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ical, and dielectric study of the
influence of 3.4% lanthanide (Ln3+ = Sm3+ and La3+)
insertion in the A-site of perovskite
Ba0.95Ln0.034Ti0.99Zr0.01O3†

El Hassan Yahakoub, * Amine Bendahhou, Karim Chourti, Fatima Chaou,
Ilyas Jalafi, Soufian El Barkany, Zahra Bahari and Mohamed Abou-salama

This paper presents a systematic study of the substitution effect by lanthanides (Ln3+= Sm3+ and La3+) in the

A-site of perovskite Ba(1−x)Ln2x/3(Ti0.99Zr0.01)O3 with a substitution rate equal to 3.4%. All samples were

synthesized by the classical solid-state reaction route and characterized by X-ray diffraction and

a complex impedance spectroscopy technique. The synthesized compounds exhibit single-phase

perovskite structures without detectable secondary phases. The P4mm space group was verified by the

Rietveld method from the X-ray diffraction data, with the tetragonal distortion decreasing with the

increasing ionic radius of the lanthanides. SEM micrographs of all ceramics revealed high densification,

low porosity and homogeneous distribution of grains of different sizes over the entire surface. The

dielectric properties of non-doped and Sm3+ and La3+ doped Ba(1−x)Ln2x/3(Ti0.99Zr0.01)O3 compound are

studied in the temperature range of 40–250 °C. The dielectric permittivity 3′ increases and the

ferroelectric–paraelectric phase transition temperature decreases when the lanthanides are inserted into

the A-site of Ba(1−x)Ln2x/3(Ti0.99Zr0.01)O3 perovskite. The Nyquist plots indicate a non-Debye type

relaxation process. Conductivity and electrical modulus plots as a function of frequency (10 to 106 Hz)

include two electrical responses corresponding to grain and grain boundary effects for all ceramics studied.
1. Introduction

Dielectric materials with high dielectric constant (3′) and low
dielectric loss (tan d) are in high demand for a wide range of
applications in various elds such as frequency lters, resona-
tors, antennas and duplexers, multilayer ceramic capacitors
(MLCC), sensors, resistive switching and biomedicine.1–5

Among these typical ferroelectric materials, lead zirconate
titanate (PZT) is a material that has been widely applied to
electronic devices due to its excellent electrical properties.
However, the toxic aspects of lead metal absorption into the
human body can cause fatal poisoning.6 As a result, the Euro-
pean Union (EU) has adopted several regulations.7,8 Due to its
high volatility and toxicity, lead-based electro-ceramic materials
need to be replaced with new environmentally friendly smart
materials.9 Among the lead-free materials studied, barium
titanate BaTiO3 (BT) has attracted much attention because of its
environmental friendliness. It also has very good dielectric (e.g.,
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high dielectric constant and low loss factor), ferroelectric,
piezoelectric, and pyroelectric behavior.10

Barium titanate is an interesting system is which considered
one of the best known ferroelectrics and dielectrics with
a perovskite structure due to its high maximum polarization
(Pmax) high remanent polarization (Pr), high Curie temperature
(TC= 120 °C), high dielectric constant (103# 3′ # 3.3× 103) and
low dielectric loss (tan d).11,12 BaTiO3 shows three phase transi-
tions: cubic to tetragonal (TC–T), tetragonal to orthorhombic (TT–
O), orthorhombic to rhombohedral (TO–R),13,14 at lower temper-
ature TC this compound shows a polar structure and a tetrag-
onal symmetry (space group P4mm), which leads to the
formation of the normal ferroelectric state.14 On the other hand
by the development of capacitor industry, the (MLCC) need
some important improvements such as high permittivity, low
dielectric loss and high temperature stability. Some studies
have already been conducted to improve the dielectric proper-
ties of BaTiO3 ceramics by replacing the A-site (Ba2+) and B-site
(Ti4+) in the BaTiO3 structure.15–18 It is found that the presence of
transition elements in BaTiO3 ceramics stabilizes the perovskite
structure and remarkably reduces the dielectric loss.9,19,20 While
Jian-Hua Li et al.21 proposed adding transition elements to solve
the unsolved problem of the stability of BaTiO3 ceramics at high
temperature.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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To date, considerable research has been conducted on
BaZrxTi(1–x)O3 (BZT) solid solutions with perovskite structure
due to their high dielectric properties. Their high dielectric
permittivity and medium breakdown voltage demonstrate their
potential applications in ceramic capacitors.22,23 In general, the
properties of these materials are mainly associated with
signicant variations in electrical and structural properties,
produced by the partial replacement of Ti4+ by Zr4+ in the BZT
matrix.24 In BZT ceramics, Zr4+ ion is chemically more stable
than Ti4+ ion and has an ionic radius (RZr

4+ = 0.72 Å, CN = 6)
larger than the ionic radius of Ti4+ (RTi

4+ = 0.605 Å, CN = 6)
which leads to a perovskite lattice expansion.25 Following
research by Cristina Ciomaga, who found a categorization of
(BZT) dielectrics based on the variation of concentration (x) of
Zr in BaTiO3,25 BZT ceramics presented a normal ferroelectric
behavior for x # 0.10, and for 0.10 # x # 0.42, they acted as
relaxing ferroelectrics while for x$ 0.42, the material eventually
became anti-ferroelectric.26 It has been reported that Zr4+ can
replace the Ti4+ ion in the B-site of the ABO3 perovskite struc-
ture, accompanied by a shi in TC to a lower temperature.27

Since BaZrO3 is a non-ferroelectric material,28 the substitution
of Ti4+ ion by Zr4+ ion would disrupt the long-range polarization
order and weaken the ferroelectricity in BT, resulting in
a decrease in TC.27 Recently, new emerging applications of BZT-
based compounds, such as electrocaloric cooling systems or
energy storage capacitors, have been widely published.29–35

Doping in BZT ceramics has become a popular way to
improve the performance of these compounds. The dopant
introduced into BZT plays a crucial role in compensating for
defects created in the perovskite structure. The dopant can be
either an acceptor or a donor and thus needs oxygen vacancies
or holes and electrons or barium vacancies, respectively, to
compensate for the defects.36–38 in this framework, many
researchers have been interested in lanthanides doped BZT
which has very good dielectric and electrical properties.39,40

Lanthanides ions (Ln3+), because of their intermediate ionic
radii and their ability to replace the atoms of the A and B sites in
the perovskite structure, are widely used to improve the
dielectric, electrical and optical properties of the BZT
system.36,41–50 Thus, some important microstructure and
dielectric response features were observed. For example, the
phase transition temperature is signicantly reduced by the
addition of rare earth ions and this decrease in phase transition
temperature is related to the increase in ionic radii of lantha-
nides,51,52 in particular, the ferroelectric–paraelectric phase
transition and in order to maintain the ferroelectricity of the
lanthanide-doped BZT at room temperature, the value of x and y
should not exceed 0.1 in the compound Ba(1–x)Ln2x/3(Ti(1–y)Zry)
O3 as mentioned by several authors in the literature.14,50,52,53 The
ionic radii of these trivalent elements are between 0.8 and 1.3 Å,
which is intermediate between the ionic radii of Ba2+ and Ti4+/
Zr4+ ions. Based on the ionic radii, these ions can substitute for
atoms in the A site (Ba1–xLn2x/3TiO3) or the B site (BaTi1−xLnx-
O3−x/2). However, intermediate ions can be substituted at the A
and B sites in equal amounts (self-compensation,
Ba1−xLnxTi1−yLnyO3).54
© 2022 The Author(s). Published by the Royal Society of Chemistry
In this paper, we chose BaTi0.99Zr0.01O3 (BZT) as the base
material because BaTi(1−x)ZrxO3 ceramics exhibited normal
ferroelectric behavior for x# 0.10 as wemotioned before and we
doped with a lanthanide (Ln3+ = Sm3+ and La3+) ratio of 3.4% in
this basic structure (BZT) to ensure that our materials remain
ferroelectric normal and study the impact of these dopants on
the structural, dielectric and electrical properties of these
composites to understand the relationships between structural
and dielectric properties. The choice of these trivalent lantha-
nides (Ln3+ = Sm3+ and La3+) is justied by their particular
electronic conguration which can lead to specic behaviors.
Indeed, trivalent Ln3+ ions behave as a donor by replacing Ba2+

ions in BZT compounds, which leads to a charge imbalance,
which favors the improvement of BZT ceramics properties.

2. Experimental procedure
2.1. Materials and methods

The Ceramics of compositions BaTi0.99Zr0.01O3, Ba0.95Sm0.034-
Ti0.99Zr0.01O3 and Ba0.95La0.034Ti0.99Zr0.01O3 (denoted as BZT,
BSmZT and BLaZT, respectively) were synthesized by a conven-
tional solid state route. The starting materials were BaCO3

(Sigma-Aldrich 99.9%), La2O3 (Sigma-Aldrich 99.9%), Sm2O3

(Sigma-Aldrich 99.9%), ZrO2 (Sigma-Aldrich 99%) and TiO2

(Sigma-Aldrich 99%). The lanthanide oxides (Sm2O3 and La2O3)
were heated at 850 °C for 2 h before weighing. The starting
materials were weighed in stoichiometric amounts according to
the reaction below and mixed by ball milling in ethanol for 2
hours using zirconia balls. The mixed powders were dried at
80 °C, homogenized in an agate mortar for 30 minutes and
calcined at 1200 °C for 6 hours.

(0.95)BaCO3 + 0.017Ln2O3 + 0.01TiO2 + 0.99ZrO2 /

(Ba99Ln0.034)(Zr0.99Ti0.01)O3 + 0.95CO2

The obtained powders were ground and mixed with an
organic binder of polyvinyl alcohol (PVA). Then, cylindrical
pellets were obtained by pressing at 20 kN (12 mm diameter,
2 mm thickness). The sintering of the obtained pellets was
carried out at 1300 °C for 6 hours in air. The temperature was
raised to 700 °C at a rate of 10 °C min−1, followed by a one-hour
plateau at this temperature, and then raised to the sintering
temperature at a rate of 5 °C min−1. Finally, a natural cooling
process of the samples was performed to room temperature.

2.2. Characterization

Crystal structure identication of BZT, BSmZT and BLaZT
powders were performed by X-ray diffraction (XRD) using an
Inel Equinox 2000 CuKa radiation (l = 1.54056 Å) at room
temperature (293 K, 0.031° step, 10–110° 2q range, scanning
speed of 1° min−1). Lattice parameters, atomic positions,
occupancy, and thermal agitation factor were renamed by the
Rietveld method using Jana 2006 soware.55 The sintered pellet
was polished with emery paper tomake the two surfaces parallel
and then annealed at 300 °C for 30 minutes. The microstructure
of the synthesized ceramic was checked by scanning electron
RSC Adv., 2022, 12, 33124–33141 | 33125
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View Article Online
microscopy (SEM) (TESCAN VEGA III LM), with an accelerating
voltage of 10 kV. The average grain size of the ceramic sample
was estimated using Image J soware. Prior to electrical
measurements, the sintered ceramic was painted with a silver
paste and annealed for 30 minutes at 300 °C to adhere the silver
to the sample, then cooled to room temperature prior to any
measurements. The silver-coated disk-shaped pellet behaves as
a parallel plate capacitor that is used for various dielectric and
electrical measurements using a BioLogic impedance analyzer
(MTZ-35) over the frequency range of 10 Hz to 1 MHz with an AC
voltage of 1 V amplitude, with both the furnace and the sample
being subjected to the impedance test.

3. Results and discussion
3.1. X-ray diffraction and Rietveld renement analysis

Aer the synthesis of BZT, BSmZT and BLaZT compositions, the
crystal structure was evaluated by DRX analysis. X-ray diffrac-
tion spectra of BZT, BSmZT and BLaZT powders recorded at
room temperature in the 2q range varying between 10 and 100°
are shown in Fig. 1(a). The most intense DRX peaks observed
around 32° in each sample, attributed to the (110) plane,
suggest the presence of the perovskite phase in all the prepared
compositions, the purity and the tetragonal crystal structure of
the obtained ceramics were conrmed using JCPDS no. 05-0626.
The Bragg peaks can be fully indexed to the tetragonal structure
of the Ba0.95Sr0.05TiO3 phase with the elemental lattice param-
eters a = 3.989 Å and c = 4.026 Å.56

To study the impact of different lanthanide doping on the
crystal structure, the (002) and (200) diffraction peaks located
between 44° and 45° have been enlarged and presented in
Fig. 1(b). It can be seen that the insertion of lanthanides (Sm3+

and La3+) in the BZT structure leads to the convergence of the
diffraction peak (002) and (200).57 On the other hand, it was very
clear that the diffraction peaks tend to shi to high 2q values,
according to Bragg's law [2dhkl × sin(q) = nl], this shi indi-
cates that the volume of the elemental lattice decreases when
the lanthanides are inserted in the A-site of the perovskite
structure, the reduction of the volume of the lattice is due to the
Fig. 1 (a) XRD diffractograms of BZT, BSmZT and BLaZT powders calcin

33126 | RSC Adv., 2022, 12, 33124–33141
difference in ionic radius between Ba2+ and Ln3+ in the A-site
and it can also be clearly seen that the diffraction peak shi
of the BSmZT phase is larger than that of the BLaZT phase,
indicating that the lattice volume of the BSmZT compound is
slightly smaller than that of the BLaZT phase. This shi can be
justied by the deference of the effective ionic radii for the
coordination of lanthanide 12 (RSm

3+ = 1.24 Å and RLa
3+ = 1.36

Å) and barium (RBa
2+ = 1.61 Å) according to Shannon 56.58

Structural renements of the XRD spectra of the prepared
materials were performed by the Rietveld method with Jana
2006 soware to obtain more information about the structural
parameters of the synthesized materials, this method allows the
determination of several parameters related to the structure
renement such as space group, mesh parameters (a, b, c),
density, prole half-width parameters (u, v, w), reliability factors
(Rp, Rwp, Rexp, and GOF), Wyckoff, thermal agitation factor (Uiso),
and site occupation. The observed experimental proles of
lanthanide-doped BZT and BZT ceramics were rened by
a theoretical prole related to JCPDS number 05-0626. Fig. 2
shows typical Rietveld renements of XRD data recorded at
room temperature for compounds synthesized at 1200 °C. Good
agreement is observed between the experimental moduli and
the calculated XRD spectra for all compositions rened by the
Rietveld method, this conrms that all the synthesized mate-
rials have a perovskite tetragonal structure with the space group
P4mm. Subsequently, the Pseudo-Voigt function which can be
written as PV = hL + (1 − h)G, where h is the mixing factor, G is
the Gaussian function, and L represents the Lorentzian func-
tion, was used to assimilate the shape of the X-ray diffraction
peaks.59 Furthermore, the Caglioti (U, V, W) equation was used
to describe the half-width of the diffraction peaks.60 The starting
model used to rene the composition of BZT, BSmZT and
BLaZT are that of structural parameters related to the tetragonal
phase of BaTiO3, such as space group (No. 99), lattice parame-
ters and atomic positions of each atom.61 In this model, Ba/Ln is
placed at site 1a (1/2, 1/2, z); while Ti/Zr atoms occupy site 1b (0,
0, z). As already known in the BaTiO3 structure, there are two
crystallographically distinct oxygen atoms 1c (1/2, 0, z) and 1d
(0, 0, z) occupied by O1 and O2, respectively.
ed at 1200 °C, (b) the magnification of (a) in the range 44° to 45°.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 X-ray diffraction refinement for (a) BZT, (b) BSmZT and (c) BLaZT powders.
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The results and conditions of structural renement by the
Rietveldmethod for the compounds BZT, BLaZT and BSmZT are
reported in Table S1.† The lattice parameters indicate
a decrease in tetragonality, with an increase in the size of the
Ln3+ cation that partially replaces Ba2+. The decrease in the c/
a ratio is mainly due to the decrease in “c”when the ionic radius
of the lanthanides La3+ and Sm3+ is reduced, while the “a”
parameter is almost invariant for both compounds (BSmZT and
BLaZT). The decrease of the lattice volume for the doped
compounds is a logical result related to the decrease of the ionic
radius of Ln3+ inserted in the A site of the BZT structure. On the
other hand, the renement quality is judged by the values of the
reliability factors R. All the prepared materials show good
renement quality due to the low values of R factors such as Rp,
Rwp, Rexp and GOF, as shown in Table S1.† Subsequently, the
obtained crystallographic parameters such as atomic positions
and thermal agitation factor Uiso of all atoms resulting from
Fig. 3 Schematic representation of BSmZT supercells drawnwith the “VE
SmO12] and [Ti/ZrO6].

© 2022 The Author(s). Published by the Royal Society of Chemistry
Rietveld renement for the compounds BZT, BSmZT and BLaZT
are summarized in Table S2.† The distances between the O1 and
O2 atoms and the atoms located in the A site (Ba/Ln) and B site
(Ti/Zr) are also grouped in Table S3,† analysis of the data in this
table indicates that the elongations along the c-axis (O2–Ti/Zr–
O2) are small for the BLaZT compound, indicating that the
distortion of [Ti/ZrO6] octahedra in the lattice of lanthanum-
doped ceramics is slightly small compared to the other
compounds, the decrease in the distortion of [Ti/ZrO6] octa-
hedra in the BLaZT compoundmay be related to the decrease in
tetragonality in the latter compound. Aer the nal renement
of the samples, the crystal structure of the BSmZTmaterials was
drawn by VESTA soware using the CIF le (see Fig. 3), we see in
this gure a schematic representation of a tetragonal supercell
(P4mm), the nal position parameters of each atom and illus-
trating the [Ti/ZrO6] and [Ba/SmO12] clusters obtained from the
Rietveld analysis.
STA” software in the P4mm space groupwith two types of clusters: [Ba/

RSC Adv., 2022, 12, 33124–33141 | 33127
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The coordination between the Ba/Sm atoms and the twelve
oxygen atoms of these supercells forms a polyhedron called
a cuboctahedron which is written as a [Ba/SmO12] cluster. The
shape of the cuboctahedron has twelve common vertices, which
result from the union of two triangles and two squares, fourteen
faces and twenty-four identical edges, each separating a triangle
from a square. The type of bonding between Ba/Ln and O atoms
can be determined by the difference between the electronega-
tivities (E) of (Ba/Ln) and O atoms. If the values exceed (1.7 eV),
the bonds have a higher ionic bond character than the covalent
bond character.62 For our materials, the difference between (EO
and EBa/Ln) is about 2.6 which indicates that the Ba/Ln–O bond
of the ionic bond character. Although the two atoms of Ti and Zr
are linked to six atoms of O, to form a polyhedron called an
octahedron that is written as clusters [Ti/ZrO6] (see Fig. 3).
These octahedrons have six vertices, eight faces and twelve
edges, formed by the union of eight triangles.62 The bonds
between the atoms of Ti/Zr and O have an ionic character. These
characteristics are due to the differences between the E of the
atoms around (2.0 eV for Ti/Zr–O) and below (Ba/Ln–O) in the
Fig. 4 SEM micrographs of: (a) BZT, (b) BSmZT and (c) BLaZT ceramics

Table 1 The theoretical, calculated and relative densities

Sample rm (g cm−3) rt (g cm−3) rr (%)

BZT 5.6376 6.0701 93
BSmZT 5.6413 6.0842 92.72
BLaZT 5.7521 6.0848 94.53

33128 | RSC Adv., 2022, 12, 33124–33141
lattice. However, the [Ba/LnO12] clusters have a higher ionic
character than the [Ti/ZrO6] clusters. But in general, the quality
of the renements is insufficient to discuss the proposed
structural model and study the structural parameters in more
detail.

3.2. Density and microstructure analysis by SEM of ceramic
samples

The relative density (rr) of the prepared ceramics was calculated
using the following equation.63–65

rr ¼
rm

rt
(1)

The relative density rr is the ratio of measured density rm =

m/V and the theoretical density rt = ZM/V0NA, wherem, V,M, V0,
and NA are the weight of the pellet, volume of pellet, molar
mass, the volume of a unit cell and Avogadro's constant.

The calculated densities for the prepared ceramics are pre-
sented in Table 1. The relative densities of BZT, BSmZT and
BLaZT ceramics are 93%, 92.72% and 94.53%, respectively
indicating that the samples are well densied.

The micrographs of BZT, BSmZT and BLaZT ceramics are
shown in Fig. 4(a)–(c), respectively. As can be seen, all samples
sintered at 1300 °C shows regular grain shapes with low porosity
and clear grain boundaries. In addition, the grain size is
reduced when barium is partially replaced by lanthanides (Sm3+

and La3+). ImageJ soware is used to calculate the average grain
sintered at 1300 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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size (D). The values of grain size (D) for BZT, BSmZT and BLaZT
are 2.43 mm, 1.52 mm and 1.45 mm respectively. The histogram
of the grain size distribution according to a Gaussian t was
also added individually in these SEM images (see Fig. 4). The
decrease in the average grain size can be related to the decrease
in the tetragonality of the system due to the insertion of the
lanthanides into the BZT.66

3.3. Study of dielectric properties

Complex impedance spectroscopy is a non-destructive tech-
nique for determining the relation between dielectric proper-
ties, structure and microstructure. In this technique, during the
measurement, four variables are recorded as a function of
frequencies, namely the real and imaginary part of the imped-
ance, the phase angle and the dielectric loss. The complex
permittivity 3* can be expressed in terms of real value (3′) and
imaginary part (3′′).

3* ¼ 3
0 � j3

00
; j3*j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð30 Þ2 þ ð300 Þ2

q
(2)

The relative permittivity (dielectric constant 3r) and the
dielectric loss (tan(d)) were determined from the complex
impedance measurements Z* (Z* = Z′ + jZ′′) using the following
expressions.67

3
00 ¼ t

uA30
� �Z00�

Z
0�2 þ �

Z
00�2 ; (3)
Fig. 5 Temperature dependence of dielectric permittivity for: (a) BZT, (b)
synthesized ceramics.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3
00 ¼ t

uA30
� Z

0�
Z

0�2 þ �
Z

00�2 ; (4)

tanðdÞ ¼ 3
00

3
0 (5)

where, u = 2pf with f = frequency (Hz), A = pellet area (m2), t =
pellet thickness (m), 30 vacuum permittivity (30 = 8.85 10−12 F
m−1), Z′= real part of the impedance and Z′′= imaginary part of
the impedance.

The relative permittivity as a function of temperature for BZT
and lanthanide-doped BZT (Ln3+ = Sm3+ and La3+) at different
frequencies (1 kHz to 1 MHz) in the temperature range of 40–
250 °C is shown in the Fig. 5.

In Fig. 5(a)–(c), we notice the appearance of a dielectric peak,
this relative permittivity peak 3′ is associated with the transition
from the ferroelectric tetragonal phase to a paraelectric cubic
phase.38 We also observe that all compounds have the same
transition temperature for all frequencies, which conrms that
the prepared ceramics do not exhibit relaxation behavior, the
curie temperature corresponding to this phase transition for all
compounds is presented in Fig. 5(d). Therefore, the dielectric
permittivity value of BZT compounds doped with lanthanides
Ln3+= La3+ and Sm3+ is higher compared to non-doped BZT and
the value of the ferroelectric–paraelectric phase transition
temperature (TC) decreases when lanthanides are inserted into
the BZT structure.
BSmZT, (c) BLaZT, (d) comparison of dielectric permittivity at 1 kHz for
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The increase in dielectric permittivity for lanthanide-doped
compounds compared to non-doped ones is caused by the
substitution of barium by lanthanides, the cuboctahedral
groups [BaO12] are substituted by the deformed cuboctahedral
groups [LnO12] this process can be obtained by the Krӧger–Vink
notation described by the equation below :58

BaOþ Ln2O3/BaBa þ 2Ln
�

Ba þ V
00
Ba þ 4Oo (6)

This equation means that for two Ln3+ ions positioned in the
A-site, a cationic vacancy (ðV00

BaÞ) is necessary for charge
neutrality in the perovskite structure, i.e. the substitution of
Ba2+ ions by Ln3+ ions leads to a vacancy in the A-site, which
increases with increasing Ln3+ ion content. Again, the change in
lattice parameter causes the Ti4+/Zr4+ ions in the B-site of the
unit cell to be decentered, so that the coupling between the
octahedral groups of [Ti4+/Zr4+O6] weakens and results in
a sharp decrease in the transition temperature.

The variation of the dielectric loss (denoted by tan(d)) as
a function of temperature for lanthanide-doped (Ln3+ = Sm3+

and La3+) and undoped BZT compounds is shown in
Fig. 6(a)–(c). The value of the dielectric loss (tan d) is affected by
structural parameters, the amount of oxygen ions transported
in the material and defects (vacancies, holes, electrons,.), etc.68

The value of tan(d) can be calculated from eqn (5). It is found
Fig. 6 Temperature dependence of dielectric Loss: (a) BZT, (b) BSmZT
ceramics.

33130 | RSC Adv., 2022, 12, 33124–33141
that the rate of increase of the loss tangent (tan d) is slower in
the region of low temperatures, and all is constant, while for
higher temperatures (above 150 °C), the value of tan d increases
sharply. On the other hand, the phase transition temperature
(ferroelectric–paraelectric) TC appears clearly for BZT and
BSmZT and is not observed for BLaZT.

The increase in tan(d) may be due to the presence of certain
types of unknown defects such as oxygen vacancies formed
during sintering or to the distribution of thermally activated
charge carriers (electrons). The amount of vacancies in a mate-
rial depends on the nature of the material, the thermal condi-
tions of preparation (sintering) and the nominal voltage of the
reactants.69 Normally, during the sintering process, some types
of cations may have multiple valence states, the electrical
neutrality of the lattice is then violated due to these newly
created valence states. Oxygen vacancies are formed at high
sintering temperatures; this mechanism can be properly
explained using the Kroger-Ving notation:70

OO ¼ 1

2
O2ð[Þ þ V

��

o þ 2e
0

(7)

where V::
o represents oxygen gap formed. Therefore, the elec-

trons presented in excess to the lattice this compensated
according to the following reduction reaction Ti4++ e− 4Ti3+.69

In general, rare earths have a valence state of +3, which is lower
than that of Ti4+ and higher than that of Ba2+, so they serve as
, (c) BLaZT, (d) comparison of dielectric loss at 1 kHz for synthesized

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparative analysis of dielectric properties of BZT, BSmZT and BLaZT with other materials

Composition
Sintering temperature
(°C) 3

0
max tan(d) References

Ba0.985Mg0.015Ti0.98 Zr0.02O3 1150 2348 0.050 72
La/Mn Co-doped BaTiO3 1290 980 0.030 66
Ba0.95Pr0 .034Zr0.09Ti0.91O3 1500 9780 0.017 39
Ba0.95Nd0 .034Zr0.09Ti0.91O3 1500 10 900 0.023 39
Ba0.95Gd0 .034Zr0.09Ti0.91O3 1500 4320 0.049 39
Ba0.85Ca0.15Zr0.10Ti0.90O3 1350 4805 0.016 73
BaZr0.05Ti0.95O3 1200 1500 0.020 74
Ba0.985Sr0.015Zr0.10Ti0.90O3 1300 1600 0.050 66
BaZr0.01Ti0.99O3 1300 2479 0.026 Present work
Ba0.95Sm0.034Zr0.01Ti0.99O3 1300 7228 0.016 Present work
Ba0.95La0.034Zr0.01Ti0.99O3 1300 7324 0.012 Present work
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acceptor doping in the B site and as donor in the A site. La3+ and
Sm3+ will occupy the A site due to their larger ionic radius and
will serve as donor doping. In particular, La is the most stable
rare earth in the A-site.71 The donor doping of La3+ and Sm3+ in
the A-site can effectively prevent the change of the valence state
of Ti in the B-site and the creation of oxygen vacancies in the
lattice. Therefore, the loss (tan(d)) is decreased at a xed
temperature for La and Sm doped BZT as shown in Fig. 6(d).

The comparative study of the relative permittivity (3′) and
dielectric loss (tan(d)) of the present samples with other mate-
rials is summarized in Table 2, which is comparable to the
values of other reported materials.
Fig. 7 (a–d) Complex impedance spectrum (Nyquist plots) for: (a) BZ
comparison of Nyquist plots at T = 380 °C for BZT, BSmZT, BLaZT.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.4. Complex impedance spectroscopy (CIS)

3.4.1. Study of imaginary part of impedance. Complex
impedance spectroscopy (CIS) is a very important technique. It
allows to study the electrical properties and to separate the
electrical response attributed to grains, grain boundaries and
electrode polarization on a sample with different relaxation
times.75

Nyquist plots (complex impedance spectra) and their
temperature dependence for different compositions of BZT,
BSmZT and BLaZT are shown in Fig. 7(a)–(c) respectively, and
Fig. 7(d) represents the comparison of Nyquist plots at T= 380 °
C for the three compounds (BZT, BSmZT and BLaZT).
T, (b) BSmZT, (c) BLaZT ceramics at different temperatures and (d)
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The plots have semicircles; their centers are located below
the real impedance axis. A careful observation of the complex
diagram conrms the presence of two depressed semicircles,
the rst on the low-frequency side shows a contribution due to
grains and the second on the high-frequency side is due to grain
boundaries, the depressed semicircles for all ceramics indicate
a non-Debye type relaxation process due to the distribution of
Fig. 9 Variation of −Z′′ with frequency for (a) BZT; (b) BSmZT and (c) BLa
plots for BZT, BSmZT and BLaZT at 380 °C.

Fig. 8 Nyquist plot fitted for BLaZT composition at different
temperatures. Red lines show data fitted with MT-Lab software.

33132 | RSC Adv., 2022, 12, 33124–33141
relaxation times.76 The presence of non-Debye type relaxation or
multiple relaxation times in materials can be due to several
causes such as arbitrary grain size distribution and growth,
different grain shapes and directions, or electromagnetic scat-
tering effect.66,73 In addition, to describe the electrical properties
of the materials, an electrical circuit consisting of two branches
in series is used to represent the specic electrical properties of
grain boundaries and grains; this series combination of two
circuits in parallel identies the effect of grain boundaries and
grains respectively. The rst circuit assigned to the grains has
resistance Rg, capacitance Cg, and the constant phase element
CPEg, and the second circuit corresponding to the grain
boundaries also has resistance Rgb, capacitance Cgb, and the
constant phase element CPEgb respectively. The presence of the
constant phase element in the grains and in the grain bound-
aries indicates a non-ideal capacitive behavior, and this non-
ideal behavior of the grains and grain boundaries may be due
to the presence of more than one relaxation process.77–79 The
capacitance C and the phase element value CPE are related as

C ¼ R

�
1�a
a

�
� CPE

1
a where a < 1.80,81 Fitted Nyquist plot and the

equivalent circuits for the BLaZT composition at different
temperatures is presented in Fig. 8. The values of R, C and CPE
corresponding to the grain and grain boundary contributions
were calculated using MT-Lab soware; the results obtained are
presented in Table S4.†
ZT ceramic pellets at various temperatures; and (d) comparison of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The analysis of the obtained results shows that the resis-
tances Rg and Rgb of the three compounds decrease with the
increase of the temperature, this decrease of Rg, Rgb and Rt(Rg +
Rgb) is related to two factors: the thermal activation and the
liberation of the trapped charge carriers with the increase of the
temperature what conrms the semiconducting nature of the
three samples.82 It is also noted that the grain resistance value
(Rg) is lower than the grain seal value (Rgb) for all selected
temperatures.

Fig. 9(a)–(c) represent the variation of the imaginary part of
the impedance (Z′′) as a function of frequency at high temper-
ature for (a) BZT, (b) BSmZT, (c) BLaZT and Fig. 9(d) represents
the comparison of (−Z′′) as a function of frequency at T= 380 °C
for the three compounds (BZT, BSmZT and BLaZT).

This gure has two aspects: (i) appearance of a peak at
a characteristic frequency corresponding to each temperature
which called relaxation frequency. It broadens with increasing
temperature, indicating the presence of a temperature-
dependent relaxation mechanism in the samples. This mecha-
nism is due to the existence of immobile charge carriers at low
temperature and defects at high temperature, (ii) the maximum
amplitudes of −Z′′ decrease and move towards the higher
frequencies with increasing temperature, this indicates that the
relaxation process is thermally activated with an accumulation
of space charge at the barrier.66,68,83–85 Fig. 9(d) shows that the
values of (−Z′′) increase and the relaxation frequency decreases
with the insertion of rare earth into the A-site of the BZT
Fig. 10 The variation of ac conductivity with frequency at different tem
conductivity at T = 380 °C for BZT, BSmZT, BLaZT.

© 2022 The Author(s). Published by the Royal Society of Chemistry
perovskite. The relaxation frequency that is the one for which
the maximum value of −Z′′ is obtained is called the relaxation
frequency (fmax) and the corresponding relaxation time (deno-
ted s) can be calculated from the relation 2pfmaxs = 1.

3.4.2. Conductivity analysis. In order to understand the
relaxation mechanism due to materials, the ac conductivity (sac)
is calculated by the following relationship:

sac = 2pf303
′ tan(d) (8)

where, f is the frequency, 30 is vacuum permittivity, 3′ is the
relative permittivity and tan(d) is the dielectric loss of the
material. Fig. 10(a)–(c) include the analysis of ac conductivity of
undoped and Ln3+ = La3+ and Sm3+ doped BZT ceramics in the
temperature range of 300 °C to 400 °C.

We can see from Fig. 10(a)–(c) that the ac conductivity
increases with frequency for all temperatures. The ac conduc-
tivity at each measured temperature shows two distinct regions.
At low frequency, we observe a rst region where the conduc-
tivity does not change with frequency, i.e., it is independent of
the test frequency, indicating that the dc conductivity plays
a dominant role in this region. For the second region, the
conductivity increases with frequency. This type of ac conduc-
tivity can be explained by the Jonscher power law.86

s(u) = sdc + Aun (9)
peratures for: (a) BZT, (b) BSmZT, (c) BLaZT and (d) comparison of ac
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where, s(u) represents the total conductivity, sdc is the dc
conductivity arise, “A” denotes the pre-exponential factor which
determines the polarization strength, “n” is the temperature
dependent parameter. The variation of the parameter ‘n' with
temperature is used to determine the conduction mechanism (0
< n < 1).In general the parameters “A” and “n” depend on two
bills the temperature and the nature of the material. Deter-
mining the numerical value of “n” is very important to know the
transport properties of charge carriers (polarons, electrons and
ions). If n < 1, it means that the jumping motion involves
a translational motion with a sudden jump, while n > 1, it
means that the motion involves a localized jump without the
species leaving the neighborhood.56,77 The analysis of the
conductivity spectra for the lanthanide-doped (Ln = Sm3+ and
La3+) and undoped BZT compound shows two plateau regions
corresponding to the grain (low frequency) and grain boundary
(high frequency) contribution and a single power law is not
sufficient to explain its conduction mechanism. Therefore, the
conductivity behavior of these three systems (BZT, BSmZT and
BLaZT) can be explained by the modied Jonscher power
law,58,70 given below.

s(u) = sac + A1u
n1 + A2u

n2 (10)

where, s(u) represents the total conductivity, sdc is the dc
conductivity arise, A1u

n1 and A2u
n2 mean the charge carrier

transport properties (polarons, electrons and ions) of the grain
Fig. 11 AC conductivity versus frequency at T = 340 °C for: (a) BZT, (b)

33134 | RSC Adv., 2022, 12, 33124–33141
and the joined grain in the BZT, BSmZT and BLaZT ceramic,
respectively.

Fig. 11(a)–(c) show the nonlinear curve tted to the modied
Jonscher power law for BZT, BSmZT, and BLaZT at 340 °C. The
values of the tting parameters A1, n1, A2, n2 and sdc for all
compositions at different temperatures are presented in the
Table S5† were calculated from the nonlinear t by eqn (10).

As it is mentioned before, the variation of “n” values with
temperature has led to the knowledge of different conduction
models in our materials. Several types of models have been re-
ported by many researchers in the literature.77

Fig. 12(a) and (b) represents the variation of the parameters
“n1” and “n2” with temperature (300–400 °C) for undoped and
Sm and La doped BZT compounds, This observation indicates
that the non-overlapping small polaron tunneling effect (NSPT)
is the appropriate model to understand the charge transport
mechanism in grains (region I). According to this model, the AC
conductivity of these samples is due to the addition of a charge
carrier at a site that leads to local lattice distortion.77 On the
other hand, we observe that “n2” varies inversely with temper-
ature. This observation indicates that correlated barrier
hopping (CBH) is the appropriate model to understand the
mechanism of charge transport in grain boundaries (region
II).71 The AC conductivity of the second region in these three
samples is due to the hopping of charge carriers between two
sites on the potential barrier between them due to thermal
activation.56
BSmZT (c) BLaZT.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The variation of the parameter (a) “n1” and (b) “n2” with temperature (300 to 400 °C) for all compounds.
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The dependence of sdc on temperature can be described by
the Arrhenius law:

sdc ¼ s0 exp

��Ea

kBT

�
(11)

where s0, Ea, and kB are respectively a constant representing the
conductivity at absolute zero, the activation energy, and the
Boltzmann constant. The activation energies of conduction are
determined from the slope of the lines obtained by plotting
Fig. 13 The variation of ln(sdc) as a function of 1000/T for; (a) BZT, (b) B

© 2022 The Author(s). Published by the Royal Society of Chemistry
ln(sdc) versus 1000/T as shown in Fig. 13(a)–(c). The activation
energy values corresponding to the grain and grain boundary
contributions of the samples are presented in the Table 3, with
the absence of the grain boundary related activation energy of
BZT, which may be due to an overlap between the grains and
grain boundaries in this compound. A decrease in activation
energy is observed for lanthanide-doped compounds, suggest-
ing that Sm3+ and La3+ ions are incorporated into the crystal
lattice. In general, in this type of material, conduction is
SmZT BLaZT, and (c) BLaZT ceramics.
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Table 3 Activation energy values for BZT, BLaZT and BSmZT ceramics
obtained from conductivity results

Composition Ega from sdc (eV) Egba from sdc (eV)

BZT 0.921 —
BSmZT 0.741 0.453
BLaZT 0.779 0.525
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controlled by oxygen vacancies (OVs). The activation energy of
a stoichiometric ABO3 perovskite is about 2 eV, while the Ea
value is 1 eV for ABO2.95 and 0.5 eV for ABO2.90,58,87,88 from the
activation energy values found and presented in the table in can
conrm that oxygen vacancies (OVs) are responsible for the
conduction mechanism in BZT, BSmZT and BLaZT ceramics
and precisely single ionized oxygen vacancies of activation
energy about (0.3–0.5 eV) are responsible for the conduction at
the grain boundaries and for the grain conductivity controlled
by double ionized oxygen vacancies of activation energy about
(0.6–1.2 eV).86,89,90

The conductivity of the material depends mainly on two
factors: (i) the concentration and (ii) the mobility of the charge
carriers present in the material,91 in ferroelectric materials with
a perovskite-like structure, especially in titanates, the conduc-
tion mechanism is mainly due to oxygen defects and these
defects can increase or decrease depending on the preparation
conditions.91 Fig. 10(d) illustrates the variation of conductivity
as a function of frequency of doped and undoped BZT ceramics
Fig. 14 Normalization of imaginary part of the modulusM′′ as a function
and (d) the fit of the normalized M′′ spectra of BZT, BSmZT and BLaZT c

33136 | RSC Adv., 2022, 12, 33124–33141
at T = 380 °C and shows that the AC conductivity of BSmZT and
BLaZT is more reliable than that of undoped BZT, this is due to
the substitution of Ba (divalent element) by the lanthanides
Sm3+ and La3+(trivalent elements); this heterogeneous substi-
tution prevents the creation of oxygen vacancies in the lattice.71

Results in a decrease in conductivity in doped compounds
compared to undoped compounds, caused by the decrease in
the concentration of oxygen vacancies (OVs).

3.4.3. Complex electrical modulus. Fig. 14(a)–(c) shows the
plots of the imaginary part normalization of the electric
modulus (M′′) as a function of frequency at different tempera-
tures for the Sm3+ and La3+ doped BZT and BZT ceramics. We
note in Fig. 14(a), (b) and (c) the presence of two peaks corre-
sponding to the conurbation of the grain boundary and the
grain response. The peak observed in the low frequency range
corresponds to the grain boundary effect, and the high
frequency peak corresponds to the grain effect. With increasing
temperature, both peaks (of the grain boundary and the grain
response) shi to higher frequencies. On the other hand, we
observe in Fig. 14(a), which corresponds to undoped BZT,
a weak intensity of the low frequency peak related to the grain
boundary, indicating that the grain boundaries of undoped BZT
respond weakly at low frequency compared to the lanthanide-
doped compounds. It is clear that the frequency response of
the grain boundary, i.e., the low frequency part, is characterized
by a gradual increase of M′′ with frequency which is due to the
long-range mobility of the ions, i.e., the ions are able to move
over a long distance (jump mobility), while the decreasing part
of frequency at different temperatures for: (a) BZT, (b)BLaZT, (c) BSmZT
eramics at T = 350 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(higher frequency) is due to the short-range mobility. Moreover,
the high-frequency oscillation corresponding to the short-range
mobility is larger compared to that of the low frequency.86,92–95

The existence of a stretching coefficient parameter (b) is
conrmed by the asymmetric broadening of the relaxation
peaks (M

00
max), this parameter allowing to determine the type of

relaxation process in the ceramic (Debye or non-Debye) either
for the grains or for the grain boundaries.86 The modeled
Kohlrausch–Williams Watts (KWW) function proposed by
Bergma is used to calculate this coefficient (b), the modied
notation of this function is presented as follows:96

M
00 ¼ M

00g
max�

1� bg

�þ bg

1þ bg

"
bg

�
f gmax

f

�
þ
�

f

f
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�þ bgb
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2
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!bgb
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(12)

where M
00gb
max is the maximum value of M′′ in the low-frequency

region, M
00g
max is the maximum value of M′′ in the high-

frequency region, fgbmax is the maximum frequency correspond-
ing to the grain boundary anomaly, and fgmax is that corre-
sponding to the grain anomaly. For ideal Debye relaxation, b= 1
and for non-Debye relaxation, (b) is between 0 and 1 (0 < b <
1).
Fig. 15 The variation of b-parameter with temperature (300 to 400 °C)

© 2022 The Author(s). Published by the Royal Society of Chemistry
The green lines in Fig. 14(d) represent the t by eqn (12)of
the variation of M′′ as a function of frequency at T = 350 °C for
BZT, BSmZT and BLaZT ceramics. The results found for the
temperature range 300–400 °C are presented in the Table S6.†
the analysis of these results indicates that the values of
b between 0 and 1 (0 < b < 1) that show a deviation of the non-
Debye type, the variation of b related to the contribution of
grains and grain boundaries as a function of temperature are
shown in Fig. 15(a)–(c).

An Arrhenius-type behavior model expressed by the
following formulas denes the relaxation process induced by
the imaginary modulus:

sg
M

00
max

¼ s0 exp

�
� Eg

a

TkB

�
(13)

and

sgb
M

00
max

¼ s0 exp

�
� Egb

a

TkB

�
(14)

s0 represents the pre-exponential factor; kB and T are the
Boltzmann constant and temperature, respectively. The activa-
tion energy related to the grain and grain boundary response
was determined from the slope of the linear t in the Arrhenius
plot (shown in Fig. 16(a)–(c)) is plotted between ln(sM

′′

) vs. 1000/
T. Ega and Egba calculated or our materials are shown in Table 4.
; (a) BZT, (b) BSmZT, (c) BLaZT.
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Fig. 16 Variation of ln(sM
′′

) with 1000/T for; (a) BZT, (b) BSmZT and (c) BLaZT ceramics.

Table 4 Activation energy values for BZT, BLaZT and BSmZT ceramics
obtained from the results of the imaginary part of the module

Composition Ega from M′′ (eV) Egba from M′′ (eV)

BZT 1099 1029
BSmZT 0.728 0.604
BLaZT 0.759 0.729

Fig. 17 Dielectric loss as a function of frequency at T = 350 °C for BZT, B
modulus (M′′) as a function of frequency at T = 350 °C for the compoun

33138 | RSC Adv., 2022, 12, 33124–33141
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A comparison of activation energy values suggest that higher
energy is required for charge carrier mobility across grain
boundaries and within grains for undoped compounds
compared to lanthanide-doped compounds. This is because
less energy is required for charge carrier activation in Sm3+ and
La3+ doped compounds.

The comparison of dielectric loss, imaginary impedance and
imaginary modulus diagrams is very important to separate
grain and grain boundary effects and/or to differentiate at the
LaZT, BSmZT and (b) imaginary impedance (Z′′) and imaginary electric
d BSmZT.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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microscopic scale the process responsible for the localized
dielectric relaxation and the long range conduction
mechanism.95,97

Fig. 17(a) shows the variation of dielectric loss as a function
of frequency for BZT, BSmZT and BLaZT respectively at T =

350 °C. No peaks were observed in the dielectric loss plot,
indicating the absence of a dielectric relaxation process in all
three samples. Indeed, to conrm the presence of a dielectric
relaxation process in a material, a relaxation peak must be
present in both the dielectric loss and imaginary impedance
plots (−Z′′ and M′′).93 On the other hand, Fig. 17(b) shows the
evolution of the imaginary impedance and imaginary electric
modulus as a function of frequency at T = 350 °C for the
example compound BSmZT. The peaks observed in the
impedance and modulus plot conrm the presence of distinct
conduction mechanisms.95 Similarly, two peaks were observed
in the modulus plot while only one peak is observed in the
spectroscopic impedance plot (see Fig. 17(b)). We can then
neglect the contribution of the electrode polarization in our
results because the electrode-sample (interfacial) polarization
generally appears at frequencies below 100 Hz,95 and a partial
overlap of the M′′ and Z′′ peaks in our samples, as shown in
Fig. 17(b), indicates the presence of both long-range conduc-
tivity and localized relaxation processes.92,98

4. Conclusion

The synthesis of Ba(Zr0.99Ti0.01)O3, (Ba0.95Sm0.034)(Zr0.99Ti0.01)O3

and (Ba0.95La0.034)(Zr0.99Ti0.01)O3 was carried out by the solid
state chemical synthesis route. The X-ray diffraction pattern
rened by the Rietveld method at room temperature conrms
the formation of a tetragonal phase for the three synthesized
compounds. Microstructural studies show well-developed sin-
tered grains and a decrease in grain size when the lanthanides
are introduced into the A-site of the perovskite, with an average
grain size between 1.45 and 2.43 mm. Dielectric studies reveal an
increase in the dielectric constant and a decrease in the loss
tangent value with a shi of the TC curie temperature to low
temperatures. The electrical behavior of the compounds was
studied by impedance spectroscopy in the temperature range of
300–400 °C. Cole–Cole plots of Z′′ versus Z′ show that the elec-
trical response of the ceramics for all samples is due to grain
and grain boundary effects. Conductivity is decreased when
lanthanides are introduced into the lattice, which is in agree-
ment with the increase in resistance; the correlated barrier
hopping (CBH) model at the grains and the non-overlapping
small polaron tunneling (NSPT) model at the grain bound-
aries dominate conduction. The values of b (0 < b < 1) conrm
the presence of non-Debye type relaxation and a trace of the
imaginary impedance Z′′ and imaginary electric modulus M′′ as
a function of frequency and a partial overlap of the M′′ and Z′′

peaks in our samples, indicates the presence of both long range
conductivity and localized relaxation processes.
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M. El Marssi and A. Lahmar, Phys. Mater. Chem., 2020, 252,
123462.

17 V. Paunovic, V. Mitic, M. Djordjevic and Z. Prijic, Ceram. Int.,
2020, 46, 8154–8164.

18 P. Singh, R. S. Yadav, P. Singh and S. B. Rai, J. Alloys Compd.,
2021, 855, 157452.

19 P. Sharma, P. Kumar, R. Kundu, J. Juneja, N. Ahlawat and
R. Punia, Ceram. Int., 2015, 41, 13425–13432.

20 J. Bhagyaraj, K. Ramaiah, C. Saikrishna and S. Bhaumik, J.
Alloys Compd., 2013, 581, 344–351.
RSC Adv., 2022, 12, 33124–33141 | 33139

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06758g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 3
:3

0:
39

 P
M

. 
 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
21 J.-H. Li, S.-F. Wang, Y.-F. Hsu, T.-F. Chung and J.-R. Yang, J.
Alloys Compd., 2018, 768, 122–129.

22 Y. Wang, H. Fan, B. Peng and P. Ren, J. Alloys Compd., 2014,
590.

23 Z. Yu, C. Ang, R. Guo and A. Bhalla, Mater. Lett., 2007, 61,
326–329.

24 L. Liu, S. Ren, J. Zhang, B. Peng, L. Fang and D. Wang, J. Am.
Ceram. Soc., 2018, 101, 2408–2416.

25 M. J. Haque, M. S. Mostari, S. R. Ankur and M. S. Rahman,
Results Mater., 2021, 10, 100176.

26 T. Maiti, R. Guo and A. Bhalla, J. Am. Ceram. Soc., 2008, 91,
1769–1780.

27 L. Jin, J. Qiao, L. Wang, L. Hou, R. Jing, J. Pang, L. Zhang,
X. Lu, X. Wei and G. Liu, J. Alloys Compd., 2019, 784, 931–938.

28 T. Maiti, R. Guo and A. Bhalla, J. Am. Ceram. Soc., 2008, 91,
1769–1780.

29 B. Asbani, J.-L. Dellis, A. Lahmar, M. Courty, M. Amjoud,
Y. Gagou, K. Djellab, D. Mezzane, Z. Kutnjak and M. El
Marssi, Appl. Phys. Lett., 2015, 106, 042902.

30 H. Kaddoussi, Y. Gagou, A. Lahmar, J. Belhadi, B. Allouche,
J.-L. Dellis, M. Courty, H. Khemakhem and M. El Marssi,
Solid State Commun., 2015, 201, 64–67.

31 H. Kaddoussi, A. Lahmar, Y. Gagou, J.-L. Dellis,
H. Khemakhem and M. El Marssi, Ceram. Int., 2015, 41,
15103–15110.

32 Y. Bai, X. Han and L. Qiao, Appl. Phys. Lett., 2013, 102,
252904.

33 M. Benyoussef, J. Belhadi, A. Lahmar and M. El Marssi,
Mater. Lett., 2019, 234, 279–282.

34 H. Cheng, J. Ouyang, Y.-X. Zhang, D. Ascienzo, Y. Li,
Y.-Y. Zhao and Y. Ren, Nat. Commun., 2017, 8, 1–7.

35 V. S. Puli, D. K. Pradhan, D. B. Chrisey, M. Tomozawa,
G. Sharma, J. Scott and R. S. Katiyar, J. Mater. Sci., 2013,
48, 2151–2157.

36 K. Aliouane, A. Guehria-Laidoudi, A. Simon and J. Ravez,
Solid State Sci., 2005, 7, 1324–1332.

37 F. Moura, A. Z. Simões, L. Cavalcante, M. Zampieri,
J. A. Varela, E. Longo, M. Zaghete and M. Simões, Appl.
Phys. Lett., 2008, 92, 032905.

38 T. Badapanda, S. Sarangi, B. Behera, S. Anwar, T. Sinha,
R. Ranjan, G. Luz, E. Longo and L. Cavalcante, J. Mater.
Sci.: Mater. Electron., 2014, 25, 3427–3439.

39 X. Diez-Betriu, J. Garcia, C. Ostos, A. Boya, D. Ochoa,
L. Mestres and R. Perez, Mater. Chem. Phys., 2011, 125,
493–499.

40 C. Ostos, L. Mestres, M. Mart́ınez-Sarrión, J. Garcia,
A. Albareda and R. Perez, Solid State Sci., 2009, 11, 1016–
1022.

41 S. B. Reddy, K. P. Rao and M. R. Rao, J. Alloys Compd., 2011,
509, 1266–1270.

42 P. Yongping, Y. Wenhu and C. Shoutian, J. Rare Earths, 2007,
25, 154–157.

43 R. Sagar and R. Raibagkar, J. Alloys Compd., 2013, 549, 206–
212.

44 L. Ben and D. C. Sinclair, Appl. Phys. Lett., 2011, 98, 092907.
45 Y. Zhang, J. Hao, C. L. Mak and X. Wei, Opt. Express, 2011,

19, 1824–1829.
33140 | RSC Adv., 2022, 12, 33124–33141
46 R. Sagar, P. Hudge, S. Madolappa, A. Kumbharkhane and
R. Raibagkar, J. Alloys Compd., 2012, 537, 197–202.

47 Y. Wang, L. Li, J. Qi and Z. Gui, Ceram. Int., 2002, 28, 657–
661.

48 D. Shan, Y. Qu and J. Song, Solid State Commun., 2007, 141,
65–68.

49 S. Bhaskar Reddy, M. Ramachandra Rao and K. Prasad Rao,
Appl. Phys. Lett., 2007, 91, 022917.

50 X. Chou, J. Zhai, H. Jiang and X. Yao, J. Appl. Phys., 2007, 102,
084106.

51 Y. Wang, L. Li, J. Qi and Z. Gui, Ceram. Int., 2002, 28, 657–
661.

52 X. Diez-Betriu, J. Garcia, C. Ostos, A. Boya, D. Ochoa,
L. Mestres and R. Perez, Mater. Chem. Phys., 2011, 125,
493–499.

53 S. Mahajan, O. Thakur, D. Bhattacharya and K. Sreenivas, J.
Phys. D Appl. Phys., 2009, 42, 065413.

54 J. Wu, L. Li, W. Espinosa and S. Haile, J. Mater. Res., 2004, 19,
2366–2376.
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