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ABSTRACT

The electrocaloric effect enables solid-state refrigeration technology with high energy efficiency and zero global warming potential. Normal
displacive ferroelectric materials exhibit the highest electrocaloric effect just above their Curie point. The freezing temperature (Ty) of a
relaxor ferroelectric material functions as a Curie point in displacive ferroelectrics, suggesting that the highest electrocaloric effect for a
relaxor ferroelectric material is near its Tr. However, relaxor ferroelectrics often exhibit significant hysteresis around Ty, making them unsuit-
able for electrocaloric applications. In this work, we show that the highest electrocaloric effect in lead-free BijsNaj5Ti05-SrTiO;-based
relaxor ferroelectric ceramics occurs at temperatures a few degrees above the temperature with their maximum permittivity (T,,) and is far
above their Ty Moreover, the A-site vacancy design can be used to effectively increase the electrocaloric effect and broaden the working tem-
perature range, which is due to the increase in field-induced polarization and strong relaxation achieved via point defect engineering. This
Letter reveals the appropriate temperature window for the high electrocaloric effect in relaxor ferroelectrics and shows that the A-site vacancy
design can further enhance electrocaloric properties and extend the working temperature range for electrocaloric applications.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0250512
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Electrocaloric materials hold significant promise as core
components in solid-state refrigeration technologies. Compared
to traditional vapor-compression refrigeration, which has long
been criticized due to greenhouse gas emissions, " electrocaloric
refrigeration is more energy-efficient and has zero global warming
potential. Electrocaloric refrigeration describes the reversible adia-
batic temperature change (AT) occurring in dielectric materials
during the application or removal of electric fields.” > Among var-
ious dielectric materials, ferroelectrics exhibit the largest AT due
their large electric field-induced polarization change. However,
ferroelectrics are not readily used in electrocaloric devices due to
the following factors: (1) narrow working temperature window:
Conventional displacive ferroelectrics show the largest AT just
above their Curie point (T¢), with AT decreasing sharply as tem-
peratures depart from T, leading to a narrow working temper-
ature window; (2) the absence of lead-free materials with high
performance: Currently, the ferroelectric system Pb(Sc;/,Ta;,,)O0;
has exhibited the highest AT (3.7K at 40kV cm ') at room tem-
perature”’ among all ferroelectrics studied so far. However, this
material contains lead, which is toxic, and scandium, which is

expensive. Thus, it is urgent to develop lead-free ferroelectrics
with high AT and wide working temperature range near room
temperature.

Relaxor ferroelectrics, which contain polar nano-regions (PNRs)
and exhibit broad and temperature-dependent dielectric permittivity
peaks, have the potential to provide a wide working temperature
range.z‘s’m The PNRs, which are randomly oriented, exist over a wide
temperature range between the freezing temperature (T¢) and Burns
temperature (Tg). The Tt describes the temperature where short-range
ordered PNRs transform into long-range ordered domains under
applied DC fields. The Ty describes the temperature where PNRs begin
to form during cooling. Upon the application of an electric field, ran-
domly oriented PNRs align along the electric field direction and cause
large polarization change, enabling high electrocaloric effect across a
wide working temperature range. Currently, most research on relaxor
ferroelectrics for electrocaloric applications is centered on composi-
tions with a T near room temperature, where T here is comparable to
Tc in normal ferroelectrics. However, relaxor ferroelectrics often
exhibit significant hysteresis around their T¢ due to field-induced tran-
sitions from relaxor ferroelectrics to displacive ferroelectrics, leading to
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reduced efficiency and shorter lifetime for electrocaloric devices.'"'”

Thus, it is crucial to clarify the optimal working temperature range for
lead-free relaxor ferroelectrics.

Biy5sNaysTiO3 (BNT) is the most widely studied lead-free relaxor
ferroelectric, characterized by a large spontaneous polarization.
However, its T is far above room temperature (near 190 °C)."” SrTiO;
(ST) is a quantum paraelectric that shows Curie point near 0 K."* By
introducing ST into BNT, the Tt values of BNT-ST solid solutions
could be effectively reduced to near or below room temperature, allow-
ing the investigation of the electrocaloric effect above Tt Specifically,
the temperature change in electrocaloric effect is proportional to the
change of polarization with temperatures under an applied electric
field,”'® indicating that the electrocaloric effect is related to polariza-
tion instabilities. It has been proven that Schottky defects in ferroelec-
trics can effectively influence the stability of polarization and increase
dielectric tunability.'” It is possible to use the defect engineering design
to enhance the electrocaloric performance of ferroelectric materials. In
this work, A-site vacancies were introduced in BNT-ST solid solutions
via point defect engineering to enhance the electrocaloric effect.

The ceramic samples in this work have chemical formula of
Sr(Bi;_yNag o7 Lig3)05Ti05 (x=0.42, 0.48, and 0.52, named as
BNT-100xST), where Sr, Bi, Na, and Li are on the A site and Ti is on
the B site of the ABO; perovskite structure. Another composition with
chemical formula of [Sry(Bi; _xNag o7 xLio03)05]099T103 s is prepared,
where x=0.48 and the atom ratio of A- to B-site is 0.99, named as
BNT-48ST-0.99. All the ceramics were prepared by the solid-state
reaction method. In BNT-48ST-0.99 ceramics, the A/B ratio of 0.99
was chosen according to Ref. 17, where the highest figure of merit cal-
culated from tunability and loss is achieved when the (Ba + Sr)/Ti
ratio equals to 0.99 in the BaTiO;-SrTiO; system. The raw materials,
including SrCO; (Sigma-Aldrich, >99.9%), Bi,O; (Sigma-Aldrich,
>99.9%), Na,COj5 (Sigma-Aldrich, >99.5%), Li,CO; (Sigma-Aldrich,
>99.0%), and TiO, (Sigma-Aldrich, >99.8%), were dried at 200°C
overnight, followed by weighing according to stoichiometric ratios and
mixing by ball milling. The ball-milled slurries were dried and subse-
quently calcined at 800 °C for 2 h and then 900 °C for 2 h to drive the
chemical reactions needed to obtain the designed compositions. After
that, ball-milling was repeated to obtain fine and uniform particles.
After the addition of 5 wt. % polyvinyl alcohol, the powder was pressed
into pallets and heated at 650 °C for 2h to remove the binder. The
green compacts were sintered at 1150 °C for 4 h.

The crystal structure of the samples at room temperature was
investigated by x-ray diffraction (XRD, Xpert-Pro). XRD data were fit-
ted using GSAS-II software.'® The microstructure and composition
homogeneity of the samples were characterized by scanning electron
microscopy (SEM, FEI Inspect F) and energy dispersive x-ray spectros-
copy (EDS). Surface chemical analysis was conducted by x-ray photo-
electron spectroscopy (XPS, ThermoFisher Nexsa). All the spectra
were calibrated using C 1s peak and fitted using the Gaussian—
Lorentzian function. The temperature dependence of heat capacity
was acquired by differential scanning calorimetry (DSC, DSC 25) with
the controlled heating rate (2 °C/min) in the temperature range from 0
to 100°C. The density of all ceramic samples was obtained using the
Archimedes’ principle in water. The relative density of all ceramics was
obtained through the ratio of measured density to theoretical density,
which was determined using the molar mass of the developed compo-
sitions and unit cell volume from XRD refinement. Prior to electrical
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tests, Ag electrodes (SunChemical Ltd.) were fired on both sides of the
samples. The temperature dependence of dielectric permittivity and
loss was measured by an LCR meter (Agilent, 4284A) connected to a
furnace. The hysteresis loops were measured at 10 Hz and different
temperatures in silicone oil by using a ferroelectric hysteresis measure-
ment tester (NPL, UK).

The relative density of all sintered ceramics was higher than 95%.
Figures S1-54 show SEM and EDS results of BNT-ST ceramics. All the
ceramics show good crystallinity and low porosity, confirming good
sintering quality. The EDS results reveal a homogeneous elemental dis-
tribution within all samples.

Figures 1(a)-1(d) show the XRD patterns of BNT-ST crushed
powder from the sintered ceramics, with enlarged peaks from (110),
(200), and (211) planes. The XRD patterns and fitted profiles through
Rietveld refinement are shown in Fig. S5. All the ceramics were deter-
mined to possess a perovskite structure without impurities, while
exhibiting tetragonal (space group: P4bm) and cubic (space group:
Pm-3m) symmetries according to the Rietveld refinement. The good-
ness of fit (GOF y?) values indicate that the Rietveld refinements of
BNT-ST ceramics are reliable. The phase compositions and refined lat-
tice parameters are listed in Table SI. As indicated in the figures, higher
ST content leads to lower percentage of polar tetragonal phase in the
samples, which can be attributed to the cubic structure of ST
Moreover, comparing BNT-48ST and BNT-48ST-0.99 samples, the
introduction of A-site vacancy causes an increase in the percentage of
the polar phase (64.2%). This is also supported by Figs. 1(e)-1(j),
where the peak intensity of the polar tetragonal phase (cyan bar)
increases relative to the cubic phase (magenta bar) in the BNT-48ST-
0.99 sample. However, the lattice distortion of all ceramics remains
consistent, close to 1.414. This is obtained by the a/c ratio for the

= = il ,% ,5: BNT-48ST-0.99 Y E)J\’L .(fL
é I.l . BNTassT _JL | M
Tl e A PN
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FIG. 1. (@) XRD patterns of BNT-ST ceramics at room temperature. (b)—(d)
Enlarged views of three strong peaks in the local regions around 20 = (b) 32.3°, (c)
46.4°, and (d) 57.7°. (e)-(j) Enlarged views of the same peak regions in the diffrac-
tograms of BNT-48ST and BNT-48ST-0.99 ceramics.

Appl. Phys. Lett. 126, 232903 (2025); doi: 10.1063/5.0250512
© Author(s) 2025

126, 232903-2

10:2§:€1 G20Z Jequialdes zo


pubs.aip.org/aip/apl

Applied Physics Letters

tetragonal phase P4bm with lattice parameters of ar ~ 2¢. and
o ~ ¢, where ar, cr, and ¢, are the lattice parameters of tetragonal and
cubic structures, respectively.18 However, XRD data alone are not
enough to confirm structural changes in the BNT-based system. In
this work, dielectric and ferroelectric methods were used to support
the discussions on phase transitions.' "~

Figure 2 shows the temperature dependence of dielectric permit-
tivity and loss for BNT-ST ceramics. Frequency-dependent broad peaks
for both dielectric permittivity and loss were observed for all samples,
which are typical characteristics of relaxor ferroelectrics. As the ST con-
tent increases, the permittivity peaks become broader, indicating that
ST can effectively disrupt the long-range ferroelectric order, as also sup-
ported by decreased temperature values with the maximum permittivity
(Tyn). Meanwhile, the dielectric permittivity decreases by increasing the
ST content, in good agreement with XRD results that showing a
reduced percentage of the tetragonal phase.”” All three compositions
with an atomic ratio A/B = 1 share similar dielectric loss behavior.

As shown in Fig. S6, the introduction of A-site vacancy causes a
decrease in both permittivity and loss near room temperature, even
though XRD results show a higher proportion of the tetragonal phase
in BNT-48ST-0.99 ceramics. This is possibly related to the fact that the
A-site vacancies are charge-balanced by oxygen vacancies, which exert
a pinning effect on PNRs, thereby reducing their dielectric activity.'”
However, it is worth noting that the BNT-485ST-0.99 sample exhibits a
broader temperature-dependent permittivity peak, indicating that the
introduction of A-site vacancy increases the material’s relaxation by
increasing structural disorder.”

ARTICLE pubs.aip.org/aip/apl

TABLE I. The characterized temperatures and - value of BNT-ST ceramics.

Tf Trn (OC) ATm (OC)
Composition @) (100Hz) (100 Hz-100 kHz) Y
BNT-42ST —13.26 56.67 32.80 1.54
BNT-48ST —41.40 34.02 3391 1.63
BNT-52ST —51.73 2591 35.21 1.68
BNT-48ST-0.99 —25.07 45.71 35.18 1.79

To better examine the relaxation behavior, Vogel-Fulcher
(V-F) and modified Curie-Weiss (C-W) fittings were performed,
using the dielectric permittivity data at different frequencies. The
fitted plots are shown in Fig. S7, and the key parameters are
summarized in Table I. Since the transition between different
dipole orientations is a thermally activated process, the frequency
(f) will partially satisfy the V-F law,

_ Ea

f =f0€ k(Tmef) (1)
where f represents the frequencies where relaxation occurs, fy is
the attempt frequency, E, is the activation energy required for
dipole reorientation, and k is the Boltzmann constant. The fitted
T¢ indicates the temperature of dipole freezing.”**> The dielectric

permittivity measured at 100kHz was selected for the modified
C-W law fitting,
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where C is the Curie-Weiss constant, which is within the same order

of 10° K for relaxor ferroelectrics; y is a parameter that is used to

describe the diffuseness of a transition, where y =2 for ideal diffuse-

type phase transitions.”**

As shown in Fig. S7 and Table I, by increasing the ST content, the
transition temperatures Tyand T, of BNT-ST ceramics decrease, while
the relaxation behavior increases, consistently with the increment of
AT,, (difference in T,, between 100 Hz and 100kHz) and 7y values.
Additionally, the introduction of A-site vacancy and defect dipoles led
to an increase in Trand T, as well as relaxation strength AT, and the
y value. The increase in AT, and y values further suggest that the
introduction of A-site vacancy enhances the relaxation behavior of
the sample, which may enable to increase the working temperature
range for electrocaloric applications.

Figure 3 shows the XPS Ols spectra of BNT-ST ceramics. The
three peaks from low to high energy in O element mapping corre-
spond sequentially to lattice oxygen, oxygen associated with nearby
vacancies, and surface adsorbed oxygen.27 As the ST content increases,
oxygen vacancy is always present in the samples at almost consistent
level. However, by comparing Figs. 3(b) and 3(d), it results evident
that the introduction of A-site vacancies causes a significant increase
in the content of oxygen vacancies, compared to the sample without
intentionally introduced defects. According to the following point
defect reaction equation:'”

ARTICLE pubs.aip.org/aip/apl
Ti0, IR T 4208 + Vi + Vo 3)

A-site vacancies are mainly balanced through ionic charge compensa-
tion by oxygen vacancies, which greatly influence the dielectric and fer-
roelectric properties of the samples.

The electrocaloric effect can be obtained either by an indirect
method based on the Maxwell’s relations in adiabatic reversible sys-
tems that can be transformed as a function of the electric field or by
the direct method, which involves thermal measurements. The indirect
method is employed much more frequently than the direct method.””
The applicability and accuracy of the indirect method in relaxor ferro-
electrics have been often questioned due to the so-called memory
effect.”'” In the ergodic state (at temperatures above Tf), the indirect
method remains valid due to the absence of latent heat during the
phase transition.' Indeed, studies on relaxor ferroelectric systems,
including in BNT-based materials, show that the electrocaloric effect
measured by the indirect and direct methods is almost the same in the
ergodic state.' "’

Figure S8 shows the polarization—electric field (P-E) loops of
BNT-ST ceramics at different temperatures. All the ceramics exhibit
slim P-E loops, which is a typical feature of relaxor ferroelectrics in the
ergodic state. At the same temperature, the maximum polarization in
the samples gradually decreases as the ST content increases, due to the
decreased percentage of the tetragonal phase.”” In contrast, the BN'T-
48ST-0.99 sample exhibits a higher maximum polarization under the
same conditions, which can be attributed to its relatively higher

FIG. 3. XPS Of1s spectra of (a) BNT-
428ST, (b) BNT-48ST, (c) BNT-52ST, and

O 1s (d) BNT-48ST-0.99 ceramics.

10:2§:€1 G20Z Jequialdes zo

(a) BNT-42ST O1s (b)BNT-48ST O1s
= P
N N
& &
Q Q
N N
I by
B B
g g
k= g
536 534 532 530 528 526 536 534 530 528 526
Binding Energy (eV) Binding Energy (eV)
(c) BNT-52ST 1s (d)BNT-48ST-0.99
F ] ?
78] j7g]
=9 =9
Q Q
N N
> >
o ]
] B
£ £
2 2
k= A=

Binding Energy (eV)

Binding Energy (eV)

Appl. Phys. Lett. 126, 232903 (2025); doi: 10.1063/5.0250512 126, 232903-4

© Author(s) 2025


pubs.aip.org/aip/apl

Applied Physics Letters

concentration of the polar phase. Figure 4(a) shows the temperature
dependence of the polarization under an electric field of 5kV/mm,
which was calculated from the data in Fig. S8. The polarization
decreases with increasing ST concentration, consistent with the XRD
results shown in Table SI. However, the composition modified by
point defect engineering shows the highest maximum polarization.
Figure 4(b) shows the variation of AT in all compositions as a
function of temperature. The AT is estimated using the Maxwell’s rela-

tions as follows:
BT (8P)
AT = —— | == dE 4
JEI pC\OT) g~ @

where E is the electric field, E; and E; are 0 and 5 kV/mm, respectively,
T is the temperature, p is the density, and C is the heat capacity. p and
C were obtained by the Archimedes’ principle and DSC in Fig. S9,
respectively. In particular, C values being used for calculation are
temperature-dependent values across the temperature range between
20 and 80°C.'° Figures 4(c) and S10 show the temperature and electric
field dependence of the pyroelectric coefficient of BNT-ST ceramics.
All BNT-ST solid solutions show a broad temperature for the electro-
caloric effect. By increasing the ST content, the temperatures corre-
sponding to the largest electrocaloric effect (the highest AT) shift to
lower values, consistently with the decrease in T and T),,. It is worth
highlighting that the temperature corresponding to the highest electro-
caloric effect in each relaxor ferroelectric is just above their T,,, (mea-
sured at 100Hz) rather than Tj even though T for relaxor
ferroelectrics functions as T for normal ferroelectrics. This is attrib-
uted to the low stability of the polar structure above Ty Moreover,
BNT-48ST-0.99 ceramics show not only a wider working temperature
range but also a higher electrocaloric effect. It is worth noting that
introduced A-site vacancy led to an upward shift in the characterized
temperatures (Ty and T,,), potentially suppressing the enhanced

ARTICLE pubs.aip.org/aip/apl

electrocaloric effect of BNT-48ST-0.99 sample within certain tempera-
ture ranges. Compared to the stoichiometric sample, the sample with
A-site vacancy exhibits an increased working temperature range. In lit-
erature, the temperature span (Tgpan, AT > 0.8AT ) is used to evalu-
ate the working temperature range of electrocaloric materials.””" In
this work, we also use the temperature span (T,,n) to describe working
temperature range of our developed materials. Compared to the BNT-
48ST sample, the BNT-48ST-0.99 sample shows an increase in Tgyan
from 19.28 to 21.38 K and an enhancement in the electrocaloric effect
from 0.37 to 0.46 K. The wide working temperature range is related to
its high relaxation strength AT,, and the y value. The highest peak of
the electrocaloric effect can be attributed to its high field-induced
polarization associated with the instability of its polar structures under
a high applied field, which can generate larger temperature change.
Figure 4(d) illustrates the differences in the electrocaloric effect
near Trand T, of a relaxor ferroelectric, using polarization and micro-
structural changes under a high electric field. At temperatures just
above Ty, the applied electric field can induce a phase transition, during
which PNRs grow into large-sized polar structures. This process is
accompanied by high loss, as visible in the P-E loop, making the mate-
rial unsuitable for electrocaloric applications near Ty. With increasing
temperature, the polarization and stability of PNRs decrease. While a
decrease in polarization is unfavorable for achieving a high AT, a
decrease in the stability in PNRs contributes to high AT. At tempera-
tures between Ty and just above T, the contribution from the instabil-
ity of PNRs overcomes that from decreased polarization, leading to the
maximum AT at temperatures just above T,,. Moreover, the slim P-E
loops in this temperature range indicate low loss, high efficiency, and
longer life cycles for electrocaloric devices. When the temperature is
much higher than T, the contribution from decreased polarization
takes over, and the AT decreases with a further temperature increase.
By introducing A-site vacancy into a relaxor ferroelectric, the relaxa-
tion behavior of the material is further enhanced, which is beneficial
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for improving the electrocaloric effect and broadening the working
temperature range.

In conclusion, BNT-ST ceramics were prepared by the solid-state
reaction method and provided a wide working temperature range near
room temperature for electrocaloric applications. All ceramics exhib-
ited relaxor behavior with the peak temperature for the electrocaloric
effect occurring just above T, and well above Tr. Moreover, the modu-
lation of A/B site atomic ratio through the introduction of A-site
vacancies can significantly extend the working temperature range for
electrocaloric applications and increase the peak intensity of electro-
caloric effect, due to high relaxation strength and increased field-
induced polarization. This study highlights the potential of defect engi-
neering in relaxor ferroelectrics to improve electrocaloric properties.

See the supplementary material for the SEM images, EDS maps,
XRD refined data and parameters, selected and fitted dielectric data,
P-E loops, and temperature dependent heat capacity of BNT-ST
ceramics.
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