr1.5Fe0.5Ti0.5O4 and La0.7Sr1.3

Fe0.7Ti0.3O4 samples (Fig. 7) exhibit a doublet with broadened and 
asymmetrical lines. The doublet structure of the Mössbauer spectra of 
the samples under study is retained up to low temperatures (Fig. 9). 
However, for the La0.7Sr1.3Fe0.7Ti0.3O4 solid solution, starting from a 
temperature of the order of 100 K, a broadened magnetic sextet with a 
hypefine field of the order of 350 kOe begins to appear. At a temperature 
of 67 K, the hyperfine field increases to 367 kOe and the area of the 
sextet becomes 42%. At this temperature, a complex magnetic sextet 
also begins to appear in the spectrum of La0.5Sr1.5Fe0.5Ti0.5O4 sample, 
but its area is only 10%. A further decrease of the La0.5Sr1.5Fe0.5Ti0.5O4 
sample temperature leads to a substantial decrease in the doublet area 
(up to 8%) and the appearance of a magnetic sextet with a distribution of 
hyperfine magnetic fields, the function of which is shown in Fig. 9d. The 
distribution function of hyperfine fields has a noticeable wing toward 
small fields and features, probably due to different numbers of ions in 
the environment of the Mössbauer atom. 

Thus, Mössbauer measurements show that iron ions in the studied 
samples are in a high-spin Fe3+ state. The low-field wing in the distri
bution of hyperfine magnetic fields indicates that there are fluctuations 
in the exchange interaction of magnetic clusters. It should be noted that 
even at a temperature of about 5 K, a doublet is observed, indicating the 
presence of iron ions in the paramagnetic state or in superparamagnetic 
clusters whose blocking temperature is below 5 K. The isomer shift of 
this doublet (IS = 0.43 ± 0.03) corresponds to ferric ions, and is close to 
the average shift of the doublets at 80 K (IS = 0.421 ± 0.005). The small 
positive shift is probably due to the second order Doppler effect. In 
addition to this doublet, the spectrum of the La0.5Sr1.5Fe0.5Ti0.5O4 
sample at 5 K exhibits a weak broadened line with an isomer shift IS =
0.10 ± 0.1 mm/s and a relative area about 3 ± 2%. The position of this 
line coincides with the lines of the magnetic sextets, and therefore the 
parameters of this line are determined with poor statistical accuracy. 
Unfortunately, the superposition of this line with the lines of other 
doublets of Fe3+ ions is also observed at other temperatures of the 
measurements. Nevertheless, based on the results of measurements with 
better resolution (see Fig. 7), we believe that this line corresponds to 
Fe4+ ions. As the temperature decreases, the position of the Fe4+ line 
shifts from the region of negative velocities at room temperature to the 
positive velocities at low temperatures. 

Fig. 10. Average center shift vs temperature for (a) La0.5Sr1.5Fe0.5Ti0.5O4 and 
(b) La0.7Sr1.3Fe0.7Ti0.3O4. 
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6. Conclusions 

The single phase La0.5Sr1.5Fe0.5Ti0.5O4 and La0.7Sr1.3Fe0.7Ti0.3O4 
layered perovskites were synthesized using a solid state method. Based 
on magnetization and electron spin resonance measurements one can 
suggest the presence of the electronic phase separation in the investi
gated samples – the simultaneous existence of the paramagnetic phase 
and magnetically correlated regions. The significant proportion of 
samples volume is a paramagnetic phase with strong antiferromagnetic, 
while the second phase is ferromagnetically correlated regions in 
La0.5Sr1.5Fe0.5Ti0.5O4 and canted ferrimagnetically correlated regions in 
La0.7Sr1.3Fe0.7Ti0.3O4. 

The shift of the magnetic hysteresis loop was observed that is the 
typical manifestation of exchange bias effect due to the presence of two 
types of magnetic phases. The electronic phase separation can be real
ized due to the mixed-valence iron ions that is the presence of Fe4+ ions 
in addition to trivalent iron ions that was exactly confirmed by 
Mössbauer spectroscopy investigations. 
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