
© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.

Cite this: DOI: 10.1039/d5ma00868a

Re-entrant structural phase transition and charge
carrier conduction in La2�xSrxFeMnO6 solid
solutions for electronic device applications

Baniya R. Meena and Anup K. Ghosh *

This research explores the structural, dielectric, and electrical transport characteristics of polycrystalline

La2�xSrxFeMnO6 compounds with varying strontium concentrations (x = 0.0, 0.1, 0.2, 0.5, 1.0, 1.5, and

2.0). These compounds were prepared through the solid-state reaction technique at high temperatures.

Rietveld refinement of their XRD data confirms a re-entrant structural phase transition (cubic–rhombo-

hedral–cubic) induced by Sr doping. The vibrational study of (Fe/Mn)O6 octahedra was carried out by

Raman and FTIR spectroscopies. X-ray photoelectron spectroscopy (XPS) results demonstrated the

presence of mixed valence oxidation states (+3 and +4) of Fe and Mn cations in the measured samples.

The temperature-dependent resistivity data of these compounds have been explained by the long-range

electron hopping and short-range polaron hopping conduction mechanisms at high- and low-

temperature regions, respectively. Their dielectric constant (e0) exhibits dispersion behavior, which is

attributed to the Maxwell–Wagner interfacial polarization and hopping mechanism of charge carriers.

The leakage current density has been explained on the basis of Ohmic conduction mechanism and

space-charge-limited conduction (SCLC) mechanism. All these studied properties are strongly influenced

by structural distortion-induced strain, oxygen vacancies, Schottky defects, and possible charge ordering.

The low leakage current density of these materials with a high dielectric constant make them promising

for application in electronic devices.

1. Introduction

Nowadays, advanced materials are becoming increasingly
important in a broad range of electronic and energy storage
applications. In the near future, the development of energy
storage and memory devices is expected to rely on giant
dielectric materials possessing high dielectric permittivity (e0).
Perovskite materials have attracted considerable attention as a
class of functional advance materials in the mixed oxide family
due to their structurally stable crystal lattice, high oxide ion
conductivity, presence of oxygen vacancies, and excellent
thermal and chemical stability. In recent years, perovskites
have garnered significant interest due to their promising
applications in catalysis,1,2 electrocatalysis,3 photocatalysis,4

supercapacitors,5 fuel cell electrodes,2,5 metal–air batteries,6

solar cells,2,5,7 high density data storage devices,8 magnetic
memory devices,9 separation membranes,10 and sensors.2

Perovskite materials typically adopt the general chemical for-
mula of ABO3, where A and B represent cations and ‘O’ denotes
the oxygen anion. The A-site cation is usually an alkali metal,

alkaline earth metal, or lanthanide, while the B-site cation is a
transition metal with a 3d, 4d, or 5d electronic configuration.
Partial substitution at the A and/or B sites enables tuning of the
valence states of the cations and allows for the introduction of
nonstoichiometry via cationic or anionic vacancies to maintain
the overall charge neutrality. The remarkable multifunctional
properties of perovskites are primarily attributed to their non-
stoichiometry in both cationic and anionic sublattices, the
presence of multiple oxidation states of metal ions, and struc-
tural distortions in the cation coordination environment.2

Researchers have identified advanced functional properties in
modified perovskites, which were achieved by converting sim-
ple perovskite structures into more complex forms, such as
double perovskites, thereby enhancing their overall perfor-
mance and application potential. Double perovskites, which
are commonly represented by the empirical formula A2BB0O6,
are an extension of the traditional ABO3 perovskite structure. In
this configuration, both the A-site and B-site cations serve as
tunable host positions, providing a broad platform for struc-
tural and functional tuning across a wide range of applications.
The incorporation of rare earth elements, alkali metals, and
alkaline earth metals at the cationic sites of ordered double
perovskites has led to significant enhancements in their
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structural, electronic, and functional properties.11,12 A-site cation
substitutions significantly enhance the electrical, magnetic, opti-
cal, and dielectric properties of perovskites, as observed in
NaLaMgWO6,13 CaMnFeNbO6,14 etc. Similarly, B-site substitu-
tion and doping, such as Bi2FeMnO6,15 La2NiMnO6,16 and
La2FeMnO6,17 perovskites have also attracted attention owing to
their incredible physical properties.

Materials exhibiting high dielectric constants have attracted
renewed interest over the past several decades due to their
widespread applications in devices such as microwave filters,
dynamic random-access memory, voltage-controlled oscillators,
and telecommunication systems.18,19 Lead-containing dielec-
tric and ferroelectric materials are highly toxic and environ-
mentally harmful. Consequently, the development of lead-free
materials with rich dielectric characteristics is the major
requirement at present. In last few years, significant research
has been dedicated to developing lead-free materials with
high dielectric constants.17,19–22 Double perovskite materials
have been extensively studied because of their diverse physical
properties and potential for various multifunctional
applications.17,22,23 The charge conduction and relaxation
behavior in rare-earth-based polycrystalline perovskites are
significantly affected by temperature. To ensure an efficient
performance in electronic and energy storage devices, various
electrical parameters must be carefully optimized across a
broad range of frequencies and temperatures. La-based
compounds with the general formula LaBO3 (where, B =
Fe, Mn, Ni, Co, Cr, Sr, Al, etc.)24–26 have attracted significant
attention due to their distinct catalytic,1,24,25 electrocatalytic,3,26

photocatalytic,4 magnetic,27–29 optical,27–29 electrical,27,29 and
sensing28 properties. These properties are strongly dependent
on parameters such as crystallinity, phase purity, particle size,
and morphological characteristics. Additionally, the doping of
metal ions with the +2 or +3 oxidation state into the LaBO3

lattice significantly influences their structural and other func-
tional properties.24,27 In our earlier publication, an La2FeMnO6

(LFMO) double perovskite was successfully synthesized by the
substitution of Mn into the Fe site of the LaFeO3 single
perovskite using the solid-state reaction method. This method
was chosen due to its cost-effectiveness, minimal instrumenta-
tion requirements, and ability to yield materials with high
crystallinity, phase purity, and chemical homogeneity. Further,
we also studied its physical properties, which make it suitable
for various multifunctional potential applications.17 It exhibits
a high dielectric constant (in the order of 103) accompanied by
low energy loss at room temperature (RT). LFMO shows rich
magnetic characteristics such as exchange bias, high Curie
temperature, glassy transitions, and Griffiths phase due to
disordering of FeO6 and MnO6 octahedra.30–32 Based on the
above-discussed characteristics, it can be used in energy sto-
rage capacitor and spintronic devices.

The doping of alkaline earth metals and transition metals
into the A and B sites of the LaFeO3 perovskite lattice has a
remarkable impact on its electrical, dielectric, and magnetic
properties.17,27,33,34 Recently, many experimental studies have
been reported on the effect of Sr doping on the physical and

physicochemical properties of perovskite materials.16,35–39 M.
Qu et al.16 reported that the electronic structure of La2�xSrx-
NiMnO6 (0 r x r 1.0) can be effectively tuned to enhance its
oxygen evolution reaction (OER) and oxygen reduction reaction
(ORR) activities, facilitating the development of efficient
bifunctional electrocatalysts. D. Chen et al.35 reported that Sr
doping is an effective strategy for enhancing the performance
of perovskite light-emitting diodes (PeLEDs). Z. Wei et al.36

reported that the introduction of Sr into La0.5Gd0.5-
Ba1�xSrxCo2O5+d significantly enhances its performance as a
cathode material for solid oxide fuel cell (SOFC) applications.
M. Lamhani et al.37 synthesized the Ca1�xSrxMnO3�d (0 r x r 1)
compound and observed a structural transition from an orthor-
hombic phase (Pnma) to a hexagonal phase (P63/mmc) within
the composition range of 0.50 o x r 0.75, while for
x = 0.50, this material exhibited a mixed-phase structure of
both orthorhombic (Pnma) and hexagonal (P63/mmc) symme-
tries. Moreover, the incorporation of strontium dopants has
led to an improvement in the thermoelectric power factor,
and a significant reduction in electrical resistivity. K. Sultan
et al.38 observed a decrease in the dielectric constant of
Pr2�xSrxNiMnO6 (where, x = 0.0, 0.2, 0.4) with an increase in
Sr concentration. N. Saadon et al.23 observed a reduction in the
band gap energy of Sr2�xCaxNiWO6 (where, x = 0.00, 0.02, 0.04,
0.06) with an increase in Sr concentration as well as an increase
in its dielectric constant (at low frequencies). S. Abass et al.39

reported that the degree of cationic disorder increases in
Nd2�xSrxNiMnO6 (where, x = 0.0, 0.1, 0.3) with an increase in
Sr concentration, resulting in an increase in its dielectric
constant. T. Katheriya et al.40 reported that the Sr doping at
the La-site effectively modulated the negative permittivity of
La2NiO4.

Motivated by these previous studies, the present work inves-
tigates the effect of Sr2+ substitution at the A-site of the
La2FeMnO6 double perovskite (DP) on its structural, dielectric,
magnetic, and electrical transport properties. To the best of our
knowledge, no prior studies have explored the impact of Sr
substitution at the La-site on these properties of La2FeMnO6

DP. A series of La2�xSrxFeMnO6 (where x = 0.0, 0.1, 0.2, 0.5, 0.1,
1.5 and 2.0) compounds was synthesized via the standard solid-
state reaction method without the presence of any impurity
phases, and also observed to show a re-entrant cubic–rhombo-
hedral–cubic structural phase transition. Further, other physi-
cal properties (dielectric, magnetic, and electrical transport)
were studied to determine the potential of this series for
application in electronic devices.

2. Experimental details
2.1 Synthesis method

A polycrystalline series of La2�xSrxFeMnO6 (where x = 0.0, 0.1,
0.2, 0.5, 1.0, 1.5, 2.0) compounds was synthesized using the
standard solid-state reaction method.17,34 We employed high-
purity La2O3 (purity 99.9%, HI media), SrCO3 (purity 99%, HI
media), Fe2O3 (purity 98%, HI media), and MnO2 (purity 99%,
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HI media) chemicals as precursors according to their stoichio-
metry and ground using an agate mortar for 3 h. The ground
powder was heated to 1200 1C at a rate of 5 1C per minute and
held at 1200 1C for 24 h in a muffle furnace in an air atmo-
sphere, and then allowed to cool to RT naturally. The obtained
powder was reground and calcined at 1200 1C for 7 h. Then, the
calcined powder was ground again to get a fine powder. The
obtained fine powder was uniaxially pressed into 10 mm dies to
make pellets using a hydraulic press at a pressure of 12 bar. The
obtained pellets were sintered at 1250 1C for 5 h in air to make
them hard for further measurements. The chemical reaction is
expressed by the following equation:

2(2 � x)La2O3 + 4xSrCo3 + 2Fe2O3 + 4MnO2

- 4La2�xSrxFeMnO6 + 4xCO2(m) + (1 � x)O2(m)

2.2 Characterization techniques

X-ray powder diffraction (XRD) patterns were recorded at RT to
analyze the structural properties of the synthesized samples
using Cu Ka radiation (l = 1.5406 Å) (Model: Empyrean,
Malvern Panalytical, UK). The detailed structural information
of the prepared samples was obtained through Rietveld refine-
ment of the XRD data using the Full Prof Suite software. Surface
morphology and elemental analysis were investigated using
a field emission scanning electron microscope (FESEM)
(Model: Gemini 560, Carl Zeiss, Germany) with an attached
EDS unit. Raman spectra were collected at RT using a Raman
spectrometer (Model: WITec Alpha 300 RA, Germany) with
an excitation source wavelength of 532 nm. Fourier transmis-
sion infrared (FT-IR) spectra were recorded in KBr mode at RT

using an FT-IR spectrometer (Spectrum One, PerkinElmer
Instrument, USA) with a resolution of 1 cm�1. X-ray photoelec-
tron spectroscopy (XPS) measurements were performed to
study the electronic structure using a monochromatic Al Ka
X-ray source (1486.6 eV) with an energy resolution of 1 eV
(Instrument model: PHI 5000 Versa Probe III, Japan). The setup
included a pass energy of 100 eV, an R4000 VG Scientia
analyzer, and an X-ray source operating at 450 W. The pressure
inside the chamber was maintained at 4.48 � 10�10 mbar. Both
sides of the pellet were polished uniformly with high quality
conducting silver paste (Sigma Aldrich) for electrical measure-
ments. Room temperature dielectric and impedance measure-
ments were carried out using a LCR meter (Model: E4980A
Precision, Agilent, USA) across the frequency range of 100 Hz to
2 MHz. Temperature-dependent DC resistivity and current–
voltage (I–V) measurements were conducted using a source
meter (Model: 2634B, Keithley, USA). Room temperature mag-
netic hysteresis loops were recorded using a vibrational sample
magnetometer (VSM) (Model: EZ9, Microsense, USA).

3. Results and discussion
3.1 Structural analysis

Fig. 1(a) shows the XRD patterns of La2�xSrxFeMnO6 (where
x = 0.0, 0.1, 0.2, 0.5, 0.1, 1.5 and 2.0) solid solutions at RT. The
presence of sharp and many distinct diffraction peaks indicates
their polycrystalline bulk nature. The diffraction peaks were
indexed based on the JCPDS file (JCPDS Card # 01-078-4452)
corresponding to the cubic phase with Pm%3m space group. The
XRD pattern of the undoped sample (x = 0.0) matched well with

Fig. 1 (a) X-ray diffraction patterns of La2�xSrxFeMnO6 (where x = 0.0, 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0) and (b) enlarged view of the most intense peak
corresponding to the (110) plane. (c)–(f) Rietveld refinement for the x = 0.0, 0.5, 1.0, and 2.0 samples, respectively.
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our earlier reported results.17,34 No impurity peak was observed
for the synthesized samples within the detection limits of XRD
analysis, demonstrating the high purity of the materials.
Fig. 1(b) shows a magnified view of the diffraction peak posi-
tioned in the 2y range of 32.2–33.101. According to this figure, it
can be observed that as the concentration of Sr2+ dopant
increased, the diffraction peaks shifted towards lower 2y values
up to x = 0.2, and after that they split and shifted to the higher
angle side. This splitting and shifting indicate a change in the
phase and unit cell parameters, respectively. These changes are
attributed to the substitution of the Sr2+ bivalent cation (r = 1.44 Å)
for the trivalent La3+ cation (r = 1.36 Å) at the A-site of the
LFMO compound. The XRD patterns for the x = 0.0, 0.1 and 0.2
samples show their cubic (single phase) perovskite structure.
Further, in the case of the x = 0.5 and 1.0 samples, the most
intense peak located at 2y B 32.31 split, which indicates that
the symmetry of their crystal structure deviates from cubic. To
gain a better understanding of the crystal structural of LSFMO,
the experimental XRD patterns were refined through Rietveld
refinement using the FULLPROF suite software with their
appropriate phase along with space group, as shown in
Fig. 1(c)–(f) for some selected samples (x = 0.0, 0.5, 1.0 and 0.2),
respectively. The strong correlation between the experi-
mental and calculated XRD patterns, along with the low value
of the R-factors and w2, indicates the good quality of the
refinement. During the refinement process, careful attention
was given to multiple parameters, including background cor-
rection, zero shift, sample displacement, atomic coordinates,
thermal vibration factors, scale factor, lattice constants,
FWHM, and peak shape parameters. The XRD patterns of the
x = 0.0, 0.1, and 0.2 compositions were successfully refined with
a disordered cubic structure (Pm%3m), while for x = 0.5, it is
refined well with a disordered rhombohedral structure (R%3c).
Further, for the x = 1.0 and 1.5 compositions, the refinement
shows the mixed contribution of both disordered cubic (Pm%3m)
and disordered rhombohedral (R%3c) phases. Furthermore, for
x = 2.0, its XRD pattern was refined well with the cubic (Pm%3m)
phases. Hence, it can be concluded that LFMO shows a re-
entrant structural phase transition (cubic-rhombohedral-cubic)
with Sr doping (substitution). The fractional atomic coordi-
nates, occupancy, and other structural parameters of the
La2�xSrxFeMnO6 (where x = 0.0, 0.1, 0.2, 1.5, and 2.0) com-
pounds obtained from the Rietveld refinement are given in
Table 1. Prior to this study, a lot of research has been done on
A-site doped perovskites but it is limited to partial
substitution.16,36,37,41 They observed various phase transitions
but not a re-entrant structural phase transition. M. Qu et al.16

reported that the La2�xSrxNiMnO6 (0 r x r 1.0) perovskite
crystallize into a rhombohedral structure with R%3c symmetry,
and a secondary phase was observed as rocksalt NiO, when the
amount of Sr doping was x Z 0.8. Z. Wei et al.36 synthesized the
La0.5Gd0.5Ba1�xSrxCo2O5+d (LGBCOSr�x, x = 0–0.5) perovskite via
the solid state reaction route and reported a structural phase
transition from a double layered tetragonal phase to a single
layered cubic phase with an increase in the Sr doping ratio. J. K.
Murthy et al.41 observed a structural phase transition in

La2�xSrxCoMnO6 (0 r x r 1.0) double perovskite from mono-
clinic to disordered rhombohedral (R%3c) to mixed phase of
disordered rhombohedral (R%3c) and cubic (Fm%3m) symmetry
with an increase in Sr amount. Moreover, for x 4 1, they
observed some impurity peaks corresponding to the Co3O4

and MnO2 phases.
The Visualization of Electronic and Structural Analysis

(VESTA) software was used to illustrate the unit cell structures
utilizing the structural parameters obtained by the Rietveld
refinement. Fig. 2(a)–(c) display the unit cell crystal structures
of some selected samples with compositional x = 0, 0.5, and 2.0.
The bond length and bond angle values between the
Fe/Mn ions and oxygen atoms in the surrounding area of the
octahedral coordination are determined using the bond
structure program of Full Prof Suite software, as listed in
Table 1. The tolerance factor (t) gives a basic idea about the
single-phase formation, structural stability, and structural
imperfection of perovskites. The tolerance factor for the
La2�xSrxFeMnO6 compounds was calculated using the follow-
ing expression:34,42

Tf ¼
1� x

2

� �
RLa þ

x

2
RSr þ RO

2
p RFe þ RMn

2
þ RO

� � (1)

where, RLa is the ionic radius of La, RSr is the ionic radius of Sr,
RFe is the ionic radius of Fe, RMn is the ionic radius of Mn, and
RO is the ionic radius of O. These values are as follows: RLa3+ =
1.36 Å; RSr2+ = 1.44 Å; RMn3+ = (HS: 0.65 Å, LS: 0.58 Å); RFe3+ = (HS:
0.65 Å, LS: 0.55 Å); and RO2� = 1.35 Å. The tolerance factor
typically lies between 0.75 to 1.02 for a stable perovskite
structure. If Tf = 1, perovskites adopt an ideal cubic structure.
In this study, the tolerance factor was obtained in the range of
0.977 to 1.006 (as given in Table 2), which is close to 1,
supporting the cubic symmetry of the samples. The change in
Tf with Sr substitution is attributed to the difference in ionic
radii between the La3+ and Sr2+ cations, which indicates their
good structural stability.

The crystallite size (D) and lattice micro strain (e) were
calculated from the XRD data of the synthesized samples.
Various methods are available to calculate these parameters
such as Williamson–Hall (W–H) analysis, pseudo-Voigt func-
tion, and Warren–Averbach analysis, considering the effect of
the strain-induced XRD peak broadening, and accurately esti-
mate the crystallite size along with the intrinsic strain. Among
them, the W–H method for the analysis is generally used to
distinguish the XRD peak broadening induced by crystallite
size and microstrain.43 In this model, line broadening induced
by crystallite size and micro strain contributes independently to
the total integral breadth of the full-width-at-half maximum
(FWHM) of a diffraction peak. According to this model, a
uniform micro-strain develops in all crystallographic direc-
tions. The FWHM of the Bragg peak is the addition of broad-
ening induced by both the crystallite size and the micro strain,
which is expressed as follows:

bhkl = bcrystallite size + bmicrostrain (2)
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The broadening of the diffraction peaks induced by the crystal-
lite size is written as follows:

bcrystallite ¼
Kl

D cos y
(3)

where K = 0.94 is a constant for a spherical-shaped particle, l is
the wavelength of X-ray radiation (0.15406 nm for Cu Ka
radiation), D is the crystallite size, and y is the Bragg angle.
The broadening of the diffraction peaks induced by the micro-
strain is expressed as follows:

bmicrostrain = 4e tan y (4)

Using eqn (2)–(4), the total broadening of diffraction peak can
be expressed as:

bhkl ¼
Kl

D cos y
þ 4e tan y (5)

Rearranging eqn (5), we get eqn (6), which is known as the
uniform deformation model (UDM) equation.

bhkl cos y ¼
Kl
D
þ 4e sin y (6)

A plot is drawn with (4 sin y) along the X-axis and (bhkl cos y)
along the Y-axis using values obtained from each diffraction
peak of the XRD pattern. In this case, bhkl (FWHM in radians)
for each diffraction peak was taken after subtracting the
instrumental broadening (bi) from the observed broadening
(b0),34 which is an important step in the W–H analysis. The
value of b0 for each prominent XRD peak was obtained by peak
fitting using the Gaussian function. The best linear fitting of
these data points indicates a uniform deformation model.
According to the resulting straight line, the crystallite size can
be determined from the intercept at the Y-axis, and the slope of
the resulting straight line provides the corresponding intrinsic
micro strain. The average crystallite size of the prepared

samples was estimated from the W–H method, which was
found to be in the range of 49 to 354 nm, as given in Table 2.
The value of intrinsic micro strain for all the synthesized
samples is found in the range of 0.03 � 10�3 to 0.47 � 10�3,
which is also given in Table 2. Fig. 3(a)–(d) shows the W–H plot
of La2�xSrxFeMnO6 DPs for some selected samples of x = 0.0,
0.5, 1.0, and 2.0.

The porosity of the synthesized samples in percentage (P%)
was calculated using their X-ray and experimental densities
based on the following relation:

P ¼ 1� dexpt

dX-ray

� �
� 100% (7)

The value of P (%) for all the synthesized materials was found to
be in the range of 46% to 83%, which are listed in Table 2. The
smallest porosity (B46%) is observed for x = 0.5, while the
highest porosity (B86%) is observed for the x = 1.5 sample. The
X-ray or theoretical densities (dX-ray) of all the synthesized
samples were calculated using the following relation:

dX-ray ¼
ZM

NAV
(8)

where Z represents the number of molecules per unit cell (Z = 2
for body-centered cubic structures and Z = 4 for rhombohedral
structures), M is the molecular weight of the sample, NA is
Avogadro’s number (6.023 � 1023 particles per mol), and V is
the unit cell volume in cm3. The experimental (measured)
densities (dexp) of all the synthesized materials were measured
using their cylindrical pellets and the following equation:

dexpt ¼
m

V
¼ m

pr2h
(9)

where m, V, r, and h represent the mass, volume, radius, and
thickness of the pellet, respectively. It is important to note that
the X-ray density depends directly on the molecular weight and

Fig. 2 (a)–(c) Unit cell of the crystal lattice of La2�xSrxFeMnO6 for x = 0, 0.5 and 2.0, respectively.

Table 2 Tolerance factor, crystallite size, micro-strain, density and porosity of the La2�xSrxFeMnO6 (where x = 0.0, 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0) samples

Concentration
(x)

Tolerance
factor (t)

Crystallite size (nm) Micro-strain (�10�3)
X-ray density
(g cm�3)

Measured density
(g cm�3)

Porosity
B(%)Cubic Rhombohedral Cubic Rhombohedral

x = 0.0 0.978 133 — 0.47 — 26.95 5.02 81.4
x = 0.1 0.979 152 — 0.41 — 26.61 4.87 81.7
x = 0.2 0.980 96 — 0.42 — 26.44 4.66 82.4
x = 0.5 0.984 — 185 — 0.13 08.63 4.64 46.2
x = 1.0 0.992 50 142 0.89 0.26 16.05 4.42 72.5
x = 1.5 0.999 49 354 0. 05 1. 03 13.68 3.25 76.2
x = 2.0 1.006 75 — 0.05 — 22.13 4.16 81.2
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lattice parameters of the sample, while the experimental den-
sity is calculated from the mass and volume of the geometry of
materials. The measured densities of all the synthesized mate-
rials are lower than their corresponding X-ray densities, pri-
marily due to their porous nature resulting from the solid-state
reaction (SSR) synthesis route. Both the theoretical and mea-
sured densities of all the synthesized materials are summarized
in Table 2.

3.2 Surface and elemental analysis

The microstructure and surface morphology of the sintered
pellets were examined using a field emission scanning electron
microscope (FE-SEM). Fig. 4(a)–(c) show the SEM images of the
cross-section area of the pellets after Au coating, showing
‘stacked flake-like’ grains. The average grain size was estimated
from the grain size distribution histograms obtained from the
FESEM micrographs using the ImageJ software. As illustrated
in Fig. 4(d)–(f), the estimated average grain sizes for the
samples with compositions x = 0.0, 0.2, and 0.5 are B4 mm,
1.5 mm, and 0.2 mm, respectively. Generally, ideal cubic per-
ovskites typically exhibit isotropic thermal expansion along
each of their three axes because their crystal structure is
symmetrical. However, in the case of the La2�xSrxFeMnO6

material, anisotropic thermal expansion is observed during
grain formation, as shown in the inset of Fig. 4(a) and (b). This
expansion contributes to the development of micro porosity.44

A significant increase is observed in pore size with Sr substitu-
tion, reducing the structural density of the synthesized

material. We also estimated the porosity of the sintered pellets
at RT in the XRD section. The observed trend of porosity in the
SEM micrographs with Sr substitution corroborates well with
the porosity calculated using the XRD results. The EDAX
spectra of the x = 0.0, 0.2, and 1.5 compositions reveal the
presence of La, Sr, Mn, Fe, and O elements with their ideal
atomic ratios, as shown in Fig. 4(g)–(i). The atomic and weight
percentages of the elements present in the x = 0, 0.2, and 1.5
samples are listed in Table 3. The elemental percentages of
these elements indicate a slight oxygen deficiency and a minor
excess of La, Fe and Mn cations compared to their ideal
stoichiometric ratios, indicating the presence of a very small
amount of oxygen vacancies in the lattices. These results are
corroborated by results obtained from the Rietveld refinement
of the XRD data.

3.3 Raman analysis

Raman spectroscopy is a powerful technique for analyzing the
lattice dynamics, vibrational modes, and atomic structure of
materials. In the ideal cubic perovskite ABO3, Raman-active
modes are absent because all the atoms are occupied at
centrosymmetric positions. However, deviation from cubic
symmetry, primarily due to tilting of the BO6 octahedra, intro-
duces Raman activity. This tilting can be influenced by the
ionic radius of the A-site cation, leading to structural distor-
tions. Specifically, the movement of oxygen atoms within the
BO6 octahedra around the B-site atoms gives rise to Raman-
active vibrational modes. The vibrational frequency of the

Fig. 3 Williamson–Hall plot for (a) La2FeMnO6 (x = 0.0), (b) La1.5Sr0.5FeMnO6 (x = 0.5), (c) LaSrFeMnO6 (x = 1.0), and (d) Sr2FeMnO6 (x = 2.0).
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Raman modes is influenced by both the bond length and the
reduced mass of the vibrating system. As a result, the Raman
lines for lighter cations and lower bond length between cations
take place at the higher wavenumber side, and vice versa. The
Raman spectra of the La2�xSrxFeMnO6 (where x = 0.0, 0.1, 0.2,
0.5, 1.0, 1.5, and 2.0) materials were recorded in the range of
100–3000 cm�1, which are shown in Fig. 5. The recorded
Raman spectra matched well with that previously reported
in the literature.17,31 Two prominent phonon modes were
observed in the range of 485–502 cm�1 and 653–672 cm�1,
which are related to the anti-stretching and/or bending vibra-
tions of the (Fe/Mn)O6 octahedra with A1g symmetry and the
stretching (‘‘breathing’’) vibrations of the (Fe/Mn)O6 octahedra

with B1g symmetry, respectively.17,31,34,45 Sr doping changes the
position and intensity of the peaks associated with the A1g and
B1g Raman modes, which indicates the successful doping
of Sr ions. The noticeable change in the Raman shift of both
the A1g and B1g modes with Sr concentration is a result of the
bond length of the Fe–O and Mn–O bonds. The highest peak

Fig. 4 (a)–(c) FESEM images, (d)–(f) corresponding grain size distribution histograms, and (g)–(i) EDS spectra of La2�xSrxFeMnO6 for x = 0.0, 0.2, and 1.5,
respectively.

Table 3 Weight/atomic percentage (%) of the elements present in
La2�xSrxFeMnO6 (where x = 0.0, 0.2, and 1.5) material

Elements

x = 0.0 x = 0.2 x = 1.5

Weight
(%)

Atomic
(%)

Weight
(%)

Atomic
(%)

Weight
(%)

Atomic
(%)

La L 58.8 20.1 55.3 19.9 20.7 6.6
Sr L 0.0 0.0 3.1 1.8 28.8 14.6
Fe K 10.0 8.5 12.0 10.7 14.4 11.5
Mn K 10.1 8.7 11.2 10.2 16.6 13.4
O K 21.1 62.6 18.4 57.4 19.5 54.0

Fig. 5 Raman spectra of La2�xSrxFeMnO6 (where x = 0.0, 0.1, 0.2, 0.5, 1.0,
1.5, and 2.0).
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intensity of the Raman modes is observed for rhombohedral
symmetry (x = 0.5), which indicates minimal distortion in the
rhombohedral lattice. Further, the Raman peak intensity of
each lattice phase (cubic and rhombohedral) decreases with an
increase in the Sr substitution amount, leading to distortion in
the lattice of La2FeMnO6 due to the mismatch in the ionic radii
of La3+ (1.36 Å) and Sr2+ (1.44 Å) atoms.

3.4 X-ray photoemission spectroscopy (XPS) analysis

X-ray photoemission spectroscopy (XPS) is a powerful tool for
studying the surface elemental composition, chemical and
electronic structure of individual elements, empirical formula
of doped and undoped samples, and their corresponding
binding energy (BE). It is widely recognized for investigating
the electronic characteristics of materials. In this technique,
samples are irradiated with Al Ka X-rays (hn = 1486.6 eV) and
the kinetic energy of the emitted electrons is measured. The
emitted photoelectron is the result of the complete transfer of
incident energy (hn) to a core-level electron. This can be
expressed mathematically as follows:

hn = BE + KE + Fspec (10)

where hn is the energy of the Al Ka X-rays; BE is the energy that
binds an electron tightly with the atom/orbital, which is called
the binding energy; KE is the kinetic energy of the emitted
photo electrons and Fspec is the work function of the spectro-
meter, which is constant for the instrument used. The photo-
electron binding energy is measured with respect to the Fermi
level of the sample (not the vacuum level), which is why Fspec is
included. The BE of an electron is a material property and is
independent of the X-ray source used to eject it, while KE
changes for different X-ray sources. This concept is demon-
strated by a simple schematic energy level diagram in Fig. 6.
Hence, the oxidation states of the elements present in materials
have been identified by the BE of an ejected electron, where the

BE is determined using eqn (10). The XPS spectra of the x = 0.0,
0.5, and 2.0 samples were recorded to learn about their electro-
nic structure. The XPS database hosted by the National Institute
of Standards and Technology (NIST) was used to calibrate the
peak positions and doublet separations in all the recorded XPS
spectra. The XPS survey scan spectra reveal that La, Mn, Fe, and
O elements are present in all the measured samples, while Sr is
present in both the x = 0.5 and x = 2.0 samples, as shown in
Fig. 7(a). We set the C 1s peak (adsorbed from air on the
surface) at 284.8 eV in the survey scan spectrum as the
reference energy.

Fig. 7(b) displays the core-level XPS spectra of La 3d for the
x = 0.0 and 0.5 samples. The spin–orbit split peaks associated
with La 3d3/2 and La 3d5/2 appear in a binding energy in the
range of 850.3–851.2 eV and 833.7–834 eV, respectively. The
separation energy (DE) of the La 3d3/2–La 3d5/2 spin–orbit split
is obtained in the range of 16.6–17.2 eV. Besides these peaks,
other binding energy peaks are also observed in all the mea-
sured samples. The La 3d3/2–La 3d5/2 spin–orbit split is attrib-
uted to the excitation of an electron coming from the O 2p
valence band and transferred into the unoccupied La 4f orbital,
which is associated with the other observed peaks (La 3d shake-
up state).46 The DE value for the La 3d3/2–La 3d5/2 spin–orbit is
reported in the range of 16.6–16.9 eV, indicating the La3+

oxidation state.47 Thus, the observed features reveal that the
La ion exists in the La3+ oxidation state.

Fig. 7(c) displays the core-level XPS spectra of the Sr 3d for
x = 0.5 and 2.0 samples. The spin–orbit split Sr 3d3/2–Sr 3d5/2

peaks are observed in the range of 132.9–134.5 eV and 131.1–
132.6 eV for Sr 3d3/2 and Sr 3d5/2, respectively. The doublet
separation energy (DE) for this splitting is found in the range of
1.7–2.0 eV, indicating the Sr2+ oxidation state.48,49 Another peak
is observed in the range of 132.6–134.1 eV, which originates
from the Sr–OH, Sr–CO3, Sr–Sr, and Sr–O bonds on the surface
area of the materials.49

Fig. 7(d) represents the Fe 2p core-level XPS spectra of the
x = 0.0, 0.5, and 2.0 samples. They consist of 4 peaks at x = 0,
while 3 peaks are observed in the Sr-doped x = 0.5 and x = 2.0
samples. The peaks positioned in the range of 709.4–710.4 eV
and 723.1–724.4 eV are related to Fe 2p3/2 and Fe 2p1/2,
respectively, which are associated with the Fe3+ oxidation
state.46 In the case of the Fe 2p3/2–Fe 2p1/2 spin–orbit split,
the value of DE was obtained in the range of 13.7–14.0 eV. For
this spin–orbit split, the value of DE is reported to be B13.7 eV,
which is associated with the Fe3+ oxidation state.50 In addition,
the other peak observed in the range of 711.9–713.1 eV is
ascribed to the Fe4+ oxidation state, which is related to the
creation of La vacancies.51 All these observations indicate the
presence of mixed Fe3+ and Fe4+ oxidation states. The deconvo-
lution analysis of the Fe 2p core-level XPS spectra shows an
increment in the percentage of Fe3+ (52% for x = 0 to 88% for
x = 0.5) oxidation state and decrease in Fe4+ (48% for x = 0 to
12% for x = 0.5) with Sr2+ substitution, which was predicted
earlier, because the system would essentially attempt to pre-
serve charge neutrality. In addition, a prominent charge trans-
fer satellite peak is observed between the main Fe 2p split peaks

Fig. 6 Schematic of the energy level diagram for charge hopping in the
XPS technique.
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at B719.4 eV, which appears very weak relative to the
main peaks.

Fig. 7(e) shows the XPS spectra of the Mn 2p core-level for
the x = 0.0, 0.5, and 2.0 samples. Deconvolution of the Mn 2p
core-level XPS spectra revealed three prominent peaks, where
the first two are observed in the range of 640.9–641.4 eV and
642.3–643.0 eV for Mn 2p3/2 and the third is observed in the
range of 652.7–653.5 eV for Mn 2p1/2. The doublet separation
energy (DE) for the Mn 2p3/2 (640.9–641.4 eV)–Mn 2p1/2 (652.7–
653.5) spin–orbit split is observed in the range of 11.8–12.0 eV,
which indicates that the Mn ions exist in the +3 oxidation state
(Mn3+).48,52 The other peaks for Mn 2p3/2 are observed in the
range of 642.3–643.0 eV, which are attributed to the Mn4+

oxidation state.53 Based on these characteristic, the Mn cations
are present in the mixed valence states of +3 and +4 (i.e. Mn3+

and Mn4+). Deconvolution of the Mn 2p core-level XPS spectra
indicates a considerable increment in the concentration of the
Mn3+ (73% for x = 0 to 86% for x = 0.5) oxidation state due to
Sr2+ doping.

The XPS O 1s core-level spectra of the x = 0.0, 0.5, and 2.0
samples are displayed in Fig. 7(f). Two distinct peaks can be
observed in the range of 527.9–529.6 eV and 530.1–530.9 eV;

(i) the peak centered at B529 eV is attributed to lattice oxygen
(OL), which is associated with the La–O and Fe/Mn–O bonds
and (ii) the peak centered at B531 eV is attributed to surface-
adsorbed oxygen from the air, oxygen vacancies (OV) and
oxygen species (OH) (i.e., O2

2�, O2�, or O�), respectively.48

3.5 Fourier transform infrared (FTIR) analysis

FTIR spectroscopy provides important information about the
bonding between the metal and oxygen ions within the struc-
tural lattice. In ABO3 perovskites, the fundamental IR absorp-
tion bands associated with the vibrational frequencies of
metal–oxygen bonds typically appear in the range of 400–
650 cm�1.54 Fig. 8 shows the FTIR spectra of the La2�xSrx-

FeMnO6 (where x = 0.0, 0.2, 0.5, 1.0, 1.5, and 2.0) compounds.
Two prominent bands can be observed in the FT-IR spectra of
all the samples; the first is observed at B440 cm�1 and the
second is at B640 cm�1, which are associated with the Fe–O
and Mn–O bond stretching vibrations of the FeO6 and MnO6

octahedra, respectively.55 Further, it was observed that Sr sub-
stitution does not introduce any new bands or eliminate exist-
ing ones across the entire FTIR spectrum. The position of
bands associated with the Fe–O and Mn–O stretching

Fig. 7 (a) XPS survey scan; core-level spectra of (b) La 3d, (c) Sr 3d, (d) Fe 2p, (e) Mn 2p, and (f) O 1s for La2�xSrxFeMnO6 with x = 0.0, 0.5, and 2.0
compositions.
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vibrations varies with the Sr concentration. The vibrational
band positions of the Fe–O and Mn–O bonds exhibit a notice-
able shift toward the higher wavenumber side in the samples
with compositions x = 0.5, 1.0, and 2.0, whereas a shift toward
the lower wavenumber side is observed for the samples with x =
0.2 and 1.5. Generally, the vibrational frequency of the bond
stretching vibrations is determined by the force constant and
the reduced mass of the bonded atoms. According to classical
mechanics and Hooke’s law, the vibrational frequency (�u) in
wavenumber (cm�1) can be expressed as follows:33,54

�u ¼ 1

2pc

ffiffiffi
k

m

s
(11)

where �u, c, k, and m are the wavenumber (cm�1), speed of light,
force constant of the bond (related to bond strength), respec-
tively, and m is the reduced mass of the bonded atoms. Accord-
ing to Badger’s rule, the force constant (k) can be calculated
using the following relation:33,54

k ¼ 17

r3
(12)

where r is the bond length between metal–oxygen (M–O) bonds
obtained by the crystallographic data in the XRD section (see
Table 1). According to eqn (11) and (12), it can be inferred that
the bond length (r) is inversely proportional to both the force
constant (k) and the vibrational frequency (�u). The M–O bond
length (r) is higher for the x = 0.1, 0.2, and 1.5 samples and
lower for x = 0.5, 1.0 and 2.0 compared to the undoped sample
(x = 0.0), as given in Table 1. Then the force constant (k) and
vibrational frequencies (�u) of the Fe–O and Mn–O bonds will be
lower for x = 0.2 and 1.5, and higher for the x = 0.5, 1.0 and 2.0
samples compared to the undoped La2FeMnO6 (x = 0.0) sample.

3.6 DC resistivity analysis

The change in the DC resistivity of the La2�xSrxFeMnO6 (where
x = 0.0, 0.2, 0.5, 1.5, and 2.0) compounds with temperature (T) is
plotted in Fig. 9(a). The semiconducting nature of the synthe-
sized samples can be observed in the temperature range of 150–
300 K. In the narrow high temperature region above 250 K, the

resistivity data fitted well with the Arrhenius model, as shown
in Fig. 9(b). The Arrhenius model is described by the following
equation:

r Tð Þ ¼ r0 exp
Ea

kBT

� �
(13)

where r0 is a constant contribution caused by defects, Ea is the
energy required for conduction and is called the activation
energy, kB is the Boltzmann constant, and T is temperature. The
fitting of the resistivity data at high temperatures indicates that
the conduction is primarily governed by long-range percolative
transport, where charge carriers move by hopping over energy
barriers due to high thermal energy. In this regime, the carriers
are effectively excited beyond the mobility edge. The corres-
ponding activation energies are listed in Table 4(a). The resis-
tivity behavior below a temperature of 250 K deviates from that
observed at higher temperatures. In this region (low-
temperature region), the experimental DC resistivity data are
fitted well by the variable range hopping (VRH) model, as
shown in Fig. 9(c). The resistivity analysis based on this model
indicates that the charge transport occurs via phonon-assisted
quantum tunneling of the charge carriers to energetically
favorable localized states under conditions where thermal
energy is significantly lower than the disorder-induced energy
(for example, originating from crystal imperfections), which are
not necessarily the nearest neighbors. This transport mecha-
nism is commonly referred to as polaron hopping, which
predominantly takes place in the vicinity of the Fermi level.
According to this model, the temperature dependence of resis-
tivity (r) is described by the following expression:

r Tð Þ ¼ r0 exp
T0

T

� �1
4

(14)

where r0 is the pre-exponential factor and T0 is the character-
istic temperature, which are given as follows:

r0 = [(3e2nph)/{8pakBT/N(EF)}1/2]�1

and,

T0 = 18a3/[kBN(EF)]

where nph (B1013 s�1), N(EF), a denote the phonon frequency at
the Debye temperature, localized electron states at the Fermi
level, and inverse localization length, respectively. At low tem-
peratures, the resistivity behavior of La2FeMnO6 is well
described by the variable range hopping of small polaron
(VRH-SP) conduction in our earlier published paper.17 The
activation energy (Er) for the VRH conduction mechanism
can be estimated using the following relation:

Er = 0.25kBT0
1/4T3/4 (15)

The estimated activation energy values are given in Table 4(a).
The magnitude and trend of the activation energies derived
from the linear fitting of resistivity align closely with
that reported for other systems exhibiting polaron hopping
conduction, including compounds such as FeTiTaO6,56

Fig. 8 FTIR spectra of the La2�xSrxFeMnO6 (where x = 0.0, 0.2, 0.5, 1.0,
1.5, and 2.0) compounds.
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Ca1�xDyxBaFe4O7,57 and various manganites.58–60 A quantita-
tive comparison of the activation energy with some earlier
reported systems is given in Table 4(b). The hopping range
(R) can be approximated utilizing the following expression:

R � 0:2686x
T0

T

� �1
4

(16)

where x denotes the decay length of the polaronic wave func-
tion. In oxide materials, electron injection typically arises from
the formation of random oxygen vacancies, which subsequently
undergo ionization to contribute free electrons.61,62 Further-
more, the material under investigation exhibits an irregular
arrangement of Fe3+/4+ and Mn3+/4+ ions, potentially indicating
improper charge ordering. At low temperatures, electrons are
expected to remain localized within the potential wells formed
by the Fe and Mn cations. The average distance of Fe–Mn,
Fe–Fe, and Mn–Mn separation can serve as a calculation of the
decay length x in the corresponding equation. The averaged
values are used to estimate x, which in turn allows the calcula-
tion of the hopping range R, as given in Table 4(a). The
resulting R values suggest that the polaron transport occurs
via a short-range variable-range hopping (VRH) mechanism,
consistent with findings reported in previous studies.57,63 At
this stage, it is important to acknowledge that the DC resistivity
measurement reflects contributions from both grain bound-
aries and the intrinsic properties of individual grains. However,

in bulk samples such as those studied here, the resulting
parameters and their functional behavior remain largely con-
sistent with those expected from an ideal sample. The intrinsic
grain response associated with DC resistivity can be extracted
from AC measurements.

3.7 Dielectric analysis

Fig. 10(a) shows the frequency-dependent variation in the real
dielectric constant (e0) in the frequency range of 700 Hz to
2 MHz for the La2�xSrxFeMnO6 (where x = 0.0, 0.1, 0.2, 0.5, 1.0,
1.5, and 2.0) compounds at RT. The real part of the dielectric
constant (e0) exhibits higher values at lower frequencies, and it
decreases sharply with an increase in frequency up to a certain
value; beyond this, it reaches a steady state at higher frequen-
cies. The higher value of e0 at low frequencies is primarily
attributed to interfacial space charge polarization at the inter-
faces between the conducting grains and insulating grain
boundaries.64,65 At higher frequencies, the reduction in e0 is
due to the inability of charge carriers to align with the rapidly
alternating electric field,66 causing electronic and/or ionic
polarization to become dominant.34 Further, for the x = 0.1,
0.2 and 1.0 samples, the value of e0 becomes negative via
crossing zero at a specific frequency point. Other cermets have
been reported to exhibit similar phenomena at higher
frequency.67–69 Generally, negative permittivity is caused by
the plasma oscillations of free or delocalized electrons and

Fig. 9 (a) Temperature dependence of DC resistivity, (b) linear fitting of ln r versus 1000/T (Arrhenius model), and (c) linear fitting of ln r versus T�1/4

(VRH model) for the La2�xSrxFeMnO6 samples.
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dielectric resonance phenomenon within a material.40,68–70

This phenomenon is commonly observed in metals, semicon-
ductors and metamaterials, or inductive effects from percolat-
ing conductive networks. Under the influence of an external
electric field, both free electrons and localized charges con-
tribute to the dielectric response. In contrast, localized charges
tend to align with the applied electric field through polarization
and free electrons undergo collective oscillations (known as
plasma oscillations) along the direction of the field.40,68 The
dielectric resonance of a dielectric usually occurs under an
applied electric field when the frequency of the applied electric
field is the same as the natural vibrational frequency of various
micro entities in the samples, which may be atoms, valence
electrons, and an inner-electrons. This resonance usually
occurs at higher frequencies. With an increase in the applied
frequency, the permittivity of the material changes from posi-
tive to negative at a particular frequency. At high frequencies,
the speed of polarization switching lags far behind the applied
electric field. As a result, the electric field increases toward the
positive direction, leading to polarization in the negative direc-
tion due to the phase angle difference between the polarization
vector and applied electric field.68,69 In this case, negative
permittivity occurs in a narrow frequency region just above
the resonance frequency (o0), before becoming positive again
at higher frequencies. This is an obvious phenomenon of
dielectric resonance, which can be explained by the Lorentz
model,67,68 as follows:

e0 oð Þ ¼ 1þ
Ko0

2 o0
2 � o2

� �
o0

2 � o2ð Þ2þGL
2o2

(17)

where GL is the damping factor of the Lorentz resonance, o0 is
the Lorentz resonance frequency, and K is the polarizability
under a DC electric field. When the frequency (o) under the
applied electric field is just above the resonance frequency (o0)
of the material, negative permittivity occurs.

Fig. 10(b) shows the frequency-dependent variation in
dielectric loss tangent (tan d) for the La2�xSrxFeMnO6 samples
in the frequency range of 700 Hz to 2 MHz. This behavior is
primarily attributed to interfacial space charge polarization
effects.20 Additionally, it is observed that the loss tangent value
increases for Sr substitution. In contrast, for the x = 0.1 and 1.0
samples, the loss tangent value decreases compared to the
undoped sample. The variation in e0 and tan d with Sr concen-
tration can be governed by several defects such as more modest
grain size, distortion/stress, strain, and oxygen vacancy created
by Sr substitution in the La2�xSrxFeMnO6 semiconducting
material.20,34 All these defects can lead to variations in the
conductivity of the material, as further evidenced by AC con-
ductivity measurements. All the synthesized samples exhibit
frequency-dependent dispersion and relaxation in their dielec-
tric constants. Among them, the sample with the composition
x = 0.1 demonstrates a comparatively higher dielectric constant
across the measured frequency range. Particularly, the dielec-
tric loss tangent (tan d) for the x = 0.1 sample remains lower
than that of the other compositions in the entire frequency
range, except for x = 1.0. The best combination of high
dielectric constant and low dielectric loss for the x = 1.0 sample
suggests that it possesses superior energy storage capability
compared to the other synthesized samples. The detailed
frequency-dependent dielectric parameters are summarized in

Table 4 (a) Parameters derived from the DC resistivity analysis based on the Arrhenius and variable range hopping (VRH) models. (b) Comparison of the
activation energy (Er) derived from the VRH model with some earlier reported manganites

(a) Arrhenius model VRH model

Sr concentration (x) Ea (meV) T range (K) T0
1/4 (K1/4) Er (meV) x (Å) R (Å) T range (K)

x = 0.0 176 264–300 — — — —
x = 0.2 060 271–300 133.40(�0.1) 124–174 3.9096 40–35 151–237
x = 0.5 035 266–300 116.77(�0.1) 108–157 3.8908 35–30 150–248
x = 1.5 105 245–300 166.98(�0.1) 155–223 5.5176 70–62 152–245
x = 2.0 120 237–300 151.26(�0.3) 141–197 3.8550 44–39 152–237

(b)

Compounds Er (meV) T range (K) Ref.

FeTiTaO6 140–260 123–293 K 56
Ca1�xDyxBaFe4O7 57
x = 0.00 128–175 145–220
x = 0.01 183–228 159–213
x = 0.03 198–259 140–200
x = 0.05 90–125 127–197
Pr0.6Sr0.4Mn0.6Ti0.4O3�d 113–303 130–275 58
La0.9Sr0.1MnO3 71–105 170–280 59
La0.8Na0.2MnO3 83–142 220–460 60
Ni0.5Zn0.5Fe2O4 143–223 130–235 63 [Fig. 3]
La2�xSrxFeMnO6 This paper
x = 0.2 124–174 151–237
x = 0.5 108–157 150–248
x = 1.5 155–223 152–245
x = 2.0 141–197 152–237
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Table 5(a). This finding demonstrates that the dielectric con-
stant and dielectric loss tangent of La2FeMnO6 are greatly
affected by Sr substitution. In our previous study,34 we have
reported the highest dielectric constant of B1.52� 104 at 4 kHz
near room temperature (RT) for the La2�xCaxFeMnO6 system
with the composition x = 0.1 (viz, La1.9Ca0.1FeMnO6), and
presented a brief comparison with some earlier reported high
dielectric materials. In this study, the dielectric constant was
determined to be B4.8 � 104 at 4 kHz near RT for the
La2�xSrxFeMnO6 system with the x = 0.1 composition, which
can make it more interesting for application in advanced
technologies as a high dielectric material compared to earlier
reported dielectric materials (Table 5 in ref. 34). Colossal/giant
dielectric (e0 Z 103) materials are not widely used as commer-
cial dielectric materials in industrial applications due to their
high energy loss but they are an active area of research for
potential future applications. However, the highest obtained
dielectric constant value for the x = 0.1 (viz, La1.9Sr0.1FeMnO6)
sample is compared with some existing commercial as well as
non-commercial dielectric materials, as listed in Table 5(b).

The AC conductivity (sac) of the La2�xSrxFeMnO6 material
was determined using the following expression:

sac = 2pfe0e0 tan d (18)

where f denotes the applied frequency, e0 is the permittivity of
free space, e0 refers to the real component of the dielectric

constant, and tan d indicates the dielectric loss factor. The
change in AC conductivity with Sr substitution [Fig. 10(c)]
may be attributed to the development of modest grain and
enhanced grain boundary effects related to higher grain bound-
ary density and multiple polarization phenomena.87 The AC
conductivity is also influenced by the presence of oxygen
vacancies within the samples. Further, an increase in conduc-
tivity is observed with an increase in frequency up to a certain
value (threshold), which is attributed to the hopping conduc-
tion mechanism in the materials. Beyond this frequency, sac

starts to decrease and becomes negative at a MHz frequency,
which can be explained by the following expression:88

sac = n0e(Mi � Me)E (19)

where n0 is the number density of electrons, e is the charge of
electrons, Me denotes the mobility of electrons, Mi denotes the
mobility of ions, and E is the strength of the applied electric
field. Given that electrons are significantly lighter than ions,
the mobility of electrons is higher than that of ions, which is
more significant in the higher frequency regime. According to
eqn (19), above the plasma resonance frequency (o0), the
conductivity (sac) starts to decrease and after a certain value
(above plasma resonance frequency), it becomes negative. This
decrement in sac at higher frequencies can be attributed to the
skin effect,40 a phenomenon wherein an alternating current
tends to flow predominantly along the surface of a conductor at

Fig. 10 Frequency dependence of (a) dielectric constant, (b) dielectric loss tangent (tan d), and (c) AC conductivity of the La2�xSrxFeMnO6 samples at
room temperature.
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elevated frequencies. As the frequency increases, this effect
leads to an increase in effective resistance, thereby diminishing
the overall conductivity. This phenomenon occurs due to the
self-induced magnetic field generated by the alternating cur-
rent, which causes the electrons to become concentrated near
the surface of the conductor. As a result, at higher frequencies,
the current is confined to a thinner surface layer, effectively
reducing the cross-sectional area available for conduction. This
leads to an increase in resistance and a corresponding decrease
in conductivity. The depth to which the current penetrates the
surface is known as the ‘‘skin depth.’’ This parameter is
inversely proportional to the square root of both the frequency
and conductivity of the material.

Fig. 11(a)–(c) display the variation in the real part of impe-
dance (Z0) of all the synthesized samples with applied frequency
in the range of 700 Hz to 2 MHz. The value of Z0 remains
constant up to a threshold frequency, after which it starts to
decrease with an increase in frequency and tends to merge at
higher frequencies. This behavior can be explained by the loss
of space charge polarization and decreased in the grain bound-
ary effects in the material.89 This pattern suggests an incre-
ment in the electrical conduction of the materials and it
corroborates the earlier obtained AC conductivity results.

Fig. 11(d)–(f) display the variation in imaginary part of impe-
dance as a function of frequency (100 Hz to 2 MHz). A single
relaxation peak can be observed for all the samples, confirming
the existence of relaxation phenomena. The frequency f at
which Z00 attains its peak is known as the relaxation frequency
( fr). The relaxation time t can be calculated using the relation
t = 1/2pfr.

34 A single relaxation peak clearly indicates the
contributions of the grain boundary effect. In all the synthe-
sized bulk samples, the electrical response of the grain bound-
ary can be considered an electrical circuit consisting of a
parallel combination of resistance, Rgb, and capacitance, Cgb.
The resistivity associated with the grain boundary (rgb) can be
estimated using the relaxation peak intensity. The peak inten-
sity is equal to half of the grain boundary resistivity (rgb/2).86

The grain boundary capacitance (Cgb) can be estimated using
the relaxation peak frequency ( frgb) based on the relation Cgb =
1/(2pfrgbrgb). The corresponding relaxation time (tgb) can be
calculated using the expressions tgb = 1/2pfrgb = rgbCgb. The
calculated values are given in Table 6.

Fig. 11(g)–(i) display a depressed single semicircular arc
(impedance Nyquist plot) with its center positioned below the
real axis for all the synthesized samples. The semicircular arcs
in the Nyquist plot indicate that the conductivity arises from

Fig. 11 Frequency dependence of the real part of impedance (Z0) (a)–(c), imaginary part of impedance (Z00) (d)–(f), and Nyquist plots (Z00 vs. Z0) (g)–(i) for
the La2�xSrxFeMnO6 samples (where, x = 0.0, 0.1, 0.2, 0.5, 1.5, and 2.0) at RT.
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contributions by either the grains or the grain boundaries. The
presence of a single semicircle highlights the significant influ-
ence of the grain boundary effect. The depressed semicircular
arcs indicate the non-Debye type relaxation in all the measured
samples.

3.8 Magnetic analysis

The field-dependent magnetic properties (M–H loop) of the
La2�xSrxFeMnO6 materials (where x = 0.0, 0.1, 0.2, 0.5, 1.0,
1.5, and 2.0) were recorded in the range of �20 kOe to +20 kOe
at RT. The diversity in magnetic behavior of all the synthesized
materials is displayed in Fig. 12. The observed M–H curve is not
linear, while it shows a small hysteresis loop at room tempera-
ture, which denotes that the antiferromagnetic (AFM) nature no
longer exists in the La2�xSrxFeMnO6 (x = 0.0, 0.1, 0.2, 0.5, 1.0
and 1.5) compounds. They started to show weak ferromagnetic
(FM) behavior at a low magnetic field strength. In contrast, the

sample with the x = 2.0 composition exhibits linear field-
dependent magnetization, which is characteristic of paramag-
netic (PM) materials. In all the samples, the magnetization
increases with an increase in the strength of the applied
magnetic field but does not reach saturation, which is the
signature of complex magnetic behavior of AFM and FM/
ferrimagnetic (FIM).17 The XPS analysis reveals that the Fe
and Mn cations exhibit +3 and +4 mixed valence states in all
the synthesized materials. Therefore, there are several possible
magnetic interactions (FM, FIM and AFM) between the Fe and
Mn cations with an oxygen mediator.34 The origin of the non-
linear behavior of the M–H loop with weak ferromagnetism was
explained well in our earlier published papers.17,34 The corres-
ponding values of maximum magnetization (Mm), coercive
field (Hc), remnant magnetization (Mr), and remanence ratio
(Mr/Mm) for all the prepared samples were obtained from their
hysteresis loop, which are listed in Table 7. The magnetic
moment of all the synthesized samples was estimated from
their corresponding magnetization data using the following
relation:33

ZB ¼
Molecular weight

5585
�Mm (20)

where ZB represents the magnetic moment and Mm denotes the
maximum magnetization. The estimated value of magnetic
moment is listed in Table 7.

3.9 I–V characteristics

The current–voltage (I–V) measurement is an important tech-
nique for evaluating the performance of electronic devices. It
provides essential insight into their functionality. Noticing the
importance of this measurement, we recorded the I–V curves of
the La2�xSrxFeMnO6 materials at RT. All the synthesized mate-
rials exhibit a colossal/giant dielectric constant, as discussed in
the previous section. Therefore, it is essential to examine their
I–V characteristics for emerging potential applications in elec-
tronic devices. Fig. 13(a) shows the variation in current with
applied electric field at RT for all the synthesized samples.
Here, it can be observed that the conduction current exhibits a
nonlinear increase with the applied electric field strength,
indicating the semiconducting diode-type nature of all the
samples. Hence, they can be used as a rectifier in appropriate
electronic devices as a diode. Fig. 13(b) illustrates the relation-
ship between the leakage current density ( J) and the applied
electric field (E) at RT for all the synthesized compounds. As the

Table 6 Parameters of La2�xSrxFeMnO6 (where x = 0.0, 0.1, 0.2, 0.5, 1.5,
and 2.0) obtained from impedance analysis

Sr concentration
(x)

frgb

(Hz)
rgb

(O cm)
Cgb

(pF cm�1)
tgb

(ms)

0.0 373 255 356 1179 0.42
0.1 30 637 62 83 871 5.20
0.2 206 714 38 20 263 0.77
0.5 1 005 337 95 1684 0.16
1.5 803 433 1903 105 0.20
2.0 906 764 1342 126 0.17

Fig. 12 Magnetic hysteresis (M vs. H) loop for the La2�xSrxFeMnO6 (where
x = 0, 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0) materials at room temperature.

Table 7 Maximum magnetization (Mm), coercive field (Hc), remnant magnetization (Mr), remanence ratio (Mr/Mm), and magnetic moment (ZB) values for
La2�xSrxFeMnO6 (where x = 0.0, 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0) at room temperature

Concentration (x) Mm (emu g�1) Mr (emu g�1) Hc (Oe) Mr/Mm ZB (BM)

x = 0.0 0.62 0.01 035 0.016 0.053
x = 0.1 1.67 0.10 045 0.059 0.143
x = 0.2 1.50 0.08 042 0.053 0.127
x = 0.5 1.62 0.03 018 0.018 0.133
x = 1.0 1.65 0.25 775 0.151 0.128
x = 1.5 0.96 0.04 040 0.001 0.070
x = 2.0 0.41 0.00 000 0.000 0.028
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electric field increases, the leakage current density also
increases. The increase in leakage current density could be
attributed to some factors such as the influence of the potential
barrier, structural distortions or defects, and the presence of
polarized charges under an applied external field.90,91 The
trend of change in leakage current density with an increase in
applied electric field strength is similar to some earlier
reports.17,22,34,90,92–94 All the synthesized materials might be
suitable for application in electronic devices because of their
low leakage current density (B10�1–10�7 A cm�2) observed in
the electric field range of �15 to +15 V cm�2. It has also been
observed that the leakage current density primarily increases
for x = 0.1, and then it starts to decrease with an increase in Sr

concentration, giving the lowest leakage current density
(B10�7 A cm�2) for x = 2.0. Thus, it becomes more promising
for application in electronic devices than the others. A quanti-
tative comparison of the leakage current density values with
some earlier reported compounds is given in Table 8.

The substitution of Sr at the La site leads to stress and
structural distortion because of the difference in their ionic
sizes (as discussed earlier in the XRD section), resulting in the
creation of Schottky defects. Additionally, the presence of
mixed valence states of Mn and Fe (i.e., Mn3+, Mn4+, Fe3+,
and Fe4+) contributes to the formation of oxygen vacancies to
preserve charge neutrality, which is confirmed by the XPS
analysis. The applied external electric field can activate these

Fig. 13 Electric field-dependent current (a) and leakage current density (J) (b); linear fitting of log(J) vs. log(E) curves (c) for the La2�xSrxFeMnO6 samples
at RT and inset of (c) shows two different slopes in two different regions for x = 0.2 sample.

Table 8 Lowest leakage current density of some compounds at room temperature

Compounds Lowest J (A cm�2)@RT Ref.

(1 � x)Bi1+yFeO3�xBaTiO3 92
0.25 r x r 0.40; y = 0.00 B10�7–10�8

�0.02 r y r 0.04; x = 0.30 B10�7–10�9

(1 � x)Bi0.48La0.02Na0.48Li0.02Ti0.98Zr0.02O3�xNa0.73Bi0.09NbO3 (x = 0–0.14) B10�4–10�5 93
La2FeMnO6 B10�4 17
(K0.44,Na0.52,Li0.04) (Nb0.84,Ta0.1,Sb0.06O3) KNN-LT-LS B10�8 90
CaBiFeMnO6 B10�7 22
Nd2NiTiO6 B10�7 94
La2�xCaxFeMnO6 (x = 0.0, 0.1, 0.2, and 0.5) B10�4–10�5 34
La2�xSrxFeMnO6 (x = 0.0, 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0) B10�4–10�7 This work

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
6:

07
:5

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00868a


© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.

multiple valence states, generating free charge carriers, which
contribute to the resulting leakage current. There are several
potential mechanisms that can explain the limitations of the
leakage current in insulating and/or semiconducting materials.
These mechanisms are generally categorized into two groups,
as follows: (I) interface-limited conduction mechanisms and
(II) bulk limited conduction mechanisms. A linear increment in
leakage current density with the applied electric field indicates
Ohmic conduction behavior. To confirm the conduction
mechanism in the La2�xSrxFeMnO6 compound, its leakage
current density ( J) was plotted against the applied electric field
(E) on a logarithmic scale [log( J) vs. log(E)], as illustrated in
Fig. 13(c). All these plots exhibit a good linear fit with different
slopes. These slopes are close to 1 (S E 1), indicating linear
Ohmic conduction in all the samples. In the case of x = 0.2, the
linear log( J) vs. log(E) plot was fitted with two distinct slopes, as
shown in the inset of Fig. 13(c). The slope (S) is close to 1 in the
lower electric field region. Alternatively, in the higher electric
field region, the slope is approximately 1.75, indicating space-
charge-limited conduction (SCLC).95 Both Ohmic and SCLC
conduction are associated with the bulk limited conduction
mechanism. The leakage current density associated with
Ohmic conduction can be expressed by the following equation:

J = qmNeE (21)

where Ne represents the density of thermally activated elec-
trons, m is the mobility of charge carriers, and q is the charge of
an electron. Further, in the higher electric field region, space-
charge-limited conduction (SCLC) occurs due to the accumula-
tion of space charge near the electrodes. The accumulation of
space charge occurs when charge carriers are injected from the
electrode into the material at a rate exceeding their transport.
The current density for the SCLC mechanism can be expressed
as follows:

JSCLC ¼
9mere0yE2

8d
(22)

where m represents the carrier mobility, d represents the thick-
ness of the pellet, and y is the fraction of injected charge
carriers (y = 1 in trap-free limit). Hence, the change in slope
from 1.03 to 1.75 (for x = 0.2) indicates a transition in conduc-
tion mechanism from Ohmic to SCLC.

4. Conclusion

Polycrystalline La2�xSrxFeMnO6 (where x = 0.0, 0.1, 0.2, 0.5, 1.0,
1.5, and 2.0) samples were successfully prepared via the solid-
state reaction method. The Rietveld refinement of their XRD
data shows the re-entrant structural phase transition (cubic–
rhombohedral–cubic) of the disordered La2�xSrxFeMnO6 mate-
rials with Sr-doping. The SEM study shows anisotropic their
thermal expansion during grain formation, which leads to the
development of micro porosity. Two prominent phonon modes
(A1g and B1g) are observed in the Raman spectra of all the
synthesized samples, which are associated with the anti-
stretching and/or bending and the stretching (‘‘breathing’’)

vibrations of (Fe/Mn)O6 octahedra, respectively. The XPS study
reveals the presence of mixed valence states of Mn and Fe (i.e.,
Mn3+, Fe3+, Mn4+, and Fe4+) ions in all samples, which con-
tribute to the formation of oxygen vacancies. The semiconduct-
ing nature of all the synthesized samples was determined by
their temperature-dependent DC resistivity. The charge con-
duction in all the synthesized samples has been explained by
the long-range electron hoping conduction mechanism in the
high temperature region and short-range polaron hopping
conduction mechanism in the low-temperature region. The
dispersion behavior of the dielectric constant with frequency
at RT is the contribution of Maxwell–Wagner interfacial polar-
ization. The highest dielectric constant (e0 B 5.21 � 104) was
observed for 5% Sr doping at 700 Hz near RT. The Nyquist
complex impedance plot indicates non-Debye-type relaxation in
all samples. All the synthesized samples exhibit weak ferro-
magnetism, in contrast to x = 2.0, which is paramagnet in
nature. The highest ferromagnetic strength (Hc = 775 Oe) was
observed for 50 Sr doping (i.e., x = 1.0). The sample with the
composition x = 2.0 exhibits the lowest leakage current density
(B10�7 A cm�2), which makes it the most promising for
electronic device applications.
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