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In this study, we investigated the scaling behavior of dynamic hysteresis with frequency f and electric field E in
epitaxial PbZrO3 antiferroelectric film on (111)-oriented SrTiO3 substrate. The scaling relation for the saturated
hysteresis loops takes the form of hysteresis area bAN ∝ f 0.03(E − 499)0.20 at relatively low testing f. However,
when frequency exceeds 30 Hz, the bAN shows stronger dependence on f while remains basically unchanged
relation with E, leading to a form of bAN ∝f 0.10(E − 499)0.20. The scaling behavior is modeled as occurring in a
viscous medium where several forces, such as viscous and restoring forces, act on the phase transition process.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Antiferroelectric (AFE) materials are promising candidates of great
current interest for future high-energy and fast-speed storage capaci-
tors, due to the field-forced phase transition into the ferroelectric state
accompanied by large charge storage [1–5]. Thin films of AFE and ferro-
electric (FE) materials are of particular interest due to their relevant
applications in connection with microelectronic devices [4,6]. More-
over, antiferroelectric films are believed to contain a much higher
energy density than their bulk counterparts because of their much
higher breakdown field [7,8].

The energy density that is recoverable after charging an electro-
ceramicmaterial in a capacitor structure canbe obtained fromhysteresis
loops by

W ¼
ZPr

Pmax

EdP upon dischargingð Þ ð1Þ

where E is the electric field, Pr and Pmax are the remanent polarization
and polarization at the highest field, respectively. Hence, the dynamic
hysteresis, i.e., hysteresis area bAN as a function of the field amplitude
E0 and frequency f, has become an important consideration [9–11].
Indeed, the material devices are often required to operate under condi-
tions of varying frequencies and electric field in practical applications.
Therefore, a prior knowledge of how the material properties change
under different operating conditions and establishment of their scaling

relation is considerably crucial for the selection of a suitable working
condition and the design of a proper energy-storage device. Many
theoretical studies have been focused on scaling law bAN ∝ fαE0

β

(where α and β are exponents that depend on the dimensionality and
symmetry of the system) of hysteresis curves in polarization systems.
In the realm of antiferroelectric, Kim et al. [12] observed the f- and
E0-dependence of the dynamic hysteresis in a AFE betaine phosphate-
arsenate (BP0.9A0.1) crystal, and found two scaling relations of hysteresis
area bAN against f and E0 at frequency below 200 Hz, i.e.,

bA N ∝ f 0:40 E−Ecð Þ0:50 for saturated loops ð2Þ

bA N ∝ f 0:28 E−Ecð Þ2:12 for minor loops ð3Þ

where Ec is the threshold field for the AFE–FE phase transition.
PbZrO3-based AFE materials are the most studied and promising

perovskite AFE materials for energy storage applications. For exam-
ple, it was reported that a remarkable energy storage density of
14.9 J/cm3 was obtained in 700-nm-thick La-modified PbZrO3 AFE
films [7]. Even higher energy densities of 65 and 56 J/cm3 have
been obtained very recently, in Pb0.92La0.08(Zr0.95Ti0.05)O3 and
Pb0.97La0.02(Zr0.55Sn0.40Ti0.05)O3 AFE films, respectively [3,13].
Among various perovskite AFE materials, lead zirconate PbZrO3

was the first compound that was identified as an antiferroelectric
and its behavior is representative of any perovskite AFE. In our previ-
ous study, we reported scaling behavior of energy density with f in
PbZrO3-based AFE films [9]. However, there has been no report on
the scaling studies of AFE hysteresis area in thin films. Thus, we pres-
ent in this paper the results on the scaling behavior of the dynamic
hysteresis of epitaxial PbZrO3 thin film.
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2. Experimental details

A LaNiO3 (LNO) bottom electrode was firstly deposited on single
crystal (111) SrTiO3 substrates at 450 °C and 1 Pa of 20% oxygen and
80% argon via radio frequency (RF) magnetron sputtering. ~300-nm-
thick PbZrO3 films were then grown by off-axis RF magnetron
sputtering using a 3-inch-diameter PbZrO3 target made by uniaxial
pressed mixed PbO and ZrO2 powders in stoichiometric composition.
The films were deposited on unheated substrate plate under the total
pressure of 1 Pa (100% argon), with an RF-power of 1.32 W/cm2 and
the target–substrate distance is 60 mm. These growth conditions
yielded a deposition rate of about 570 Å/h for the PbZrO3 layer. The
as-deposited films were amorphous and a post annealing treatment
under air atmosphere at 625 °C was performed to crystallize the films
into the perovskite phase. The structure and phase purity of the films
were checked using Rigaku SmartLab high resolution X-ray diffractom-
eter (HRXRD) equipped with a 9 kW rotating anode X-ray generator
(lambda Kα1 = 1.54059 nm). The X-ray beam was made parallel with
crossbeam optics and was monochromatized with a double Ge (220)
monochromator. Epitaxial relation with substrate was confirmed
by XRD φ scan. (Details of the structure information can be found
elsewhere [14].) In order to make the electric experiments, LNO top
electrode (diameter of ~140 μm) was deposited by RF magnetron
sputtering at RT through a photolithography process. After, the samples
were annealed at 450 °C for 1 h to improve the electric conductivity.We
deposited six samples in one sputtering usingmultiple base plates. Then
wemeasured approximately 5 electrodeswhichwere all in the center of
sample for each film. The averaged data are presented in this paper. P–E
hysteresis loops and switching current curves were measured using
aixACCT TF Analyzer 2000 (aixACCT Systems GmbH; Dennewartstrasse,
Aachen, Germany). The f covered from 5 to 2000 Hz and E ranged from
667 to 778 kV/cm. The measurements started at low frequencies and
low fields, and continued by increasing the frequency and the field
amplitude.

3. Results and discussion

The saturated polarization–electric field (P–E) loop and its corre-
sponding current (I)–electric field (E) curve at 704 kV/cm and 50 Hz
are illustrated in Fig. 1. The film exhibits the AFE nature with a typical
double hysteresis loops and four current peaks. The saturated polariza-
tion (Ps) reaches ~43 μC/cm2 while the remanent polarization (Pr) is
near zero with a small value around 2 μC/cm2. The first two current
peaks of the I–E curve, which correspond to the forward switching
field EAF and the backward switching field EFA, can be interpreted as

AFE–FE and FE–AFE switching fields, respectively. According to the I–E
curve, the values of EAF and EFA are determined to be 499 kV/cm and
337 kV/cm, respectively.

The hysteresis loops of PbZrO3 films at various E and f are shown in
Fig. 2. The hysteresis area bAN increases a little bit with the increase of
frequency. The dependence of hysteresis loops on E is depicted by
comparing loops in different figures. The lowest electric field is set
deliberately high enough to avoid the antiferroelectric region, which
ensures that the well saturated loops are achieved.

To investigate the scaling behavior, we followed the scaling relations
of Eqs. (2) and (3) and fitted these data of double loops with bAN ∝ f
α(E − EAF) β. To obtain the suitable scaling relation for our film, the
E-term exponent β is obtained by plotting bAN against (E0 − EAF) at
10 Hz. Similarly, the f-term exponent α is obtained by plotting bAN
against f at fixed field of 667 kV/cm. The data are shown in Fig. 3(a)
and the solid line represents a fitting in terms of

bA N ∝ f 0:03 E−499ð Þ0:20 ð4Þ

Clearly, large deviation observed implies that such scaling relation
is not applicable to our films. However, a closer look shows that the
low f-term data can be reasonable fitted (with R2 N 0.99). As the f
continues to increase, the data deviate from the relation gradually
with a higher slope. It is possible that a different scaling behavior
might be established for the higher f-field region, as reported in previ-
ous investigations [11,15].

Here, it should be worthwhile to compare our result with the
scaling relations of ferroelectric films. It was reported that a scaling
relation as bAN ∝ fαE0

β was found in Pb(Zr0.52Ti0.48)O3 (PZT) ferro-
electric thin film at f higher than 10 Hz at which α and β are −1/3
and 1, respectively [16,17]. Similar phenomena have also been
observed in Pb0.9Ba0.1(Zr0.52Ti0.48)O3 ferroelectric thin film in
which α and β are −0.2 and 2.2, respectively [18]. Clearly, there
are large differences in scaling relation between AFE and FE films. It
can be seen that the f term of our epitaxial PbZrO3 film shows an expo-
nent of 0.03, which is much smaller in absolute value than that of PZT
ferroelectric films. To explain the difference, one may need to consider
the influence of domain structures on the dynamic hysteresis and scal-
ing behavior. For idea AFE material, the bAN is zero at the region of AFE
phase. When electric field excesses the critical point EAF, the AFE–FE
phase transition occurs. This accompanies with the formation and
growth of FE domains. However, it's worth noting that our electric
field E is set above 667 kV/cm, which is about 1.3 time of EAF. This
implies that the E we applied here is high enough to saturate the
loops and this can be confirmed by our experiment results with very
sharp ending of loops shown in Fig. 2. In such situation, most of the
available domains have been switched and the polarization switching
is considered to be governed by the irreversible domains. Therefore,
lower exponents for the E and f term are expected from our AFE films.
In contrast, we find in other papers which report minus f exponents,
that the hysteresis loop is not well saturated at some frequencies. Inter-
estingly, similar relations are reported in Pb(Zr,Ti)O3 ferroelectric
ceramics where E is high enough; hence loops are well saturated, of
which α and β are 0.01 and 0.10, respectively [19].

Returning to the observation of Fig. 3(a), there are actually two
slopes—one at low frequency f and a different slope at relatively high
frequency f (at different E fields). We fit the data with a higher α in
terms of:

bA N ∝ f 0:10 E−499ð Þ0:20 ð5Þ

as shown in Fig. 3(b). It is therefore important to explain the fundamen-
tal nature of different slopes with f. Firstly, we may interpret EAF by the
mechanical consideration as an effective field necessary to overcome
restoring force (FR) (turning back to AFE phases) and viscous force
(FV) in domainwall motions [15]. Fig. 4(a) and (b) shows schematically,

Fig. 1. (color online) Double hysteresis loop and corresponding current curve of PbZrO3

films at ~700 kV/cm and 50 Hz.
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