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Abstract
The scaling behavior of sub-coercive field dynamic ferroelectric hysteresis under the influence
of stress was investigated in rhombohedral 0.6Pb(Zr0.5Ti0.5)O3–0.4Pb(Zn1/3Nb2/3)O3

(0.6PZT–0.4PZN) bulk ceramic. The scaling relation of hysteresis area 〈A〉 against
frequency f , field amplitude E0, and stress σ for the minor loops takes the form of
〈A − Aσ=0〉 ∝ f −0.36 E4.03

0 σ 0.19, indicating the difference in the energy dissipation between the
stressed and stress-free conditions. While the scaling obtained is very similar to that of soft and
hard PZT ceramics, slightly faster responses to f and E0 indicate the ease of polarization
orientation in this ceramic with a simpler domain structure compared to commercial PZT
ceramics. However, the difference in mechanical properties of these materials could contribute
to a variation in the response to stress. While the E0 exponent obtained in this study agreed well
with that derived from the Monte Carlo simulation based on the Q-state planar Potts model, the
difference in the f exponent obtained experimentally and theoretically was attributed to the
depolarizing effects presented in the bulk ceramics.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Dynamic hysteresis characteristics have become an important
consideration because the hysteresis area 〈A〉 as a function
of the field amplitude E0 and frequency f presents
much information that is critical for many ferroelectric
applications [1, 2]. Theoretical studies have been carried out
to understand the dynamic response of hysteresis curves in
spin and polarization systems [3–7]. In particular, attention
is focused on power-law scaling

〈A〉 ∝ f m En
0 (1)

(where m and n are exponents that depend on the
dimensionality and symmetry of the system). Based on three-

1 Author to whom any correspondence should be addressed.

dimensional models, it has been suggested that m = 1/3
and n = 2/3 as f → 0, whereas m = −1 and n = 2
as f → ∞ [3, 5, 8]. Experimental investigations on a few
thin-film systems have also been reported with variation in the
scaling relations obtained [9–12]. On the contrary, there are
only a few reports on the hysteresis scaling behavior of bulk
ferroelectric ceramics [13–16].

Our previous investigations have already shown stress-
dependent scaling behaviors in commercial soft and hard
lead zirconate titanate (Pb(Zr, Ti)O3; PZT) ceramics [14, 15].
The results suggested that the scaling behavior depended
strongly on the dimensionality of the system, and also
suggested that the different states of domains existing in
the ceramics may play a key role in controlling the scaling
behavior. Unfortunately, it was too difficult to retrieve such

0953-8984/08/415202+05$30.00 © 2008 IOP Publishing Ltd Printed in the UK1

http://dx.doi.org/10.1088/0953-8984/20/41/415202
mailto:rattikornyimnirun@yahoo.com
http://stacks.iop.org/JPhysCM/20/415202


J. Phys.: Condens. Matter 20 (2008) 415202 R Yimnirun et al

information for the domain structures of commercial ceramics.
Therefore, this study was aimed at a ferroelectric material
with a distinct domain configuration. Previous works on
0.6Pb(Zr0.5Ti0.5)O3–0.4Pb(Zn1/3Nb2/3)O3 (0.6PZT–0.4PZT)
ceramics with rhombohedral structure have reported excellent
electrical properties suitable for various applications [17–20].
Due to its many potential applications and relatively simple
domain configuration, the 0.6PZT–0.4PZN ceramic was thus
chosen for this study. Practically, ferroelectric ceramics are
normally used under sub-coercive field conditions in most
applications; it is therefore of interest to obtain scaling
relations for such conditions. Interestingly, earlier works
showed that the scaling behavior of the minor and saturated
loops was significantly different [11, 12].

More importantly, in many applications the ceramic
specimens are often subjected to mechanical loading, either
from the design of the device itself or from operating
conditions which induce stresses [1, 21]. Therefore, prior
knowledge of how the material properties change under
different load conditions in materials is inevitably crucial
for the proper design of a device and for suitable selection
of materials for a specific application. In many previous
investigations the electrical properties of ceramics were found
to strongly depend on stresses (σ ) [22–26]. Since f , E0,
and σ have been reported to impose significant influence on
the dynamic hysteresis responses of ferroelectric ceramics, it
is therefore the major aim of this study to obtain the stress-
dependent scaling behavior of sub-coercive field dynamic
hysteresis in 0.6PZT–0.4PZN ceramic.

2. Experimental procedures

Disc-shaped samples of tetragonal structure 0.6PZT–0.4PZN
ceramic with a diameter of 10 mm and thickness of 1 mm were
used in this study. Details on the fabrication and characteri-
zation of this material can be found elsewhere [19, 20]. Its
basic properties are: dielectric constant (1 kHz) εr = 1616;
Curie temperature TC = 284 ◦C; piezoelectric strain con-
stants d33 = 457 pm V−1; planar coupling factor kp = 0.59;
mechanical quality factor Qm = 62; coercive field (10 Hz)
Ec = 12 kV cm−1. The dynamic hysteresis (P–E) loops
were characterized at room temperature (25 ◦C) by a modified
Sawyer–Tower circuit with f ranging from 2 to 100 Hz and E0

from 0 to 10.5 kV cm−1. The field was applied to a sample by
a high voltage AC amplifier (Trek 610D) with the input sinu-
soidal signal from a function generator (HP 3310A). The P–
E loops were recorded by a digital oscilloscope (HP 54645A,
100 MHz). A detailed description of this system is given else-
where [25]. Effects of the external stress on the dynamic hys-
teresis were investigated with the compressometer developed
for simultaneous applications of the mechanical stress and the
electric field [26]. The compressive stress, applied parallel to
the electric field direction, was supplied by the servohydraulic
load frame and monitored with the pressure gauge. The P–E
loops were recorded as a function of mechanical stress applied
discretely between 0 and 163 MPa for each applied field and
frequency. At each constant stress, the loop was obtained after
20 sampling cycles to average out the noise deformation.

3. Results and discussion

The hysteresis loops at different f but fixed E0 (10.5 kV cm−1)
and σ (27 MPa), at different E0 but fixed f (10 Hz) and σ

(27 MPa), and at different σ but fixed E0 (10.5 kV cm−1) and
f (10 Hz) are shown in figures 1(a), (b), and (c), respectively.
For a particular applied stress, as expected, the dependence
of the loop pattern and area 〈A〉 on f and E is remarkable.
At fixed E0, the loop area 〈A〉 and remnant polarization (Pr)
decrease with an increase of frequency, as shown in figure 1(a).
The dependence of the hysteresis loop on E0 is depicted in
figure 1(b). Similar observations have also been reported in
soft and hard PZT ceramics [27–29]. In addition, the P–E loop
area 〈A〉 is found to decrease steadily with increasing stress, as
reported in previous investigations [24–26].

To obtain suitable scaling relations, one can first follow
the suggested scaling law given in equation (1) to determine
exponents m and n directly from the experimental data. By
plotting 〈A〉 against f at fixed E0, one obtains the exponent
m. On the other hand, the exponent n can be obtained by
plotting 〈A〉 against E0 at fixed f . In conjunction with the
least-square-fitting method, the exponents m = −0.36 ± 0.03
and n = 4.03 ± 0.06 were obtained. As plotted in figure 2,
it is revealed that the experimental data can be fitted (with
R2 = 0.99), within the measured uncertainty, by

〈A〉 ∝ f −0.36 E4.03
0 . (2)

Here, the first interesting observation is that the minor-
loop scaling in PZN-modified PZT bulk ceramics is generally
similar to that of PZT thin film [5, 9], as well as that of
the minor loop of PZT bulk ceramics [13, 15]. This is
attributed to the fact that the main polarization orientation
mechanism in thin-films and in sub-coercive field conditions
for bulk ceramics is likely from the same reversible 180◦
domain rotation (which also occurs at a much faster rate than
the irreversible process), as the irreversible non-180◦ domain
switching normally accompanied by mechanical strain occurs
at a higher E-field [13, 15, 30–34]. More importantly, the
scaling relation obtained in equation (2) indicates that 〈A〉
decays slightly more quickly with f and grows faster with
E0 than in commercial soft PZT bulk ceramic with 〈A〉 ∝
f −0.33 E3

0 [13]. This indicates the ease of the polarization
orientation process in rhombohedral 0.6PZT–0.4PZN ceramics
that leads to faster polarization orientation kinetics, as
compared to complex domain structures of commercial PZT
bulk ceramics which require a higher energy barrier for the
polarization orientation process.

Considering the E0 exponent of 4.03, which is
approximately of the same order as that in PZT thin film [5, 9],
as well as those in minor loops of PZT bulk ceramics [13, 15],
the reversible domain wall vibration is also believed to play
an additional role in the dependence of hysteresis area on
E0 at a sub-coercive field. In the nucleation and growth
concept [5, 9, 35] domain reversal can be characterized
by simultaneous contributions from both the new domain
nucleation rate and the domain boundary motion velocity,
with the latter responding faster to the electric field [36, 37].
Since the reversible domain wall vibration makes a greater
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(a)

(b)

(c)

Figure 1. Hysteresis loops under sub-coercive field conditions for
0.6PZT–0.4PZN ceramic (a) at various f , E0 = 10.5 kV cm−1, and
σ = 27 MPa; (b) at various E0, f = 10 Hz, and σ = 27 MPa; and
(c) at various σ , f = 10 Hz, and E0 = 10.5 kV cm−1.

contribution to the dependence of hysteresis area with E0 in
sub-coercive conditions, the response to E0 occurs at much
faster rate than at a higher field amplitude. It should also be

Figure 2. Scaling of hysteresis area 〈A〉 against f −0.36E4.03
0 for

0.6PZT–0.4PZN ceramic under sub-coercive field conditions.

noted that the E0 exponent n = 4.03 agrees very well with
the n value of 4 obtained from the previous simulation study
using the Monte Carlo method based on the Q-state planar
Potts model [38].

In addition, the f exponent of −0.36 is smaller in
absolute value than that obtained theoretically from (�2)2

and (�2)3 models for non-saturated loops (exponent −1) [3].
The difference could be attributed to depolarizing effects
from space charges on grain boundaries, induced electric
field from interface layers, immobile defects etc [39], acting
as a buffer to the polarization-reversal mechanism in bulk
ceramics. As a result, the hysteresis area must show a relatively
weaker dependence on f than that of the theoretical models.
Furthermore, the value of the f exponent is believed to be
related to available domain states in the material, previously
proposed in our investigations [13, 14], or growth dimension in
the growth kinetics model proposed by Ishibashi and Orihara
based on the Kolmogorov–Avrami model [40, 41].

To investigate the scaling behavior under the effect of
applied stresses, the stress (σ ) term should be included, i.e.

〈A〉 ∝ f m En
0σ p. (3)

However, due to the increasing number of exponents, to
simplify the problem the validity of the scaling law 〈A〉(σ ) ∝
f −0.36 E4.03

0 is assumed for all applied stresses. Consequently,
the area 〈A〉 for each stress is plotted against f −0.36 E4.03

0 , as
shown in figure 3(a), and it can be seen from the least-square
linear fits that reasonably good linear relations can be found.
As a result, the condition of universality having m = −0.36
and n = 4.03 in 0.6PZT–0.4PZN bulk ceramic is confirmed.
Hence, 〈A〉 ∝ (a + bσ c) f −0.36 E4.03

0 may be written and by
substituting the fitted parameters, it is found that

〈A〉 − 〈Aσ=0〉 = 〈A − Aσ=0〉 ∝ f −0.36 E4.03
0 σ 0.19, (4)

where 〈Aσ=0〉 refers to the stress-free hysteresis area which
will be a dominant term for zero stress. The data-collapsing
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(a)

(b)

Figure 3. (a) Scaling of hysteresis area 〈A〉 against f −0.36E4.03
0 at

various σ . (b) The collapse of the scaling area 〈A − Aσ=0〉 against
f −0.36 E4.03

0 σ 0.19 on the same linear-line (with small fluctuation) for
0.6PZT–0.4PZN ceramic under sub-coercive field conditions.

of the scaling area from all f , E0, and σ was found to
confirm equation (4) as evident in figure 3(b). Note that
from the appearance of stress σ , 〈A − Aσ=0〉, referring
to the difference in energy dissipation between under-stress
and stress-free conditions, increases with increasing stress
suggesting a decay of 〈A〉 with σ at a rate of σ 0.19 as observed
in experiments. Therefore, the difference in the hysteresis
area between stressed and stress-free conditions scales with
frequency, field amplitude, and stress via the exponents m =
−0.36 ± 0.03, n = 4.03 ± 0.06, and p = 0.19 ± 0.03.

To understand the scaling relation obtained in equation (4),
at least qualitatively, one needs to consider the following
statements. Since the P–E loop area indicates the polarization
dissipation energy subjected to one full cycle of electric
field application, the loop area is therefore directly related
to the volume involved in the switching process during
the application of electric field [25, 26, 42]. When the

compressive stress is applied in the direction parallel to the
direction of the polar axis, the applied stress tends to keep
the ferroelectric domains aligned with their polar axes away
from the stress direction through the non-180◦ ferroelastic
domain switching processes. Therefore, it takes a larger
than usual applied electric field to reorient the domains
along the stress direction, resulting in lower values of the
saturation polarization. When the electric field is reduced to
zero the domains tend to rotate back away from the applied
compressive stress direction, resulting in a lower than usual
remnant polarization (Pr). Therefore, both the saturation
and remnant polarizations become lower with increasing
compressive stress, hence the coercivity is also lower [24–26].
The polarization dissipation energy is consequently found to
decrease with increasing applied stress, indicating that the
sample volume contributing to polarization reversal decreases
with increasing stress. Similar observations have also been
reported in other investigations [22–26, 43, 44].

Furthermore, it is noted that the stress term with
exponent p = 0.19 is noticeably different from that for
soft and hard PZT bulk ceramics with p = 0.44 and 0.37,
respectively [14, 15]. The difference could be attributed to a
variation of mechanical properties of these materials. While
no other stress-dependent scaling investigation is available for
a direct comparison, Viehland et al [45] reported a power law-
like relation between the hysteresis loss and the applied stress
in PMN-PT crystals. In addition, many of the theoretical
treatments to explain the stress effect on the hysteresis
behavior have been primarily based on constitutive models,
micro-mechanical and analytical approaches, thermodynamic
phenomenology, and Rayleigh law and Preisach model
approaches [46–56]. While these theoretical treatments are
useful in understanding hysteresis behavior in ferroelectric
materials under the application of stress, none of them derive a
direct relation between the hysteresis loss and the applied stress
in ferroelectric materials. It is also interesting to point out that
recent theoretical and experimental investigations have related
the stress dependence of the minor hysteresis loop parameters
to the dislocation density in ferromagnetic materials [57–60].
Further investigations, both theoretical and experimental, of
the stress-dependent scaling behavior are clearly needed as the
stress relations are useful in predicting the practical limitations
of devices when used under stress.

4. Conclusions

The scaling behavior of the sub-coercive field dynamic
ferroelectric hysteresis of rhombohedral 0.6PZT–0.4PZN bulk
ceramics under the effect of mechanical stress has been
investigated. The scaling relation for the minor loops takes
the form of 〈A − Aσ=0〉 ∝ f −0.36 E4.03

0 σ 0.19, indicating the
difference in the energy dissipation between the stressed and
stress-free conditions. While the scaling obtained is very
similar to that of soft and hard PZT ceramics, slightly faster
responses to f and E0 indicate the ease of polarization
orientation in this ceramic with a simpler domain structure
compared to commercial PZT ceramics. In addition, a
difference in the response to stress could be attributed to
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a variation in the mechanical properties of these materials.
Finally, the E0 exponent obtained in this study agrees well with
that derived from the Monte Carlo simulation based on the Q-
state planar Potts model. The difference in the f exponent
obtained experimentally and theoretically can be attributed to
the depolarizing effects presented in the bulk ceramics.
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[39] Bolten D, Böttger U and Waser R 2004 Appl. Phys. Lett.

84 2379
[40] Ishibashi Y and Orihara N 1995 Integr. Ferroelectr. 9 57
[41] Liu J M, Wang W M, Liu Z G, Chan H L and Choy C L 2002

Appl. Phys. A 75 507
[42] Lines M E and Glass A M 1977 Principles and Applications of

Ferroelectrics and Related Materials (Oxford: Clarendon)
[43] Kumazawa T, Kumagai Y, Miura H, Kitano M and

Kushida K 1998 Appl. Phys. Lett. 72 608
[44] Lu X, Zhu J, Li X, Zhang Z, Zhu X, Wu D, Yan F, Ding Y and

Wang Y 2000 Appl. Phys. Lett. 76 3103
[45] Veihland D, Ewart L, Powers J and Li J F 2001 J. Appl. Phys.

90 2479
[46] Damjanovic D 1997 J. Appl. Phys. 82 1788
[47] Landis C M 2004 Curr. Opin. Solid State Mater. Sci. 8 59
[48] Achuthan A and Sun C T 2005 J. Appl. Phys. 97 114103
[49] Kamlah M and Jiang Q 1999 Smart Mater. Struct. 8 441
[50] Li W F and Weng G J 2002 J. Appl. Phys. 91 3806
[51] Massad J E and Smith R C 2003 J. Intell. Mater. Syst. Struct.

14 455
[52] Meyer V, Sallese J M, Fazan P, Bard C and Pecheux F 2003

Solid State Electron. 47 1479
[53] Shieh J, Huber J E and Fleck N A 2003 Acta Mater. 51 6123
[54] Guillon O, Delobelle P, Thiebaud F, Walter V and

Perreux D 2004 Ferroelectrics 308 95
[55] Belov A Y and Kreher W S 2005 Mater. Sci. Eng. B 118 7
[56] Li L B, Lu X M, Chen Q D, Wu X M and Zhu J S 2008 J. Appl.

Phys. 103 034112
[57] Takahashi S, Zhang L, Kobayashi S, Kamada Y, Kikuchi H and

Ara K 2005 J. Appl. Phys. 98 033909
[58] Hu R, Soh A K, Zheng G P and Ni Y 2006 J. Magn. Magn.

Mater. 301 458
[59] Kobayashi S, Fujiwara T, Tsunoda M, Takahashi S, Kikuchi H,

Kamada Y, Ara K and Shishido T 2007 J. Magn. Magn.
Mater. 310 2638

[60] Takahashi S, Kobayashi S, Kamada Y and Shishido T 2008
J. Magn. Magn. Mater. 320 2056

5

http://dx.doi.org/10.1063/1.882324
http://dx.doi.org/10.1103/PhysRevB.42.856
http://dx.doi.org/10.1103/PhysRevB.52.6550
http://dx.doi.org/10.1063/1.1384894
http://dx.doi.org/10.1016/j.matlet.2006.03.159
http://dx.doi.org/10.1016/j.physb.2007.08.064
http://dx.doi.org/10.1103/PhysRevB.43.3373
http://dx.doi.org/10.1103/PhysRevB.65.014416
http://dx.doi.org/10.1063/1.1602580
http://dx.doi.org/10.1103/PhysRevB.55.R11933
http://dx.doi.org/10.1063/1.1591997
http://dx.doi.org/10.1063/1.2363143
http://dx.doi.org/10.1063/1.2403182
http://dx.doi.org/10.1063/1.2713769
http://dx.doi.org/10.1063/1.2713336
http://dx.doi.org/10.1016/S0167-577X(00)00031-8
http://dx.doi.org/10.1063/1.1421036
http://dx.doi.org/10.1557/JMR.2003.0402
http://dx.doi.org/10.1007/s10832-006-4927-2
http://dx.doi.org/10.1063/1.123053
http://dx.doi.org/10.1063/1.1335650
http://dx.doi.org/10.1016/j.jeurceramsoc.2004.01.016
http://dx.doi.org/10.1088/0022-3727/39/4/025
http://dx.doi.org/10.1007/s00339-005-3305-2
http://dx.doi.org/10.1080/00150199908226132
http://dx.doi.org/10.1088/0022-3727/34/22/312
http://dx.doi.org/10.1016/j.jeurceramsoc.2005.03.086
http://dx.doi.org/10.1063/1.2203750
http://dx.doi.org/10.1103/PhysRevLett.96.137602
http://dx.doi.org/10.1080/00150190701260918
http://dx.doi.org/10.1143/JJAP.43.7618
http://dx.doi.org/10.1146/annurev.matsci.36.090804.094613
http://dx.doi.org/10.1063/1.1729173
http://dx.doi.org/10.1016/j.ceramint.2003.12.142
http://dx.doi.org/10.1016/S0167-577X(01)00396-2
http://dx.doi.org/10.1063/1.1687455
http://dx.doi.org/10.1080/10584589508012906
http://dx.doi.org/10.1007/s003390101012
http://dx.doi.org/10.1063/1.120820
http://dx.doi.org/10.1063/1.126537
http://dx.doi.org/10.1063/1.1389480
http://dx.doi.org/10.1063/1.365981
http://dx.doi.org/10.1016/j.cossms.2004.03.010
http://dx.doi.org/10.1063/1.1925327
http://dx.doi.org/10.1088/0964-1726/8/4/302
http://dx.doi.org/10.1063/1.1448397
http://dx.doi.org/10.1177/1045389X03035235
http://dx.doi.org/10.1016/S0038-1101(03)00104-7
http://dx.doi.org/10.1016/S1359-6454(03)00432-4
http://dx.doi.org/10.1080/00150190490508882
http://dx.doi.org/10.1016/j.mseb.2004.12.057
http://dx.doi.org/10.1063/1.2840066
http://dx.doi.org/10.1063/1.1999853
http://dx.doi.org/10.1016/j.jmmm.2005.07.023
http://dx.doi.org/10.1016/j.jmmm.2006.11.055
http://dx.doi.org/10.1016/j.jmmm.2008.03.021

	1. Introduction
	2. Experimental procedures
	3. Results and discussion
	4. Conclusions
	Acknowledgments
	References

