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Flexoelectricity-driven giant polarization in
(Bi, Na)TiO3-based ferroelectric thin films

Yunlong Sun 1, Ranming Niu 2,3, Zizheng Song4,5, Shiyu Tang6,
Huizhong Wang1, Xun Geng7, Ji Zhang 1,8, Jack Yang 1,8, Claudio Cazorla 9,
Changqing Guo6, Shery L. Y. Chang1, Xiaojie Lou 10, Houbing Huang 6 ,
Zibin Chen 4,5 , Shujun Zhang 11 & Danyang Wang 1

This study demonstrates the use of oxygen vacancy-induced planar defects to
significantly enhance electrical polarization through a local flexoelectric
effect. By introducing an appropriate level of aliovalent dopants, numerous
local planar defects are induced in (Bi0.5, Na0.5)TiO3-based thin films. These
defects, identified as oxygen-deficient structures through direct visualization
of oxygen atoms and oxygen vacancies using integrated differential phase-
contrast microscopy, result in the formation of head-to-head domain struc-
tures. Geometric phase analysis confirms that these structures exhibit a sub-
stantial local strain gradient of up to 109m-1, contributing significantly to the
flexoelectric polarization. Consequently, a giantmaximumpolarization (Pm)of
161 μC cm-2 under 750 kV cm-1 and a remanent polarization Pr = 115 μC cm-2

along with a coercive field of 250 kV cm-1 are achieved, allowing these (Bi0.5,
Na0.5)TiO3-based thin films to be used in low-power electronic applications.
Crucially, thePm andPr of the thin films can be sustained at 133 and 98μCcm-2,
respectively, at 230 °C. Additionally, they exhibit exceptional high-
temperature fatigue endurance, with Pm and Pr demonstrating a negligible
reduction of less than 9% after 107 cycles under 750 kV cm-1 at 230 °C. These
values surpass those previously reported for oxide perovskite thin films at
elevated temperatures, demonstrating potential applications of our thin films
in high-temperature environments. Our findings offer promising avenues for
advancing the application fields of ferroelectric thin films.

Large polarization is consistently pursued and anticipated in ferro-
electric thin films due to its ability to facilitate superior energy storage
capacity, improved electro-mechanical coupling efficiency, and ele-
vated dielectric constants1, which significantly impacts the functional
properties and performance of various devices, including solid-state
cooling systems, electrostatic energy storage units, non-volatile ran-
dom-access memory (FeRAM), and ultrasound medical imaging
technologies2. In conventional thin films possessing perovskite struc-
tures, enhanced polarization is typically attained through employing
highly lattice-mismatched substrates. For example, BiFeO3 (BFO) thin

films grown on LaAlO3 substrates experience significant compressive
epitaxial strain ( ~ 4.5%), stabilizing a maximum polarization of
~130μC cm-2 3–5. Another viable route to improve polarization involves
utilizing interphase strain in nanocomposite-like films to generate
super tetragonal (super-T) structures. A super-tetragonal phase is used
to describe the unique lattice structure in perovskite oxide thin films
that exhibits amarkedly large c/a ratio, e.g., 1.10-1.256–8, often resulting
in an enhanced polarization. Such super-T structures arise from mis-
matches in c-lattice parameter between the thin film material and a
secondary phase, such as PbO in PbTiO3 thin films6, BaO in BaTiO3 thin
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films7, and β-Bi2O3 in (Bi0.5Na0.5)TiO3-based thin films8, precipitated
due to local chemical inhomogeneities, leading to unusually large
polarizations exceeding 100μC cm-2.

Despite the efficacy of these established methodologies, their
limitations are evident. The improvement in polarization achieved
through compressive strain from the substrate is finite. As the thick-
ness of thin films increases, the strain imposed by the substrate
diminishes, causing the films to gradually revert to their bulk lattice
parameters and properties3–5,9. Similarly, when leveraging interphase
strain from a secondary phase, a high coercive field (Ec), typically
exceeding 2000 kV cm-1, is often necessary for switching domains. The
requirement for such substantial power consumption to achieve
heightened polarization raises serious concerns regarding Joule heat-
ing and catastrophic dielectric breakdown6,7, which are particularly
severe at elevated temperatures and also pose challenges for the
supporting insulation system, potentially restricting their use in highly
integrated miniaturized devices. Balancing the operating field and
polarization, i.e., achieving both a low coercive field and large polar-
ization simultaneously, remains a challenge for ferroelectric thin films,
especially in the development of beyond-complementary metal oxide
semiconductor devices.

In this work, we demonstrate the feasibility of enhancing polar-
ization in relatively thick films under a low driving field by leveraging
the flexoelectric effect. The incorporation of Fe cations into 0.94(Bi0.5,
Na0.5)TiO3-0.06BaTiO3 (BNBT) thin films facilitate the creation of
oxygen vacancies,which accumulate in tail-to-tail (T-T) domainwalls as
charged defects by creating oxygen-deficient superstructures (planar
defects). Between the T-T domain walls, head-to-head (H-H) domains
walls emerge, generating a giant local strain gradient that can reach a
level of up to 109m-1, contributing significantly to flexoelectric polar-
ization. Consequently, we achieve a giant maximum polarization (Pm)

of 161 μC cm-2 under 750 kV cm-1 and a remanent polarization Pr = 115
μC cm-2 along with a coercive field of 250kV cm-1, demonstrating
superior polarization compared with previously reported lead-free
ferroelectrics under a comparable electric field.

Results
Room-temperature ferroelectric hysteresis (P–E) loops of Fe-doped
BNBT (Fe-BNBT) thin films under selected electric fields are presented
in Fig. 1a. The maximum polarization values observed are 161, 118, and
95 μC cm-2 for thin films grown on [001], [110], and [111]-oriented
SrTiO3 substrates, respectively, consistent with the empirical rela-
tionship of polarization along different crystallographic orientations
of a typical tetragonal lattice10, unequivocally demonstrating the tet-
ragonal structure of our Fe-BNBT thin films. To quantify the Pr, the
remanent P–E loops weremeasured under 750kV cm-1, as illustrated in
Fig. 1b. A significant Pr of 115 μC cm−2 was achieved for the [001]-
oriented Fe-BNBT thin films. Figure 1c shows the out-of-plane X-ray
diffraction (XRD) θ-2θ scan results of Fe-BNBT thin films, indicating
that the growth orientation of the films aligns with their respective
substrates. Given the tetragonal structure of our Fe-BNBT thin films
and their optimal ferroelectric properties when grown on a [001]-
oriented substrate, we will concentrate on [001]-oriented films to
understand the origin of the large polarization. The XRD reciprocal
spacemap (XRD-RSM)measurementswereperformed to ascertain the
in-plane lattice parameters of Fe-BNBT thin films. As illustrated in
Fig. 1(d), diffraction spots referring to LSMO, STO, and Fe-BNBT layers
are evident. The identical Qx values of these diffraction spots in the
RSM of Fe-BTBT suggest that both Fe-BNBT and LSMO layers are fully
strained on the STO substrate. The lattice parameters a and c are cal-
culated as 3.905 and 3.919 Å, respectively. Importantly, neither super-T
having elongated c lattice parameter were observed nor was
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Fig. 1 | Structural and ferroelectric characteristics of Fe-BNBT thin films. a The
room-temperature P–E loops of [001], [110], and [111]-oriented Fe-BNBT thin films
under selected electric fields. b The room-temperature remanent P–E loops of
[001], [110], and [111]-oriented Fe-BNBT thin films under 750kV cm-1. c XRD θ-2θ

scan patterns of [001], [110], and [111]-oriented Fe-BNBT thin films. d XRD-RSM
patterns around (103), (013), and (113) reflections of [001]-oriented Fe-BNBT
thin films.
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substantial in-plane strain (-0.5%) detected in theXRD andRSM results,
suggesting the presence of some other potential contributions to the
observed large polarization.

Orbital hybridization plays an essential role for the emergence of
ferroelectricity in the thinfilms of complex oxides11. To understand the
electronic structure and orbital hybridization, Fe-BNBT thin films were
examined using X-ray absorption spectroscopy (XAS). Figure 2(a)
illustrates the Fe K-edge XAS spectra of Fe-BNBT thin films. The
absorption edge energy is determined tobe 7126.14 eV, consistentwith
that of Fe2O3, indicating the valent state of Fe is 3+ 12. Additionally, the
pre-edge peak A1 and post-edge A2 and A3 are also observed, attrib-
uted to the electricquadrupole-forbidden transition from theO 1s level
to Fe 3d, O 2p band to Fe 3d orbit, and O 1s to Fe 4p dipole-allowed
transition, respectively. This confirms that the Fe3+ cations enter into
the B sites by replacing Ti4+13. Fig. 2(b) illustrates the O K-edge XAS
spectra of Fe-BNBT thin films, revealing signals originating from the
hybridization of the O 2p and unoccupied Ti/Fe 3d orbitals. The
diminished peak intensity ratios of eg and t2g signals ( < 1) imply a
weakening of the Ti-O and Fe-O bonds in the hybridization of O 2p and
Ti/Fe 3d orbitals, suggesting the possible formation of oxygen vacan-
cies within the Fe-BNBT thin films14.

The Ti L-edge XAS spectra of Fe-BNBT are illustrated in Fig. 2c to
investigate the symmetry of the TiO6 octahedron. L3 and L2 edges are
generated by the spin-orbit interaction in the spectra, and each edge
contains t2g and eg peaks. The L3 eg state is oriented toward ligand
anions,making itmore responsive todeviations from the Ti octahedral
symmetry15. As shown in the inset of Fig. 2(c), the observed splitting of
L3 eg is associated with the non-centrosymmetric TiO6 octahedron,
affirming the tetragonal structures of Fe-BNBT films16. Notably, the
relatively higher intensity of the peak localized at low photon energy
(yellow) compared to the high-photon energy peak (pink) is connected

with the localized character of the eg states, demonstrating the exis-
tence of defective structures in Fe-doped BNBT thin films16. These
distortions are most likely induced by oxygen vacancies and asso-
ciated planar defects, stemming from the replacement of Ti by Fe
cations. Such structural and chemical disorder reduces the local
symmetry and modifies the crystal field environment, leading to
orbital energy shifts and increased localization of the eg electrons16.
Moreover, based on the configuration interaction cluster model cal-
culation, an increased ratio of the peak intensity of the eg and t2g peaks
(Ieg/t2g) usually indicates enhanced tetragonal distortion17. The Ieg/t2g
value for Fe-BNBT films is calculated as 1.1, suggesting a high level of
local strain in Fe-BNBT films16.

X-ray Photoelectron Spectroscopy (XPS) was employed to esti-
mate the level of oxygen vacancy in Fe-BNBT thin films. As shown in
Fig. 2(d), the deconvolution of the O 1s peak suggests the presence of
lattice oxygen OL (blue peak), the lattice oxygen connected with the
lower valence cation after vacancy creation OV (green peak), and
adsorbed surface water and/or hydroxyl molecules OC (purple
peak)18,19. The observation of OV XPS peak echoes a strong correlation
between the defective structure observed via XAS and the presence of
oxygen vacancies.

To clarify the critical role of oxygen vacancies in producing large
polarization in our Fe-BNBT thin films, high-angle annular dark-field
(HAADF) scanning transmission electron microscopy (STEM) mea-
surements were conducted. The thickness of the films was confirmed
to be ~550nm through low-magnification HAADF-STEM images (Sup-
plementary Fig. 1). Notably, numerous two-dimensional and oriented
segments along [101] and [-101] (referred to as bright streaks) are
observed in the Fe-BNBT thin films (Fig. 3(a)). Polarization mapping
was performed to examine the impact of bright streaks on the domain
structures of Fe-BNBT thin films. The length and direction of the
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Fig. 2 | X-ray absorption and photoelectron spectra of Fe-BNBT thin films. The
a FeK-edge,bOK-edge, and cTi L-edgeXAS spectra of Fe-BNBT thin films acquired
in totalfluorescence yield (TFY)mode. The inset in (a) refers to the full spectraof Fe
K-edge. The inset in (c) is the result of peak fitting of the L3 eg peak of Fe-BNBT thin
films. The configuration interaction cluster model calculation is a computational
technique used in quantum chemistry and solid-state physics to study the

electronic structure of atomic systems, which is particularly valuable in systems
with strong electron correlation. d XPS spectra of the O 1s electronic level for Fe-
BNBT thin films. Blue, green, and purple peak is ascribed to the lattice oxygen,
lattice oxygen connected with the lower valence cation after vacancy creation, and
the adsorbed surface water and/or hydroxyl molecules, respectively.
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arrows represent the strength and orientation of the polarization,
respectively. Significantly, T-T domain walls appear near the bright
streak regions in our Fe-BNBT thin films (Fig. 3 (b)). Density functional
theory (DFT) calculations indicate that the aggregation of oxygen
vacancies cangive rise to chargedT-Tdomainwalls20. The formationof
oxygen vacancies in Fe-doped BNBT can be described using the defect

chemistry notation: Fe2O3!2TiO22Fe0Ti +V
��
O +3OX

O. To further investi-
gate the structural features of these bright streaks, integrated differ-
ential phase-contrast (iDPC) imaging was employed. This advanced
imaging technique can enhance the image contrast of weakly
absorbing, low-atomic-number elements, enabling the simultaneous
determination of heavy and light element positions21. The iDPC-STEM
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result in Fig. 3(d) effectively distinguishes A/B-site cations and oxygen
atoms, revealing that the bright streaks are planar defects enriched
with oxygen vacancies, as delineated by the yellow dotted rectangle.
To provide a more intuitive representation of the oxygen vacancies
within the bright streaks, the intensity of oxygen atom signals from
two regions—denoted by green and yellow dotted rectangles—was
analyzed (Fig. 3(e)). Compared to the surrounding areas (green), the
bright streaks (yellow) exhibit a significantly lower contrast, as indi-
cated by blue arrows, underscoring the presence of a nonstoichio-
metric Fe-BNBT lattice in the vicinity of the streaks. These findings
provide compelling evidence that oxygen vacancies are localized
within the bright streaks, serving as charged defects, contributing to
the formation of T-T domain walls in our Fe-BNBT thin films.

We conducted first-principles calculations based on density
functional theory (DFT, Experimental Section) to gain further insight
into the onset of the nonstoichiometry (planar defects) in Fe-BNBT.
Given that XRD andXAS results confirm the tetragonal structure of our
BNBT thin films, we adopted a tetragonal phase with a space group of
P4/mbm22 for the DFT calculation, as illustrated in Supplementary
Fig. 2a. To investigate the structural stability of BNBT, the formation
energy of BNBT unit cells with various dopants, i.e., Mn and Fe cations,
were simulated. The formation energies of BNBTunit cells with oxygen
vacancies and without oxygen vacancies are given in Supplementary
Fig. 2(b). In comparison to Mn-doped BNBT, whose formation energy
of the pristine structure is situated between the BNBT unit cells exhi-
biting oxygen vacancy-related distortions, defect-free Fe-doped BNBT
has the highest formation energy. This indicates that the creation of
oxygen vacancy favors a more stable Fe-BNBT structure, which is in
line with our experimental observations.

Given the high density of planar defects in the films, an intriguing
question arises regarding how the domain structures transform
between two adjacent T-T domain walls. To address this question, we
conducted polarization mapping over a large area (55×20 nm2), as
shown in Fig. 4a. Interestingly, H-H domains were found to form
between adjacent pairs of bright streaks. The polarization mapping
reveals enhanced polarization strength near the H-H domain walls.
Figure 4(c) depicts the enlarged polarization maps of Fe-BNBT thin
films, with areas 1 and 2 corresponding to the regions outlined by red
dashedboxes inFig. 4(a), whichhighlights distinct disparities. In area 1,
BNBT unit cells adjacent to H-H domain walls exhibit substantial
polarization (represented by longer arrows), with polarization dimin-
ishing progressively in unit cells further from the domain walls. Con-
versely, the polarization in area 2, which features H-T domain
structures, appears weak and uniformly distributed. To analyze the
mechanism behind the enhanced polarization observed near H-H
domainwalls, as opposed to areas with T-T andH-T domain structures,
geometric phase analysis (GPA) is utilized to map the strain distribu-
tion in Fe-BNBT thin films, using the strain level of stoichiometric BNBT
unit cells (area 2) as a reference. Figure 4(b) displays the strain map-
ping results of Fe-BNBT thin films generated by GPA. In contrast to the
negligible strain levels found in areas with T-T and H-T domain struc-
tures, a significant local strain of ~10% is observed near theH-H domain
walls,which is believed tobe responsible for the increasedpolarization
observed in area 1. Moreover, a strain gradient oriented along the
white arrow is also obtained. Figure 4(d) illustrates the level of strain
and strain gradient as a function of distance along the direction of the

white arrow in Fig. 4(b). Notably, Fe-BNBT thin films exhibit a sub-
stantial local strain gradient, reaching up to 109m-1.

Strain gradients inherently give rise to flexoelectric polarization. A
previous study has reported that a large strain gradient on the order of
106m-1 was found in LaFeO3 thin films grown on (001) LaAlO3 single
crystal substrates23, giving rise to a flexoelectric polarization of
9.27 µC cm−2. The strain-gradient-induced electrical polarization
(flexoelectric polarization, PF) can be determined by24:

PF =μijkl

∂ϵij
∂xk

ð1Þ

where μijkl is the fourth-rank flexoelectric coefficient and ∂ϵij=∂xk is
the strain gradient. Thus, the polarization for ferroelectrics involving
flexoelectric effect can be expressed by:

P =PD +PF = χ ijEj +μijkl

∂ϵij
∂xk

ð2Þ

where χ ij is the dielectric susceptibility of the ferroelectrics, Ej the
applied electric field. PD = χ ijEj describes the polarization stemming
from the dielectric response. To assess the contribution of flexoelec-
tricity to the observed polarization of Fe-BNBT thin films, the
determination of the flexoelectric coefficient is necessary. Unfortu-
nately, no commercially available techniques currently exist that
enable a standardized process for measuring the flexoelectric
coefficient in thin films with compelling reliability and accuracy24.
Previous reports revealed that the flexoelectric coefficient of
perovskite-structured single crystals was on the order of magnitude
of 10-1 to 101 nCm-1, e.g., |µ11 | , |µ12 | , and |µ44| are 0.15, 5.5, and 1.9 nCm-1

for BaTiO3 single crystal and 0.2, 7 and 5.8 nCm-1 for SrTiO3 single
crystal, respectively24. By incorporating this range of flexoelectric
coefficient into Equation (1), the flexoelectric polarization of our Fe-
BNBT thin films can be up to 100 μC cm-2. We also computed the
polarization of typical BNBT with a tetragonal structure (c/a = 1.004).
The calculated electrical polarization is 60.88 μC cm-2, which closely
aligns with our experimental findings, i.e., 160.88 (60.88 μC cm-2 from
the dielectric response + 100 μC cm-2 from the flexoelectric effect) vs
161μC cm-2. Considering the high density of such local “planar defects”
and the associated H-H domain structures in Fe-BNBT thin films, the
exceptionally high local strain gradient is believed to play a pivotal role
in generating the overall giant polarization.

The phase-field simulation was employed to verify the contribu-
tion of the flexoelectric effect to the improved polarization. Details of
the phase-field simulations are provided in the Experimental Section. A
typical ferroelectric with a tetragonal structure was established as the
initial state in a BNBT single crystal. Bound charges were introduced to
simulate the oxygen vacancies concentrated at bright streaks (planar
defects). Compared to typical BNBT with H-T domain configurations
(Fig. 5a, g), T-T domainwalls are created upon the introduction of local
charges, with H-H domain structures forming between adjacent T-T
domain walls (Fig. 5b, h), consistent with observations from STEM.
Additionally, strain mapping analysis, presented in Fig. 5c, d, revealed
elevated strain levels at the H-H domain walls, while typical BNBT
exhibited relatively low and uniformly distributed strain, confirming
the presence of strain gradient in films. This finding aligns with the

Fig. 3 | Atomic-resolution STEM analysis revealing T–T domain walls and
associated structural features in Fe-BNBT thin films. a HAADF STEM images of
Fe-BNBT thin films, indicating the high density of bright streaks. b The polarization
map of Fe-BNBT thin films, where the length and direction of the arrows represent
the strength and orientation of the polarization, respectively. c A magnified view
illustrating that the bright streaks act as T-T domain walls in the Fe-BNBT thin films,
extracted from the red-dashed square region inb. The yellow dashed box indicates
the interface between the bright streak and its neighboring unit cell, whereas the

green dashed box denotes a region approximately seven unit cells away from the
defect zone. d STEM-iDPC image of Fe-BNBT thin films, corresponding to the red-
dashed square region in c. The yellow dashed box indicates the interface between
the bright streak and its neighboring unit cell, whereas the green dashed box
denotes a region approximately seven unit cells away from the defect zone.
e Oxygen atom signal intensities from the two regions marked by the yellow and
green dashed rectangles in (c, d), demonstrating the contrast difference between
the bright streaks and its surrounding areas.
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simulated P-E loops, where the bound charge-modified Fe-BNBT
demonstrates enhanced Pm and Pr, compared to the typical BNBT,
while their Ec remains comparable (Fig. 5e, f). This supports the role of
the flexoelectric effect in producing the substantial polarization
observed in our BNBT thin films. Furthermore, the T-T and H-H
domains exhibit remarkable switchable behavior under electric field
stimulation. These domains can be reoriented in response to the
applied electric field, and upon the removal of the field, only a small
fraction of the domains revert to their initial configuration, while the
majority maintain their alignment (Supplementary Fig. 3). This beha-
vior accounts for the exceptional Pr observed in the Fe-BNBT thin film.

To assess the thermal stability of the ferroelectricity in Fe-BNBT
thin films, temperature-dependent P–E loops were measured, as illu-
strated in Fig. 6a–c. Remarkably, the Pm and Pr of Fe-BNBT thin films
can be maintained at 133 and 98 μC cm-2 at 230 °C, respectively, indi-
cating that temperature has minimal impact on the strength of the

flexoelectric effect. To the best of our knowledge, these values surpass
those previously reported for oxide perovskite thin films at elevated
temperatures, highlighting their potential for applications in high-
temperature environments, particularly in advanced FeRAM systems
for aerospace and defense technologies. A charging and discharging
frequency of 50kHz was employed to conduct the fatigue measure-
ment of P–E loops under an AC electric field of 750kV cm-1, both at
room temperature and at 230 °C. Figure 6d, e present the P-E loops of
550 nm-thick Fe-BNBT thin films with respect to the electric field
cycles, indicating the variation in Pm and Pr. At room temperature, a
reduction in Pm and Pr is found to be 14% and 23%, respectively,
compared to the respective values before cycling, indicating a rea-
sonably good endurance to cycling stress. Notably, Fe-BNBT thin films
exhibited exceptional fatigue endurance at 230 °C, with Pm and Pr

showing only marginal decreases to 122 and 90 μC cm−2, respectively,
representing less than 9% variation. This highlights the extraordinary

Fig. 4 | Polarization and strain distribution in Fe-BNBT thin films revealed by
STEM-GPA analysis. a The polarization maps of Fe-BNBT thin films. b The strain
maps of Fe-BNBT thin films generated by GPA. c The enlarged polarizationmaps of

Fe-BNBT thin films, with areas 1 and 2 corresponding to the regions outlined by red
dashed boxes in a. d The level of strain and corresponding strain gradient of Fe-
BNBT thin films as a function of distance along the white arrow in b.
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Fig. 5 | Phase-field simulation results of polarization, strain, and P–E behavior
in BNBT thin films with and without planar defects. Phase-field simulations
displaypolarizationmapping ina the initial BNBTandb the bound charge-modified
BNBT. Strainmapping results of c initial BNBT and d bound charge-modified BNBT.

The simulated P-E loops for e initial BNBT and f bound charge-modified BNBT.
Enlarged views of the polarizationmapping for g initial BNBT and h bound charge-
modified BNBT, which are derived from a, b, respectively.
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thermal stability of the ferroelectric properties in the flexoelectricity-
enhanced Fe-BNBT thin film, emphasizing their suitability for high-
temperature applications. The superior fatigue endurance at elevated
temperatures, compared to room temperature, may be attributed to
the reduced impact of the pinning effect at higher temperatures25,
which further reinforces the feasibility of Fe-BNBT thin films for
deployment in extreme thermal environments.

Table 1 compares the Pm, Pr, and Ec of the best-performing fer-
roelectric thin films to date. BFO-based thin films exhibit relatively low
Ec and can simultaneouslymaintain high values of Pm and Pr, however,
polarizations of the biaxial strain-modified BFO thin films are prone to
temperature, as even a slight increase in temperature can lead to
substantial electric leakage, severely degrading their performance at
elevated temperatures. Likewise, although incredibly large remanent
polarization of 100 and 236 μC cm−2 were reported in BaTiO3 and
PbTiO3 thin films, respectively, the intensely high coercive field, i.e.,
>2000 kV cm-1, trigger grave concerns over electric breakdown, rapid
degradation, and Joule heating, which greatly restricts their practical
applications. In contrast, our FeBNBT thin films demonstrate excellent
thermal stability, and exhibit a significantly lower Ec of 250 kV cm-1 and
a giant Pr of 115 μC cm−2. This performance surpasses that of the
majority of state-of-the-art ferroelectrics under a comparable strength
of driving electric fields (Emax = 750kV cm-1).

Discussion
To confirm the reproducibility of the giant polarization, we fabricated
multiple Fe-doped BNBT thin films under optimized processing con-
ditions. The P–E loops of five Fe-doped BNBT thin films are presented
in Supplementary Fig. 5. The highly consistent ferroelectric properties
observed across all samples clearly demonstrate the excellent repro-
ducibility of the giant polarization in our Fe-doped BNBT thin films.

In this work, we achieved a remarkable Pm of 161 μC cm-2 under
750 kV cm-1 and aPr of 115 μC cm-2, with an Ec of 250 kV cm-1 in Fe-BNBT
thin films, primarily attributed to the additional flexoelectric polar-
ization. iDPC imaging confirmed the presence of planar defects (oxy-
gen-deficient BNBT) in the films, leading to the formation of H-H
domain configurations. GPA analysis revealed a significant strain gra-
dient of up to 109m-1 near these H-H domain walls, generating a
flexoelectric polarization up to 100 μC cm-2, as verified by phase-field
simulation and first-principles calculations. Furthermore, the polar-
ization of our Fe-BNBT thin films shows excellent thermal stability, i.e.
the Pm and Pr of the thin films are maintained at 133 and 98 μC cm-2,
respectively, even at 230 °C, highlighting their potential for high-
temperature applications. This work demonstrates that harnessing the
flexoelectric effect provides an alternative avenue to enhance the
polarization of ferroelectric thin films under a relatively low
electric field.
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Fig. 6 | Evolution of polarization and P–E loops in Fe-BNBT thin films with
temperature and cyclic electric loading. aThe temperature-dependent P–E loops
of Fe-BNBT thin films under 750kV cm-1. b The temperature-dependent remanent
P–E loops of Fe-BNBT thin films under 750kV cm-1. c The maximum polarization
and the remanent polarization of Fe-BNBT thin films under selected electric fields

as a function of temperature. d, e The P–E loops of Fe-BNBT thin films were eval-
uated at a frequency of 50 kHz under an AC electric field of 750 kV cm-1 at room
temperature and at 230 °Cduring fatigue testing,with the number of electric cycles
extending up to 107, respectively.
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Methods
Experimental
Sample Preparation. Undoped BNBT, along with Mn, La, Sm, Eu, Co,
and Fe-doped BNBT ceramic targets for thin film deposition, were
prepared by the conventional sintering process. The nominal doping
level in our BNBT-based thin films is based on the composition of the
ceramic target used for Pulsed Laser Deposition (PLD). 10mol % excess
of Bi2O3was added to the target for compensating the loss of Bi during
the sintering and subsequent laser ablation process. BNBT thin films
with various thicknesses and Fe contents were grown on
La0.7Sr0.3MnO3 (LSMO)-electroded (001) SrTiO3 (STO) single crystal
substrates (a = 0.3905 nm, cubic) byPLD (PASCALCombi, Japan).AKrF
excimer laser (λ = 248 nm) with an energy density of ~1.45 J cm-2 and
frequency of 5Hz was adopted for the deposition. The deposition
temperature and oxygen partial pressure are 800 °C and 200 mTorr,
respectively. Gold top electrodes with a 200μm diameter were
deposited through a shadow mask by a sputter coater (Leica EM
ACE600) prior to the electrical measurements.

Characterizations. Temperature-dependent ferroelectric hysteresis
(P-E) loops were measured by the Radiant ferroelectric workstation
connected with a program-controlled chamber (Linkam, HFS600E-
PB4). The room-temperature X-ray diffraction (XRD) patterns and
X-ray diffraction reciprocal space mapping (XRD-RSM) were obtained
by Smartlab (Rigaku, 9 kW rotating anode thin-film XRD). The XPS
measurements were carried out by an X-ray photoelectron spectro-
meter (Thermo Escalab 250Xi). The orbital hybridization of thin films
was evaluated at the Australian Synchrotron and at the Cornell High
Energy Synchrotron Source.

Specimens for STEM observations were prepared by focused ion
beam (FEI Helios G4 PFIB and Zeiss Auriga dual beam systems). Cross-
sectional lamellae were lifted out from the thin films and mounted to
copper grids by platinum. Then the lamellae were thinned to the
thickness allowing the electron-transparency. HAADF-STEM images
were acquired using a HAADF detector in an aberration-corrected FEI-
Themis Z operated at 300 kV. The images were obtained with a semi-
convergence angle of 17.9 mrad and a collection angle range of 48-
200 mrad.

Details of density-functional theory calculations
The formation energy of Mn- and Fe-doped BNBT structures (referred
to here as “pristine”) is calculated by substituting a Ti atom in the unit
cell with the respective dopant. Starting with this pristine configura-
tion, which has a P4/mbm symmetry, different configurations are
generated by placing a single oxygen vacancy (VO) in the unit cell,
using the configuration tools available in Pymatgen26. Each resulting
structure is fully relaxed, allowing atomic positions and lattice para-
meters to adjust, using the Perdew-Burke-Ernzerhof (PBE)27 functional
within the VASP28 code, along with the standard projector augmented-
wave (PAW)29 method. A +U correction is applied to properly model

the localized d-electronic states of the transition metals. The optimi-
zation process proceeds until the residual forces are below 10-4eV Å-1.
An energy cutoff of 520 eV is set for the PAW pseudopotential, and a
4×4×4 Monkhorst-Pack k-point grid is used consistently in all simula-
tions. Spin polarization is activated in all calculations. The formation
energy for each optimized structure is then calculated as the differ-
ence between its total energy and the stoichiometric sum of the che-
mical potentials of its constituent elements.

The energetic, structural, and electric polarization properties of
lead-free Fe-BNBT thin films were calculated with first-principles
methods based ondensity functional theory (DFT). Due to its relatively
small presence and to improve computational affordability, Ba ions
were neglected in our system modeling thus we ended up simulating
(Bi0.5, Na0.5)TiO3 thim films. The PBE variant of the generalized gra-
dient approximation to DFT27 was used as it is implemented in the
VASP package28. The “projector augmented wave” method was
employed to represent the ionic cores30, and the following electrons
were considered as valence: Bi 6 s, 6p, and 5 d; Na 3 s, 2p, and 2 s; Ti 3p,
4 s, and 3 d; and O 2 s and 2p. Wave functions were represented in a
plane-wave basis truncated at 650 eV. We used a 40-atom simulation
cell in which the usual ferroelectric and anti-ferrodistortive distortions
occurring in oxide compounds could be reproduced31–34 as well as a
chemical disorder in the cation positions. For integrations within the
first Brillouin zone, we adopted a Gamma-centered k-point grid of
8x8x8. Geometry relaxations were performed by using a conjugate-
gradient algorithm that optimized the volume and shape of the
simulation cell as well as the atomic positions. The imposed tolerance
on the atomic forces was 0.005 eVÅ-1. By using these parameters we
obtained total energies that converged to within 0.5meV per formula
unit (f.u.). The electric polarization, P, was computed with the Born-
effective charges approach32,35,36 using the formula:

Pi = 1=V
� �X

jk

Z *
ijk ×ujk

where V is the volume of the simulation cell, index j runs over all the
atoms in the simulation cell, indexes i and k represent Cartesian
directions, uj is the displacement vector of the j-th atom as referred to
as a non-polar reference phase, and Z*ijk the Born effective charge
tensor calculated for a non-polar reference state. The Born effective
charge tensor was estimated with first-principles density functional
perturbation theory28.

Details of phase-field simulation
The phase-field simulation of BNBT is based on the Ginzburg-Landau-
Devonshire theory. By solving the phase-field equation, we can obtain
the temporal and spatial evolution of the system’s microscopic struc-
ture. In this study, the domain structure uses spontaneous polarization
(P) as the order parameter. The energy minimization principle is
applied to solve both the time-dependent Ginzburg-Landau equation

Table 1 | Comparison of maximum and remanent polarizations of best-performing ferroelectric thin films to date

Thin films Pm (μC cm-2) Pr (μC cm-2) Ec (kV cm-1) Emax (kV cm-1) Thickness (nm) Substrates Ref.

BaTiO3 240 100 2000 7500 60 (100) Nb-SrTiO3 7

Bi(Fe0.93Mn0.05Zn0.02)O3 117 117 306 600 670 Pt/TiO2/SiO2/Si(100) 42

BiFeO3 115 115 600 1000 160 (001) LaAlO3 5

Bi(Fe0.95Mn0.05O3)/(Bi0.90La0.10)FeO3 90 78 168 375 210 (111) SrTiO3 43

PbTiO3 236 236 4000 7000 129 (100) Nb-SrTiO3 6

Pb(Zr0.35Ti0.65)O3 100 90 140 250 50 (100) SrTiO3 44

0.6BiFeO3-0.4PbTiO3 80 50 250 820 470 Pt/Si 45

Fe-doped BNBT 161 115 250 750 550 (100) SrTiO3 This work
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and the mechanical equilibrium equation37–39:

∂Pi

∂t
+ L

δF
δPj

=0

∂ðσijðr, tÞÞ
∂x

=0

here, L is a kinetic coefficient related to domain wall mobility, F is the
total free energy of the system, δF

δPj
is the thermodynamic driving force

for polarization evolution, σij is the stress tensor, and r and t represent
the spatial coordinate and time, respectively. The total free energy of a
bulk system can be defined as follows:

Ftotal = FbulkðPÞ+ FgradðPÞ+ FelasðPÞ+ FelecðP, EÞ

where, the total free energy Ftotal is composed of the bulk
energyFbulkðPÞ, gradient energy FgradðPÞ, elastic energy FelasðPÞ, and
electrical FelecðP, EÞ, where E is the external electric field. The bulk free
energy is expressed as a sixth-order polynomial expansion, as
follows40:

Fbulk =α1 P2
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where, αi, αij, αijk represent the Landau parameters, which can be
obtained experimentally. The elastic energy density is given by:

Felas =Cijklðεij � ε0ij Þðεkl � ε0klÞ

here, Cijkl is the elastic stiffness tensor, εij is the total strain, and ε0ij is
the spontaneous strain during the phase transformation. The sponta-
neous strain is related to the polarization through the electrostrictive
coefficients, ε0ij =QijklPkPl , whereQijkl is the electrostrictive coefficient.
The anisotropy factor is defined as A=C44=C11. The gradient energy
density is expressed as:

Fgrad =GijklPi, jPk, l

here, Gijkl is the gradient coefficient, and Pi, j denotes the derivative of
the ith component of the polarization vector Pi with respect to the jth
coordinate. In three-dimensional space, i, j = 1, 2, 3. The electrostatic
field energy f elec in this system can be expressed as:

f elec = � EiPi �
1
2
ε0κijEiEj

where, Ei represents the electric field component, ε0 is the vacuum
permittivity, and κij is the dielectric constant.

The parameters are provided as follows: α1 = 4:124 × 105ðT � T0Þ,
α11 = � 5 × 108ðc� c0Þ, α12 = 8:0× 108 c� c0

� �
+2α11, α111 = 1:294× 10

9

ðc� c0Þ, α112 = 1:5 × 10
9 c� c0
� �

+ 3α111, α113 = 7:5 × 10
8 c� c0
� �

+6α111,
Q11 = 0:1, Q12 = � 0:034, Q44 =0:029, s11 = 9:1 × 10

�12, s12 =
�3:2 × 10�10, s44 = 8:2 × 10

�10, c=0:06. These parameters are all in SI
units. The compliance coefficients are represented by ‘s’, the Curie
temperature is denoted by ‘T0’, and the doping level and critical
doping level are represented by ‘c’ and ‘c0’, respectively. The simula-
tion scale is 128dx×128dy×12dz, with grid scales dx, dy, and dz set to
1 nm. The thickness of the substrate and air layers is set to 2 nm. The
semi-implicit Fourier-spectral method is used to solve the equations.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All the data supporting the findings of this study have been deposited
in the Figshare database41 under accession code https://doi.org/10.
6084/m9.figshare.29555498.
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