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In materials science, intentional doping has been widely used to improve the properties of a variety
of materials. However, such an approach is not yet exploited in the fast-growing field of electrocaloric
materials, which represent a serious alternative for next-generation cooling systems. Here we demonstrate
with Bag¢Sro.1Hfy 1 Tip9O3, an ecofriendly ferroelectric material, that doping with 2% of Cu introduces
defect dipoles into the ferroelectric matrix and results in (i) enhancement of the adiabatic temperature
change AT by up to 54% while maintaining performance after a large number (up to 10*) of electric field
cycles, (ii) suppression of the parasitic irreversibility of AT between on-field and off -field states, and
(iii) an alternative design of refrigeration cycle with a prepoled sample, allowing a two-field-step process
showing both conventional (AT > 0) and inverse (AT < 0) responses when the field is sequentially var-
ied. We also demonstrate that doping significantly increases the energy storage density (by up to 72%).
The defect engineering approach therefore offers a path for designing ferroelectrics with improved elec-
trocaloric performances. Beyond ferroelectrics, this strategy could also be promising in other solid-state

caloric materials (magnetocalorics, elastocalorics, etc.).
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I. INTRODUCTION

During the past decade, electrocaloric (EC) materials
have been identified as a serious ecofriendly alternative for
solid-state refrigeration technologies to replace hazardous
gases used in traditional vapor-compression cooling [1,2].
The electrocaloric effect (ECE) describes the adiabatic
temperature change AT or isothermal entropy change AS
when an external electric field is applied or withdrawn [3].
In ferroelectric materials, strong EC responses are typically
obtained in the vicinity of the Curie temperature 7cyic, the
paraelectric to ferroelectric phase transition [2]. In order to
enhance the ECE, great efforts have been put into explor-
ing EC materials and EC concepts and devices [1—12].
Meanwhile, theoretical studies and modeling have been
carried out to better understand the physical mechanisms
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involved in the ECE and to guide experimentalists [13—16].
Very recently, the influence of different kinds of nonpolar
and polar defects on the ECE was studied using molecu-
lar dynamics simulations [15]. Such defects enhance the
EC temperature span while keeping a large EC response.
Further calculations [16,17] have shown that both a con-
ventional (or positive, i.e., AT > 0 when the electric field
E #0) and inverse (or negative, i.e., AT <0 when E # 0)
ECE could be achieved in BaTiO; ferroelectric samples
with antiparallel defect dipoles by tuning the density of
defects and the external or internal electric field. Interest-
ingly, defect engineering (e.g., by chemical doping) has
already been shown to be an efficient route for tuning ferro-
electric and piezoelectric properties [18—22] and thus could
also open an avenue for the development of efficient EC
materials.

Here, by intentionally introducing defect dipoles into a
leadfree Ba ¢St 1 Hfy 1 Tip9O3 (BSHT) ferroelectric mate-
rial by Cu acceptor doping, we demonstrate experimentally
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that in addition to the significant improvement of the EC
response by up to 54% compared with the undoped com-
pound, the ECE shows excellent cycling performance (for
up to 10* cycles) and recovery ability. This ensures a long
cycling life, which is a prerequisite for the development
of ECE-based devices. Moreover, once the defect-based
ferroelectric material is prepoled, an asymmetric polar-
ization state is achieved, allowing a noteworthy response,
with both conventional and inverse ECE occurring within
a single electric field cycle. We propose that this orig-
inal cooling cycle is used in upgraded cooling systems,
adding to the cooling efficiency. We show that the energy
storage density is enhanced by up to 72% thanks to such
defect engineering. The use of specific defects is there-
fore demonstrated to be an efficient strategy for improving
the EC response with long-term endurance, which is cru-
cial for refrigeration. Such a defect engineering approach
opens a way for the research and design of EC mate-
rials with improved performance and cooling concepts,
and could be further explored in magnetocaloric or elas-
tocaloric materials, as well as for other applications, such
as energy storage capacity for power electronics.

II. MATERIALS AND METHOD

A. Sample fabrication and characterization

The Bag 9Sry 1 Hfyy 1 Tig9O3 (abbreviated as BSHT-0) and
2 mol % CuO-doped Bag¢SryHfy;Tip9O3 (abbreviated
as BSHT-2) ceramics are fabricated using a conventional
solid-state reaction method with the starting chemicals
BaCOj; (99.8%), SrCO;3 (99.99%), HfO, (99.99%), TiO,
(99.9%) and CuO (99%). Calcination is performed at
1250 °C, and sintering is done at 1365 °C for 4 h in air. The
crystalline structure of sintered ceramics is determined by
x-ray diffraction (XRD, Shimadzu 7000). The microstruc-
ture is observed by a scanning electron microscope (SEM,
su-8010). The density of the ceramics is obtained using
the Archimedes method. The temperature dependence of
the dielectric permittivity is established using a HIOKI
3532 LCR meter. The polarization-electric field (PE) hys-
teresis loops are recorded using a Radiant ferroelectric
workstation.

B. Differential scanning calorimetry equipment

Direct ECE measurements are carried out with a mod-
ified differential scanning calorimeter (DSC, TA Instru-
ments Q2000). Additionally, the frequencies of switching
the applied field on and off are of the same magnitude
(around 200 Vs~!) in order to eliminate the dependence
of the ECE on field frequency. At each temperature point,
we perform three measurements with the electric field both
on and off. Thus, we have six values of AT calculated for
each experimental point (three with the field on and three
with the field off). The mean values and standard deviation

(error bars) are then estimated [23]. The calibration of ther-
mal loss in our DSC is based on Ref. [24]. The thermal
loss correction factor K shows a second-order polynomial
dependence on temperature, which is considered in our
data analysis. Considering errors from equipment and the
data analysis process, the error in our experimental data
is £10%.

III. CONSEQUENCES OF DIPOLAR DEFECTS ON
HYSTERESIS LOOP AND ENERGY STORAGE

Figure 1(a) depicts a phase diagram of the leadfree
xBa(),g SI'(),QTiOg—(l —x)BaHfolzTi()_gOg (BSHT) solid solu-
tion system, which is established based on the temperature-
dependent dielectric permittivity and XRD data of the
BSHT ceramics, fabricated by a conventional solid-state
reaction route [25]. Since the proximity of phases with
different symmetries is believed to produce a large ECE
[6], we study the critical point composition where sev-
eral phases coexist in the phase diagram, located at x =0.5
and T'=156°C, i.e., the BSHT-0 sample. Cu’" defects as
acceptor dopants are introduced during the ceramic fab-
rication (see Materials and method section) through the
addition of 2 mol% CuO to Bag¢SrgHfyTipoOs3 (to
make BSHT-2). Figure 1(b) shows the temperature depen-
dence of the dielectric permittivity at 100 Hz upon cooling
the BSHT-0 and BSHT-2 ceramics. The maximum of the
dielectric constant &,,x, Which is related to the paraelectric
to ferroelectric phase transition, occurs at Tcyre = 56 °C
in BSHT-0, while it is reduced by approximately 3 °C
for the doped BSHT-2 sample. Its magnitude increases by
approximately 24%, going from &= 13 775 for BSHT-0
to €max= 17 029 in the case of BSHT-2. Moreover, doping
causes broadening of the dielectric peak, which can fur-
ther be associated with the temperature dependence of the
specific heat capacity, presented in Fig. 1(c). Indeed, the
exothermic peak is smoothed in the doped case, showing
that the phase transition becomes more diffuse with dop-
ing. The room-temperature PE loops of the BSHT-0 and
BSHT-2 samples are plotted in Figs. 1(d)}-1(f) for a max-
imum applied field of 10 kVcm~!. The BSHT-0 sample
shows a typical hysteresis loop for a normal ferroelec-
tric state with remanent (P,) and maximum polarization
(Pmax) at 10 kVem™" of 5.14 and 11.73 uC cm ™2, respec-
tively. In contrast, the Cu-doped BSHT-2 sample displays
a “pinched” PE loop that is characteristic of the presence of
defect dipoles [26,27]. Indeed, the introduction of the Cu?t
acceptor dopant by replacing Ti** /Hf*" brings an effec-
tive negative charge that is compensated for by the oxygen
vacancies [19,28] (intrinsic ones and those arising from the

C . . op TP WA .
uO doping). Following the Cu —  Cu’tymr+ Vo
process, Curyuit —Vo?*t defect dipoles are created. As
they are randomly distributed in the ferroelectric phase,
they act as local and static random fields, causing the
switchable and free moving ferroelectric dipoles to be
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Bay gSry, TiOs—BaHf,, Tip O3 (BSHT) phase diagram and dielectric and polarization behavior without and with intentional

Cu doping. (a) The phase diagram of the BSHT system constructed using the dielectric permittivity versus temperature results. (b) and
(c) Temperature dependence of dielectric permittivity (at 100 Hz; cooling rate, 3 °C/min) and specific heat capacity of BSHT-0 and
BSHT-2 samples. Room-temperature PE loops (at 10 Hz). (d) The normal PE loop of BSHT-0. (e) The appearance of the pinched
hysteresis loop for BSHT-2. (f) The shifted single hysteresis loop for prepoled BSHT-2.

locally aligned with those fields. In the end, the random
distribution of all the dipoles gives rise to a zero net
polarization in the absence of an external field, while appli-
cation of a field surpasses the local fields and triggers the
mobile dipoles. This gives rise to the pinched PE loop
in Fig. 1(e) where Py.x of the Cu-doped BSHT-2 sam-
ple reaches 10.10 zC cm~2 at 10 kV em™!, and then drops
down to almost zero (P, = 0.14 uC cm~2) when the electric
field is switched off. It is worth noting the reduction in P,y
of approximately 14% compared with that of the hysteresis
loop, i.e., both P« and P, can thus be controlled by tuning
the concentration and the nature of defect dipoles to reach
optimal conditions for the ECE, as, for instance, polar
materials with a large P, and concomitantly small P,
should exhibit a larger entropy change. In order to align the
static defect dipoles along the same direction, the BSHT-2
sample is prepoled at 120 °C (above Tcyure) under a satu-
rating dc bias of 20 kV.ecm~! for 1 h, and field cooled. As
seen in Fig. 1(f), the prepoled BSHT-2 specimen exhibits a
completely different PE loop compared with the unpoled
one [see Fig. 1(d)], that is, a “shifted” single loop into
the positive-field-value region, resulting in a negative P,

at zero field. This is explained by the effect of the internal
field (E£,;) induced by the alignment of the defect dipoles
(or static local fields) and this E; bias can be determined as
[20,26]

Eq= (EJ+E;)/2 O]
where EF and E_ are the relative coercive fields (at
P=0) when a high positive and low positive electric
field is applied, respectively. E; and E., the coercive
field, E. = |E}| — |E|), estimated from the PE curve at
10 kVem™!, are 3.02 and 0.85 kV cm ™!, respectively. PE
curves measured at various electric fields up to 50 kV cm™!
for the prepoled BSHT-2 sample (see Fig. S4 of the sup-
plemental material [25]) show that £, is always larger than
E. meaning that the intentionally introduced defect dipoles
are therefore expected to strongly stabilize the polarization
to either an up or down state, depending on the direction of
the poling field preliminarily applied; here [Fig. 1(f)] the
downward macroscopic polarization is favored.

By designing the polarization state and therefore the
shape of the PE curve in ferroelectrics, there is an
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TABLE I. The energy storage properties for BSHT-0, BSHT-2
and prepoled BSHT-2 samples under 50 kV em ™!,
Energy storage Energy

Samples Jem™3) efficiency (%)
BSHT-0 0.11 47.83
BSHT-0 aging 0.11 47.83
BSHT-2 0.18 85.71
BSHT-2 aging 0.20 86.32
Poled BSHT-2 0.17 73.91
Poled BSHT-2 aging 0.21 78.91

immediate consequence of this defect engineering on
the energy storage density Jgor, Which corresponds to
the area between the polarization axis and the discharg-
ing curve (i.e., the upper branch) of the PE curve [see
dashed region in Figs. 1(d)-1(f)]. The larger such an
area is, the higher the energy stored by the capacitor.
The losses, Jis, are also minimized by decreasing the
area between the discharge (upper branch) and charge
(lower branch) curves in order to enhance the energy
storage efficiency 1 = [Jstor/(J stor+ J10ss)] X 100%. Table
I shows that the energy storage density Jgo, and its effi-
ciency n when doping is significantly enhanced for Cu-
doped BSHT-2 compared with the undoped sample BSHT-
0 by up to approximately 64% and 79%, respectively,
with a maximum applied field of Ep=50 kVem™!.
When the doped sample is prepoled (i.e., BSHT-2), there
is also an improvement in the storage ability perfor-
mance; Jgor =0.17Jecm™3 at 50kV ecm™', which is com-
parable with the energy density reported for bulk ferro-
electric ceramics [e.g., Jgor = 0.37 Jem™ at 90 kVem™!
in bulk BST (BST refers to Bag4SrosTiO3) [29] or
Jsor=0.57 Jem™3 at 56 kVem™' in bulk 0.89BNT-
0.06BT-0.05KNN (BNT refers to BipsNaysTiO3; BT
refers to BaTiO3; KNN refers to KjsNagsNbO3) [30]].
Note that the energy storage density is typically less
than 1 Jem™ because of the low dielectric breakdown
strength (typically lower than 100 kV cm~!). Nonetheless,
it could be significantly increased by improving the dielec-
tric capacitor properties through grain size optimization,
composite formation (using a glass additive, for instance)
or in a thin-film form [31]. Therefore, appropriate doping
as done here by inducing defect dipoles could also be a
strategy for designing ferroelectrics with enhanced energy
storage capabilities.

IV. DEFECT ENGINEERING OF
ELECTROCALORIC RESPONSE

Let us now investigate the effect of doping on the
electrocaloric properties. To evaluate the specific heat
exchange values (AQ), the area under the exothermic and
endothermic peaks is integrated. Then, the isothermal EC
temperature change (A7) is estimated according to the

following equation [19]:

A
= 29
p

AT )

where ¢, is the specific heat capacity and K is the thermal
loss factor [32]. Any contribution related to Joule heating
can be neglected or corrected from the DSC signal, which
should return to the baseline after the field is switched off’
[25]. The determined AT values at different electric fields
for BSHT-0 and BSHT-2 ceramics at room temperature
when the electric field is on are depicted in Fig. 2(a). For
BSHT-0, AT is about 0.04 + 0.004 K under 10 kV cm™!

and reaches 0.1940.019 K under 20 kVcm™'. Above
20 kVem™!, the BSHT-0 ceramic unfortunately expe-
riences a breakdown and therefore no EC data can be
recorded. In contrast, for BSHT-2, it is still possible to
apply a field at least as high as 30 kVcecm™' up to 65°C,
reachinga AT=0.37£0.037 K at room temperature, and
showing that the doping is beneficial for achieving a higher
breakdown resistance. In fact, AT increases significantly in
the doped BSHT-2 compared to the undoped BSHT-0; the
doped sample attains 0.07 £0.007 K under 10 kV cm™!

and 0.23 £0.023 K under 20 kV cm™!, which corresponds
to an average increase of 54% and 26% with respect to the
undoped sample, respectively. Note also that while AT at
room temperature is rather weak (because the critical tem-
perature is far from room temperature), the electrocaloric
strength (i.e., AT/E) remains comparable with that of gen-
eral electrocaloric materials [25]. Figures 2(b) and 2(c)
show the temperature dependence of AT extracted from
the direct heat flow curves under a field of 10 kV cm™!

[25]. In Fig. 2(b), the AT values of BSHT-0 reach a max-
imum around the Curie temperature, as expected, and AT
is equal to 0.20 £0.02 K at 65°C under 10 kVem™!. It is
worth noting that there is an asymmetry (irreversibility) in
the caloric response when the electric field is applied (on
state) and withdrawn (off state), which is better evidenced
below Tcurie [Fig. 2(b)]. For example, the AT value of the
off state is 0.04 K at 25 °C [see Fig. 2(b) and inset], while
it is 0.09 K in the on state, i.e., twice as big. This large
AT gap between the field being on and off due to the fer-
roelectric state is always considered to be detrimental for
EC performance [6,33,34]. Note that this asymmetry exists
even when cycling the electric field and the full mechanism
of its origin remains to be understood. In contrast, for the
doped BSHT-2 sample, the exothermic and endothermic
peaks are of the same magnitude in continuously repeated
cycles [25]. For instance, under 10 kV cm™!, AT values for
both the on and the off state are the same, about 0.22 K at
55°C, and around 0.07 K at 25 °C. Figure 2(d) schemati-
cally presents the refrigeration cycle in the 7-E diagram,
comparing responses of both BSHT-0 and BSHT-2. The
diagram nicely shows the asymmetry between the on and
off states in BSHT-0, with initial temperature retrieved

014033-4



DOPING-INDUCED POLAR ... PHYS. REV. APPLIED 16, 014033 (2021)

0.40 f (a) 0.241(b) T(c)
035} T=25°C 0.21+ :__
0.30 BSHT-0 0.18} 1
B BSHT-2 AE =10kV cm™!
025} _0.15¢ ~ASE,
X X
= 020 =012} Y Eu
< ] <
0.15} I 0.09 + + =
H Eoff o Eoff
010} 0.06 | o I %10_5“&#_
hd R - 7 5100 !
005 r L 003 r .%205 ‘Eorl \/ = § 9.5 ‘Eon f
g 59“ 120(51)50 200} T 0 4080 20150
0.00! 000 —— ~ . e SNERILLLL 1. I
10 15 20 25 30 25 35 45 55 6525 35 45 55 65
E (kV cm™) T(°C) T(°C)
15
(e) a8
10|} BSHT-2 Prepoled 16
NIE i 4 :‘x\
o 8 F 2 o
= 2 Fb A L’J_ x
~
) I L
F v 2
0 2 4 6 8 10
E (KV cm-) ()
T,
(9) :
2 11
2 < A
£ £ —
~ o @) Ta L
2 > <
= 53 = T4t
| - ,
I b Vv
.7 —BSHT-2
10 ) ) 1—10 T.b & > ”  —BSHT-2 Prepoled
0 120 240 360 0 Ey E nax
Time (s) E (kV cm™)

FIG. 2. Electrocaloric response and defect dipole consequences. (a) The direct temperature change (A7) in the field off regime for
BSHT-0 and BSHT-2 samples measured under different electric fields at room temperature. (b) and (c) Directly measured values of
AT, as a function of temperature, under the application (E,,) and removal (Eg) of the electric field (10 kV cm™!). The insets show
the directly recorded heat flow signal as the electric field is turned on and off. Dashed line is drawn to show the isothermal process.
(d) Two idealized refrigeration cycles proposed for BSHT-0 and BSHT-2. (e¢) The PE loop and direct |AT]| values of poled BSHT-2.
The insets show the schematic configurations in a single domain pattern with defect dipoles and the connection between the Landau
free energy (F') and polarization (P) under external electric field in prepoled BSHT-2. (f) The signal of direct ECE measurements for
poled BSHT-2. (g) An idealized refrigeration cycle that utilizes both negative and positive ECE (steps i—viii) based on a prepoled
BSHT-2 sample compared with the conventional cycle (steps [-1V). The cycle begins (step i) with the adiabatic application of a low
electric field (£,) that causes cooling of the material via the negative ECE (AT, =|T, — T,4|). Then, the cold body absorbs heat from
the environment under constant £, (step ii) and the system returns to 7,. In step iii, the adiabatic application of a large electric field
(AE =E); — E;) results in an increase in the temperature of the material. The material then returns to the original 7, by heat exchange
with a sink under constant E), (step iv). In step v, E), decreases adiabatically to E,, leading to a drop in the temperature to 7, via a
positive ECE (AT, =|T, — T.|). In step vi the system returns to the original 7, by absorbing heat from the load. The cycle closes via
adiabatic removal (decrease) of E,; (step vii) followed by heat exchange with a sink (step viii). Overall, the final temperature change is
enhanced to AT= AT, 4 AT,. Note: All the temperature terms in (d) and (g) are used for better illustration; they are not actual values.
Specifically, 7, is the initial temperature of the sample and 7}, 7., T4, and T, are the corresponding temperatures induced by the ECE.
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by another path with field off as compared with field on
(branch 1 is not parallel to branch 3, while in case of
BSHT-2 branches I and III are parallel). This effect is also
observed from the PE loops where the polarization P has
a different value at £ =0 for BSHT-0 to that in the case
of BSHT-2, where the latter shows a pinched curve. Thus,
in addition to the significant improvement of A7 magni-
tudes, doping with the goal of achieving defect dipoles is
also very beneficial for caloric cycling owing to the sup-
pression of the asymmetry between the field on and off
states.

Let us now consider the shifted single loop obtained
by poling BSHT-2, as it can provide a design approach
for cooling. Figure 2(e) shows, in addition to the posi-
tively shifted single PE loop, the directly measured AT
at room temperature for the prepoled BSHT-2 when the
electric field is increased from 0 to E;=3 kVem™' and
then to Eqax=Ey =10 kV em™! [Fig. 2(f)]. Interestingly,
as shown in Figs. 2(e) and 2(f), a negative temperature
change (endothermic) of |A7| =0.03 K by inverse ECE is
observed when the field is turned on (0 to £,). The inverse
ECE has been explained in a simple manner in antifer-
roelectrics [35] where the antiferroelectric state, i.e., the
antipolar dipole arrangement, is destabilized by application
of the external field resulting in an increase of the disor-
der (entropy) and thus AT becomes negative. Here, with
the doped sample, the situation is similar to that of anti-
ferroelectrics as the electric field has to disorder the polar
order imposed with the defect dipoles and this increase
in the entropy gives rise to a negative AT. Then, in a
second stage when a larger field is applied (£ to Ey),
the temperature rises, leading to A7=0.07 K through a
conventional (exothermic) or positive ECE. Note that this
latter value obtained at 10 kVecm™! is comparable with
the one obtained for the unpoled doped BSHT-2 sample
[Fig. 2(c)]. Poling does not seem to improve the AT ampli-
tude at maximum electric field. When the electric field
is switched off, the system comes back to its initial state
through the positive and the negative effect, i.e., with an
endothermic heat flux signal followed by an exothermic
one when the E;, field is reached [Fig. 2(f)]. Having within
the same electric field cycle both the inverse and conven-
tional caloric effects, achievable by sequentially tuning the
applied electric field amplitude is remarkable and thus can
be considered as a refrigeration cycle. However, it should
be clarified that if one immediately applies the electric field
from zero to the maximum value and does not pass sequen-
tially through stops at intermediate field values, then the
inverse effect cannot be detected. This refrigeration cycle
is schematically presented in Fig. 2(g), in comparison with
the “classical” cycle observed for the unpoled BSHT-2
sample. In this cooling cycle, one can use a two-field step
(without field reversal [36]), one of small amplitude (below
E;) to achieve a negative EC cycle (AT, =|T,— T,|)
followed by a higher field strength (above E,;) to

obtain a positive EC cycle (AT, =|T,—T.|). In the
end (at £=0), the final temperature change is enhanced
to AT=AT,+ AT,. Therefore, this defect engineering
approach allows us to demonstrate experimentally an
alternative two-field-step cycle, opening perspectives for
refrigeration concepts beyond electrocalorics.

V. CYCLING STABILITY AND REJUVENATION

In order to ensure the suitability of the doped samples
for refrigeration, the cycling stability of the EC response
under different electric fields and high cycling frequen-
cies needs to be studied. For this purpose, the two doped
samples (BSHT-2 and prepoled BSHT-2) are cycled at
room temperature (i.e., within the ferroelectric phase)
with a bipolar electric field signal at 10 Hz with differ-
ent electric fields, i.e., 10 and 30 kVem™! (see Figs. 3
and Ref. [25]) for up to 10* bipolar cycles (one bipolar
cycle includes two EC cooling cycles). Unipolar fatigue
measurements are also performed but unfortunately the
polarization and AT degrade quickly. For unpoled BSHT-
2 [Figs. 3(a)-3(c)] under 30 kV cm™!, the P,y value rises
from 14.4 to 16.3 uC cm~2 after 10* cycles, which is an
increase of 13.2% while the coercive field E. remains
almost unchanged. Concomitantly to the increase of P,
with cycling, P, of BSHT-2 rises by about 340% with
Emax =30kVem™! (240% with Epa = 10kVem™!) and
thus the pinched loop forms a more ferroelectriclike one
after 10* cycles [25]. A similar increase in the remanence
with cycling was also observed recently in Pb(Ti, Zr)O;
ceramics [37]. It is worth noting that the achieved value
of +P, (1.50 uCcm=2 at 10 kVem™!) after 10* cycles
remains much lower than the one in normal ferroelectric
BSHT-0 (5.14 uC cm~2 at 10 kV cm™!; see Ref. [25]). We
believe this phenomenon corresponds to the training pro-
cess of the defect dipoles, which begin to respond after a
large number of electric field cycles [38]. Interestingly, we
find that all the PE loop data (i.e., Pmax, Py, and E.) return
back to the original state when the cycling of the electric
field is stopped and the sample is kept at room temperature
for 24 h (Fig. 3 and Ref. [25]). This phenomenon corre-
sponds to the aging effect, which depends on the time and
the temperature at which it is realized [20,26].

For the prepoled BSHT-2 sample [Figs. 3(e)-3(g) and
Ref. [25]], after 10* cycles, Pray at 30 kV cm ™! shows only
slight changes as it increases by 4.5% reaching a value of
16.2 uC cm™2; P, demonstrates the same trend. After 24 h
aging, P.x remains unchanged and does not show any
reduction, while P, slightly reduces from —10.8 xC cm™2
to —11.3 uC cm™2, corresponding to a variation of 4.6%.
Interestingly, the positively shifted PE loop of the prepoled
BSHT-2 sample remains shifted after 10* cycles [25], with
the coercive field E. only weakly varying, if at all, while
the internal bias field £; decreases by about 25% to reach
2.4 kVem™! [Fig. 3(g)]. Nonetheless, E; and E, return to
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2 and poled BSHT-2 samples under 30 kV ecm™'. (a)~c) Pmax, P, and E. of BSHT-2 as a function of the number of cycles under
30 kVem™!. (d) The direct and indirect AT changes for BSHT-0 and BSHT-2 samples as a function of the number of cycles for 10
and 30 kVem™!, respectively. (e}«g) The Puyax, Pr, E., and E, for prepoled BSHT-2 as a function of the number of cycles under
30 kVem™'. (h) The direct and indirect AT change for prepoled BSHT-2 samples as a function of the number of cycles for 10 and
30 kV em™!, respectively. The data in the right hand area is from cycled samples after aging for 24 h. The waveform of the electric

field for fatigue testing is shown in the inset.

their initial state after the cycling electric field is removed
and aging for 24 h at room temperature. Therefore, the
prepoled BSHT-2 sample keeps its shifted PE loop charac-
teristics after up to 10* cycles. This cycling stability shows
potential for the use of the refrigeration cycle based on
the two-field-step approach [Figs. 2(f) and 2(g)] for future
cooling devices. Moreover, an aging step can also be added
into the process in order to rejuvenate the sample and
thus to further improve the cycling life of the refrigeration
device.

Considering the isothermal conditions imposed during
the direct measurement process, the direct temperature
change (AT) cannot be recorded in a reasonable time dur-
ing the cycling process. Thus, in order to quantify the ECE
during the cycling process, we use the indirect approach
using the Landau free energy, F, which can be expanded in
terms of polarization (P) according to

1 1 1
F =—aP’+-yP*+ ESP" —EP (3)

2 2

where o = B(T — Tcuie) With B8 being the Curie con-
stant, the coefficients y and § are assumed to be
temperature independent, and the electric field E is the
sum of the external field E.y and the internal field aris-
ing from dipole defects E;. The dipolar entropy S can
be expressed as —(dG/dT)p = —pBP?/2. Therefore, the
entropy change AS, from its initial state with polarization
Py to another state with polarization P can be expressed
as AS = —BTP?/2 + BTPy?/2 and the adiabatic temper-
ature change is AT = BTP?/2c, where ¢, is the specific
heat capacity [39]. Thus, one sees that AT is related to the
values of 8 and the polarization (P). In working conditions
with a given temperature and electric field, we consider the
value of ¢, and  to be constant. Therefore, before cycling,
we use direct AT data (for BSHT-2, direct AT is about
0.368 °C under 30 kV cm™~! at room temperature) to deter-
mine the value of 8 that we use to determine AT from the
polarization during the cycling process. Figure 3(d) shows
the indirect AT change in the doped BSHT-2 sample for up
to 10* cycles. For an electric field of 30 kV cm™!, BSHT-2
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has a AT that rises from 0.37 to 0.44 K after 103 cycles
and reaches 0.47 K after 10* cycles, meaning that in the
end AT increases by more than 27.7%. By cycling with
a field of 10 kVem™!, the AT of BSHT-2 also increases
by up to 36.6%, from 0.07 K to 0.1 K after 10* cycles.
As the undoped BSHT-0 could not sustain 30 kV cm™!,
we compare it for a field of 10 kVcm™!, where we see
no change in A7, as it remains at approximately 0.05 K.
It is interesting to note that even after a large number of
cycles the material is still able to provide an EC tempera-
ture change and that the Cu-dopant significantly increases
the AT value, which continues to increase with cycling,
in contrast to the undoped sample. Finally, the aging pro-
cess allows AT to recover its initial value. Figure 3(h)
depicts the evolution of the indirect AT values of prepoled
BSHT-2 during the cycling process. As with the unpoled
BSHT-2 sample [Fig. 3(d)], the AT of the prepoled BSHT-
2 sample [Fig. 3(h)] increases from 0.4 to 0.43 K after 10*
cycles, corresponding to an enhancement of 7.5%, mean-
ing that such an engineered (doped and prepoled) sample
can be useful for a large number of cycles and efficient
electrocaloric responses.

VI. CONCLUSION

In summary, we show that doping by introducing defect
dipoles into ferroelectrics, such as BSHT ceramics, can be
used as an elegant approach to tailor electrocaloric materi-
als. It is a way to provide a more efficient electrocaloric
response, which maintains or can rejuvenate its perfor-
mance after a large number of cycles and can be used in
an alternative refrigeration cycle through a two-field step.
We believe that such approach can be further explored
in various ferroelectrics [40,41] and also in other solid-
state calorics, such as magnetocalorics or elastocalorics.
Moreover, beyond the caloric properties, such a materials
design approach can also be exploited for energy storage
purposes.
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