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In this work, the frequency dependence of ferroelectric and electrocaloric properties in barium titanate-based ceramics was studied
based on Maxwell relations. It is found that the maximum and remnant polarization will decrease while the coercive field increases a
lot with rising frequency from 0.1 to 10 Hz, indicating that polarization rotation and domain switching become difficult at high
frequencies. The electrocaloric properties show the different frequency dependence at different phase structures. Isothermal entropy
change (AS) and adiabatic temperature change (AT) are similar around/above Curie temperature (7¢), showing tiny frequency
dependence. However, AS and AT display the obvious frequency dependence below T, especially in the orthorhombic—tetragonal
phase-transition region with a stable ferroelectric phase, and this frequency dependence becomes more obvious under a low-electric
field. It is also found that increasing the frequency can weaken the electric field dependence of electrocaloric strength. This work
gives a general profile of frequency dependence for electrocaloric properties in ferroelectric ceramics.
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1. Introduction

The electrocaloric effect represents a phenomenon of temper-
ature change or entropy change induced by the change of
polar order parameters by applying an external electric field in
a polar material.'™* The high electrocaloric effect is usually
obtained in ferroelectric materials due to the presence of nu-
merous spontaneous polarizations within the ferroelectrics.”™
Based on the electrocaloric effect of ferroelectrics, the elec-
trocaloric cooling technology can be developed, which shows
the merits of high energy efficiency, weak greenhouse effect
and capability on device miniaturization and this can be
applied as the next-generation environmental-friendly cooling
technology.” Based on the Maxwell relation, (OP/0T)y =
(0S/OE), the phenomenological expressions of the electro-
caloric effect can be obtained'*!?:
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where AT is the adiabatic temperature change and AS is the
isothermal entropy change, T is the measured temperature, E;
and E, are, respectively, the initial and ultimate electric field,

P is the electric filed-induced polarization, p is the density and
C is the heat capacity per mass. According to the above
expressions, the highest electrocaloric response is usually
obtained in the phase-transition temperature due to the most
rapid polarization change near the phase transition.'?

The ferroelectric bulk ceramics can be easily prepared and
can achieve high refrigeration volume, thus attracting the
main attention in recent studies. Barium titanate (BaTiOs;,
BT)-based ceramics are lead-free ferroelectric materials,
which possess a high polarization and a relatively low Curie
temperature (7¢), thus the enhanced electrocaloric properties
can be easily achieved after shifting the 7 to room temper-
ature through chemical modification, such as A- or B-site
ions doping and defects regulation.'*! Therefore, BT-based
ferroelectric ceramics is one of the most studied electrocaloric
materials currently. Based on Egs. (1) and (2), the electro-
caloric properties (AT and AS) can be calculated according
to a series of ferroelectric measurements to obtain the polar-
ization change rate, (OP/OT)g. That is, the ferroelectric per-
formance and its evolution show a significant influence on
the electrocaloric property. On the other hand, the measure-
ment frequency of the driving electric field can affect the
ferroelectric performance due to the different behavior of
polarization rotation and domain switching at different fre-
quencies.”> Therefore, different behaviors of ferroelectric
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performance at different frequencies mean that different elec-
trocaloric responses will be observed at different excited fre-
quencies. Nowadays, the electrocaloric properties can be
acquired by the direct method based on self-made and non-
standardized instruments or by the indirect method based on
Maxwell relations [Egs. (1) and (2)].>* Thus, before the de-
velopment of standardized electrocaloric measuring instru-
ments and the actual applications of electrocaloric cooling
technology, the frequency dependence of electrocaloric prop-
erties based on Maxwell relations needs to be investigated.

In this work, the frequency-dependent ferroelectric and
electrocaloric properties near/above room temperature are
studied based on Maxwell relations. Zr** is a typical ion that
can effectively shift the low-temperature phase transitions of
BT ceramic to high temperature, meanwhile 7. will be
shifted to low temperature. Less Zr** doping cannot shift
low-temperature phase transitions to surpass room tempera-
ture, while more Zr** doping will lead to the merging phe-
nomenon between different phase transitions. Therefore, 8%
Zr**+-doped BT-based ceramic is selected as the paradigm
since the general phase structures and phase transitions of BT
ceramic can be clearly observed in this composition above
room temperature.'* Therefore, the frequency dependence of
ferroelectric and electrocaloric properties can be investigated
and compared among different phase structures. A series of
ferroelectric hysteresis loops are measured at different fre-
quencies of 0.1-10 Hz, and then the evolution behavior and
frequency dependence of ferroelectric parameters and elec-
trocaloric performances are analyzed, and the differences of
these frequency dependences under different electric fields
are also compared. It is found that a higher electrocaloric
property is present in low frequency, and the electrocaloric
properties and ferroelectric polarization gradually decrease
with increasing frequency due to more difficult polarization
rotation and domain switching under high frequency, espe-
cially in the phase-structure state with stable ferroelectric
phases.

2. Experimental Section

The BaCOj; (0.99), ZrO, (0.99) and TiO, (0.98) were pur-
chased (Sinopharm Chemical Reagent Co., Ltd) and used as
raw materials to prepare Ba(Tij¢,Zrj(3)O; ceramic via the
conventional solid-state method. The mixed raw materials were
calcined at 1240°C for 3 h and then were pressed into disks of
1 mm thickness and 10 mm diameter under ~ 100 MPa using
the binder of 8 wt.% polyvinyl alcohol (PVA). After burning
out PVA at 800°C, the green pellets were sintered at 1360°C
for 3 h. The sintered ceramics were coated with silver paint on
the whole upper and bottom surfaces and kept at 550°C
(10 min) to obtain the silver electrodes.

The phase structure was analyzed using the temperature-
dependent dielectric constant (¢,—7) and dielectric loss (tan
0-T) curves via a dielectric meter (TH2816A, China) and
X-ray diffraction (XRD) analysis with Cu Ka radiation
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(Rigaku Ultima III, Rigaku Corporation, Japan). The ¢,-T
and tan 0T curves were measured from —50 to 150°C and
from 100Hz to 100kHz using the silver-plated ceramics.
The heat capacity was measured by a differential scanning
calorimeter (DSC214, Netzsch). Temperature, frequency and
electric field dependence ferroelectric hysteresis (P—E) loops
were measured via a ferroelectric tester (TF Analyzer 2000E,
aixACCT Systems GmbH, Germany). The P-E loops were
measured from room temperature to 140°C at 0.1-10 Hz and
2.5-20kV/cm using the silver-plated ceramics. The electro-
caloric properties were calculated based on the measured
ferroelectric results and Maxwell relations.

3. Results and Discussion

Figure 1(a) shows the ¢,—T and tan J-T curves at different
frequencies of Ba(Tijg,Zr(3)O5 ceramic, displaying the
room-temperature phase structure and the transition of phase
structure when the temperature is elevated. The phase tran-
sition temperatures from ferroelectric rhombohedral (R)
phase to orthorhombic (O) phase (Ty_p), subsequently to
tetragonal (7) phase (Tp_r), and finally to paraelectric cubic
(C) phase (T) are found to be ~ 44°C, ~ 68°C and ~ 99°C.
Compared to pure BT ceramic,? these three phase-transition
temperatures have been shifted toward above the room tem-
perature and get closer to each other after introducing 8%

R f0: T c (o4
[y T LTT I R
1 kHz : : I 10.3
12kj10KkHz ¢ o
W 100 kHz E : : lgoc
6k i 0T iTe 8
. - ' H
e U 0.1
D= 0
0 _ 5 16 150
Temperature (°C)
(a)
Vv Ba,TiO, -0.493
- 3
> = & e
S 2 = | ! !
= Sk 0 8q . 100 15+
[ AN
93 ==Y SIS
Elg ke | 8t 55
A H e 2 3 Q I&
1 v M H N g M '
20 30 40 .50 60 70
26 ()
(b)

Fig. 1. (@) ¢, —T and tan 6 — T curves of Ba(Tigg,Zr03)03
ceramic under different frequencies. (b) XRD pattern of Ba
(Tip.92Zr 03)O3 ceramic, and the inset shows the heat capacity (C,)
curve.
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Zr*t into BT ceramic. Therefore, the general phase structures
and phase transitions of BT ceramic are present in this
ceramic over room temperature. Figure 1(b) shows the room-
temperature XRD pattern and heat capacity (C,) curve of Ba
(Tig.g9p 71 03)O3 ceramic. Similar phase transitions can be
observed in the heat capacity curve. The perovskite structure
is present in this ceramic, indicating the introduced Zr*+ is
well-doped into the BT matrix. It can be observed that a little
secondary phase (Ba,TiO4) is found in the XRD pattern,
which should result from the regional heterogeneous reaction
within ceramic in the preparation process of the conventional
solid-state method.'” In addition, the density of this ceramic
is about 5.75 g/cm?.

To investigate the frequency-dependent ferroelectric and
electrocaloric properties in BT-based ceramics, the ferro-
electric P-E loops are measured under different electric
fields, temperatures and frequencies. The measuring electric
field of the triangular waveform is employed, then the dif-
ferent triangular waveforms with different electric fields and
loading periods (frequencies) are set to obtain various P-E
loops,?? as shown in Fig. 2(a). Figure 2(b) displays the room-
temperature P—-E loops measured from 2.5 to 20kV/cm. It
can be seen that the P—E loop gradually becomes a saturation
shape when an electric field is elevated, indicating that the
domain switching becomes sufficient under a high electric
field. Figure 2(c) presents the evolution of maximum polar-
ization (Pp,,), remnant polarization (P,) and coercive field
(E.) at room temperature. By raising the electric field, these
three ferroelectric parameters increase fast in the low-electric
field range and then display a slow increasing rate. Specifi-
cally, P,,,. quickly increases from 11.90 to 18.85 uC/cm?
when the electric field is elevated from 2.5 to 7.5kV/cm,
and then slowly increases to 21.72 uC/cm® while raising
the electric field to 20kV/cm. In this process, P, quickly
increases from 9.61 to 13.86, then slowly increases to
15.30 uC/cm? and E, quickly increases from 1.20 + 0.08 to
1.71 £ 0.18 then slowly increases to 2.02 + 0.25 kV/cm.

Figures 3(a) and 3(b) show the room-temperature P-E
loops measured from 0.1 to 10 Hz under a low electric field of
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2.5kV/cm and a relatively high electric field of 10kV/cm,
respectively. It can be seen that the measuring frequency
shows an obvious effect on the ferroelectric P—E loops no
matter whether the driving electric field is low or high. The
relatively square P—FE loops are observed at a low frequency.
With increasing frequency, the P—E loops gradually become
compressed, with the reduction in P,,, and P, and the in-
crease in E,.. This result indicates that the ferroelectric domain
of BT-based ceramics can be easily switched under a low-
frequency electric field driving. When the frequency of the
driving electric field is elevated, the domain switching will
become difficult and thus the obtained macroscopic
polarization will decrease.”>?® For example, as shown in
Fig. 3(c), when the frequency of driving electric field
(10kV/cm) increases from 0.1 to 10 Hz, P,,,, decreases from
19.98 to 19.03 uClem?® for Ba(Tiy¢yZry03)05 ceramic, P,
decreases from 14.53 to 12.90 uC/cm? and E, increases from
1.47 £ 0.14 to 2.01 £ 0.23kV/cm. On the other hand, the
change rate of P, P, and E, is different under different
electric fields. As shown in Fig. 3(d), the decrease rate of P,
and P, under a low-electric field (2.5kV/cm) is much faster
than that under a high-electric field (10 kV/cm), while the in-
crease rate of E,. under a low-electric field is much slower than
that under a high-electric field. This phenomenon indicates that
the frequency influence on P, and P, is obvious under a
low-electric field, while this influence can be weakened by
increasing the driving electric field. Besides, the frequency
influence on E,. and the difficulty of domain switching is small
under a low-electric field, while this influence becomes more
obvious if the driving electric field is elevated. In addition,
when the frequency is below 1 Hz, the change rate of P, P,
and E, is quite large, while the change rate becomes small
when the frequency is over 1 Hz. This result demonstrates that
the frequency change in a low-frequency range (< 1Hz)
shows a significant influence on domain switching and ferro-
electric properties of BT-based ceramics, while the frequency
dependence will become small in the high-frequency range.
Figures 4(a)-4(c) display the P—E loops as a function
of temperature under 5kV/cm and different frequencies of
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Fig. 2. (a) Schematic showing the triangular waveform of applied electric field for ferroelectric P—E loops measurement. (b) Electric field
dependence of room-temperature P—E loops for Ba(Ti 9,Zr( o3)O3 ceramic from 2.5 to 20kV/cm. (c) Evolution of P, P, and E_ for Ba

(Tig 9 Zr 03)O3 ceramic with increasing electric field.
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Fig. 3. Frequency dependence of P—E loops for Ba(Tij ¢,Zr( 03)O3 ceramic measured from 0.1 to 10 Hz under (a) 2.5kV/cm and (b) 10kV/
cm. Evolution of (¢) P, P, and E,. with increasing measuring frequencies. (d) Variation rate of P,,, P, and E, with increasing measuring
frequencies from 0.1 to 10 Hz.
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Fig. 5. (a) Electric field dependence of polarization variation rate against temperature ((6P/0T)g) (1 Hz) for Ba(Tigg,Zr( 0g)O3 ceramic at
different temperatures. (b)—(f) Evolution of temperature-dependent (0P/0T); among 0.1, 1 and 10 Hz for Ba(Tij ¢,Zr(03)O3 ceramic under

different electric fields.

0.1, 1 and 10Hz for Ba(Tiy¢,Zrg03)O3 ceramic. The low-
temperature P—E loop shows a square shape with high P,
and P, and a large E.. No matter if the frequency is low or
high, the P-E loops all become slim with increasing tem-
perature, showing a decreased P,,,,, P, and E.. The evolution
of P (2.5-10kV/cm) and P, (10kV/cm) from 30°C to
140°C is present in Figs. 4(d) and 4(e). It can be seen that the
P« and P, at 0.1 Hz are higher than the P,,, and P, at 1 Hz
and 10Hz for all the temperatures. All the P, and P,
present a much quicker decrease rate at the phase-transition
temperature of Tp_7 and T, and the decrease rate at 0.1 Hz is
also faster than the decrease rate at 1 Hz and 10 Hz. For ex-
ample, under 5kV/cm and 0.1 Hz, P, first decreases from
17.59 to 15.36 uC/cm” when temperature is elevated from
30°C to 65°C, then fast decreases from 14.80 to 10.98 uC/
cm? when temperature is elevated from 68 (T,_7) to 90°C
(closing to T phase transition peak), and finally decrease
more quickly from 10.54 to 2.14 uC/cm® when the temper-
ature gets through T~ peak and is elevated to 140°C. Simi-
larly, for 1 Hz, the evolution of P, is from 16.59 to 14.70,
then from 14.18 to 10.61, and finally from 10.18 to 1.85 uC/
cm?. For 10 Hz, the evolution of P,,, is from 15.63 to 14.03,
then from 13.45 to 10.25, and finally from 9.86 to 1.81 uC/
cm?. However, the decreased tendency of P,,,, among phase
transition temperature gradually becomes weak under a high
electric field, which should result from the electric field-
induced polarization under a high electric field.?’

The electrocaloric effect is directly dependent on the
change rate of polarization with temperature, that is the
(OP/OT ). Based on the results in Figs. 4(d) and 4(e),

the evolution (OP/OT)g as a function of electric field, tem-
perature and frequency can be obtained, as shown in Fig. 5.
Figure 5(a) gives the temperature-dependent (OP/OT)p of
Ba(Ti 9,21 03)O3 ceramic under different electric fields at
1 Hz. It can be seen that all the (OP/OT); are negative values
because of the depolarization behavior with temperature in-
creasing for BT-based ceramics. The peak (OP/OT)g is
obtained near the phase-transition temperature of 7,_r and
T due to the quick polarization change around phase tran-
sitions. In addition, (6P/0T)r becomes small and slightly
shifts to high temperature with increasing electric field.
This is because the depolarization process around the phase-
transition region will be retarded due to the polarization
compensation derived from electric field-induced polarization
under a high electric field.>”-*® Figures 5(b)-5(f) show the
comparison of (OP/OT ) at different frequencies under dif-
ferent electric fields. It can be seen that (OP/OT ) shows the
obvious frequency dependence, especially among the low-
temperature region (below T peak). In the low-temperature
single-phase and phase-transition regions, the absolute value
of (OP/OT)g all decreases with the frequency improvement.
However, this frequency dependence becomes small in the
relatively high-temperature region, except at the 7. point
where the (OP/OT ) also displays a little frequency depen-
dence. This phenomenon indicates that the faster polarization
change can be achieved at a low frequency, while the high
frequency shows a negative effect on the polarization change
for the low-temperature region with stable ferroelectric
structure. In addition, this frequency dependence gradually
becomes weak with increasing electric field, indicating that
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10kV/cm. Comparison of AS at the temperature point of Tp_7 and T- among 0.1, 1 and 10 Hz under (c) 2.5 and (d) 10kV/cm.

the high-electric field can weaken the frequency effect on the
polarization change rate.

According to the Maxwell relations [Egs. (1) and (2)], the
electrocaloric isothermal entropy change (AS) and adiabatic
temperature change (AT) can be obtained. Figures 6(a)
and 6(b) compare AS among 0.1, 1 and 10 Hz under a low or
high-electric field. It is clear that all the AS are negative
values. This is because the disorder polarization vectors
of ferroelectrics become ordered after applying the electric
field.'” The peak AS value is obtained near the T, where
the most rapid polarization change contributes to the highest
electrocaloric response. Importantly, AS is similar around T
peak and above T, showing tiny frequency dependence that
AS slightly decreases with rising frequency. However, the
obvious frequency dependence is observed below the T,
peak, especially in the T,_r phase-transition region, and this
frequency dependence is more obvious under a low-electric
field. According to the above results, the frequency depen-
dence of AS should result from the frequency-dependent
domain switching with a relatively stable ferroelectric struc-
ture in the low-temperature region.”’ Especially, the signifi-
cant frequency dependence of AS is observed at T;_r due to
the relatively high isothermal entropy change displays near
To_7. As shown in Figs. 6(c) and 6(d), the AS values at T
show a tiny decrease with increasing frequency under a low
or a high-electric field. However, the AS values at T;_; show
an obvious decrease with increasing frequency no matter
whether the electric field is low or high. With increasing
frequency from 0.1 to 1 then to 10Hz, AS decreases from
0.116 to 0.097 then to 0.082J/(kg-K) under 2.5kV/cm and
AS decreases from 0.344 to 0.306 then to 0.277 J/(kg-K)
under 10kV/cm.

Figure 7(a) shows the AT evolution with changing tem-
perature and electric field at 1 Hz for Ba(Tig 9,Zr 03)O3 ce-
ramic. A small AT displays in the single-phase region under
a low-electric field, while the increase in AT is present in the
phase-transition region (Tp_7 and T-) with an increasing
electric field. The maximum AT is obtained near the T,
which increases from 0.38 to 0.61, then to 0.83 and 1.02K
when the electric field is elevated from 10 to 20, then to 30

and 40 kV/cm, respectively. On the other hand, electrocaloric
AT also shows frequency dependence in the low-temperature
range similar to AS. As shown in Figs. 7(b)-7(e), AT is
similar around T peak and above T, displaying the weak
frequency dependence. Nevertheless, AT below the T peak
presents the obvious frequency dependence, especially
around T,,_; where the metastable phase structure and rela-
tively high electrocaloric properties are shown, and the more
obvious frequency dependence is also observed under a low-
electric field. The significant frequency dependence of
domain switching in the stable ferroelectric region should
also contribute to this phenomenon.?® Figure 7(f) shows the
comparison of maximum AT values (10kV/cm) at T_r and
T with increasing frequency from 0.1 to 1 then to 10 Hz. The
maximum AT at Tc shows a small change from 0.390 to
0.383 and then to 0.377 K. In comparison, the maximum AT
at Tp_7 shows an obvious reduction from 0.254 to 0.225 and
then to 0.204 K, indicating that the frequency exhibits a
significant influence on electrocaloric properties, and a higher
AT can be obtained under a low frequency, especially in the
temperature region below 7.

The electrocaloric strength AT/AE is another important
electrocaloric parameter, which represents the intensity of
electrocaloric response under a unit electric field. Figures 8(a)—
8(c) show the evolution of AT/AE with temperature and
electric field variation at 0.1, 1 and 10Hz. An enhanced
AT/AE is also obtained in the phase-transition region (To_z
and T.), while the maximum AT/AE is achieved under a
low-electric field and AT/AE becomes small when the
electric field is elected. This change tendency is opposite to
the variation of AT.?° This phenomenon indicates that the
highest unit electrocaloric response is present at a low-
electric field, which results from the most entropy change
and fastest polarization change rate in the beginning process
of domain switching by applying an electric field (Fig. 5).
However, this electric field dependence becomes small after
increasing the frequency. On the other hand, AT/AE still
shows the obvious frequency dependence in the low-
temperature range and a tiny frequency dependence at T,
and this frequency dependence gradually becomes small
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Fig. 7. (a) Electric field dependence of electrocaloric AT (1 Hz) based on Maxwell relations for Ba(Tijg,Zr, 3)O3 ceramic at different
temperatures. (b)—(e) Evolution of AT among 0.1, 1 and 10 Hz under different electric fields. (f) Comparison of AT at the temperature point of
To_7 and T among 0.1, 1 and 10 Hz under 10kV/cm.

with increasing electric field, as shown in Figs. 8(d) and 8(e). 0.045-0.046 K-mm/kV, while AT/AE at T,_; displays
Figure 8(f) exhibits the comparison of AT/AE (2.5kV/cm) a decreasing tendency from 0.034 to 0.029 than to
at Tp_7 and T with increasing frequency from 0.1 to 1 then 0.024 K-mm/kV, indicating that a higher AT/AE can be
to 10Hz. AT/AE at T, shows a slight variation around obtained under a low frequency.
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Fig. 8. Electric field and temperature dependence of electrocaloric strength AT/AE for Ba(Tiy ¢,Zr, ¢3)O5 ceramic at (a) 0.1, (b) 1 and
(c) 10Hz. (d) and (e) Evolution of AT/AE among 0.1, 1 and 10 Hz under a low and a high electric field. (f) Comparison of AT/AE at the
temperature point of T,_r and T among 0.1, 1 and 10 Hz under 2.5 kV/cm.

2440008-7



W. Shu et al.

4. Conclusions

In this study, the frequency dependence of electrocaloric
properties is systemically investigated based on the Maxwell
relations and a paradigmatic BT-based ferroelectric ceramic.
The electrocaloric parameters of AS, AT and AT/AE are all
found to show obvious frequency dependence, especially in
the temperature range below the T~ peak. This is because the
measuring frequency shows a significant influence on the
domain switching and ferroelectric performance. However,
the frequency dependence of electrocaloric properties will
become small when increasing the electric field and around
Tc peak and above T¢. On the other hand, increasing the
measuring frequency can weaken the electric field depen-
dence of electrocaloric strength. This work gives significant
guidance for further deep study of electrocaloric properties
and the applications of electrocaloric cooling technology.
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