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Abstract

A new lead-free ceramic material of complex perovskite structure (ABO3) with the formula
(Sr0.95Ba0.05)(Mn0.5Nb0.5)0, has been prepared using a solid-state reaction technique.
The X-ray diffraction pattern of (Sr ,Ba, )(Mn Nb )O, at ambient temperature shows
that the sample has a single-phase tetragonal perovskite structure. The surface morphology
studied by scanning electron microscopy (SEM) shows the polycrystalline nature of the
prepared material with grains of uniform size having few voids. The dielectric parameters
(relative permittivity or dielectric constant and loss tangent) of the samples were determined
over a wide range of frequency (100 Hz to 5MHz) and a temperature range of 25 C to 250
‘C. The overall frequency response of the material within this observed frequency window
shows low-frequency relaxation phenomena and deviation from Debye-type behavior. At
all frequencies, the permittivity shows a broad diffused peak at around 215 C, which may
be attributed to ferroelectric to paraelectric transition. The AC conductivity spectra obey
Jonscher’s universal power law. The optical band gap calculated from diffuse reflectance
spectroscopy (DRS) data is 3.06 eV. Magnetization (M) in both zero-field-cooled (ZFC) and
field-cooled (FC) modes measured at 0.05 T shows a gradual increase of magnetic field with
a decrease in temperature below 300 K with a magnetic order transition below 40K. Also,
the M-H curve at 10 K shows a nonlinear pattern with a small opening in the hysteresis loop,

indicating some ferromagnetic component at low temperatures.
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1. Introduction

Because of the intrinsic capability of the perovskite
structure to host ions of different sizes, a large number
of dopants can be accommodated in the crystalline
lattice [1-5]. Oxides with the perovskite structure,
ABO,, have a broad range of applications due to their
remarkable properties, such as high dielectric constant,
piezoelectric, ferroelectric, ferromagnetic, ferrimagnetic,
and multiferroic properties, etc. [6-19]. Accommodating
different cations at both the A-site and B-site of this
structure, complex perovskites (A, A, A, )( B, B, B, ...)O,
can be formed, which gives a wide scope to tailor the
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material properties by a suitable choice of cations. When
complex perovskites contain two cations at the B-site that
vary inionic size and oxidation states, they have interesting
dielectric and ferroelectric properties. Also, most of these
cations are in their highest oxidation state with filled core
shells. The high dielectric constant in these perovskites
may appear due to the ordering of B-site cations in the
structure[20-25]. It has been established that when lead
occupies the A-site, the material shows good ferroelectric
and multiferroic properties like Pb (Zr, Ti)O,[2], Pb(Fe
Nb,.)0,[19], Pb(Fe  Ta,.)O,[3], etc. However, due to the
toxicity of lead, the scientific community has been trying
to replace lead with eco-friendly cations. The Gr-Il cations
have proved to be the most suitable candidates for
lead-free complex perovskites like (BalSr)TiO3 [4]. These
are safe and sustainable alternatives that also enhance
dielectric behavior. It has been established that when the
B-site of these complex perovskites accommodates both
d° cations and d" cations, the material gives both dipolar
and magnetic order, leading to multiferroic properties
[7-14]. This has motivated us to determine the dielectric,
electrical, and magnetic properties of complex lead-free
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perovskite (Sr  .Ba . )(Mn Nb, )O,, where the A-site
is occupied by Gr-Il cations Sr?* and Ba?, and the B-site
is occupied by d° cation (Nb**) and d" cation (Mn3*).
This type of complex perovskite ceramics, where the B
site accommodates Mn+3 and Nb+5, and the A site is

completely lead-free, has never been reported.

2. Experimental

(Sr,4sBa, o) (Mn, Nb )0, with a polycrystalline structure
was synthesized using AR-grade precursors: SrCO,, BaCO,
(98%, Loba Chemicals, India), Mn,O, (98 %, Alfa Aesar),
and Nb,O, (99%, Loba Chemicals, India). The reactive
powders were mixed mechanically in an appropriate
stoichiometric ratio. The above powders were mixed
completely under dry conditions for 1 hour in an agate
mortar, followed by a wet treatment (e.g., methanol) for
2 hours to achieve a homogeneous mixture. Then, the
mixed powder in a platinum crucible was calcined at 1200
°C for 6 h. The powder so obtained after calcination was
cold pressed into pellets (dia. 10 mm) under an uniaxial
pressure of 5x10°N/m? using polyvinyl alcohol (PVA) as the
binder. The pellets were then sintered at 1250 °C for 6 h.
The pellets were finally coated with silver paint, and then
dried at 150 °C for 2 h prior to electrical measurements.

To determine the compound formation, x-ray
diffraction (XRD) studies were carried out (X-ray powder
diffractometer, Rigaku, PANalytical X'Pert). The XRD
pattern of the calcined powder was recorded at room
temperature with “CuK_ radiation (A = 1.5405 A). An X-ray
study was carried out in a wide range of Bragg angles (20°
<260 <80°) at a scan speed of 3°/minute. Micro Raman
spectroscopic behavior was studied via a Renishaw Invia
Reflex (UK) spectrometer. Surface morphology has been
studied by scanning electron microscopy (ZEISS-EVO 18).
The elemental composition of the material was measured
by EDAX (OCTANE ELECT). The sample pellets were gold
sputtered prior to being scanned under a high-resolution
electron beam of the SEM. Electrical analysis was carried
out using a computer-controlled impedance analyzer
(HIOKI LCR METER) in the frequency range from 100Hz
to 5MHz and in a temperature range of 25 °C to 250 °C.
The acquisition of data was monitored as a function of
frequency and temperature. The optical property (diffuse
reflectance spectroscopy (DRS)) was studied using the
Thermo Scientific Evolution 220 model in the range of
190-1100 nm. The magnetic measurements were taken
in SQUID-VSM.

3. Results and Discussion

3.1. Structure and microstructure

Figure 1(a) depicts the X-ray diffraction pattern of
(Sr,4sBa, ) (Mn, Nb )O, at ambient temperature. The
acquired findings show that the sample has a tetragonal
perovskite structure as a single phase without any
additional impurity peaks. To substantiate this claim, the
powder underwent Rietveld refinement. Fullprof software
[26] was used to carry out the structural refinement. After
refinement of the samples, the numbers obtained from
R-values and x? are recorded. It shows the tetragonal
structure of space group | 4/m ¢ m. The success of a
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Rietveld refinement is evaluated by the difference plot
between observed and calculated patterns (Figure 1(b)).
As shown in the figure, a good agreement between the
calculated and experimental data was achieved, with a
x*value of 3.15 (Rp =30.7,R, =453, and Rewp = 20.09).
The compound crystallizes in the tetragonal phase with
refined lattice parameters a: 5.595601 A, b: 5.595601 A,
c: 7.952655 A, with c/a ratio of 1.421 and space group
| 4/mcm. Table 1 provides the atomic site positions and
occupancies of each element, as determined through
refinement. The refined structure has been obtained
using data given in Table 1 and the VESTA program
(version 3.0 for Windows).

Figure 2 shows SEM images and EDAX of the sintered
pellets of (Sr,..Ba,)(Mn Nb )O, The micrograph
shows uniform grains with few voids in the prepared
sample. The EDAX confirms the formation of the sample
using a proper stoichiometric ratio.

3.2. Spectroscopy

Figure 3. shows room temperature micro-Raman data for
all the samples of (Sr, Ba  )(Mn  Nb )O,. The peak at
577 cm™ may be assigned to B-O displacement, while the
peak at 694 cm™ may be due to the symmetric stretching
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Figure 1. (a) Room temperature XRD and (b) Rietveld
refinement of (Sr_.Ba, . )J(Mn Nb )0,
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Table 1. The atomic site position and occupancy of each element obtained through refinement fitting of (Sr_.Ba, .)(Mn Nb )0,
Atoms X Y z Occupancy
Sr 0.00000 0.50000 0.25000 0.95000
Ba 0.00000 0.50000 0.25000 0.05000
Mn 0.00000 0.00000 0.00000 0.50000
Nb 0.00000 0.00000 0.00000 0.50000
o1 0.00000 0.00000 0.25000 1.00000
02 0.25000 0.50000 0.00000 1.00000
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Figure 2. (a) SEM image, (b) EDAX of the sintered (Sr Ba

of BO, octahedra. The broadening of peaks may be due to
lattice disorder [3].

3.3. Dielectric and electrical properties

Figure 4. shows the Tauc plot drawn from the DRS data
of the sample obtained at room temperature. The optical
band gap calculated is 3.06 eV. This high value of band
gap is typical of ferroelectric oxides. The charge transfer
between Nb-O ions and the electronic transitions of
Mn **ions, along with a high state of disorder, may be
responsible for this band gap value in the material [27,28].

13 | UNN, 2025, 1, 11-19
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Figure 5. shows the frequency response of dielectric
properties, i.e., the variation of relative permittivity and
tan 6 (inset) with the frequency of (Sr . Ba, .)(Mn Nb_.)
0, at different temperatures. It shows a marked dispersive
characteristic in both the permittivity and loss tangent
pattern. A very high value of permittivity, as well as loss,
shows that the material is lossy. This lossy behavior of
the sample may be expected because of the oxygen ion
vacancies produced by the varying oxidation states of
Mn. Both € and tan & values decrease with increasing
frequency, which is a typical behaviour of dielectric and
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Figure 3. Room temperature Micro Raman spectra of all (Sr,_,.Ba

(Mn, Nb )0, samples.
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Figure 4. Tauc plot of room temperat

ferroelectric materials. It is known that permittivity,
which is a measure of total polarization, has different
components like ionic, electronic, dipolar, and space
charge or interfacial, which arise at different stages of a
material response to varying temperature and frequency
of the applied alternating field, each of which involves
a short-range displacement of charges. With increasing

14 | 1NN, 2025, 1, 11-19

ure DRS data of (Sr_,.Ba,.)( Mn Nb_..)O,
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frequency, some of the dynamic polarization phenomena
cease [20-25]. The overall frequency response of the
material within this observed frequency window may
be attributed to low-frequency relaxation phenomena,
deviation from Debye-type behavior, and possible grain
boundary barrier effect [29]. To gain more insight into the
electrical microstructure, more rigorous studies such as
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Figure 5. The variation of (a) relative permittivity (g ) and (b)
dielectric loss (inset) with frequency of (Sr ,Ba . )(Mn Nb )
0, at different temperatures

0.05

impedance spectroscopy in a wide frequency window are
required.

Figure 6 (a) and (b) show the variation of the relative
permittivity (er) and the loss tangent tan & with the
temperature at different frequencies, i.e., 10 kHz, 100
kHz, and 1 MHz and 5 MHz, respectively. Both € andtan
6 for the material show very high values. They increase
with temperature for all frequencies. The value of
permittivity gradually increases with temperature, and at
all frequencies, the permittivity shows a broad diffused
peak around 215 C while the value of loss increases to
an extremely high value with increasing temperature.
The exceptionally high value of relative permittivity with
high tan 6 shows the lossy behavior of the material with
long-range conductive species. The diffused peak in
permittivity at 215 'C may be attributed to ferroelectric
to paraelectric transition. The lossy behavior may be
attributed to oxygen ion vacancies due to the fluctuation
of oxidation states of Mn within the oxygen octahedra.

Figure 7 shows the variation of real (2’) and imaginary
parts of impedance (Z2”) as a function of frequency
at different temperatures. The variation of real (Z’)
impedance as a function of frequency shows a low-
frequency dispersive region followed by a merger into a
plateau region. Also, the value of Z’ decreases both with
increasing temperature and frequency. The decrease of Z’

15 | UNN, 2025, 1, 11-19
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Figure 6. Variation of relative permittivity (a) and dielectric loss
(b) with temperature of (Sr . Ba . )(Mn Nb )0, at different
frequencies.

with the rise of temperature is a typical semiconducting
property with the negative temperature coefficient of
resistance (i.e., NTCR type behavior), while the decrease
of Z’ with increasing frequency and finally merging on a
plateau irrespective of temperature shows a thermally
activated AC conductivity and release of space charge.
These results indicate a possibility increase in the AC
conductivity of the material with a rise in temperature
in the high-frequency region, possibly due to the release
of space charge as a result of a lowering of the barrier
properties of the material.

The loss spectrum (variation of imaginary impedance
(2") with frequency) at different temperatures in Figure
7 shows the appearance of peaks at a characteristic
frequency, dependent on temperature and can be related
to the type and strength of the electrical relaxation
phenomenon occurring in the material. A significant
broadening of the peaks with the rise in temperature,
and their asymmetric nature suggest the presence of
a temperature-dependent relaxation process with the
spread of relaxation time [19]. The magnitude of Z” peaks
decreases while the width of the peaks increases with
increasing temperature.

The scaling behaviour of the loss spectrum (variation
of imaginary impedance (Z") with frequency) is displayed
in the master curve (Figure 8), which shows all the curves

Behera et al.
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different temperatures.

are merging into a single one. This shows that the relaxing
species are independent of temperature.

From the peaks of the loss spectrum, the relaxation
time is calculated from the frequency at which the peak
was observed. At the peak, the most probable relaxation
is defined by the condition w t = 1. It is found that the
relaxation time obeys the Arrhenius relationship: t = t_
exp (-Ea / kBT), where T is the pre-exponential factor, and
E_ is the activation energy. Figure 9 shows a plot of log T
vs. 1000/T. The value of E is estimated using the linear
least squares that fit the data points. The graph clearly
indicates two different linear regions at lower and higher
temperature ranges, respectively. The two regions have
two different activation energies, indicating different
relaxation phenomena occurring at the lower and higher
temperature ranges.

The activation energy calculated in the low-
temperature range is 0.21 eV, and that in the high-
temperature range is 0.81 eV. This marked difference
in the activation energy is due to the role of oxygen ion
vacancies at higher temperatures.

The conductivity spectra (i.e. the variation of a.c.
conductivity (o, ) as a function of frequency) at different
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temperatures (25— 225 'C) are shown in Figure 10. At
almostalltemperatures, the spectra show a low-frequency
plateau region followed by a high-frequency dispersion.
The frequency-independent plateau in the low-frequency
range is associated with the DC conductivity, o, . This
plateau region extends toward higher frequencies with
increasing temperature. This type of conductivity behavior
is well explained by Jonscher’s power law [30] given by o
(w) =0, +Aw", where n is the frequency exponent (0 < n
<1), and A is a pre-exponential factor.

The material shows NTCR behavior like that of a
semiconductor. The overall dielectric response, along with
the heterogeneous conduction process, indicates that
the material might have a diffused ferroelectric transition
near 215 'C along with oxygen ion vacancies (V) induced
dielectric relaxation, conductivity contribution to the
dielectric matrix, and space charge polarization [31-33].

3.4. Magnetic properties

Figure 11(a) shows the magnetization (M) in both zero-
field-cooled (ZFC) and field-cooled (FC) modes measured
at 0.05 T of the (Sr, . Ba, .)(Mn_ Nb )0, ceramic sample.
Magnetization increases gradually with the decrease

Behera et al.



in temperature below 300 K, and around 40 K, and a
small kink is observed at both magnetic fields without
any observable shift in temperature. Further, there
is no bifurcation in ZFC and FC magnetization modes
around this kink, indicating a thermodynamic transition.
However, a tendency of bifurcation between ZFC and
FC starts at 10 K. The kink at 40 K indicates a magnetic
ordering transition. The magnetization again increases
continuously below this kink temperature, showing the
existence of weak ferromagnetism. The effect of weak
ferromagnetism at low temperatures is evident from
the nonlinearity in the M—H hysteresis loop with a small
openingin the loop at 10K, as shown in Figure 11(b). It has
been established that the magnetic order in perovskites
can show both antiferromagnetic and ferromagnetic
components. This type of metastable magnetic state in
the polycrystalline material is observed in systems where
ferromagnetic interactions are introduced randomly in a
predominantly antiferromagnetic matrix. Here, Mn® is in
a high-spin state, but the distribution of Nb** and Mn3**
are random at the B-site. Therefore, some of the super
exchange interactions may give rise to the observed
weak ferromagnetism and a random distribution of
ferromagnetic interactions in the present system. Thus,
it may be concluded that the distribution of Nb* and
Mn?3* is actually random in our sample, which also has a
significant effect on its dielectric properties. Nevertheless,
this noteworthy low-temperature feature needs to be
investigated in detail to ascertain its nature and origin,
as well as its relation to the magnetoelectric coupling
in this system. From a geometry point of view, the
antiferromagnetism is based on 180° of the B-O-B’ bond
angle, and the bending of the B-O-B’ bonding in distorted
perovskites would give rise to additional magnetic
interaction. By decreasing the exchange interaction and
increasing the Dzyaloshinskii-Moriya interaction, weak
ferromagnetic order might be induced [3, 19, 34].
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Figure 11. (a) Magnetization (M) vs. (T) graph in ZFC and
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Conclusion

The polycrystalline ceramic sample of (Sr ,Ba )
(Mn,.Nb_.)O, was prepared using a solid-state technique.
All the materials are formed in a single perovskite phase,
which is confirmed by the room temperature XRD data.
The structural analysis shows the formation of the
materials in a single tetragonal structure. The frequency
response of the dielectric properties of (Sr ,Ba, )
(Mn,.Nb_.)O, shows a strong low-frequency dispersion.
The material shows a very high permittivity value along
with high loss. The material shows a diffused phase
transition at 215 ‘C in the temperature dependence of the
permittivity at all measured frequencies. The impedance
variation with temperature at different frequencies shows
NTCR behavior and temperature-dependent relaxation
phenomena. The ac conductivity obeys Jonscher’s power
law. The overall dielectric response, along with the
heterogeneous conduction process, indicates that the
material might have a diffused ferroelectric transition
near 215 'C along with oxygen ion vacancies (V) induced
dielectric relaxation, conductivity contribution on the
dielectric matrix, and space charge polarization. The
magnetization (M) vs. temperature (T) in both zero-field-
cooled (ZFC) and field-cooled (FC) modes measured at
0.05 T, shows a magnetic order transition below 40 K. A
small opening in the M-H hysteresis loop at 10 K shows
weak ferromagnetism in the material.
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