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ABSTRACT
The structural and dielectric characteristics of nano-crystalline La1−xYxFeO3, 
(0 < x < 0.3) perovskite samples synthesized through the citrate auto-combustion 
route were investigated. The findings of X-ray diffraction (XRD) analysis revealed 
that the synthesized perovskites exhibited a polycrystalline orthorhombic struc-
ture with a space group Pnma. Furthermore, the tolerance factor was indicative 
of the phase stability of the orthoferrite series. Based on the refined XRD data, the 
size of the crystallites was estimated to be between 11.9 and 18.5 nm using size-
strain plots (SSP). To gain more insight into the crystal structure, high-resolution 
transmission electron microscopy (HRTEM) was employed. The estimated size 
based on HRTEM calculations agreed with the XRD findings. The influence of 
annealing temperature on the frequency dependence of the dielectric response 
was thoroughly investigated for nano-crystalline La1−xYxFeO3 perovskites. The 
investigation took place at room temperature as well as different annealing tem-
peratures, with a comprehensive frequency range of 50 Hz to ~ 2 MHz. The incor-
poration of Y3+ ions into LaFeO3 (LFO) has resulted in a significant enhancement 
of the dielectric constant values. This improvement is attributed to the successful 
integration of Y3+ ions, which have effectively modified the electrical properties of 
LFO. Furthermore, the annealing has been shown to enhance both the values of 
the dielectric constant, ε1(ω) and ε2(ω), which are critical parameters for electronic 
devices. Based on a power law response, the AC conductivity displays an increase 
with dopant concentration and frequency. Additionally, it has been noted that 
the activation energy value for LFOY30 is slightly reduced by 0.01 eV in com-
parison to pure LFO. The AC conductivity of LFOY30 was observed to increase 
with thermal annealing over the temperature range of 333 K to 463 K. This result 
confirms the occurrence of thermally activated conduction in the material. Based 
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on this finding, LFOY30 is deemed appropriate for use in applications that require 
effective heat dissipation. The frequency exponent, s, decreases with increasing 
temperature from 0.87 to 0.56 for LFO and from 0.488 to 0.42 for LFOY30, respec-
tively, which is associated with the correlated barrier hopping (CBH) model. 
The maximum barrier height (WM) was around 0.26 eV. The loss tangent (tanδ) 
variation was estimated as a function of frequency at different dopant concentra-
tions and temperatures. Doping and annealing have been identified as appropri-
ate measures for enhancing the electrical properties of the La1−xYxFeO3 system, 
thereby making it a useful material for electronic devices.

1 Introduction

Perovskite-type materials have become a promis-
ing study area for researchers owing to their robust 
structure and a diverse range of advantageous prop-
erties, including stability, dielectric behavior, optical 
response, magnetic behavior, piezoelectricity, and 
catalytic activity [1–3]. Perovskite-type ceramics with 
the general formula ABO3 are a class of ceramics com-
posed of cations A and B derived from lanthanides 
and alkali earth metals, respectively, while O repre-
sents oxygen ions [1–3]. Furthermore, the potential 
applications of these materials are extensive, span-
ning across a diverse range of devices. These devices 
include memories, tunable microwave displays, fuel 
cells, gas sensors, oxygen-permeable membranes, 
actuators, ultrasonic motors, sensors, and capaci-
tors [4–7]. The room temperature behavior of LaFeO3 
(LFO) is characterized by ferroelasticity [8]. This is 
attributed to a spontaneous lattice strain of ~2.4 × 10–4 
[8] arising from atomic displacements of La, O1, and 
O2 in the individual with invariant Fe at the inver-
sion center. This effect confers additional functional-
ity to LFO and augments its multi-ferroic properties. 
Moreover, doped LFO is an exceptional material for 
various applications due to its high room temperature 
dielectric constant (~ 500–800), low loss, and superior 
commitment toward spontaneous polarization and 
magnetization. With these remarkable properties, it 
finds tremendous use as an ethanol sensor, a hot elec-
trode for MHD power generation, and in solid oxide 
fuel cells (SOFCs) [9, 10]. Furthermore, the unique 
optoelectronic properties and narrow band gap of LFO 
have been found to confer visible light photocatalytic 
activity. This discovery, as reported in [3], underscores 
the potential of LFO as a promising candidate for vari-
ous applications in the field of catalysis. For the afore-
mentioned reasons, the doped Lanthanum orthoferrite 
is undoubtedly a superior multifunctional material 

when compared to other ceramic materials. At ambi-
ent temperatures, the RFeO3 polycrystalline material 
presents a distorted perovskite structure characterized 
by a space group of pnma or Pbnm [11]. Achieving a 
uniform size distribution of nanoparticles in perovs-
kites is critical in enhancing their characteristics. To 
this end, significant attention is paid to the controlled 
synthesis of RFeO3 nanomaterials. By carefully regu-
lating the synthesis process, a consistent and homoge-
neous distribution of nanoparticles can be achieved, 
enhancing the desirable properties of perovskites. 
This emphasis on controlling the synthesis of RFeO3 
nanomaterials reflects the importance of precision 
and attention to detail in manufacturing high-quality 
perovskite materials. Perovskite-type nanomaterials 
exhibit unique structural, electrical, and dielectric 
properties. It is possible to modify these properties 
by carefully selecting rare-earth elements at the tetra-
hedral site and transition metal ions at the octahedral 
site. By doing so, the characteristics of the nanoma-
terials can be tailored to meet specific requirements 
for various applications. This approach is particularly 
useful for designing new materials with enhanced 
functionality and performance. Therefore, it is impera-
tive to explore the potential of perovskite-type nano-
materials for various technological and scientific fields 
[12]. Additionally, the observation of replacement on 
the A and/or B sites has enhanced the electrical char-
acteristics. Several other forms of substitution have 
been investigated in previous studies. For instance, 
examples include La0.33Sr0.66FeO3 [13], La1−xZnxFeO3 
[14], La0.5Al0.5FeO3 [15], and La1−xCaxFeO3 [16]. The 
Perovskite-type ceramics demonstrate the intriguing 
characteristics of electrical materials, including but 
not limited to a high dielectric constant, low dielec-
tric loss, high electrical conductivity, thermal stabil-
ity, ferroelectricity, and piezoelectricity. Hence, incor-
porating divalent or trivalent ions into the La or Fe 
sub-lattices has been investigated to enhance these 
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features [13–18]. Orthoferrites may be synthesized 
by a variety of techniques, including the solid-state 
approach [17], combustion method [18], hydrother-
mal method [19], electron spin route [20], and co-
precipitation method [21]. Nonetheless, developing a 
straightforward, cost-effective, and environmentally 
friendly synthesis method for the perovskite material 
LaFeO3, which possesses several useful characteristics, 
remains a significant issue. In this study, we employed 
the sol–gel auto-combustion technique to fabricate 
nanostructured La1−xYxFeO3 materials (x = 0.00, 0.05, 
0.1, 0.15, 0.25, and 0.30). This approach has several 
advantages, including improved precursor mixing, 
reduced energy usage, lower temperature require-
ments, and consistent homogeneity in the resulting 
product [22]. D. Triyono et al. [23] reported the synthe-
sis of e La1−xSrxFeO3 (x = 0.1, 0.2, 0.3, and 0.4) via a cit-
rate auto-combustion approach and investigated their 
structure and dielectric properties. They employed 
Impedance spectroscopic experiments to elucidate the 
electrical characteristics in relation to the frequency 
range (100 Hz to 1 MHz) under different tempera-
tures (300–373 K). They clarified the presence of tiny 
polarons as charge carriers within the grain and grain 
border through their electrical conductivity studies. 
The inclusion of Sr-substitution increased both the 
dielectric constant and electronic conductivity. The 
greatest values were seen in La1−xSrxFeO3, specifically 
at x = 0.4. L. John Berchmans et al. [24] also discovered 
that the electrical conductivity of the synthetic LaFeO3 
compounds substituted with Sb increases with rising 
measurement temperature. They revealed that when 
frequency increases, the dielectric constant decreases. 
The observed behavior of the  synthesized materi-
als indicates semiconducting characteristics, as evi-
denced by the temperature-dependent direct current 
(d.c.) conductivity. Further, the study conducted by 
A. Tiwari et al. [25] examined the impact of Barium 
doping at the A-site and nickel doping at the B-site in 
the synthesis of LaFeO3 (LFO) ceramics using the Co-
precipitation route. The researchers discovered that 
using Barium as a dopant leads to an enhanced dielec-
tric nature, which can be attributed to the increased 
polarizability shown by the Ba ions. The ionic con-
ductivity of LFO exhibits higher values when doped 
with Ni compared to its doping with Ba. This can be 
attributed to the phenomenon of toggling, where the 
ionic state of Fe3+ is altered to Fe4+ to maintain charge 
balance. They found that the incorporation of barium 
into LFO leads to an enhancement in its capacitive 

properties, which is directly proportional to the con-
centration of Ba. In their study, M. Asif et al. [26] per-
formed an investigation on the dielectric behavior of 
Y1−xPrxFeO3 (0 ≤ x ≤ 0.16) ceramics at ambient tem-
perature. The study encompassed a wide frequency 
range from 1 MHzto 3 GHz. They found that adding 
Pr considerably increased the dielectric constant. A 
peak shift toward higher frequencies was observed, 
which may be ascribed to the increase in dopant con-
centration, a phenomenon believed to be controlled by 
the Maxwell–Wagner-Sillars polarization mechanism.

The current study is focused on examining various 
aspects of structural, microstructural, AC conduc-
tivity, and dielectric characteristics of high-quality 
La1−xYxFeO3 ceramics (x = 0.00, 0.05, 0.10, 0.15, 0.25, 
and 0.30) produced by citrate–nitrate auto-combus-
tion route. The conductive mechanism and the die-
lectric properties are investigated. To the best of our 
knowledge, a full investigation of Y co-substitution in 
La1−xYxFeO3 has not been undertaken. An extensive 
literature analysis revealed that annealing significantly 
changes the material’s structural, optical, electrical, 
and dielectric behavior, reflected in many electronic 
applications such as sensors, energy storage systems, 
and electronic devices. Consequently, an investigation 
was conducted to evaluate the influence of thermal 
annealing on the dielectric properties and electrical 
conductivity of perovskite-type ceramics. Subse-
quently, a comprehensive discussion ensued.

2 �Experimental details

2.1 �Materials and methods

Analytical quality of Fe(NO3)3.9H2O, La(NO3)36H2O, 
and citric acid monohydrate (C6H8O7.H2O) were used 
as raw materials to synthesize high-quality nanostruc-
tured La1−xYxFeO3, with (x = 0.00, 0.05, 0.10, 0.15, 0.25, 
and 0.30). All chemicals were purchased from Sigma-
Aldrich with a minimum purity of 99.9%, and no 
extra purification was required. The chemicals were 
combined in stoichiometric proportions within a 500-
ml glass beaker and subjected to heating at a tempera-
ture of 70–80 °C on a hot plate for approximately 20 
min. The mixture was subjected to rigorous stirring at 
1350 revolutions per minute throughout the experi-
mental process, employing a magnetic stirrer to ensure 
homogeneity. The molar ratio of metal nitrates to citric 
acid (fuel) was intentionally kept at a constant ratio 
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of 1:1. In order to achieve a pH of 7–8 and establish 
stability in the nitrate-citrate solution, a small quantity 
of 33.3% aqueous ammonia solution was added drop-
wise. During this process, the solution was maintained 
at a temperature range of 70–80 °C while continuously 
stirred. The as-prepared ceramics were acquired by 
decomposing the dried gel in an open environment 
at a temperature range of 190–200 °C. Upon ignition 
in the air, a dry gel underwent thermochemical com-
bustion, ultimately transforming into a deep brown 
as-prepared powder. The increase in Y3+ concentration 
resulted in a corresponding increase in the darkness 
of the powder. The thermochemical reaction for this 
synthesis is given in Eq. (1).

2.2 �Characterization techniques

A small quantity of the initially prepared powder 
was used to determine its phase purity, structure, 
and crystallite parameters (size and lattice strain) 
using an X-ray powder diffractometer (X’Pert pro 
PANalytical MRD equipment) with Cu-Kα radiation 
(λ = 1.54056 Å). The lattice parameters of each com-
position were determined precisely by implementing 
the Rietveld approach [27–29]. The X-ray diffraction 
(XRD) patterns underwent thorough Rietveld refine-
ment analysis using the FullProf software. The refine-
ment procedures for the studied orthoferrites were ini-
tiated by utilizing the crystallographic data of LaFeO3 
[30]. Subsequently, the patterns underwent structural 
refinement at a counting rate of 2° (2θ) per minute per 
step. This process ensured that the orthoferrites were 
accurately analyzed and their structural properties 
were optimally refined. This method refined the lattice 
parameters, atomic coordinates, thermal parameters, 
occupancies, and microstructural parameters, specifi-
cally the average crystallite size and non-uniform lat-
tice strain, for all these synthesized compositions. An 
asymmetric pseudo-Voigt function was employed in 
the structural analysis to delineate the peak shapes 
across diverse samples. The estimation and visuali-
zation of electron density within the unit cell have 
been conducted by utilizing the GFourier tool, which 
is a part of the FullProf package. The procedure has 
been executed precisely and accurately to obtain the 
most conclusive and reliable results. A comprehen-
sive exposition of the mathematical methodologies 
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employed in the Rietveld analysis is available in many 
literatures [31–38]. The morphology and size of the 
samples were estimated by utilizing a tiny quantity 
of powder evenly suspended in alcohol with a purity 
of 99.99% and, after that, subjected to sonication for 
15 min. This solution was applied onto a Carbon-
coated copper grid and utilized for high-resolution 
transmission electron microscopy (HRTEM) analy-
sis. The HRTEM analysis was conducted utilizing a 
JEOI-JEM 2100 instrument, operated at an accelera-
tion voltage of 200 kV. The perovskite-type ceram-
ics La1−xYxFeO3 (where 0 < x < 0.3) were subjected to 
a high-pressure treatment of approximately 450 MPa 
using a hydraulic press. The resulting product was a 

cylindrical pellet of optimal dimensions, measuring 
1.2 cm in diameter and 0.09 cm in thickness. The pel-
lets are sandwiched between two gold electrodes to 
act as ohmic contacts. The dielectric characteristics of 
La1−xYxFeO3 (0 < x < 0.3) pellets were determined using 
an LCR bridge (Hioki 3532 Hitester with a frequency 
range of 50  Hz–2  MHz). Temperature-dependent 
measurements were performed on La1−xYxFeO3 at x = 0 
and 0.3 from 293 to 473 K.

3 �Results and discussion

3.1 �Structural characteristics

The XRD patterns of La1−xYxFeO3, (x = 0.00, 0.05, 
0.10, 0.15, 0.25, and 0.30) are depicted in Fig. 1. The 
observed disappearance of reactant peaks and the 
emergence of the corresponding perovskite peaks 
provide conclusive evidence of the formation and 
completion of the reaction. These data affirm the 
successful synthesis of the La1−xYxFeO3 perovskites 
under investigation, providing valuable insight into 
their physical and chemical characteristics. The dif-
fraction patterns were investigated using the Rietveld 
method, resulting in the identification of peaks corre-
sponding to the (101), (121), (220), (202), (240), (242), 
and (204) planes. These peaks agreed with the (JCPDS: 
No. 88-0641) database. It was observed that a negative 
x/a site coordinate value indicates a transition from 
the symmetric development of Pnma to Pbnm [39]. 
According to the XRD data and Rietveld analysis, 
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no secondary phases have been developed, as dem-
onstrated in Fig. 3a–f. Additionally, it demonstrates 
the monophase formation of the perovskite compo-
sitions within the XRD detection range. The smaller 
ionic radius of the Y+3 (1.019 Å) relative to the La+3(1.16 
Å), as reported by Y.M. Abbas et al. [40], causes a shift 
toward larger 2θ values when the Y3+ is increased in 
the host La3+ crystal structure, as shown in Fig. 1. The 
tolerance factor suggested by Goldschmidt [40] serves 
as a metric for assessing the stability and deforma-
tion of a perovskite crystal structure. The ratio of ionic 
radii determines the Goldschmidt tolerance factor (t) 
for La1−xYxFeO3 perovskites and might be expressed 
as follows:

where R
La

3+ , R
Y
3+R

O
2− , and R

Fe
3+ are the ionic radii 

of the La, Y, O, and Fe ions, respectively. Goldschmidt 
tolerance factors (t) are calculated using Eq.  (2). A 
fewer A-site cation size suggests that Goldschmidt’s 
tolerance factor will be observed, which will be less 
than 1. Consequently, the octahedra represented by 
[BO6] will undergo tilting to achieve maximum space 
filling. The study by Y.M. Abbas et al. reported that the 
perovskite exhibits structural stability in the range of 
0.75 to 1.0. Moreover, the material assumes a cubic 
configuration when t exceeds 0.95. [40]. This stability 
is maintained in the case of an ideal cubic structure, 

(2)t =
(1 − x)R

La
3+ + xR

Y
3+ + R

O
2−

√

2(R
O
2− + R

Fe
3+)

,

where t equals 1 For an ideal cubic structure (t = 1), 
for stabilizing the perovskite structure, t must be 
between 0.75 and 1.0 and cubic when (t > 0.95) [40, 
41]. The orthorhombic symmetry of the perovskites is 
confirmed by (t) values in the range of (0.85 > t > 0.95) 
[40]. The ionic radii of La3+ and Y3+ are 1.216 Å and 
1.075  Å, respectively, when subjected to ninefold 
coordination. Conversely, Fe3+ and O2− possess ionic 
radius of 0.55 Å and 1.42 Å, respectively, under six 
fold coordination. The synthesized perovskites display 

Fig. 1   a XRD patterns of the as-prepared perovskite system 
La1−xYxFeO3, (x = 0.00, 0.05, 0.10, 0.15, 0.25, and 0.30) perovs-
kites, b Enlarged view of XRD patterns of the orthorhombic per-
ovskite materials at (121) plane

Fig. 2   The variation of the tolerance factor with Y-content (x)

Fig. 3   Rietveld refinement profile of XRD of the as-prepared 
LaFeO3 (LFO). The black line represents the observed patterns, 
the red points represent the calculated patterns, the green verti-
cal line represents the position of Bragg reflections, and the vio-
let line represents the difference between observed and calculated 
intensities
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an orthorhombic structure, which has been authen-
ticated by tolerance factor values that fall within the 
range of 0.85 to 0.95, as demonstrated in Fig. 2. The 
observed trend in the t values indicated a decrease 
as the concentration of Y3+ increased, which can be 
attributed to the displacement of La3+ caused by the 
variation in their respective ionic radii. The tolerance 
factor’s correlation with increasing concentrations of 
Y is depicted in Fig. 2, affirming the compositions’ sta-
ble orthorhombic structure. The distortion observed in 
the 〈FeO6〉 octahedron may be attributed to the larger 
size of the R

Fe
3+  cation, leading to the octahedron’s 

tilt. This tilting, in turn, caused a shift in the Fe–O–Fe 
geometry. The synthesized ceramics exhibited mono-
phasic characteristics and, as evidenced by the well-
fitted refinement patterns for (x = 0.00, 0.05, 0.10, 0.15, 
0.25, and 0.30), can be attributed to the SG Pnma. 
Figure 3 displays the Rietveld refinements profile of 
the XRD patterns of LaFeO3. The Rietveld profile fit-
ting of the other ceramics La1−xYxFeO3, (x = 0.05, 0.10, 
0.15, 0.25, and 0.30) is presented in Fig. S1a–e (Sup-
plementary materials). The data presented in Table S1 
reveal that the structural and fitting parameters were 
accurately determined, thus ensuring high-quality fit-
tings. The goodness of fit parameter, represented by 
χ2, was less than 2, indicating a highly accurate fitting 
of the experimental diffraction profile as illustrated in 
Fig. 3 and Table S1. The present work compares the sex 
orthorhombic orthoferrites, revealing that the addition 
of the Y results in a significant decrease in unit cell vol-
ume, as shown in Fig. 4. This result can be attributed to 

the relatively smaller ionic radius of Y3+ in comparison 
to La3+. Some of the Fe3+ ions can be converted to Fe4+ 
and Fe5+ (which have lower ionic radii), decreasing the 
unit cell. This phenomenon, known as lattice reduc-
tion, exhibits anisotropy, where the lattice parameters 
b and c experience a minor reduction, while the lattice 
parameter (a) shows a minor increase. This observa-
tion suggests that an increase in yttrium concentra-
tions leads to a significant distortion in the lattice 
geometry. These observations are depicted in Fig. 4. 
The effect of the Y substitution on the lattice strain in 
the structure has been determined by means of a size-
strain equation [42]. It is worth noting that the crys-
tallite size and the lattice microstrain are interrelated, 
and this relationship is described by Eq. (3).

where dhkl is the interplanar spacing, k is the shape 
constant (0.9), βhkl is the full width at half maximum 
(FWHM) for each hkl plane, D is the average crystal-
lite size, and ε is the lattice strain. Figure 5 shows the 
plots of 

(

d
hkl
�
hkl
cos�

)

2 vs. d2
hkl
�
hkl
cos� for the fitted XRD 

patterns of LFO, and the size-strain plots for the other 
perovskite compositions are illustrated in Fig. S2a–e 
(Supplementary materials). The slopes and intercepts 
were calculated using linear fitting of the experimen-
tal data points. The mean crystalline size values were 
acquired directly from the slope values, while the lat-
tice strain values were produced by calculating the 
square root of the intercepts. Table S1 presents the 
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Fig. 4   The correlation between Y-content (x) and the lattice 
parameter (a), as well as the cell volume (V) in the perovskite 
system La1−xYxFeO3

Fig. 5   The crystallite size and lattice strain calculation using 
size–strain plots (SSP) for LFO
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mean crystallite size and lattice strain values of the 
compositions, which are determined through a size-
strain plot (SSP). The synthesized perovskites exhibit 
estimated crystallite sizes ranging from 11.9 ± 0.01 nm 
to 18.5 ± 0.02 nm, along with non-uniform microstrains 
that vary from 4.0 × 10–3 for LFOY05 to 8.5 × 10–3 for 
LFOY15.

The use of GFourier software in Rietveld refine-
ment is a notable outcome that facilitates the visuali-
zation and characterization of electron density within 
the unit cell. The graphical representation of crystals 
plays a crucial role in identifying the atomic positions 
of constituent elements throughout the unit cell. This 
information is essential for understanding the proper-
ties and behavior of crystals. One can determine the 
location of a larger element in the unit cell by analyz-
ing the thickness of the electron density contours rela-
tive to other elements. The calculation of the scattering 
density ρ(x, y, z) using the fast Fourier transform (FFT) 
formula is conventionally utilized for this purpose [39, 
40].

The magnitude of the structure factor is represented 
by F(hkl), while the phase angle of each Bragg reflec-
tion is denoted by αhkl. Figure 6 shows the 3-D elec-
tron density representation of the selected LFO and 
LFOY25. The figure displays the zero-level density 
contour in black, while the regions colored in red to 
violet-brown signify a progressive rise in electron 
density levels surrounding the La cation. Significant 
deviations in the oxygen positions within the unit 
cell are observed compared to the Fe and La│Y posi-
tions. The 4c Wyckoff positions exhibit robust positive 
peaks. The investigated perovskite system comprises 
Fe and La cations positioned at (0, 0, 0.5) and (0.028, 
0.25, 0.993), respectively. Figure 6a, b demonstrates a 
significant contrast in the scattering density across the 
O, La│Y and Fe ions.

3.2 �Microstructural analysis

HRTEM micrographs were used to examine the 
microstructure of the perovskite La1−xYxFeO3 
nanocrystallites (x = 0.00, 0.05, 0.10, 0.15, 0.25, and 
0.30). The HRTEM images of the LFYO nanopar-
ticles (NPs)  in the orthoferrite system are shown 
in Fig. 7a–d. The composition of the particles was 

(4)�
(

x, y, z

)

=
1

V

∑

hkl

|

|

|

F(hkl)
|

|

|

e
{−2�i(hx+ky+lz−�hkl)}

observed to be an amalgamation of multiple semi-
spherical primary particles that were slightly aggre-
gated. The observed variations in particle size val-
ues, as determined by HRTEM and XRD analysis, 
can be attributed to the agglomeration of particles 
in the samples. The process of measuring the size 
of individual non-coalesced spherical particles is 
relatively uncomplicated. Nevertheless, determin-
ing precise size statistics for nanoparticles can be 
more intricate when they are aggregated or exhibit 
non-uniform shapes. Table 1 displays the estimated 
mean size of particles as determined from the TEM 
images. It is evident from Table 1 that the estimated 
particle size closely matches the one calculated from 
SSP through XRD analysis.

Fig. 6   The three-dimensional electron density representation of 
the different atoms in the unit cell of Perovskites a LFO and b 
LFOY25. The La3+ is clearly located on 4c Wyckoff positions, 
Fe3+ on (4b) sites and O2− on both 4c and 8d positions. The elec-
tron density is quantified in e Å−3.
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3.3 �Dielectric characterization and AC 
conductivity studies

3.3.1 �Dependence of dielectric constant ( �
1
(�) , �

2
(�) ) 

on frequency

Investigating dielectric properties is an essen-
tial component furnishing crucial insights into 

conduction mechanisms. This information can be 
utilized to comprehend the fundamental principles 
underlying dielectric losses, dipolar relaxation time, 
and activation energy [43]. The expression of dielec-
tric permittivity is frequently represented as a com-
plex quantity, as stated in reference [44].

The real part denoted �
1
(�) corresponds to the 

relative permittivity or dielectric function, while the 
imaginary part �

2
(�) signifies the loss factor. Further-

more, the real component pertains to the capacitive 
characteristics of the substance, serving as a metric 
that characterizes the restorable energy accumulated 
in the material through polarization. On the other 
hand, the imaginary component represents a gauge 
of the energy necessary for molecular motion [45]. The 

(5)�(�) = �
1
(�) + �

2
(�)

Fig. 7   HRTEM micrographs of the perovskites a LFO, b LFOY05, c LFOY15, and d LFOY30

Table 1   The estimated particle size for the typical fabricated 
orthoferrites

Composition Sample code Particle size (nm)

LaFeO3 LFO 25.00 ± 0.921
La0.95Y0.05FeO3 LFOY05 20.15 ± 0.950
La0.85Y0.15FeO3 LFOY15 20.68 ± 0.991
La0.70Y0.30FeO3 LFOY30 20.65 ± 1.010
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values of �
1
(�) and �

2
(�) were estimated based on the 

determined values obtained from the Hioki HiTester, 
utilizing the Eqs. (6 and 7) [43].

where �
0
 is the permittivity of free space, and C is the 

capacitance and � is the dielectric loss angle. The fre-
quency dependences of the real dielectric constant 
have been investigated for the series of La1−xYxFeO3, 
(x = 0.0, 0.1, 0.15, 0.25, and 0.30) in the desired fre-
quency as shown in Fig. 8. The aforementioned sam-
ples demonstrate a typical pattern of normal dis-
persion, wherein high dielectric constant values are 
observed at low frequencies. At lower frequencies, the 
real dielectric values exhibit a decreasing trend across 
all concentrations as frequency increases. However, 
at higher frequencies, these values approach a con-
stant value as frequency increases. This phenomenon 
can be attributed to the fact that at lower frequencies, 
there is a contribution from multiple components of 
polarization, and the dipoles have the capacity to align 
themselves and contribute to the overall polarization. 
However, at higher frequencies, the dipoles cannot 
rotate at a sufficient speed in response to the changing 
field, leading to this behavior [46–49]. Furthermore, 
an increase in dopant concentration has been seen 
to improve dielectric constant values, while LFOY30 

(6)�
1
(�) = Cd∕�

0
A,

(7)�
2
(�) = �

1
(�) tan�,

composition has a high dielectric constant due to sta-
bilized and reinforced YFeO3. It has been concluded 
that Y3+ ions are successfully integrated into YFeO3 as 
a result [26].

The imaginary part �
2
(�) can be evaluated as a func-

tion of frequency for the LFYO system, as depicted in 
Fig. 9. It has been noticed that �

2
(�) values reduce as 

the frequency increases at low frequencies. This phe-
nomenon can be attributed to the essential source of 
the dielectric loss of the material, which is the migra-
tion of ions [50]. The perovskite series La1−xYxFeO3, 
where x takes values of 0.00, 0.1, 0.15, 0.25, and 0.30, 
exhibits constant values in ε2(ω) at high frequency. 
This phenomenon can be attributed to ion vibrations, 
which serve as the sole cause of dielectric loss [51]. 
On the other hand, the values �

2
(�) increase as Y con-

centration increases. The results indicate a significant 
impact of the concentration of Y cations in the perovs-
kite system La1−xYxFeO3 on the values of the dialectic 
constant, as illustrated in Fig. 9.

3.3.2 �Dependence of dielectric constant ( �
1
(�) , �

2
(�) ) 

on temperature

The temperature dependence of the dielectric constant 
�
1
(�) at various frequencies for LFO and LFOY30 is 

shown in Fig. 10a, b. As the temperature rises over 
the entire frequency range, ε1(ω) increases. At low 
temperatures, the dipoles cannot align themselves 
with the direction of the applied field, resulting in a 

Fig. 8   The dielectric constant’s real part as a frequency function 
at different concentrations for La1−xYxFeO3, (x = 0.0, 0.10, 0.15, 
0.25, and 0.30)

Fig. 9   The dielectric constant’s imaginary part as a frequency 
function at different concentrations for La1−xYxFeO3, (x = 0.0, 
0.10, 0.15, 0.25, and 0.30)
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limited contribution to polarization. As temperature 
rises across the entire frequency range, there is a cor-
responding increase in polarization level. However, 
at lower temperatures, the dipoles seem incapable of 
orienting themselves in the direction of the applied 
field. This phenomenon leads to a restricted contribu-
tion to the overall polarization. The rise in temperature 
causes the orientation of dipoles to become more uni-
form, which leads to an increase in orientation polari-
zation. This increase is reflected in the values of ε1(ω). 
At higher temperatures, the orientation of dipoles 
becomes more unrestricted, resulting in a decrease 
in the impact of molecular interaction energy relative 
to thermal energy. This leads to a rise in ε1(ω) values 
with an increase in temperature, as reported in previ-
ous studies [50, 52, 53].

Figure 11a, b illustrates the temperature depend-
ence of ε2(ω) at different frequencies for perovskite 
compositions LFO and LFOY30. It is noticed that ε2(ω) 

values exhibit the same trend as ε1(ω) values. The val-
ues of ε2(ω) increase with increasing temperature in 
the ranges of studied temperature and frequency. At 
high temperatures, conduction, dipole, and vibrational 
losses play a vital role in the values of ε2(ω). On the 
other hand, dipole, conduction, and vibrational losses 
have the minimum values at low temperatures, reflect-
ing the values of ε2(ω) [50].

3.3.3 �Dependence of AC conductivity on frequency 
and temperature

The investigation of the transport phenomenon’s con-
duction mechanism involves analyzing the frequency 
and temperature dependence of the AC conductivity. 
The determination of the AC conductivity relies on 
the values of the dielectric constant [51, 52]. The AC 
conductivity’s frequency variation for the Perovskite 
system La1−xYxFeO3 (x = 0.0, 0.10, 0.15, 0.25 and 0.30) is 
illustrated in Fig. 12. The observed increase in conduc-
tivity values with increasing yttrium concentration can 

Fig. 10   The variation of the dielectric constant’s real part with 
the frequency’s logarithm at different temperatures for perovs-
kites a LFO and b LFOY30

Fig. 11   The variation of the dielectric constant’s imaginary part 
with the frequency’s logarithm at different temperatures for per-
ovskites a LFO and b LFOY30
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be attributed to the presence of Fe4+ and Fe5+ ions that 
serve as electric charge carrier compensators [50]. The 
variation of the AC conductivity with the frequency 
for perovskites LFO and LFOY30 at various tempera-
tures is illustrated in Fig. 13a, b. The AC conductiv-
ity rises with both frequency and temperature; this 
trend indicates that the perovskite system La1−xYxFeO3 
behaves as a semiconductor material. Additionally, the 
conductivity increase with temperature indicates that 
the conduction process had been thermally activated. 
This increase can be attributed to increased charge car-
rier drift mobility after annealing [50]. The frequency 
dependence of AC conductivity is described by Jon-
scher’s power law [54].

where A′ represents a temperature-dependent con-
stant and s is the frequency exponent, with a value in 
the range (0 < s < 1). It is worth mentioning that s is the 
slope of the straight lines at the high-frequency region 
of the graph in Fig. 13. The values of s decrease with 
increasing temperature, as shown in Fig. 14 for per-
ovskites LFO and LFOY30. These behaviors have been 
explained by the correlated barrier hopping (CBH) 
model. This model suggests that charge transport is a 
thermally activated process. Additionally, the charge 
carrier hops between two defects over the potential 
barrier separating them, and then the potential barrier 

(8)�
AC

= A
��S

,

will be decreased by the Coulomb interaction [55]. The 
maximum value of barrier height,W

M
 , can be deter-

mined from s values as follows:

The slope of the relation between (1 − s) and T has 
been used to determine the value of W

M
 , as illustrated 

in the inset of Fig. 14. The W
M

 value was determined 
to be approximately 0.26 eV.

The relation between temperature and AC conduc-
tivity can be expressed as [56]:

The values of AC activation energy ( ΔE
AC

 ) can 
be calculated from the slope of the relation between 
ln �

AC
 and 1000

T

 at different frequencies for LFO and 
LFOY30, as seen in Fig.  15a, b. As presented in 

(9)s = 1 −
6K

B
T

W
M

(10)�
AC

(�) = �
0
exp(−

ΔE
AC

k
B
T

)

Fig. 12   The variation of AC conductivity with the frequency for 
the series of perovskite La1−xYxFeO3, (x = 0.00, 0.1, 0.15, 0.25, 
and 0.30)

Fig. 13   The variation of the AC conductivity with frequency for 
perovskites a LFO and b LFOY30 at different temperatures
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Table 2, the ΔE
AC

 values decreased with frequency 
from 0.35 to 0.20 eV for LFO and from 0.34 to 0.21 eV 
for LFOY30. The observed decrease in the measured 
values can potentially be attributed to the influence 
of frequency on the CBH model, which has been 
suggested as a suitable conduction mechanism for 
La1−xYxFeO3 [55]. As a result, it can be inferred that 
an increase in frequency is associated with a corre-
sponding increase in electronic jump between local-
ized states. This finding is strongly supported by 
earlier research on Perovskites [47, 48].

Table 3 presents a comparison between the per-
formance of LFOY30 and other Perovskites to high-
light the significance and originality of the current 
work. [57–60]. The findings of the study indicate that 
LFOY30 exhibits a dielectric constant that is com-
paratively greater than the values reported in other 
scholarly literature. The high dielectric constant val-
ues for LFOY30 are recommended for energy storage 
in capacitance applications of small sizes and other 
electrical components. The variation of the dielectric 
constant values of Perovskites compounds, as seen in 
Table 3, is influenced by several variables, including 

temperature, mechanical stress, manufacture details, 
and voltage type.

3.3.4 �Dependence of loss tangent on frequency 
and temperature

The degradation of electrical energy into the samples 
at various frequencies is measured by the loss tangent 
(tan δ). The loss tangent provides important details 
about the energy loss due to charge carrier conduction. 
The charge carriers’ hopping induced the polarization. 

Fig. 14   The relation between the exponent factor and tempera-
ture for perovskites a LFO and b LFOY30 Fig. 15   The relation between ln �

AC
 and 1000

T
 at different frequen-

cies for perovskites a LFO and b LFOY30

Table 2   The estimated activation energy for LFO and LFOY30 
at different frequencies

Frequency (KHz) LFO LFOY30
ΔE

ac
(eV) ΔE

ac
(eV)

1 0.35 0.34
10 0.33 0.32
100 0.27 0.26
150 0.20 0.21
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The dielectric loss happens when this polarization 
lags behind the AC electric field due to impurities 
and defects [61]. The loss tangent can be calculated by 
dividing the values of ε2(ω) by ε1(ω) [55].

The variations of loss tangent with angular fre-
quency for the Perovskite system La1−xYxFeO3 
(x = 0.0, 0.1, 0.15, 0.25, and 0.30) are represented in 
Fig. 16. It can be asserted that in the initial region, 
the values of tan δ experienced a rapid decrease, fol-
lowed by a subsequent stabilization in the second 
region for all samples. The high values of tan δ at 
low frequencies arise from multiple polarizations, 
which undeniably cause the loss to become high. 
Furthermore, the constant values of tan δ in the sec-
ond region are irrefutable evidence of the exclusive 
presence of electronic polarization [56]. On the other 
hand, the impact of temperature on the values of 
tan δ for perovskite compositions LFO and LFOY30 
is illustrated in Fig. 17a, b. The data suggest that 

the loss tangent’s behavior remains constant with 
temperature, while its values exhibit a noticeable 
increase at higher temperatures. This may be due to 
generating electrons and holes as the temperature 
rises [55]. On the other hand, the increasing of loss 
factor values with temperature is related to the rising 
of conduction electrons due to thermal activation at 
high temperatures. Also, the reduction in tanδ values 

Table 3   Comparison between the dielectric properties of the LFOY30 and other Perovskites

Perovskite ε1 ε2 Temperature (K) Lnσac (Ω.m)−1 Conduction mechanism References

La0.70Y0.30FeO3 
(LFOY30)

7 → 5890 0.3 → 9184 303 → 453 − 15 → − 3 CBH model Current work

PrFe0.5Cr0.5O3 1 → 1100 1.0 → 1000 298 → 423 − 23.8 → − 110 – [57]
YbFeO3 1 → 1000 – 313 → 573 – – [58]
LaBaFeTiO6 210 → 550 – 298 → 573 − 10.5 → − 6 NSPT model CBH model [59]
EuBaFeTiO6 48 → 92 – 298 → 573 − 12 → − 8 NSPT model CBH model [59]
BiFeO3 0.01 → 1400 1.0 → 10000 400 → 475 – – [60]

Fig. 16   The variations of loss tangent with angular frequency at 
various concentrations for the perovskite system La1–xYxFeO3

Fig. 17   The loss tangent as a function of angular frequency at 
different temperatures for perovskites a LFO and b LFOY30
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represents fewer electrically active defects at higher 
frequencies [62].

4 �Conclusion

The Sol–gel auto-combustion approach has been used 
to synthesize a series of La1−xYxFeO3 (x = 0.00, 0.05, 0.10, 
0.15, 0.25, and 0.30) orthoferrites. Through a compre-
hensive structural investigation utilizing XRD analysis, 
it has been ascertained that all compositions exhibiting 
orthorhombic structures with a space group Pnma are 
confirmed to exist as single phases without impurities. 
The tolerance factor calculations verified the compo-
sition stability of the prepared orthoferrites. Due to 
the difference in ionic radii between La+3 (1.16 Å) and 
Y+3 (1.019 Å) ions, the values of the tolerance factor 
descended as Y-content increased at La+3 tetrahedral 
sites. The size-strain plots based on the refined XRD 
data were utilized to estimate the mean crystallite size 
of the prepared samples and show variety from 11.9 to 
18.5 nm. HRTEM micrographs are also used for further 
illustration of the microstructure of the prepared per-
ovskites La1−xYxFeO3. The particles were discovered to 
be semi-spherical, and the estimated particle size is con-
sistent with X-ray crystallite size. The electron density 
representation of the unit cell of La1−xYxFeO3 perovs-
kites reveals an increase in density surrounding the lan-
thanum cation (A-site) as well as relatively substantial 
displacements in the different oxygen locations in the 
unit cell as compared to the Fe, Y, and La positions. The 
strong positive mountains correspond to the La3+ (4c) 
Wyckoff positions. In investigations on electrical con-
ductivity, dielectric constant, and loss tangent behav-
ior of La1−xYxFeO3 with varying dopant concentrations, 
results showed significant alters in the dielectric polari-
zation and electrical conduction. It has been found that 
adding a dopant concentration greatly raises the dielec-
tric constant, loss tangent, and conductivity over the full 
experimental frequency range of 50 Hz to 2 MHz, all of 
which have greater values than the undoped sample. 
The study underscores the importance of understanding 
the impact of dopant concentration on the properties 
of materials, which can aid in designing new materials 
with tailored properties for specific electronic applica-
tions. Additionally, the study investigated the effects of 
temperature and frequency on the AC conductivity and 

dielectric characteristics of LFO and LFOY30 samples 
in the temperature range of 303 K to 453 K. Jonscher’s 
power law was used to describe the AC conductivity, 
and the CBH model was identified as a suitable conduc-
tion mechanism. The activation energy values at 1 kHz 
were estimated to be 0.35 eV and 0.34 eV for LFO and 
LFOY30, respectively. The dielectric constant, loss tan-
gent, and AC conductivity of both samples were found 
to be dependent on temperature and frequency. The 
results suggest that La1−xYxFeO3 samples are highly suit-
able for use in the production of microelectronic devices.
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