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Abstract
Double perovskite oxide with general formula LaBa0.5Ag0.5FeMnO6 (LBAFMO) has been prepared by the sol–gel-based 
Pechini method. To study and compare its electrical properties, impedance spectroscopy was carried out in the temperature 
ranging from 200 K to 340 K and frequency range from 100 Hz to 1 MHz. At room temperature, x-ray diffraction analysis 
revealed the compound to be single phase and to crystallize in the cubic system in space group Pm-3m. The imaginary part of 
the impedance (Z″) as a function of frequency indicated non-Debye model relaxation. Impedance data in a Nyquist plot (Z″ 
versus Z′) was used to determine an equivalent circuit. The complex impedance of LBAFMO revealed the presence of grain 
and grain-boundary contributions. The alternating-current (AC) conductivity as a function of frequency was interpreted by 
applying Jonscher’s law to determine the activation energy. Modulus analysis revealed the occurrence of a relaxation process 
supplemented by a conduction phenomenon.
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Introduction

Double perovskite compounds have general formula 
A2B′B″O6 or A′A″B′B″O6, where the cations occupying the 
A site are essentially ions of alkaline-earth metals or rare 
earths, while the B′ and B″ sites are occupied by two transi-
tion metals that are likely to be ordered at octahedral sites, 
thus forming B′O6 and B″O6 octahedra. In recent years, 
these materials have attracted interest from many researchers 
because of their various physical properties. The variation of 
the choice of the cations B′ and B″ in such compounds can 
result in a wide range of electrical and magnetic properties, 
including metallicity, half-metallicity, insulation, as well as 
ferromagnetism (FM), ferrimagnetism (FIM), and antifer-
romagnetism (AFM).1,2 Multiferroic materials exhibit more 
than one ferroic order.

Such coexistence of ferromagnetic and ferroelectric mate-
rials has attracted great attention in fundamental physics and 

chemistry.3–5 In the case of ferroelectrics, “ferro” indicates 
that a material exhibits a permanent electrical polarization 
even in the absence of an electric field, while in the case of 
ferromagnetic, the residual magnetization intensity can be 
reversed by applying a magnetic field.

In addition, early studies were devoted to oxides of the 
type Ln1−xAxMnO3, x ∈ [0, 1] (Ln = rare earth, A = Ca, 
Ba, Sr, etc.).6,7 Manganese exhibits very important magnetic 
properties (ferromagnetic and antiferromagnetic). Indeed, 
with the development of new concepts in solid-state physics, 
these oxides have been the subject of active studies, which 
formed the basis for the development of the theory of double 
exchange (DE)8 and superexchange (SE).9

Over recent decades, numerous doped perovskites have 
drawn broad attention from researchers thanks to their sub-
stantial electrical properties,10–13 such as the compound 
LaMnO3. Nonetheless, the observation of uncommon elec-
trical features in perovskite oxide LaAMnO3 with rare-earth 
element A (Ba, Ca, Sr, etc.) has revived interest in this type 
of materials. Doping LaMnO3 material with aliovalent 
ions leads to the conversion of a fraction of Mn3+ to Mn4+. 
This results in an interaction between the Mn3+ and Mn4+ 
ions, which is responsible for the properties of these man-
ganese oxides.14 Moreover, other studies have been carried 
out on the electrical properties of LaBaFe0.5Zn0.5MnO6−δ 
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compound.15 Indeed, the latter has been explored using x-ray 
diffraction and electrical impedance spectroscopy and found 
to crystallize at room temperature in cubic systems.15

Impedance spectroscopy (IS) is a further technique that 
can be used to investigate the electrical characteristics of 
samples. It allows the determination of the relaxation fre-
quency as well as grain, grain-boundary, and grain-electrode 
effects. The IS technique enables the measurement of the 
real and imaginary parts of the impedance over a wide range 
of frequency.

In the work presented herein, LaBa0.5Ag0.5FeMnO6 com-
pound was prepared by the sol–gel-based Pechini method. 
The aim of this work is to synthesize the proposed com-
pound (LBAFMO) ceramic and study its physical proper-
ties to understand the characteristics of the crystal structure 
and its dielectric properties at different frequencies and 
temperatures.

Experimental Procedures

LaBa0.5Ag0.5FeMnO6 compound was synthesized by 
means of the sol–gel-based Pechini method. Stoichiometric 
amounts of analytical-grade La2O3, BaCO3, Ag, Fe2O3, and 
MnO2 were solvated in citric acid solution to which ethylene 
glycol and diluted nitric acid were added.

After calculating the proportions of the precursors, they 
were weighed using a balance then placed in an Erlenmeyer 
flask fit with a magnetic bar; 40 ml nitric acid and 20 ml 
distilled water were added. This mixture was dissolved using 
a hot plate equipped with a magnetic stirrer at 80°C for 4 h. 
Citric acid and ethylene glycol were then added to homoge-
nize the reaction medium. The obtained mixture was brought 
to a temperature of 170°C. Afterwards, heat treatment at 
500°C for 6 h was carried out, and the obtained powder 
was crushed then pressed in a mold with the application of 
4 tons/cm2 to form circular pellets with thickness of 1.68 
mm and diameter of 11 mm. The thus-obtained pellets were 
subject to annealing cycles from 600°C to 900°C to obtain 
dense material, each lasting 12 h.

Several samples were prepared using the same method 
and steps but different chemical precursors. Then, sev-
eral techniques, such as electron diffraction and scanning 
transmission electron microscopy, were applied to confirm 
the purity of the samples and their oxygen stoichiometry. 
The results of these different techniques showed that this 
preparation method can achieve pure compounds with low 
oxygen deficiency.16 The structure, phase purity, and homo-
geneity of the prepared sample were determined by x-ray 
powder diffraction (XRD) analysis (PHILIPS diffractometer, 
X'PertPRO MPD) at room temperature in the Bragg angle 
range from 2 � = 20° to 80° using anticathode copper radia-
tion (λCuKα = 1.54060 Å) with step size of Δ� = 0.02°. The 

analysis of the x-ray pattern was carried out using the Full-
Prof program.17 Dielectric measurements were conducted 
using a precision impedance analyzer (Agilent 4294A) in 
Cp–Rp configuration in the frequency range from 100 Hz 
to 1 MHz and temperature range from 200 K to 340 K 
using a bath cryostat. The sample was placed under helium 
atmosphere to improve the heat transfer and avoid moisture. 
Besides, the compounds were used in disk form (diameter 
11 mm, thickness 1.68 mm), with opposite surfaces painted 
with conductive silver paste for connection to the electrodes.

Results and Discussion

Structural Analysis

Figure 1 shows the x-ray diffraction pattern of LBAFMO 
at room temperature. The intensities of the measured dif-
fraction lines are in good accordance with the calculated 
ones, indicating good crystallization of the material. Fur-
thermore, all peaks could be indexed to the cubic system in 
space group Pm-3m.

LaBa0.5Ag 0.5FeMnO6 compound is monophasic accord-
ing to Rietveld refinement. To achieve charge balance, the 
material contains Mn4+, Fe3+, and some Fe4+ to compen-
sate the incorporation of Ag+. No structural transition is 
seen in Fig. 1, indicating not only that these peaks are 
very low but also that the sample is monophasic and pure. 
Therefore, the x-ray powder diffraction pattern of BaLaFe2 
O6−δ compound corresponds to the simple cubic structure 
in space group Pm-3m.16 Rietveld refinement was per-
formed on the XRD diffractograms to estimate the lat-
tice parameters, yielding results of a = b = c = 3.8955 Å 
with volume V of 59.1139 Å3. The reliability factors were 

Fig. 1   X-ray powder diffraction of LaBa0.5Ag0.5FeMnO6 recorded 
with Cu Kα radiation.
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found, giving goodness factors of �2 = 1.56, RF = 1.76, 
and Bragg factor RB = 1.89. The exact processing tempera-
ture used for the sample for structural study was 900°C. 
To confirm the perovskite-like structure and the degree 
of distortion in the compound, the Goldschmidt tolerance 
factor t was calculated18 as

 where rA = r (La, Ba, Ag), rB = r (Fe, Mn), and rO are the 
ionic radii for the A and B site cations, and oxygen, respec-
tively. The evolution of the crystal structure as a function of 
the value of the parameter is explained below: 0.75 < t  < 
0.96: Orthorhombic distortion, 0.96 < t < 0.99: rhombohe-
dral distortion, and 0.99 < t < 1.06: cubic.

According to Shannon, the ionic radii are r(Ba2+) 
= 1.61 Å, r(Ag+) = 1.28 Å, r(La3+) = 1.36 Å, r(Mn4+) = 
0.53 Å, r(Fe3+) = 0.49 Å, r(Fe4+) = 0.585 Å, and r(O2−) 
=1.4 Å.19,20 For this material, the  t value larger than 1 
confirms the cubic structure of the material. Figure 1 also 
shows the (111) and (200) reflection peaks, confirming 
the accuracy of the Rietveld refinement and the formation 
of cubic phase. For morphological study of grains, the 
Debye–Scherrer method21 can be applied to determine the 
crystallite size based on the x-ray diffractogram as

(1)t =
rA + rO

√

2(rB + rO )
,

where D is the average crystallite size, K = 0.89, λ is the 
wavelength (1.54060 Å), β is the width at mid-height of the 
peak, and θ is the diffraction angle of the peak considered. 
A grain size of 36 nm was obtained, and scanning electron 
microscopy (SEM) was performed to study the sample mor-
phology, observe the crystallinity of the sintered powder, 
and detect the growth of grains (Fig. 2a). This figure also 
shows FESEM images of the sample obtained using ImageJ 
software to calculate the average size of the nanoparticles. 
The method consists in measuring the sizes of the maxi-
mum possible clear particles from the SEM image, which 
are of different sizes. A frequency plot for the particle size 
is then presented. The average size of the nanoparticles 
can then be estimated by applying a Lorentzian fit to this 
diagram (Fig. 2b). The morphology was found to be dense 
and uniform, with grains of 467 nm, each consisting of 13 
crystallites.

Impedance Analysis

Complex impedance spectroscopy is an efficient, simple, and 
adaptable method for analysis of the frequency-dependent 
response of various electrical parameters and effects (grain, 
grain boundary, electrode effect, etc.) of samples through 

(2)D =
K ⋅ �

� ⋅ cos �
,

Fig. 2   FESEM images of 
LaBa0.5Ag0.5FeMnO6 nanopar-
ticles.
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a simple impedance formulation. In literature, the electri-
cal conduction of oxide materials results essentially from 
hopping between ions such as Mn3+, Mn4+, and Fe3+, or 
overlapping of d orbital of cations.22 Under the application 
of an electric field, electrons will migrate from one site to 
another, giving an electrical response.

The dependence of the complex impedance of the 
LaBa0.5Ag0.5FeMnO6 sample on temperatures is shown in 
Fig. 3. The obtained spectra are made up of a single semi-
circular arc. It can be concluded that the compound exhibits 
not only grain but also grain-boundary effects in its electrical 
properties. In addition, the radius of the semicircles cor-
responding to the resistance decreases with increase in the 
temperature. Besides, the Nyquist diagram (Fig. 3) shows a 
non-Debye model23 of relaxation behavior. A distribution of 
relaxation times (instead of a single relaxation time) in the 
sample is suggested by the depressed semicircular arc (with 
the plot center line lie below the real axis), resulting from 
flaws in the majority of solids.24,25

To study the properties of LBAFMO, the complex 
impedance spectra were measured using ZView software. 
The fit was obtained using an equivalent circuit that can 
be described as a parallel (R1.C1) circuit in series with an 
(R2–CPE1) circuit, where R1 is the grain resistance, C1 is 
the grain capacitance, R2 is the grain-boundary resist-
ance, and CPE1 is the constant-phase element (Fig. 3). The 

parameters of the equivalent circuit are obtained from the fit-
ting at selected temperatures and are summarized in Table I. 
Indeed, transport in grains, which are purely resistive, occurs 
mainly at high frequencies, while conduction at grain bound-
aries generally takes place at low frequencies. The constant-
phase element (ZCPE) is determined by the equation26

The resistance values R, Q and � are determined by mini-
mizing the difference between the calculated and experimen-
tal data. While Q denotes the value of the pseudocapacity 
of the CPE element, α represents the material’s capacitive 
nature. If α = 0, it behaves as an Ohmic resistance, whereas 
if α = 1, it becomes an ideal capacitor.

The real (Z′) and imaginary (−Z″) parts of the complex 
impedance were calculated according to the following 
formulas:

respectively. Figure 4 presents the difference of the real 
part of the impedance Z′ as a function of frequency at differ-
ent temperatures. In the region of low frequencies and tem-
peratures, the impedance value is higher but then it gradually 
decreases with increase in frequency. For certain frequencies 
(> 105 Hz), Z′ is almost constant, but then decreases. Moreo-
ver, the values of Z′ converge at high frequencies towards a 
minimal value. This result can be attributed to the release of 
space-charge polarization, decreasing the potential barrier 
in the material.27 Figure 5 plots the imaginary part of the 
complex impedance Z″ as a function of frequency at dif-
ferent temperatures. From Fig. 5, we can clearly see peaks 
where the corresponding frequency of the Z″ maximum is 
shifted to higher frequencies with increase in temperature. 

(3)ZCPE =
1

Q(jw)�
.

(4)

Z� =
R−1 + Q��Cos

(

��

2

)

(
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2

)2
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Fig. 3   Complex impedance spectrum at different temperatures with 
equivalent electrical circuit.

Table I   The parameters for 
the equivalent circuit of 
LaBa0.5Ag0.5FeMnO6.

T (K) 200 220 240 260 280 300 320

R1 (× 104 Ω) 13.67 10.84 9.21 6.53 4.34 3.26 2.38
CPE1 (× 10−11 F) 1.97 1.51 1.15 1.18 1.87 1.52 7.13
α 0.866 0.879 0.904 0.905 0.921 0.911 0.926
R2 (×103 Ω) 3.57 3.51 3.64 3.33 3.19 2.64 2.60
C1 (× 10−11 F) 9.94 8.73 7.42 7.23 6.74 6.45 6.32
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The displacement of this maximum confirms the occurrence 
of a dielectric process that is characteristic of the material. 
This relaxation can be explained by the accumulation of 
charges at grain boundaries, which polarize under the effect 
of an electric field.28 This relaxation can be interpreted based 
on charge accumulation at grain boundaries that are polar-
ized under the action of an electric field.28

Dielectric Studies

The complex permittivity of a dielectric material following 
a non-Debye model can be obtained from the relationship29

(6)�∗(w) = �∞ +

(

�S − �∞
)

(1 + j��)1−�
+

�DC

j��0
,

where �∞ is the high-frequency permittivity, �S is the static 
permittivity, �0 is the permittivity of free space, τ is the 
relaxation time, ω is the angular frequency, α is a parameter 
between 0 and 1, with the former value giving the charac-
teristic result of Debye relaxation, and �DC represents the 
Ohmic conductivity.30–32 As clearly seen from Fig. 6a, the 
discrepancy of the real part ε′ of the complex permittivity 
versus frequency increases with temperature, but it decreases 
with an increase in frequency. This is likely explained by the 
material’s dielectric polarization mechanism. Actually, the 
values of ε′ are very high at low frequencies, which can be 
attributed to the accumulation of charge carriers between 
the sample and electrodes, e.g., interfacial polarization.33,34 
Figure 6b shows the variation of the imaginary part ε″ of 
the complex permittivity as a function of frequency at dif-
ferent temperatures. Indeed, a decrease of ε″ with increase 
in frequency is visible, which can be ascribed not only to 
the presence of a relaxation time distribution but also to the 
contribution of charge carrier density.35,36

Fig. 4   Evolution of real part of impedance as function of frequency at 
various temperatures.

Fig. 5   Variation of imaginary part of impedance as function of fre-
quency at various temperatures.

Fig. 6   Variation of (a) real and (b) imaginary part of the permittivity 
as functions of frequency at different temperatures.
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Electrical Modulus Studies

The electrical modulus can be used to explore the conduc-
tion mechanism and relaxation behavior of a compound.37 
It can be determined from the following mathematical 
formalism:38

The real (M′) and imaginary (M″) parts of the complex 
modulus can be obtained from the complex impedance data 
Z*(� ) = Z′ − jZ″) using the expressions

where C0 is the vacuum capacitance of the cell.
Figure 7a shows the difference of the real part of the 

electrical modulus at different temperatures as a function of 

(7)M∗ = M� + jM�� = j�C0 Z∗ =
1

�∗
.

(8)M� = �C0Z
�

(9)M�� = �C0Z,

frequency. Although the values of M′ are very low at low fre-
quency, they attain a maximum at elevated frequency for all 
temperatures. In addition, if ε′ decreases, M′ increases, while 
it was noted above that the permittivity values are large. 
This can be explained by charge accumulation between the 
electrode and material. This result confirms the dielectric 
characterization. The dependence of the imaginary part of 
the modulus M″ on frequency (Fig. 7b) reveals a relaxation 
process. M″ is initially low but increases with frequency at 
some temperature until reaching a maximum that represents 
a peak of relaxation. If the temperature increases, the modu-
lus values shift to the maximum at higher frequency. The 
relaxation peaks show that the sample is an ionic conductor. 
The imaginary part of the modulus is maximal at �� = 1.

The activation energy of the relaxation processes can be 
determined through the expression39

where f0 is the frequency at high temperature, KB is the 
Boltzmann constant, Ea is the activation energy, and T is 
temperature. By plotting the relaxation frequency Fp as a 
function of inverse temperature (1000/T) (Fig. 8), a linear 
dependence is obtained, obeying Arrhenius behavior.40 The 
resulting activation energy value is 0.386 eV.

Electrical Conductivity Studies

Conductivity measurements are significant for all dielectric 
materials as they can provide a great deal of information 
about the conduction mechanism. Besides, the electrical 
conduction mechanism relies on the movement of electri-
cally charged particles through a transmission medium. Such 
movement, whose basic mechanism depends on the material, 
can result in the flow of an electric current in response to an 

(10)FP = f0 exp
(

−Ea∕KBT
)

,

Fig. 7   Variation of (a) the real part (M′) and (b) the imaginary part 
(M″) of the modulus as functions of frequency at various tempera-
tures. Fig. 8   Variation of Fp frequency relaxation with temperature.
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electric field. Two kinds of conduction mechanism exist in a 
dielectric, namely the electrode-limited conduction mecha-
nism and the bulk-limited conduction mechanism.

The electrode-limited conduction mechanism depends 
on the electrical characteristics at the electrode–dielectric 
interface. Considering this type, one can extract the physi-
cal features of the barrier height at the electrode–dielectric 
interface and the effective mass of the conduction carriers in 
the dielectric material. Meanwhile, the bulk-limited conduc-
tion mechanism depends on the electrical properties of the 
dielectric itself. Through its analysis, one can obtain several 
important physical parameters of the dielectric, including the 
trap level, trap spacing, trap density, carrier drift mobility, 
dielectric relaxation time, and density of states in the con-
duction band. Figure 9 shows the frequency dependence of 
the AC conductivity at different temperatures. In addition, 
the variation of the conductivity reveals two zones, at low 
and elevated frequency. While the conductivity shows a large 
plateau corresponding to the direct current (Dc) conductivity 
at low frequencies, it gradually increases with increase in the 
frequency at elevated frequency.

Moreover, the conductivity curves can be expressed using 
the Jonscher relation,41

where �DC is the DC conductivity, ω is the frequency, A is a 
constant that depends on temperature, and s (0 ≤ s ≤ 1) is a 
dimension lessparameter that characterizes the dispersion in 
the material.20 As illustrated in Fig. 10, the dependence of 
the conductivity on inverse temperature follows the Arrhe-
nius law:42

(11)�(�) = �DC + A�s,

(12)�DC = �0 exp

(

−Ea

KB T

)

,

where Ea is the activation energy, �0 is the preexponential 
term, and KB is Boltzmann’s constant. The activation energy 
value obtained for LaBa0.5Ag0.5FeMnO6 is 0.392 eV, which 
may differ from that obtained from the modulus analysis, 
indicating that the charge transport properties result from 
the AC conduction mechanism. The temperature dependence 
of the exponent s was explored to identify the conduction 
model in the material. The obtained values of s vary from 
0.993 to 0.664, depending on temperature. Numerous mod-
els can be applied to illustrate the conduction mechanism 
in samples. Examples including quantum-mechanical tun-
neling (QMT), correlated barrier hopping (CBH), nonover-
lapping small-polaron tunneling (NSPT), and overlapping 
large-polaron tunneling (OLPT) can be cited. In the case of 
CBH, s decreases linearly with increase in temperature.43 

Fig. 9   Frequency dependence of AC conductivity at various tempera-
tures.

Fig. 10   Variation of ln(�
DC

× T  ) with 1000/T.

Fig. 11   Variation of universal exponent s with temperature.
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In overlapping large-polaron tunneling (OLPT), s decreases 
monotonically with increase in temperature until reaching 
a minimum. For high temperatures, beyond this minimum, 
s increases again.44 Figure 11 shows the variation of the 
parameter s as a function of temperature for LBAFMO. The 
variation of the parameter s thus follows the OLPT conduc-
tion mechanism.44

Conclusions

LaBa0.5Ag0.5FeMnO6 compound was synthesized by the 
sol–gel-based Pechini technique. x-Ray diffraction analysis 
indicated the cubic structure of the material, while complex 
impedance spectroscopy confirmed the occurrence of both 
grain and grain-boundary contributions to the relaxation pro-
cess of LBAFMO. The electrical properties of LBAFMO 
can be described by an RC equivalent circuit. Furthermore, 
the Z′ and Z″ curves merging above 105 Hz for different 
temperatures demonstrate the occurrence of a relaxation 
phenomenon. The variation of the AC conductivity is shown 
to obey Jonscher's law. Moreover, the activation energies 
resulting from the conductivity and modulus analyses are 
very similar, confirming that the charge transport between 
ions occurs via a jump mechanism correspond to the OLPT 
conduction model.
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