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1. Introduction

Strontium titanate, SrTiOs, is an important perovskite material used in electrical and dielectric
studies. In this study, SrTiOs was selected as the base material to analyse how different dopants
change its electrical behaviour. The pure SrTiOs has low conductivity at room temperature, but
this can change when dopants are added.

In this study, SrTiOs samples doped with La, Gd and Nd were investigated. These dopants can
change the charge balance inside the material. This can lead to the formation of defects such as
oxygen vacancies. These defects can affect both the ionic movement and electronic response,
when the temperature is increased.

The Impedance spectroscopy set up was used to study the electrical behaviour of the samples.
This method gives the response of a material over a wide range of frequencies. It also helps to
separate different contributions, such as grain, grain boundary and electrode effects. From the
impedance spectra and equivalent circuit fitting, resistance values could be obtained. These
values were later used for conductivity and activation energy calculations.

The samples used in this work include undoped SrTiOs and SrTiOs doped with La, Gd and Nd.
YSZ was also used as a reference sample because it mainly shows ionic conduction. This made
it possible to compare the doped SrTiOs; samples with a material whose ionic behaviour is
already well known.

The dielectric response was also analysed for one selected sample, Sro.7Ndo.2Ti10s. In this part,
dielectric permittivity, dielectric loss and relaxation time were studied from the available
dielectric data.

The aim of this work is to compare how La, Gd and Nd doping changes the electrical behaviour
of SrTiOs-based ceramics. The study mainly focuses on impedance spectra, ionic and electronic
conductivity, activation energy and dielectric relaxation of one of the selected Nd-doped
sample.

2. Literature Overview

2.1. SrTiOs Structure and Substitution Possibilities

SrTiOs is a cubic perovskite oxide material as shown in figure 1. Its structure follows the ABOs
form, where Sr is present in the A-site and Ti is present in the B-site. This type of structure
allows different ions to enter the lattice and change the material properties. When substitution
happens at the A-site or B-site, it can create lattice strain or defects such as oxygen vacancies.
These changes can later affect the conductivity and dielectric behaviour of the material ///. In
this work, the main focus is on A-site substitution, where Sr?* is partly replaced by rare-earth
dopants such as La*", Gd*" and Nd*".



Fig. 1: The ideal structure of ABOs perovskite compounds /2]
Gadolinium Doping

Gd** doping can change the structure and electrical behaviour of SrTiOs. In this doping a part
of the Sr sites can be occupied by Gd atoms. This substitution slightly reduces the lattice size
and makes Sr vacancies more stable. For example, when 12.5% Gd is added, the lattice constant
decreases from about 3.94 A to nearly 3.92 A. /3].

Adding Gd is also energetically more favourable than creating separate Sr or oxygen vacancies,
mainly under oxygen-rich conditions. The bandgap shows a small increase from around 1.9 eV
to 1.96 eV, which suggests a small change in the electronic structure /3].

Lanthanum Doping

Lanthanum (La**) is one of the common donor dopants that is used on the A-site of the SrTiOs
perovskite structure to introduce n-type electronic charge carriers. Substitution of Sr** with La**
creates extra electrons in the system to maintain charge neutrality. Therefore, La-doped SrTiOs
has been widely investigated for its electrical transport behavior, especially at higher
temperatures where charge transport becomes more active /4/.

Additionally, studies report that moderate La substitution significantly increases electronic
conduction in SrTiOs, and in some cases can transform it from an insulating to a highly
conductive or semimetal-like material compared to undoped SrTiOs. In reducing atmospheres
and under high temperature, lanthanum dopants facilitate the formation of Ti** from Ti*", which
increases free electron concentration and enhances electrical conduction /5/.

In addition to enhanced electronic transport, defects and non-stoichiometry associated with La
doping may also introduce oxygen vacancies and defect complexes that contribute to mixed
ionic—electronic conduction under certain conditions. For example, A-site deficiency or co-
doping strategies have been shown to increase partial ionic conductivity in La-based systems

/6].

La-doped SrTiO;s systems have drawn interest not only for fundamental transport studies, but
also for application in thermoelectric materials, solid oxide fuel cell electrodes, and other oxide
electronic devices where high n-type conductivity and thermal stability are desirable /7].

Neodymium Doping

Neodymium (Nd**) is one of the rare-earth dopant which can replace Sr** at the A-site of
SrTiOs. Since Nd** has a different charge and ionic size compared to Sr**, some local lattice

3



changes may appear after doping. However, the overall cubic structure of SrTiOs is generally
retained /§/.

After Nd is introduced into the SrTiOs lattice, the material tries to maintain charge balance.
This may happen through oxygen vacancy formation or by partial conversion of Ti*" to Ti**.
Such defects can later influence the electrical response of the material, especially at elevated
temperatures /§/.

Some studies also reported that Nd substitution can affect dielectric response and lattice-related
behaviour in SrTiOs. Temperature-dependent dielectric changes were observed, showing that
Nd doping interacts with the crystal lattice and polarization behaviour of the material /9].

Neodymium addition may also influence the microstructure after sintering, including grain size
and density changes depending on the doping amount. Even though the main crystal structure
is mostly retained, Nd doping still introduces some defect-related and structural changes in
SrTiOs /8].

Overall, Nd doping changes the electrical and dielectric behaviour of SrTiOs while the main
perovskite structure remains largely unchanged.

2.2.Electrical Properties of Doped SrTiOs

The electrical response of SrTiOs changes after doping. Pure SrTiOs normally has low
conductivity at room temperature. When dopants are added, extra charge carriers or oxygen
vacancies can be created in the material. Because of this, the conductivity can change with
dopant type, dopant amount and temperature.

Conductivity Mechanisms in Doped STO

In doped SrTiOs, the charge transport is mainly linked with donor substitution and defects.
When La**, Gd** or Nd** goes into the Sr*>* position, the charge balance of the lattice changes.
The material can balance this by producing free electrons or by forming defects such as oxygen
vacancies. These oxygen vacancies can also help in the formation of Ti** states, which affects
the electronic conduction /8]/11].

Gadolinium (Gd) Doping

Gd substitution at the Sr-site can affect charge compensation and defect formation in SrTiOs.
Since Gd** replaces Sr**, the charge difference may be balanced by defects such as oxygen
vacancies or other defect centres. These defects can influence both ionic and electronic
conductivity, mainly at higher temperatures where charge movement becomes easier.

Gd doping may also change the electronic structure of SrTiOs. Localized electronic states can
appear near the conduction band, and this may support electronic conduction. Also, since Gd**
is smaller than Sr**, a small lattice contraction may happen. Even with this change, the main
perovskite structure is usually maintained, so Gd can modify the electrical behaviour without
fully changing the SrTiOs lattice /3] [10].

Lanthanum (La) Doping



Lanthanum is also used as a donor dopant in SrTiOs. When La** replaces Sr**, extra electrons
can be introduced to balance the charge difference. Because of this, La-doped SrTiO; usually
shows better conductivity than pure SrTiOs, especially when the temperature is increased /72].

La addition can also affect the defect behaviour of SrTiOs. At higher temperature, oxygen
vacancies and other defect-related changes may take part in the conduction process. These
effects can influence both the bulk and grain boundary regions of the sample, which is why La-
doped SrTiOs gives a clear temperature-dependent response in impedance measurements /7]

[13].

La-doped SrTiOs has also been studied for thermoelectric materials, solid oxide fuel cell
electrodes and other high-temperature ceramic applications. This is mainly because it can show
good conductivity and stability at elevated temperature [12] [13].

Neodymium (Nd) Doping

Neodymium doping can also modify the conductivity behaviour of SrTiOs. After Nd** enters
the Sr-site, the charge balance inside the material is disturbed slightly. To compensate this, extra
electrons or oxygen vacancies may appear in the lattice. These changes can later contribute to
charge transport, especially at higher temperatures /8].

In Nd-doped SrTiOs, partial conversion of Ti** to Ti** may also occur during charge
compensation. Because of this, both defect formation and electronic changes can influence the
overall conductivity behaviour of the material /8].

The conductivity response is also influenced by factors such as doping amount, grain
boundaries and the microstructure formed after sintering. Therefore, Nd-doped SrTiO:s is often
used when studying how rare-earth substitution affects ionic and electronic transport in SrTiOs
ceramics.

2.3.Ionic Conduction in Zirconia-Based Ceramics (YSZ)

Zirconia-based ceramics stabilized with trivalent dopants such as yttrium is included in this
work because it is widely known as an oxygen ion conductor. In zirconia, yttrium doping helps
to create oxygen vacancies. These vacancies give oxygen ions a path to move through the
structure. Because of this, YSZ shows good ionic conductivity, while the electronic
contribution is very small in normal conditions. This is also the reason why YSZ is widely used
as an electrolyte material in solid oxide fuel cells and other electrochemical devices [14].

Impedance spectroscopy studies on stabilized zirconia show that the electrical response can be
separated into bulk, grain boundary and electrode contributions. In Nyquist plots, these
contributions usually appear as semicircular arcs, especially at higher temperatures. This clear
ionic response makes zirconia-based ceramics useful as reference materials when studying
purely ionic conduction behaviour /74].

The bulk conductivity of stabilized zirconia is mostly independent of oxygen partial pressure,
which shows that the charge transport is mainly ionic. Under normal measurement conditions,
the electronic contribution is very small. Because the ionic conduction mechanism of YSZ is
already well understood, it was used in this research as a reference material. This helped to
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compare pure ionic conduction with the mixed ionic—electronic conduction observed in SrTiOs
and doped SrTiOs ceramics [14] [15].

2.4. Dielectric Relaxation in SrTiOs-Based Ceramics

Dielectric relaxation shows how the material responds when the applied frequency and
temperature are changed. In dielectric measurements, €' is used to describe the permittivity
part, while €” is related to dielectric loss. By looking at these two values, it is possible to
understand how polarization and loss processes change with frequency /16/.

In SrTiOs-based ceramics, the relaxation behaviour can be affected by defects, oxygen
vacancies, local polar regions and charge movement. Because more than one contribution can
be present, the dielectric response may not always follow one simple relaxation process. In
non-stoichiometric SrTiOs ceramics, different relaxation behaviours have been connected with
polar nanoregions, charged defects and hopping-type charge transport. /17].

Rare-earth substitution can also influence the dielectric behaviour of SrTiOs ceramics. In Sm-
substituted SrTiOs, two dielectric loss peaks were seen, and the authors related this relaxation
behaviour to oxygen vacancies. This gives a useful background for understanding how defect
formation can affect dielectric relaxation in rare-earth doped SrTiOs ceramics [18].

In some doped SrTiOs systems, the relaxation behaviour may also deviate from a simple
Arrhenius trend. For example, Nb-doped SrTiOs single crystals showed an anomalous
dielectric relaxation peak, where the peak position changed differently from normal thermally
activated relaxation. This behaviour was related to polar nanoregions, carrier concentration and
interface-related effects /79].

3. Experimental Setup

3.1. Sample Preparation

The samples used in this work include pure SrTiOs together with several A-site doped SrTiOs
compositions containing Gd, La and Nd. The samples were SrTiOs, Sro.ssGdo.1TiOs,
Sr0.7Gd0.2TiO3, Sro.ssLao.lTiO3, SI‘o.7Lao.2TiO3, SI‘o.75Lao.25Ti03, SI’o.ssLao.3Ti03,
Sro.6sLao.35T103, Sro.ssNdo.1TiOs and Sro.7Ndo.2T10s. All these ceramics were sintered at Le
Mans University, France. YSZ was also included as a reference sample because it mainly
shows ionic conduction. This made it easier to compare its impedance response with the mixed
ionic—electronic behaviour observed in the SrTiOs-based samples.

Additionally, different doping concentrations were chosen to understand how the amount of
dopant affects the electrical behaviour of SrTiOs. By changing the composition, the level of
substitution at the A-site also changes, which can affect the charge carriers and defect formation
in the material. The samples were analysed using impedance spectroscopy, and the results were
compared with the undoped SrTiOs sample to see how doping influences the overall electrical
properties.



Before the impedance analysis, the measurements of these samples (length and diameter) were
taken to calculate the electrode area. This value was needed as an input parameter during the
impedance spectroscopy setup. After the measurement, the samples were coated with thin layer
of platinum on their surface to serve as electrodes. This coating ensures stable and good
electrical contact during impedance spectroscopy measurements. These coated samples are
then subjected to two-step heating process in the oven. Initially, the sample was heated at 400°C
for 1 hour and then at 800°C for another 20 minutes. This heat treatment is done to stabilize
the electrode contacts. Once the samples were cooled to the room temperature these samples
were placed in the impedance spectrometer for electrical measurement.

3.2. Impedance Spectroscopy

Impedance spectroscopy is a commonly used method to study the electrical behaviour of
materials over a wide range of frequencies. It is commonly used for the measurement of
electronic conductivities of electroceramic materials like SrTiOs that exhibit both ionic and
electronic properties. Impedance spectroscopy applies a small AC signal and then shows how
the current behaves at different frequencies. The impedance is expressed as a complex value:

Z(w)=Z'+jZ" ()
where Z' is the real part (resistive) and Z", is the imaginary (reactive) part.

By analysing the frequency response at different temperatures, several data such as grain and
grain boundary conduction, polarization effects, and electrode reactions, can be
studied/analysed separately. Additionaly, impedance spectroscopy is highly sensitive even to
small variations, and this will help us to understand how the structure, defects, or dopants affect
the electrical properties of our ceramic samples [20] [21].

Working Principle

The basic idea of impedance spectroscopy is to see how the sample responds when a small AC
signal is applied. In a DC measurement, only one resistance value is usually obtained. But in
impedance spectroscopy, the response is measured at different frequencies. Because of this, it
gives more information about the sample, such as whether the resistance is mainly coming from
grains, grain boundaries or electrode effects. It also helps to study ionic and electronic
contributions separately /20].

In ceramic materials, the current generated by the applied AC signal is usually very small
(nanoampere or microampere) range. Measuring this tiny current directly will not give us
accurate results. So, an [-V (current-to-voltage) converter is used in the system. This converter
is usually a transimpedance amplifier, which is a type of operational amplifier circuit. It uses a
precision feedback resistor Rr to convert the current into a measurable voltage:

Vout:_I X Rf (2)



This output voltage Vout represents the current, and it is easier to measure accurately. The sign
is negative due to the op-amp configuration, but in impedance spectroscopy only magnitude
and phase is considered /22].

After the current is converted to voltage using the -V converter, it is sent to Channel 1 (CH1)
of the digital oscilloscope or impedance analyser. Meanwhile, the original applied voltage
signal is recorded by Channel 2 (CH2). The CH1 measures the output of the I-V converter (i.e.,
the current signal, converted into voltage) and the CH2 measures the reference AC voltage that
was applied to the sample.

These two signals allow the system to calculate both the magnitude and phase angle of
impedance at each frequency. The phase difference between CH1 and CH2 is really important,
as it helps separate resistive vs. capacitive behaviour. This dual-channel oscilloscope approach
is standard in high-resolution impedance setups /23].

Experimental Setup

In our experiment set up, the sample was kept between two platinum electrodes inside a
temperature-controlled furnace chamber. The main parts of the measurement setup were:

e A function generator (internal to the IS system),

e The ceramic sample connected to measurement leads,

e An -V converter to transform current to voltage,

e A dual-channel Handyscope HS3 model oscilloscope or analyser to capture voltage
across the sample and current through it.

The block diagram showing the impedance spectrometer set-up is shown in Figure 2. Since the
measured current across the sample was very small, it could not be read directly with good
accuracy. For this reason, an op-amp-based current-to-voltage converter was used. A precision
feedback resistor, Rf, helped convert the sample current into a measurable voltage signal. This
output signal was then recorded through Channel 1(CHI1), while the applied voltage was
recorded through Channel 2(CH2).

Function Generator

(Sinusoidal Vol ~50 mV)

Platinum Coated Sample

I-V Convertor (Op-Amp +R¢)

l l

Oscilloscope CH1 Oscilloscope CH2
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(I signal as Vout) (Applied Voltage)
Data saved as ".mat” — converted to ".DAT" for ZView
Fig. 2: Block diagram of impedance spectrometer set-up

The samples were placed in the impedance spectroscopy for electrical measurement. The
measurements were carried out for wide range of temperatures from 300 K to 800 K. The
complete measurement process for each sample took approximately 4-5 hours, ensuring
sufficient time at each temperature for accurate data capture.

The heating was controlled using a computer-operated DC power. A thermocouple probe
connected to an Amprobe TMD90A digital thermometer was used to monitor the sample
temperature by direct contact with the side of the ceramic pellet. This thermometer also acted
as the feedback sensor for temperature regulation, enabling automatic temperature ramping.

The temperature was varied from room temperature up to 800 K. During measurements, the
system increased temperature in range of 20 K. A small sinusoidal excitation voltage of 50 mV
was applied to the sample to keep the response within the linear range and avoid self-heating
effects. This setup allowed precise control over the experimental conditions and helped ensure
accurate impedance data at each temperature point /22].

The impedance data collected was extracted using MATLAB. After this, the detailed analysis
of the ionic and electronic behaviour of the materials as a function of temperature was
performed.

3.3. Impedance Data Analysis

Once the measurements are completed for a temperature range of 300 K To 800 K, the final
measurements are obtained in .mat file. This .mat file is exported and data is extracted using
custom MATLAB script, which generated a .DAT file readable by the simulation software Z
view. ZView, a specialized software tool used for impedance data fitting, equivalent circuit
modelling, and extraction of physical parameters like resistance and capacitance values from
complex impedance spectra [20].

Zview helps to analyse the experimental impedance data by fitting it with equivalent electrical
circuits, that are constructed using basic electrical components like resistors (R), capacitors
(C), and sometimes constant phase elements (CPE). In real ceramic materials like StrTiOs, the
impedance response is not always ideal, especially when grain boundaries, defects, or surface
roughness are involved. That’s why instead of using a pure capacitor in the equivalent circuit,
a Constant Phase Element (CPE) is used. This element helps us model non-ideal capacitive
behavior more accurately. The impedance of a CPE is described by the formula:

1
ZcPE = GG aF A3)

Where Q is a constant (also called the CPE-T value) and has units similar to capacitance, it
gives an idea of how strong the capacitive behaviour is.



P is the exponent, and it tells us how close the behaviour is to a perfect capacitor. If P = 1, the
CPE behaves just like a pure capacitor. If P = 0, it acts like a pure resistor. In most real systems,
P falls somewhere between 0.5 and 1, indicating some combination of resistive and capacitive
behaviour /24].

In short, these components of circuits help to model the physical processes occurring within
the material, such as grain (bulk) conduction, and electrode interface behaviour.

Using ZView’s fitting and simulation option, the simulation of these components were carried
out to match the shape of the Nyquist curves and extracted values like Ri and R> which were
later analysed against temperature to find the conductivity and activation energies /23].

While extracting the measured data in Zview, Nyquists plots received looks similar to the Fig.
3, and equivalent circuits were created as shown in the figure to each plot and the value of R
and R> were measured.

z z
C oR,C C,
(&}
R,
- R 0
R, R, +R,
(a) ; ‘ Riths (b)
7
(& C;
oR,C,
T H ’
Ry R, 0 R, Ri+R;
(¢)

Fig. 3: Complex impedance plots for simple circuits RC of different combinations /25]

To explain further, this figure 3 shows the relationship between common equivalent circuits
and their corresponding Nyquist plots, providing information on how to interpret the
impedance data in electro ceramic materials like La-doped SrTiOs. In subfigure 3(a), a parallel
R—C element (representing grain or bulk behavior) is connected in series with another resistor
(R2), which could model grain boundary resistance. The corresponding Nyquist plot shows a
single semicircle whose diameter reflects the sum of R: and Rz, but with the high-frequency
arc dominated by oR:C.

Similarly, in subfigure (b), a more complex circuit is shown with two capacitive branches (C:
and C:) in series with a shared resistor. The resulting Nyquist plot exhibits a depressed
semicircle, characteristic of systems with non-ideal capacitance or distributed relaxation times,
which often occurs in ceramics with inhomogeneous microstructure or surface states.

Lastly, subfigure (c) displays two separate R—C elements, each generating its own semicircle
in the Nyquist plot. The first arc corresponds to grain interior conduction, and the second to
grain boundary impedance, with ®R:C: and ®R.C: controlling their respective frequency
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responses. The horizontal projections (R: and R2) allow the estimation of resistance values,
which were later used in our study to calculate the slopes and activation energies. This figure
provided a key reference for assigning physical meaning to the arcs seen in our measured
spectra and for choosing appropriate fitting models in ZView.

However, in many ceramic materials, the Nyquist arcs are not perfectly semicircular. In some
cases, the arc becomes slightly flattened or distorted instead of forming an ideal shape. This
usually happens because the material itself is not fully uniform. Factors such as grain size
variation, porosity and dopant distribution inside the ceramic can influence the impedance
response. Because of this non-ideal behaviour, a constant phase element (CPE) was sometimes
used in the equivalent circuit instead of a normal capacitor /21].

The frequency is not shown directly on the Nyquist plot, but every point on the curve still
belongs to one frequency value. In general, the high-frequency points appear on the left side of
the arc. As the frequency becomes lower, the points move towards the right side. This is useful
because faster responses, such as bulk conduction, are usually seen at higher frequencies, while
slower grain boundary or electrode-related effects appear at lower frequencies /25].

In this study of doped SrTiOs ceramics, the changes in the Nyquist plot, particularly the
diameters and positions of the arcs were carefully tracked across different temperatures and
doping levels. This helped us observe how the electrical resistivity evolved and how different
dopants influenced ionic vs. electronic transport pathways. Using the extracted resistance
values the graph conductivity versus 1000/T was plotted. This format reflects an Arrhenius-
type thermally activated behavior, which is typical for ionic and electronic transport processes
in doped ceramic materials.

After the conductivity graphs were plotted against 1000/T, the linear region was selected for
each sample and fitted separately. The slope obtained from this region was then used to
calculate the activation energy using the relation Ea = slope % 0.2. By comparing these
activation energy values, it was possible to see how different dopants changed the conductivity
behaviour and charge transport in the SrTiOs-based ceramics.

3.4 Dielectric Data Analysis

In addition to the impedance spectroscopy data, dielectric data were also analysed for one
selected sample, Sro.7Ndo.2TiOs. This dielectric measurement was not carried out directly
instead the data was taken from previously recorded laboratory measurements. These data were
used for plotting, fitting and relaxation time analysis.

These dielectric data were obtained using transmission coaxial dielectric spectroscopy. In this
method, the sample is placed in a coaxial transmission-line type measurement system, and the
dielectric/electrical response is analysed over a wide frequency range. The response is
expressed using complex permittivity, where the real part &' represents the dielectric
permittivity and the imaginary part €” represents the dielectric loss. This type of measurement
is useful for studying polarization response, dielectric loss and frequency-dependent relaxation
behaviour in ceramic materials /76].
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For the analysis, the available €' and €” values were first plotted as a function of frequency at
different temperatures. After this, the dielectric spectra were fitted using Origin software. Both
¢’ and &" were fitted together, so that the same fitting model described the real and imaginary
parts of the dielectric response. This was useful because the relaxation process affects both
parts of the complex permittivity.

The fitting equation used in Origin was based on a multi-relaxation Havriliak-Negami type
model. In Origin, the relaxation parts were written as HN;, HN,, and HN;, together with a
conductivity-related term. This type of model is useful when the dielectric response is broad
and when more than one relaxation contribution may be present. Similar relaxation-type
complex permittivity models are used in dielectric studies to describe non-ideal relaxation
behaviour /26].

The fitting model can be written in a simplified form as:

g

8((0):800+HN1+HN2+HN3+W (4)
where,
HN. = Agq
P71+ (iwt)™ )M
HN. = Ae,
2T 1 + (iwty) "]
HN. = Ags
T+ (iwtg)ns]hs
and

w = 2nf

Here, £*(w)is the complex permittivity, €,1s the high-frequency permittivity, and Ag;, Ag,,
and Ae;are the dielectric strengths of the relaxation processes. The values 74, 7,, and t3are the
relaxation times. The parameters nq, n,, ns, hq, h,, and hydescribe the broadening and shape
of each relaxation response. The last term represents the conductivity contribution, where ois
the conductivity-related parameter, &yis the vacuum permittivity, and ngis the exponent used
for the conductivity part.

In Origin, the real part of the calculated complex permittivity was fitted to the experimental &’
data, while the imaginary part was fitted to the experimental €¢” data. From the fitted parameters,
the relaxation time values were obtained. Although the model contains three possible relaxation
terms, only two relaxation times were clearly used for further analysis in this work. These were
marked as 11 and 12.

The extracted 11 and 1= values were later plotted against 1000/T to study how the relaxation
behaviour changes with temperature. The detailed discussion of the dielectric spectra,
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relaxation time trends and activation energy values is given in the Results and Discussion
section.

4. Results and Discussions

4.1 Impedance Spectra of pure Ionic Conductor (YSZ)

As mentioned, YSZ was investigated as a reference pure ionic conductor to distinguish ionic
conduction behaviour from the mixed ionic—electronic conduction observed in SrTiOs and
doped SrTiOs ceramics. The impedance spectroscopy measurements were carried out at
different temperatures to examine the characteristic impedance response of a purely ionic
conductor.

Figure 4(a) shows the Nyquist plot of YSZ measured at 550 K. The impedance spectrum shows
a partially developed semicircular arc followed by a pronounced low-frequency tail. The
semicircular response is attributed to bulk and grain boundary ionic conduction, while the low-
frequency tail is associated with electrode polarization effects, which are typical for pure ionic
conductors [14][15].

125000 . : : :

R1 R2 CPE3
] —
——Fitting
Element | Freedom | Value
9% 1 R1 8] Free(s) [3%476
:Zf CPEL-T 4| Free(+) |[2.3483-8
50000 - ] CPELP # Free(+) [0.84259
R2 #| Free(+) (33002
25000 | CPE2T ¥ Free(s) [473%-10
CPE2P +| Free(+) (0.9551
CPE3-T +#| Free(+) |[5.5075€-7
0 I " T N T T N T T
0 25000 50000 75000 100000 125000 CPE3P #| Free(+) [0.70846
pr(€2-m)
(a) (b)
Fig. 4(a): Experimental points, and fitting result for YSZ at 550K; (b): Equivalent circuit for

YSZ at 550K.

When the higher temperature is considered, figure 5(a) shows the Nyquist plot of YSZ
measured at 650 K.
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Fig. 5(a): Experimental points, and fitting result for YSZ at 650K; (b): Equivalent circuit for

YSZ at 650K.

When compared to 550 K, the size of the semicircular arc decreases highly, indicating a
reduction in the overall ionic resistance with increasing temperature. The impedance response
is dominated by a smaller arc followed by a steep low-frequency tail, suggesting enhanced bulk
ionic conduction and persistent electrode polarization effects.
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Fig. 6(a): Experimental points, and fitting result for YSZ at 750 K; (b): Equivalent circuit for

YSZ at 750K.

Figure 6(a) shows the Nyquist plot of YSZ measured at 750 K. When compared to lower
temperatures, the impedance spectrum exhibits a much smaller arc, indicating a significant
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reduction in the overall ionic resistance with increasing temperature. The impedance response
is dominated by a highly compressed arc followed by a steep low-frequency tail, which
suggests enhanced bulk ionic conduction along with persistent electrode polarization effects

[14] [15].

Overall, the impedance spectra of YSZ show a clear and systematic reduction in resistive values
with increasing temperature, which is characteristic of thermally activated ionic conduction.
The Nyquist plots at all measured temperatures are dominated by well-defined ionic responses,
both grain and grain boundary resistances with electrode polarization at low frequencies,
confirming the negligible role of electronic conduction in this material. The consistent fitting
using the same equivalent circuit across all temperatures further supports the stability of the
ionic conduction mechanism in YSZ. This behaviour establishes YSZ as a suitable reference
pure ionic conductor and provides a clear baseline for comparison with the mixed ionic—
electronic conduction observed in SrTiOs and doped SrTiOs ceramics discussed in the
following section.

4.2 Impedance spectra SrTiOs and doped SrTiOs ceramics

4.2.1 Impedance behaviour of undoped SrTiOs

In this section, changes to the impedance spectra of undoped SrTiOs sample materials with the
temperature is analysed. As discussed previously, the impedance data measured at different
temperatures of 300 K to 800 K in impedance spectroscopy were analysed in the Zview and
plotted using Origin software. The Nyquist plots for each sample were analysed after which
fitting was performed by creating an equivalent circuit in Zview to determine the resistance
contributions (Ri, R2) associated with different processes in the material.

The significance of the equivalent circuit and its components such as resistance, capacitance
and Constant Phase Elements (CPE) and their values are also discussed.

To begin with, the impedance data of SrTiOs; sample measured at 540 K is considered.
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Fig. 7(a): Experimental points, and fitting result for undoped SrTiOs at 540 K; (b): Equivalent
circuit for SrTiOs at 540 K.

The figure 7(a) shows a Nyquist curve of SrTiOs at 540 K with a steep tail and no complete
semicircle. The experimental results are plotted as squares, while the fitting is shown as a line.
As seen in the graph, the fitting matches almost with the experimental data, which means that
the equivalent circuit that used fits with the behaviour of the sample.

The equivalent circuit that used for fitting includes a resistor (R1) and a constant phase element
(CPE1) in parallel, and this combination is connected in series with another CPE (CPE2). This
setup gave the best fitting result, because the response does not give a clean semicircle, and the
long tail suggests some strong boundary effect. While the parallel part (R:ICPE1) appears to
represent the grain interior, the CPE2 part represents non-ideal interfacial effects, where the
grain boundary contribution is not clearly separated but may be included within this
response./27].

The reason for choosing this circuit is that the shape of the Nyquist plot does not show the
ideal/typical clearly-separated semicircles that are often linked to distinct grain and grain
boundary responses. Instead of that it shows a steeply rising arc and a strongly sloped tail,
which suggests a mix of overlapping processes.

The combination RiICPE1 shows the response from bulk grains. As CPE1’s power factor (P)
is approximately near 1, it acts like a capacitor, with some non-ideal characteristics, that is only
expected in real ceramics where perfect capacitive behaviour is rare. The Ri connected in
parallel captures the primary conductive behaviour of the grains /28].

Explanation of elements

e Ri = 12,302 Q: This value shows the major resistive contribution of the sample.
Normally, this value would reduce as temperature increases.

e CPEI (T=1.008x10", P =0.98948): This component behaves like a capacitor but not
exactly ideal. The power value (P) is approximately near to 1, therefore it's close to
ideal. Hence it is probably representing the bulk or grain interior response.

e CPE2(T=5.493x108, P=0.84973): These values also show a little more non-ideality.
The P value is lower, so this one will be from grain boundaries or the electrode contact.

As shown in figure 7(a), at 540 K, the undoped SrTiOs sample showed a quite large impedance
response. The plot has a steep arc rising above 150 000 Q, which already tells us it’s quite
resistive. The R value was calculated to be 12,302 Q after fitting, which means the resistance
is pretty high here. Also, the circuit fit followed the spectrum quite well. The high resistance
might be due to the grain boundary related contribution. That being said, the CPE values are
close to 1, showing it’s behaving almost like ideal capacitors. That may suggest reasonably
good electrochemical interface, but still, the charge transport wasn’t that efficient.
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Figure 8 (a) and (b) shows the experimental points and fitting result for undoped SrTiOs at 800
K and its equivalent circuit.
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Fig. 8.(a): Experimental points and fitting result for undoped SrTiOs at 800 K (b) equivalent
circuit for SrTiOs at 800 K.

As seen in Figure 8(a), at a higher temperature like 800 K, the Nyquist plot of undoped SrTiOs
shows a well-defined semicircle, suggesting a dominant bulk conduction process. The
experimental data (black squares) aligns closely with the fitted curve (red line), which shows
the selected equivalent circuit describes the behaviour quite well.

The circuit used for 800 K fitting is as shown in Figure 8(b). At higher temperatures, the
impedance response becomes more clear, and an additional contribution starts to appear as in
Figure 8(a). So, an extra resistance element (R2) is included in the equivalent circuit to account
for this behaviour. The RilCPE: part is mainly associated with bulk conduction behaviour,
while Rz and CPE-: represent additional interfacial or electrode-related contributions appearing
at higher temperature. Although sometimes grain boundaries are modelled with separate RC
elements, in this case, the fit does not explicitly resolve grain boundary effects.

Explanation of Circuit Elements
e Ri=38.09Q

38.09 Q represents the ionic resistance of the bulk material. Its relatively low value at 800 K
suggests enhanced ionic mobility due to thermal activation, consistent with Arrhenius-type
behavior.

e R>=2325Q
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The value of R: is relatively low, suggesting that increased temperature enhances charge
carrier mobility, consistent with thermally activated conduction.

o CPEI (T=1.26696x10", P=0.58922)

The CPEI shows the dielectric response of the material, so it shows how the material stores
and releases charge in a non-ideal way. The P value of 0.589 indicates a highly non-ideal
capacitive behavior, which may arise from structural inhomogeneity or a broad distribution
of relaxation times due to defects or disorder.

o CPE2(T=2.134x10"7,P=0.80401)

CPE2 is likely related to ion-blocking behaviour at the electrode interfaces, meaning some
build-up or polarization happens where the ceramic touches the platinum contacts The T value
indicates moderate capacitive strength, while the P value of ~0.80 shows that the behavior is
reasonably close to an ideal capacitor but still affected by interfacial phenomena.

As shown in Figure 8(a) and (b), at 800 K, the undoped SrTiOs started showing more
conductivity at high temperature. The Nyquist plot looked like a clean semicircle compared to
540 K. The R: dropped down to 38.09 Q, which is a huge improvement from before. This shows
that the overall resistance became much lower due to the temperature rise. CPE values stayed
stable too, with value around 0.80.

4.2.2 Impedance spectra of Gd-doped samples

In this section the impedance spectra of undoped STO and Gd-doped STO based ceramics,
Sto.85Gdo.1 T103 and Sro.7Gdo.2TiOs are analysed and compared as a function of temperature. For
comparison purpose, impedance spectra at two different temperatures are considered.
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Fig. 9. Impedance Spectra and Equivalent Circuits at 540 K for undoped STO and Gd doped
samples

As shown in figure 9(c) and (d), at 540 K, for the doped sample Sro.ssGdo.1TiOs, there was a
drop in resistance when compared to undoped STO. The impedance plot barely rose above
6,000Q2 total. The extracted Ri was only 1,040 Q, which is a big reduction compared to the
undoped sample. That means doping with Gd improved the conductivity. Also, the CPE values
were quite high in magnitude, and CPE-P value decreased to around 0.68—0.70, which is
slightly less ideal. It maybe shows some more dispersion due to defect states introduced by Gd.
But overall, the conductivity of this sample has improved compared to the undoped SrTiOs.

Additionally, when it comes to Sro.7Gdo.2TiOs sample, it had a bit different behavior. As in
figure 9 (e) and (f), despite being more heavily doped (20% Gd), the R: jumped back up to
12,003 Q, almost equal to the undoped SrTiOs sample. The impedance arc as shown in figure
9 (e) was broader than 10% Gd sample, and even curve fitting was slightly off at some points.
This may be due to excessive dopant concentration, which can introduce defects or hinder
charge transport. So basically, light doping helped conductivity, but heavier doping kind of
reversed the gain /3//10].

At a higher temperature of 800 K, as shown in Figure 10, a similar equivalent circuit to that
used for the undoped SrTiOs sample at 800 K was found to fit the impedance data of the Gd-
doped samples at the same temperature.
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Fig. 10: Impedance Spectra and Equivalent Circuits at 800 K for undoped STO and Gd doped
samples

At 800 K, the Gd-doped samples show improved conductivity when compared to 540 K.
Compared to the undoped SrTiOs; sample at the same temperature, the Gd-doped
St0.85Gdo.1 103 sample exhibit much lower resistance, indicating enhanced conductivity. That
is, Ri is as low as 8.47 Q. The plot looked very flattened and low impedance. R. stayed at
40.96 Q. However, the CPE values started dropping a bit, suggesting more non-ideal capacitive
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behavior, probably due to defects from dopant ions. But even so, the conduction remained
strongest here.

Furthermore, the Sro.7Gdo.2TiO3 sample again did not perform as expected. The R: increased to
146.9 Q, which is even higher than the undoped SrTiOs sample at the same temperature (38.09
Q), and significantly higher than the 10% Gd sample. R> was around 74.67 Q. This suggests
that increasing Gd concentration beyond a certain level may start to reduce conductivity
possibly due to clustering or trapping defects forming /3//10].Also, the CPE-P dropped to 0.61
range which shows some more non-ideal effects. So overall, higher Gd content does not
improve conductivity and may negatively affect the transport properties.

Lastly, compared to YSZ, which shows a clear semicircle and mainly ionic conduction, both
undoped and Gd-doped SrTiOs samples show more complex behaviour. The Gd-doped sample
with lower concentration shows better conductivity, but the behaviour is still not like YSZ.
Also, increasing the Gd content further does not improve the conductivity and can even make
it worse.

4.2.3 Impedance spectra of La-doped samples

In this section, the impedance spectra La-doped STO based ceramics are analysed and
compared. To be consistent with the previous section, consider only the impedance spectra of
two different temperatures, 540 K and 800 K. The samples that were measured are
SI’O.SSLao.lTiOs, SI’0.7Lao.2TiO3, SI’0.75L30.25TiO3, Sro.6sLa0.35T103 and Sro.ssLao.sTiOs.

To explain the behaviour of impedance spectra, Sro.ssLao.sTiOs sample is discussed in detail
while keeping the summary of the other compositions. The figure 11(a) and (b) shows the
experimental points and fitting result for Sro.ssLao3Ti0, at 540 K and its equivalent circuit.
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Fig. 11 (a): Experimental points and fitting result for Sro.s5Lao3Ti0; at 540 K (b) equivalent
circuit for Sro.55Lao3TiO, at 540 K.

21



The Nyquist plot of Sro.ssLao.sTi03 shows a depressed arc instead of a proper semicircle, which
indicates non-ideal behaviour. This can be mainly due to overlapping effects from bulk, grain
boundary and also electrode polarization at lower frequencies /27].

The fitting curve matches well with the experimental data, so the chosen equivalent circuit
seems to describe the impedance behaviour reasonably well. Similar to the udoped and Gd
doped SrTiOs sample, the circuit includes resistive and constant phase elements, which means
the overall conduction mechanism is similar, but obviously the values are different.

Compared to the undoped SrTiO; at the same temperature, the La-doped sample shows lower
resistance, which means the conductivity has improved due to doping. But still, the nature of
the arc shows that non-ideal behaviour and can be due to defect-related effects /4/.

Additionally, the figure 12(a) and (b) shows the experimental points and fitting result for
Sro.55La03TiO, at 800 K and its equivalent circuit.
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Fig. 12(a): Experimental points and fitting result for Sro.s5Lao3TiO, at 800 K (b) equivalent
circuit for Sro.ssLao3TiO; at 800 K.

CPEL-T +

At a higher temperature like 800 K, the impedance spectrum of Sro.ssLao.3TiOs shows a further
decrease in resistance, which is expected due to thermally activated charge transport. The
Nyquist plot becomes more compressed, indicating better conductivity compared to lower
temperature [27].

As mentioned, the same equivalent circuit was able to fit the data at this temperature as well,
which shows that the main conduction processes are still the same, only their contribution
changes with temperature. The presence of a single semicircular arc indicates that the bulk and
grain boundary contributions are not clearly separated but appear as an overlapping response,
which is commonly observed in doped SrTiOs systems [4].
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Overall, the same equivalent circuit was used for the La-doped samples because the general
shape of the impedance spectra remained similar across the temperature range. With increasing
temperature, the resistance decreases and the semicircle becomes smaller, showing a thermally
activated conduction behaviour. The spectra consistently show a single depressed semicircle,
suggesting overlapping contributions from bulk and grain boundary regions, which is a
common feature in doped SrTiOs ceramics /4/.

After fitting the impedance spectra of all La-doped samples, the extracted resistance values at
540 K and 800 K are summarized in Table 1.

Sample 540 K 800 K
R:(Q.m) |Ri(Q.m) |R(Qm) | Rs(Qm) | Ri(Q.m) | Ro(Q.m)
SI’o.ssLao.lTiO3 943 22:1)(; N/A 1.9 38.8 67.47
Sro.7La0.2T103 63.99 26384 43302 0.417 12.16 9.017
Sro.7sLa0.25T103 3344 | 3,492.50 26,235 11.9 79.8 96.618
Sro.ssLao.sT103 9.4 10549 88334 0.8 125.4 2167
SI’o.ssL&o.ssTiOs 741.7 9819 24855 9.955 31.59 75.15

Table 1: Summary of fitted resistance parameters for La-doped SrTiOs samples at 540 K and
800 K.

In general, all the samples show a decrease in resistance with increase in temperature, which
indicates thermally activated conduction behaviour. However, the resistance values are not
changing in a perfectly linear way with increasing La concentration. Some samples show lower
resistance values while others show comparatively higher values, suggesting that the
impedance response is influenced not only by dopant concentration, but also by factors such as
grain boundary contribution, defect distribution and microstructural changes within the
ceramic [6].

From the table, it can also be observed that the semicircular arc becomes smaller at higher
temperature for all compositions, which aligns with the Nyquist plots discussed earlier. The
lower resistance values at 800 K indicate improved conductivity at elevated temperature. At
the same time, the fitting parameters suggest that the conduction processes are still overlapping
in nature, since a single depressed semicircle is mainly observed in most of the spectra. Similar
behaviour is commonly seen in doped SrTiOs ceramics where both bulk and grain boundary
effects contribute together to the overall impedance response /23].

Although La doping generally improves the conductivity of SrTiOs compared to the undoped
sample, the results show that increasing the La content does not always continuously improve
the electrical behaviour. For example, the Sro.7Lao.2TiOs sample shows comparatively lower
resistance values at 800 K than some higher La-doped compositions such as Sro.esLao.3sTiOs.
This indicates that the change in electrical behaviour with La concentration is not completely
linear. This shows that there may be an optimum range of doping where the conductivity
improvement becomes more effective, while excessive doping can introduce additional defect-
related or microstructural effects that influence the impedance response /7].
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Compared to the undoped SrTiOs; sample, the La-doped samples generally show lower
impedance values and improved conductivity, especially at higher temperatures. However, as
mentioned above, the improvement does not increase continuously with increasing La
concentration. From the table, Sro.7La0.2TiO3 shows lower resistance values at 800 K compared
to some higher La-doped samples, so the behaviour is not fully linear with doping amount.

Additionally, when compared to YSZ, the impedance response of La-doped SrTiOs is more
complex. YSZ is used as a reference ionic conductor, while La-doped SrTiOs shows depressed
semicircular arcs and overlapping contributions from different processes. This shows that the
La-doped samples are not behaving like pure ionic conductors, but have mixed ionic—electronic
type behaviour [14] [25].

Overall, the impedance spectra analysis shows that La doping changes the electrical behaviour
of SrTiOs and improves conductivity compared to the undoped sample. But higher La
concentration does not always give better transport behaviour, which may be due to defect-
related effects, grain boundary contribution or microstructural changes in the ceramic /4] [25].

4.2.4 Impedance spectra of Nd-doped samples

In this section, neodymium (Nd)-doped SrTiOs ceramics was investigated to study the effect
of Nd substitution on the impedance behaviour of SrTiOs. In this section, two Nd-doped
compositions, Sro.ssNdo.1TiOs and Sro.7Ndo.2TiOs, are analysed and compared with the undoped
SrTiOs sample. Similar to the La-doped samples, the same equivalent circuit was used for
fitting since the Nyquist plots showed a similar depressed semicircular response.

For consistency with the previous sections, the impedance behaviour is discussed mainly at
540 K and 800 K. These two temperatures help to compare the low-temperature and high-
temperature response without repeating the full fitting explanation for every measured
temperature.

The impedance spectra and equivalent circuit fitting parameters of the undoped SrTiOs,
St0.8sNdo.1 T103 and Sro.7Ndo.2Ti0s samples at 540 K are shown in figure 13. Compared to the
undoped SrTiOs sample, both Nd-doped samples showed much lower impedance response,
which indicates enhanced conductivity after Nd doping.

Between the two Nd-doped samples, Sro.7Ndo.2TiOs showed a much smaller semicircle and
lower resistance values compared to Sro.ssNdo.1 TiOs. This suggests that increasing Nd doping
concentration improved the charge transport at 540 K. Similar changes in transport behaviour
after Nd substitution have also been reported in Nd-doped SrTiOs systems /8/.

Sample Name Impedance Spectra-540 K Equivalent Circuit
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Fig. 13: Impedance spectra and equivalent circuit fitting parameters of undoped SrTiOs,
Sro.8sNdo.1T1O3 and Sro.7Ndo.2TiOs samples at 540 K.

The impedance spectra and equivalent circuit fitting parameters of the undoped SrTiOs,
Sto.8sNdo.1 TiO3 and Sro.7Ndo.2TiOs samples at 800 K are shown in figure 14. Compared to the
behaviour at 540 K, all the samples showed a strong reduction in impedance at higher
temperature. The semicircular arcs became much smaller and more compressed, indicating
improved conductivity due to thermally activated charge transport. The fitting curves showed
good alignment with the experimental data.
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Fig. 14: Impedance spectra and equivalent circuit fitting parameters of undoped SrTiOs,
Sto.esNdo.1 TiO3 and Sro.7Ndo.2TiOs samples at 800 K.

Among the Nd-doped samples, Sro.7Ndo.2TiOs showed the lowest impedance response and
smallest resistance values at 800 K. When compared to the undoped SrTiOs sample, both Nd-
doped compositions showed significantly improved conductivity at higher temperature. The
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results suggest that Nd substitution strongly influences the transport behaviour of SrTiOs and
reduces the overall resistance of the material. Similar improvement in electrical transport
behaviour after Nd doping has also been observed in Nd-doped SrTiOs systems /§].

Compared to YSZ, the impedance response of the Nd-doped samples appeared more
compressed and showed overlapping contributions from different conduction processes. This
indicates that the Nd-doped SrTiOs samples do not behave like pure ionic conductors, but
instead show mixed conduction behaviour similar to the previously discussed Gd- and La-
doped samples.

4.3 Temperature Dependencies of Conductivity

This section discusses the temperature dependence of ionic and electronic conductivity for all
investigated samples. Arrhenius plots were used to estimate the activation energy of the
conduction processes by plotting the logarithmic conductivity against the inverse temperature.
From these graphs, the activation energies for both ionic (grain and grain boundary) and
electronic conductivities of all samples were calculated and analyse how doping impacts the
electrical properties of SrTiOs.

As mentioned above, the Arrhenius is widely used in analysing semiconducting oxides. The
basic idea is that as temperature increases, more charge carriers become thermally activated,
allowing for increased conductivity. This behavior is typically described by the Arrhenius
equation:

o =00 exp(—AE / kT) (5)

where oo 1s the pre-exponential factor, AE is the activation energy for charge transport, k is
Boltzmann’s constant, and 7 is absolute temperature.

Taking the logarithm of both sides gives a linear relationship:

logo=1logoo— (AE/(k In10)) - (/T)  (6)

This means that if log(o) vs 1/T is plotted (or equivalently 1/ p vs 1000/T, since resistivity and
conductivity are inversely related), the data should form a straight line, and the slope of that
line is directly related to the activation energy.

After plotting, linear fitting of the graph was performed in Origin software to extract the slope
value. This slope allows to calculate the activation energy (AE) for conduction using the
simplified relationship:

AE =—0.2 x slope [eV] (7

This 0.2 factor arises from substituting fundamental constants into the Arrhenius-derived
expression and converting from Joules to electron volts.
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4.3.1 Conductivity of undoped SrTiOs

Figure 15 shows the temperature dependence of bulk ionic conductivity, grain boundary ionic
conductivity, total ionic conductivity, and electronic conductivity of undoped SrTiO:s plotted as
log o versus 1000/T. All conductivity components increase with increasing temperature,
indicating thermally activated charge transport. The nearly linear behaviour of log ¢ with
1000/T suggests that the conduction processes in SrTiOs follow Arrhenius-type behaviour,
which is typical for oxide ceramics.
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Fig. 15: Conductivity vs. Inverse Temperature Graph for undoped SrTiO3

The bulk ionic conductivity is higher than the grain boundary ionic conductivity across the
entire temperature range. This indicates that ionic transport within the grain interior is relatively
easier, while grain boundaries act as more resistive regions. The higher resistance at grain
boundaries can be attributed to structural disorder and defect accumulation, which hinder the
movement of oxygen ions across these regions.

The total ionic conductivity lies closer to the grain boundary ionic conductivity than to the bulk
ionic conductivity. This shows that the overall ionic conduction in SrTiOs ceramics is mainly
controlled by the grain boundaries rather than by the grain interior. Even though the bulk grains
exhibit higher ionic conductivity, the resistive nature of grain boundaries limits or reduces the
effective ionic transport through the sample. Such grain-boundary-controlled ionic conduction
is commonly observed in polycrystalline SrTiOs ceramics //13].
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The electronic conductivity of SrTiOs is several orders of magnitude lower than the ionic
conductivity over the entire temperature range. Although it increases with temperature, its
magnitude remains much smaller compared to the ionic contributions. This confirms that
undoped SrTiOs; behaves mainly as an ionic conductor under the present experimental
conditions.

4.3.2 Bulk ionic conductivity of STO and doped STO

The bulk ionic conductivity of undoped SrTiOs and doped SrTiOs samples is shown in the
Figure 16.
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Fig. 16: Bulk Ionic Conductivity vs. Inverse Temperature Graph

Compared to the undoped STO sample, most of the doped samples showed higher bulk ionic
conductivity over the measured temperature range. Among all the samples, Sro.7Ndo.2TiOs
showed the highest bulk ionic conductivity, while the undoped STO sample showed the lowest
conductivity. This indicates that Nd doping has a noticeable effect on the ionic transport
behaviour of SrTiOs. Similar behaviour has also been reported in doped SrTiOs systems due to
oxygen vacancy related transport and defect formation /8/.

The La-doped samples also showed improved conductivity compared to the undoped STO
sample, but the behaviour was not exactly same for all compositions. Some of the curves were
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very close to each other, while some compositions showed only small improvement. This
shows that increasing La concentration did not always improve the bulk ionic conductivity in
a linear way. Overall, the doped samples showed better bulk ionic transport behaviour
compared to the undoped STO sample.

4.3.3. Total Ionic conductivity of STO and doped STO

The temperature dependence of total ionic conductivity for undoped STO and doped STO
samples is shown in Figure 17.
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Fig. 17: Total Ionic Conductivity vs. Inverse Temperature Graph

Compared to the bulk ionic conductivity graph, the difference between the samples can be seen
more clearly in this graph. For most of the samples, the conductivity became higher as the
temperature increased.

From all the investigated samples, Sro.7Ndo.2TiOs showed the highest total ionic conductivity
in most parts of the graph. The Gd-doped samples also showed improved conductivity,
especially Sro.ssGdo.1TiOs. However, the conductivity reduced again for Sro.7Gdo.2TiOs,
showing that increasing the Gd concentration further did not improve the ionic transport
behaviour. This same trend was also observed earlier in the impedance spectra section.

30



For the La-doped samples, the conductivity behaviour was not same for all compositions. Some
samples showed conductivity values close to or lower than the undoped STO sample. This
shows that the total ionic conductivity does not depend only on the dopant concentration. Grain
boundary effects and the microstructure of the samples also affects the ionic transport
behaviour. Overall, each doped sample showed slightly different conductivity behaviour /§].

4.3.4. Electronic conductivity of STO and doped STO

Figure 18 shows the temperature dependence of electronic conductivity for SrTiOs and doped
SrTiOs samples. Compared to the undoped STO sample, most of the doped samples showed
higher electronic conductivity. The difference between the samples can also be seen more
clearly in this graph. For many of the samples, the conductivity became higher at higher

temperatures.
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Fig. 18: Electronic Conductivity Vs Inverse Temperature Graph

Among all the samples, Sro.7Ndo.2TiOs showed the highest electronic conductivity over most
parts of the measured temperature range. Sro.ssNdo.1TiO3 also showed higher conductivity
compared to the undoped STO sample and several La-doped compositions. The Gd-doped
samples also showed improved electronic conductivity compared to the undoped STO sample.
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In the case of La-doped samples, the conductivity behaviour was different for different
compositions. Some samples showed only small improvement, while some remained close to
the undoped STO behaviour in certain temperature regions. This shows that the electronic
conductivity did not change in the same way for all samples. Different dopants and different
doping amounts affected the electronic transport behaviour differently /8/.

4.3.5. Activation Energy Analysis

The activation energy values obtained from the Arrhenius plots for bulk ionic, total ionic and
electronic conductivity are summarized in Table 2.

Activation Energy
Sample AE_Ionic | AE_lonic AE_electronic
composition bulk total (eV)
(eV) (eV)

SrTiOs 0.82 0.80 1.40
Sro.85Gdo.1Ti03 N/A 0.48 1.49
S10.7Gdo.2Ti03 N/A 0.73 0.98
Sro.gsL.ao.1 TiOs 0.60 1.20 1.25
Sro.7L20.2Ti03 0.66 1.01 1.22
Sro.7sLa0.25T10;3 0.47 0.55 0.76
Sro.55L.a,3T103 0.64 0.80 0.55
Sro.6sLa0.35T103 0.50 0.94 0.86
Sro.8sNdo.1T103 0.74 0.32 1.28
S10.7Ndo.2T103 0.44 0.47 0.80

Table 2: Activation energy values for ionic and electronic conduction.

In general, the activation energy values changed after doping, showing that the dopants
influenced the transport behaviour of SrTiOs in different ways.

For bulk ionic conductivity, the activation energy values of many doped samples became lower
than the undoped STO sample. The undoped STO sample gave a value of 0.82 eV. Some doped
samples such as Sro.7Ndo.2TiOs, Sro.7sLao.2sTi0s and Sro.esLao.ssTi0s gave smaller activation
energy values. This indicates that ionic transport became easier in these samples after doping.
However, all samples did not follow exactly the same trend.

For total ionic conductivity, the activation energy values again changed from sample to sample.
Smaller values were seen for Sro.ssNdo.1TiOs, Sro.7Ndo.2TiO3 and Sro.ssGdo.1 TiO3 compared to
several other compositions. This indicates that some doped samples needed less energy for
ionic transport. Grain boundary contribution and sample microstructure may also influence this
behaviour.
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For electronic conductivity, Sro.ssGdo.1TiOs gave the highest activation energy value of 1.49
eV, which was slightly higher than the STO sample. Some other doped samples such as
Sto.ssLao.3T103, Sro.7sLao.2sTiO3 and Sro.7Ndo.2TiOs showed smaller activation energy values.
From the overall results, it can be seen that the conductivity behaviour changed depending on
the dopant and the doping amount /§/.

4.4 Dielectric Relaxation Behaviour of Sro.7Ndo..TiOs

The dielectric relaxation behaviour was analysed for Sro.7Ndo.2TiOs. This sample was selected
because it had already been studied earlier in the laboratory, where a transition-like or lattice-
related change was observed. Therefore, the available dielectric data for this composition were
used to examine whether its relaxation behaviour also shows changes with temperature. In
addition, this sample showed comparatively good electrical behaviour in the conductivity
analysis, which made it suitable for further dielectric relaxation study.

Dielectric relaxation is useful to see how the sample responds when frequency and temperature
are changed. In SrTiOs-based materials, the dielectric response can be influenced by defects,
oxygen vacancies, local polar regions and movement of charge carriers. Because of this, the
response may not always come from one simple process. In some cases, more than one
relaxation process can be seen, and the Arrhenius plot may also deviate from a single straight-
line behaviour over the whole temperature range. Similar complex relaxation behaviour has
been reported earlier for SrTiOs ceramics and doped SrTiOs systems [17] [19].

For Sro.72Ndo..TiOs, two relaxation times were obtained from the dielectric data and represented
as 71 and 12. When these values were plotted with temperature, both relaxation times showed
different changes. Therefore, 11 and 12 are discussed separately in the following sections, so
that the relaxation behaviour can be compared more clearly.

4.4.1 Dielectric Relaxation Spectra

As mentioned in the previous section, the dielectric relaxation data for Sro.7Ndo.-TiOs were
obtained from previously recorded laboratory measurements and were used here for analysis.
The available data covered a wide temperature range from 273 K to 930 K. Since many
temperature curves were present, only selected temperatures are shown in Figure 19 and Figure
20 to make the spectra easier to read.
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Fig. 19: Frequency dependence of dielectric permittivity €' for Sro.7Ndo.2T1O; at selected
temperatures

Figure 19 shows the frequency dependence of dielectric permittivity €’ for Sro.7Ndo.2TiOs. From
the graph, it can be seen that ¢’ is high at lower frequencies and decreases when the frequency
increases. This type of behaviour is common in dielectric materials because polarization
processes are able to follow the applied field better at low frequency, while at high frequency
they cannot respond in the same way. Similar frequency-dependent dielectric response has also
been discussed in SrTiOs-based ceramics /17].

At higher temperatures, the low-frequency permittivity becomes much larger. This may be
connected with stronger charge accumulation, defect-related polarization, or conduction
contribution at lower frequencies. In SrTiOs-based materials, defects, oxygen vacancies and
local polar regions can strongly affect dielectric behaviour, so this kind of temperature-
dependent change is expected [17] [18].
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Fig. 20: Frequency dependence of dielectric loss €” for Sro.7Ndo..TiOs at selected
temperatures.

Figure 20 shows how the dielectric loss €” changes with frequency for the same sample. From
the graph, the loss is higher at the low-frequency side, and this increase becomes more clear
when the temperature is higher. This shows that loss processes become stronger when
temperature increases. In the middle and high frequency range, broad relaxation-type features
can be noticed instead of one sharp peak. This means that the dielectric response is not
controlled by only one simple process.

The dielectric loss spectra are important for relaxation analysis because relaxation processes
are usually seen from peaks or broad changes in &”. From the available dielectric data, two
relaxation contributions were separated and later represented as t: and 12. The presence of more
than one relaxation process has also been reported in SrTiOs ceramics, where relaxation
behaviour was related to defect and local polarization effects //7]. Similar defect-related
dielectric relaxation has also been reported in rare-earth substituted SrTiOs ceramics [18].
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4.4.2 Relaxation Time Analysis

Once the ¢’ and &” spectra were plotted, the relaxation time analysis was carried out for
Str0.7Ndo.2TiOs. Relaxation time shows how much time the sample takes to respond to the
changing electric field. When this value is lower, the response is faster, and when it is higher,
the response is slower.

For this part, the available dielectric data were fitted using a relaxation model. Both the real
part of permittivity & and the imaginary part €” were included in the fitting. A representative
fitting result at 320 K is shown in Figure 21. In this figure, the experimental €' and €” curves
are shown together with the fitted curves. Since the fitted curves follow the main shape of the
experimental data, the fitting parameters were used to obtain the relaxation times.
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Fig. 21: Experimental and fitted dielectric permittivity €'and dielectric loss €”spectra of
Sro.7Ndo.2TiOs at 320 K.

From the fitting, two relaxation times were obtained for Sro.7Ndo.2TiOs. These relaxation times
were marked as 11 and t2. The presence of two relaxation times shows that the dielectric
response is not controlled by only one relaxation process. Since SrTiOs-based ceramics can
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have different contributions from defects, local polarization, charge movement and possibly
grain or grain-boundary regions, the two relaxation times may be related to different
polarization processes inside the sample. However, from the dielectric relaxation data alone, it
is difficult to assign each relaxation time to one exact physical origin. Similar multiple
relaxation processes have also been reported in SrTiOs-based ceramics /17].

The relaxation time is also connected with the frequency position of the dielectric relaxation
response. When the relaxation feature shifts with temperature, the relaxation time also changes.
In many dielectric materials, this behaviour can follow an Arrhenius-type relation. However,
in SrTiOs-based systems, the relaxation behaviour may not always follow one simple straight
line because different defect-related or polarization processes can contribute to the response
[17]. Unusual relaxation behaviour has also been reported in doped SrTiOs systems /19].

In the present work, the extracted 11 and 1. values were plotted against 1000/T to check how
both relaxation processes changed with temperature. Since t: and 1> show different changes
with temperature, they are discussed separately in the next section.

4.4.3 Temperature Dependence of Relaxation Times T: and T

After the relaxation times were taken from the fitting, 11 and 12 were plotted with 1000/T. This
was done mainly to see how each relaxation process changes when the temperature changes.
The plots are shown in Figure 22 and Figure 23. Here, log 1 is used on the y-axis, so the
relaxation time is shown in logarithmic form.
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Fig. 22: Temperature dependence of log 11 for Sro.7Ndo.2TiOs.

Figure 22 shows the log 11 plot of St0.7Ndo.2TiOs. In this graph, log t: generally increases as
1000/T increases, which means that the relaxation time becomes larger when the temperature
is reduced. This shows that the 11 relaxation process becomes slower during cooling. However,
the plot does not follow one single linear trend over the full selected range. Two linear regions
can be observed, with a change in slope around 400 K. This suggests that T: may also be affected
by a transition-like change or by a change in the dominant relaxation contribution.
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Fig. 23: Temperature dependence of log 12 for Sro.7Ndo.2TiOs. Transition-like changes are
observed around 685 K and 455 K.

Figure 23 shows the log 12 plot for Sro.7Ndo.2TiOs. The 12 values do not follow one single
straight line over the complete temperature range. Instead, the plot shows changes in slope in
different regions. Two clear changes are observed around 685 K and 455 K. Because of this, 1
was not treated with one single fit, but was separated into three linear regions.

These different regions show that the 1 relaxation process changes with temperature. The slope
changes noticeably across the different temperature ranges. Above 685 K, between 685 K and
455 K, and below 455 K, the relaxation behaviour follows different trends. This suggests that
the same relaxation process is not dominant throughout the full temperature range. The changes
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may be connected with defect-related polarization, localized charge movement, or lattice-
related changes in the material. Similar non-simple relaxation behaviour has also been reported
in doped SrTiOs systems [17] [19].

Overall, both 11 and 12 show changes in slope with temperature. This supports the idea that the
dielectric relaxation behaviour of Sro.7Ndo.2TiOs is influenced by more than one contribution.
The observed changes may also be related to the structural transitions reported for this
compound, especially because changes in the crystal structure can affect polarization and
relaxation processes.

4.4.4 Activation Energy from Dielectric Relaxation

The activation energy from dielectric relaxation was calculated from the linear parts of the log
T versus 1000/T plots. This method is commonly used for relaxation analysis because the
change of relaxation time with temperature can be connected with an Arrhenius-type relation
[17] [18].Since the 1: and T2 plots both change slope, the fitting was done separately for each
selected part. The final activation energy values are listed in Table 3.

Activation Energy from Dielectric Relaxation
Relaxation Temperature Activation energy,
process region Ea (eV)

T ~470-410 K 0.24

T ~390-340 K 0.16

T2 Above 685 K 0.12

Between 685 K
" and 455 K 0.02
T2 Below 455 K 0.03

Table 3: Activation energy values obtained from the dielectric relaxation time analysis of
Sro.7Ndo.2TiOs.

For 11, two regions were used from Figure 22. The fitted slope gives 0.24 eV in the 470-410 K
range. At lower temperature, from 390-340 K, the value is reduced to 0.16 eV. This follows
the slope change seen in the plot, so the 11 relaxation does not show the same temperature
dependence throughout the selected range.

For 12, Figure 23 was divided into three fitted parts. The activation energy is 0.12 eV above
685 K. In the region between 685 K and 455 K, it drops to only 0.02 eV, which shows that 12
changes very little with temperature there. Below 455 K, the value rises slightly to 0.03 eV.
This matches the transition-like changes already seen in the 72 plot.

The 12 activation energy values are lower than the t: values, especially in the middle and lower
temperature regions. This shows that the 12 relaxation process needs less energy in the selected
regions. However, 12 does not follow one simple Arrhenius line, so these values should not be
taken as one overall activation energy for the full 1 process. They are mainly useful for
comparing the three fitted regions separately.
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The difference between 1: and 12 shows that both relaxation times are not coming from the
same response. The lower activation energy values for 1. may be connected with local charge
movement, defect-related polarization, or changes in local polar regions. In SrTiOs-based
ceramics, dielectric relaxation can be affected by defects, oxygen vacancies, polar nanoregions
and hopping-type processes /17]. Rare-earth substituted SrTiOs ceramics can also show defect-
related dielectric relaxation behaviour /78].

From this analysis, it can be seen that Sro.7Ndo.2TiOs has more than one dielectric relaxation
contribution. Both t: and 1. show changes in slope, although the changes are more clearly
separated in the 12 plot. Because of this, the dielectric relaxation behaviour of this sample
cannot be explained by one single relaxation process.

Conclusions

After measuring the impedance spectra and conductivities across various temperature for the
selected samples, the below are the conclusions:

e Most of the doped SrTiOs samples showed lower impedance and improved conductivity
compared to the undoped SrTiOs sample. Among all the investigated samples,
Sr0.7Ndo.2TiOs showed the strongest conductivity behaviour in the bulk ionic, total ionic
and electronic conductivity graphs.

e Bulk ionic conductivity improved for several doped samples such as Sro.7Ndo.2TiOs,
Sro.75La0.25TiOs and Sro.esLao.3sTiOs. These samples also gave lower bulk ionic activation
energy values than the undoped STO sample. This indicates that ionic movement inside the
material became easier after doping.

o Inthe total ionic conductivity graph, the conductivity behaviour was not same for all doped
samples. Sro.ssGdo.1 103 showed better conductivity than Sro.7Gdo.2T1Os, while some La-
doped samples such as Sro.ssLao.1TiOs and Sro.ssLao.sTiOs remained close to the undoped
STO sample. This shows that grain boundary contribution still affected the total ionic
transport behaviour.

e Electronic conductivity increased for many doped samples, especially for Sro.7Ndo.2TiOs.
In the activation energy results, Sro.ssGdo.1TiOs gave the highest electronic activation
energy value, while smaller values were obtained for Sro.ssLao.3TiO3 and Sro.7Ndo.2TiOs.

o Dielectric relaxation analysis of Sro.7Ndo.2TiOs showed that both 11 and 12 do not follow one
single trend over the full selected temperature range. For 11, two activation energy values
were obtained, 0.24 eV and 0.16 eV. For 12, three regions were observed, with activation
energy values of 0.12 eV, 0.02 eV and 0.03 eV. These results show that the dielectric
response of this sample is not controlled by one single relaxation process.
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Santrauka

Neenu Kelamangalath Sajeevan
Stroncio titanato, kuriame Sr dalinai pakei¢iamas La, Gd arba Nd, elektriniy savybiy tyrimas

Stroncio titanatas yra elektroninis ir joninis laidininkas. Siame darbe stroncio titanatas, kuriame
stroncis yra dalinai pakeiiamas lantanu, gadoliniu arba neodimiu, buvo istirtas impedanso
spektroskopijos metodais. Sio darbo tikslas buvo iitirti Sr>* jony pakeitimy Gd**, La®* ir Nd**
jtaka gauty naujy junginiy keramiky elektrinéms savybéms. Matavimai buvo atlikti dazniy
diapazone nuo 10 Hz iki 2 MHz, bandiniy temperatiirg keic¢iant nuo 300 iki 800 K. Impedanso
spektruose buvo stebimos dvi relaksacinio tipo dispersijos sritys. Pasitelkus ekvivalentines
grandines, 1§ gauty impedanso spektry buvo atskirti elektroninis ir joninis Siy keramiky
laidumai. Parodyta, kad atlikus dalinius joninius pakeitimus galima padidinti elektroninj ir
joninj keramiky laidumus, o jy aktyvacijos energijos sumazéja. Be to, junginiui su Nd** buvo
iSanalizuoti dielektriniai spektrai, kurie leido nustatyti du fazinius virsmus vykstancius §ioje
medziagoje.

Summary

Neenu Kelamangalath Sajeevan

Investigation of electrical properties of strontium titanate, in which Sr is partially substituted
by La, Gd or Nd

Strontium titanate is an electronic and ionic conductor. In this work, strontium titanate, in which
strontium is partially replaced by lanthanum, gadolinium or neodymium, was studied by
impedance spectroscopy methods. The aim of this work was to investigate the influence of Sr**
ion substitutions by Gd**, La** and Nd** on the electrical properties of the resulting new
compound ceramics. Measurements were performed in the frequency range from 10 Hz to 2
MHz, with the sample temperature varying from 300 K to 800 K. Two relaxation-type
dispersion regions were observed in the impedance spectra. Using equivalent circuits, the
electronic and ionic conductivities of these ceramics were separated from the obtained
impedance spectra. It was shown that partial ionic substitutions can increase the electronic and
ionic conductivities of ceramics, and their activation energies decrease. In addition, the
dielectric spectra of the compound with Nd** were analyzed, which allowed us to identify two
phase transformations occurring in this material.

43



