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Abstract: Iron-doped barium strontium titanate ceramics
represent a significant class of multifunctional ferroelectric materials
with tunable dielectric and electrical properties. This study presents
a comprehensive investigation of dielectric relaxation mechanisms
using impedance spectroscopy, electrical modulus analysis, and
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Cole—Cole modelling. The incorporation of iron dopants induces
structural distortions, modifies crystallite size, and introduces
oxygen vacancies, significantly influencing dielectric behaviour.
Non-Debye relaxation mechanisms are confirmed through
theoretical models such as the Havriliak—-Negami model, Cole—Cole
formalism, and equivalent circuit analysis. The results reveal that
grain boundary effects, defect chemistry, and correlated barrier
hopping conduction govern the electrical response of these
ceramics
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1. Introduction

Ferroelectric materials constitute a broad class of advanced ceramics widely used in electronic applications due to their
multifunctional and interdisciplinary properties. Among these, perovskite-structured materials have attracted significant
attention because of their technological relevance and tunability.

Barium titanate-based systems have been extensively studied since the early developments in ferroelectricity in the
1940s. Barium strontium titanate, in particular, is a promising candidate for applications in dynamic random-access memories
(DRAMSs), transducers, optical devices, and phase shifters due to its high dielectric constant and structural stability [1,2].

Doping Barium strontium titanate with transition metal ions such as iron introduces significant modifications in its
electrical and structural properties. Iron substitution at the titanium site leads to defect formation, lattice distortion, and changes
in conduction mechanisms, making this an ideal candidate for studying non-Debye dielectric relaxation behaviour.

Synthesis of Iron doped Barium Strontium Titanate Ceramics

The new ceramic perovskite samples S1(Sample 1) — Iron doped Barium Strontium Titanate, Bao.sSro.aFexTi@-x) Os-
5, (x=0.1) & S2(Sample 2) — Iron doped Barium Strontium Titanate, Bao.eSro.sFexTiux Os-s, (x=0.4) are prepared by the
solid-state reaction technique using a high-energy ball milling process. High purity chemicals Barium Carbonate, Strontium
Carbonate, Ferric Oxide and Titanium dioxide powders are used as the raw materials and weighed according to their molecular
formula [3].

Structural and Microstructural Analysis

The crystallite size and lattice strain studies carried out using Scherrer equation and Williamson Hall Analysis reveals
reduced crystallite size with iron doping than pure Barium strontium titanate. The crystallite size of S2(20.46nm) is found to
decrease with increase in iron dopant concentration than in the case of S1 (24.06nm) is a significant result obtained from the
present study. The XRD and W-H analysis of the samples with the positive value of slope obtained (for S1 strain obtained is
0.000642 while for S2 the strain obtained is 0.00002521which points to the presence of tensile strain arising from the defects
and interstitials within [3,4].

2. Material And Methods
2. Electrical Modulus Analysis and predicted Theoretical models:

The dielectric properties were measured using an HIOKI1-3532-50 LCR Hi TESTER in the temperature range 30—600°C
with frequency range of 42 Hz to 1MHz.The mixed powders were pre-sintered, pelletized, and sintered at 1100 °C for 4 hours.
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Silver paste was applied on both surfaces of the sintered pellets to ensure proper electrical contact for dielectric measurements.
Variation of the real part of the dielectric constant (¢') with log frequency at different temperatures are given below in the Fig

D).

Electric polarization is defined as the displacements of the different atoms, orientation of the dipoles or the separation
of mobile charges at the interface of grains/particle boundaries on the application of an external electric field. All these leads to
perturbation inside the material. The major five different types of polarization existing are electronic, ionic, orientational, space
charge/interface and spontaneous polarizations. In polycrystalline materials, all the above mentioned prevail [3-5]. Space charge
polarization plays a significant role since electrons and holes get trapped at the surface enhancing the dielectric constant values.
All types of polarization cause hindrance to the charge giving dielectric loss, since the energy loss is depended on the time
varying fields and is measured from the tangent of the loss angle 8. The electric field applied is monochromatic and sinusoidal
function of frequency the loss tangent can be expressed as

tan 6 =¢’/e” — (1)

where €’ represents the real and &” represents the imaginary part of the dielectric constant. Under an applied field the
growth of polarization takes a finite time to reach the peak value. Similarly, when the applied field is removed also the decay of
polarization takes a finite time. This concept is termed as the dielectric relaxation which plays a significant role in insulators
and energy storage devices. The dielectric relaxations in perovskites and polymers are best explained by Cole-Cole equation
given as,
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Where k= In (o), &” &¢” represents the real and imaginary part of the dielectric constant, Ag’ = gs-eck = In(wt), p= (1 —
o), where a is the relaxation parameter. &s the static dielectric constant, &, dielectric constant at high frequency and 1 the mean
relaxation time. The value of parameter a lies between 0 and 1 in a Cole-Cole process but when a takes a value 0, the above
equation reduces to the famous Debye equation as
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Many materials have more than one relaxation times and hence do not follow Debye equations. They do obey the Cole-Cole
equations. In these materials, the imaginary part of the dielectric constant has low value and the peaks obtained by plotting the
tan 6 with frequency will be broad. A detailed evaluation temperature-dependent dielectric analysis is carried out to study the
grain boundary, and defect contributions.
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Fig (1) variation of dielectric constant with temperatures for different frequencies of samples (a)S1 and (b)S2

Variation of the real part of the dielectric constant (g') with log frequency at different temperatures are given below in
the Fig (1). Dielectric constant values obtained and the low frequency dielectric dispersion (LFDD) observed is a valid result
confirming the existence of space charge polarization.

2.1 Equivalent Circuit Modelling
Nyquist plots are modelled using an equivalent circuit consisting of:
e Two parallel R-CPE (Constant Phase Element) units
o Representing grain (bulk) and grain boundary contributions

The use of CPE instead of an ideal capacitor account for depressed semicircles, indicating distributed relaxation times.
An equivalent circuit model by Raymond et al.is considered where Rs denotes the series resistance, Cg is the capacitance related
to domain and dipole reorientation in grain, Rg denotes the resistance with grain, Cgb is the capacitance of the grain boundary
layer and Rgb denotes the resistance within the grain boundary layer as given in Fig (2).
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Fig (2) the equivalent circuit model taken for analysis

2.2 Cole-Cole and Havriliak—Negami Models

The dielectric relaxation behaviour of iron doped barium strontium titanate ceramics deviates from ideal Debye
behaviour due to structural disorder and defect-induced polarization. Cole -Cole and Havriliak-Negami models confirm the
presence of interfacial polarization and heterogeneous relaxation dynamics.

e Cole—ColeModel: describes symmetric broadening of relaxation peaks and provides information regarding the distribution
of relaxation times

o Havriliak—Negami(HN)Model: extends the Cole—Cole formalism by incorporating both symmetric and asymmetric
broadening, making it suitable for highly disordered systems.

The impedance data plotted in complex plane known as Nyquist (Cole-Cole) plots reveal semicircular arcs
corresponding to grain and grain boundary resistance (Fig (3)). The shape of the plot depends on the dielectric material [6.7].
The defects, voids and the trapped charge carriers reduce the grain boundary resistances which in turn affects the conductivity
of the material also. When the Cole-Cole plot is drawn at different temperatures the electrode response occurs at the low
frequency regions and the grain boundary response appears to higher frequency side. These points to the in homogeneity and
surface defects changing the polarization time periods.

2.2.1 Impedance Spectroscopy

Impedance spectroscopy provides insight into the frequency-dependent electrical response of grains and grain
boundaries. It is particularly useful for:
e Identifying conduction pathways
o Evaluating defect contributions
e Separating bulk and interfacial effects

Impedance spectroscopy technique involves the application of a time varying field, measurement of the complex
impedance Z” for different frequencies and the phase shift occurred between voltage and current.
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Fig (3) Cole-Cole plot of samples Sland S2

The shape and features of the Nyquist plot offer valuable insights into various processes occurring within a material [8].
Characteristic patterns such as semicircles or arcs in the Nyquist plot may indicate specific electrochemical or physical
phenomena, and analyzing the size and position of these features can extract information about the material’s properties.

In an ideal scenario, the Nyquist plot exhibits a semicircle shape, which represents a combination of resistance and
capacitance. This often corresponds to phenomena like electrode—(solid)electrolyte interfaces or relaxation processes within the
material. However, for real materials, the Nyquist plot’s shape may deviate from the idealized semicircle. It can appear as a
depressed, with the centre lying below the x-axis, or a distorted semicircle, indicating more complex behaviour [3,9]. The
complexity in the Nyquist plot is often referred to as non-Debye relaxation.

The Cole—Cole equation(eqns1&2) is commonly used to describe non-Debye relaxation phenomena observed in
impedance spectroscopy. It provides a mathematical model that accounts for the presence of multiple relaxation processes or a
distribution of relaxation times within a material.
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2.2.2 Electrical Modulus Spectroscopy

Electrical modulus analysis complements impedance spectroscopy by emphasizing bulk relaxation processes. The real
(M’) and imaginary (M") components are analyzed as functions of frequency [10]. The electrical modulus analysis is employed
to study the electrical transport mechanism inside the material synthesized. Since the electrical modulus is the reciprocal of
imaginary part of dielectric constant, any relaxation peak appearing in the frequency spectrum of M” then the corresponding
peak will disappear in the imaginary part of the dielectric constant graph for the same value of frequency as in Fig (4).
A relaxation peak in M” without a corresponding peak in dielectric loss confirms long-range conduction and non-Debye
relaxation behaviour.
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Fig (4) Normalized imaginary parts of electrical modulus and impedance as a function of frequency for samples S1 and S2
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Fig (5) The scaling behavior of M at different temperatures for samples SI and S2
Combining impedance and modulus spectroscopy provides a comprehensive understanding of a material’s electric
response particularly when dealing with overlapping bulk and grain boundary arcs. Peaks on spectroscopic graphs
of M"/M"max(v) highlight different aspects of electrical behaviour. The , M"/M"max(v) plots identifies those with the lowest
capacitances [11]. The modulus representation often exhibits a peak for the bulk contribution, characterized by the lowest
capacitance, typically in the order of picofarads (~1 x 107> F .The modulus impedance plots in Fig 5((a)&(b)) further support
this observation, indicating that the relaxation frequency range is characteristic of processes occurring at grain boundaries.

3. Conduction Mechanism

The dominant conduction mechanism in iron doped barium strontium titanate ceramics is explained by:

e Correlated Barrier Hopping(CBH)
Charge carriers inside the lattice hop between localized states separated by potential barriers.

e Oxygen Vacancy Migration:
Doubly ionized oxygen vacancies formed due to doping significantly affects in dielectric relaxation.

e Arrhenius Behaviour: Relaxation times obey Arrhenius-type temperature dependence, permitting the calculation of
activation energy for charge carriers.

The AC conductivity follows Jonscher’s universal power law: where conductivity ca= meo tan 8, where w=2xf (f, the
frequency used), tan 6 is the dielectric loss and &, the permittivity of vacuum. The Fig (6) indicates the dependence of the
conductivity of the material with temperature at different frequency values. In the low temperature region due to dispersion in
frequency, the conductivity increases with increase in frequency and temperature. The presence of intrinsic factors at higher
temperatures affects the rate of conductivity [12]. A steep slope change appears in the conductivity curves as the temperature
increases and the frequency where the slope arises is the hopping frequency. Three regions are visible in the conductivity profile
(Fig 8) plotted as low frequency dispersion, an intermediate plateau and high frequency conductivity region [12]. The values of
n obtained from the slopes of conductivity graph proves a thermally active mechanism.

Hence conduction is mainly by hopping mechanism for low temperatures and by quantum tunneling at high
temperatures. At very high temperatures the conductivity decreases confirming the positive temperature coefficient (PTC)
behavior of the samples under study [3].This behaviour confirms that charge transport occurs via hopping mechanisms,
particularly involving oxygen vacancies.
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Fig (6) Conductivity graph (logo&1/T) of samples S1 and S2 at different frequencies

4. Results and Conclusion

The present study demonstrates that iron doped barium strontium titanate ceramics leads to complex dielectric relaxation
behaviour governed by non-Debye mechanisms. The integration of electrical modulus analysis, and theoretical modelling
provides a comprehensive understanding of charge transport and polarization processes.

Iron doping significantly influences the electrical and structural properties of barium strontium titanate ceramics.
Comparing with the pure barium strontium titanate it is clear that the crystallite size decreases with high concentration of iron
dopant.

The combined effect of lattice strain, defect chemistry, and microstructural evolution governs the dielectric response.
The dielectric values obtained for S2sample [Bag.sSro.aFexTi@-x Os-s (x=0.4)] is less than for S1sample [Bag.eSro.aFexTi-x) O35
(x=0.1)] ceramic material. The higher percentage of Fe**ion substitution at the Ti**ion sites create oxygen vacancies lowering
the dielectric properties providing broader dielectric peaks. The electrical modulus analysis shows the absence of electrode
polarization in all the cases non-Debye behaviour is confirmed through Cole—Cole analysis. The two semicircular arcs in
impedance plots distinguish grain boundary contributions.

Depending on the varying electrical field applied the charge carriers shift to short range and long-range hopping
conduction. This also proves the polaron hopping mechanism following CBH model for low temperatures. For the sample Slat
very high temperatures the conductivity decreases confirming the positive temperature coefficient (PTC) behavior. The results
of conduction and the relaxation process for both the samples have good correlation stating the involvement of similar charge
barriers in both the processes.

The correlation between the theoretical and experimental results confirms the potential of iron doped barium strontium
titanate ceramics for advanced electronic applications and provide a strong foundation for further research in engineered
ferroelectric materials.
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