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Abstract

The solid-state reaction approach was used to synthesize Bay 955t osCasTi, M ,NbgO5, (where M represents Fe and Mn and
xis 0 and 0.05) in order to compare the variations in the structural and dielectric properties of the ferroelectric material. The
structural investigation was carried out using x-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy.
The orthorhombic structure with Pbcn space group revealed by the XRD investigation was validated by Rietveld refinement.
The FTIR spectroscopy results were in good agreement with the reported phase. Analysis of the electrical properties was
carried out by complex impedance spectroscopy. The results of transition metal doping with both Fe and Mn with regard
to the dielectric permittivity as a function of frequency showed an improvement in the dielectric characteristics, while Mn
exhibited a higher dielectric constant than Fe. The pure sample showed a lower transition temperature than the Fe- and
Mn-doped sample. Analysis of the magnetic characteristics obtained from vibrating-sample magnetometry (VSM) revealed
that doping enhanced the magnetic properties. This approach thus shows excellent potential for high-temperature operation,

achieving good temperature stability via transition metal doping.

Keywords Ferroelectrics - tungsten bronze - dielectric - impedance spectroscopy

Introduction

With recent technological advancements, lead-free materials
are increasingly crucial in electronics because lead-based
materials are hazardous and harmful for the environment.
The electrical and magnetic properties of lead-free materials
are thus improved in order to expand their application poten-
tial. Tungsten bronze ferroelectric materials are currently
being explored as a possible replacement for lead-based
materials. Due to their exceptional electrical and magnetic
properties for a variety of applications in electronics and
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energy conversion such as perovskite, tungsten bronze fer-
roelectrics have received considerable attention. The typical
formula for tungsten bronze is [(A1),(A2),(C),][(B1),(B2)g]
O3, where C is smaller in size and is left empty, resulting
in A¢B,yO5,. The pentagonal A, and square A, sites can
obtain small cations Ba®*, Sr**, and Ca’>", and B, and B,
octahedral sites are occupied by highly charged ions, Ti*",
Nb*, Zn2+ 1+

Zhu et al. recently presented a detailed analysis on the fer-
roelectric transition and low-temperature dielectric relaxa-
tions in occupied tungsten bronze ceramics combined with
probable multiferroicity.’ In-depth studies have been con-
ducted on the ferroelectric properties of MyR,Ti,NbO5,
and MsRTi;Nb,O,, tungsten bronzes.®'? It is thought that
structural modulation caused by oxygen octahedral tilting
predominantly determines the type of phase transition and
transition temperature. However, a variety of niobates (e.g.,
BasRTi;Nb,05,, Ba;R43TisNbsO;, and Ba,R,Ti,NbsO;, of
Ba0-R,05-Ti0,-Nb,0s [R=Dy, La, Nd, Sm, and Y] sys-
tems) and vanadates (e.g., NaBa,xs0,5 [x=Nb and Ta] and
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Ba,Pb,Sm,W,Ti,Nb,O;,) have shown extremely intriguing
electrical properties, which can be further explored for possi-
ble device applications. Utilizing such materials for nonlinear
optical materials for second harmonic generation is one of the
key goals.!>?

In the present study, we substituted transition metal Fe and
Mn in Bay ¢5Sr; sCasTi, ,M,NbgO;, synthesized by solid-
state reaction. The aim was to determine the (i) variation in
structural modifications from Mn or Fe substitution, (ii) the
optical and magnetic properties, and (iii) the electrical modi-
fication by impedance spectroscopy as a function of Mn or Fe
content in order to understand the relationship between the
electrical, optical, magnetic, and structural parameters of the
Ba, 9551 (sCasTi, M ,NbgOs, ceramics.

Experimental
Materials and Methods

The solid-state reaction method holds great value in various
fields, particularly in materials science based on atomic-level
close mixing. With this process, the dopants are uniformly dis-
tributed throughout the ceramic matrix, which is essential for
obtaining the appropriate structural and electrical properties,
making it possible to precisely control the stoichiometry of
the final product. The composition of the ceramic material can
be optimized by varying the reactant ratios, which is crucial
for maximizing its ferroelectric characteristics. In comparison
with other synthesis routes such as sol—gel, hydrothermal, or
chemical vapor deposition, solid-state reaction is often pre-
ferred for its simplicity, cost-effectiveness, and suitability for
producing bulk quantities of doped ferroelectric ceramics with
controlled composition. In this work, stoichiometric ratios of
barium carbonate (BaCO3), strontium carbonate (SrCO3), cal-
cium carbonate (CaCOs), titanium oxide (Ti0O,), and niobium
oxide (Nb,O5) were used to synthesize pure and Fe-doped
Ba 9551 5sCasTi,NbgO5, (BSCTN). Pure BSCTN samples
were prepared using the solid-state reaction technique. The
materials were ground for 5—6 h before undergoing calcination
in a muffle furnace at 1150 °C for 2 h. Following calcination,
the samples were ground again with a drop of polyvinyl alco-
hol (PVA) as a binder in calcined powder before being pel-
letized in a hydraulic press at 300 MPa pressure. To improve
sample densification, the pellets were reintroduced into the
muffle furnace for sintering at 1250 °C for 2 h.

0.95(BaCOs) + 0.05(SrCO5) + 5(CaCOs) + 2(TiO,)
+ 4(Nb,Os) — Bagg5Sr;,0sCasTi,NbgO5 + 6CO,
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Characterization Techniques

X-ray diffraction (XRD) patterns of the powder sample were
investigated with a Philips x-ray diffractometer using Cu Ko
radiation (A=1.540 1&) at a scanning rate of 0.02°/s from
20° to 80° with 0.02 step size. Scanning electron micros-
copy (SEM) was performed using a Carl Zeiss Sigma 500
instrument. The pellet was shaped like a disc capacitor, with
the specimen serving as the dielectric medium for dielectric
properties. In preparation for use as an electrode, both flat
surfaces of the sintered pellet (1 mm thickness and 10 mm
diameter) were polished and silver paste was applied. For
dielectric measurements, an LCR meter (Hioki 3532 50
LCR HiTester) was utilized. The infrared (IR) spectra of
the sample were acquired with Fourier transform infrared
(FTIR) spectroscopy in the range of 400-4000 cm™ using a
PerkinElmer FTIR spectrometer and KBr with Spectrum 10
software. The photoluminescence emission spectra (PLS) of
powder samples were measured at room temperature using
a spectrofluorophotometer with a xenon arc lamp as a light
source and 400 nm excitation wavelength. The magnetic
properties of the materials were assessed at room tempera-
ture using vibrating-sample magnetometry (VSM; Lake
Shore 7410-S magnetometer).

Results and Discussion
Structural Analysis

The results of Rietveld refinement of the XRD data for the
Bay 9551, 95CasTi,_ M NbgOs, (where M is Fe and Mn and x
is 0 and 0.05) powder are shown in Fig. 1a. All the ceramics
were single-phase with a tungsten-bronze structure (space
group Pbcn), according to the refinement results.

As can be seen in Fig. 1b—d, the smallest difference
between the experimental data (shown by black line) and
estimated data (shown by red line) from the x-ray patterns
was found for Bag ¢5Sr o5CasTi,_ M, NbgOs,. The best way
to verify the effectiveness and quality of the refinement is
to compare the calculated and measured data differences.
According to previous research, the reliability index parame-
ters (R-values), i.e., R-profile (R,), R-weighted profile (R,,,),
expected residual factor (R,,), and goodness of fit (GOF),
have generally been used to verify the quality and validity of
the various data from structural refinement. The following
equations describe the chosen R-values:
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Fig.1 (a) XRD pattern and results of Rietveld refinement of (b) BSCTN, (c) Fe-doped BSCTN, and (d) Mn-doped BSCTN powders.
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where w; is weight, and Y™ and Y*' are the measured
and estimated intensities of the reflections at 260 angles,
respectively. Rp is the number of refined parameters, while
N denotes the number of measurement points. The GOF,
which is dependent on R, and R,,,, and should be less than
2 for the best fit of the Rietveld analysis, is clear from the
aforementioned equations. Good agreement was achieved
between the calculated and observed model. Table I lists
the experimental settings and structural information for the
Bay 95'510,0sCas Tiy_ M NbgOs0, B 95S1,05Cas i gsFeg osNDgOs,
and Bay 9551 15CasTi; osMn (sNbgO5, powder. To demon-
strate the effect of Fe and Mn substitution in the XRD pat-
tern, a magnified XRD graph shows a peak around 29°, indi-
cating the shifting of the peak towards the lower angle. The
decrease in peak intensity with doping indicates that when
Fe or Mn is introduced into B, or B, sites, the crystal struc-
ture is somewhat distorted. The crystallite size and strain
calculated by the Scherrer formula and Williamson—Hall

Table | Parameters of BSCTN, Fe-doped BSCTN, and Mn-doped
BSCTN calculated from XRD

Composition BSCTN Fe-doped BSCTN Mn-doped
BSCTN

Crystal system  Orthorhombic ~ Orthorhombic Orthorhombic

Space group Pbcn Pbcn Pben

Lattice parameter

a(A) 14.966 14.969 14.966

b(A) 5.749 5.752 5.773

¢ (A) 5.220 5.220 5.320

R- factors

R, (%) 5.7 8.4 7.4

R, (%) 7.8 11.1 12.2

GOF (x? 1.87 1.83 1.64
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(W-H) plot are shown in Fig. 2a and b, respectively, based
on composition.

The tolerance factor was computed for each composition
using Egs. 4 and 5:

o Ry, + R,
AT V2(Ry +Ro) @
A2 V23 —124/3(Rg + Ry) )

where R, Rg, and R, denote the A-site, B-site, and oxygen
ionic radii, respectively. Figure 2c depicts the estimated tol-
erance factor, which suggests that the value of t is smaller
than 1 for all compositions, indicating a stable orthorhombic
structure.'?*2* The electronegativity was also estimated by
varying the given formula based on composition.?®*’ The
improved formula (for BSCTN) is given in Eq. 6:

. 0.95 x40 + 0.05 x5,_0 + S Xca—0 + 2X1i—0 + 8XNb-0
32
(6)

where y represents the corresponding electronegativity val-
ues for particular bonds. The values for all of the composi-
tions using the formula are plotted in Fig. 2¢c. As electroneg-
ativity increases, so does the bond dissociation energy. The
basic ferroelectric phenomena are caused by electrical inter-
action between the constituent atoms. In reality, the electron-
egativity of a single element varies between compounds. It
may wander to either side of the required value depending on
the coordination number, bond change, formal charges, and
the character of the neighboring atoms. As a result, it was
formerly thought that the chemical bonds in ferroelectric
structures functioned as a sort of bridge between the ionic
and covalent states, resulting in changes in bond lengths,
bond angles, and lattice deformation. In our investigation,
the value of electronegativity increased, indicating that dop-
ing improved the ferroelectric properties.'?>%3

SEM images of the surface of BagysSrj(sCasTi,_,
M, NbgOj, (where M is Fe and Mn and x is 0 and 0.05) pel-
lets sintered at 1250 °C for 6 h are shown in Fig. 3a, from
which we can infer that the material has a thick microstruc-
ture and that the uneven grain sizes are uniformly distrib-
uted throughout the sample's surface. In addition, 96% of
the theoretical density can be found in the relative density.
The average grain size of pure BSCTN ceramic is 1.25 pm,
for Fe-doped BSCTN is 2 um, and for Mn-doped BSCTN is
2.5 pm, according to the histogram shown in Fig. 3b.

Figure 4 presents the spectra for the FTIR spectros-
copy results for BSCTN, Fe-doped BSCTN, and Mn-doped
BSCTN. The as-prepared materials have an orthorhombic
structure with space group Pbcn, according to the x-ray
diffraction analysis. FTIR spectra were also recorded
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Fig.2 (a) Crystallite size (a) and strain (b) calculated by the Scherrer formula (Dg.) and W-H plot (Dy,; (c) tolerance factor and electronegativ-

ity of BSCTN, Fe-doped BSCTN, and Mn-doped BSCTN.

within the range of 4000 to 400 cm™! in order to probe
the structural intricacies of the prepared materials, and
are displayed in Fig. 4. Prominent peaks are visible in the
fingerprint region from 900 cm™! to 400 cm™!, shown in
the inset graph of Fig. 4. Absorption bands corresponding
to Nb—O stretching vibrations are located at 869 cm™! (vl
mode of vibration) and 744 cm™' (02 mode of vibration).
The v3 mode of vibration and the stretching vibrations of
the Nb—O and Ti—O bonds are responsible for the broad
band at about 590 cm™!. Similarly, the band at 488 cm™!
may be caused by O-Nb/Ti-O bond bending vibrations
(v4 mode of vibration).

Thus, a somewhat distorted (NbOg octahedra) crystal
structure is indicated by variables such as Nb-O stretch-
ing, O-Nb-O bending, and Ca—O stretching vibrations
affecting chain bonds, and broadening of the peaks.!

Magnetic Properties

Figure 5a displays VSM plots that provide information
on the material's magnetic characteristics via doping
of Fe and Mn transition metals at room temperature.
Pure BSCTN shows a diamagnetic nature. However,
the substitution of transition metals has caused a shift
in the magnetic properties. Both Fe and Mn show a
tendency to rotate the plot, but Fe has a greater ten-
dency to cause the plot to shift from diamagnetic to
ferromagnetic behavior. The photoluminescence (PL)
activity of the samples was examined by measuring the
PL emission spectra of the samples. Figure 5b displays
the acquired PL spectra at an excitation wavelength of
400 nm. The sample exhibits good luminescence prop-
erties in the visible spectrum. Payling and Larkins'’
used the data to identify the transmission accountable
for each emission. The emission peak at 421 nm is due

@ Springer
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Fig.3 SEM images along with probability distribution graph of (a) BSCTN, (b) Fe-doped BSCTN, and (c) Mn-doped BSCTN.

to the *Sy, s—*D, 5 transition of O, while the emission
peaks at 512 and 621 nm are assigned to the *D,~!P,
transition of Nb and the f~f transition of Nb/Ti, respec-
tively. Apart from their different electronic transitions,
the Jahn—Teller (JT) effect is also responsible for some
changes in the PL spectra of the doped materials. Addi-
tional peaks are observed in Mn-doped BSCTN which
correspond to the addition of Mn to Pure BSCTN. The
energy bandgap was computed for these peaks in the
range of 2 to 3 eV. The samples have strong emission

@ Springer

lines at a particular wavelength, making the material
suitable for optoelectronic applications.

Impedance Analysis

Complex impedance spectroscopy provides information
about the impact of grains, grain boundaries, and elec-
trodes on the capacitive, resistive, and inductive properties
of a material. The real and imaginary parts of impedance
are depicted in Fig. 6a. The real part of the impedance
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decreases and converges to zero. Because the three com-
pounds have multicomponent polarization, including
electronic, ionic, orientational, and interfacial polariza-
tion, the real part of the impedance Z' has a high value at
low frequencies. However, when the frequency increases,
the dipolar orientation and interfacial polarization con-
tributions diminish, resulting in a constant value of the
real part of the impedance Z'. The reduction in Z' with
the increase in frequency and temperature suggests an
increase in AC conductivity. The reduction in Z' with
rising temperature at low frequencies suggests negative
temperature coefficient of resistance (NTCR) behavior.
Figure 6b shows the imaginary component of impedance,
where peaks are clearly apparent in the pure and doped
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material spectra. The peak amplitude of Z" is known as
Z" .%o and the associated frequency (fi,,,) is known as the
relaxation frequency. At low temperatures, the relaxation
frequency (f,,,) is modest, which indicates that moving
load carriers (OVs) require a long time to move from one
location to another. The value of Z" . drops as the tem-
perature increases, but f, .. shifts to higher frequencies
as the temperature increases. This shift in the maximum
frequency to higher frequencies suggests that the relaxa-
tion time decreases as temperature increases. The Nyquist
plot is a plot of the imaginary part (Z") of impedance as
a function of the real part (Z), shown in Fig. 6¢. Semicir-
cular arcs are observed in these variations. The simulation
of the experimental data using the appropriate equivalent
electrical circuit using ZView software revealed that the
results correspond well to the series connection of two
cells which are associated with grain and grain bound-
ary effects, respectively. Figure 6d depicts the appropriate
equivalent circuit for the BSCTN. The equivalent circuit
that is used to fit the data is made up of two parts, Rg
or R1 and Cg or C1, which represent the resistance and
capacitance of the grain in the first parallel circuit linked
to the grain contribution, and Rgb or R2 and Cgb or C2,
which represent the resistance and capacitance of the grain
boundary in the second parallel circuit. The semicircular
arcs were suited for the (R1C1)(R2C2) circuit.!19:22-29

Dielectric Properties
Dielectric data (¢* =¢' — je") were calculated from com-

plex impedance data (Z* =Z'+jZ") using the following
expressions>’
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Fig.5 (a) VSM plots and (b) PL spectra for BSCTN, Fe-doped BSCTN, and Mn-doped BSCTN.
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The tangent loss for the material can be calculated by taking
the ratio of the imaginary part to the real part of the dielectric
permittivity and can be expressed as

n
tané = —

= ©)

Figure 7a shows the variation in dielectric permittiv-
ity with frequency at room temperature. From 10 Hz to
100 Hz, it is evident that the dielectric constant decreases
rapidly and becomes almost constant at frequencies over
100 Hz. It is widely known that dielectric materials dem-
onstrate a steady drop in dielectric constant with increasing
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forms of polarization that these materials have are respon-
sible for their high permittivity in the low-frequency area.
The relative permittivity drops and reaches a plateau at
high frequencies; this behavior suggests the presence of
charged species (oxygen vacancies, grain boundary effects,
etc.) that are unable to track changes in the applied alter-
nating electric field at high frequencies. Figure 7b shows
the decreasing trend of tangent loss for all the samples,
which can be attributed to space charge polarization. Fig-
ure 8a depicts the variation in dielectric constant with
temperature at a constant frequency of 1 MHz between
35 °C and 300 °C. Peaks can be clearly observed for all
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three ceramics. The peaks correspond to the orthorhombic
(Pbcn) ferroelectric phase transitioning to the paraelectric
phase. At all frequencies, all three materials have the same
Curie temperature (7(), indicating that they do not exhibit
relaxor behavior. The dielectric peak is discovered to have
expanded, signifying the occurrence of a diffuse phase
transition. Figure 8b shows the evolution of the Curie tem-
perature and dielectric constant of the doped and undoped
samples. It is observed that the Fe-doped compound has
a higher Curie temperature than pure and Mn-doped com-
pound, indicating that Fe-doped compound exhibit more
significant ferroelectric characteristics.?>*’
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3
1.5x10 (a)

Modulus Study

A useful method for examining electrical transport events
in ceramics and identifying the microscopic mechanisms
responsible for dielectric relaxation is the analysis of the
complex dielectric modulus. The complex modulus equation
can be written in the form
M* _ 1 _ M/ 'M//

=== +J (10)
where M' and M" represent the real and imaginary parts of
the modulus, which can be represented as follows:
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Fig.9 Changes in the (a) real and (b) imaginary parts of the modulus with frequency and (c) M’ versus M" for BSCTN, Fe-doped BSCTN, and

Mn-doped BSCTN.
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where ¢’ and &" are the real and imaginary parts of the
dielectric permittivity, respectively.?! Figure 9 displays
the real and imaginary parts of the modulus with respect
to frequency variation for all three compounds. When the
real part of the modulus is considered (Fig. 9a), the values
are closer to zero in the lower-frequency ranges and reach
saturation in the higher-frequency ranges after increasing.
Figure 9b shows the variation in the imaginary component
of the modulus M" as a function of frequency. Three distinct
regions are observed. The first zone is at lower frequencies,
where charge carriers can hop from one location to another.
They can only move within the well and can only move a
limited distance in the second region. The final zone is near
the top of the M" peak, where the change from long-distance
to short-distance mobility takes place. The presence of a
stretching component is shown by the asymmetric broaden-
ing of the peaks, which validates the type of relaxation pro-
cess. This behavior was confirmed by fitting from Bergman's
modified Kohlrausch—Williams—Watts (KW W) function as
given in Eq. 13:

MN
T LCORIo B

where M" . is the maximum value of M", f, .. is the maxi-
mum frequency, and f is the stretched exponent. When =1,
a perfect Debye type relaxation occurs, and when =0 to
<1, a non-Debye type relaxation occurs. Table II displays
the values derived for 3, confirming the non-Debye relaxa-
tion for the pure and doped samples. Figure 9c depicts the
variation in M’ and M" with x=0 frequency. The variation
depicts the frequency crossover point. It exhibits Debye-like
behavior before crossing the point, and when the frequency
increases, the variation verifies Arrhenius behavior and the
non-Debye process.??3!33

We have performed experiments to enhance the electri-
cal and magnetic properties of tungsten bronze ferroelectric
ceramics by substitution of transition metals. However, other
researchers have employed simulation studies and machine
learning for the development of sustainable materials,**’
which can reduce costly experimentation with different
kinds of materials. Simulation studies have also been shown
to control the magnetic behavior of materials for space pro-
pulsion applications.*%*°

M// —

Table Il Parameters calculated from fitting the imaginary part of the
modulus data

Composition (x) FWHM (for M”) s

BSCTN 9.354 0.872
Fe-doped BSCTN 7.527 0.760
Mn-doped BSCTN 4.296 0.442

Conclusion

The solid-state reaction method was used to successfully
synthesize Ba 9551 osCasTi,_ M, NbgO5, ceramics, where
M is Fe and Mn and x is 0 and 0.05. Rietveld analysis of the
XRD data revealed a pure orthorhombic tungsten bronze
structure with the Pbcn space group for all samples. SEM
analysis revealed a homogeneous microstructure with une-
qual grain sizes, strong densification, and low porosity. The
average grain size was in the range of 1-2 um. The Fe-doped
BSCTN exhibited grain size of approximately 2 pm, which
was higher than that of the undoped and Mn-doped BSCTN.
Impedance spectroscopy results showed that the theoretical
simulation successfully explained the experimental data of
the Nyquist plot, and it was revealed that grains and grain
boundaries both contributed to the conduction process. The
replacement of Ti** for Mn>* and Fe** increased the resist-
ance value of the Bay, 4551, (sCasTi,_ .M NbgO5, ceramics for
grains and grain boundaries. Investigation of the variation
in the dielectric permittivity of the pure and doped BSCTN
with frequency at room temperature revealed that the maxi-
mum dielectric permittivity and higher Curie temperature
(T) were shown by the Fe-doped sample (7-=413 K and
€,=2843.41), indicating better ferroelectric properties than
those of the undoped (7-=403 K and &,=1895.36) and Mn-
doped samples (T-=410 K and £,=2609.66). The modu-
lus plot, i.e., M" versus M', demonstrated the contribution
of grains and grain boundaries, and the asymmetric nature
of the imaginary part of the modulus indicated that relaxa-
tion processes observed in the ceramics were non-Debye in
nature by KWW fitting, and the corresponding values of the
B parameter ranged from O to 1, confirming the non-Debye
relaxation for pure and doped samples.
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