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Abstract

Barium titanate compounds have great research attention due to their good electric and in some case interest-
ing magnetic properties. The synthesis and characterization of iron doped barium strontium titanate (BSFTO)
make an attempt to understand its structure and investigate electric/dielectric properties. The formation of a
perovskite compound with tetragonal phase was confirmed through X-ray structural studies. Dielectric and
electrical impedance properties of the sintered BSFTO ceramics were measured in the frequency range from
42 Hz to 2 MHz and at different temperatures (up to 600 °C). It was shown that the properties of this material
are highly dependent on temperature and frequency. The nature of frequency dependence of AC conductiv-
ity confirms the Jonscher’s power law. The temperature dependence of DC conductivity obeys the Arrhenius
behaviour.
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I. Introduction

Barium titanate compounds are the best known per-
ovskite ferroelectric compounds. They are extensively
studied [1,2] due to their peculiarity to accommodate
different types of dopants. This opened gates for doped
nanosized barium titanate materials for specific tech-
nological applications, such as capacitors, sensors with
positive temperature coefficients of resistivity, piezo-
electric transducers and ferroelectric thin-film memo-
ries. Different dopants can be accommodated in the lat-
tice. The ionic radius is the main factor that decides
the substitution site for the dopants. SrTiO3, BaTiO3,
KNbO3, etc., represent important class of perovskite
materials with high potential for future application in
microelectronic. Introduction of extrinsic and intrin-
sic dopants, such as transition metal cations, usually
cause formation of cation or oxygen vacancies and, thus,
might enhance the properties dramatically [1].

Relaxor ferroelectrics characterized by their broad
dielectric transition, also known as the diffused
phase transitions, are important materials for use in
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non-volatile memory devices. In order to develop
environment-friendly materials, efforts are focused on
the lead-free materials [2,3]. It is reported that BaTiO3
has the ferroelectric to paraelectric transition at about
120 °C with very high dielectric constant. To enrich the
quality and applications of BaTiO3 new ceramic mate-
rial, iron doped barium strontium titanate (BSFTO), was
synthesized and studied [4]. In this paper, dielectric and
impedance properties of the sintered BSFTO ceramics
were investigated in the frequency range from 42 Hz to
2 MHz and at different temperatures (up to 600 °C).

II. Experimental

Iron doped barium strontium titanate (BSFTO) was
prepared by the solid state reaction method initiated by
intensive milling in high-energy ball mill followed by
attrition milling. The BSFTO sample was prepared from
the reagent grade chemicals of high purity. Barium car-
bonate, strontium carbonate, ferric oxide and titanium
dioxide powders were used as the raw materials and
weighed according to the cation Ba : Sr : Fe : Ti molar
ratio of 1 : 0.6 : 0.4 : 1. The sample after ball milling for
three weeks with suitable zirconium balls was attrition
milled again for three hours. The obtained powder was
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Figure 1. X-ray diffraction pattern of the sample BSFTO at 950 °C

Table 1. 2θ values and corresponding hkl lines

2θ [°] hkl

30.936 115
32.472 106
35.267 302
40.318 304
44.356 302
52.001 316
55.046 414
61.719 0011

Figure 2. SEM micrograph of the BSFTO sample

then calcined at different temperatures, up to 950 °C,
in a special furnace with continuous oxygen flow. The
pre-sintered mixture was ground and pressed into pel-
lets of 9.27 mm diameter with 3.07 mm thickness un-
der 300 MPa. The pellets were sintered at 1100 °C for 4
hours and finally cooled to room temperature.

Phase composition of the prepared BSFTO samples
was determined using X-ray diffraction on Bruker AXS
D8 advance diffractometer and microstructure of the
BSFTO ceramics were investigated with SEM (JEOL).

The sintered pellets were plated using air-drying sil-
ver paste to ensure good contacting. The electrical mea-

surements were carried out by inserting the sample be-
tween two parallel plate conductors forming cell capaci-
tor. The whole arrangement was placed in non-inductive
furnace for heating at different temperatures. The vari-
ation of dielectric constant, loss tangent and electri-
cal conductivity in the frequency range from 42 Hz to
2 MHz and the temperature range from 30 °C to 600 °C
were studied. These measurements were performed on
HIOKI-3532-50 LCR Hi Tester.

III. Results and discussion

3.1. XRD analysis

Figure 1 shows the X-ray diffraction pattern of the
BSFTO sample calcined at 950 °C. Crystal structure
was solved by analysing the intensities of diffracted X-
ray beams using the XPERT-PRO software. From the
hkl values and XRD data cell dimensions were calcu-
lated: a = 10.2177 Å, b = 10.2177 Å, c = 5.5167 Å and
α = β = γ = 90°. Thus, the analysis confirmed that
this crystal belongs to the tetragonal perovskite system.
Positions of the characteristic XRD peaks are given in
Table 1. Secondary phase formation peaks were also ob-
served within the detection limits of the XRD. The sec-
ondary phase formations in simple perovskite system
confirmed the transient intermediate phase during the
mixed-oxide processing of Ba- and Ti-containing per-
ovskite materials. X-ray diffraction profile was also used
to measure the average crystallite size of the sample pro-
vided the average diameter was less than 300 Å. Thus,
the crystallite size calculated using Scherrer equation as
already reported was found to be 27.5 nm [4].

SEM micrograph (Fig. 2) gave the surface morpho-
plogy of the sample and confirmed presence of fine
structure already indicated with the XRD data.

3.2. Dielectric measurements

The dielectric studies with respect to frequency at
various temperatures were well studied. The dielectric
constant (εr) and dielectric loss (tan δ) of the sintered
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Figure 3. Frequency dependence plot of: a) dielectric constant and b) dielectric loss for different temperatures

BSFTO ceramics exhibited strong dependence on fre-
quency (Fig. 3). The occurrence of dispersion in the low
frequency region could be explained with the interfa-
cial polarization. This also confirmed the presence of
DC conductivity in the sample [21].

The values of dielectric constant for Fe-doped barium
titanate materials were lower compared to the pure bar-
ium titanate sample [9,10]. The dielectric studies also
confirmed a shift in the transition temperature (TC) to-
wards the lower temperature region with the increase in
addition of Fe. The value of (TC) decreased due to the
addition of Fe+3 ions, as the lower valence state of Fe+3

ion created an oxygen vacancy breaking the vibration
of the Ti−O chains [1]. Another interpretation for such
decrease points to the fact that iron oxide has different
lattice constant which add a stress in to the lattice [11].

3.3. Impedance spectroscopy studies

The complex impedance technique was employed
to study the electrical response or transport properties
of the sintered BSFTO material in a large frequency
range. This can also be used to separate the contribu-
tions of electrical properties due to the grains, grain
boundaries and electrode/sample interface in a poly-
crystalline material. If Z′, M′, ε′, Y ′ and Z′′, M′′, ε′′, Y ′′

are the real and imaginary components of the complex
impedance, electric modulus, permittivity and admit-
tance then tan δ = ε′′/ε′ = M′/M′′ = −Z′/Z′′ = Y ′′/Y ′.
The complex electric modulus is defined by the recip-
rocal of the complex permittivity. Hence, the complex
electric modulus M reflects the dynamic properties of
the sample alone.

The change of Z′, M′, Z′′, M′′, ε′ and ε′′ with fre-
quency at different temperatures (as in Fig. 4) showed
that impedance varies with the increase in both fre-
quency and temperature. The distinct behaviour be-
comes prominent at temperature higher than 400 °C in
all the cases. This confirmed that the sample tends to
be conductive. At higher frequencies Z′ (or M′) attains
a maximum value (Z′max or M′max) known as relaxation

frequency ( fr). The relaxation process occurs due to the
presence of immobile charges at lower temperatures,
and also due to defects and vacancies at higher temper-
atures [13]. The variation of imaginary electrical modu-
lus (ε′′) and imaginary impedance (Z′′) with frequency
at different temperatures for the BSFTO ceramics distin-
guishes whether relaxation process is due to short range
or long range motion of charge carriers. The same con-
cept can also be studied through the admittance (Y) plots
in function of frequency (Figs. 4g,h).

The peaks of imaginary component of the complex
impedance and electric modulus (Z′max/Z

′

max), observed
in Figs. 4b,d, shift towards higher frequency range on
increasing temperature. The change in the peak posi-
tion and broadening again confirmed the relaxation pro-
cesses in the ceramic sample [22]. The relaxation effect
and asymmetric peak broadening showed the presence
of non-Debye type of relaxation [14]. The obtained plots
(Figs. 4b,d) show an asymmetric behaviour with respect
to peak maxima whose positions are again frequency
and temperature dependent. These curves describe two
apparent relaxations — the left region of the peak in-
dicates the conduction process, while the right region
indicates the localized motion of ions. The peak shifts
towards higher frequency exhibiting the correlation be-
tween the motions of mobile charge carriers. The nature
of modulus spectrums confirms the existence of hopping
mechanism in the electrical conduction of the materials
[20]. The angular frequencyωm (ω = 2π f ), correspond-
ing to Z′max, gives the most probable relaxation time τm

by the condition ωm τm = 1.

3.4. Cole-Cole plot

Real materials show a deviation from the ideal equa-
tions and exhibit a non-Debye dielectric behaviour.
The non-Debye dielectric response can be described
using Cole-Cole/Davidson-Cole and empirical expres-
sions (Fig. 5). The complex impedance plots show semi-
circular arcs resolving at high temperature. These asym-
metric arcs confirm the existence of non-Debye type of
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Figure 4. Variation of Z′ (a), Z′′ (b), M′ (c), M′′ (d), ε′ (e), ε′′ (f), Y′ (g) and Y′′ (h) with frequency in different
temperature range
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Figure 5. Cole-Cole plots: a) Z′ vs Z′′ and b) M′ vs M′′

relaxation in the sintered BSFTO sample [16]. The de-
pressed semicircle corresponds to the parallel combina-
tion of resistance and capacitance. The plot also sug-
gests that the electrical response consist of two semi-
circles due to bulk property of the sample and also due
to the presence of grain boundary [17]. This nature of
decrease in resistance/impedance confirms the negative-
temperature coefficient of resistance (NTCR) property
characteristic of semiconductors [18].

3.5. Activation energy

The temperature dependence of all thermally acti-
vated processes can be represented by a general equa-
tion of the form:

z = A0 exp
(

−Ea

RT

)

(1)

where z is the phenomenon that is thermally activated,
Ea the activation energy for the process, A0 a constant,
sometimes called the “pre-exponential constant”, R uni-
versal gas constant (8.314 J ·mol−1K−1) and T absolute

temperature. Arrhenius plot, ln(z) vs. (1/T ), is usually
used for determination of the activation energy and pre-
exponential constant in Eq. 1 from the slope and inter-
cept of the best-fit line through the data. Arrhenius plots
of logωm with the imaginary part of electric modulus
and impedance are presented in Fig. 6. The activation
energies Ea, calculated from the linear fit, are 1.78 eV
and 1.15 eV for Z′′ and M′′ variation, respectively.

3.6. Conductivity studies – AC conductivity

Study of AC electrical conductivity gives a good
quality check on the electrical transport properties of a
material by using Jonscher’s power law:

σAC(ω) = σDC + Aωn (2)

where σDC , is frequency independent conductivity (fre-
quency independent plateau in the low frequency re-
gion), A the temperature dependent pre-exponential fac-
tor and n the frequency exponent (takes values between
0 and 1). The frequency exponent n is frequency in-

Figure 6. Arrhenius plot of logωm with the imaginary part of electric modulus M′′ (a) and impedance Z′′ (b)
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Figure 7. AC conductivity versus frequency graph

dependent, but temperature and material dependent pa-
rameter. The experimentalσAC values of the BSFTO ce-
ramics prove Jonscher’s power law as given in Fig. 7.
The conductivity graphs clearly indicate three regions:
i) dispersion in the low frequency area, ii) an intermedi-
ate plateau and iii) conductivity dispersion at high fre-
quency region. Thus, σAC is independent of frequency
in the low frequency region which is generally known as
hopping frequency, but shifts towards higher-frequency
side with the increase of temperature, as already re-
ported [19]. The increasing value of σAC with frequency
rise is due to the disordering of cations between neigh-
bouring sites, and presence of space charge. The dis-
persion gets narrowed as frequency is increased. Also
conductivity rise with temperature points to a thermally
activated process.

3.7. Conductivity studies – DC conductivity

Figure 8 shows the variation of σDC as a function of
inverse absolute temperature. The value of bulk conduc-
tivity of the sample at different temperatures is obtained
from the σAC plot of the sample by theoretical fitting
using Joncher’s power law. The DC conductivity of the
BSFTO material shows almost a linear rise with tem-
perature, exhibiting the negative temperature coefficient
of resistance (NCTR) behaviour. At higher temperature,

Figure 8. σDC as a function of inverse of absolute
temperature (slope gives the activation energy as 1.97 eV)

the conductivity versus temperature response can be ex-
plained by a thermally activated transport of Arrhenius
type.

According to the kinetic theory of gas as temper-
ature increases, gas molecule velocity also increases.
Thus, the fraction of molecules that have high enough
kinetic energy to overcome the energy barrier also in-
creases. The fraction of molecules with energy equal to
or greater than Ea (activation energy) is given by the
Arrhenius relation:

σDC = σ0 + e
−

Ea
kBT (3)

where σ0 is frequency factor constant or also known as
pre-exponential factor or Arrhenius factor which gives
the rate of collision and the fraction of collisions with
the proper orientation for the reaction to occur. As it can
be seen in Fig. 9, the reaction of Ea has a strong depen-
dence on temperature. The conductivity response curve
can be attributed to Mott’s hopping type phenomena.
The σDC activation energy of the material is found to
be equal to 1.97 eV. The activation energy values (from
σDC and electrical impedance data) confirm the hopping
mechanism in the investigated BSFTO material.

Figure 9. Activation energy reaction rates with temperature
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IV. Conclusions

Structural and electrical study of iron doped bar-
ium strontium titanate (BSFTO) ceramics was success-
fully done. Results showed interesting dielectric and
impedance characteristics. The grain conduction and re-
laxation of the sample evaluated from Cole-Cole plots
gave clear confirmatory results. The anomaly in di-
electric properties of doped BSFTO in the temperature
range 350–450 °C showed a pure phase transition. The
impedance data indicate that the relaxations in the sam-
ples are due to the presence of polarizing species. The
polarizing charges give non-Debye relaxations and con-
tribute to grain boundary capacitance and conductance.
The σAC conductivity plots well confirm the Jonscher’s
power law. The temperature dependence of DC conduc-
tivity studied through the Arrhenius equation proves the
hopping mechanism in the sample. The presence of Fe
cations results in the reduction of dielectric properties
throwing light to the high conductive scope for the mate-
rial. Thus, the prepared lead-free BSFTO ceramics will
have promising future in areas of piezoelectricity, pyro-
electricity and optical frequency doubling effects.
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