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ld energy storage and dual-mode
electrocaloric response in relaxor ferroelectric thin
film
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Ferroelectric and antiferroelectric thin and thick films with strong electrocaloric (EC) responses are

attractive for solid-state cooling. In this study, 0.75PbMg1/3Nb2/3O3–0.25PbTiO3 (PMN-25PT) relaxor

ferroelectric thin films deposited on LSAT substrates by pulsed laser deposition exhibit a giant negative

EC effect near 150 °C, with a maximum temperature change of −38.3 K and an entropy change of −29.4

J kg−1 K−1. A large positive EC effect is also observed near 120 °C, yielding DT = 33.4 K and DS = 27.5 J

kg−1 K−1, comparable to the best reported values. The films show nanoscale columnar grains that

promote polar nanoregions, leading to high polarization, large dielectric breakdown strength, and

a diffuse, frequency-dependent dielectric response. Polarization–electric field loops measured from 30 °

C to 190 °C reveal the excellent thermal stability of energy storage, which remains robust after 108

charge–discharge cycles. Moreover, the films demonstrate efficient harvesting of low-grade waste heat,

achieving an energy conversion density of ∼18.7 J cm−3 per cycle over 0–2.5 MV cm−1 and a wide

temperature range of 30–140 °C, as evaluated using pyroelectric Olsen cycles. These results highlight

PMN-25PT thin films as promising candidates for advanced energy storage and electrocaloric cooling

applications.
1. Introduction

In recent years, materials that exhibit caloric effects, including
magnetocaloric, electrocaloric, elastocaloric, and piezocaloric
responses, have become a signicant focus of research owing to
their promising roles in emerging technological applications.1–5

High-efficiency operation is essential for technologies aimed at
removing heat or recovering waste energy in various medical
systems, such as memory devices,6 and integrated circuits.7

However, traditional vapor-cycle cooling systems fall short of
these requirements because they rely on large, heavy compo-
nents, such as compressors. This limitation has driven the
search for innovative energy-conversion mechanisms that can
meet the needs of modern miniaturized electronic platforms.
Among the various options, mechanisms based on pyroelectric
and electrocaloric effects (ECE) have emerged as promising
alternatives for such applications.

The electrocaloric effect (ECE) represents one of the most
signicant thermodynamic phenomena utilized in solid-state
cooling applications.8,9 Extensive research has focused on
electrocaloric materials, particularly relaxor ferroelectrics,10,11

inorganic ferroelectrics,12,13 and various organic polymer lms.
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In ferroelectric materials, the electrocaloric effect manifests as
a temperature shi (DT) resulting from a change in entropy (DS)
when an electric eld is either applied or removed under adia-
batic conditions. The largest DT values are commonly observed
near the rst-order phase transition, which typically occurs
around the Curie temperature (TC), generally a value much
higher than room temperature. For PbZr0.95Ti0.05O3 thin lms,
Mischenko et al. recorded an entropy change of 8 J K−1 kg−1 and
a temperature rise of 12 K at 222 °C, attributed to the
ferroelectric-to-paraelectric (FE/PE) phase transition.8 A
temperature change of 20.1 K was measured in Pb0.97La0.02(-
Zr0.65Sn0.3Ti0.05)O3 thin lms at the point where the material
shis from an antiferroelectric to a paraelectric phase.14

With continued progress in electrocaloric research,
researchers have discovered that, in addition to the well-known
positive electrocaloric effect (PECE), some relaxor anti-
ferroelectric and ferroelectrics also exhibit a surprising negative
electrocaloric effect (NECE). This phenomenon not only
expands the range of electrocaloric response but also offers the
possibility of achieving higher cooling efficiency when NECE is
strategically combined with PECE in advanced ferroelectric
cooling technologies.15 In the case of NBT-BT ceramics, the
observed NECE was associated with the switching between the
tetragonal ferroelectric (FE) phase and the tetragonal anti-
ferroelectric (AFE) phase.16,17 Geng and co-workers reported that
the NECE in PLZT-based systems arises from the electric-eld-
driven deviation of polarization from a collinear state. When
© 2026 The Author(s). Published by the Royal Society of Chemistry
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a moderate electric eld is applied to FEs to AFEs, it tends to
disturb the dipole alignment, increasing the entropy and
consequently producing a NECE response.18,19 This behavior is
consistent with the theoretical predictions made by I. Pono-
mareva and S. Lisenkov.20 By employing thermodynamic eval-
uations together with phase-eld modelling, H. H. Wu and co-
workers revealed that mechanical compression provides
a versatile strategy for generating NECE in perovskite ferro-
electric materials.21,22 Moreover, our group found that
PbZr0.53Ti0.47O3/CoFe2O4 multilayer nanostructures exhibit
a negative electrocaloric effect driven by magnetoelectric
coupling.23 Chi et al. further demonstrated that the multilayer
thin lms exhibit pronounced pyroelectric activity, representing
the reverse phenomenon of the electrocaloric effect.24,25 Signif-
icant strides have been made in enhancing the positive EC
effect, as demonstrated by the ∼45.3 K temperature change in
a Pb0.8Ba0.2ZrO3 thin lm (about 320 nm) with AFE/FE coexis-
tence and the even larger ∼53.8 K response reported for a 2 mm
thick Pb0.97La0.02(Zr0.75Sn0.18Ti0.07)O3 antiferroelectric lm.26,27

On the other hand, the development of materials exhibiting
a negative EC response has been comparatively slow. Typical
examples include DT z −5.76 K for Pb0.97La0.02(Zr0.95Ti0.05)O3

in a 650 nm AFE lm,28 DT z −6.62 K in a 550 nm Pb0.96-
Eu0.04ZrO3 AFE lm, and DTz−10.8 K for a 9.2 nmHf0.5Zr0.5O2

ferroelectric layer.29,30

In this study, we report on strategies designed to enhance the
performance of relaxor-ferroelectric thin-lm heterostructures
for the efficient conversion of low-grade waste heat. The
0.75Pb(Mg0.33Nb0.66)O3–0.25PbTiO3 thin lm, near MPB, was
synthesized by the Pulsed Laser Deposition technique on (001)
LSAT substrate, incorporating LSCO buffer layer, which also
acts as a bottom electrode for electrical measurements. The
device enabled the investigation of thermal energy harvesting in
the heterostructure under periodic temperature uctuations,
while simultaneously correlating the electrocaloric response of
the system with its heat-to-electric energy conversion behavior.
2. Method

PMN-25PT epitaxial thin lms with LSCO bottom electrodes
were prepared on polished (100) LSAT substrate by the PLD
method, which utilized a 248 nm KrF laser, as shown in Fig. 1.
The laser beams fell on the sintered target at an elevation of 45°,
and the substrate was positioned in a parallel conguration
with respect to the target at the substrate holder. The LSCO and
Fig. 1 Schematic diagram of the film PMN-25PT (PMN-PT)/LSCO/
LSAT heterostructure.

© 2026 The Author(s). Published by the Royal Society of Chemistry
PMN-25PT targets used in this study were synthesized by solid-
state reaction of the respective oxides. The PMN-25PT target was
prepared by the columbite precursor route. The constituting
oxides were mixed in a stoichiometric ratio with 10% excess
lead oxide to compensate for the losses due to heating. The
powder obtained by a two-step calcination process was mixed
with a PVA binder to form a 1-inch-diameter target, which was
then sintered at 1200 °C for 2 hours. The polycrystalline target's
density was above 96%. The growth parameters of PMN-25PT/
LSCO/LSAT heterostructure are listed in Table 1. The
substrate was kept at 600 °C during the growth of PMN-25PT
and LSCO at partial oxygen pressures of 150 mTorr and 75
mTorr, respectively. The deposited lms were annealed for 30
minutes at 600 °C in a chamber containing pure oxygen,
maintained at 300 torr, followed by natural cooling to 25 °C. The
lm's thickness was measured through a stylus prolometer,
and the surface topology was analyzed through atomic force
microscopy. The phases and crystal structure were analyzed
using GI-XRD. For further electrical measurements, platinum
dots with a diameter of 100 mm were deposited as a top elec-
trode via DC sputtering. The dielectric properties, such as
dielectric constant and tangent loss, were obtained using
a HIOKI-3532 LCR Hitester by varying the frequency from
102 Hz to 106 Hz while varying the temperature from 25 °C to
190 °C. The ferroelectric polarization vs. electric eld (P–E) plot
and fatigue measurement were performed using the Radiant
Precision Multiferroic tester. The temperature-dependent P–E
plots for calculating energy density were measured using a lab-
made setup comprising a hot plate, a temperature sensor, and
a Radiant Precision Multiferroic tester over a temperature range
of 25 °C to 190 °C.
3. Results and discussion

Fig. 2a illustrates the GI-XRD patterns of the epitaxial PMN-
25PT/LSCO/LSAT thin lm. Diffraction data indicate that the
PMN-25PT layer is highly aligned with both the LSCO lm and
the LSAT substrate. There is no signature of misoriented peaks
and pyrochlore phase diffraction patterns over a wide range of
Bragg angles. Fig. 2b and c show the highlighted (100) and (200)
peaks, indicating that the fabricated lm is epitaxial and
belongs to the perovskite phase of PMN-25PT.

Although bulk PMN-25PT ceramics crystallize in a rhombo-
hedral or pseudo-monoclinic structure near the morphotropic
phase boundary, the corresponding thin lms oen exhibit
a tetragonal-like symmetry as a consequence of epitaxial strain
Table 1 The deposition conditions of PMN-25PT and LSCO thin films
on LSAT substrate via PLD

Parameters LSCO PMN-25PT

Deposition temperature (°C) 600 600
Film thickness (nm) 40 200
Deposition pressure (mTorr) 75 150
Laser energy density (mJ cm−2) 3 3
Target substrate distance (cm) 4.5 4.5

RSC Adv., 2026, 16, 14660–14675 | 14661
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Fig. 2 (a) GI-XRD pattern of PMN-25PT/LSCO/LSAT heterostructure, (b) and (c) show (100) and (200) oriented peaks, respectively.
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and substrate clamping. In the present lm, the clear splitting
of the (200) and (002) reections in the XRD pattern signies
anisotropic lattice distortion with unequal out-of-plane and in-
plane lattice parameters (c s a), which is characteristic of
a strain-stabilized tetragonal phase. Such peak splitting is not
evident in bulk ceramics due to random grain orientation,
domain averaging, and strain relaxation. Strain in thin lms
from X-ray diffraction (XRD) is usually calculated from the shi
or broadening of diffraction peaks compared to a strain-free
(bulk) reference using the equation:

Strain% ¼
�
dfilm � dbulk

dbulk

�
� 100

where, dim = interplanar spacing of lm, dbulk = interplanar
spacing of bulk.

Quantitative strain analysis using the (200) peak indicates
a tensile out-of-plane strain of about +0.9%, highlighting the
sensitivity of different reections to lattice distortion and strain
gradients within the lm. The in-plane lattice parameter
extracted from the (200) reection further supports the pres-
ence of anisotropic strain imposed by the substrate. These
results conrm that the observed tetragonal distortion in the
PMN-25PT thin lm is not intrinsic to the bulk composition but
is induced by epitaxial constraint, leading to modied struc-
tural symmetry and strain-driven lattice anisotropy. It is a well-
known fact that PMN with 25% PT bulk ceramics shows
rhombohedral crystal structure;31 however, the same composi-
tion grown as thin lms, displayed tetragonal-like structure as
observed previously by Urska Trstenjak et al.32 It has also been
discovered that PMN-PT near the MPB illustrates relaxor-like
properties under small compressive stress (∼−0.5%), which
causes the system to become normal ferroelectric aer arti-
cially generated large strain (∼−1.5%).33 It suggests that PMN-
25PT thin lms located near or below the MPB exhibit signi-
cantly different physical and chemical properties compared to
bulk ceramics, with or without in-built strain. The investigated
14662 | RSC Adv., 2026, 16, 14660–14675
PMN-25PT thin lms also developed a small compressive strain
of nearly (−0.02%) compared to the bulk pseudo-cubic/
rhombohedral lattice constants.31 Fig. 3 presents the surface
morphology and grain size distribution of the lm as charac-
terized by atomic force microscopy (AFM). Fig. 3a shows the
three-dimensional AFM topography over a scan area of 2 × 2
mm2, which indicates the growth of the nanosized columnar
island, which may lead to the formation of short-range nano-
domains, revealing a dense and uniformly covered surface
composed of closely packed nanoscale grains with no visible
cracks or pinholes, with an average RMS roughness of ∼3 nm
for 200 nm thin lms. The corresponding two-dimensional
height image in Fig. 3b further conrms a homogeneous
microstructure with well-distributed grains and relatively
smooth height variations, suggesting controlled nucleation and
growth during lm deposition. Fig. 3c displays the statistical
grain size distribution extracted from the AFM data, tted with
a Gaussian function.

The distribution is narrow and symmetric, yielding an
average grain size of approximately 31 nm, indicating uniform
grain growth across the surface. Such nanoscale grain unifor-
mity is benecial for achieving stable and reproducible elec-
trical and functional properties in ferroelectric thin lms. Grain
size and distribution extracted from AFM strongly inuence
dielectric and ferroelectric behavior. Smaller, uniformly
distributed grains increase grain boundary density, restricting
domain wall motion and leading to reduced remanent polari-
zation (Pr) and coercive eld (EC), while improving dielectric
stability by suppressing extrinsic contributions. In contrast,
larger grains promote easier domain switching, resulting in
higher polarization and well-dened P–E hysteresis loops.
Surface roughness and topography are equally important, as
a smooth and homogeneous surface ensures good electrode-
lm contact and a uniform electric eld distribution, thereby
reducing localized eld enhancement, leakage current, and
distortion of P–E loops. Hence, AFM-derived roughness
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) 3D and (b) 2D AFM images of the PMN-25PT/LSCO/LSAT heterostructure, (c) histograms of the distribution of grain sizes.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
5:

09
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
parameters (RMS roughness, Rq) are critical for reliable dielec-
tric measurements. Additionally, dense grain packing and good
lm continuity observed in AFM images minimize leakage
paths and improve polarization fatigue endurance, leading to
stable dielectric and ferroelectric performance. The dielectric
properties of the PMN-25PT/LSCO/LSAT thin heterostructure
were analysed using an AC signal across a frequency range of
102 Hz to 106 Hz, along with a very small DC bias of 25 mV. The
dielectric constant (3) and tangent loss (tan d) with varying
frequency and temperature were displayed in Fig. 4a and b,
respectively. The in-house temperature measurement setup was
developed using a hot plate, a temperature sensor, and a 20 mm
probe station under atmospheric conditions, with temperature
varied from 25 °C to 200 °C. A wide dispersion in the dielectric
maximum temperatures was observed across frequencies
Fig. 4 (a) Dielectric constant, (b) tangent loss and (c) Vogel–Fulture fitti
LSCO/LSAT heterostructure, (d) dielectric constant, (e) tangent loss, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
ranging from 102 Hz to 106 Hz. The point of maxima of the
dielectric constant shied from 80 °C to 190 °C with an increase
in frequency; this large dispersion was also supported by the
tangent loss behavior, highlighting the relaxor ferroelectric
nature. The Vogel–Fulcher (VF) equation provides the analysis
focused on understanding the dynamics of dipole relaxation.
The VF law provides a correlation between the temperature at
the maximum dielectric constant (Tm) and the Probing
frequency signal.34

f ¼ f0e

�
�Ea

kBðTm�TVFÞ

�
(1)

In the equation, f represents the applied probe frequency, f0
denotes the pre-exponential factor, Ea represents the activation
ng, and the inset shows the degree of diffusiveness (g) of PMN-25PT/
(f) polarization vs. electric field loop of bulk PMN-25PT sample.

RSC Adv., 2026, 16, 14660–14675 | 14663
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energy, kB represents the Boltzmann constant, and TVF refers to
the Vogel–Fulcher temperature. The TVF corresponds to the
temperature at which the relaxation time diverges and is known
as the freezing point of the dipoles. The dielectric data as
a function of frequency and temperature tted well with eqn (1)
and was plotted as the natural logarithm of the frequency (ln f)
along the y-axis against Tm along the x-axis. The statistically
computed goodness of t is found to be 0.99, as illustrated in
Fig. 4c. Through the Vogel–Fulcher tting process, the param-
eters obtained are f0, representing the pre-exponential factor,
TVF, the freezing temperature, and Ea corresponding to the
activation energy, which is determined to be 2.13 GHz, 251.20 K,
and 0.154 eV, respectively. For additional investigation of the
relaxor behavior, the diffusiveness coefficient g is determined
using the modied Curie–Weiss law:35

1

3
� 1

3m
¼ ðT � TmÞg

C
(2)

where 3 is the dielectric constant, 3m is the dielectric maxima
corresponding to temperature Tm, C denotes the Curie
constant, and g signies the degree of diffusiveness. It is well
known that g equals unity for pure ferroelectric materials and
approaches 2 for relaxor ferroelectric materials. The g is
calculated through the slope of the plot between (1/3 − 1/3m)
and (T − Tm). From the inset of Fig. 4c, the value of the diffu-
siveness coefficient is 1.81, which is clearly towards the relaxor
ferroelectric side. In the bulk PMN-25PT polycrystalline sample,
the dielectric constant and tangent loss are presented in Fig. 4d
and e, respectively. Unlike the thin-lm sample, the dielectric
maximum in the bulk sample shows no frequency dispersion
and occurs at 132 °C over a frequency range of 102 to 106 Hz. In
the thin lm, the dielectric permittivity exhibits a broadened,
frequency-dependent maximum, with the peak shiing to
higher temperatures as the measurement frequency increases.
This strong dispersion indicates relaxor-like behavior, where
polarization dynamics are governed by thermally activated
dipolar relaxation rather than long-range ferroelectric order.
The reduced dielectric magnitude at higher frequencies further
suggests the presence of slower polarization mechanisms, such
as interfacial (Maxwell–Wagner) polarization and space-charge
Fig. 5 Frequency dependence of the electric modulus at various tempera
the electric modulus (M0 0).

14664 | RSC Adv., 2026, 16, 14660–14675
contributions, which are unable to follow the alternating elec-
tric eld. In contrast, the bulk sample shows a sharper dielectric
peak with comparatively weak frequency dependence and
a well-dened transition temperature near ∼132 °C, reecting
more homogeneous polarization switching and long-range
ferroelectric correlations. The enhanced dispersion in the thin
lm can be attributed to substrate-induced strain, increased
defect density, and a high density of interfaces and grain
boundaries, all of which broaden the phase transition and
introduce multiple relaxation processes, leading to a strongly
frequency-dispersed dielectric response relative to the bulk
material.36,37 The ferroelectric properties of the bulk sample
were examined within a frequency range of 1 Hz to 10 Hz, as
shown in Fig. 4f. The polarization–electric eld (P–E) hysteresis
loop is well-saturated and square-shaped, demonstrating a high
saturation polarization of approximately 42 mC cm−2 and a high
remanent polarization (Pr) of nearly 35 mC cm−2. These char-
acteristics suggest that the bulk sample exhibits properties
more distinctive of a ferroelectric material than of a relaxor
ferroelectric. Due to the relaxor ferroelectric nature of the lm,
short-range order is present within ferroelectric domains,
leading to the formation of polar nanoregions and resulting in
high Ps and low Pr, making the thin lm a prime candidate for
energy storage applications.

Fig. 5 illustrates the variation of the real and imaginary
components of the electric modulus with frequency across
different temperatures. The real (Z0) and imaginary (Z00)
components of the complex impedance (Z*) were determined
using the following relations: Z0 = Z cos q and Z00 = Z sin q. For
electrical modulus analysis using eqn (3), the complex imped-
ance is transformed into the corresponding complex electric
modulus:38

M* = iuC0Z* = iuC0(Z
0 − iZ00) = M0 + iM00 (3)

Here, M0 = uC0Z00 and M00 = uC0Z0, C0 ¼ 30A
d

represents the

vacuum capacitance of the measurement cell with an air gap
equal to the sample thickness, where 30 = 8.854 × 10−12 F m−1

is the permittivity of free space, A is the electrode area, d is the
sample thickness, and u denotes the angular frequency.
tures, (a) real part of the electric modulus (M0), and (b) imaginary part of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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As shown in Fig. 5a, the real part (M0) exhibits noticeable
dispersion in the mid-frequency region. At both the low- and
high-frequency ends, however, the curves corresponding to
various temperatures tend to collapse onto a single trajectory,
indicating that the material's response in these regions is
largely temperature-independent. The mid-frequency disper-
sion suggests the participation of localized charge carriers
whose motion is restricted, causing them to contribute to the
relaxation behavior only within a limited frequency band. In
Fig. 5b, the imaginary part (M0 0) displays clear relaxation peaks.
These peaks progressively shi toward higher frequencies as
the temperature increases. Such a shi is characteristic of
thermally activated relaxation, in which the relaxation time
decreases with increasing thermal energy, allowing dipoles or
charge carriers to reorient more rapidly. The upward shi of the
peak position with increasing temperature therefore conrms
that the underlying relaxation mechanism involves thermally
assisted hopping or reorientation of charge carriers within the
material. Overall, the combined behavior ofM0 andM0 0 suggests
the presence of short-range hopping or localized relaxation
processes that are strongly dependent on thermal activation.
Fig. 6 (a) Electric field dependent polarization loop, (b) Ps/Pr and Ps − Pr v
Wtotal, and (d) energy density and efficiency plot of PMN-25PT/LSCO/LS

© 2026 The Author(s). Published by the Royal Society of Chemistry
The ferroelectric polarization versus electric eld hysteresis
loops are obtained at 10 kHz at room temperature by driving the
top Pt electrode and varying the applied electric eld, as
depicted in Fig. 6a. The loops obtained are slim and saturated
when a high E-eld of up to 2.5 MV cm−1 is applied. A large
electric eld is required to switch the domains in the epitaxial
PMN-25PT/LSCO/LSAT heterostructure. The characteristics of
the loops correspond to the relaxor ferroelectric behavior. In
Fig. 6b, the ratio of saturation polarization and remanent
polarization (Ps/Pr), and their difference (Ps − Pr), is plotted with
varying electric elds. The difference, Ps − Pr, increases with the
increase in the amplitude of the applied electric eld, the high
difference is desirable for high storage energy density, as indi-
cated by relations (4a and b). As the Ps − Pr corresponds to the
non-switchable polarization, a slim hysteresis loop exhibits
high non-switchable polarization compared to a squared
hysteresis loop, making the relaxor ferroelectric nature
preferred for high energy storage applications. The Ps/Pr ratio is
calculated and plotted, as it corresponds to the material's effi-
ciency; a high ratio is desirable for achieving high efficiency.
When an applied electric eld is raised to 2.5 MV cm−1, the
ariation (c) represents the schematic diagram highlightingWrec,Wloss &
AT heterostructure.
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saturation polarization increases, but the value of Ps/Pr
decreases slightly and is almost constant up to the maximum
applied electric eld (2.5 MV cm−1). The energy storage-related
features were calculated using the polarization versus electric
eld (P–E) plot. The total energy storage density (Wtotal) in the
inuence of the applied electric eld (E), calculated through the
relation,

Wtotal ¼
ðPs

0

EdP (4a)

where Ps is the saturation polarization or maximum polariza-
tion. The recoverable energy storage density (Wrec) is calculated
by modifying the above relation

Wrec ¼
ðPs

Pr

EdP (4b)

where Pr denotes the remnant polarization. The area enclosed
by the y-axis (representing polarization) and the discharging
curve of the P–E plot in the rst quadrant represents the
recoverable energy storage density, and the energy loss (Wloss)
corresponds to the area enclosed by the P–E plot because of
Fig. 7 (a) Temperature-dependent polarization loop, (b) Ps/Pr and Ps −
LSCO/LSAT heterostructure.

14666 | RSC Adv., 2026, 16, 14660–14675
hysteresis in the charging–discharging process of the ferro-
electric material, as clearly depicted in Fig. 6c. Energy storage
devices that exhibit negligible hysteresis in PE loops are
appropriate for energy storage applications; in this context,
classical relaxor ferroelectrics with slim hysteresis are highly
suitable. The efficiency (h) for energy storage is dened as

h% ¼ Wrec

Wtotal

� 100 (5)

The Wrec can be increased by increasing the difference
between Ps and Pr according to eqn (4b), also relaxor ferroelec-
tric materials can be a good choice as they exhibit very low
hysteresis, high Ps and low Pr. By using relations (4a), (4b), and
(5), the Wrec and efficiency are computed and plotted in Fig. 6d.
The Wrec exhibits a linear correlation with the electric eld,
achieving a maximum value of 32.69 J cm−3 with an h of 50.92%
at 2.5 MV cm−1.

For the temperature-dependent study of energy density
properties, the P–E loops were measured at 10 kHz with
a temperature range from 25 to 190 °C using an in-house open-
Pr variation and (c) energy density and efficiency plot of PMN-25PT/

© 2026 The Author(s). Published by the Royal Society of Chemistry
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air heating setup. The rst quadrant was utilized for calcula-
tions, as shown in Fig. 7a. With increasing temperature, there is
a slight decrease in Ps and Pr. From Fig. 7b, the ratio of Ps/Pr
initially increases and peaks at 130 °C; however, Ps − Pr
decreases slightly with an increase in temperature. TheWrec and
efficiency h were plotted in Fig. 7c as a function of temperature
up to 190 °C. A high Wrec of 30 J cm−3 was obtained, with an
efficiency of around 50% at 10 kHz. The efficiency is highest
near 130 °C, which is also supported by the dielectric dispersion
maximum at 130 °C at 10 kHz. The Wrec initially decreases with
increasing temperature and thereaer remains almost constant
up to 190 °C, which remains 91% of its initial value at room
temperature, showing excellent thermal stability, which is a key
feature in energy storage. However, there are few publications
on the high-breakdown electric-eld and energy-storage appli-
cations of PMN-xPT-based thin lms, which warrant further
exploration of microstructure-property relations. The PMN-xPT
(with x = 0.1 & 0.2) thin lm deposited by RF sputtering showed
a Wrec of around 31 J cm−3 under a high electric eld of about
MV cm−3. Recently, a large energy density of 133 J cm−3, with an
efficiency over 75% was observed in PMN-xPT epitaxial thin
lms by post-processing with ion bombardment.39 The doping
of rare earth element La3+ in PMN-0.12PT was employed, and
a Wrec of 25.2 J cm−3 with an efficiency of 63.2% was attained.40

Li et al. incorporated buffer layers of SrTiO3 and LaAlO3 into
PMN-0.07PT and achieved an energy density of approximately
48 J cm−3, with an efficiency approaching 77%.41 It is essential
to note that most studies were conducted away from the MPB (x
z 0.3) of the PMN-xPT solid solution.

Fig. 8a shows the leakage current behavior of the epitaxial
thin lm sample at 1 kHz. The applied electric eld prole is
shown with the help of arrows in Fig. 8a; it starts from 0 to +E
and back to 0, and similarly for the negative axis. The Plot is
asymmetrical with respect to the x-axis because applying posi-
tive and negative electric elds results in different work func-
tions for the top and bottom electrodes. On the positive side,
the hysteresis behavior is obtained, which might be occurring
Fig. 8 (a) Leakage current and (b) fatigue behavior up to 108 stress cycle
polarization versus pulse count (PUND measurements) at 10 kHz.

© 2026 The Author(s). Published by the Royal Society of Chemistry
due to the polarization-driven resistive switching behavior.42

However, on both sides near 0.5 MV cm−1 electric eld, a kink is
observed; this might be due to induced polarization near the
coercive electric eld. The leakage current is of the order of 10−5

Ampere at 1.25 MV cm−1 (half of the breakdown electric eld),
which denotes the high resistivity of the formed lm, which in
turn infers toward the high breakdown electric eld. To test the
lm's durability, a fatigue test was performed on the thin-lm
device by applying charging–discharging stress cycles. A trian-
gular waveform with a 10 kHz frequency was applied, with
successive increments in stress time, and polarization param-
eters were measured. The device exhibits excellent perfor-
mance, maintaining a stable polarization value up to 108 cycles,
as shown in Fig. 8b, and can be utilized in practical energy
storage applications. The inset gure shows the results of
a Positive–Up–Negative–Down (PUND) pulse measurement
performed at 10 kHz to separate intrinsic switchable ferroelec-
tric polarization from non-switching contributions such as
leakage and capacitive currents. The x-axis represents the pulse
sequence, while the y-axis gives the measured polarization (mC
cm−2). In this sequence, the rst positive pulse (P*) switches the
polarization and therefore includes both the switchable polar-
ization component and non-switching contributions. The
second positive pulse (P^) is applied in the same polarity
without allowing reversal; hence, it mainly measures the non-
switching component. The true positive remanent polariza-
tion is calculated by subtracting the non-switching contribution
from the total response measured during the rst positive pulse
using this equation:

Pr
+ = P* − P^ (6a)

Similarly, during the negative polarity sequence, the rst
negative pulse (−P*) contains both switching and non-
switching contributions, while the second negative pulse
s of the PMN-25PT/LSCO/LSAT heterostructure, with an inset showing

RSC Adv., 2026, 16, 14660–14675 | 14667
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(−P^) represents primarily the non-switching response. The
negative remanent polarization is therefore calculated as:

Pr
− = (−P*) − (−P^) (6b)

The effective switchable polarization (2Pr) can then be
expressed as:

2Pr = Pr
+ + Pr

− (6c)

The distinct difference between P* and P^ (and between −P*
and −P^) conrms that a signicant portion of the measured
signal arises from genuine ferroelectric domain switching
rather than leakage artifacts. The comparable magnitudes of Pr

+

and Pr
− further indicate symmetric and reversible polarization

switching, demonstrating the intrinsic ferroelectric nature of
the lm. The PUND analysis, which also serves as a ngerprint
of intrinsic polarization, indicates a remanent polarization of
nearly 4.6 mC cm−2 at 10 kHz. The polarization data are taken at
such a high frequency that no mobile charge carriers can follow
the PE loops.

Fig. 9 presents the temperature-dependent polarization
behavior and the corresponding electrocaloric response of the
material under various electric elds. In Fig. 9a, polarization
decreases progressively with increasing temperature across the
measured range, indicating a gradual thermal depolarization
process without evidence of a sharp phase transition. The
Fig. 9 Temperature-dependent polarization behavior and electrocaloric
temperature derivative of polarization (dP/dT), (c) electrocaloric temp
temperature.

14668 | RSC Adv., 2026, 16, 14660–14675
observed temperature dependence of polarization shows an
initial decrease up to ∼140 °C, followed by a gradual increase at
higher temperatures, which can be understood in relation to the
dielectric phase transition occurring near ∼130 °C at 10 kHz.
Below the transition temperature, the material remains in the
ferroelectric state, where increasing temperature enhances
thermal disorder and weakens long-range dipolar alignment,
leading to a reduction in polarization. As the temperature
approaches the ferroelectric–paraelectric phase transition,
polarization becomes increasingly unstable and reaches
a minimum due to the collapse of spontaneous ferroelectric
order. Beyond this temperature, the system enters a paraelectric
or transition-dominated regime, where polarization is primarily
eld-induced rather than domain-driven. In this region,
enhanced dielectric permittivity, increased polarizability, and
the activation of free charge carriers contribute to the apparent
rise in polarization under applied electric elds. The contribu-
tion of thermally activated free carriers and space-charge
polarization becomes more signicant at elevated tempera-
tures, particularly at nite measurement frequencies, resulting
in an increase in measured polarization despite the absence of
long-range ferroelectric order. Fig. 9b shows the derivative of
polarization with respect to temperature (dP/dT), which high-
lights the regions of rapid polarization change. Distinct peaks
and sign reversals are observed, marking the transition between
positive and negative electrocaloric regimes. As the applied
electric eld increases, these peaks become more pronounced
response under various electric fields, (a) polarization (P–T) curves, (b)
erature change (DT), and (d) entropy change (DS) as a function of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and shi toward higher temperatures, reecting strengthened
eld-temperature coupling in the material. Electrocaloric
effects are examined based on their fundamental principle:
when the applied E-eld increases from E1 to E2, the material
undergoes an isothermal entropy change (DS):43 S = S(E1,T) −
S(E2,T). Thus, the starting condition of the ECE material at E1
(generally taken as E1 = 0) has a direct inuence on the
electrocaloric response. This relationship can be described
using the Maxwell relation:44 (vP/vT)E = (vS/vE)T. Maxwell's
relations were employed to calculate the electric-eld-driven
variations in temperature (jDTj) and entropy (jDSj) associated
with the electrocaloric parameters:

DS ¼ �1

r

ðE2

E1

�
vP

vt

�
E

dE (7)

DT ¼ � 1

rCp

ðE2

E1

T

�
vP

vt

�
E

dE (8)

Here, S denotes entropy, p represents polarization, E is the
applied electric eld, r represents the material density, which is
7356 kg m−3. T is the temperature, and the specic heat Cp is
0.324 J g−1 K−1. Fig. 9c and d illustrate the electrocaloric
temperature change (DT) and entropy change (DS), respectively,
derived from the Maxwell relation. In Fig. 9c, DT shows both
positive and negative EC effects at different temperatures. At
lower temperatures, a positive DT appears, corresponding to the
conventional EC effect where polarization decreases with
increasing temperature. Near the transition region,
a pronounced negative DT emerges, increasing in magnitude
with stronger electric elds, which is characteristic of an inverse
EC response associated with eld-induced phase behavior.
Similarly, Fig. 9d shows that DS follows the same trend, with
entropy increasing in the negative EC region due to enhanced
disorder during eld-driven polarization changes. The
pronounced negative electrocaloric effect (ECE) observed aer
the ferroelectric–paraelectric phase transition can be attributed
to polarization consolidation mechanisms that dominate in the
high-temperature regime. Near and above the phase transition,
the long-range ferroelectric order collapses and the material
enters a paraelectric or transition-dominated state character-
ized by strong polarization uctuations and enhanced dielectric
susceptibility, application of an electric eld in this regime,
eld-induced dipoles and short-range polar correlations
become progressively stabilized, leading to a consolidation or
reorganization of polarization rather than conventional di-
sordering.45 In relaxor ferroelectrics, the electrocaloric effect
(ECE) under adiabatic conditions arises from the interaction
between an applied electric eld and the dynamic polar nano-
regions (PNRs) present in the material. When an electric eld
is applied adiabatically at lower temperatures, the PNRs tend to
align along the eld direction, thereby decreasing dipolar
congurational entropy. Since the process is adiabatic and total
entropy must remain constant, the decrease in dipolar entropy
is compensated by an increase in lattice entropy, leading to
a rise in temperature. This phenomenon is known as the posi-
tive electrocaloric effect (+ve ECE), in which the material's
© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature increases upon application of an electric eld.
Mathematically, this occurs when the temperature derivative of
polarization (vP/vT)E is negative. The ECE changes from positive
to negative with rising temperature, at the point where the
temperature change is zero. At that point, (vP/vT)E tends to zero
due to cancellation of both types of ECE. However, near the
phase transition region or at higher temperatures, relaxor
ferroelectrics exhibit highly dynamic and weakly correlated
PNRs. Under these conditions, the application of an electric
eld can induce structural or dipolar rearrangements that
increase dipolar disorder and, thereby, dipolar entropy. To
maintain constant total entropy under adiabatic conditions, the
lattice entropy decreases, lowering the temperature. This leads
to the negative electrocaloric effect (−ve ECE), where the
temperature decreases when the electric eld is applied, cor-
responding to a positive value of (vP/vT)E. Therefore, the coex-
istence and temperature-dependent evolution of ordered and
disordered polar nano-regions in relaxor ferroelectrics allow
both positive and negative electrocaloric responses to occur
under an applied electric eld (as shown in the schematic
diagram, Fig. 10). The magnitude of the negative ECE increases
with electric eld due to stronger alignment and stabilization of
polar regions, highlighting the critical role of phase-transition-
induced polarization dynamics and entropy changes in gov-
erning the electrocaloric behavior. The amplication of both DT
and DS with increasing electric eld indicates that the material
exhibits a strong, tuneable electrocaloric effect across a broad
temperature range. The device demonstrates a pronounced
negative electrocaloric effect, characterized by a maximum
entropy change of −29.4 J kg−1 K−1 and a peak adiabatic
temperature change of −38.3 K at 150 °C under an applied
electric eld of 2.5 MV cm−1. Additionally, a positive electro-
caloric response is observed around 120 °C, resulting in
a temperature change of 33.4 K and an accompanying entropy
change of 27.5 J kg−1 K−1. The enhancement of DT and DS with
increasing electric eld indicates strong coupling between
polarization behavior and thermal response, demonstrating the
potential of these thin lms for solid-state refrigeration based
on negative electrocaloric cooling. To compare with other
ferroelectric materials, Table 2 summarises the ECE values from
this study alongside experimental data from existing
literature.

However, it should be emphasized that the observation of
a negative ECE derived from the indirect method based on
Maxwell relations is well established and widely accepted, even
in systems exhibiting unsaturated P–E loops, provided that the
polarization data are thermodynamically consistent. Numerous
studies have successfully employed Maxwell's relation to eval-
uate both positive and negative ECE without requiring fully
saturated hysteresis loops. Negative ECE has been reliably re-
ported near rst-order or diffuse phase transitions, relaxor
ferroelectrics, and eld-induced phase instability regions,
where a positive (vP/vT)E naturally occurs due to entropy-driven
polarization reconguration. In such cases, unsaturated loops
do not invalidate the indirect ECE analysis, as the Maxwell
approach depends on reversible polarization changes rather
than absolute saturation polarization. In the present work,
RSC Adv., 2026, 16, 14660–14675 | 14669
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Fig. 10 Functional mechanism of the PMN-25PT film based on reversible positive and negative electrocaloric effects.
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special care was taken to minimize leakage-current contribu-
tions by performing measurements under optimized electric
elds and temperature ranges where conduction effects are
negligible. The smooth temperature evolution of polarization,
the absence of anomalous current spikes, and the consistency
of the extracted (vP/vT)E trends support the intrinsic nature of
the observed negative ECE. Similar methodologies and
conclusions have been reported for lead-based and lead-free
ferroelectrics exhibiting negative ECE using indirect methods.
While direct ECE measurements are certainly desirable, it is
well recognized that indirect Maxwell-based evaluation remains
a valid and widely used approach for identifying negative ECE,
particularly when direct calorimetric measurements are exper-
imentally challenging. Therefore, we believe that the negative
electrocaloric effect reported in this study is intrinsic and
consistent with existing literature rather than an artefact arising
from unsaturated P–E loops or leakage currents. Several studies
have shown qualitative and even quantitative agreement
Table 2 Comparative summary of electrocaloric effect (ECE) values for

Material lms T (°C) DT (K)
DS
(J kg−1 K−1)

DE
(kV

PLZT8/65/35 45 40 50 120
Hf0.2Zr0.8O2 34 13.4 — 326
BCT-BMT 163 −42.5 −29.3 163
PZT/CFO-L9 −68 −25 −40.16 370
BKNT15 30 −16.55 −28.83 112
NBTWF 55 −17 −24 269
NBTWF 143 56 64 269
PMN-7PT 25 9 — 720
PZT95/PZT52 125 20.5 24.8 570
PMN-10PT 75 5 — 895
P(VDF-TrFE)55/45 80 12.6 60 209
PMN-35PT 140 31 — 747
NBBST 40 12 18 164
PMN-25PT 150 −38.3 −29.4 250
PMN-25PT 120 33.4 27.5 250

14670 | RSC Adv., 2026, 16, 14660–14675
between indirect and direct measurements of negative ECE in
such systems.46–54 The electrocaloric efficiency is commonly
quantied by the parameter hmax = DTmax/DEmax, where DEmax

denotes the applied electric-eld variation and DTmax is the
corresponding maximum temperature change. In the present
study, a maximum electrocaloric efficiency of 0.0153 cm K kV−1

is achieved. To further assess the overall performance and
energy efficiency of the electrocaloric material, the coefficient of
performance (COP) is employed, which is dened by the
following relation:

COP ¼ jQj
jWrecj ¼

jDS � T j
jWrecj (9)

Here, Q represents the isothermal heat exchanged during the
electrocaloric process, whereas Wrec refers to the recoverable
energy density per unit volume, which was evaluated by
numerically integrating the area enclosed between the
discharge branch of the P–E hysteresis loop and the polariza-
tion axis. Under an applied electric eld of 2.5 MV cm−1 at 423
certain material compositions

cm−1)
jDT/DEj
(K cm kV−1)

jDS/DEj
(J kg−1 K−1 kV cm−1) Ref.

0 0.0333 0.042 56
0 0.004 — 13
0 0.026 0.018 57

0.0675 0.108 58
5 0.0159 0.026 59
2 0.006 0.009 51
2 0.021 0.024 51

0.0125 — 60
0.036 0.043 61
0.0056 — 62

0 0.006 0.029 9
0.0415 — 63

2 0.007 0.011 64
0 0.0153 0.012 This work
0 0.0134 0.011

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Comparison of the electrocaloric properties of the PMN-25PT
film with those of representative thin films reported in the literature of
the peak values of DT and DS as a function of applied electric field.
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K, the PMN-25PT thin lm exhibits a maximum COP of 3.05.
Notably, this value exceeds those previously reported for both
lead-free and lead-based electrocaloric materials. This value is
comparable to that reported for PbZr0.95Ti0.05O3 thin lms,
which exhibit a COP of approximately 38 and a COP of about 1.2
has been reported for doped BaTiO3-based multilayer thin
lms.55 Fig. 10 illustrates a reversible electrocaloric cooling
cycle that combines positive and negative electrocaloric effects
(ECEs) to enhance the overall cooling capacity of an electro-
caloric (EC) lm. In the upper section, the positive ECE process
is shown. Initially, the EC lm is at temperature T0 and entropy
S0 (stable FE state) with no applied electric eld (E = 0). When
an electric eld E1 is applied adiabatically, the dipoles in the
ferroelectric material align along the eld direction, reducing
dipolar entropy while keeping the total entropy constant. As
a result, the lattice entropy increases, leading to a temperature
rise from T0 to T0 + DT1. Subsequently, the system releases heat
−Q1 to the surroundings under an isoelectric condition, which
decreases the entropy from S0 to S0− DS1 while maintaining the
electric eld. When the electric eld is then removed adiabati-
cally, the dipoles become disordered again, increasing dipolar
entropy and causing the temperature to decrease to T0 − DT1,
thereby completing the positive ECE stage. As the system enters
the temperature region where negative ECE dominates, it marks
the cooling stage of the electrocaloric cycle. Starting from the
state T0 − DT1, S0 − DS1 at an applied electric eld E = E2, the
system is already in the temperature region where the negative
electrocaloric response dominates. Under these conditions, the
dipolar conguration in the electrocaloric lm, typically asso-
ciated with relaxor-like ferroelectric states, is highly dynamic.
When the system undergoes an adiabatic eld-driven process,
the dipoles rearrange to increase the dipolar congurational
entropy. Because the process is adiabatic and the total entropy
must remain constant, the increase in dipolar entropy is
compensated by a decrease in lattice entropy, resulting in
a further reduction in temperature from T0 − DT1 to T0 − DT1 −
DT2. Aer reaching this lower temperature state, the EC lm
absorbs heat +Q2 from the surroundings under constant electric
eld conditions, which increases the entropy from S0 − DS1 to
S0 − DS1 + DS2 and slightly raises the temperature from T0 to T0
+ DT2. Subsequently, during the adiabatic removal of the elec-
tric eld, the dipoles gradually return toward their initial
conguration. Thus, the cross-to-switch pathway represents
a continuous negative electrocaloric cooling process, in which
entropy redistribution between the dipolar and lattice subsys-
tems leads to a signicant temperature reduction, enabling
efficient heat absorption from the environment in electrocaloric
refrigeration cycles.51 As shown in Fig. 9c, two distinct electro-
caloric regimes are clearly observed. In the low- to intermediate-
temperature region (z30–135 °C), DT is positive for all applied
elds, and its magnitude increases systematically with
increasing electric eld. This behavior corresponds to
a conventional positive electrocaloric effect, where adiabatic
application of the electric eld reduces dipolar entropy through
enhanced polarization ordering, leading to a temperature rise.
In contrast, above ∼140 °C, DT changes sign and becomes
negative, reaching a pronounced minimum around 150 °C
© 2026 The Author(s). Published by the Royal Society of Chemistry
before gradually recovering at higher temperatures. The
magnitude of the negative DT also increases with electric eld
strength, indicating a eld-driven negative electrocaloric effect.
This sign reversal is associated with eld-induced polarization
instability and entropy increase near the phase-transition
region, where (vP/vT)E becomes positive. Importantly, both
positive and negative EC effects occur under comparable
electric-eld amplitudes but in different temperature windows.
This coexistence of reversible positive and negative electro-
caloric responses enables the proposed two-stage continuous
refrigeration mechanism.

Fig. 11 compares the electrocaloric (EC) performance of the
PMN-25PT thin lm investigated in this work with that of
several representative ferroelectric and relaxor-based thin lms
reported in the literature. The peak electrocaloric temperature
change (DT, le axis) and the corresponding entropy change
(DS, right axis) are plotted as functions of the applied electric
eld (E). For each material system, both positive and negative
EC responses are shown where available, reecting the revers-
ible electrocaloric behavior typically observed near phase-
transition or eld-induced instability regions. Compared with
commonly studied thin lms such as PZT-, PLZT-, BNKT-, and
BCZT-based systems, the PMN-25PT lm exhibits comparatively
large magnitudes of both DT and DS under a similar electric-
eld range. Notably, the PMN-25PT lm exhibits pronounced
positive and negative EC effects within the same material,
indicating a wide, tunable electrocaloric working window. The
data marked as “This work” highlight that PMN-25PT combines
strong EC strength with dual-sign reversibility, underscoring its
advantage for two-stage or continuous solid-state electrocaloric
refrigeration and its competitiveness among state-of-the-art
electrocaloric thin lms.

The Olsen cycle was originally proposed in the 1980s as
a thermodynamic energy-conversion scheme for thermal-
uctuation type-1 (TF-1) ferroelectrics, in which the saturation
polarization decreases monotonically with increasing
RSC Adv., 2026, 16, 14660–14675 | 14671
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temperature due to enhanced thermal disorder. At that time,
ferroelectrics exhibiting thermal-uctuation type-2 (TF-2)
behavior, where polarization increases with temperature as
a result of thermally activated dipolar alignment, were scarcely
reported, and systematic studies of such materials did not
emerge until aer 2008. To address this limitation, a modied
Olsen cycle specically tailored for TF-2 ferroelectrics was
introduced in 2014. Subsequently, the Olsen cycle concept was
generalized to encompass all polar materials that exhibit
temperature-dependent polarization, regardless of the sign of
the thermal uctuation behavior.65,66 In the generalized Olsen
cycle, electrical energy is harvested through the coupled
modulation of temperature and electric eld in a pyroelectric or
ferroelectric material. The cycle begins by polarizing the mate-
rial at a low temperature (TL) under a unipolar electric eld. The
material is then heated at a constant high electric eld (EH),
during which the polarization changes with temperature
decreasing for TF-1 systems and increasing for TF-2 systems,
thereby generating electrical work. This step is followed by
depolarization at the elevated temperature (TH) through
a reduction of the electric eld, and nally by isoelectric cooling
under a low electric eld (EL), which produces additional elec-
trical output. Together, these steps form a closed thermody-
namic loop that converts thermal energy into electrical energy
through the electrocaloric and pyroelectric effects.67 Fig. 12
illustrates the Olsen cycle for PMN-25PT ceramics, highlighting
the conservation and conversion of thermal energy via the
electrocaloric effect. The cycle is represented in the polariza-
tion–electric eld (P–E) plane using hysteresis loops measured
at two temperatures: 30 °C (low temperature, yellow curve) and
140 °C (high temperature, blue curve). The closed path M–N–O–
P denes the Olsen cycle, which consists of two isothermal
processes (M–N and O–P), where the electric eld is varied at
constant temperature, and two isoelectric processes (N–O and
P–M), where the temperature is varied under a constant electric
Fig. 12 P–E hysteresis loops of PMN-25PT ceramics recorded at low
(30 °C) and high (140 °C) temperatures. The inset schematically depicts
the Olsen cycle (M–N–O–P), highlighting the isothermal and
isoelectric processes.

14672 | RSC Adv., 2026, 16, 14660–14675
eld. Since the polarization of PMN-25PT decreases with
increasing temperature, the resulting M–N–O–P loop follows
a clockwise direction in the P–E diagram, indicating net elec-
trical energy generation. This thermoelectric cycling strategy
signicantly enhances both the energy density and power
output of pyroelectric devices by exploiting temperature-
dependent polarization changes. The electrical energy har-
vested per cycle is directly proportional to the area enclosed by
the Olsen cycle in the P–E hysteresis loop, underscoring the
importance of strong polarization response, large thermal
sensitivity, and optimized electric-eld modulation in achieving
high energy-conversion efficiency.
M–N process: isothermal polarization process

In stepM/N, thematerial undergoes an isothermal process at
low temperature (TL), where the polarization increases from PM
to PN with an applied electric eld from EL to EH.
N–O process: isoelectric heating process

In step N/ O, the system follows an isoelectric process at high
electric eld (EH), during which the temperature rises from TL
(low) to TH (high), causing polarization to decrease from PN to
PO.
O–P process: isothermal depolarization process

Step O / P is an isothermal process at high temperature (TH),
where reducing the electric eld from EH (high) to EL (low), the
polarization slightly decreases from PO to PP.
P–M process: isoelectric cooling process

To conclude in the last step, P/M, the substance goes through
an isoelectric process at a low electric eld (EL), where cooling
from TH back to TL re-establishes the polarization state PM.

The energy converted per unit volume in a single cycle is
given by the area circumscribed by the clockwise M–N–O–P loop
of the P–E hysteresis curve. The corresponding energy, ND (J L−1

per cycle), is derived from the following relation:68

ND ¼
þ
EdP (10)

Within the temperature range of 30–140 °C and under
applied electric elds of 0–2.5 MV cm−1, the system achieves an
energy density of ∼18.7 J cm−3 (equivalent to ∼18.7 J L−1 per
cycle). Table 3 presents the Olsen-cycle-based energy-harvesting
features and the corresponding operating parameters for
various thin-lm materials reported in the literature.

The enhanced functional performance of the PMN-PT thin
lm is primarily governed by its relaxor ferroelectric nature,
strong (001) crystallographic texturing, and nanoscale polari-
zation dynamics. The tetragonal-like phase and preferential
orientation stabilize polarization along the out-of-plane direc-
tion, enabling a large eld-induced polarization while main-
taining a low remanent polarization. This combination is
particularly favorable for both high-efficiency energy storage
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The pyroelectric energy-harvesting performance of various ferroelectric materials reported in the literature can be summarized as
follows

Materials Tlow (°C) Thigh (°C) Elow (kV cm−1) Ehigh (kV cm−1) ND (J cm−3 cycle) Ref.

PbZr0.53Ti0.47O3/CoFe2O4 −173 27 0 400 ∼47 58
Hf0.2Zr0.8O2 25 150 0 3260 ∼11.5 13
Pb0.99Nb0.02(Zr0.55Sn0.40Ti0.05)0.98O3 25 225 218 1091 ∼7.4 69
0.67PbMg1/3Nb2/3O3–0.33PbTiO3 30 50 0 600 8 70
0.68PbMg1/3Nb2/3O3–0.32PbTiO3 25 115 125 392 1 71
BaZr0.2Ti0.8/Ba0.7Ca0.3TiO3 20 100 436 985 ∼11 72
0.75PbMg1/3Nb2/3O3–0.25PbTiO3 30 140 0 2500 ∼18.7 This work
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and electrocaloric (EC) applications, as it promotes reversible
polarization changes and suppresses hysteresis losses. The
columnar microstructure plays a critical role in improving
dielectric breakdown strength by limiting lateral charge trans-
port and suppressing leakage pathways. This microstructural
advantage enables the lm to withstand high electric elds up
to 2.5 MV cm−1, directly contributing to the large recoverable
energy density achieved in this work. The slim polarization–
electric eld loops further indicate a highly reversible polari-
zation response, resulting in reduced energy dissipation and
enhanced storage efficiency. In addition, the lm exhibits
excellent thermal stability up to 190 °C, which is essential for
reliable operation in high-temperature electronic and power-
conditioning environments. The dielectric response of the
PMN-PT lm is characterized by a broad and diffuse permittivity
maximum with pronounced frequency dispersion, conrming
its relaxor behavior. This response originates from composi-
tional disorder and the presence of polar nanoregions (PNRs),
whose gradual evolution with temperature enables stable
dielectric and ferroelectric properties over a wide temperature
range. Electric modulus analysis reveals that the dominant
relaxation processes arise from thermally activated localized
charge carriers or short-range hopping mechanisms, which are
closely coupled to the dynamics of PNRs and the diffuse phase
transition. A key outcome of this study is the coexistence of
large positive and negative EC effects within the same material
system. The negative EC response observed at elevated
temperatures is attributed to eld-induced reconguration and
destabilization of PNRs near the relaxor-to-paraelectric-like
transition, whereas the positive EC effect at lower tempera-
tures arises from conventional eld-driven dipolar ordering.
The reversible sign change of the EC response enables a broad
operational temperature window and highlights the potential of
PMN-25PT thin lms for multi-stage electrocaloric cooling.
Overall, the combination of high energy density, thermal
robustness, fatigue resistance, and giant bidirectional EC
response underscores the promise of PMN-25PT thin lms for
advanced solid-state cooling and energy storage technologies.
4. Conclusions

A nanoscale columnar PMN-25PT relaxor thin lm was
successfully fabricated by pulsed laser deposition, exhibiting
highly oriented (100) growth with a tetragonal-like structure.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The lm shows large saturation polarization, high dielectric
breakdown strength, low remanent polarization, and broad
frequency- and temperature-dependent dielectric dispersion,
making it suitable for energy storage. Electrical modulus anal-
ysis reveals thermally activated localized charge dynamics
associated with short-range hopping and phase transitions. The
recoverable energy density increases with electric eld, reaching
32.69 J cm−3 with an efficiency of 50.92%, while maintaining
excellent thermal stability up to 190 °C and outstanding fatigue
endurance over 108 charge–discharge cycles. The lm exhibits
a giant negative electrocaloric response near 150 °C with DT =

−38.3 K and DS=−29.4 J kg−1 K−1, along with a strong positive
electrocaloric response near 120 °C (DT = 33.4 K, DS = 27.5 J
kg−1 K−1). Operating over a wide temperature range of 30–140 °
C and electric elds up to 2.5 MV cm−1, the system achieves
a high energy conversion density of ∼18.7 J cm−3 per cycle,
highlighting its potential for solid-state cooling and thermal
energy harvesting applications.
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