CHAPTER 4

RESULTS AND DISCUSSIONS

In this chapter, the results from Fourier analysis of ferroelectric hysteresis
behavior are described in details i.e. the investigation of Fourier spectrum
characteristic, the establishing of relationship between hysteresis properties and
external perturbation parameters to the amplitude of harmonics of Fourier

transformation.

4.1 Fourier spectrum characteristic

In Fourier analysis of ferroelectric hysteresis behavior, Fourier
transformation was used to transform polarization data from time domain to
frequency domain. Then, the amplitude of harmonics of Fourier transformation

(Fourier spectrum) was investigated. It is found that Fourier spectrum
C, =+ A} + B} present only odd harmonics, while all even harmonics equal to zero

(see Fig. 4.1). This is expected as symmetric hysteresis is half-wave symmetry.
However, Ising hysteresis from mean field calculation and Monte Carlo simulation is
a perfect symmetric hysteresis loop, so the amplitude of even harmonics vanish (with
error bar) as shown in Fig. 4.1 (a) and (b). On the other hand, BaTiO; hysteresis from
Sawyer-Tower experiment is not a perfect symmetric hysteresis loop (due to electric
noise), therefore the amplitudes of even harmonics remain but they are comparatively

small and can be ignored as shown in Fig. 4.1 (c).
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Figure 4.1 The ferroelectric hysteresis (right top) with its corresponding electric field
signal (right bottom) and polarization signal (left top), and the spectrum of Fourier
transformation (left bottom) for (a) Ising Ferroelectric hysteresis data from mean field
calculation that generated at T=2.50 J/k,, Eg=4.00 J and f=0.01 ', (b) Ising
Ferroelectric hysteresis data from Monte Carlo simulation that generated at 7 = 2.00

J/ky, Ey=4.00 J and f=0.01 mes™, and (c) BaTiO; Ferroelectric hysteresis data

from Sawyer-Tower experiment that measured at 7= 25 °C, E) = 10 kV/cm and f'=

10 Hz.

In general, it can be derived from Fourier coefficients of the periodic function

f(t) with a period T that the half-wave symmetry have only odd harmonics as
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1 1
f(t)=—f(t+5Tj=—f(t—ETj. 4.1)
The coefficient a, in Fourier series of the periodic function f(¢) is
2 T/2
a, =— t)dt . 4.2
=5 j /() (42)

Then by separating integral region into 2 parts,

2 0 T/2
aq =;[ [ r@ar+ {f (t)dt}- (4.3)

-T/2

1 :
After that, by changing the variable 7 to ¢ — ET in the first integral,
2 T/2 1 T/2
a, =— t——=T)dt + t)dr |. 4.4
; THf( J7) !f()} (4.4)

Next, by replacing (1) =—f [t - %T ] in the first integral,

2 T/2 T/2
a =;{— ! S (@)dt + !f (t)dt} (4.5)

and the coefficient q, is
a,=0. (4.6)
On the other hand, the coefficient a, in Fourier series of the periodic function f(¢) is
2 T/2
@ == j f(t)cos2naf,t)dt . 4.7)

-T/2

In a same way, by separating integral region into 2 parts,
T/2

a =%[ T f(@ycosnafyb)dt + [ f(t)cos2nafyt)dt |, (4.8)

-T/2

. 1. .
And with changing the variable ¢ to 7 — EP in the first integral,
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a, = %{Tf f(t —%T} cos(2n;;7‘0 (t - %Tjjdt

- (4.9)
+ | f(z)cos(znqot)dt}
0
As replacing f(¢t) =—f (t - %T j in the first integral, so
2 T/2 T/2
a,= ?{— If(t) cos(2nnf,t)cos(n)dt + J.f(t) cos(2nnf,t)dt |. (4.10)
0 0
In fact, sin(nz) =0, so
2 T/2
a, == (1-cos(nm)) j F(6)cosQnaf,t)dt , 4.11)
0
where the coefficient a, is
0 for n even
a, =
/2 (4.12)

% [ @) cosnaf,at for n odd.

For, the coefficient b, in Fourier series of the periodic function f(), it is given by
2 T/2
b == [ £(e)sin(2nafye)de (4.13)

-T/2

Again, by separating integral region into 2 parts,

-T/2

b, =% T f(6)sinnaf,1)dr + Tj o sin(2n7zf0t)dt}. (4.14)

. . . 1. . .
With changing the variable # to ¢ — ET in the first integral,
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L C )™

T/2 (4.15)
+ j () sin(szot)dt}
0
By replacing f(¢)=—f [t - %T J in the first integral,
2 T/2 T/2
b, = ?{— If(t) sin(2naf,t) cos(zm)dt + If(t) sin(2naft)dt |, (4.16)
0 0
and since, sin(nz) =0, it given
2 T/2
b, =~ (1= cos(n7)) j () sinQnaf,t)dt . (4.17)
0
Therefore, the coefficient b, is
0 for n even
b, =
T/2 (4.18)

% [ 7 @)sin@nap,nar for  odd.

Since the coefficients a, =24, /N and b, = 2B, / N, the amplitude of k" harmonic

of Fourier transformation becomes C, = /4, + B, where n =k and N is the number

of data points per period. As can be seen, Fourier spectrum presents only odd
harmonics because the symmetric hysteresis is half-wave symmetry. Further, from
Fourier spectrum, polarization signal contains many frequencies different from that of
electric field. This is implied that the molecular dipole moments of ferroelectric
materials do not instantly response to temperature and electric field.

After that, Fourier spectrums of the real and imaginary parts were then

investigated in details. The hysteresis re-calculated from inverse Fourier
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transformation of the real and imaginary parts were used to observe the relation of the
amplitude of Fourier harmonics of the real and imaginary parts to hysteresis

characteristic.
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Figure 4.2 The ferroelectric hysteresis (right top) re-calculated from inverse Fourier
transformation of the real part with its corresponding electric field signal (right
bottom) and polarization signal (top left) and the spectrum of Fourier transformation

of real part (left bottom) from Fig. 4.1.
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Figure 4.3 The ferroelectric hysteresis (right top) re-calculated from inverse Fourier
transformation of the imaginary part with its corresponding electric field signal (right
bottom) and polarization signal (left top) and the spectrum of Fourier transformation

of imaginary part (left bottom) from Fig. 4.1.

Additionally, it is found that the polarization re-calculated from inverse
Fourier transformation of the real part is out of phase with electric field (see Fig. 4.2).
On the other hand, the polarization re-calculated from inverse Fourier transformation
of the imaginary part is in phase with electric field (see Fig. 4.3). These imply that
hysteresis area depends on the harmonics of real part, but hysteresis shape depends on
the harmonics of imaginary part. Consequently, it is useful to find the relationship
between hysteresis properties and external perturbations parameters to the amplitude

of each harmonic of Fourier transformation.

4.2 The relationship between hysteresis properties and amplitude of Fourier
harmonic

After that with the understanding of Fourier spectrum characteristic, the
relationship between hysteresis properties and amplitude of each Fourier harmonics

was investigated.

4.2.1 Hysteresis area

The hysteresis area (4) refers to the external energy requires to cycle the
molecular dipole moments in ferroelectric materials. Since, the polarization re-
calculated from inverse Fourier transformation of the real part is out of phase with
electric field, so hysteresis area may be nonzero. On the other hand, the polarization

re-calculated from inverse Fourier transformation of the imaginary part is in phase
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with electric field, so hysteresis area is equal to zero. Therefore, it is safe to imply
that the hysteresis area can be extracted from inverse Fourier transformation of odd
harmonics of the real part. Then, the hysteresis area re-calculated from inverse
Fourier transformation of the real part was investigated in details as shown in Table
4.1 for Ising hysteresis from mean field calculation, Table 4.2 for Ising hysteresis
from Monte Carlo simulation and Table 4.3 for BaTiO; hysteresis from Sawyer-

Tower experiment.

Table 4.1 The hysteresis area (4“/”"") re-calculated from inverse Fourier

transformation of the amplitude of odd k" harmonic of real part (A4, ) for Ising

hysteresis from mean field calculation in Fig. 4.1 (a).
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Table 4.2 The hysteresis area (A4,°/?"") re-calculated from inverse Fourier

transformation of the amplitude of odd k” harmonic of real part (4, ) for Ising

hysteresis from Monte Carlo simulation in Fig. 4.1 (b).
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Table 4.3 The hysteresis area (A4,“/”"") re-calculated from inverse Fourier

transformation of the amplitude of odd k" harmonic of real part ( 4, ) for BaTiO;

hysteresis from Sawyer-Tower experiment in Fig. 4.1 (c).
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As can be seen from Table 4.1, 4.2 and 4.3, the hysteresis area re-calculated
from inverse Fourier transformation of the first harmonic of real part is almost equal
to the real hysteresis area. On the other hand, the hysteresis areas from inverse
Fourier transformation of all other harmonics of real part nearly cancel out and are
very small in comparison to the real hysteresis area. Further, it is also found that the
hysteresis re-calculated from inverse Fourier transformation of the first harmonic of
the real part is ellipse-like. Since the area of typical ellipse equal to zab where a is
length of major axis and b is length of minor axis, the hysteresis area is then

real part

compound with quantity zEyP, (where Ej is the electric field amplitude and

P Pt s the polarization amplitude re-calculated from inverse Fourier

transformation of the first harmonic of the real part), and it was found that they are

real t . .
reatPat can be written in

equal (with less than one percent different). Additionally, P,
the term of the first harmonic of real part (4;) i.e. P, ?*" = -24,/N where N is the

number of data points per period, hysteresis area can then be rewritten as

27
A=——""F A4 4.19
—Ed (4.19)
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To verify the validity of Eq. (4.19), numerical comparison was evaluated. In Fig. 4.1,
the hysteresis loop has 4 = 6.2304 J, 6.0768 J and 133.6468 mCV /cm’ but from

Eq. (4.19), 4 = 6.2304 J, 6.0768 J and 133.5459 mCV /cm’, which agree very
well. As a result, this emphasizes that the hysteresis area depends on the amplitude of

electric field and the amplitude of the first harmonic of real part.

4.2.2 Remnant polarization

On observation of the remnant polarization (P,) which is the magnitude of
polarization that remains at the vanishing of the electric field. Since, the polarization
re-calculated from inverse Fourier transformation of the real part is out of phase with
electric field, so electric field and polarization magnitudes do not vanish at the same
time. On the other hand, the polarization re-calculated from inverse Fourier
transformation of the imaginary part is in phase with electric field, so electric field
and polarization magnitude vanishes together. Therefore, the remnant polarization re-
calculated from the inverse Fourier transformation of odd harmonics of the real part
was investigated in details as shown in Table 4.4 for Ising hysteresis from mean field
calculation, Table 4.5 for Ising hysteresis from Monte Carlo simulation and Table 4.6

for BaTiOs hysteresis from Sawyer-Tower experiment.

Table 4.4 The remnant polarization Pf“”’”’ re-calculated from inverse Fourier

transformation of the amplitude of odd k" harmonic of real part (A4, ) for Ising

hysteresis from mean field calculation in Fig. 4.1 (a).
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Table 4.5 The remnant polarization P:e”["“” re-calculated from inverse Fourier

1y

transformation of the amplitude of odd k" harmonic of real part (A4, ) for Ising

hysteresis from Monte Carlo simulation in Fig. 4.1 (b).
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Table 4.6 The remnant polarization Prk’e“l" “" re-calculated from inverse Fourier

transformation of the amplitude of odd k" harmonic of real part (4, ) for BaTiO;

hysteresis from Sawyer-Tower experiment in Fig. 4.1 (¢).
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As can be seen from Table 4.4, 4.5 and 4.6, the remnant polarization can be
calculated from the sum of the polarization amplitude re-calculated from inverse
Fourier transformation of odd harmonics of the real part (P ?*"), so it can be

written as
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2N

P =
N e

Pkreal part ) (420)

Since, P/“/P" can be written in terms of the amplitude of odd harmonics of the real
part (4y) i.e. PP = -2a;/N where N is number of data points per period and k are

odd integers. Therefore, the remnant polarization can be rewritten as

Pi= W; (4.21)

To verify this, the hysteresis loop in Fig. 4.1 has the average remnant polarization
(P"—P7)/2 of 0.9258, 0.9588 and 8.1887 uC/cm® while the average remnant
polarization calculated from Eq. (4.21) is 0.9258, 0.9588 and 8.1887 uC/cm?®, which

are exactly the same (up to 4 digits). Therefore, it can be concluded that the remnant

polarization depends on the amplitude of odd harmonics of real part.

4.2.3 Coercive field

On investigation of the coercive field ( £,) which describes the magnitude of

the electric field that cancels the polarization in ferroelectric materials. Therefore, the
coercive field can be found from the electric field magnitude at the phase-lag (¢)
between electric field and polarization signals, so it can be written as

E* =+E, sin(g). (4.22)
Further, this phase-lag (¢ ) is also equal to the phase-angle (¢, ) that the combinations
of polarizations of all A harmonics (polarization re-calculated from inverse Fourier
transformation of the real and imaginary part) are cancelled. Since, the Fourier

coefficients of symmetric hysteresis presents only odd harmonics, so the polarizations

re-calculated from inverse Fourier transformation of each harmonic of real and



imaginary part are cancel at two phase-angles as shown in Table 4.7 for Ising
hysteresis from mean field calculation, Table 4.8 for Ising hysteresis from Monte

Carlo simulation and Table 4.9 for BaTiO; hysteresis from Sawyer-Tower

experiment.

Table 4.7 The phase-angles ¢, that the combination of polarizations re-calculated

from inverse Fourier transformation of the amplitude of odd k" harmonic of real part

(4,) and imaginary (B, ) part are cancelled for Ising hysteresis from mean field

calculation in Fig. 4.1 (a).
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Table 4.8 The phase-angles ¢, that the combination of polarizations re-calculated

from inverse Fourier transformation of the amplitude of odd " harmonic of real part

(4, ) and imaginary (B, ) part are cancelled for Ising hysteresis from Monte Carlo

simulation in Fig. 4.1 (b).
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Table 4.9 The phase-angles ¢, that the combination of polarizations re-calculated

from inverse Fourier transformation of the amplitude of odd " harmonic of real part

(4,) and imaginary (B, ) part are cancelled for BaTiO; hysteresis from Sawyer-

Tower experiment in Fig. 4.1 (c).
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As can be seen from Table 4.7, 4.8 and 4.9, these two phase-angles can be
found from where the magnitude of the polarization re-calculated from inverse
Fourier transformation of the first harmonic of real part equal to that of imaginary
part but with opposite sign i.e.

= P cos(y) = B sin(p,) (4.23)
where P, 7" and P,™*"Y P4 are amplitude of polarizations re-calculated from
inverse Fourier transformation of the first harmonic of the real and imaginary part
respectively. Since, P"/ 7" and P,"¢"“ P! can be written in the term of the first
harmonic of real 4; and imaginary B; part respectively i.e. P,/*“ 7" = -24,/N and
pymesmaypart — o B IN, where N is number of data points per period, Eq. (4.23) can be
rewritten as A, cos(p,) = B, sin(p,), i.e. ¢, =tan"'(A4,/B,). Therefore, the coercive
field can be rewritten as

E* =+E,sin(tan"'(4,/B,)). (4.24)
Note that the hysteresis loop in Fig. 4.1 has the average coercive field (E; —E.)/2 is

1.5925 J, 1.5391 Jand 3.4367 kV /cm while the average coercive field calculated
from Eq. (4.24) is 1.5925 J, 1.5391 J and 3.4594 kV /cm for Ising hysteresis from

mean field calculation and Monte Carlo simulation, and BaTiO; hysteresis from
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Sawyer-Tower experiment, respectively. These therefore confirm that the coercive
field depends on amplitude of the electric field and amplitude of the first harmonic of

real and imaginary part.

4.3 The relationship between external perturbations parameters and amplitude
of Fourier harmonics
After that with the relationship between hysteresis properties and amplitude
of Fourier harmonics, the relationship between external perturbations parameters and
amplitude of Fourier harmonics that relate to hysteresis properties was investigated
e.g.
e The hysteresis area depends on amplitude of the first harmonic of real part in
following the relationship by Eq. (4.9).
e The remnant polarization depends on amplitude of odd harmonics of real part in
following the relationship by Eq. (4.21).
e The coercive field depends on amplitude of the first harmonics of real and
imaginary part in following the relationship by Eq. (4.24).
The relationship between external perturbation parameters and amplitude of these
Fourier harmonics may establish some power law scaling relation, leaving a window

of opportunities for future investigation.



