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Abstract 
Hysteresis loop measurements performed both experimentally for Bismuth 
Sodium Titanate (BNT) and Bismuth Potassium Titanate (BKT) samples us-
ing modified Sawyer-Tower Circuit. The experiment showed that the P-E 
hysteresis had main parameters for BNT, remnant polarization (Pr = 27 
µC/cm2), spontaneous polarization (Ps = 35 µC/cm2) and coercive electric field 
(Ec = 60 kV/cm) and for BKT the remnant polarization was (Pr = 5.2 µC/cm2), 
spontaneous polarization (Ps = 30 µC/cm2) and coercive electric field (Ec = 
4.72 kV/cm). These three parameters (remnant polarization, spontaneous po-
larization, coercive electric field) were used in a simulated software depending 
on the mathematical model for the polarization in ferroelectric materials. The 
simulation software predicted the value of applied electric field required to 
perform the P-E hysteresis experiment varying with Pr, Ps, Ec. The results of 
the simulation exhibited agreement with the experimental data. The last pre-
diction could help the researchers in studying the ferroelectric hysteresis loop, 
especially for those studying a fatigue behaviour or studying the effect of elec-
tric field cycle on the hysteresis loop. 
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1. Introduction 

Ferroelectric materials are materials possessing spontaneous polarization, which 
can be reversed by applying of an external electric field over a certain tempera-
ture range [1]. The most prominent features of ferroelectric properties are hys-
teresis and nonlinearity in the relation between the polarization P and the ap-
plied electric field E. The ferroelectric material has a perovskite structure with 
the formula of ABX3, the cations (A, B) have a different sizes and the anion (X) 
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is normally Oxygen ion [2]. The oxygen octahedral perovskite structure has the 
formula ABO3, and it was considered a promising material because the sponta-
neous polarization is greater than in other ferroelectric families [3]. In this re-
search, the BNT ceramic like Bi0.5Na0.5TiO3 and BKT ceramic like Bi0.5K0.5TiO3 
were used to study the hysteresis loop and measuring the polarization as a func-
tion of electric field by using Sawyer-Tower circuit. The parameters remnant 
polarization, spontaneous polarization and coercive electric field measured by 
Sawyer-Tower circuit were used in the simulation program. The simulation 
program could help researchers to perform the hysteresis loop experiment and 
polarization fatigue, which help us perform the experimental parameters, espe-
cially for the polarization fatigue analysis and measuring polarization fatigue life. 
A comparison between experiment and theory could help to understand the Po-
larization behaviour and polarization domain dynamics. 

2. Experimental Work 

The hysteresis loop measurements during (P-E) loop were studied for ferroelec-
tric ceramic Bismuth Sodium Titanate (BNT) and Bismuth Potassium Titanate 
(BKT) by using modified Sawyer-Tower circuit, as shown in Figure 1. The 
Sawyer-Tower circuit is consists the following items; 

1) High voltage AC Power Supply has the specification (0 - 10 kV), 0.5 A, sine 
wave and frequency 50 Hz [4] 

2) The voltage divider acts as voltage attenuator, and the voltage attenuation 
calculated according to the equation  

( ) 2

2 1

2.2 1
2.2 220 100in in in

RV x V V V
R R

= × = × ≈ ×
+ +

          (1) 

3) The capacitor of (0.68 µF) was used. 
4) The sample that used in this experiment was sandwiched between two gold 

electrodes as shown in Figure 2, and dipped in low viscosity oil (Silicon oil) to 
prevent discharge due to high voltage. 

5) The digital storage oscilloscope type Tektronix TBS 1000 was used to ac-  
 

 
Figure 1. Schematic of the experimental setup for Sawyer-Tower circuit. 
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Figure 2. The sandwiched sample under test. 

 
quire the signals with some modifications on both value of x-y axes, such that 
the x-axis is the Electric field (kV/cm) calculated by the following equation;  

( )
( )

division V 100 0.001kV
cm cm

V
E

t
× ×  = 

 
                  (2) 

The y-axis is the polarization (µC/cm2) calculated in the following equation;  

( )
( )

6
division

division2 22

10 FC 0.68
cm πArea cm

V C
P V

r
× ×µ  = = × 

 
             (3) 

where the parameters (r, t) are the radius and the thickness of the ceramic disc 
sandwiched between two electrodes respectively. 

The hysteresis loop measurement had been done by increasing the voltage 
gradually to get the curve of the hysteresis, then the saturation polarization (Ps), 
Remnant polarization (Pr), and coercive electric field (Ec) were measured. The 
simulation of hysteresis loop was performed by designing a program using Lab-
View2016 depending on the mathematical model of (P-E) loop by the following 
equation [5] [6] [7];  

tanh
2

c
s

E EP P
δ

± − = ±  
 

                   (4.a) 

The parameter (P) is the polarization, the positive sign is referring to positive 
polarization ( )P E+ , while the negative sign refers to negative polarization 

( )P E− , such that ( ) ( )P E P E− += −  by the symmetry. The parameter (E) is 
the applied electric field, and (Ec) is the coercive electric field. The factor (δ) is a 
polarization relaxation coefficient and calculating according to the following 
equation; 

1
1ln
1

r s
c

r s

P PE
P P

δ
−

  +
=   −  

                  (4.b) 

The factor (Pr) is remnant polarization, and (Ps) is the saturation polarization. 
The study started by changing the values of the electric field from negative to 
positive by gradual steps. The input data for the simulation is represented by a 
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maximum applied electric field (Emax), Ec, Pr, Ps, and number of steps (>100 steps 
normally). The output data is the P-E loop as a graph and table, which could be 
saved with different extensions as excel file, Matlab or Origin profile. 

3. Results and Discussion 

The hysteresis loop for ferroelectric ceramic was performed using modified 
Sawyer-Tower circuit at 50 Hz using adjustable AC power supply as mentioned 
before. The polarization as a function electric field was plotted as a result from 
the output of the oscilloscope and estimate the remnant polarization (Pr), spon-
taneous polarization (Ps), and coercive electric field (Ec) for each sample. The 
Sawyer-Tower circuit was modified by adding the voltage divider to attenuate 
voltage by a factor of 0.01 V in order to prevent oscilloscope from damage. If the 
maximum applied voltage is (10 kV) then the voltage appeared on the oscillos-
cope will be (100 V), attenuated by a factor 0.01. The normal capacitor (0.68 µF) 
was used, such that it was greater than the sample capacitance by (100) time, 
which was about (300 pF). The high capacitor connected in series has low vol-
tage comparing with a low capacitor that possess high voltage where  

total 1 2V V V= + . If the applied voltage on both capacitors in series was (10 kV), so 
the voltage on the normal capacitor (0.68 µF) will be 5 V, while the voltage on 
the sample will be 9995 V. Most of the applied voltage exerted on the sample that 
was very important because one could be apply more than the twice coercive 
electric field on the sample in order to get a sharp hysteresis loop. 

The estimated values of (Pr, Ps and Ec) were used in the computer simulation 
as inputs, the obtainable results from the simulation is transferred into the hys-
teresis shape at the same value of Pr, Ps and Ec. The simulation could help us to 
predict the applied electric field values required for experimental work. The user 
interface of (P-E) loop that was designed in this research is shown in Figure 3.  

 

 
Figure 3. The user interface for hysteresis loop simulation. 
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The simulated variable was the electric field on the x-axis and the polarization 
on the y-axis. Therefore, the changing with the electric field value from negative 
to positive was dependent by N-step divided on the x-axis, normally N > 100 
steps using the following equation inside the loop. 

2 1
1a

iE E
N

 = − − 
                     (5) 

The factor (Ea) is the applied electric field value, which is actually has the 
maximum value (Emax). The above equation performed as an electric field sweep 
kit, shown in Figure 4. For example N = 100 steps, for i = 0 so E = −Ea, for i = 1 
so 0.9 aE E= −  and for i = 99 so E = +Ea (100 steps means i = 0 to 99). The 
second variable, the polarization was performed as a kit depending on the Equa-
tion (1), as shown in Figure 5. The simulated block diagram of (P-E) hysteresis 
loop is collected into a single program as shown in Figure 6. 

The simulation was important to solve many problem, the first one was the 
value of the applied electric field, a lot of researches had chosen the applied electric 
field value by increasing the voltage until the hystersis loop appeared [8]. They 
were adviced to use the applied electric field by ( 2 cE ) [8] [9] [10], because it was 
required a totally reversing the polarization. This value is correct in the case Ps = 
Pr only [10] [11]. Our analysis is predicted the applied electric field value to be 
( cEη ), where the parameter (η) is depending on the ratio Ps/Pr, i.e. linearly de-
pendent on (δ). The values of the applied electric field are symmetric that mak-
ing ( ) ( )P E P E+ −= , as mentioned in the Equation (1). The simulation had  
 

 
Figure 4. The electric field sweep kit. 

 

 
Figure 5. The block diagram for polarization kit. 
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been done depending on the Equation (2), to predict the applied electric field 
and then the polarization, using the stop condition if ( ) ( )P E P E+ −= . The user 
interface of the simulated program to predict the electric field is shown in Fig-
ure 7. The results for the applied electric field showed a linearly dependance on 
the value of the polarization relaxation coefficient (δ) i.e. the differences in (Pr) 
and (Ps) is leading to vary the δ-value, which lead to change the value of the ap-
plied electric field (Ea) as shown in Figure 8. The fitting curve concluded the 
predicted electric field value by the following equations;  

( )1 7.4a cE E δ= +                       (6) 

( )1 7.4η δ= +                         (7) 

The experimental data of (P-E) hysteresis loop for BNT-ceramic are shown in 
Figure 9(a). It had the values Pr = 27 µC/cm2, Ps = 35 µC/cm2, and Ec = 60  
 

 
Figure 6. The block diagram of the P-E hysteresis loop. 
 

 
Figure 7. The program kit for prediction the applied electric field. 
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kV/cm. Whereas the simulated curve had the similar values of Pr, Ps and Ec are 
shown in Figure 9(b), with the predicted value of Ea = 257 kV/cm. The BKT 
sample was exhibited the experimental values of polarization and electric field 
with Pr = 5.2 µC/cm2, Ps = 30 µC/cm2 and Ec = 4.72 kV/cm, as shown in Figure 
10(a). Whereas the simulated curve with the same values of Pr, Ps and Ec is 
shown in Figure 10(b) with the predicted value of Ea = 81 kV/cm. The predicted 
values of applied electric field of BNT sample was about 4.18 cE  i.e. η = 4.18.  
 

 
Figure 8. The predicted applied electric field value as a function of 
the polarization relaxation coefficient. 

 

 
Figure 9. The (P-E) hysteresis loop for BNT sample (a) experimental (b) simulation. 
 

 
Figure 10. The (P-E) hysteresis loop for BKT sample (a) experimental (b) simulation. 



N. B. Mahmood, E. K. Al-Shakarchi 
 

851 

Whereas the predicted value of applied electric field of BKT sample was about 
17.1 cE  i.e. η = 17.1. The last results for BKT were agreed with the experiments, 
while for BNT sample was not clear because it is difficult to apply an electric 
field >100 kV/cm due to the limitation of the power supply. 

4. Conclusion 

The hysteresis loop experiment is an important analysis to determine the value 
of polarization and the coercive electric field on the dielectric media. It was a 
successful technique to simulate the hysteresis loop experiment depending on 
the required mathematical equations in polarization of ferroelectric materials. 
The simulation results showed agreement with experimental output. It was con-
sidered to predict the applied electric field values those were used in hysteresis 
experiment and formulating an equation describing the change in the applied 
electric field. The last prediction could help the researchers to study the ferroe-
lectric hysteresis loop, especially for those who suffering fatigue or studying the 
effect of electric field cycle on hysteresis loop. 
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