Downloaded via UNIV OF WISCONSIN-MADISON on June 27, 2023 at 17:34:06 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO... 5

pubs.acs.org/NanoLett

Machine Learning-Enabled Superior Energy Storage in Ferroelectric

Films with a Slush-Like Polar State

Ruihao Yuan, Abinash Kumar, Shihao Zhuang, Nicholas Cucciniello, Teng Lu, Deqing Xue,
Aubrey Penn, Alessandro R. Mazza, Quanxi Jia, Yun Liu, Dezhen Xue,* Jinshan Li,* Jia-Mian Hu,

James M. LeBeau, and Aiping Chen*

Cite This: Nano Lett. 2023, 23, 4807-4814

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

e Supporting Information

ABSTRACT: Heterogeneities in structure and polarization have
been employed to enhance the energy storage properties of
ferroelectric films. The presence of nonpolar phases, however,
weakens the net polarization. Here, we achieve a slush-like polar
state with fine domains of different ferroelectric polar phases by
narrowing the large combinatorial space of likely candidates using
machine learning methods. The formation of the slush-like polar
state at the nanoscale in cation-doped BaTiO; films is simulated by
phase field simulation and confirmed by aberration-corrected
scanning transmission electron microscopy. The large polarization
and the delayed polarization saturation lead to greatly enhanced
energy density of 80 J/cm® and transfer efficiency of 85% over a
wide temperature range. Such a data-driven design recipe for a
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slush-like polar state is generally applicable to quickly optimize functionalities of ferroelectric materials.
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D ielectric materials, holding charges as capacitors, are vital
energy storage components of electronics and power
systems.' > In contrast to electrochemical energy storage
techniques in fuel cells and batteries, dielectric capacitors
distinguish themselves in features of ultrafast charging/
discharging rates, high voltage endurance, and good reli-
ability.""® Enhancing the relatively low energy densities of
dielectric capacitors is essential for applications such as pulsed
power equipment, for which device miniaturization, system
compactness, and cost reduction are required.”” Therefore,
considerable effort has been devoted to enhancing the energy
storage via composition optimization, defect engineering, and
architectural design.'’™"

Two key parameters for energy storage in capacitors include
the recoverable energy density W,, and the transfer efficiency

B
1. The former is determined by W, = /P "“EdP, where E is

the applied electric field, P, is the maximum polarization, and
P, is the remnant polarization. The latter is defined as

[P Pr . o
n= /R Edp/ /0 EdP. Accordingly, a large polarization

(Ppay) and a large difference between P, and P, (P, — P.)
as well as a high breakdown strength (E,) are favored to
enhance both W,, and 5> The focus so far has been on
introducing structural heterogeneities inside the materials.' "
Examples include the formation of relaxor ferroelectrics or
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superparaelectric states by chemical modification to suppress
P," the introduction of defects by ion-bombardment to delay
the polarization saturation,” and the construction of specific
interfaces and grain orientations to enhance E.'°

Structural heterogeneities play a crucial role in relaxor
ferroelectrics,””'® as polar nanoregions (PNRs) are embed-
ded in a nonpolar matrix,"’ as shown in Figure 1A. The
reduced domain size and the weak intercoupling between the
PNRs lead to low domain switching energy barriers. This
results in suppressed hysteresis with low energy dissipation.”’
Meanwhile, the sluggish response of the glass-like relaxor state
to the external stimuli causes substantially delayed polarization
saturation (P, is not achieved until the field reaches E,).”'
These aspects can be employed to improve both # and W,.
However, the presence of a nonpolar cubic phase weakens the
net polarization (P,,,,), which can in turn result in decreasing
W, and 5.'>** Retaining the PNRs while suppressing the
nonpolar state is thus an effective strategy. Here, we achieve a
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Figure 1. Design of a slush-like polar state to enhance energy storage performance via machine learning. (A) Polar nanoregions embedded in a
nonpolar matrix. (B) A slush-like polar state with nanoscale domains. (C) Machine learning guided design strategy from data to prediction. Typical
pseudoternary phase diagrams containing (D) cubic—tetragonal (C—T) phase boundary, (E) cubic—rhombohedral (C—R) phase boundary and

(F) rhombohedral—tetragonal (R—T) phase boundary.

slush-like polar state®>** of multiple ferroelectric phases with

small domains exhibiting low angle domain walls and high
domain wall density, as schematically shown in Figure 1B. It
contains nanoscale fluctuations of dipoles at the phase
boundaries of differing ferroelectric phases. The state is
associated with very low energy barriers across domains and
nearly vanishing polarization anisotropy, thereby utilizing the
contributions of PNRs without sacrificing the net polarization.

Machine Learning Guided Design of System with a
Slush-Like Polar State. A lead-free model system of cation
modified BaTiO; was selected to obtain a slush-like polar state,
because of its 5good manufacturability, stability, and solubility
with dopants.”> The idea is to search for a system containing
multiphase coexistence of different low symmetry phases. Such
a multiphase coexistence state corresponds to very low energy
barriers between different polar states. We herein aim to design
compositions with rhombohedral—tetragonal (R—T) mixed
phases, as they have been demonstrated to show significantly
improved dielectric and piezoelectric properties due to the
mostly flattened free energy surface, which might be promising
for enhanced energy storage performance.”””® However, the
obstacle lies in the vast search space of potential compositions,
since various cations of Ca®*, Sr**, Zr*", Hf**, and Sn*' can
potentially be substituted for Ba** and Ti*" to form a variety of
solid solutions: (1— x—y)Ba,_,Ca, TiO;—xBaZrO;—yBaSnOj,
(1—x—y)Ba,_,Sr, TiO3—xBaZrO;—yBaSnO;, and (1—x—y)-
BaTi,_, Hf,,O3;—xBaZrO;—yBaSnO;. By limiting the values of
%, y, and w to the range of 0—0.3 with x + y < 0.3 and using the
increment 0.01, approximately 140,000 unexplored composi-
tions are possible. To efficiently explore this vast space, a
machine learning guided strategy is employed (Figure 1C).
Such a data-driven approach is increasingly being utilized in
materials science to accelerate the design of new materi-
als.”’ 7% We built a supervised machine learning classification
model to predict the phases of all the possible compositions
and thereby to construct pseudoternary phase diagrams, each
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of which can contain different phase boundaries. The phase
diagrams containing the R—T phase boundary are then rapidly
identified to achieve our design target.

The initial data set used to train the machine learning
surrogate model consists of 181 compositions of ceramics,
which were synthesized and characterized in the same lab to
reduce the uncertainties associated with the fabrication and
measurements. Of these, 50 compositions are labeled “cubic”
(C) and 76, “tetragonal” (T), while the remaining S5 are
“rhombohedral” (R). The confusion matrix from the
classification model indicates good model performance with
an accuracy of 0.92 (Figure S1). The trained model then
predicts the phase type of all the ~140,000 possible
compositions. Figure 1D—F gives three typical pseudoternary
phase diagrams based on the predictions. The ones containing
Sr** in Figure 1D and Hf* in Figure 1E possess C—T and C—
R phase boundaries, respectively. These boundaries could
facilitate the formation of the relaxor state due to the existence
of the nonpolar cubic phase; however, they are beyond our
interest of suppressing the nonpolar matrix. Thus, our focus is
on the phase diagrams containing the R—T phase boundaries,
and the one of (1—x—y)Bayg;Cag;sTiO;—xBaZrO;—yBaSnO,
is shown as an example in Figure 1F. From the predicted
ternary compositional phase diagrams, many compositions
exist near the R—T phase boundary. As the predictions contain
uncertainties and to select the most promising compositions as
the target materials for thin film fabrication, we estimate the
probability for each composition to be located at the R—T
boundary, and the top ten with relatively large probabilities are
listed in Table SI. Accordingly, we selected three composi-
tions, i.e., 0.90Bay4,Cay;3TiO3—0.09BaZrO;—0.01BaSnO;,
(1Sn), 0.90Bag4,Cag 3TiO3—0.07BaZrO;—0.03BaSn0O,
(3Sn), and 0.90Bayg,Cag3Ti0;—0.05BaZrO;—0.05BaSn0,
(5Sn), in which the B-site Sn** concentration changes
monotonically to further tolerate the uncertainties between
the ceramics and films. For comparison, we also synthesized
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Figure 2. Indication of the slush-like polar state. (A) The RSM result for the 0Sn and 3Sn thin films. (B) The temperature dependence of the
dielectric constant and loss tangent of the 3Sn thin film. The projected displacement (polarization) map for 0Sn (C) and 3Sn (D) thin films. The
projected displacement magnitude ranges from 0 to 33 pm for the 0Sn map and 0 to 22 pm for the 3Sn map, as indicated by luminosity. Polar plots

of unit cell polarization vectors for 0Sn (E) and 3Sn (F) samples.

the well-known lead-free system of 0.50Bay;,Cag3,TiO;—
0.50BaTig g9Zro2005 (0Sn)*® with R and T phase coexistence.
It should be noted that our machine learning assisted
composition screening is based on the bulk data, as it is easier
to construct a relatively large data set of ceramics of different
compositions with characterized phase structures. It is also
reported that there may be an intermediate orthorhombic (O)
phase between the R and T phase boundary.”’ We only
consider the R—T boundary for simplicity. The films
synthesized using a nonequilibrium pulsed laser deposition
may lead to some differences in stoichiometry due to varying
vapor pressure of different oxides. However, the construction
of a data set of films with different compositions and phase
structures is much more expensive and time intensive.
Multiscale Characterization of a Slush-Like Polar
State. High quality epitaxial thin films of 0Sn, 1Sn, 3Sn, and
5Sn were deposited on the SrRuO; (SRO) buffered SrTiO;
(001) substrates by pulsed laser deposition. The detailed
growth procedure is depicted in the Supporting Information.
Top electrodes were deposited by magnetron sputtering via a
shadow mask. The actual size of the top electrodes was
estimated by scanning electron microscopy (Figure S2). The
film quality has been investigated by thin film X-ray diffraction
and scanning transmission electron microscopy (STEM). The
cross-sectional annular dark-field (ADF) STEM images for the
0Sn and 3Sn films in Figure S3 show a sharp interface formed
between the film and SRO buffer layer and SRO and the
substrate, indicating the excellent epitaxial quality. Energy-
dispersive X-ray spectroscopy (EDS) in STEM reveals (Figure
S4) evidence of uniform cation distributions across the film
thickness and no phase separation, due to the high solubility of
Ca, Zr, and Sn in BaTiO;. According to EDS data, the
composition of the 3Sn film is determined to be
Bay g,Cayg 16Tl g5Zr009S000303 which is close to the target
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composition. This indicates that there is no strong
stoichiometry deviation for the film growth of this five-cation
compound. Figure 2A shows the STO (103) reciprocal space
mapping (RSM) results for the 0Sn and 3Sn thin films. The
100 nm SRO bottom electrode layer is strained to the STO
substrate, while the 0Sn and 3Sn thin film (~270 nm) layers
are fully relaxed. The elongated RSM peaks may indicate the
coexistence of R and T phases.”” To confirm the phase, the
RSMs of 103, 013, 103, and 013 reflections for 0Sn and 3Sn
films were performed (Figure SS). The comparison of these
results indicates the existence of the orthorhombic (O)
phase.”” We can not exclude the existence of the R phase. It
should be noted that the O phase is the intermediate phase
between the R and T phase boundary. It was reported that the
T—O phase boundary is lower than that at the O—R phase
boundary and the coexistence of R—O—T reduces energy
barriers and facilitates polarization rotation.’** It is interesting
that the thin film technique promotes the growth of the O
phase. For 0Sn films (O phase), the lattice parameters are a =
4020 A, b = 4027 A, and ¢ = 4.016 A, while the lattice
parameters of the 3Sn films (O phase) are smaller with a =
4.008 A, b = 4.022 A, and ¢ = 4.011 A (Table S2). The larger
lattice parameters for the 0Sn samples compared to bulk
materials with the same composition (a = b = 3.999 A, ¢ =
4.009 A)*® could be due to the formation of oXygen vacancy in
the films. It was often reported that oxygen vacancy enlarges
lattice parameter and volume.’® Therefore, the reducing lattice
parameters with Sn doping indicates less oxygen vacancies
formed in the Sn-doped films. This is consistent with the
breakdown field enhancement discussed later.

The phase coexistence and relaxor behavior was then
investigated by measuring the dielectric constant (&)/loss
tangent (tand) spectrum. Figure 2B shows the temperature
dependence of ¢ and tand for the 3Sn film, under different

https://doi.org/10.1021/acs.nanolett.3c00277
Nano Lett. 2023, 23, 4807-4814


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00277/suppl_file/nl3c00277_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00277/suppl_file/nl3c00277_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00277/suppl_file/nl3c00277_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00277/suppl_file/nl3c00277_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00277/suppl_file/nl3c00277_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00277/suppl_file/nl3c00277_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00277/suppl_file/nl3c00277_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00277?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00277?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00277?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00277?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c00277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

A B 100 F»—>—P>—>- ¢ * 720
> 140 Energy density <k
- VY= R V-V-V-V-V-V-y_y —= ' i
_ _ "E R R N e = A 80 10| . Sy cor - 5
e S 80F- " ~ E | £ 415 8
s 2 2 Y g 3100 3 9 g
2 = 601 v 80z = 3 P 19°% 2
5 5 v 2 2z 80 § 5 S0 8
2 % [ - 7/1/‘ Q2 o t £ (7] 8
8 3 40 - 24 1 40 g > 60 ! 140 £
5 g | 1A -»-08n wog o =
K S 2 G A-18n g 40 405 &
@ w0 o e o 120 4
A v n 20 | %)
W —«-55n - 20 [
1.l 0 ¥l 1 1 1 I 0! 0 Joo
AP N O <O O O QO
0 1 2 . 3 4 5 6 ! 2 ,3 4 N 6 Q\/’\/Q\;@ \‘zé'q Q\Q’p \Qo oé\ 05/\ Qé\ 45;\ 1/(;\
Electric field (MV/cm) Electric field (MV/cm) ] Q;ﬁ‘ & & ,50“ & F
D E F Representive compositions
0.5 - » 0sn
90 12 . v A 18n
— 25 = = > > —~ > = ] v
E 480 .78 <
L ~ O — 0.0 -
= X 380 X =
2 - 460 T a
£ 20 - > = > =
18§71 § Tost
o o © r 140 8 3
3 “ L IR E 3 60 E k=
g 15 - 40 @ A R P -1.0
w w = 9 A v
50 E,=3.4¢ MV/cm E, = 5.65 MV/em
10 d 3 vonnd 3o 3 vud v vsued s o vued 3 sad 20 40 1 " 1 " 1 1 n 1 0 -15 1 " 1 " 1
10’ 10° 10° 107 -100 -50 0 50 100 0.4 0.6 0.8 1.0
Cycle number Temperature (°C) Ig(E(MV/cm))

Figure 3. Energy storage performance of the BaTiOj-based films. (A) The P—E loops for the 3Sn film. (B) The energy density and transfer
efficiency as a function of electric filed for 0Sn, 1Sn, 3Sn, and 5Sn thin films. (C) The best performer in this study in comparison to the state-of-the-
art reported for lead-based and lead-free thin films. (D) The energy density and transfer efficiency as a function of the cycle number. (E) The
temperature stability of energy density and transfer efficiency. (F) Weibull distribution to evaluate the dielectric stability of the synthesized films.

frequencies changing from 20 Hz to 100 kHz. The shift in the
dielectric constant and loss tangent peaks suggest a strong
relaxation behavior. The dielectric result for the 0Sn film is
shown in Figure S6 as a comparison. We then confirmed the
slush-like polar state at the atomic scale using integrated
differential phase contrast (iDPC) STEM imaging, which
provides the projected positions of both cation and anion
sublattices. The projected net displacement (polarization) is
measured as the difference between the centroids for atom
columns cations/cations-oxygen and the pure oxygen anions in
the films of 0Sn and 3Sn. Figure 2C,D shows representative
projected polarization maps for 0Sn and 3Sn imaged along
(001), respectively. In these polar maps, the variation in
polarization vectors in terms of their direction and magnitude
are indicated by different colors and luminosity, respectively.
The varying color and luminosity in polar maps for both
samples indicate a lack of long-range ordering, different from
normal ferroelectric thin films. In addition, the observed polar
domains do not decay to a nonpolar state. This means the
domain structure in our samples are different from the polar
nanoregion model (polar domains in nonpolar matrix). Our
results indicate that both 0Sn and 3Sn samples exhibit a slush-
like polar state. With Sn doping (Figure 2D), the domain size
reduces significantly. The presence of nanoscale polar domains
with low-angle and high-density domain walls are shown in
maps with arrows (Figure S7). The nanoscale domains in 3Sn
vary in size from 2 to 10 nm, while 0Sn shows a larger domain
size. To quantify the polarization vector distribution, we
performed more analysis on Figure S7. Figure 2E,F shows
polar plots of unit cell polarization vectors for 0Sn and 3Sn
samples. The polarization vector distribution angle (~120°) of
the 3Sn sample is much wider than that (~50°) of the 0Sn
sample for the same sampling area, indicating a vanishing
polarization anisotropy in the 3Sn sample. Due to such small
domain size and weakened polarization anisotropy, the
polarization of nanodomains can thus flip among energy
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equivalent directions easily in the 3Sn thin films, which could
render a high energy storage response. Therefore, we observed
high density nanoscale polar domains in Zr/Ca-codoped BTO
films and Sn doping further increase the density of nano-
domains by reducing the size. The above results confirmed a
slush-like polar state in our doped BTO films.

Superior Energy Storage Properties of the Slush-Like
Polar State. Figure 3A represents the unipolar polarization—
electric field (P—E) curves for the 3Sn film. The narrow P—E
curves are characteristic of relaxor ferroelectrics. Those for
0Sn, 1Sn, and SSn are shown in Figure S8, which are quite
different from the square loops of their bulk counterparts
(Figure S9). The energy density W, and transfer efficiency  of
the Sn-doped films under different fields are calculated by
integrating the unipolar P—E curves, as shown in Figure 3B,
where the W,, and # for 0Sn are also included as a comparison.
The W, of 3Sn and 5Sn films outperforms that of 0Sn and 1Sn
films. The W,, for 3Sn and 5Sn films reaches ~80 J/cm?® at 5.9
MV/cm and ~62 J/cm® at 5.5 MV/cm, respectively. The
efficiency # for 3Sn and 5Sn films keep almost a constant value
of ~85% even approaching E;. Note that the 5 values for 0Sn
and 1Sn films are comparable to those of 3Sn and 5Sn films at
low fields but dramatically decrease with the increasing electric
field above 3 MV/cm. We compare the best performer
synthesized in the present study to other lead-based and lead-
free films that have been reported, as shown in Figure 3C. The
3Sn thin film shows excellent 7 (~85%), superior to the state-
of-the-art systems. The W,, (80 J/cm?) is larger than most
reports, including the BZT/BCT multilayer in which normal
ferroelectric polar state appears.”® Therefore, the construction
of the slush-like polar state can be an effective way to improve
the energy storage performance of ferroelectric thin films.
However, it is still lower than recent reports of ion-
bombardment enhanced lead-based PMN—PT” and composi-
tion optimized lead-free BiFeO; systems.”” This is not
surprising as the W, is proportional to the maximum
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Figure 4. Phase field simulation of the slush-like polar state. (A) The simulated ferroelectric hysteresis loop of (001) 0Sn film with long-range
domains and (B) 3D morphology of T, R, and O components of the polarization domains at zero field. (C) The simulated P—E loop of (001) 3Sn
film with ultrafine-scale nanodomains and (D) the corresponding 3D morphology of T, R, and O components of the polarization domains at zero
field. In (B) and (D), the different colors represent different directions of the local polarization vectors, with the corresponding color code shown in
the rightmost column. Volume fractions of T, R, and O domains are indicated. Scale bar is 10 nm.

polarization, which is strongly dielectric system dependent. For
example, the spontaneous polarizations of PbTiO; BiFeOj;,
and BaTiO; are ~80, ~80, and ~25 uC/cm?, respectively. The
corresponding W,, values are 135 J/cm® in ion-bombardment
enhanced lead-based PMN—PT,” 110 J/cm® in composition
optimized lead-free BiFeO,,”’ and 80 J/cm® in our BaTiO;-
based systems. To compare fairly across different dielectric
systems, we define a system independent figure of merit f,
which is given by f = W,./P,,,. In this context, the f values for
PMN-PT and BiFeOs-based thin film are about 1.2 and 1.3,
respectively. In contrast, the f values for our 3Sn (270 nm) and
SSn (180 nm) films are ~1.85 and ~1.75, about 50% higher
than those of the former two. This may hint that the
application of the slush-like polar state can further optimize the
energy storage performance of Pb-based and BiFeOj-based
systems that have high spontaneous polarization.

To characterize the fatigue performance of the synthesized
films, a cycling test under a triangle field of 2.5 MV/cm and 10
kHz is conducted for the 3Sn film. Figure 3D shows the W,
and 7 as a function of the cycle number. Both parameters are
stable even after the cycling number reaches a high value of
10, indicating an excellent fatigue resistance. The exploration
of the origin of fatigue has always been a long-term challenge
and is still under debate; even various models such as local
phase decomposition and domain wall pinning have been
proposed.”” ™ In our case, the robust cycle reliability might be
ascribed to the Sn doping induced oxygen vacancy
concentration reduction.”” The temperature stability of the
energy storage performance serves as an important figure of
merit for practical applications of dielectric capacitors. Figure
3E plots W, and 7 as a function of temperature that changes in
a large range from —110 to 100 °C. Both W, and 7 show slight
temperature dependence, ensuring the operation in a wide
temperature window. Specifically, W, is higher than 50 J/cm?
and increases slightly with the increasing temperature. 7 shows
a high value of ~85% from —110 to 60 °C, and it decreases at
elevated temperatures (~77% at 100 °C). This stability of 5
can be understood from the similar leakage current behavior at
—100 and 25 °C (Figure S10). The power law dependent
current—voltage behavior indicates the space charge limited
conduction mechanism.*® At 100 °C, thermal energy activates
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carriers associated with deep traps, which results in higher
leakage current and lower 7. It makes the P—E curves fatter
(Figure S11) and subsequently decreases the energy transfer
efficiency, as presented in Figure 3E.

The results above indicate that E, plays an important role in
enhancing the energy storage performance. We thus analyze
the E, of the fabricated films using a two-parameter Weibull
distribution linear fitting, as shown in Figure 3F. The E;, values
for 3Sn and 5Sn are higher than 5.5 MV/cm. This E, is
comparable to the state-of-the-art results in ferroelectric oxide
thin films.”* The slope of the fitting line, r, represents the
dielectric stability under multiple measurements. We see that
the r for 3Sn and 5Sn is higher than the other two, indicating
good uniformity and stability. To understand the origin of the
enhanced E, and energy storage performance in 3Sn thin films,
we conducted electron energy loss spectroscopy (EELS)
analysis to characterize the valence state of the Ti cations
with different Sn contents. The valence state of Ti in 0Sn and
3Sn films, as compared to a standard SrTiO;, is shown in
Figure S12. Ti L, and L; edges of 3Sn film match better with
the standard SrTiO; while those of the 0Sn film have a lower
energy onset, indicating the presence of Ti’* and oxygen
vacancy.” In other words, Sn doping reduces the presence of
Ti** and oxygen vacancy, which is consistent with RSM results.
Thus, we conclude that Sn doping reduces oxygen vacancy
concentration, decreases lattice parameters, and enhances the
dielectric properties such as fatigue and E;. Therefore, the
enhancement of energy storage performance can be attributed
to the presence of small multiphase domains together with the
stabilization of Ti*".

Domain Size Effect of the Slush-Like Polar State.
Phase-field simulations were performed to simulate the effects
of ultrasmall multiphase ferroelectric domains on the polar-
ization switching behavior in such a solid solution film. All
input parameters of the model were taken from reported
values, except that the gradient energy coefficient that is
proportional to domain wall energy is tuned to change the
domain size and domain wall density. In the case of a large
gradient energy coeflicient, the film displays a hysteresis loop
with a relatively large coercive field (Figure 4A), along with a
mixture of T, R, and O domains at zero electric field (Figure
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4B). The size of these ferroelectric domains is relatively large
with long-range ordering, and the volumetric fraction of the T
domains (~55%) is dominant, which gives rise to relatively
large remanent polarization as shown in Figure 4A. With
decreasing gradient energy coefficient, the film shows multiple
phases coexist (T, R, and O phases) at zero field but the
domain size is much smaller without long-range ordering, as
shown in Figure 4D. These ultrafine-scale nanodomains lead to
a slim P—E loop with negligible hysteresis, very low coercive
field, and almost zero remanent polarization (Figure 4C), as in
typical relaxor ferroelectric systems. The state exhibits very low
energy barrier and nearly vanishing polarization anisotropy and
thereby utilizes the contributions of PNRs without sacrificing
the net polarization.

We have demonstrated that a slush-like polar state
suppressing the nonpolar matrix exhibits superior energy
storage density and transfer efficiency. Such a state is not
limited to BaTiOj-based systems but applicable to other
energy storage dielectrics. It also benefits other functionalities
that require minimized hysteresis and large polarization. The
efficient searching strategy with the assistance of machine
learning can be generalized to other multiphase functional
materials.
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