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Abstract

Caloric effects allow for temperature control through adiabatic application of external fields and
are actively explored for solid state refrigeration. The common wisdom is that the application of
ultrahigh fields enhances the effects, thus providing a route to their practical applications. Using
the ferroelectric relaxor (Ba, Ca)(Ti, Zr)Os, we demonstrate that in ferroics, which are the prime
candidates for such application, this is not true in general, and that caloric effects can be enhanced
through the reduction of the applied field. The explanation of such a counterintuitive response is
in the dependence of the electrocaloric effect on the effective poling field that can be regarded as

a “hidden” variable of the caloric effects.



I. INTRODUCTION

Caloric effects are under active investigation owing to the groundbreaking findings of
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giant caloric effects in ferroics' '? and their promise for solid state coolers that are energet-

ically efficient and environmentally friendly alternatives to conventional refrigeration!'4.
The effect is defined as the reversible change in temperature under adiabatic application of
electric, magnetic or stress fields. For example, the electrocaloric effect is associated with
a reversible change in temperature under adiabatic application of electric field and can be

quantified with the help of thermodynamics, in particular, Maxwell’s equation:

T [P /0P
AT ~ ——— — dE. 1

where, P, T, and Cg are polarization, temperature and specific heat at constant electric
field, respectively, while E, and p are the electric field and materials density, £, and Es are
the initial and final values of the applied electric field. Typically caloric effects are rather
small (on the order of a Kelvin under applied fields of 10-40 kV /ecm) for practical applica-
tions. However, Eq. (1) suggests that electrocaloric AT can be increased by the application
of large electric fields Es,, which is only possible in high quality samples. Indeed, the ground-
breaking approach of using ultrathin high-quality films to achieve giant electrocaloric effect
through application of high electric fields' has promoted an unprecedented research interest
in electrocaloric effects with the number of publications increasing exponentially in the last
decade”. More precisely, in Ref.! application of electric field of up to 776 kV/cm to poled
antiferroelectric Pb(Ti, Zr)Os films was predicted to yield 12 K change in temperature!.
The followup studies reported that in multilayer thick film of ferroelectric BaTiO3 applica-
tion of 800 kV /cm resulted in 7.1 K change in temperature!®. BaggSrgoTiO; films exhibited
electrocaloric AT of 9.1 K under the field of 1000 kV/cm'6, while BaZrg o TiggO3'" thin films
were reported to produce 43.6 K temperature change under electric field of 1011 kV /cm.
Furthermore, in polymer/Bag 751033 TiO3 nanocomposites the field of 1500 kV /cm yielded

18 Although the field of electrocaloric measurements is often

32 K change in temperature
faulted by the reproducibility issues, still inspection of over 36 studies compiled in Ref.”
suggests that the general trend is in agreement with expectation from Eq. (1), that is larger
fields lead to larger electrocaloric AT. This can be further illustrated in the case of ferro-

electric polymers where nearly linear increase in AT with electric field was reported*®.



Here, we grew a high quality epitaxial thin film of ferroelectric (Bag g5Cag.15)(Ti0.0%Zr0.1)O3
(BCZT) which allowed for the application of ultra high electric fields up to 1000 kV /cm.
Surprisingly, we found that (i) such films remain in the ferroelectric phase up to 140 K
above the Curie point (T¢ = 360 K) of their bulk counterpart; (ii) the application of ultra
high electric fields suppresses the electrocaloric effect. With the help of first-principles-based
simulations we reveal that there exists a “hidden” variable in the caloric effects of ferroics
that is responsible for the aforementioned findings and which can be manipulated to tune
electrocaloric effect in a very counterintuitive way. For example, we demonstrate that in a
given temperature range the largest electrocaloric change in temperatures is enhanced by a

factor of seven through a two times decrease of the electric field.

II. METHODS

A dense ceramic target of (BaggsCag15)(TigoZre1)O3 (BCZT) was prepared by a con-
ventional solid state reaction starting from high purity (99.99%) powders. The details of
the bulk BCZT ceramic preparation is provided in the Supplemental Material. The as-
prepared (Bags5Cag 15)(Tig.9Z10.1)O3 bulk ceramic was characterized for phase purity, struc-
tural refinement and chemical composition using X-ray diffraction (XRD), energy dispersive
spectroscopy (EDS), x-ray photoelectron spectroscopy (XPS) and Raman spectroscopy (see
Figures S1 in the Supplemental Material). Temperature dependent dielectric and ferroelec-
tric measurements of the bulk pellet were conducted with a planar capacitor structure using
sputtered Au top and bottom electrodes (see Figure S2 in the Supplemental Material).

An epitaxial (BaggsCag.15)(Tig.9Zre.1)O3 thin film heterostructure using Lag7Srg3MnO;
(LSMO) top and bottom electrodes was fabricated on a single-crystal Sr'TiO3 (STO) (100)
substrate using a commercial pulsed laser deposition (PLD) system. The details of the
thin film fabrication and characterization is provided in the Supplemental Material. The
crystallinity, strain, composition, surface morphology and interfacial micro-structures of the
BCZT/LSMO heterostructure were investigated using symmetric/asymmetric XRD, EDS,
XPS, atomic force microscopy (AFM) and high-resolution transmission electron microscopy
(HRTEM) (see Figure S3 and S4 in the Supplemental Material). Temperature dependent
dielectric measurements of the LSMO/BCZT /LSMO thin film capacitor were conducted in
the frequency range of 1 kHz to 1 MHz by using a precision digital LCR meter (see Figure
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S5 in the Supplemental Material). Temperature dependent ferroelectric hysteresis loops for
the BCZT thin film were measured using a commercial ferroelectric test system (Radiant
Technologies Inc.) equipped with a micro-probe station at a frequency of 1 kHz in different

ranges of electric fields from [-400:400] kV /cm to [-1000:1000] kV /cm.

Computationally, we model bulk Ba(Ti;_,,Zr,)O3 using first-principles-based effective
Hamiltonian of Ref.'”. We chose Ba(Tigg,Zr01)O3 as the closest material to (Ba, Ca)(Ti,
Zr)O3 for which reliable computational approach is available. The degrees of freedom for the
Hamiltonian include local soft modes which are proportional to the local dipole moments and
local strain variables that describe deformation of the unit cells. The Hamiltonian includes
the interactions that are responsible for the ferroelectricity in Ba(Ti;_,,Zr,)O3: local mode
self energy up to fourth order, harmonic short and long range interactions between the
local modes, elastic deformations and interactions responsible for the electrostriction, and
the term that describes interaction of local modes with the electric field. The Hamiltonian
reproduces correctly complex phase diagram of temperature vs Zr concentration in BaTiO5'Y.
Note, that Ba(Ti;_,,Zr,)O3 bulk is simulated by applying periodic boundary conditions
along all three Cartesian directions. To model hysteresis loops the effective Hamiltonian is
used in the framework of classical molecular dynamics (MD) with Evans-Hoover thermostat?®’
to simulate NPT ensemble. The integration step is 1 fs. The ac electric field is simulated
with the amplitudes of 50, 500, and 5000 kV/cm and frequency 0.01 THz. Technically,
three periods of the field are simulated and the data are then averaged. The simulation

supercell size is 30 x 30 x 30 unit cells of perovskite. The hysteresis loops are simulated for

the temperature interval from 300 K to 510 K in steps of 10 K.

To compute electrocaloric change in temperature we integrate numerically Eq. (1). For
that hysteresis loops P(F) in the first quadrant are used to compute P(T, E') dependencies.
Technically, for a given E we first fit P(T") dependencies and then compute analytical deriva-
tive (g—;) » Which are then used to integrate Eq. 1 numerically using Simpson’s method as
implemented in SciPy module?’. We found that fitting of (%) has a crucial role and can
introduce spurious peaks and lead to incorrect predictions for AT. One way to avoid the
artifacts is to compare the predictions from the fitted data with those of unfitted data, that
is when the aforementioned derivative is computed numerically. We empirically found that

sometimes fitting with the nth order polynomial works well, while sometimes we have to use

spline fitting?!. In all cases the reported data have been properly validated by comparison
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with numerical derivative approach. We have used experimental value for heat capacity C' =
540 J/Kg-K*.

To simulate electrocaloric effect directly we used both adiabatic and isothermal simula-
tions. The adiabatic simulations were carried out using our original semi-classical approach,
that is the isentropic Monte Carlo that incorporates quantum mechanical effect into the heat
capacity??. The simulation supercell cell was 16 x 16 x 16. We first simulate hysteresis loops
using Metropolis Monte Carlo and then use zero field structures to initialize direct adiabatic
simulations. In the latter simulations the electric field was slowly increased from 0 to Ej
kV/cm and then decreased back to zero at a rate of Ey/Nyc kV/cm per one Monte Carlo
sweep. Here Ny, = 100000 is the number of MC sweeps used for the field application.
This cycle of field application has been repeated twice so that the electrocaloric change in
temperature can be investigated in the second cycle, after the simulated sample already
experienced the field Fy. For the isothermal simulations we used MD with the supercell
of 30 x 30 x 30 following the computational approach of Ref.?*. Note, that the difference
between the supercell size between the two simulations is due to the difference in the com-
putational efficiency of MD and Monte Carlo simulations (with the former one being much
faster). In this simulations we simulate ac electric field with amplitudes in the range 50 to
10,000 kV/cm and frequency of 0.5 GHz. The computations allow to harvest isothermal
heat which can then be converted into adiabatic temperature change AT = @ /C. We focus

only on the reversible parts of the simulations.

III. RESULTS AND DISCUSSION

We begin with electrocaloric effect in bulk (BaggsCag1s)(Tip9Zrg1)O3 ceramics. Fig-
ure 1(a) shows the ferroelectric hysteresis loops obtained at different temperatures. The
largest field that we were able to apply to the sample was 34 kV/cm. The hysteresis loops
data were used to get the dependencies of the electric polarization on temperature for differ-
ent electric field [see Fig. 1(b) |, which are then employed in the framework of the indirect
approach of Eq. (1) to estimate the electrocaloric change in temperature as detailed in Sec-
tion II. For this study we use E; =0 kV/cm and Fy = AE. The electrocaloric change in
temperature is given in Fig. 1(c). The peak in AT occurs at 363 K which is near the location

of maximum in the temperature dependence of the dielectric constant (see Fig. S2 in the
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FIG. 1. Polarization as a function of applied electric field (a), temperature (b); and electrocaloric
change in temperature as a function of temperature in bulk BCZT (c). Panels (d)-(f) present same

dependencies but for 100 nm thick BCZT film.

Supplemental Material). The latter maximum is at 360 K and typically associated with
the Curie point. So, we conclude that under the conditions of measurements the maximum
electrocaloric AT occurs in close vicinity of the Curie point. For the chosen experimen-
tal conditions the largest electrocaloric change in temperature is 0.75 K at 363 K under

2526 The common

AFE of 34 kV/em, which agrees with previous reports on bulk ceramics
wisdom rooted in Eq. (1) is that AT can be increased through application of high fields,
which, in turn, could be achieved in high quality thin films!. For this study, an epitaxial
(BaggsCag.15)(Tip.9Zrg1)O3 thin film heterostructure using Lag 7Sro3sMnO3 top and bottom
electrodes was fabricated on a single-crystal SrTiO3 (100) substrate using a commercial

27 Details on the films growth and characterization can be

pulsed laser deposition system
found in the Supplementary Material (See Figs. S3 and S4). The high-quality epitaxial
BCZT thin film grown using PLD lead to high values of the dielectric constant (see Fig. S5
in the Supplemental Material) which allowed for the application of ultra high fields up to
1000 kV/cm, that is 30 times increase with respect to the bulk. The associated hysteresis

loops are given in Fig. 1(d) and reveal a striking feature: the films remain in the ferroelec-

tric phase in the entire temperature range, that is much above the Curie point of 363 K. As



before the data were used within the indirect approach of Eq. (1) to estimate electrocaloric
AT [see Fig. 1(f)]. Surprisingly, the data reveal that despite nearly 30 times increase in the
applied electric field the maximum AT has only increased 2 times. This is a very discour-
aging finding as thin films are prime candidates for practical application, exactly for the
reason of allowing higher fields applications. Does our finding suggest that thin-film route

may not bring the desired breakthrough for the solid-state cooling?

To gain an insight into such an unexpected finding we turn to first-principles-based sim-
ulations and focus on the role that the electric field plays in the effect. The advantage of
simulations is that they can assess the range of fields beyond those accessible in experiment.
Figure 2 gives simulated hysteresis loops in bulk Ba(Tigg,Zr¢ )O3 for different range of ap-
plied electric field, [—Ey : Ey]. The data predict that the change of Ey has a dramatic effect
on the hysteresis loops. Most importantly, for the largest field range the simulated supercell
exhibits ferroelectric behavior in the entire temperature range investigated, that is beyond
the computational Curie point of 410 K for the material'®. This reproduces the unusual
experimental finding reported in Fig. 1(d) and suggests that the application of ultra high
fields could stabilize the ferroelectric phase beyond the Curie point, the effect that we term
as “superpoling” of ferroelectric. We hypothesize that superpoling of a ferroelectric is similar
to supercooling/superheating of liquid. Such regimes are associated with a transient exis-
tence (sometimes brief, sometimes long) of a metastable phase at the temperatures at which
the chemical potential of the stable phase is lower?®. In analogy, the superpoled state of a
ferroelectric is a metastable polar phase of transient existence that persists at zero field
and above the material’s Curie point. For first order phase transitions in the vicinity of the
Curie point the free energy has minima at P =0 and P #0 values of the order parameter?’,
[see inset in the Fig. 2(c)]. The metastable superpoled state is associated with P 0 local
minima. To test our hypothesis we compute the zero field dipoles distributions at 520 K
(that is 110 K above the computational Curie point) from the simulations with Ey =50 and
5000 kV/cm. The plots are given in the inset to Fig. 2(c). For Ey =50 kV/cm the dipoles
distribution is symmetric and centered at P =0, the microstate corresponds to P =0 global
minimum of free energy. For Fy =5000 kV/cm the distribution is slightly asymmetric and
centered at finite value of polarization, the microstate corresponds to P #0 local minimum
of the free energy. These confirm that the superpoled state is the metastable state of the

system. Such transient states are more likely to appear in high purity samples or in simula-
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FIG. 2. Ferroelectric hysteresis loops obtained in MD simulations with different range of electric

fields: [-50:50] kV /cm (a), [-500:500] kV /cm (b) ; and [-5000:5000] kV /cm (c). In (c) left inset gives

zero field dipoles distribution function at 520 K for two different values of the poling field. Right

inset is schemtic free energy landscape in the vicinity of first order phase tansition. Dependence

of polarization on temperatures (d)-(f) obtained from the data of panels (a)-(c), respectively.

Electrocaloric change in temperature (g)-(i) computed from dependencies of panels (d)-(f) using

Eq. (1). Electrocaloric change in temperature as a function of temperature due to application of

50 kV/cm field (j). Different curves correspond to different values of the poling field as given in

the legend. Electrocaloric AT(T') obtained from direct adiabatic simulations for different value of

Ey as given in the titles (k)-(1).



tions, which lack nucleation sites. Note that the slight asymmetry in £y =5000 kV /cm data

is due to small population of dipoles in the P = 0 minimum of free energy.

Superpoling also affects coercive field as evident from Figs. 2(a)-(c). In all cases we
find the same nucleation-limited-switching®®, which is mostly homogeneous nucleation of
extremely small domains of opposite polarization, followed by their growth and coalescence.
Distribution functions for dipole moments computed during polarization reversal reveal that
supercell passes through P = 0 phase similar to the one shown in Fig. 2(c) inset. Since
superpoling temporarily “traps” the system in P #0 phase larger fields are needed to get

to P = 0 phase, which explains higher coercive fields in the superpoled state.

It is convenient to term the largest in magnitude field that the sample experiences (either
in the ac or dc regime), Ejy, as the effective poling field. The strong dependence of the polar-
ization response on this effective poling field necessitates to add Ej as an additional variable
for the polarization. In other words, the polarization is now a function of temperature, ap-
plied electric field, and the effective poling field, that is P(F, T, Ey). Interestingly, this find-
ing suggests that for such materials Eq. (1) should be written as AT = —pCLE 512 (g—i)E,EO dE,
which reveals that the electrocaloric AT is a function of the effective poling field, that is
AT(T, Ey, Ey, Es). Integration of this expression for the P(E, T, FEy) dependencies harvested
in computations [see Figs. 2(a)-(f)] give electrocaloric AT(T, Ey, AE) shown in Figs. 2(g)-
(i). The data reveal drastic change in the shape of curves as poling field increases. The
most striking feature is the dramatic shift in the position of the peak in AT(T). As ap-
plied electric field increases the peak shifts toward higher temperatures and finally moves
outside of the simulated temperature range [see Fig. 2(i)]. This is exactly what happens as
experimentally we switch from bulk (low Ey =34.4 kV/cm) to high quality thin films (high
Ey =1000 kV/cm). The peak moves outside the measured range, which explains unexpect-
edly low values of AT inside the range. An explicit demonstration of the dependence of
AT on Ej can be achieved through keeping AFE constant as it is done in Fig. 2(j), where
the shift in the position of AT,,.. as Fy increases is very clear. The shift in the position
of AT, towards higher temperature has been reported in Ref.> where it was found that
a line of maximum electrocaloric effect passes through the zero field ferroelectric transition,
continuing along a Widom line at high temperatures with increasing fields. Our data in
Figs. 2(d)-(f) demonstrate that such zero field ferroelectric transition is a function of the

poling field, which explains the shift in the position of AT, as a function of Ej for low



AFE (Figs. 2(g)-(1)).

After these demonstrations one may wonder if the role of the hidden variable Ej is
enhanced (or even introduced in the first place) by the application of the indirect approach
of Eq. (1). To answer this question we carried out direct simulations of electrocaloric effect
using both adiabatic semi-classical Monte Carlo (MC)? and isothermal MD?* approaches
as detailed in Section II. Data from direct adiabatic simulations are presented in Figs. 2(k)-
(1) and demonstrate good agreement with predictions from indirect approach. Data from
direct isothermal simulations are given in the Supplemental Material (see Fig. S6) and are
in agreement with both indirect predictions and direct adiabatic simulations. Consequently,
direct simulations confirm the trends found in the indirect predictions. In particular, we find
dependence on the effective poling field in both types of direct simulations and conclude that
the effects reported here are not introduced by the application of the indirect methodology.
We would also like to note, that we have previously demonstrated that direct and indirect
approaches provide identical results if the data from the same branch of hysteresis loop are
used and the irreversible regions around the coercive field are excluded?!. All of our indirect

data are within the region of the indirect approach validity.

Having achieved the understanding of the role that poling plays in the electrocaloric AT
we now aim to manipulate Fj in order to enhance the electrocaloric effects in our films.
Figure 2 suggests that it should be possible to shift the position of the peak in AT to
lower temperatures by reducing the effective poling field and avoiding superpoling. We
repeated our experiment on the same film but with reduced electric field of 500 kV /cm. The
data are given in Fig. 3 and demonstrate that, indeed, reducing the electric field brings the
position of AT,,,, within the temperature range of the measurements (and close to the Curie
temperature of bulk). This results in a 7 times enhancement of largest AT value in the given
temperature range as compared to the high field data. This finding not only demonstrates
the possibility to manipulate electrocaloric effect by the effective poling field but also reveals
a counterintuitive enhancement of the electrocaloric effect through the reduction of electric
field. The value of AT,,,, =8.5 K is in the range of computational predictions from direct
adiabatic approach of 5.4 to 7.2 K for applied fields of 500 to 800 kV /cm which are below the
superpoling regime in computations (Fig. S7 in the Supplementary Material). Figure 3(d)
shows the dependence of the largest AT on the applied field (the case of Ey = AF) from the

hysteresis loops measured on the film (see also Fig. S8 of Supplemental Material). Below
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500 kV /em AT, increases with field. Above this value we find that largest AT decreases
as a function of field as superpoled regime sets at 1000 kV/cm. The position of the peak in
AT(T) reported in the same figure shifts towards higher temperature for all fields.

We note that our experimental thin films are under small compressive strain of -0.15% (see
Supplementary Material) , which may further contribute to the stabilization of ferroelectric

32734 and associated decrease in AT. For example, we found out in

phase above bulk T
computations under compressive strain of -0.22% strain with respect to cubic lattice constant
that the Curie temperature increases by 30 K causing the peak in AT(T) to shift towards
higher temperatures. Comparison between AT, ., for the same Ey and AFE for the unstrained
and strained supercells reveals a slight enhancement due to compressive strain (see Fig. S9
of the Supplemental Material). Nevertheless, strain by itself cannot account for our main
findings. Indeed, the measurements carried out on the same film under different fields [see
Fig. 1(d) and Fig. 3(a)] fix the strain, while demonstrate significant dependence of both
hysteresis loops and electrocaloric AT on the poling field.

One may wonder if the effects reported here are common for ferroelectrics or just specific
for the material we considered. To gain some insight we repeated simulations for BaTiOs3,
which is a prototypical ferroelectric. Surprisingly, we found the aforementioned dependencies
on Ey to hold even in this material (see Fig. S10 in the Supplemental Material), which
provides an evidence that they are likely to be common to ferroelectrics. Of course, some
ferroelectrics could have only weak dependence on Ej, while others could have a strong one,

like the one we considered in this study.

IV. CONCLUSIONS

In summary, we have reported that electrocaloric effect in ferroics exhibits a strong and
counterintuitive dependence on the effective poling field, which can be viewed as a “hid-
den” variable of the caloric effect. This hidden variable becomes extremely powerful at the
nanoscale, where fields could reach thousands of kV/cm, and could lead to “superpoling” of
thin films. Once superpoled the films exhibit ferroelectric behavior much above the materials
Curie point which causes deterioration of the caloric response. On the positive side, this un-
covered dependence on the effective poling field is an additional “knob” for the electrocaloric

effect, which could be used for its enhancement. For example, we demonstrated that two
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FIG. 3. Hysteresis loops (a) and associated temperature dependence of polarization (b) in 100 nm
BCZT thin film for poling field of 500 kV /cm. Electrocaloric AT computed from experimental data
using the approach of Eq. (1) (c¢). For comparison we include data for Ey =1000 kV/cm and AE =
100 kV/cm (blue squares) and 500 kV/cm (blue circles). The peak electrocaloric temperature
AT paz and its position Tp,4, as a function of the poling field for the case Fy = AFE for both bulk
ceramics and thin film (d). Open symbols correspond to the largest values in the given temperature

range when the peak is outside the range.

times reduction of electric field results in seven times enhancement of the electrocaloric ef-
fect. As ferroics in general exhibit similar properties we expect that our findings would apply
to this class in general and, therefore, are likely to bring new light into the entire family
of caloric effects: magnetocaloric, barocaloric, multicaloric, and others, in addition to the

electrocaloric effects considered here.
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Samples growth and characterization

Target and thin film fabrication: A ceramic target of (Bag.g5Cag.15)(Tio.0Zro.1)O3 was prepared by a con-
ventional solid state reaction starting from high purity (99.99%) powders. The source materials Ba(COs3)a,
Ca(CO3)2, ZrOg, and TiO2 (all from Alfa Aesar) were weighed in a stoichiometric amount, dispersed in
isopropanol to form a homogenous solution, dried, and calcined at 1300°C for 5 h. The resulting powder
was ball milled for 24 h in hexane and subsequently pressed into pellets. Polyvinyl alcohol was added to the
powder to improve the pressing behavior. The pressed pellet was sintered at 1500°C for 3 h.
(Bag.g5Cag.15)(Tig.9Zr0.1)O3 thin film heterostructures using Lag 7Srg sMnOs (LSMO) top and bottom
electrodes were fabricated on single-crystal SrTiO3 (STO) (100) substrates using a commercial PLD system
(Neocera Pioneer 120 Advanced). The optimized growth parameters were similar with those in our previ-
ous work [?], except that the (Bag.g5Cag.15)(Tio.9Zro.1)O3 films were deposited under high ambient oxygen
pressure Pp, of 1000 mTorr in PLD to minimize oxygen vacancy defect formation during film growth. In
the optimized synthesis process, the LSMO and (Bag.g5Cao.15)(Tig.9Zro.1)O3 targets were sequentially ab-
lated using a KrF excimer laser (Lambda Physik, A = 248 nm, frequency = 5 Hz, fluence = 4 Jem~—2)
inside a deposition chamber equipped with a multi-target carousel that allowed for the in-situ deposition
of multilayers with clean interfaces. A distance of 5 cm was maintained between the substrate and the
targets during the depositions. Prior to growing the LSMO layer, the STO substrate was annealed inside
the PLD chamber at 800°C under a Pp, of 1000 mTorr for 4 hours. An initial layer of LSMO (~ 50 nm



thickness) was deposited on an STO substrate at 800°C under a background P, of 10 mTorr. This initial
LSMO layer acted as the bottom electrode during the polarization of the (Bag g5Cag.15)(Tig.9Zrp.1)O3 thin
films. The subsequent (Bag.g5Cag.15)(Tig.9Zrg.1)O3 layer was deposited at 750°C under a high P, of 1000
mTorr. A shadow mask was used during the (Bag.s5Cag.15)(Tip.9Zr0.1)O3 layer deposition to preserve an
open access to the LSMO bottom electrode. After the (Bag s5Cag.15)(Tig.0Zr0.1)O3 layer deposition, top
LSMO electrodes of 100 pm in diameter and 50 nm thickness were deposited using a shadow mask at 750°C
under a Pp, of 10 mTorr. After deposition, the PLD chamber was flooded with pure oxygen (1000 mTorr)
and the samples were gradually cooled down to room temperature (~ 4 h). The thicknesses of the LSMO
and (Bag.g5Cag.15)(Tig.9Zro.1)O3 layers were kept constant at ~ 50 nm and ~ 100 nm, respectively. While
several samples were deposited to optimize the growth conditions, here we only present the results from the
optimized (Bag.g5Cag.15)(Tio.9Zrp.1)O3 thin film.

Characterization: The crystallinity and phase purity in the bulk and thin films were characterized by x-
ray diffraction (XRD) with a Rigaku Smart Lab 9 kW XG diffractometer equipped with a 5-axis goniometer
using collimated parallel beam Cu Ka radiation (A = 1.5406 A). The chemical composition of the bulk and
thin films film were determined using Raman spectroscopy (Nd:YAG Laser Raman spectrophotometer JY
Horiba-T6400 equipped with a Synopse CCD camera), energy dispersive spectroscopy (EDS) attached with a
scanning electron microscope (SEM, JEOL-JSM-7500F) and X-ray photoelectron spectrometer (XPS, Omic-
ron, model 1712-62-11) using non-monochromatic Al Ko (1486.7 V) X-ray source operating at 150 W (15
kV and 10 mA). The surface morphology of the bulk and thin films were investigated using scanning electron
microscopy (FEI Nova NanoSEM) and atomic force microscope (AFM, Asylum Research MFP-3D). Inter-
facial microstructure in the (Bag.g5Cag.15)(Tig.9Zro.1)O03 heterostructure was analysed using high-resolution
transmission electron microscopy (HRTEM; FEI Tecnai F 20 S-Twin TEM). A sample for cross-sectional
TEM analysis was prepared by surface milling a 5 pm x 10 pm rectangular strip of 100 nm thickness using
a focused ion beam (FIB; JOEL 4500 FIB/SEM) and Pt-welding it to a Cu TEM grid. Electrical meas-
urements of the bulk ceramic were conducted with a planar capacitor structure with using circular (~ 200
pm in diameter) Au top and bottom electrodes (~ 100 nm in thickness) that were sputtered through a
stainless-steel shadow mask. The real electrode size was measured and calibrated with optical microscope
before electrical measurements. Electrical measurements of the fabricated (Bag.g5Cag.15)(Tio.9Zr0.1)O3 thin
film capacitor using LSMO top and bottom electrodes were performed using a microprobe station and cam-
era. Measurements of the dielectric constant and loss tangent over a broad frequency and temperature range
were conducted by using a precision digital LCR meter (Wayne Kerr 41100) with a perturbation voltage of
1 V. Ferroelectric properties were characterized using a Precision LC II Ferroelectric test system (Radiant
Technologies Inc.) with 500V in-built source equipped with a microprobe station. Polarization-electric field
(P-E) loops were collected using bipolar triangular voltages waves with a frequency of 1 kHz. For the meas-
urement of temperature-dependent dielectric and polarization properties, the samples were mounted on a

heater stage inside an inert sealed bespoke chamber with a heating rate of 2°C min~"'.

Epitaxial strain analysis using XRD

From insets (I) and (II) of Extended Data Fig. 3(a), the occurrence of the (Bag.g5Cag.15)(Tio.0Zro.1)O3 (001)
and (111) peaks, respectively, as compared to the corresponding peaks of the bulk (Bag.g5Cag.15)(Tio.9Zr0.1)O3

target (vertical dotted lines); indicate an out-of-plane elongation and an in-plane contraction of the out-of-
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Figure S1: (a) XRD 6 — 26 pattern and Rietveld refinement of (Bag g5Cag.15)(Tio.9Zro.1)O3 (BCZT) target.
The observed peak positions are consistent with the reported JCPDS data (CIF 1no.1507756). The unit cell
lattice parameters calculated from the refinement are ¢ = 4.012 A and a = b = 4.005 A. Inset shows the
simulated BCZT unit cell structure. (b) EDS spectra and SEM image of the as-prepared bulk target. The
stoichiometric composition obtained from EDS measurement was consistent with the nominal composition.
i.e., (Bag.g5Cag.15)(Tip.9Zro.1)O3. (¢) Room temperature Raman spectra of BCZT target. (d) XPS spectra
of core level Ba 3d, Ti 2p, Ca 2p, and Zr 3d for the as-prepared (Bag.g5Cag.15)(Tig.9Zrg.1)O3 target. The
chemical composition as calculated from the XPS analyses (Bag.s5+0.01C20.15+0.01)(Ti0.940.01Zr0.1+0.01)O3
matches with the nominal composition. The cationic site occupancy ratio (B/A site) for the ABO3-type
(Bag.s5Cag.15)(Tip.9Zro.1)O3 unit cell as calculated from the XPS spectra was found to be (Ti+Zr/Ba+Ca)
= 1.01 which was very close to the ideal ratio of 1 from the BCZT unit cell.
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T,, is at 360 K.
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Figure S3: (a) XRD 6—26 pattern of the (Bag g5Cag.15)(Tip.9Zr0.1)O3/LSMO/STO thin film heterostructure.
In all cases, only strong (001) (1 =1, 2, and 3) diffraction peaks of the tetragonal (Bag s5Cag.15)(Tig.0Zro.1)O3
phase are observed along with the (100) (1 =1, 2, and 3) peaks of the pseudo-cubic perovskite LSMO phase
(a = 3.87 A, JCPDS 01-089-4461) and the single-crystal STO (100) substrate (cubic, a = 3.905 A), con-
firming the cube-on-cube epitaxial growth, with no traces of impurity peaks within the resolution limits of
the XRD. Due to the close proximity of the (Bag.s5Cag.15)(Tig.9Zrg.1)O3 (001) and the LSMO and STO
(100) peaks, a close-up view is shown in the inset (I), where the vertical dotted line marks the position of
the (Bag.g5Cag.15)(Ti0.9Zr0.1)O3 (001) peak from the bulk XRD data (see Extended Data Fig.S1 (a)). Inset
(IT) shows an asymmetric XRD 26 — w scan performed about the (Bag.s5Cag.15)(Tig.0Zrg.1)O3 (111) crystal-
lographic plane for the thin film heterostructure. (b) Representative XRD azimuthal (¢) scans performed
about the (Bag.g5Cag.15)(Tig.9Zrg.1)Os (BCZT) (110), LSMO (110), and STO (110) crystallographic planes
for the heterostructure. The repeated occurrence of sharp peaks at regular intervals of 90° confirms the 4-fold
symmetry of the individual layers and cube-on-cube epitaxial growth of the heterostructure. (¢) XRD rocking
curve performed about the (001) plane showing narrow full-width-half-maxima (FWHM) of 0.4° for the het-
erostructure confirming the excellent in-plane orientation in the thin film. (d) Topographic AFM image of the
top (Bag.g5Cag.15)(Tig.9Zrp.1)O3 layer in the heterostructure which exhibits smooth particulate-free surface
morphology with low roughness (Rrms ~ 0.6 nm) and uniform grain sizes (about 40 nm), implying a good
uniform and homogeneous growth. (e) EDS elemental hypermap of the (Bag.s5Cag.15)(Tig.9Zro.1)O03 surface
indicating its uniform stoichiometric growth. (f) EDS spectra and (g) XPS spectra of constituent elements
of the (Bag.g5Cag.15)(Tip.9Zrp.1)O3 thin film. The chemical composition of the layer as calculated from the
XPS analyses is (Bag.g5+10.02C20.15+0.02) (Ti0.9+0.01Z70.1+0.01 )O3 which matches with the nominal composi-
tion of (Bag.g5Cag.15)(Tig.9Zr0.1)O03 target. The cationic site occupancy ratio (B/A site) for the ABO3-type
(Bag.g5Cag.15)(Tip.9Zro.1)O3 unit cell as calculated from the XPS spectra was found to be (Ti+Zr/Ba+Ca)
= 0.99 which was very close to the ideal ratio of 1 from the (Bag.g5Cag.15)(Tig.9Zro.1)O3 unit cell.



Figure S4: (a) Cross-sectional TEM image of (Bag s5Cag.15)(Tig.0Z1r0.1)O3/LSMO heterostructure grown on
SrTiO3 (100) substrate revealing sharp and flat interfaces between the layers. (b, ¢) HRTEM images of the
BCZT and LSMO layers captured from the regions marked with red and yellow brackets in (a), respectively.
The measured d-spacing values for (Bag.g5Cag.15)(Tig.9Zro.1)Os (d1po = 0.399 nm) and LSMO (d190 = 0.393
nm) in Extended Data Figs. S4 (b) and (c) are consistent with those obtained from the XRD analyses. (d,
e, f) Linear dotted single-crystalline SAED patterns captured from the BCZT layer, near the BCZT-LSMO
interface and the LSMO layer of BCZT /LSMO heterostructure, respectively. The directions of the (001) and
(100) planes are marked with white arrows in (d, e, f). The SAED pattern near the BCZT-LSMO interface
shows double dots from adjacent planes [marked by dotted circles in Extended Data Fig. S4 (e)] between
the BCZT and the LSMO layers
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Figure S5: Temperature dependent (a) real part of dielectric constant and (b) tand loss at different frequen-
cies for (Bag.g5Cag.15)(Tig.9Zro.1)O5 thin film heterostructure. The low values of the dielectric loss (tand
0.07) measured within the same temperature and frequency ranges indicate the negligible leakage in the
BCZT/LSMO thin film capacitor. The dielectric maxima, T,, for the thin film (T,,= 369 K) is slightly
higher than that of the bulk BCZT target (T,, = 360 K) at the same frequency.
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Figure S6: Hysteresis loops for BCZT thin film measured in different ranges of electric field: [-400:400]
kV/cm (a), [-600:600] kV/cm (b), [-750:750] kV /cm (c); the associated dependencies of the polarization on
temperature for different electric fields and for Ej as indicated in the titles (b), (e) and (h); the associated
electrocaloric change in temperature as a function of temperature obtained from the indirect approach for
Ey as indicated in the titles (c), (f) and (i)

plane (ap.,-) and in-plane lattice parameters (a,q,), respectively, in the (Bag.g5Cag.15)(Tio.9Zrg.1)O3 layer as
compared to the bulk (Bag.g5Cag.15)(Tio.9Zro.1)O3 target. In this case, the bulk (Bag.g5Cag.15)(Tig.90Zr0.1)O03
unit cell (tetragonal, a = b = 4.005 A, ¢ = 4.012 A, see Extended Data Fig,. 1(a) experiences an in-plane
compressive strain (i.e. out-of-plane tensile strain) in order to match the slightly smaller lattice parameter
of the underlying LSMO layer (a = 3.935 A) in the epitaxial heterostructure [?,?]. The calculated values of
the lattice parameters from the XRD symmetric and asymmetric scans shown in Extended Data Fig. 3(a)
are ape, = 4.024(4) A and apar = 3.999 (6) A which gives a large out-of-plane tensile strain €per = (Aper -
c)/c =~ 0.29% and correspondingly a significant in-plane compressive strain €pq, = (aper - 8)/a ~ —0.15% in
the (Bag.s5Cag.15)(Tio.0Zrg.1)O3 layer in the heterostructure. This results in higher out-of-plane tetragonal
distortion (i.e. aper/apar — 1) of ~ 0.62% in the (Bag.s5Cag.15)(Tio.9Zr0.1)O3 unit cell in the film as compared
to the bulk (Bag.g5Cag.15)(Tig.9Zro.1)O3 unit cell (¢/a -1 = 0.17%).
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Figure S7: Electrocaloric change in the temperature as a function of temperature for Ey

data.
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Figure S8: Ferroelectric hysteresis loops obtained in isothermal MD computations for BaTiO3 for the electric
fields :[-50:50] kV /em (a), [-500:500] kV/cm (b) ; and [-5000:5000] kV /cm (c
on temperatures (d)-(f) obtained from the data of panels (a)-(c), respectively.

). Dependence of polarization
Electrocaloric change in

temperature (g)-(h) computed from dependencies of panels (d)-(f) using Eq. (1).
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