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Abstract

Non-stoichiometric lead free polycrystalline St 3Sn, ,Bi; 75Sm, ,5Nb,Oy (SSBSN) ferroelectric ceramics were synthesized
through conventional solid step route method by incorporating ball milling and microwave sintering method. X-ray diffraction
along with the Rietveld refinement technique confirms the single-phase orthorhombic structure with A2, crystal symmetry.
Additionally, the short-range ordering was confirmed by Raman spectroscopy. Doping induced crystallite size and strain
were further calculated from the Williamson-Hall plot, which comes around 150 nm and 1.48 x 107 respectively. A plate
like morphology with an average grain size of 0.41 pm was confirmed by scanning electron microscopy (SEM). A diffuse
type ferroelectric to paraelectric phase transition was recorded at 395 °C, mostly arising due to structural heterogeneity at
the inter-ferroelectric phase boundary. The temperature and frequency-dependent dielectric measurement of SSBSN ceramic
reveal a Maxwell-Wagner relaxation, with prominent dielectric loss in a low frequency regime perhaps due to the genera-
tion of leakage current in the SSBSN system. Frequency dependent ac conductivity indicates the polaron assisted hopping
mechanism in SSBSN, which further obeys Jonscher’s formulation. The intra and intergranular contributions to impedance
in SSBSN ceramics were probed by the complex impedance spectroscopy (CIS) technique. A non-Debye type relaxation
mechanism in SSBSN ceramics was indicated by the Cole—Cole plot, whereas the conduction mechanism and transport
properties were briefly studied using modulus spectroscopy.

Keywords Orthorhombic structure - Rietveld refinement - Williamson—Hall plot - Microwave sintering - Impedance
spectroscopy - AC conductivity

1 Introduction

Piezoelectric and ferroelectric materials based multifunc-
tional devices have been an indispensable element of our
technological evolution due to their comprehensive appli-
cations in the electronics, sensors, underwater acoustics,
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transduces, photorefractive devices, tunable capacitors,
pyroelectric sensors, ultrasonic medical imaging and many
more. Most of these devices comprise lead-based ferroe-
lectric materials (ex: PZT, PbTiO;) as they possess excep-
tional ferroelectric, piezoelectric, and pyroelectric proper-
ties. However, long-term utilization or exposure to lead can
cause serious health issues for humans and the environment
due to its toxicity [1, 2]. Thus, from time to time the World
Health Organization (WHO) has raised serious concerns
regarding the lack of proper disposal of lead and advised
material scientists across the globe to search for eco-friendly
alternatives [3, 4]. Among all available alternatives the Bis-
muth layer structured ferroelectrics (BLSF) compositions,
have proved to be the most promising ferroelectric system to
replace lead based devices in the future due to their exciting
properties such as high Curie temperature, high dielectric
constant, low polarization switching voltage, good retention
behavior, minimum operating voltages, a high mechanical
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quality factor, and large solid solubility of dopant ions,
which make them eligible candidates for numerous techno-
logical and industrial applications such as satellite commu-
nication devices, medical diagnostics, industrial automation,
ultrasonic motors, transducers, etc. BLSFs were first discov-
ered by B. Aurivillius in 1949 having a structural formula
of (Bi,0,)*" (A,_1BOsmi1)>~ Where A-site is occupied
by mono, dia, and trivalent ion (K*, Ca®*, Ba>*, Bi**, etc.)
or their combination allowing dodecahedral coordination,
B-site is occupied by transitional elements like (Ti**, Nb>*,
Ta**, Mo®*, etc.) suited to the octahedral coordination and m
is an integer which represents the number of BOg octahedral
layer sandwiched between two perovskite slab [5-8]. Among
several BLSFs, the SrBi,Nb,O, (SBN) is the second-layered
Aurivillius compound that belongs to the group of disor-
dered uniaxial ferroelectrics with an orthorhombic crystal
structure and A2,am space group. SBN and its solid solution
have gained substantial interest due to their less distorted
NbOg octahedra and extraordinary control of rattling space
on the dielectric, ferroelectric, and piezoelectric properties.
Despite having numerous useful properties, SBN also suffers
from a few drawbacks, such as intense spontaneous polariza-
tion and high dielectric loss [9, 10]. Interestingly the electri-
cal and ferroelectric properties of Bi-based SBN strongly
depend on the complete or partial site substitution/modifi-
cation of the parent compound [11]. Therefore, controlling
these parameters became extremely important to achieve
desired properties for technological applications. Accord-
ing to the available literature, Pritam et al. [12] have reported
an enhanced dielectric constant of 120 in Sn doped SBN
(Sry gSn,, ,Bi,Nb,Og) compared to undoped one and serves as
a basis of the present work. Additionally, the literature sug-
gests that the dielectric and ferroelectric properties of BLSFs
can be strongly enhanced by rare earth substitution such as
Sm3*, Ce3t, Nd**, Pr’t, Gd**, and Y3 as rare earth ele-
ments are known to diminish the generation of mobile oxy-
gen vacancies (arise due to high-temperature sintering) in
the solid solution due to their peculiar inimitable electronic
structure and lattice distortion [13]. Numerous studies are
available on A site, B site, or Bi site modification in SBN,
however very few or no reports exist on multiple site modi-
fications in SBN, and its influence on structural, dielectric,
and electrical properties in SBN is rarely available [14—16].

Therefore, the present work deals with the investi-
gation of structural contribution to the electrical trans-
port mechanism and multiple relaxation mechanism in
Sty ¢Sn ,B1; 755m ,5Nb,Og (SSBSN) ceramics synthesized
through green synthesis microwave sintering (MS) method,
as MS will drastically reduce the two-step sintering to sin-
gle step sintering. Several dielectric-derived parameters like
Z*, M*, and ¢* have been thoroughly investigated to get a
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complete understanding of the electrical behavior of micro-
wave sintered SSBSN ceramics.

2 Experimental section
2.1 Materials and methods

The polycrystalline Sr, ¢Sn,, ,Bi; 755m ,5sNb,Og (SSBSN)
ceramics were synthesized using the solid-state route
(SSR) method by incorporating single step microwave
sintering. SSR is the simplest and most effective way to
prepare inorganic bulk compositions. Usually, the SSR
method is carried out by intermixing followed by high
temperature sintering of a homogeneous mixture of dif-
ferent oxides, nitrates, and carbonates [11, 17]. During
the synthesis, numerous parameters like temperature, gas
flow, pressure, milling time, etc. can be easily varied to
achieve the desired phase and morphology of the com-
position or its solid solution. Initially, the reagent grade
carbonates and oxides of Bi,05 (99.9%), SnO (99.9%),
SrCO; (99.5), Sm,05 (99.9%), and Nb,O5 (99.95%), were
used as the starting materials. The stoichiometric propor-
tions of starting materials were extensively wet milled for
24 h. in a Retsch PM100 planetary ball mill using hard
tungsten carbide balls of diameter 5 mm (the ball to. pow-
der mass ratio was 10:1). The obtained sullery was mixed
with the Polyvinyl Acetate (PVA) binder and compressed
into a cylindrical pallet having a diameter of 10.8 mm and
thickness of 2 mm. Further, the pallets were sintered in a
closed crucible at 1000 °C for 5 h. in a microwave furnace
having a frequency of 3.5 GHz.

2.2 Characterization techniques

The Phase formation of SSBSN was investigated using
Bruker D8 discover equipped with Cu-Ka radiation of
wavelength 1.5406 A, operated at 40 kV and 40 mA. The
data was recorded in a step size of 0.02 with a time per
step of 2 s for the integrated angular range of 20°-80°.
Raman spectra were recorded using a micro-Raman spec-
trometer equipped with a 532 nm argon-ion laser source
with a magnification of 50X. The surface morphology was
recorded using Carl Zeiss Merlin VP Compact FE-SEM
with 5 kV acceleration voltage and 50 K magnification.
The ac conductivity, impedance, and modulus spectros-
copy of the prepared composition were calculated using
the dielectric data, recorded on high-frequency LCR meter
ZM2376 (NF corporation, Japan) with an applied oscilla-
tion level voltage of 1 V.
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Fig.1 a XRD pattern of microwave sintered SSBSN ceramics, b Rietveld refinement profiles of SSBSN ceramic carried out through Full prof
software, ¢ schematic representation of crystal structure of SSBSN ceramic generated from the refinement parameter

3 Results and discussion
3.1 Microstructural analysis

The X-ray diffraction pattern of Sn and Sm doped SBN
ceramics was shown in Fig. la, indicating the formation
of a perfect layered perovskite phase within the targeted
composition. [11, 18]. The obtained diffraction peaks were
indexed using orthorhombic symmetry conferring to the
JCPDS card no 00-049-0607. The absence of the second-
ary phase signifies that the Sm and Sn ions have success-
fully entered their respective sites of the prepared SSBSN
solid solution, thus proposing a smooth substitution. Lat-
tice parameters of the prepared composition were found
to be. 5.516 A, 5.503 A, and 25.038 A respectively [16,

19]. Further, the XRD pattern of SSBSN was fitted with
Rietveld refinement using Fullprof software. The refined
XRD pattern is in good agreement with the experimental
data having the goodness of fitting around 2.7 as shown in
Fig. 1b. The crystallographic findings from the Rietveld
refinement are summarized in Table 1, whereas the crystal
structure of the same is demonstrated in Fig. 1c.

3.1.1 Crystallite size and the lattice strain estimation
X-ray diffraction is a powerful technique for determining
numerous parameters like crystallite size, lattice strain

effect, and peak broadening [17, 20-22]. To know the con-
tribution of the factors mentioned above, it is essential to
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Table 1 Refined lattice parameters, atomic positions, and profile 0.0034
parameters of SSBSN ceramics = Normal Fit =
0.0032 - ' :
Parameters St SNy ,Bi; 755mMg ,sNb,Oy (SSBSN) — Linear Fit
Space group A2,am (orthorhombic) 000301
Cell parameters  a=5.5070, b=5.5050, c=25.0612, 0.0028 4
(A) a=p=y=90 .
Uniot cell volume 759.729 (3 0.0026 4
(A% a
Density (g/cm’)  7.440 0.0024 -
Chi- 3 215
i-square (x) 0.0022 4
Bragg R-factor 13.6
(%) 0.00204
R-factors (%) 7.24 . B r . r
R, 24.4 0.8 1.0 12 1.4 1.6 1.8
Ry, 175 4Sin 0
Ry 10.4 ) o ,
Atomic positions Elements X e 7 Oce Fig.2 Williamson—Hall plot of SSBSN ceramics
Srl(4a) 007214 025527 0 039016
Snl(4a) 0.07214 025527 0 0.3249 . . . .
Ol (4a) 040206 045501 0.00000 020066 eing,ltoye,d to;(’)snzrza; thz mduc:f Stramtﬁkzingtgltsvﬂﬁ
Bil (8b) 0.55994 0.77341 020159 0.5485 Crytsha dl_e §(1jze1[ Py I mo;g te.ste me (1) ﬁs’ ‘ .et i
02(8b) 0.39939 1.06028 031365 1.31651 Lne t‘; ISIdia (;lr. hISP:rpoiel" 3§ﬁ01s51r?p lbet mn eg‘trha
03(8b) 1.41364 0.79867 025270 1.40297 reat ”TO o W dlct no ;C?a y 1kzre]? 1@ ets. chween ; ©
04(8b) 1.06869 0.28527 0.00000 038974 Y52 i:;sme dan, strain- frwe?_ pea fte Oihmi log’;(;;slzgr'
05(8b) 106442 113588 0.83191 065914 & peak broadening as a function of two theta [24, 27, 28].

Sml (8b) 0.58191 0.75021 0.41325 -0.52016
Nbl (8b) 1.18647 0.66617 0.38705 1.00495

collect the X-ray diffraction data of standard material and
estimate the instrumental broadening using Eq. 1 [23].
1/2

ey

2
ﬁd - [ﬂmeasured - ﬁinslrumenlal]

Here, P, is the corrected broadening, P casured 15 Meas-
ured broadening, and By, rumentar 1 1NStrumental broadening.
The physical broadening and instrumental broadening of the
sample are estimated by FWHM (Full-width half maxima)
[24]. By employing the corrected parameters, the average
crystallite size can be determined by Debye Scherrer's equa-
tion depicted below.

_ 091
- pcost @)

where D is the crystallite size, A is the wavelength of X-ray
(1.5406 A), and f is the FWHM [25]. The calculated crystal-
lite size is around 80 nm. Based on Debye Scherer's model,
only crystallite size plays a significant role in broadening of
XRD peaks, however other factors like lattice strain, also
known as strain-induced broadening were neglected. Numer-
ous models, such as the Warren—Averbach method, William-
son Hall (W-H) method, etc., deal with the effect of strain
and crystallite size on peak broadening discretely and can
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The total broadening of the diffraction peak is shown below.
ﬂhkl = ﬂsize + ﬂstrain (3)

where B, denotes the FWHM of a XRD peak, f;,. and
Birain are the widths due to the size and strain, respectively.
According to the Uniform Deformation Model (UDM), the
strain is isotropic and arises in the crystalline structure due
to imperfections, depicted in Eq. 4,

ﬁslrain = 4etand (4)
On rearranging the Eq. 2, 3, and 4, we get

K2

——— +4e.tan @
D.cos9+ &1t )

Bria =

P cosd = % +4e.sin 6 6)

Equation 6, known as the uniform deformation model
(UDM) equation, reveals the isotropic nature of the crys-
tals. Where D and € are known as crystallite size and
microstrain, respectively [23].

Figure 2 shows the W—H plot of SSBSN ceramics. The
calculated value of D and & comes around 150 nm and
1.48 x 1073, respectively. The slope obtained from the
W-H plot is found to be in a positive direction, hence
generating the intrinsic strain of 1.48 x 107 in the system
[21, 29].
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Fig. 3 a Cross-sectional SEM micrograph, b grain size distribution curve of SSBSN ceramics

3.2 Morphological analysis

Figure 3a shows the cross-sectional field-emission scanning
electron microscopy (FESEM) micrograph of microwave
sintered SSBSN pellet. The SEM micrographs illustrate that
the different shapes and sizes of grains have been homo-
geneously distributed across the surface. The morphology
indicates a clear grain boundary with a well-defined compact
plate-like structure, which is the signature of the Bismuth
layered structured ferroelectrics. Careful investigation of the
high-resolution SEM image further indicates the presence
of porosity in the composition, mostly arising due to evapo-
ration of Bismuth oxide at high temperatures [30, 31]. The
average grain size was calculated using Image J software
at a magnification of 50 KX and a scale of 0.5 pm. Normal
distribution curve fitting of the histogram was employed
to calculate the mean grain size of the composition, which
comes around 0.41 pm depicted in Fig. 3b.

3.3 Raman analysis

Raman spectroscopy is a chemical analysis technique, which
is used to probe the structural phase transition, crystallin-
ity, lattice symmetry, and polar nanoregions (PNR) linked
with the structural disorder of ferroelectric and multifer-
roic materials [3]. The room temperature Raman spectra of
the SSBSN ceramics in a spectral range of 100-900 cm™"
are shown in Fig. 4. A couple of intense peaks with strong
Raman intensity were observed at 202.4 cm™!, 570.31 cm™!,
and 838.42 cm™!; however, a bunch of weak peaks was
also detected at 176.06 cm™, 270.16 cm™', 329.27 cm™!,
448.19 cm™', and 686.04 cm™" [32, 33]. A sub-intense peak

25000 -
S ——SSBSN
]

176.06

20000 4

15000 o

838.42

10000

Intensity (a.u.)

5000 +

100 200 300 400 S00 600 700 800 900
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Fig.4 Room temperature Raman spectra of SSBSN ceramics

was observed at 202 cm-1, which indicates the vibration of
A site ions (St and Sn) of the pseudoperovskite blocks [34].
Peak located at 570.31 cm™~! harmonizes with rigid sublat-
tice mode and depicts the opposite and equal displacement
of positive and negative ions. Raman mode corresponds to
838.42 cm™! attributed to the symmetric stretching of NbOj
octahedra, hence implying the supremacy of the orthorhom-
bic phase in the SSBSN system, also confirmed from the
XRD analysis of the same. Mode corresponds to 202.4 cm™
and 686.04 cm™! assigned to the vibrations of A site ions and
asymmetric distortion of BOj; triangular group and defor-
mation of BO, tetrahedron respectively. The Raman mode
at 270.16 cm™" is led by a force constant due to Bi-O, and
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Fig.5 The dielectric constant of SSBSN ceramics as a function of
temperature at variable frequencies 10 kHz, 100 kHz, | MHz

Nb-Bi-O, bonds. Broad peak arises due to phonon confine-
ment and represents the nanocrystinity of the system [32,
35, 36].

3.4 Curie temperature analysis

Figure 5 illustrates the temperature-dependent dielectric
constant of SSBSN ceramics measured at a variable fre-
quency and indicates a clear ferroelectric to paraelectric
phase transition at 390 °C. A smaller value of the dielec-
tric constant was observed in the temperature range of
50-250 °C, which linearly increases with the increasing
temperature, possibly due to the coupling between mobile
charge carriers contributing to the polarization process [37].
A broad peak of dielectric constant was observed for SSBSN
ceramics at a frequency of 100 kHz and 1 MHz, arising due
to composition fluctuation in solid solution of SSBSN [34,
38—40]. It was reported that defects such as impurities and
oxygen vacancies play a significant role in the electronic
polarization of BLSFs explaining the nature of dielectric
constant at higher temperatures [41].

To determine the diffuseness of a relaxor ferroelectrics,
the inverse of dielectric constant and temperature obeys
the Uchino and Nomura function, a modified version of
Curie—Weiss law (CW) is employed in the present work,
shown in Eq. 7 [42]

Ol

1 1
e g T ™

Here €, is the maximum value of dielectric constant at
temperature T, C is the Curie constant and y is a degree
of diffuseness of phase transition its values range between
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Fig.6 Plot of In(1/e —1/e,,) as a function of In(T—T,,) at 1 MHz of
SSBSN at 1 MHz and 10 kHz (the experimental data are represented
by symbols and the solid line represents the fitting of modified Curie
Weiss law

1 and 2. y=1 means normal ferroelectrics, whereas y=2
signifies relaxor ferroelectrics respectively [43, 44].

Figure 6 shows the plots of log (1/e — 1/g,,)) as a function
of log (T—T,,) of SSBSN ceramics. For both measurements,
the value of y is 1.83 and 1.98 respectively, which indicates
the diffuse phase transition in SSBSN ceramics, arises due
to the formation of mobile oxygen vacancies in the solid
solution [2, 45].

3.5 Variation of dielectric constant and loss
with frequency

Investigating the temperature and frequency dependent die-
lectric properties is necessary to understand the conduction
mechanism, and relaxation process in solids [46]. In this
regard, the frequency-dependent variation of real part of the
dielectric constant of SSBSN ceramics at several tempera-
tures is shown in Fig. 7a.

A strong dispersion behavior was observed at low fre-
quency region, possibly due to the accumulation of space
charge in SSBSN solid solution. Such resilient dispersion
behavior of dielectric constant emerges to be a common fea-
ture in ferroelectrics associated with non-negligible ionic
conductivity, also known as low-frequency dielectric disper-
sion (LFDD) [47-49]. A high dielectric constant was wit-
nessed at low frequency, irrespective of temperature, possi-
bly due to the contribution from all four types of polarization
electronic, ionic, orientational, and space charge polariza-
tion to the total dielectric constant. A steady decrease in
dielectric constant was observed and can be explained by
Koop's theory and Maxwell-Wagner model [50]. The tand
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Fig.7 Variation of a dielectric constant and b dielectric loss as a function of frequency at different temperatures

or dielectric loss is the energy utilized in rotating the atomic
dipole in a dielectric material and it arises due to two major
reasons domain wall motion under the influence of external
applied field and space charge relaxation. Further, it depends
on three parameters frequency, temperature, and nature of
additives [51]. Figure 7b shows the frequency dependence
of dielectric loss at different temperatures, a high loss was
observed in low frequency regions, possibly due to the pres-  a-C. Conductivity (0uc) =2afese’ tans, @
ence of space charge polarization, however, it drastically . . .
decreases at high frequency regions, thus endorsing the VYI.ICI‘C fis fre.(]qer.lcy, & and is Pel‘mltthlty 19 a vacuum,
surge of domain wall motion in this region [12]. s. is the. permittivity of the medium, and tand is known as
dielectric loss[52].

3.6 Acconductivity analysis

To investigate the conduction process and polaron responsi-
ble for the conduction, the temperature dependent a.c con-

ductivity as a function of frequency was studied for SSBSN
ceramics, which was calculated using Eq. 8.

(a)l 03+ 50°C 100°C b) 0.0030 4| O Data points measured at 500 °C
200 °C 300 °C —— Fit to Jonscher power Law
L0 ——1400°C 450 °C 0.0025 o G, .= Gp + AG*
——500 °C g
_ & 0.0020 4
E 5 v 15}
=~ 1074 =
@ =
31 £ 0.0015+
g -6 Q
1079 5]
< 0.0010 -
1074 000054
10y . . . 0.0000 . r T T T
10! 102 10 10° 10° 10! 10? 10° 104 10° 10°
Frequency (Hz)

Frequency (in Hz)

Fig.8 a Variation of ac conductivity versus frequency at several temperatures, b fitting of Jonsher’s power law to the experimental data of
SSBSN at 500 °C
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Figure 8a depicts the variation of ac conductivity as a
function of frequency, the conductivity curve can be widely
differentiated into three regions; the first is low-frequency
regions, in this region, the ac conductivity is independent
of frequency and decreases with the decrease in frequency.
This decrease in conductivity corresponds to the variation
of space-charge polarization at the electrode interface and
generation of oxygen vacancies in the system. Here local
electric field opposes the applied electric field and limits the
conductivity. As we increase the frequency, a flat plateau-like
region is spotted, where conductivity is independent of fre-
quency, representing the system's dc conductivity (c,4,). The
third and final region, known as the high-frequency region,
which usually demonstrates the dispersive behavior of con-
ductivity, appears due to the short and long polaron hopping
in the SSBSN system. The increasing trend of ac conductiv-
ity might be due to the anarchizing of cations among the
neighboring sites [53]. One can notice that the nature of the
curve is independent of temperature; however, the onset of
the dispersion is shifted to a higher frequency as the tem-
perature is further increased. Additionally, the behavior of
a.c. conduction was examined by Jonsher’s power law shown
in Eq. 9.

Oac = Odc + Aws7 (9)

where A is a temperature-dependent parameter and s is a
dimensionless exponent that describes the degree of inter-
action, whose value lies between 0 to 1, which represents
the resistive and capacitive behavior of a material, respec-
tively. The calculated value of s for SSBSN ceramics is
shown in Table 2 and reveals a non-Debye type conduction
mechanism.

3.7 Complex Impedance Spectroscopy

Complex impedance spectroscopy (CIS) is a powerful tool to
probe the dielectric material, which tells us about the individ-
ual contribution of different electrical active regions. Usually,
CIS is utilized to investigate the microscopic and macroscopic
properties of the material like charge transfer resistance, diffu-
sion process, relaxation process, transport number, etc. [54].
The complex impedance is depicted in Eq. 10.

Z = —1wC_€ * . (10)

Z* is further resolved in real (Z') and imaginary part (Z")
of impedance and shown below.

, 1 &
Z= 2zfC, [82 +8"2] (in
1 __ L 8—/ 12
©2xfC, [ + €7 (12)

where f is frequency, €’ and €” are real and imaginary parts
of the dielectric constant, and C, is known as the capacitance
of vacuum|[10, 55].

Figure 9a shows the variation of the real part (Z') of imped-
ance as a function of frequency in a temperature range of
350-550 °C. It was observed that the value of Z' shows higher
values at low-frequency regions, which drastically decreases
with increasing frequency till 1 kHz. Beyond that, an inde-
pendent behavior of the Z' was observed which eventually
merges at high frequency and indicates a release of space
charge from the system. The value of Z' significantly decreases
with increasing temperature and indicates the negative temper-
ature coefficients of resistance (NTCR) behavior [47, 48, 56].
Figure 9b shows the variation of the imaginary part of imped-
ance (Z") with frequency at different temperatures. An asym-
metric broadening of the peak was observed with increasing
temperature (beyond 405 °C) which indicates multiple relaxa-
tions process in the SSBSN ceramics. With the increasing fre-
quency and temperature, the magnitude of Z" peak was found
to shift towards the high-frequency region, indicating that the
relaxation mechanism spread over a wide range of frequencies.
Irrespective of temperatures, the Z" attains a constant value
beyond 10 kHz, which indicates thermally driven relaxation
mechanism in SSBSN ceramics [46, 47, 57].

The Cole—Cole plot of SSBSN ceramics at different tem-
peratures is shown in Fig. 10. A linear response was observed
at a lower temperature (>400 °C) and implies the insulating
behavior of the sample. As the temperature rises above 400 °C,
the linear response was found to deviate into a semicircular
one, indicating the rise of the conductivity in the material.
Each semicircle experiences a small divergence from the ori-
gin and depicts non-Debye type relaxation process. This type
of behavior in Cole—Cole plot arises due to numerous contrib-
uting factors such as grain boundary contribution, stress—strain
phenomena, atomic and ionic defects distribution, etc. The
emergence of two semicircles was also observed at higher
temperatures, revealing that the contribution was from both
grain and grain boundaries [12, 31, 53, 58]. The lack of a third
semicircle rules out the interfacial contribution to total imped-
ance of the system.

Table 2 Variation of ‘s’ with

. Temp. (°C) 50
temperature of microwave

200 300 400 450 500

sintered SSBSN ceramics s 0.625

0.451

0.286 0.469 0.626 0.529 0.407
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3.8 Complex modulus spectroscopy (CMS)

Unlike the resistive part, the capacitive element also signifi-
cantly contributes to the impedance spectra of the material.
Thus, it might be possible that the researcher can observe
a single semicircle in a CIS but can observe multiple peaks
in the modulus plot. Thus, to precisely know the contribu-
tion of resistive or capacitive components, we must need to
investigate our data for the complex modulus spectroscopy
(CMS). CMS is a convenient technique to examine the trans-
port properties of dynamical systems[59]. Mathematically
CMS is depicted in Eq. 13[55, 60]

1
iwC,Z*

13)

M* can be further resolved into real (M’) and imaginary
component (M")

’ ”
' £ " 13

= T e yem

T en + e’ (14)

Figure 11a illustrates the frequency dependent variation
of the real component of modulus at some selected tem-
peratures. It was observed that M’ achieves a constant value
above 1 kHz, but approaches zero at the lower frequency
region, thus confirming the existence of interfacial or atomic
polarization in the SSBSN solid solution. A strong disper-
sion behavior is observed at the high-frequency region irre-
spective of temperature, which contributes to the conduction
phenomena that arise due to the movement of the charge
carrier under the action of an applied electric field in the
studied temperature region [55, 61]. A shift in the dispersion
region is also observed at high temperatures and supports the
long-range mobility of the charge carrier. Figure 11b shows
the variation of the imaginary part of the modulus of SSBSN
ceramics at several temperatures, a substantial shift in the
peak of M" observed with increasing temperature, indicating
a thermally driven relaxation process in solid solution [62].
A nonsymmetrical broad peak is perceived for all measure-
ments, which demonstrates multiple relaxation processes in
SSBSN ceramics with different time constants. Finally, a
decrease in the magnitude of M" peak is detected with the
increasing temperature, which undoubtedly specifies the
surge in the dielectric constant of the SSBSN ceramics [19,
31, 63].
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4 Conclusion

In summary, we have successfully prepared novel
St ¢Sng ,Bi; 75Sm, ,5Nb,Og (SSBSN) ferroelectric ceram-
ics through single step solid state route method by incor-
porating microwave sintering technique, which drastically
reduced the processing parameters (temperature and time)
of SSBSN ceramics. XRD and Raman spectra validate the
defect free orthorhombic crystal structure with A2;am
space group. Additionally, the Rietveld refinement and
Williamson Hall method were used to calculate lattice
parameters, atomic position, and strain in SSBSN matrix.
A plate like morphology with an average grain size of
0.41 pm was confirmed by scanning electron microscopy
(SEM). Temperature dependent dielectric measurement
(Tc) indicates diffuse type phase transition, which arises
due to the presence of an interacting ferroelectric clus-
ter on the SSBSN. Further, the degree of diffusiveness
(y) was checked by Uchino and Nomura function, which
comes around 1.8. Impedance analysis depicts the non-
Debye type conduction mechanism with the NTCR behav-
ior, whereas grain, and grain boundary contribution was
revealed by Cole Plot. Modulus spectroscopy indicates
that the relaxation process in SSBSN was governed by
hopping of mobile oxygen vacancies. Ffrequency depend-
ent AC conductivity demonstrates the dispersive behav-
ior of conductivity, arising due to the polaron hopping
in the SSBSN matrix. The obtained results support that
the SSBSN can be used as a potential candidate for high
frequency power transformer applications.
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