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The ac impedance and conductivity properties of BaZrxTi1-xO3 (BZxT) ceramics in a wide frequency 
range (1kHz-2MHz) at different temperatures have been studied. An ac impedance spectroscopic 
technique was used to correlate between the microstructure and electrical properties of the compound. 
The presence of both bulk and grain boundary effect in the compound was observed. The frequency-
dependent electrical data were used to study the conductivity mechanism and estimate the activity 
energy (Ea). An analysis of the electric impedance with frequency at different temperatures has 
provided some information to support suggested conduction mechanism. 
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INTRODUCTION 
 
Some ferroelectric oxides have been the subject of intense 
research for variety of applications due to their unique 
ferroelectric (Dhananjai, 1992), piezoelectric and pyroelectric 
properties. Among many applications, potential applications of 
ferroelectric materials are in microwave tunable devices such 
as tunable mixers, delay lines, filters and phase shifters for 
steerable antennas (Lakshman et al., 1997; Lancaster et al., 
1998; Tagantsev et al., 2003; Yadav et al., 2010). The 
transition temperature and device parameters of the materials 
can be controlled by adjusting their compositions. In 
conventional ceramics, Brager (1955) and Kulscar (1956) have 
shown that zirconia increases the orthorhombic–tetragonal 
transition temperature in BaTiO3, and slightly lowers the 
tetragonal–cubic transition. Verbitskaia et al. (1958) have 
reported that the BaZrO3 addition to BaTiO3 has an effect 
similar to ZrO2, in that it decreases the axial ratio (c/a) of the 
tetragonal phase, which is also in agreement with the results 
found by Moura et al. (1989). On the other hand, Armstrong                 
et al. Tsurumi et al., 2002 have also pointed out the effects of 
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a small addition of ZrO2 on the microstructure, dielectric 
properties and in particular, the grain boundary structure of 
BaTiO3. Ba (ZrxTi1-x)O3 ceramic is obtained by substituting 
ions at the B site of BaTiO3 with Zr ions. It is reported that 
BZxT system has high dielectric constant and low loss tangent 
at the room temperature. Dielectric properties of BZxT 
ceramics under a high alternative electric field were reported 
by Tsurumi et al. (Tsurumi et al., 2002). Zhi Yu et al. (Ang              
et al., 2002) reported the high tunability of Ba (Zr0.3Ti0.7) O3 
ceramics. Tang et al. (Tang et al., 2004) reported phase 
transition and the dielectric tunability of Ba (ZrxTi1-x)O3 
ceramics, however these authors laid emphases on the diffuse 
phase transition and relaxor properties of BZxT ceramics, and 
on the fact that the behavior of BZxT system under DC electric 
field was not studied carefully and systematically. So it is 
necessary to study this behavior systemically and find the main 
factor of affecting its nonlinear properties. In this paper, we 
choose Ba (ZrxTi1-x) O3 ceramics (x=0, 0.025, 0.05, 0.075, 
0.10, 0.125 and 0.15) as research objective. The aim of this 
work is to study the frequency dependence of electrical 
(permittivity/loss and impedance/conductivity) parameters and 
to establish correlation between the microstructure and physical 
properties of the compound. 
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Experimental methods 
 
BZxT powders were prepared by the sol-gel method. BZrxTi1-

xO3 solutions were prepared, dried, powdered and calcined at 
900°C during 4 hours. The obtained powders were 
characterized by X-ray diffraction (DRX) and a scanning 
electron microscope (SEM). Dielectric measure was performed 
as a function of the frequency from 1 kHz up to 2 MHz.  as we 
have shown in other works (Elbasset et al., 2014). 
 

RESULTS AND DISCUSSION 
 
The XRD analysis (Fig. 1) revealed that BZxT ceramics 
crystallized into a perovskite structure without the presence of 
any secondary phase (pyrochlore).  
 

20 30 40 50 60 70 80 90

(0
0

2
)

(1
0

0
)

(1
1
0

)

(1
1

1
)

(2
1

0
)

(2
1

1
)

(3
1
1
)

(3
1
0
)

(2
2

1
)

(2
2
0
)

 2-theta (deg)

X=0.150

X=0.125

X=0.100

X=0.075

X=0.050

X=0.025

X=0.000

 
 

Fig. 1. Room temperature XRD pattern of Ba (ZrxTi1-x)O3 

componds 
 
The SEM micrographs of ceramic samples (BZxT) sintered at 
1100°C for 8 h are shown in Fig.2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

For all samples, we have observed that the fine particles 
aggregate into grains, which present a quite regular 
morphology in shape throughout all the composition. As can 
be seen on in the Table 1, the mean grain sizes of BZxT is 
about 0.49 to 1.16 μm which. This results indicate that 
substitution increase the grain size of BZxT. The electrical 
behavior of the sample was studied over a wide range of 
frequency and temperature using a complex impedance 
spectroscopy (CIS) technique. On the other hand the 
polycrystalline materials usually have grain and grain 
boundary properties. These contributions can conventionally 
be displayed in a complex plane plots (Nyquist diagram) in 
terms of the same formalism: 
 

Complex impedance:      Z*(ω) = (Z′- jZ″)  
Complex permittivity:      ε*(ω) = (ε′ - jε″)  
Complexmodulus: M*(ω)=(1/ε*(ω)= (M′+jM″)  
 

And  
 

Z*= (1/jωC0).M
* tanδ = ε″/ε′ = Z′/Z″ = M′′/ M′ 

WhereZ′ =|Z|cosθ and Z″ =|Z|sinθ 
 

And ω=2πf is the angular frequency, C0 = ε0S/e is the 
geometrical capacitance; ε0 is the permittivity of free space, 
8.854×10−14 F.cm−1, e and S are the thickness and area of the 
pellet. It is assumed that the impedance date can be represented 
ideally by an equivalent circuit consisting of two parallel RC 
elements in series. This circuit is used very widely with 
materials whose properties are some combination of bulk and 
grain boundary impedances connected in series. The 
impedance for this circuit can be described as: 
 

Z* = (R−1
b+ jωCb)

−1 + (R−1
gb+ jωCgb)

−1 
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Table 2. Electrical properties of BZxT ceramics simulated using complex formalism of impedance 
 

x% (Zr) T (°C) Electrical properties 

  Cgb (x10-12 Ω) Rgb (x107 Ω) Cb (x10-12 Ω) Rb(Ω) 
    

0% 140 
160 
180 
200 

9.74 
14.2 

9.497 
7.36 

3.85 
4.93 
6.697 
7.27 

- 
- 
- 

0,013 

1850 
1500 
1501 
1550 

5% 140 
160 
180 
200 

17.63 
13.8 

17.98 
8,65 

7.068 
1.029 
6.697 
1.507 

1.5 
9.04 
5.51 
7.3 

1063 
1065 
1080 
1425 

7.5% 140 
160 
180 
200 

13,7 
14,7 
2,85 
3,74 

1.282 
2.227 
3.075 
7,98 

- 
9.5 

14.3 
2,95 

7127 
8510 
8637 
8848 

10% 140 
160 
180 
200 

13,1 
5,97 
4,28 

7,398 

1.262 
2.267 
2.051 
3,72 

5.68 
10.4 
14.3 
77.5 

1729 
1932 
5521 
6544 

15% 140 
160 
180 
200 

9,822 
13,5 
9,61 
7,43 

1.242 
1.983 
3.387 
7,78 

4.53 
7.87 
6.4 

6,09 

442 
568 
789 

1670 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
The equivalent circuits have been given to simulate the 
theorical properties after fitting the complex impedance plots 
of experiment using commercially available software ZView. 
The model circuit has been represented by a parallel 
combination of resistance and Capacitance (C). While in the 
rest samples it is clear that both the inter-granular (Rb and Cb) 
and intra-granular (Rgb and Cgb) impedances are presented in 
the ceramics, and the simplest appropriate model circuit is a 
series array of parallel RC elements. The values of fitted 
parameters have been given in the Table 2. Fig. 3 shows the 
frequency dependence of the real part (Z′) and imaginary part 
(Z″) of the electrical complex impedance at different 
temperatures for a proposal samples (x=0, 0.05, 0.10 and 
0.15%). It is observed that Z′ promptly decreases with an 
increasing frequency from 102Hz to 104Hz in a fixed x% in Zr. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this region, the frequency dependence of Z″ (loss spectrum) 
shows the peak of resonance at specified value of frequency. 
The position of the Z″ peak shifts to higher frequency side on 
increasing x% in Zr, and then a dispersion of Z″ exist. The 
width of the peak point (Fig. 3) indicates the possibility of a 
typical distribution of relaxation times (Raymond et al., 2005). 
In such a situation, one can determine the relaxation time τ                
(= 1/ωmax) from the position of the peak. Usually it is possible 
to find more than one equivalent circuit that fits, numerically, a 
given data set. In the process of selecting the most appropriate 
equivalent circuit to represent the electrical properties of a 
material many difficulties may arise. As there is no priority 
rule to choose which circuit will perform better, once an 
equivalent circuit has been selected it is necessary to establish a 
link between the different parts of the circuit.  

25115                                  International Journal of Current Research, Vol. 08, Issue, 01, pp. 25113-25118, January, 2016 

 
 

Fig. 2. SEM micrographs of Ba(ZrxTi1-x)O3 compounds 
 

 
 

Fig. 3. Variation of real and imaginary part of impedance with frequency of  Ba (ZrxTi1-x)O3 at various temperatures 
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Fig. 4. Evolution of imaginary part of impedance with real part and temperature of Ba(ZrxTi1-x)O3 at various value of x% 
 

 
 

Fig. 5. Variation of real and imaginary part of impedance with frequency and temperature of Ba(ZrxTi1-x)O3 at various value of x% 



In an ideal case, the result of impedance spectroscopy 
measurements over a wide range of frequencies can be 
presented by several semicircles in the complex ZIm-ZRe plane. 
Each semicircle represents the contribution of a particular 
process (electrodes and contacts, grain boundaries, grain 
interior) to the total impedance of the sample. Measured values 
in the form of Nyquist plots are rarely ideal semicircular. Most 
of the authors describe them as depressed semicircles with 
their center lying below the x-axis. This phenomenon is called 
Non-Debye Relaxation (NDR) (Elbasset et al., 2015).   Fig. 4 
shows the comparable behavior of the impedance and related 
parameters with increasing temperature from 140 up to 200°C 
the absence of the second arc in BZxT confirmed that the 
polarization mechanism corresponds to the bulk effect arising 
in semi conductive grains. The intercept of the semicircle on 
the real axis is the bulk resistance (Rb) of the sample.  
 
Fig. 5 shows the variation of real part of impedance (Z′) as a 
function of frequency for all the samples. The nature of 
variation shows a monotonous decrease in the value of Z′ with 
a rise in the frequency. Larger Z′ values at lower frequency and 
temperature indicated larger effects of polarization. The 
increase in Z′ with rise in temperature also indicates a 
possibility of the decrease in the ac conductivity with an 
increase in temperature, which indicate a positive coefficient 
temperature resistor of the material. We have found that the 
resistance of the material increase with a rise in temperature. 
 
This behavior of materials is analogous to the positive 
temperature coefficient of resistance (PTCR) property which is 
a normal behavior of semiconductor. The merger of the real 
part of impedance (Z′) in the higher frequency domain of all 
temperatures indicates a possibility of the discharge of space 
charge as a result of lowering in the barrier properties of the 
material (Maier, 2003). These results indicate that electrical 
conduction will decrease with a rise in temperature and the 
phenomenon is dependent on the release of space charge. This 
observation may possibly be related to a lack of a restoring 
force governing the mobility of the charge carriers under the 
action of an induced electric field at higher temperatures. This 
behavior supports that as frequency increases; each ion moves 
a shorter path of electric field until, the electric field changes so 
rapidly that the ions only “rattle” within the confinement of 
their potential energy wells. It also indicates the long-range 
mobility of charge carriers (Behera et al., 2007). 
 
Fig. 5 shows again the variation of the imaginary part of the 
impedance with frequency (i.e., loss spectrum) at different 
temperatures. A peak has been observed at higher temperatures 
which further broadened with a rise in temperature. The trend 
of the variation of Z″ with frequency is typical of the presence 
of the electrical relaxation phenomena in the materials which is 
temperature-dependent. The asymmetric broadening of the 
peaks suggests the presence of electrical process in the 
materials with a spread of relaxation time (Bharati et al., 1981). 
The shifting of peaks indicates that the net relaxation time is 
decreasing with the increase in temperature. The low frequency 
side of the peak represents the range of frequency in which 
charge carriers are mobile over long distances. The higher 
frequency side of the Z″ peak represents the range of 
frequencies in which the ions are spatially confined to their 

potential wells and the ions can make only short-range motion 
within the well (Nobre and Langfredi, 2001). The region where 
peak occurs is indicative of the transition from long-range to 
short-range mobility with increase in frequency. The behavior 
of the modulus spectrum is suggestive of temperature-
dependent hopping type mechanism for electrical conduction 
(charge transport) in the system. We have adopted the 
impedance to study the relaxation mechanism. Here the 
imaginary impedance (Z″) is plotted as a function of frequency. 
The peak is observed in the plots corresponding to a relaxation 
process. The peak height in Z″ against frequency plot is 
proportional to the resistance of that process and proportional 
to the capacitance. Here Z′ shows a dispersion tending toward 
Z∞, the asymptotic value of Z′ at higher frequencies, while Z″ 
exhibits a maximum Z″m which shifts to higher frequencies 
with an increase in the temperature (Fig. 5). The frequency 
region below the maximum peak Z″ determines the range in 
which charge carriers are mobile on long distances. At 
frequency above the maximum peak Z″, the carriers are 
confined to potential wells, being mobile on short distances. 
The frequency ωm (corresponding to Z″m) gives the relaxation 
time τ from the condition ωmτ =1. The capacitance values are 
calculated at the maximum frequency (fm) using the relation 
Z″=2C/ε0. The impedance maximum peak shifts to higher 
frequencies as the temperature increases. It is also observed 
that the curves are symmetric, implying an exponential 
behavior of the conductivity relaxation, which suggests the 
presence of Debye type of relaxation phenomenon (Barik et al., 
2007).  
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Fig. 6. Variation of relaxation frequency with inverse of 
temperature (1000/T) of Ba(ZrxTi1-x)O3 (for impedance data) 

 

Fig. 6 shows the variation of relaxation time (calculated from 
loss spectrum) as a function of temperature. The relaxation 
time in both the cases follows the Arrhenius law given by τ = 
τ0exp (Ea/KBT) where τ0 is the pre-exponential factor, KB is the 
Boltzmann constant and Ea is the activation energy. The typical 
pattern suggests a temperature dependent relaxation process 
with the spread of relaxation time, suggesting an enhancement 
in the process dynamics (i.e., charge/carrier transport) in the 
material with a rise in temperature (Victor et al., 2003). Fitting 
these data to Arrhenius equation allows us to estimate the 
activation energy Ea, which was found between 0.359 and 
3.719 eV. It is clear that the value of the activation energy 
increases with an increase in Zr concentration.  
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Conclusion 
 
The phase formation of the sample is confirmed by XRD 
technique. The presence of space charge polarization at higher 
temperature arises only due to the mobility of ions and 
imperfections in the material. A better correlation and 
understanding of the sample electrical properties with its 
microstructure in terms of bulk and grain-boundary 
contribution have been described. The frequency dependence 
Z' shows that the dynamic processes occurring at different 
frequencies exhibit the thermal activation process. Imaginary 
impedance analysis has been carried out to understand the 
mechanism of electrical transport process, and this indicates a 
Debye type conductivity relaxation in the material. We have 
found that the resistance of the material increases with the rise 
in temperature. This behavior of materials is analogous to the 
positive temperature coefficient of resistance (PTCR) property 
which is a normal behavior of semiconductor. 
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