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ABSTRACT: Dielectric capacitors are highly desired in modern electronic devices and
power systems to store and recycle electric energy. However, achieving simultaneous high
energy density and efficiency remains a challenge. Here, guided by theoretical and phase-
field simulations, we are able to achieve a superior comprehensive property of ultrahigh
efficiency of 90−94% and high energy density of 85−90 J cm−3 remarkably in strontium
titanate (SrTiO3), a linear dielectric of a simple chemical composition, by manipulating
local symmetry breaking through introducing Ti/O defects. Atomic-scale characterizations
confirm that these Ti/O defects lead to local symmetry breaking and local lattice strains,
thus leading to the formation of the isolated ultrafine polar nanoclusters with varying sizes
from 2 to 8 nm. These nanoclusters account for both considerable dielectric polarization
and negligible polarization hysteresis. The present study opens a new realm of designing
high-performance dielectric capacitors utilizing a large family of readily available linear
dielectrics with very simple chemistry.

1. INTRODUCTION
Dielectric capacitors, owing to their large power density, high
efficiency, and ultrafast charging/discharging rate, have a wide
range of applications in modern electronic devices and pulsed
power systems and thereby receive extensive attention.1

Recoverable energy density (Ue) and efficiency (η) are two
key parameters that determine the energy-storage performance
of the dielectric capacitors. Simultaneous high Ue and high η
that constitute the superior energy-storage performance
require features including large polarization with a high voltage
endurance and low hysteresis (Figure 1a). However, attempts
to achieve such a quality of a dielectric capacitor always face
challenges due to the intrinsic contradictions among these
required features.2 For example, the dielectrics possessing large
polarization tend to have low breakdown strengths (Eb).

3 A
typical ferroelectric dielectric can have large polarization but
generally exhibits large hysteresis.4 Thus, the development of a
strategy to overcome the low hysteresis, large polarization, and
large Eb dilemma would help accelerate progress toward
achieving high-performance energy storage.
Over the past two decades, ferroelectrics have been the

dominant system of choice for designing high-performance
dielectric capacitors because of the large spontaneous polar-
ization and high breakdown strength.5 Efforts have been
mainly focused on overcoming the key challenges to alleviate
hysteresis loss (Uloss) to reduce energy dissipation and delay its
polarization saturation to increase the Ue. The main idea is to
break the long-range ordering of the polarization and reduce

the energy barrier during domain switching, which is
essentially the origin of hysteresis.6 Typical strategies include
solid solution formation or elemental doping based on lessons
learn’t from relaxor ferroelectrics, which feature substantially
suppressed hysteresis and substantially delayed polarization.7

The BiFeO3−BaTiO3−SrTiO3 ternary system and Sm-doped
BiFeO3−SrTiO3 system are canonical examples among them,
wherein the polymorphic nanodomains and the intriguing
superparaelectric phase are realized, respectively, both reaching
high polarization and low loss simultaneously.8 Recently, ion
bombardment has been confirmed as an effective approach to
produce deep-level defect complexes in Pb(Mg,Nb)O3−
PbTiO3 relaxor films and to further promote the energy-
storage performance.7c Such high performance is a result of an
elegant combination of a series of components and a delicate
balance of different forms of energy. Generally, the appropriate
construction of a complex solid solution requires careful
compositional design and sophisticated control of the synthesis
process. This issue makes the realization of the most attractive
energy-storage performance still a quite challenging task.
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Due to the absence of spontaneous polarization, a large
family of centrosymmetric linear dielectrics has been over-
looked as candidates for high-performance dielectric capaci-
tors, although most of them are lead-free and environmentally
friendly. However, considerable polarization mainly originates
from the breaking of spatial inversion symmetry, which can be
achieved and effectively tuned by using strategies like strain
and defect engineering.9 We developed a practical method-
ology for simultaneously realizing high energy-storage perform-
ance in a linear dielectric with a simple chemical design by
crafting local lattice symmetry breaking to generate substantial
localized polarization within an ultrafine region (2−8 nm). The
character of the considerable local polarization embedded in
the paraelectric matrix well caters to the ideal polarization
configuration of a high-performance dielectric capacitor. As a
result, we achieved an ultrahigh efficiency and large energy
density simultaneously without sacrificing the negligible
hysteresis and appreciable Eb nature of linear dielectrics.
Using the prototypic linear dielectric SrTiO3 as a model
system, we realize an ultrahigh efficiency of 94% with simple
chemical compositions (only 4 elements), along with a high
energy density of 85 J cm−3 that can be comparable with
ferroelectric-based capacitors.

2. RESULTS AND DISCUSSION
The first-principles theoretical calculations and phase-field
simulations were first conducted to investigate the effect of
local symmetry breaking on the dielectric energy-storage
performance in the SrTiO3 homoepitaxial film. To introduce
local symmetry breaking into the system, we systematically
removed a pair of Ti and O atoms from the central unit of a 3
× 3 × 3 supercell. Appropriate electron doping was introduced
to maintain the charge neutrality (Figure 1b). It is noted that
our theoretical calculations covered a range of defect
complexes involving neutral or charged Ti and O vacancies
(Table S1). The calculations demonstrate that the defective
unit cell is expanded compared to bulk SrTiO3, implying that
the nonstoichiometric film would be subjected to an epitaxial
compressive strain (Table S1 and Figure S1). Therefore, the
Ti/O defect-induced local distortion and substrate strain
substantially lower the lattice symmetry and transform from a
cubic to a monoclinic-like structure in the vicinal lattices,

where the tensile strains ∼1 and 3% appear along the a and c
axis, respectively. This results in large local polarizations (∼55
μC cm−2) based on the Born effective charge approach due to
the off-centering movements of cations (∼0.2−0.3 Å) in a low-
symmetry structure, which mainly order in [001] directions
promoted by the epitaxial strain and show in-plane
components as well (polar vectors in Figure 1b and Table
S2). To still maintain a highly insulating state for a high
breakdown strength, valence-variable transition metals, like
manganese, can be further introduced to capture the free
charges and increase the energy barrier for the defect migration
(see the calculation results in Figure 4d).
The phase-field modeling was conducted to further examine

the evolution of the polar configuration and domain structure
by modulating the local symmetry. As we expected, the perfect
SrTiO3 with a centrosymmetric symmetry forbids the
emergence of polar ordering and gives rise to a linear P−E
response with tiny polarization upon the electric field loading
(Figure 1c). Taking computed results as inputs, randomly
positioned a-axis and c-axis lattice strains of about 1 and 3%,
respectively, were introduced in the cubic SrTiO3 matrix in our
phase-field modeling to break the local symmetry (Figure S2).
As a result, polar nanoclusters with sizes less than 10 nm
occurred in this local symmetry-broken system (Figure 1d),
wherein the polarization angles were found deviating from the
[001] direction, as indicated by the theoretical calculations.
The emergence of polar nanoclusters in an intrinsic linear
dielectric contributes to the prominent spontaneous polar-
ization (25 μC cm−2 at ∼2 MV cm−1) and therefore promotes
the level of the Ue. A weak interaction between these isolated
nanoclusters can avoid the distinct hysteresis arising from the
domain-wall motion in the classic ferroelectrics under the
external electric field, enabling a high η in the system (Figure
1d).4 These provide a prerequisite for realizing excellent
performance in the SrTiO3 system via local symmetry breaking.
Guided by these theoretical results, we designed and grew a

series of Sr(Ti1−xMnx)0.88O3−δ (xMn = 0, 0.02, 0.04, and 0.08)
epitaxial films on (001)-oriented SrTiO3 (STO) or Nb-doped
SrTiO3 conductive substrates (Nb:STO) via pulsed laser
deposition (the two substrates have the same lattice constant)
(Figure S3) (see the Supporting Information for details). The
chemical composition of the film was determined by

Figure 1. Design of local symmetry breaking in SrTiO3 dielectrics with high-performance capacitive energy storage employing phase-field
simulations and ab initio theoretical calculations. (a) Schematic illustration of the energy-storage mechanism in high-performance dielectric
materials. (b) First-principles calculation results of a 3 × 3 × 3 Ti/O defect supercell (VTi⁗ + VO·· configuration with electron doping, see details in
Table S1), which reveal local polarization configurations similar to those observed in experiments. The superimposed polar vector denotes the off-
centering displacement of the Ti atom relative to the center of TiO6 octahedra. For clarity, Sr atoms have been omitted, and Ti and O vacancies are
marked by dashed blue and yellow circles, respectively. Simulated polar configurations (top) and the corresponding P−E loops (bottom) obtained
from phase-field modeling for (c) pure SrTiO3 and (d) local symmetry-broken SrTiO3.
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inductively coupled plasma mass spectrometry and X-ray
photoelectron spectroscopy (XPS) depth profiling tests, which
is close to the ceramic target used (Figure S4, Tables S3 and
S4). We confirmed the high crystallization quality and
favorable epitaxial growth of the films without a detectable
secondary phase by atomic force microscopy, low-magnifica-
tion high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images, and wide-
range synchrotron-based X-ray diffraction (SXRD) (Figures
S5−S8). The thicknesses of the films range from ∼50 to 500
nm. Synchrotron-based three-dimensional reciprocal space
maps (3D-RSMs) around the (103) diffraction conditions
and phi-scans of the thin film and substrate (Figures 2a, S9,
and S10) indicate a macro tetragonal structure of thin films
with an increased c/a ratio of ∼1.03 for all components
compared with the cubic substrate (c/a = 1). This observation
is in line with the splitting of the diffraction spots in the
selected area electron diffraction pattern that consists of the
thin film and substrate (Figure S11). Such a large c/a ratio in a
perovskite oxide provides a foundation for the emergence of a
comparable spontaneous polarization resembling that of the
prototype ferroelectrics such as PbTiO3 (c/a = 1.064 and Ps =
75 μC cm−2).10 The intensity contributions from diffuse
scattering near the (103) Bragg condition in the 3D-RSM were

detected for all systems, as shown in Figure 2b. Intriguingly, a
butterfly-shaped diffuse-scattering distribution is present for all
thin films with diffuse rods canted to [01̅1] and [011]
directions in (1KL) cuts. This feature is commonly observed in
relaxor ferroelectrics with polar nanoregions,11 suggesting local
disorders of local polarizations within the thin film. The
analysis of the stereoscopic profile of the (103) spot of the film
in the 3D-RSM indicates that the diffuse rod lies on a conical
surface, with an inclination angle (α) of approximately 30°
relative to the <001> direction. This value of α is consistent
with our theoretical calculations, where the average value of α
is approximately 32° (Table S2). In this regard, a characteristic
size of emergent polar clusters can be determined at about 6.1
nm by fitting the diffusing rod profiles.12 The (103) spot of the
thin film is also elongated along the L direction. This suggests a
continuous distribution of the lattice constant c or the c/a
ratio, corresponding to an inhomogeneous strain inside the
films. It is noted that there is a slight enhancement in the c/a
ratio, transitioning from 1.028 in the xMn = 0 film to 1.031 in
the xMn = 0.08 film (Figure 2c). Besides, the sample with the
chemical composition of Sr(Ti0.9,Mn0.1)O3 ((Ti,Mn)/Sr = 1)
was also prepared, which features a negligible lattice distortion
(c/a = 1.003) in the XRD pattern (Figure S12a). These
observations further confirm that local symmetry breaking

Figure 2. Lattice structure and chemical component characterizations for dielectric thin films. (a, b) Synchrotron-based 3D-RSMs around the
(103) Bragg condition and (1KL) cuts for xMn = 0 and 0.08 systems. (c) Out-of-plane XRD patterns for xMn = 0, 0.02, 0.04, and 0.08 films. (d)
Atomically resolved energy-dispersive X-ray spectroscopy (EDXS) mappings (Sr, Ti, and Mn elements) of the film−substrate interface for the xMn
= 0.08 film. The image on the left is the corresponding HAADF-STEM image. (e) Integrated differential phase contrast (iDPC)-STEM image of
the film−substrate interface for the xMn = 0.08 film at the [100] zone axis, where the overlaid polar vectors indicate the off-centering movement of
Sr and Ti atoms. (f) Maps of unit cell-level c/a ratios and (g) polar vector magnitudes of the region in panel (e), where the polar nanoclusters with
local symmetry breaking are circled. The scale bars in panels (e−g) are 2 nm.
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mainly arises from nonstoichiometry-induced Ti/O defect
complexes.
To obtain atomic-scale insights into the local structure and

polar configuration, state-of-the-art aberration-corrected
STEM imaging technology was utilized. Figures 2d and S13
show the atomically resolved energy-dispersive X-ray spectros-
copy (EDXS) maps of the local element distribution near the
substrate−film interface. In contrast to the almost unchanged
Sr contents from the substrate to the thin film, the Ti elements
show an obvious deficiency in the film part. Meanwhile, the
substituted Mn atoms are found uniformly distributed in the
film. The simultaneously acquired HAADF-STEM image, as
well as the low-magnification image (Figures S6 and S7),
manifests an unbroken perovskite structure of the film showing
the absence of other defects, like interfacial dislocation or
Ruddlesden−Popper stacking faults.13 Intriguingly, many
contrast-blurred nanoclusters emerge in the close-up annular
bright-field image, which features a decreased intensity of Ti/O
atomic columns and a clear lattice distortion (Figure S14).
This observation is consistent with the fact that only point
defects of Ti/O vacancies should exist in the films and
subsequently provoke local symmetry breaking, in good
accordance with the theoretical calculations. Integrated
differential phase contrast (iDPC) imaging was performed to
characterize the nature of the local symmetry, where both the
heavy and light elements are visible simultaneously.14 Figure 2e
shows an iDPC-STEM image near the film−substrate interface
for the xMn = 0.08 film. By extracting the precise atom position
in the image, we calculated and mapped the polarization
displacement (the arrows in Figure 2e denote polar vectors)
and the c/a (Figure 2f) unit cell-by-unit cell. Newly observed
nanoclusters with increased c/a ratios are observed (marked by
dashed black circles, as shown in Figure 2f), manifesting
abnormal tetragonal distortion. As expected, such lattice-

distorted nanoclusters feature a local polar ordering with a size
of about 2−8 nm, indicated by polar vectors within white
circles, as shown in Figure 2e. Averaging the c/a ratios from
the entire region of the thin film in the STEM images results in
a value of 1.029, which aligns with the results obtained from
the SXRD patterns. It is noted that, rather than being well
aligned along the [001] direction, the polar vectors within the
nanoclusters show evident in-plane components, suggesting a
lower local symmetry of a monoclinic-like phase than a perfect
tetragonal phase.15 This character is consistent with the unique
diffuse-scattering feature observed in the 3D-RSM. The
distribution of polar displacement magnitudes shows that the
off-centering cation displacements can reach as high as 20−60
pm inside the nanoclusters (Figure 2g) and we can estimate a
considerable spontaneous polarization (Ps) of about 50 μC
cm−2. Such a value is comparable to that of classic
ferroelectrics, such as tetragonal-like BiFeO3 (∼60 μC cm−2)
and PbTiO3 (∼75 μC cm−2).10,16 Moreover, such randomly
distributed polar nanoclusters also exist in the Mn-absent film
(xMn = 0), once again confirming the origin of local symmetry
breaking and local polarization in the Ti/O defect rather than
Mn substitution (Figure S15). On the basis of these results,
one can reasonably deduce that Ti/O defect unit cells are the
origins that cause the local lattice strain on the adjacent
lattices, break the local symmetry, and drive cations out of their
centrosymmetric sites. So far, we have essentially realized a
special polarization fashion with highly polar nanoclusters
embedded in a nonpolar matrix, being analogous to some
classic relaxor ferroelectrics and implying an attractive energy-
storage performance.17

The energy-storage performances of the systems were then
characterized by measuring electric field-dependent polar-
ization (P−E) loops. P−E loops of the thin films with different
Mn contents all feature an extremely slim shape and small

Figure 3. Energy-storage performances of the STO-based dielectric films. (a) Unipolar P−E loops for the xMn = 0.08 film with a thickness of 394
nm. (b) Energy density and efficiency of the xMn = 0.08 film as a function of the external electric field, derived from unipolar P−E loops. (c) Ue, η,
Pm/Pr, and Eb values with respect to the Mn content xMn. (d) Comparison of the efficiency and number of elemental components of the xMn = 0.08
system under Emax with the representative high-performance lead-free ferroelectric film capacitors.7a8ab19 (e) Statistical breakdown strengths of
systems fitted by the Weibull distribution. The slope parameter β describes the discreteness of Eb data. (f) Frequency-dependent dielectric constant
and loss tangent (tan δ) for xMn = 0 and 0.08 films.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c08903
J. Am. Chem. Soc. 2024, 146, 1926−1934

1929

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08903/suppl_file/ja3c08903_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08903/suppl_file/ja3c08903_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08903/suppl_file/ja3c08903_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08903/suppl_file/ja3c08903_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08903?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08903?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08903?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08903?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c08903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hysteresis (Figures 3a and S16). As the electric field increases,
the efficiency maintains a constant of about 94−97% for the
xMn = 0.08 film derived from unipolar P−E loops (Figure 3a,b)
and sustains over 90% with a large Ue of 90 J cm−3 even
approaching Eb. When comparing the performance of systems
with different Mn contents, one can find that the Pm/Pr ratio of
the thin films substantially increases from xMn = 0 to 0.08 with
a smaller hysteresis (Figures 3c and S16). This observation
predicts good energy-storage performance and highlights the
role of Mn doping in enhancing voltage endurance as well as
suppressing conductive behavior. The maximum Ue and η
reach as high as 85 J cm−3 and 94% in the x = 0.08 system,
respectively, under an external electric field of 4.3 MV cm−1. In
general, a large energy density but low efficiency will cause
severe energy dissipation and the concomitant thermal effect,
seriously shrinking the service life of the material and even
incurring thermal breakdown during the charging and
discharging cycles.18 Based on this consideration, η can be
an important limiting factor in practical applications, especially
for systems with a high energy density. We compared η and
numbers of the elemental composition of the xMn = 0.08
sample with the representative lead-free (anti)ferroelectric-
based relaxor films (Figure 3d).7a8ab19 It can be noted that the
ultrahigh efficiency of 94%, large energy density of 85 J cm−3,
and simple composition of only four elements of the xMn =
0.08 film make it a prominent position, validating the concept
of local symmetry breaking and our results from the phase-field
simulation and theoretical calculations. The high energy
density of 85−90 J cm−3 can also be comparable with them.
More importantly, a simple composition of the films (only 4
elements) effectively simplifies the chemical design of high-
performance dielectric capacitors, which can avoid challenges
in the production process induced by strict control of the

complex chemical composition or fine fabrication of the
multilayer and superlattice (Figure 3d). Besides, as the (Ti +
Mn)/Sr ratio decreases, the increment in hysteresis arising
from the higher density of Ti/O defects and larger c/a ratio
sharply deteriorates the efficiency although the polarization
increases (Figure S3). The chosen Ti + Mn/Sr = 0.88 fraction
represents the optimal balance among the energy-storage
density, efficiency, and endurance, leading to the best overall
energy-storage performance. We further examined the stability
of the Ue and η by measuring the P−E loop as functions of
temperature, frequency, and charging/discharging cycles. The
Ue and η of xMn = 0.08 systems show good stability (vibration
<5%) in a wide temperature range of 78−383 K, frequency
range of 25 Hz to 1 kHz, thickness range of ∼187−393 nm,
and 106 cycles (Figures S17 and S18). These features make this
system highly promising for practical power-storage applica-
tions.
Large voltage endurance and stable dielectric properties also

play pivotal roles in improving the energy-storage performance.
The Weibull distribution was taken to determine the statistical
Eb of the thin films with different xMn (Figure 3e). From xMn =
0.02 to 0.08, an increase in the Mn content substantially
promotes the Eb from 2.6 to 4.5 MV cm−1, exhibiting a high
voltage endurance for xMn = 0.08 systems. Further increasing
the Mn content (from xMn = 0.08 to 0.20) leads to the
deterioration of the voltage endurance performance (Figure
S19). This is because excessive Mn atoms act as an acceptor
dopant, replacing Ti4+ and creating additional oxygen
vacancies.20 This underscores the optimal Mn content of xMn
= 0.08. To further probe the dielectric properties and
insulating state, we measured the dielectric constant and loss
tangent (tan δ) as functions of frequency and temperature
(Figure 3f). Upon Mn substitution, the dielectric loss decreases

Figure 4. Electronic investigations and density functional theory (DFT) calculations on the origin of high energy-storage performance. (a) Ti L2,3-
edge EELS spectra of the thin film, single-crystal substrate, and Ti3+ spectra.22 (b) Mn L2,3-edge XAS spectra compared with MnO, Mn2O3, and
MnO2 spectra.

24 (c) Mn 2p XPS spectra and fitting curves for the xMn = 0.08 system. (d) Migration energy landscapes of oxygen vacancies for STO
and Mn-substituted STO systems based on DFT calculations.
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sharply from 0.015 to 0.019 for xMn = 0 to 0.004−0.006 for xMn
= 0.08 at 103−105 Hz. The tan δ value of xMn = 0.08 is located
at a very low level in dielectric film capacitors, which avoids
thermal dissipation and guarantees a large Eb, high efficiency,
and longevity.1b21 For all components, the dielectric constant
and loss show good stability, spanning a wide frequency range
from 100 Hz to 1 MHz. Besides, the temperature-dependent
dielectric spectrum from 125 to 723 K for xMn = 0.08 exhibits a
typical relaxation behavior, being consistent with the fact of
localized polar nanoclusters in the thin film (Figure S20).
To unveil the underlying mechanism of high performance

and in particular to build its connection with local symmetry
breaking, multiple characterizations of the electronic structure
and valence state were performed by using the soft X-ray
absorption spectrum (XAS) and the electron energy-loss
spectrum (EELS) and were combined with in-depth
theoretical assessments. Distinct differences in the Ti L2,3-
edge EELS spectra of the STO single crystal, the xMn = 0.08
thin film, and the Ti3+ reference22 can be observed (Figure 4a),
suggestive of a substantially changed coordination environ-
ment of the Ti atom in the film. The 3d orbital of Ti atoms will
degenerate into lower-lying eg and higher-lying t2g orbitals at
TiO6 octahedra and the hybridization states between O 2p and
Ti 3d orbitals are highly sensitive to the octahedra distortion
and polar displacement of the Ti atom.23 Ti atoms moving off-
center in a low symmetry, such as in a monoclinic-like
structure, should give rise to a canting polarization deviated
from the [001] to [111] direction. According to crystal-field
theory, the t2g-2p hybridization strength would thus be highly
reinforced owing to their π interaction. Therefore, the
increased intensity of t2g peaks suggests more empty states
and resultant strengthened hybridizations in t2g-2p interactions
as against the cubic SrTiO3 substrate due to the monoclinic-
like polar configuration in strongly distorted TiO6 octahedra. A
similar change can also be observed in the Ti L2,3-edge XAS
spectra (Figure S21). The broadening eg peak with an
asymmetric shape indicates an extra contribution on the low-
energy side, resulting from the further degeneracy breaking of
the eg orbital that is associated with the emerged polarization
introduced by the Ti off-centering movement. Essentially, such
changes in the electronic structure of the thin film have their
origin in the Ti/O deficiency, which triggers the emergence of
local polarization following our original design intention.
Figure 4b compares the Mn L2,3-edge XAS spectra of xMn =

0.08 with those of the reference samples (MnO, Mn2O3, and
MnO2 powders),

24 indicative of a mixed-valence state of Mn3+
and Mn4+ in the film, which is in accord with the XPS results,
as shown in Figure 4c. The ratio between Mn3+ and Mn4+ is
estimated as around 1:2 in the xMn = 0.08 films by fitting the
XPS spectrum. XPS depth profiling was also conducted
throughout the thin film, wherein the nearly identical peak
profiles eliminated potential artifacts resulting from surface
effects and corroborated the reliability of the XPS results. In
the perovskite oxides, the existence of O vacancies (VO)
generally leads to the generation of Ti3+, which eventually
introduces free carriers into the system and forms a breakdown
path under the external electric fields.25 As shown in Ti L-edge
XAS and EELS spectra (Figures 4a and S21), no trace of Ti3+
is detected because the existence of Ti3+ will tend to decrease
the intensity of the t2g peak with the 3d1 configuration, shift the
L2 and L3 edges toward a lower energy, or broaden both the t2g
and eg peaks on the low-energy side together.26 This suggests
that the generation of Ti3+ ions is suppressed by introducing

Mn atoms and can be confirmed by Ti 2p XPS character-
izations (Figure S22). Instead, by adjusting its valence state,
Mn ions can couple with VO to form defect dipoles with deep-
level energy states that are hard to migrate compared with a
single vacancy located near the Fermi level.27 In this sense, the
existence of Mn3+ and Mn4+ ions, as confirmed by XAS and
XPS results, can be beneficial for alleviating the low Eb values
caused by purposely constructed Ti/O defects.
Theoretical calculations based on density functional theory

support our assertion. Considering all possible migration paths
of oxygen vacancies between adjacent subsites, the migration
energy landscapes of oxygen vacancies in the 3 × 3 × 3 STO
supercell and the Mn-substituted STO supercell were
computed and compared, as shown in Figures 4d and S23.
Regardless of the neutral or charged vacancy, the migration of
oxygen vacancies becomes more difficult with an elevated
energy barrier in Mn-substituted STO compared with that of
STO. We found that the breaking of the periodic potential field
would make the migration in Mn-substituted STO much more
thermodynamically unfavorable, as the energy is greatly
increased when oxygen vacancies move from the position of
the low-energy state to a nearby position. As a result, the
sluggish oxygen vacancy with suppressed mobility by Mn
substitution accounts for the low dielectric loss and large slope
parameter β that represents a narrow distribution of the Eb at
the Weibull tests. Consequently, the breakdown strength is
enhanced, and the dielectric properties are also improved in
Mn-substituted systems. These results highlight the critical role
of transition metals in dielectric capacitors and suggest that the
cooperation of different types of defects can reach an optimal
state for an improved energy-storage performance.
The attractive energy-storage performance achieved in local

symmetry-broken SrTiO3 dielectric films essentially arises from
a series of exclusive qualities of the film, including large
polarization (57 μC cm−2), low dielectric loss, and negligible
hysteresis under high electric fields. Looking back on the
design of the material, these qualities are closely correlated to
and well reflect different aspects of our construction
considerations from different angles. In this regard, the
purposely introduced and well-controlled Ti/O vacancies
breed localized symmetry breaking and the resulting unique
polarization configuration, that is, ultrafine isolated ultrafine
polar nanoclusters embedded in a paraelectric matrix, wherein
the isolated polar nanoclusters contribute to considerable
polarization and meanwhile prevent the hysteresis arising from
domain-wall interactions in ferroelectric-based capacitors.
Based on our current experimental and theoretical findings,
the most reasonable defect state should be the pair of VTi⁗ and
VO·· with electron doping. We also acknowledge that other
potential forms of Ti/O defects, such as the individual Ti or O
vacancy, cannot be definitively ruled out based on the
limitations of the available characterization methods. Further
introduction of Mn substitution effectively impedes the
migration of these constructed vacancies by increasing their
migration energy barriers and captures the additional free
charges, which avoids the leakage of the defect-engineered
systems in general and thus leads to high breakdown strength
(Figure S12). By taking full advantage of local symmetry
breaking-accompanied effects and the cooperation of different
kinds of defects in linear dielectrics, this simple design idea
significantly simplifies the composition and construction
process of high-performance energy-storage capacitors. Fur-
thermore, the attendant excellent performance in environment-
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friendly STO systems taking rise in the advantages of both
ultrahigh efficiency (η = 94%) and high energy density (Ue =
85 J cm−3) makes the system an up-and-coming candidate for
high-performance dielectric capacitors. On this basis, starting
with a model system, we fully release the tremendous potential
of linear dielectrics and open a different realm in the design of
capacitive dielectric materials.

3. CONCLUSIONS
Our strategy based on local symmetry breaking allows for high-
performance dielectric energy storage in paradigmatic linear
dielectric SrTiO3-based thin films. This simple regulating
strategy, along with lead-free constituents, avoids intricate
compositional or structural design and environmental toxicity.
If our strategy works with other linear dielectric systems, this
opens up a wide compositional space with materials that have
other attractive material properties represented by numerous
candidates and environmental friendliness. Beyond dielectric
energy storage, our approach also provides an avenue for
performance optimization in abundant symmetry-sensitive
functionalities such as piezoelectricity and electrostrictive
properties, along with navigating the discovery of emergent
physical properties triggered by lattice symmetry breaking.
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