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Electrocaloric effect referring to reversible temperature change (AT) under

electrical excitation provides a promising alternative for next-generation
thermal management. The AT essentially derives from the polarization change
of polar system. However, conventional engineering hardly synchronizes large
and flexible polarization change, so that large AT and high electrocaloric
strength cannot realize concurrently. Herein, we propose a novel design
strategy of multiscale engineering to boost the polar entropy of system, by

which the large and flexible polarization change can be offered synchronously,
availing large AT under a low driving field. The envision is validated in a het-

erogeneous Ba(Ti;.,Sn,)O5 system, where the different Ba(Ti;.,Sn,)O5 granules
are mixed to enhance polarization heterogeneity of system. A large AT of 1.5K
and a high electrocaloric strength of 0.375 K mm kV™ are achieved under a low
driving field of 40 kV cm™. Meanwhile, the substantial AT of more than 1.2K is
maintained within 30-50 °C. Our strategy provides a new paradigm for engi-
neering electrocaloric material properties and can be expected for the design

of other high-performance ferroelectrics.

Escalating climate and energy issues make it urgent to develop new
cooling technologies with eco-friendliness and high efficiency. The
electrocaloric (EC) effect, which elicits a reversible isothermal entropy
change (AS) or adiabatic temperature change (AT) through the easy
application and removal of an electric field (£), presents a promising
solution'®. The EC effect essentially derives from the polarization
change of the polar system®. Among various dielectrics, the polariza-
tion of perovskite-type ferroelectric ceramics is readily changed; that
is, two polar states can be converted by a relatively low E. Therefore,
ferroelectric ceramics are widely investigated for EC refrigeration.

In ferroelectric ceramics, the polarization changes as the
phase structure changes, e.g., ferroelectric-ferroelectric (FF) or

ferroelectric-paraelectric (FP) phase transition’. The FP transition,
where the crystallographic structure transforms most, possesses the
largest polarization change, leading to a large AT. However, the FP
transition of normal ferroelectrics always happens at the temperature
(i.e., Curie temperature T¢) that is much higher than room temperature
(RT), and the obtained AT is accompanied by a narrow temperature
span, which limits their application (case 1 in Fig. 1). To meet the RT
cooling requirement, the long-standing approach focused on chemical
substitution®™*,

As one of the most typical lead-free ferroelectric materials, EC
effect in BaTiO; (BTO)-based ferroelectric ceramics has been exten-
sively studied, and it is noteworthy that B(Ti*")-site substitution plays a
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Fig. 1| Schematic illustration of EC property engineering in ferroelectric
ceramics. a-c Multiscale engineering strategy employed in this work, including (a)
local scale, (b) mesoscopic scale, and (c) macroscopic scale, respectively. d Typical
EC engineering strategies and their corresponding EC performances. The arrows in
(a) refer to ferroelectric spontaneous polarization Ps on a local scale, where Sn
doping induces atomic-scale heterogeneity and disrupts the long-range order of
polarization. The arrows in (b) refer to mesoscopic average polarization P. The
length of arrows represents the magnitude of polarization, while the colored
arrows indicate polarization from various phases. Despite the heterogeneity on the

local scale, the traditional doping in individual composition causes relatively uni-
form polarization intensity on the mesoscopic scale, as seen in cases 1 and 2. In
contrast, our strategy in case 3 designs to maintain significant polarization differ-
ences on the mesoscopic scale. The cubes inserted in (c) refer to ceramics with
different doping concentrations. The light color represents the low doping, and the
dark color represents the high doping. The solid and dashed lines in (d) describe
the evolution of temperature-dependent polarization (P) and the consequent AT
variation. RT, LT, and HT refer to room temperature, below and above room tem-
perature, respectively.

crucial role, due to its effective engineering on phase transition
behavior’”. For B-site substitution, the most utilized cations are
valence-stable Zr*"1%1>, Hf** and Sn**'""°, which show similar ionic
radii and the same valence as Ti*". Among them, Sn exhibits the most
significant modulation on local heterogeneity and electrical
properties’®?’, and the Ba(Ti.,Sn,)0; (BTSx) system has hence
received extensive attention. Via precisely regulating the critical Sn
content (x=0.105), a high value of AT-0.61K@20kVcm™ was
reported by Luo”, followed by Zhang et al.”® further modified the dif-
fuse phase transition and turned BTSx into relaxor ferroelectrics

(x=0.12) to expand EC response. The diffusion behavior can effec-
tively widen the temperature span, however, the high doping con-
centration in the Ti-site severely impairs the ferro-activity”. Therefore,
despite a broadened phase transition temperature range, in reality,
BTO-based ceramics exhibit relatively weak inherent polarization
when they transition into a relaxor state, thereby compromising the EC
performance (case 2 in Fig. 1). Many researchers imposed high driving
fields to induce large AT, but the high E is normally accompanied by a
low EC strength (AT/AE), i.e., reduced EC efficiency. Therefore, a better
strategy toward superior EC performance is needed.
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In principle, a system with both large and flexible polarization
change (Figs. S1and S2) canyield a sizable AT by arelatively low E. Such
a characteristic means the necessary polarization gradients (Fig. S1) in
the system. Herein, we design a multiscale engineering to realize the
polarization gradients, as depicted in case 3 in Fig. 1. Primarily, Sn was
chosen for an atom-scale engineering [Fig. 1a, Figs. S3 and S4]. As for
the BTSx system, the polarization can be directly determined by the
concentration of Sn doping. In the low-Sn composition of BTS0.03,
large and robust polarization is present due to the stable ferroelectric
phases around RT. While in high-Sn composition of BTS0.12, polar-
ization reduces in strength, but it becomes much flexible due to the
flattened energy profile of multiphase coexistence (Figs. S5 and S6).
Therefore, mesoscopic polarization state differs between BTSx com-
positions (Fig. 1b). To achieve the desired EC properties, i.e., large AT
by a low driving E, we further design the system with three-
dimensionally connected macroscopic chemical heterogeneity. As
noted in case 3 in Fig. 1c, the macroscopic chemical heterogeneity
gathers multiple FF and FP phase transitions around the RT region. In
such a system, various polarization states that come from different
BTSx compositions coexist on the mesoscopic scale, boosting the
polar entropy at zero field. Additionally, the three-dimensional (3D)
connection forms interim regions that bridge different polarization
states and introduce interfacial energy. This interfacial energy would
compete with the bulk energy of the matrix, thereby lowering the
Landau energy barrier between different phases (Fig. S2)**%. There-
fore, the large and flexible polarization change can be offered syn-
chronously, favoring large AT with low driving field (Fig. 1d).

Results

Ceramic materials design

To experimentally realize the proposed three-dimension-connected
chemical heterogeneity, we synthesized the ceramics via a “granule-
mixing” method”. The schematic can be seen in Fig. S7. Firstly, BTSx
(x=0.03, 0.06, 0.09, 0.12) individual powders were prepared by the
conventional solid-state reaction method (see “Methods” section).
Then, four post-calcinated powders were separately granulated by
adding polyvinyl alcohol (PVA) solution (Step 1). The granulation is a
necessary process for the designed multiscale heterogeneity. To pos-
sibly control the subsequent sintering diffusion at the same level, the
obtained granules were further sieved to filter the uniform granules,
and a moderate size of 400 pm was picked up (Step 2, Fig. S8). The
400 um granules of four individual compositions were well mixed
together with the mass percentage of 1:1:1:1 and pressed into disks to
fabricate a ceramic sample (Step 3). The nominal formula of the mix-
ture is 25wt%(BTS0.03 + BTS0.06 + BTS0.09 + BTS0.12), and we
abbreviated it as BTS-M.

Electrocaloric performance

The EC effect essentially relates to the reversibility of polarization
upon the application and removal of E. Thus, a high maximum polar-
ization (Ppnax) and a low remanent polarization (P;) are expected to
obtain a large reversible polarization change (AP, AP=Py.x—P.).
Figs. S9-S12 demonstrate the temperature-dependent bipolar and
unipolar hysteresis (P-E) loops. The temperature-dependent Pp,ax
changes differently under different waveforms (i.e., consistent
decrease with bipolar wave while phase transition-associated increase
with unipolar wave, Fig. S13), but AP shares a similar tendency and
values, which reflects the real reversible polarization. In contrast to
BTS0.03, BTS0.06, and BTS0.09 with sharp phase transitions, BTS0.12
and BTS-M maintain the relatively stable AP within the tested tem-
perature range, implying the broad EC temperature span.

The EC performance of BTS-M and four individual samples was
then directly assessed by a modified heat flux sensor, and the detailed
information about the measurement was provided in Figs. S14-16 and
Table S2. We first tested the EC responses at RT with the continuously

changed E, where the exothermic and endothermic peaks both
increase with the rising fields, and the temperature-dependent varia-
tion was subsequently measured under 40kVcm™ (Figs. S17-20,
Table S3). To verify the reproducibility of EC performance, we col-
lected the EC signals of BTS-M from three cycles of heating and cooling
processes (Figs. S21 and S22, Table S4). Within 25-60 °C, multiple FF
and FP transitions from individual compositions were gathered due to
the mixed BTSx granules. The integration of multiple phase transitions
not only boosts the polar entropy of the system, which helps to pro-
duce alarge AT, but also widens the EC temperature window of BTS-M.
As seenin Fig. 2a-e, BTS0.03, BTS0.06, and BTS0.09 show sharp phase
transitions, the tendency of which is similar to their AP variation.
Although BTS0.12 and BTS-M are close in AP value, BTS-M actually
shows higher AT values than BTS0.12 in direct measurement. Such a
difference can be explained based on polarization dynamics (Fig. S13).
From Fig. 2e, AT of BTS-M shows an arch-like variation within
20-60 °C, and the maximum value reaches ~1.55K at 40 °C. The sub-
stantial AT of more than 1.2K is maintained within 30-50 °C. Such
performance is also better than the average of four individual
responses (Fig. 2f). Especially around 35°C and 40 °C, where the
superimposed number of phase transitions reaches the maximum
(Fig. SSe), AT increased by 34% and 26%, respectively. The enhance-
ment in AT value just verified the effectiveness of our designed het-
erogeneity on engineering EC performance, that is, boosting the polar
entropy of the sample. For practical applications, AT/AE is also a
worthy parameter that impacts the efficiency of the final prototype, so
achieving both a large AT and a high AT/AE is desired. In Fig. 2g, h, we
reviewed the EC performance of representative ferroelectric ceramics.
Encouragingly, within the field range of lower than 100 kV cm™, BTS-M
shows a relatively large AT while a high AT/AE at 40 °C. Such superior
EC performance indicates the successful implementation of a multi-
scale engineering strategy in the BTS-M system.

Macroscopic heterogeneity
The superior EC performance fundamentally associates with the
designed chemical heterogeneity. Therefore, the phase structure of
BTS-M and individual samples was characterized (Figs. S23 and S24).
The enlarged X-ray diffraction (XRD) patterns of BTS-M reveal
abnormal peak splitting, which is attributed to diffraction of regions
with different lattice parameters?. This finding confirms the exis-
tence of heterogeneity in BTS-M. Fig. 3a shows the surface mor-
phology of BTS-M over the largest possible area. The sample features
notably irregular grains and a few pinholes around the Sn-poor
regions (the formation of pinholes was discussed in Fig. S25, and the
variation of grain size was analyzed in Fig. S26). The EDS images show
extensive inhomogeneity of Sn throughout the BTS-M, indepen-
dently of grain size or location within grains, which corroborates the
abnormally split peaks in XRD results. Fig. 3b contrasts the EDS
spectra collected from Sn-poor and Sn-rich regions, where Sn is
distinctly deficient in the Sn-poor region (Figs. S27 and S28). The
detected atomic percentages of Sn in Sn-poor and Sn-rich regions are
0.69% and 2.5%, respectively (Fig. 3c). The measured deviation in Sn
content (271%) fluctuates around the theoretical difference between
BTS0.03 and BTS0.12 (300%), demonstrating the interdiffusion of Sn
(Fig. S29). In theory, the doped Sn has formed stable solid solutions
with the BaTiO; matrix after calcination (1200°C) (Fig. S30).
Whereas, the mixing of BTSx granules brings additional chemical
gradients in the system and drives Sn diffusion upon sintering
(1380°C). We observed the uneven Sn distribution from two-
dimensional images, but it is conceivable that the Sn diffusion
practically happens in three dimensions, leading to the formation of
three-dimensionally connected chemical heterogeneity in BTS-M.
The large-scale inhomogeneity implies the conceivable chemical
fluctuations inside one single grain. Raman spectroscopy, a powerful
technique for detecting the local structure and symmetry, is further
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Fig. 2 | EC performance of BTS-M. a-e Direct EC results of individual and BTS-M
samples measured under 40 kV-cm™ electric field. f Comparison of EC performance
between BTS-M and the average of individual samples. g The comparison of EC

performance between the reported materials and BTS-M based on Table S1. The
region marked by the dashed box is enlarged in (h).

performed on a single grain to study the local chemical heterogeneity
of BTS-M. Figure S31 shows the Raman spectra of BTS0.03 and BTS-M.
The Raman images of BTS-M in Fig. 3d, e were derived from the fea-
tures of the peaks at 300 and 500 cm™. The spatial variations in Raman
signals are statistically significant. For comparison, the similar spatial
signal images of BTS0.03 composition were depicted in Fig. S32. The
highly variable peak positions and full widths at half maximum
(FWHM) of BTS-M demonstrate the strong chemical fluctuation within
a single grain®, which is absent in individual sample BTS0.03, and
totally differs from the fluctuations in previously reported inter-
granular composites®*® or layered composites (2-2 type
interactions)” ™, To further investigate the local interactions, the
switching spectroscopy piezo-response force microscopy (SS-PFM) of
BTS0.03 and BST-M was measured (Fig. S33). The SS-PFM curves of
both samples display rectangular-shaped hysteresis loops with near-
180° phase contrast, implying adequate polarization switching in both
samples. However, BTS-M exhibits more violent fluctuations in the
imprint AV [determined as (|V+c|+ [V-c|), where V+¢ and V-¢
denote the positive and negative coercive biases, respectively] than
BTS0.03 (Fig. 3f and Figs. S34-S36), confirming the chemical

fluctuation on the grain level**. The Raman and PFM measurements
were performed on several grains for certainty (Figs. S37-S40).

So far, the extensive chemical inhomogeneity, which exists both
beyond and inside grains, has been verified in BTS-M. Such three-
dimensionally connected heterogeneity and sintering interdiffusion
facilitate the formation of abundant interim regions, alleviating the
chemical divergence between different BTSx units. Meanwhile, the
observed heterogeneity reveals that the primary body of BTSx units is
still well-reserved in BTS-M. The coexistence of different BTSx com-
positions assembles various polarization states, boosting the polar
entropy at zero field. By affording polarization strength within the
continuous phase transition temperatures, they also contribute to the
widened EC temperature window of BTS-M.

Local structural characteristics

To better understand the underlying mesoscopic mechanisms con-
tributing to the excellent EC properties, the local chemistry and
microstructural details of BTS-M were explored using atomic-resolved
transmission electron microscopy (TEM). Figure 4a-c shows the dark
field TEM images of BTS-M. Multifarious domains featuring symbolic
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(SS-PFM) measurements.

stripes and nanosized or mottled structures were observed, where the
striped submicron domains are interwoven with nanodomains in the
sample. The domain size and pattern vary sharply in different regions,
which may involve the local fluctuation of Sn*. In Fig. 4d-g,
Figs. S41 and S42, EDS mappings illustrate the inhomogeneity of Sn in
local areas, suggesting that chemical heterogeneity exists throughout
the sample in multiple scales, that is, from microns to nanometers. For
local characterization, the element fluctuations around interim regions
were investigated through line scanning, and line profiles confirm the
gradient variations of Sn and Ti elements (Fig. S43).

Figure S44 shows the electron diffraction pattern of BTS-M along
the [110] zone axis. No superlattice diffraction is detectable, indicating
no occurrence of octahedral tilts. The symmetries of the three phases
[rhombohedral (R), orthorhombic (0), and tetragonal (T)] of BaTiO;
can be differentiated through their lattice distortions, which can be
considered as elongations of their parent cubic unit cells along one
edge ([001]) of the T phase, along a face diagonal ([110]) of the O
phase, and along a body diagonal ([111]) of the R phase. The sponta-
neous polarization (Ps) directions are shown in Fig. 4h. Atomic-scale
high-angle annular dark field (HAADF) image (Fig. 4i) indicates a
nanoscale inhomogeneous state of polar vectors involving R, O, and T
phases. It should be noted that the observed R, O, or T phase actually

consists of multiple compositions in BTS-M rather than one. Therefore,
the actual polarization magnitude appears as a graded distribution in
each phase. Meanwhile, benefited by the sintering interdiffusion, there
are a large number of intermediate transition regions. These regions
introduce interfacial energy (which includes electrostatic, elastic, and
gradient energy), and this energy would compete with the bulk energy
of the matrix, thereby lowering the Landau energy barrier between
different phases and finally optimizing the EC performance of BTS-M.

Discussion

Multiscale structural studies of BTS-M disclose a micron-nano het-
erogeneity stemming from the designed chemical inhomogeneity,
which is distinct from the individual compositions®” and is considered
crucial for the EC performance of BTS-M (Fig. S45). Next, we per-
formed in situ heating experiments with phase-field simulations to
investigate the influence of chemical inhomogeneity in response to
external fields.

As shown in Fig. 5a, the in situ TEM results reveal a rather stable
domain configuration with wedge- and stripe-shaped domains during
the heating experiments. The EDS analysis of the same area shows a
varying distribution of Sn (Fig. S46), suggesting the local chemical
heterogeneity, which can afford polarization change within a wide
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temperature range and favor desired EC stability. To further clarify the
functionality of chemical heterogeneity in the entire system, the evo-
lutions of domain structures of BTS-M were simulated (Fig. 5b). In the
virgin state with no applied £, BTS-M exhibits multi-symmetries
involving ferroelectric R, O, and T phases, consistent with the micro-
structural observation in Fig. 4i. In addition, domains of various sizes
are dispersed in BTS-M, indicating the differential polarization
(strength and direction) that comes from the different BTSx compo-
sitions. Such a disordered state boosts the polar entropy of the system
at zero field. When applying an £, domains respond instantly due to the
3D connection of chemical heterogeneity, which facilitates polariza-
tion rotation in the heterogeneous matrix. For EC effect, the adiabatic
depolarization after removing E is more cared, where the entropy of
the system transfers from thermal entropy to dipole entropy and the
materials cool down®. In Fig. 5b, most domains of BTS-M can switch
back when £ is removed, suggesting the good recoverability of dipoles.
Therefore, the large and flexible polarization change is offered syn-
chronously in BTS-M, ultimately contributing to the superior EC
performance.

In summary, we proposed a multiscale engineering strategy to
optimize the EC performance of ferroelectric ceramics. A large AT of
1.5K and a high AT/AE of 0.375 K mm kV™ are synchronously achieved

under 40kVcm™, while the substantial AT of more than 1.2K is
maintained within 30-50 °C. The outstanding EC performance origi-
nates from the designed multiscale heterogeneity, implemented by
facilely mixing the equal-mass individual granules. We demonstrated
that the three-dimensionally connected chemical heterogeneity
boosts the polar entropy of the system. Additionally, the formed
interim regions bridge different polarization states and introduce
interfacial energy. This interfacial energy competes with the bulk
energy of the matrix, thereby lowering the Landau energy barrier
between different phases, finally availing the large AT and high AT/AE
under the low E. Our work provides a universal paradigm for designing
other high-performance EC materials.

Methods

Sample preparation

BTSx (x=0.03, 0.06, 0.09, 0.12) individual powders were prepared by
the conventional solid-state reaction method. The raw materials of
barium carbonate (BaCO3, 99.95%), titanium dioxide (TiO,, 99.99%),
and stannic oxide (SnO,, 99.95%) were purchased from the Aladdin
Biochemical Technology Co., Ltd (Shanghai, China) and weighed
according to the stoichiometric ratio of individual composition, then
subject to ball milling with ethanol as the medium. A 250 mL nylon jar
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Fig. 5| Temperature- and E-dependent domain evolutions. a In situ heating TEM observations. b domain structures simulated at different temperatures under different
electric fields. The chromatic colors denote different ferroelectric phases with various spontaneous polarization directions.

was used for milling, along with zirconia grinding balls in diameters of
10 mm (x50) and 5mm (x200). The ball-to-material mass ratio was
controlled as -10:1. The milling was operated at a rotation speed of
180 rpm for 24 h. The milled mixtures were dried and separately cal-
cined at 1200 °C for 3 h. The four calcined powders were first granu-
lated by adding polyvinyl alcohol (PVA) solution. Then, the granules
were sieved to obtain 400 pum granules. The 400 pum granules of four
individual compositions were well mixed together with the mass per-
centage of 1:1:1:1 and pressed into disks with 10 mm in diameter and
0.86 mm in thickness under a uniaxial pressure of 300 MPa for 5 min to
fabricate BTS-M. Finally, all green samples were sintered in air at
1380 °C for 3 h.

Structural measurements

The crystal structural information was obtained on a bulk X-ray dif-
fractometer (Bruker D8 Advanced XRD, Bruker AXS Inc., Madison, WI,
USA) with Cu K, radiation (1=1.5406 nm). The surface morphologies
and element distributions in the samples were characterized using
field-emission scanning electron microscopy (FE-SEM, JSM-7500: JEOL
Ltd., Tokyo, Japan). Raman measurements were performed using a
Raman spectrometer (Horiba iHR550, Japan) with a 532-nm excitation
source. For FE-SEM and Raman measurements, the polished samples
were thermally etched at 1280 °C for 10 min. The Cp measurements
were performed using a differential scanning calorimeter (Discovery
DSC 25, TA Instruments, New Castle, DE, USA) at a heating rate of 3 °C/
min. The relative density was measured by the Archimedes method
and repeated for three samples.

TEM measurements

For TEM observation, specimens were prepared from the bulk mate-
rials by mechanical thinning and Ar" ion milling in a Gatan PIPS I
polishing system. The domain morphologies, EDS mappings, and
atomic-scale imaging were examined on a field-emission TEM (JEM-
F200, JEOL, Japan). The HAADF images were acquired on a spherical
aberration-corrected scanning TEM (Hitachi HF5000). The con-
vergence semi-angle was 20 mrad, the probe size was set to UHR
mode, and the ensemble semi-angle was 60-320 mrad. The atomic
positions were fitted in MATLAB code®**. In situ heating TEM experi-
ments were performed using a SmartSet Hot Stage controller (Gatan
Model 901) with a heating rate of 10 °C/min.

PFM measurements

Prior to PFM measurements, the samples were first polished and then
subjected to thermal etching at 1280 °C for 10 min to make the grain
boundaries visible. Subsequently, the local piezoelectric response was
evaluated using the SS-PFM mode of a commercial atomic force
microscope (MFP-3D, Asylum Research, USA) with a high-voltage
module equipped.

Electrical property measurements

Prior to electrical measurements, the as-sintered samples were coated
with silver paste and then heated at 600 °C for 10 min to form electrodes
on both sides. The &~T curves of both unpoled and poled samples were
measured in the frequency range of 0.1-100 kHz using a dielectric
spectroscopy test system (TZDM-200-300, Harbin Julang Technology
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Co., Ltd, Harbin, China). To prepare the poled samples, the unpoled
samples with electrodes were poled at room temperature by applying a
DC electric field of 30 kV cm™ for 10 min in a silicone oil bath. The P-E
loops were acquired at the frequency of 1 Hz using an alternating-current
triangular-bias electric field ranging from 5 to 30kVcm™ by a ferro-
electric tester (aixACCT TF Analyzer 2000, Germany).

Direct EC property measurements

For direct EC measurements, the gold electrode with a diameter of
2.5 mm was sputtered on one side of the sample, and on the other side,
the gold electrode fully covers the sample. The overlap area was
2.5 mm in diameter. Therefore, the active electrode area of the sample
is 4.91 mm?, and the corresponding volume denotes the active part of
the sample. The temperature change was recorded by an in situ cali-
brated calorimeter equipped with a typical heat flux sensor (RdF P/N
27134-3, Siemens, Germany). The unipolar pulse with a period of 35s
was applied by a synthesized function generator (Stanford Research
Systems DS345). The rise and fall times of the pulse are 0.1s. The
measurement was repeated for 3 cycles for a single sample.

Density functional theory (DFT) calculation

DFT calculations were conducted with the Perdew, Burke, and Ernzerhof
for solid (PBESol) exchange-correlation based on the generalized gra-
dient approximation (GGA), which is implemented in the framework of
Vienna ab initio Computational Simulation Package (VASP). The
electron-ion interactions were described using the projector augmented
wave (PAW), with plane-wave cutoffs set to 520 eV. The Ba 5s5p6s, Ti
3s3p3d4s, O 2s2p, and Sn 4d5s5p states were treated as valence electrons.
A BTO structure with P4mm space group was used to generate a
2 x 2 x2 supercell for Sn-doped BTO (BaTig g75Sn0 12503) model with 40
atoms. All the models were created using 7 x 7 x 7 Monkhorst-Pack k-
point meshes. For electronic self-consistent iterations, the convergence
conditions were set at 10°eV, and the atomic coordinates were tuned
until the Hellmann-Feynman forces were less than 0.01 eV/A. VASPKIT, a
pre-and post-processing tool for the VASP code, was utilized to prepare
the necessary input files for the simulations.

Phase-field simulations

The influences of chemical heterogeneity on the evolution of the domain
structure were explored through phase-field modeling. The domain
structures were characterized by the spatial distributions of spontaneous
polarization P (P;, P,, P3). The temporal evolutions of the polarizations
were tracked using the time-dependent Ginzburg-Landau equation. In
addition, the displacement field u and electric displacement field D were
determined by solving the stress/electric equilibrium equations*°

oP i_ 6F thermal
Y T L o, +E @)

0 -
a—xj(oij(r, t)=0 2)

V-D=ps 3)

where L is a kinetic coefficient related to the domain-wall mobility, Fis the

total free energy of the system, % is the thermodynamic driving force of

polarization evolution, o is the stress tensor, pr is the free-charge

density, and r and t denote the spatial coordinates and time, respectively.
The total free energy of a bulk system can be defined as:

F:Fbulk(P)+Fgrad(P)+Felastic(P)+Felec(P' E)

= /V (fb”’k +f§’ad +fetastic +fele5)dV “4)

where Fp,,(P) is the bulk free energy, Fg.,q(P) is the domain-wall
energy, F,4:i-(P) is the elastic energy, and F ;.(P, E) is the electrostatic
energy. Here, E is the applied static electric field. The terms fpu foraa:
Setastic: and fee are the corresponding energy densities.

The bulk free-energy density is expanded as a sixth-order poly-
nomial:

Foure= 01(P}+P3+P3) +all(P}+ Py +PY) +ay (PEP3 +PEPL+ PIPS)
+allt(PE+P§+P§) +ati2[Pf (P3+P3) + A (PE+P3) +P4(PE+P3)] (5)
+al23P? P3P’

where a;, a, aj are the Landau parameters.
The elastic energy density is determined as

(6)

1 0 0
Setas= 5 Ciikt (€ — E)(Et — E0)

where c; is the elastic stiffness tensor, & is the total strain, and & is
the eigenstrain, calculated as s}j). = QPP with Qyy being the elec-
trostrictive coefficient.

The gradient energy density is obtained as

1
Seraa= 5 ikiPiiPr,t )
where Gy, is the gradient coefficient.
The electrostatic energy is expressed as
1
Setee= — PiANEL(r) — igng(r)Ei(f)Ej(r) 8

where K,.lj?(r) is the background dielectric constant tensor, &, is the
vacuum permittivity, E; is the electric field component, and P; is the
polarization component**,

The simulation scale was 256dx x 256dz, where dx and dz are the
grid scales (both equal to 4 nm). The equations were solved using the
Fourier method. The detailed parameters of the BaTiO3-xBaSnO; sys-
tem were selected from refs. 22,31,44 and are listed below:

—271.7x1143x+75.0

ay =(T — T¢)x 4124 x10°C>m?N

= —|1-5.833x1143x — 0.3| x4 x108C*m®N
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The gradient energy coefficients were chosen as G;1/Gyy0 = 1.0, Gio/
G110=0.0, G44/Guo =0.5, where Gi10=7.04 % 10%C2m*N. When x= 0,
the potential function can produce R, O, and T phase transition
structures. As x increases, the ferroelectric transition becomes a pure
R phase.

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information files.
More relevant data sets generated during and/or analyzed during the
current study are available from the first authors and corresponding
authors upon reasonable request. Source Data are provided within this
paper. Source data are provided with this paper.
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