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Dipolar wavevector interference induces a  
polar skyrmion lattice in strained BiFeO3 films
 

W. R. Geng1,10, Y. L. Zhu    1,2,3,10, M. X. Zhu    2,4,10, Y. L. Tang    2, H. J. Zhao5, 
C. H. Lei6, Y. J. Wang    2, J. H. Wang2,4, R. J. Jiang2,4, S. Z. Liu2,4, X. Y. San7, 
Y. P. Feng    1, M. J. Zou1 & X. L. Ma    1,8,9 

Skyrmions can form regular arrangements, so-called skyrmion crystals 
(SkXs). A mode with multiple wavevectors q then describes the arrangement. 
While magnetic SkXs, which can emerge in the presence of Dzyaloshinskii–
Moriya interaction, are well established, polar skyrmion lattices are still 
elusive. Here we report the observation of polar SkXs with a well-defined 
double-q state in ultrathin BiFeO3 films on LaAlO3. The compressive strain 
induced by the LaAlO3 substrate yields a dipolar topological texture with a 
periodic arrangement of skyrmions. The square-like superstructure with a 
lattice constant of 2.68 nm features a periodic modulation of polarization 
fields and topological charge density. The film furthermore exhibits 
an enhanced electromechanical response with an increased converse 
piezoelectric coefficient (d33) compared with SkX-free films. Transmission 
electron microscopy experiments in combination with phase-field 
simulations indicate that the dipole skyrmion texture results from the 
interference of two orthogonal single-q dipole patterns. We anticipate 
that the interference of multiple wavevectors may lead to a diversity of 
topological crystals with a variety of symmetries and lattice constants.

In magnetism, spins may form in nontrivial textures under specific 
condition of magnetic field and temperature1,2. For example, an ordered 
noncollinear and noncoplanar spin texture driven by Dzyaloshinskii–
Moriya interaction (DMI) features a one-, two- or three-dimensional 
modulated arrangement of the spin topological domains3,4. Generally, 
an ordering state of a topological spin texture could be theoretically 
described by multiple-q mode, where q is the wavevector of in-plane 
helices5,6. The nontrivial ordered topological spin states are thus 
expressed as the interference patterns by multiple helical spin den-
sity waves7, with the symmetry and properties of these topological 

textures being influenced by the relative phase shifts of correspond-
ing constituent helical waves7. The interference mode of spin density 
waves determines the topological spin textures, such as the single-q 
state (helical ordering8), double-q state (meron–antimeron lattice9) 
and triple-q state (hexagonal or triangular-like skyrmion lattice1,2), 
which are characterized by the coupled number of helical wavevectors6.

In contrast to ferromagnets, which have an asymmetry in elec-
tronic spin, ferroelectrics feature a non-centrosymmetric arrangement 
of the constituent ions, such as A or B cations (or both) off-centre 
relative to the oxygen anions in a perovskite structure10. The coupling 

Received: 12 October 2023

Accepted: 4 December 2024

Published online: xx xx xxxx

 Check for updates

1Bay Area Center for Electron Microscopy, Songshan Lake Materials Laboratory, Dongguan, China. 2Shenyang National Laboratory for Materials Science, 
Institute of Metal Research, Chinese Academy of Sciences, Shenyang, China. 3Hunan University of Science and Technology, Xiangtan, China. 4School 
of Materials Science and Engineering, University of Science and Technology of China, Shenyang, China. 5Key Laboratory of Material Simulation 
Methods and Software of Ministry of Education, College of Physics, Jilin University, Changchun, China. 6Department of Physics and Engineering, 
University of Scranton, Scranton, PA, USA. 7Hebei Key Laboratory of Optic-electronic Information and Materials, The College of Physics Science 
and Technology, Hebei University, Baoding, China. 8Institute of Physics, Chinese Academy of Sciences, Beijing, China. 9Quantum Science Center of 
Guangdong-HongKong-Macau Greater Bay Area (Guangdong), Shenzhen, China. 10These authors contributed equally: W. R. Geng, Y. L. Zhu, M. X. Zhu. 

 e-mail: xlma@iphy.ac.cn

http://www.nature.com/naturenanotechnology
https://doi.org/10.1038/s41565-024-01845-5
http://orcid.org/0000-0002-0356-3306
http://orcid.org/0000-0003-3015-6308
http://orcid.org/0000-0001-6555-3296
http://orcid.org/0000-0001-8434-4801
http://orcid.org/0000-0003-1058-4719
http://orcid.org/0000-0001-7143-2044
http://crossmark.crossref.org/dialog/?doi=10.1038/s41565-024-01845-5&domain=pdf
mailto:xlma@iphy.ac.cn


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-024-01845-5

forming the ordered topological lattices, with the lattice constant being 
calculated as 2.68 ± 0.15 nm by measuring the centre distance between 
neighbouring centre-convergent domains at multiple locations in 
Fig. 2b. One topological unit cell is constituted by four 
centre-convergent domains (Fig. 2c). Within one centre-convergent 
domains, the maximum in-plane polarization is observed at the domain 
periphery, whereas the minimum is at their cores in Fig. 2c, suggesting 
larger out-of-plane polarizations at the cores. The periodic topological 
lattices are also confirmed by the strain superstructures in Fig. 2d cor-
responding to Supplementary Fig. 3, where the grid-like strain state is 
shown. The detailed strain states are also revealed in Extended Data 
Fig. 1b–e,g–j. In addition, the cross-sectional TEM sample of the BFO 
film shows the alternative out-of-plane polarization modulation 
(Fig. 2e,f). As a result, the three-dimensional polarization configuration 
of the centre-convergent domains (skyrmion structure) is depicted in 
Fig. 2g, revealed as polar Néel-type skyrmions. Thereby, the SkX is 
stabilized in BFO films.

For the formation reasons of the SkX, three factors should be 
considered. First, the in-plane polarization distribution of SkX is an 
effective way for relaxing the isotropic misfit strain, given the strong 
coupling between spontaneous polarization and strain in ferroelec-
trics12. Second, the alternative out-of-plane polarization of the skyr-
mions is expected to decrease the large depolarization field in BFO 
ultrathin films. The polarization rotation in the periodic SkX is accom-
panied by the ferroelastic strain in the BFO films, which is revealed by 
the atomic force microscopy imaging in Supplementary Figs. 4 and 
5. Finally, the eDMI is also crucial for the formation of SkX, which will 
be discussed later based on the results of phase-field simulation. It is 
further confirmed that the film thicknesses (Supplementary Figs. 6–18) 
and misfit strains (Supplementary Figs. 19–25) also influence the polari-
zation distribution of BFO films, as discussed in Supplementary Note 
1. In addition, the polar SkX is accompanied with the periodic oxygen 
octahedral distortion (Extended Data Fig. 2), suggesting the potential 
interactions between off-centre-induced polarization and oxygen 
octahedral distortion.

Polar topological ordering with single wavevector
As mentioned above, the two-dimensional (2D) lattice modulation 
results in the square-like SkXs, defined as the double-q spin ordering. 
By analogy, the reduced dimensionality of the lattice modulation would 
generate different topological patterns. In BFO films, both the 2D and 
one-dimensional (1D) lattice modulations are simultaneously obtained 
induced by inhomogeneous strain relaxation owing to potential growth 
defects12,28. The obtained 1D lattice modulation is revealed by multiple 
imaging modes in TEM (Fig. 3a). As shown in Fig. 3b,c, the Bi and Fe 
atomic columns are clearly resolved. Evident structural modulation 
is revealed by the superstructure spots in Fig. 3d and inset in Fig. 3e, 
suggesting the existence of 1D lattice modulation. The period of the 
lattice modulation is determined to be about 2.2 nm (inset in Fig. 3e and 
Extended Data Fig. 3). In addition, the 1D lattice modulation is accompa-
nied with the stripe-like strain state (Supplementary Figs. 26–28). The 
polarization for the single-q dipole ordering is determined as tail-to-tail 
and head-to-head charged domain wall patterns (Fig. 3f and Supplemen-
tary Fig. 29), further schematized in Fig. 3g. The polarization directions 
at neighbouring domains are not exactly antiparallel but with slight 
angle, which would reduce the large electrostatic energy at charged 
domain walls rather than the slight misorientation from the zone axis 
(confirmed in Supplementary Fig. 30). The polarization distribution 
profile along the cyan arrow in Fig. 3f shows the periodic displacement 
modulation (Extended Data Fig. 4). The absolute magnitudes of the δFe 
reach the minimum value at the tail-to-tail charged domain walls, imply-
ing the potential vortex tubes of the single-q dipole ordering (Extended 
Data Fig. 5 and Supplementary Fig. 31). In addition, regular electric field 
modulation is also induced by the 1D-ordered polarization patterns 
(Fig. 3h), which is consistent with the A-site structural modulation 

between the off-centre-induced polarization and spontaneous strain 
is generally substantial11–13. Consequently, the formation of topological 
dipole domains usually results in severe disclination strains11. Despite 
the fundamental difference between ferroelectric and ferromagnet, 
more and more complex topological structures, which were known 
earlier in ferromagnets, are found to have their counterparts in strained 
ferroelectric films such as flux-closure11, vortices14, skyrmion15, meron16 
and other polar topological states17–19.

The electric counterpart of magnetic DMI is proposed to describe 
an interaction between i- and j-site polar displacements in the form 
of D′ij·(ui × uj)

20,21, which might lead to the formation of noncollinear 
electric dipole patterns. Although electric DMI was demonstrated 
by first-principles simulations and group theoretical symmetry 
analysis20,21, so far electric dipole textures are limited to theoretical 
discussion22 and experimental observations of incommensurate dipole 
helical ordering in BiMn7O12 material23 and the periodic vortices modu-
lated by a second ordering with an incommensurate state in the SrRuO3/
PbTiO3/SrRuO3 system24. The spontaneous formation of the periodic 
polar skyrmion texture, which is analogous to the extensively studied 
DMI-driven magnetic counterpart, has not been observed so far in 
real materials.

In this paper, using aberration-corrected scanning transmission 
electron microscopy, we visualize that Néel-type skyrmion crystals 
(SkXs) are stabilized in the strained BiFeO3 (BFO) ultrathin films 
grown on a LaAlO3 (LAO) substrate, showing a periodic modulation of 
electric fields and topological charge density. Transmission electron 
microscopic (TEM) observation and phase-field simulations indicate 
that the as-received dipole skyrmion texture results from the electric 
DMI-driven interference of two perpendicular helical-like dipole pat-
terns. Our findings show the ordered multiple-q mode of ferroelectric 
topological states, which would facilitate the nanoscale magnetoelec-
tric coupling of topological states.

Polar SkXs with double wavevectors
Using pulsed laser deposition technique, the ferroelectric BFO ultrathin 
films were fabricated on LAO (001) substrates (Fig. 1a,b), with a large 
lattice mismatch of about 4.36% between rhombohedral BFO and LAO 
substrates (Extended Data Table 1). The out-of-plane lattice constant of 
the BFO film is calculated as 0.463 nm according to the X-ray diffraction 
result in Fig. 1a, suggesting the tetragonally distorted BFO phase (P4mm 
symmetry)25. The roughness of the BFO film in Fig. 1c is calculated as 
about 120 pm. The dark-field (DF) TEM image (Fig. 1d) shows the pre-
vailing dot-like contrast in the 8 nm BFO films in a manner of ordered 
distribution, which is further confirmed by the satellite spots around 
the basic reflections (Fig. 1e). The distance between satellite spots and 
the basic reflections remains constant with the magnitude of diffrac-
tion vector, eliminating the potential contributions of interfacial misfit 
dislocations on the spot splitting. The periodic dot-like contrast forms 
the square-like pattern, as shown in Fig. 1f, implying some polariza-
tion modulations in the BFO film. It is noted that the polarization in 
ferroelectric is accompanied with the local polarization field, which 
would be revealed by the differential phase-contrast (DPC) imaging26. 
In the DPC-STEM investigation (Fig. 1g–i), the regular distribution of 
polarization field fluctuation in the BFO thin film is detected.

The periodic modulation in Fig. 2a is reflected by the satellite spots 
in the fast Fourier transformation (FFT) pattern (Extended Data 
Fig. 1a,f) along the [110] and [ ̄110] directions, which could be described 
as the two-directional reciprocal-space vectors of q1 and q2. Thus, the 
regular lattice modulation is expected to induce the polarization pat-
terns as the double-q ordered state considering the strong coupling 
between polarization and strain in ferroelectrics12,13. According to 
Fig. 2a, the atomic positions and thereby the reversed Fe-ionic displace-
ment (−δFe) vector map could be determined27, further supported by 
Supplementary Figs. 1 and 2. The −δFe vector map (Fig. 2b) shows the 
periodic distribution of the centre-convergent domains (red circles), 
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in Fig. 3b,e and the oxygen octahedral distortion in Extended Data 
Fig. 6, excluding the systematic errors during DPC-STEM imaging29. As 
a result, the helical-like dipole ordering is obtained in BFO films. The 
evident oxygen octahedral distortion and slight polarization rotation 
in the neighbouring domains hint the potential electric DMI20,23 in the 
BFO ultrathin films.

Dipolar wavevector interference
As discussed above, the periodic polarization modulations with double 
and single reciprocal vectors are obtained in BFO films, which could 
be defined as double-q polar ordering and single-q polar ordering, 
respectively. It is expected that the double-q SkXs could be character-
ized by the superposition of two perpendicular single-q dipole order-
ings (Fig. 4a–g and Supplementary Fig. 32). As seen in Fig. 4a,b, two 

orthogonal 1D-ordered dipole patterns have different reciprocal-space 
vectors in the FFT patterns (insets in Fig. 4a). The polarizations of 
the intersections (white dots in Fig. 4a) are determined to be the 
centre-convergent domains (Fig. 4b). As a result, the interplay of two 
perpendicular single-q dipole orderings constitutes the 2D ordered 
patterns, as shown in Fig. 4c–g. In other words, the 2D ordered patterns 
could be decomposed as the two intersected perpendicular single-q 
dipole orderings, as schematized in Fig. 4e.

Electron beam irradiation in TEM is a powerful tool to regulate the 
structure and physical properties of TEM samples based on the mecha-
nisms of heating effect and charging process30–32. To investigate the 
potential transition of the topological states, the in situ experiments 
under electron beam irradiation were performed. The time-dependent 
images in Fig. 4h–m show the transition process between different 
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Fig. 1 | Experimental observation of the periodic 2D modulated patterns in 
the BFO film grown on a LAO (001) substrate. a, High-resolution X-ray 2θ–ω 
scan showing the pseudocubic 002 peaks of the BFO/LAO (001) film, with the 
surrounding thickness fringes indicating the smooth surface of the BFO films.  
b, Local piezoresponse phase and amplitude hysteresis loops of the BFO film.  
c, Topography image (Topo.) of the 830 × 830 nm2 region in the BFO film. d, DF 
TEM image of the BFO film showing the periodic distribution of dot-like contrast. 
e, Selected area electron diffraction pattern of the BFO film along the [001] zone 
axis. f, Under-focused atomic-resolved high-angle annular dark-field scanning 

TEM (HAADF-STEM) image of the BFO film, showing the dot-like contrast.  
g, Atomic-resolved electric vector colour map of the 2D modulated patterns. 
h, Sketch of the sample orientation with respect to the segmented detector, 
with the [100] and [010] directions of the BFO unit cells being parallel to the 
A–C and B–D segments of the detectors, respectively. i, Under-focused electric 
vector colour map showing the grid-like periodic 2D modulation patterns. The 
inset colour wheels in g and i represent the vector direction and magnitude by 
the colour and brightness, respectively. The rectangles in g and i highlight one 
modulation period.
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multiple-q dipole orderings under the electron beam irradiation. 
As seen in Fig. 4h, the stripy dipole pattern is dominant in the initial 
domain state. After 3 min of the electron beam irradiation, the dipole 
textures first maintained robust as the 1D stripe-like domains (Fig. 4i). 
On increasing the irradiation time, some skyrmions tend to appear, as 
the helical-like stripes are fragmented (Fig. 4j). Finally, the stripe-like 
domains are completely replaced by the 2D-ordered skyrmions, namely 
the SkX (Fig. 4k). The above transformation is also confirmed by the 
Bragg reflections in FFT images. The FFT image corresponding to the 
initial state shows the one-directional Bragg reflections, q1 (Fig. 4l), 
confirming the 1D-ordered dipole texture. By contrast, the FFT image 
corresponding to the SkX state features two reciprocal vectors, q1 and 
q2 (Fig. 4m). Each of the two mutually orthogonal vectors corresponds 
to a single helical-like dipole state. It is proposed that the 2D SkX dipole 
state could be represented as the interference pattern of two helical-like 
dipole states.

On the basis of the interferometric displacement sensor33, local 
butterfly loops of the BFO films with varying thicknesses are measured 
to reveal the piezoresponse behaviours of the ordered topological 

states. As shown in Fig. 4n and Supplementary Fig. 33, the representa-
tive piezoresponse amplitude loops for a series of BFO films are shown. 
When the BFO film thickness ranges from 1.6 nm to 10.4 nm, the domain 
patterns change from diffused topological domains (DTD), SkX, to 
strike-like domains (SLD), as shown in Supplementary Figs. 8–18. The 
values of d33 in different BFO films are shown in Fig. 4o. In contrast to 
the strong dependence of d33 on film thickness reported in ferroelectric 
BaTiO3 films34, the d33 for the films (8 nm and 8.8 nm) with double-q 
ordered SkX features maximum, as highlighted by the red mask in 
Fig. 4o. The d33 reaches 9.03 pm V−1 at 8.8 nm, which is higher than 
that of 10.4 nm (about 7.24 pm V−1). As a result, the BFO films with SkX 
exhibit an enhanced electromechanical response compared with the 
SkX-free BFO films.

Phase-field simulations
To rationalize the experimental observations of the single-q states and 
the double-q SkX driven by the eDMI at the ultrathin BFO films, 
phase-field simulations are further performed. As reported previously20, 
there exists a one-to-one correspondence between magnetic DMI and 
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electric DMI, whereby Néel- and Bloch-type electric skyrmions are 
described by the terms given by DN [uuuz (∇ ⋅ uuu) − (uuu ⋅ ∇)uuuz]  and 
DBuuu ⋅ (∇ × uuu)  (with uuu and uuuz  being the displacement vector and its z 
component), respectively. In our simulation, the displacement field uuu 
is represented by the polarization order parameter PPP , while the 
strengths of the Néel- and Bloch-type interactions are modulated by 
the coefficients DN and DB, respectively (see Methods for detailed imple-
mentation). Two initial structures are designed, as depicted in Sup-
plementary Fig. 34, featuring stripe domains that collide and merge 
orthogonally to form a lattice through the interference of single-q 
states and a fully constructed lattice, respectively. Owing to the lack 
of documented values for the eDMI coefficients in the continuous 
model, we incrementally increase the DN and DB values until the simu-
lated polar states matched the experimental observations (see Sup-
plementary Note 2 for details). As illustrated in Fig. 5a,c, a DN value of 
2.71 C−2 m3 N allows both initial structures to form SkX with the skyrmion 
diameters of approximately 2 nm, aligning closely with experimental 

observations (Fig. 4) (see Supplementary Note 2 and Supplementary 
Figs. 35 and 36 for other DN and DB values). The periodic SkX (Fig. 5c) 
resembles the skyrmion lattice found in ferromagnetic materials3. The 
stabilization of SkX at the ends of vortex tubes, as observed in the 
experimental findings in Fig. 4a,b, suggests that the SkX may originate 
from the superposition of vortex tubes, underscoring the critical role 
of eDMI in stabilizing multiple-q dipole states. In BFO, the formation 
of eDMI can be explained through the following microscopic aspects: 
first, in ferroelectric materials, the microscopic origin of eDMI primar-
ily arises from the breaking of local symmetry, leading to antisym-
metric exchange interactions20. Specifically, the hybridization between 
the 6s lone pair electrons of Bi ions and the 2p orbitals of O ions in BFO 
undergoes distortions along the body diagonal direction owing to 
constraints imposed by crystal symmetry35. These distortions result 
in trilinear coupling, which involves the displacement of two adjacent 
Bi (or Fe) ions and the intermediate oxygen ion (Supplementary Fig. 37), 
giving rise to an indirect interaction similar to that observed between 
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substantially enhanced due to the synergy of the delayed field-induced 
phase transition, minimized hysteresis loss and large Eb. An ultrahigh 
Ue of 189 J cm−3 is achieved for the PZH-LS film with x = 0.2 (Fig. 4b and 
Supplementary Fig. 16), which is nearly three times enhanced com-
pared with the film with x = 0. The films with x = 0.1 and 0.3 also exhibit 
high Ue values of 153 and 159 J cm−3, respectively (Fig. 4b). Moreover, a 
substantial enhancement of η is realized, with η value exceeding 80% 
over the entire electric field range in the film with x = 0.2. In short, by 
the antipolar ordering frustration, we achieved simultaneous improve-
ments in both Ue of 189 J cm−3 and η of 81% in AFEs, which are superior to 
the values of all reported AFE materials (Fig. 4c)13–17,19–21,32–43 and also rival 
the most state-of-the-art energy storage dielectrics (Fig. 4c)9–12,30,44,45, 
such as superparaelectrics, with Ue of 152 J cm−3 and η of 77% (ref. 30), 
and relaxor ferroelectrics, with Ue of 133 J cm−3 and η of 75% (ref. 10). In 
addition, such a high energy storage performance can be sustained in 
the films with larger area (Extended Data Fig. 8).

The cycling reliability and temperature stability of energy storage 
performance are crucial for the practical application of dielectric 
capacitors. Considering that capacitors are typically rated at 33–40% 
of their breakdown voltages to ensure safe operation in practical 
applications, we adopted electric fields of 2.00 MV cm−1 (about 36% 
of Eb) for cycling and temperature stability tests. According to the 
P–E loops after different cycle numbers (Supplementary Fig. 17), we 
calculated the energy density and efficiency, as presented in Fig. 4d 
and Extended Data Fig. 9a. The film with x = 0 breaks down after 1 × 105 
cycle numbers, whereas the films with x = 0.2 and 0.5 demonstrate 
significantly enhanced charging–discharging lifetimes, surviving up 
to 1 × 107 cycles with a fluctuation of Ue < 8% and η < 18% (Fig. 4d). This 
indicates enhanced cycling reliability. The improved service lifetime 
is related to reduced hysteresis loss and electrostrains. In AFEs, large 
switching hysteresis induces an incompatible AFE and FE transition, 
leading to a large volume change and cracks that initiate and propagate 

during repeated forward and reverse transitions, ultimately causing 
dielectric capacitor failure46,47. With increasing x, the phase transition 
becomes more diffused with a reduced polarization hysteresis, facilitat-
ing more compatible AFE and FE phases. The temperature stability was 
also evaluated across a wide temperature range from −100 to 200 °C. 
We measured the P–E loops at different temperatures (Supplementary 
Fig. 18) and calculated the performance variations, as given in Fig. 4e 
and Extended Data Fig. 9b. We observed that the film with x = 0 fails at 
the temperature of 160 °C. With the addition of LS, films can withstand 
temperatures beyond 200 °C because of more temperature-insensitive 
dielectric characteristics and an enhanced breakdown strength30,48. 
The film with x = 0.2 shows a stable performance with a fluctuation of 
Ue < 10% and η < 18% over the entire temperature range studied. The 
high energy density of approximately 37 J cm−3 at 200 °C is superior to 
the polymer dielectrics (Ue < 10 J cm−3) (refs. 49,50). As for the film with 
x = 0.5, the temperature stability decreases with a large deterioration 
in η of approximately 18% and the film breaks down at 140 °C, which 
can be ascribed to the increased leakage current.

Furthermore, the higher electric field cycling reliability and tem-
perature stability for the film with x = 0.2 were also evaluated at 3.0 to 
5.0 MV cm−1. The film maintained good performance reliability up to 
1 × 106 cycles at electric fields of 3.0 and 4.0 MV cm−1 (Extended Data 
Fig. 9c and Supplementary Fig. 19). However, the fatigue endurance 
dropped at higher electric fields of 5.0 MV cm−1, which is generally 
expected, as a higher electric field activates more carriers, increasing 
the likelihood of accumulative breakdown10,12. In addition, it was found 
that the films can still hold a relatively high energy density up to 150 °C 
at electric fields of 3.0 and 4.0 MV cm−1 (Extended Data Fig. 9d and 
Supplementary Fig. 20), demonstrating good temperature stability. 
It is noted that the energy storage efficiency shows a relatively larger 
decline with the increased electric field, and the film breaks down up to 
80 °C at an electric field of 5.0 MV cm−1, which should be linked to the 
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thermally stimulated conduction loss12. The enhanced cycling reliability 
and temperature stability for the film with x = 0.2 make it suitable for 
applications in harsh working conditions. To consider the prospects 
of the dielectric capacitors for pulsed-power applications, we meas-
ured the overdamped discharging performance at electric fields of 
3.0 to 5.0 MV cm−1 with a load resistor (20 kΩ) for the film with x = 0.2 
(Extended Data Fig. 10). A high discharge energy density of 121 J cm−3 
with an ultrafast discharge speed (t0.9) of 3.2 μs was obtained, indicating 
promising performance in pulsed-power equipment.

Conclusion
In summary, we demonstrated that the antipolar ordering frustra-
tion strategy in classic perovskite PbZrO3-based AFE materials can 
substantially delay the EF and suppress the hysteresis during the phase 
transition, which remarkably boosts the overall energy storage perfor-
mance. It unlocks an untapped pathway to flexibly tune polarization 
profiles and field-induced phase transition of AFEs, which is useful 
not only for energy storage but also for piezoelectrics, electrocalor-
ics and so on. Moreover, the polarization discontinuity arising from 
order frustration also offers a constructive viewpoint of the underlying 
mechanism of polarization behaviours in FEs and relaxor FEs and should 
be of general interest within the field. Therefore, this strategy can be, 
in principle, extended to other perovskite materials and possibly also 
beyond perovskite systems (for example, fluorites), if a frustrated (anti)
polar structure is established. In addition, as on-chip capacitor applica-
tions continue to advance, frustration-modulated high-performance 
AFE materials can potentially be promising candidates for multilayer, 
large-scale and three-dimensional capacitors.
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Methods

Precursor solutions and films preparation
Raw materials, including lead acetate (Macklin, 99.99%), zirconium 
n-propoxide (Alfa Aesar, 70%), hafnium 2,4-pentanedionate (Alfa Aesar, 
97%), lanthanum nitrate (Alfa Aesar, 99.99%), scandium nitrate (Aladdin, 
99.99%), sodium acetate (Alfa Aesar, 99.997%), bismuth acetate (Alfa 
Aesar, 99.999%), tetrabutyl titanate (Aladdin, 98%) and nickel acetate 
(Alfa Aesar, 99.999%) were used to prepare the precursor solutions. 
The solvent was 2-methoxyethanol (Aladdin, 99.5%) and propionic 
acid (Meryer, 99.5%). A 20% excess of lead was added to compensate 
for the volatilization of Pb in the heat treatment. (1) For the produc-
tion of Hf-doped PbZrO3 compositions, lead acetate and hafnium 
2,4-pentanedionate were initially dissolved in 2-methoxyethanol at 
120 °C for 1 h. Subsequently, zirconium n-propoxide was introduced 
into the solution upon cooling to room temperature. The resultant 
mixture underwent continuous stirring at ambient conditions for 3 h 
to ensure complete dissolution, yielding a clear and transparent pre-
cursor solution. The precursor solution concentration of 0.2 M was 
subject to adjustment by the addition of 2,4-pentanedionate. (2) For 
the case of PZH-LS compositions, stoichiometric quantities of lead 
acetate, hafnium 2,4-pentanedionate, lanthanum nitrate and scandium 
nitrate were dissolved in 2-methoxyethanol at 120 °C for 1 h. Following 
this, zirconium n-propoxide was incorporated into the solution upon 
reaching room temperature, and the resulting mixture underwent 
continuous stirring for 3 h until complete dissolution. Similar steps 
were undertaken for the preparation of PZH-NBT compositions, albeit 
utilizing propionic acid as the solvent medium. (3) For the LaNiO3 pre-
cursor solution, stoichiometric lanthanum nitrate and nickel acetate 
were dissolved into 2-methoxyethanol at 60 °C for 10 min and then 
continuously stirred at room temperature for 5 h to obtain a clear and 
transparent precursor solution.

Preparation of LaNiO3 buffered LaAlO3 substrates was as follows. 
The LaNiO3 precursor was deposited onto LaAlO3 (00l) single-crystal 
substrates using the spin-coating technique, operating at a speed of 
5,000 rpm for a duration of 20 s. Subsequently, the deposited wet films 
were subjected to baking at 200 °C for 2 min to facilitate the evapora-
tion of the organic solvent, followed by pyrolysis at 450 °C for 5 min to 
eliminate residual organics. Final crystallization of the films occurred 
at 700 °C for 10 min. This sequence of procedures was iterated twice 
to minimize LaNiO3 electrode resistivity. For the preparation of PZH, 
PZH-LS and PZH-NBT films, following a 48-h ageing period, precursor 
solutions were spin-coated onto the LaNiO3 buffered LaAlO3 substrates 
at a speed of 3,000 rpm for 30 s. The resulting wet films underwent 
baking at 200 °C for 1 min to remove organic solvents, followed by 
pyrolysis at 450 °C for 5 min to eliminate residual organics. This process 
was repeated several times to achieve the desired film thickness (Sup-
plementary Figs. 21 and 22). To prevent Pb loss during subsequent heat 
treatment, a 0.4 M PbO precursor solution was deposited onto the film 
surfaces at 3,000 rpm for 30 s as a capping layer. The small amounts 
of residual PbO layer had negligible effect on our conclusions because 
the same preparation processes were adopted for all films. Finally, the 
films were crystallized at 650 °C for 200 s.

Characterizations
The crystal structures of the fabricated films underwent characteriza-
tion utilizing an X-ray diffractometer (Empyrean, Malvern Panalytical) 
employing Cu Kα radiation (wavelength λ = 1.5418 Å). Film thicknesses 
and surface microstructures were analysed using field-emission scan-
ning electron microscopy (SEM, MERLIN VP Compact, ZEISS). Electri-
cal properties were measured using circular Au top electrodes 
(approximately 100 μm diameter and approximately 100 nm thickness) 
deposited onto the film surface by means of a stainless-steel shadow 
mask. Ferroelectric and leakage current properties were evaluated 
using a Sawyer–Tower circuit (Precision Multiferroic II, Radiant 

Technologies). Bipolar hysteresis P–E loops were generated using bipo-
lar triangular voltage waves at a frequency of 10 kHz, from which the 
energy storage density and efficiency were calculated. Leakage currents 
were measured by applying a direct current voltage ladder waveform 
with a soak time of 200 ms and a measurement time of 400 ms for each 
data point. Accelerated charging and discharging cycling tests were 
conducted by subjecting the samples to successive bipolar triangular 
voltage waves, followed by the acquisition of bipolar P–E loops. Dielec-
tric permittivity and loss tangent were assessed across a wide frequency 
and temperature range using a precision impedance analyser (HP 
4294 A, Agilent) with an alternating current voltage of 0.5 V. The dis-
charging time and energy density were tested on a fast discharge test 
system (PK-CPR1901-20012, PolyK Technologies, LLC USA). By measur-
ing the discharged current versus time curves, the discharging energy 

density (Udis) can be calculated by the formula U =
∫R I t t

Vdis
( ) d2

, where R 
is the load resistor (20 kΩ), I is the discharged current, t is the time and 
V is the sample volume. The characteristic discharging time (t0.9) was 
taken to be when 90% of the energy had been discharged.

TEM and STEM characterizations
Cross-sectional samples for transmission electron microscopy (TEM) 
and STEM observations were prepared by slicing, gluing, mechanical 
grinding, dimpling and finally ion milling using a Gatan Precision Ion 
Polishing System 695. Before ion milling, the samples were dimpled 
down to 20 μm using a Gatan 656 Dimple Grinder. At the beginning of 
ion milling, the incident angles of 9° and milling voltage of 5.5 kV were 
used. Then, the incident angle and voltage were gradually reduced to 
5° and 4.0 kV, respectively. Finally, the ion milling voltage was set at 
0.1 kV for 5 min to reduce the amorphous layer produced in the mill-
ing process. The specimens were cleaned before they were allowed to 
be inserted into the TEM. Diffraction contrast TEM images and SAED 
patterns were acquired using a conventional TEM ( JEOL F200). All 
HAADF-STEM images were acquired by an aberration-corrected scan-
ning TEM (Spectra 300 microscope equipped with double aberra-
tion (Cs) correctors from CEOS, which was operated at 300 kV). The 
atomic-scale HAADF-STEM images for acquiring the A-site cation dis-
placement map were recorded by STEM drift corrected frame inte-
gration. Each high-resolution HAADF-STEM image was acquired by 
adding up 20 original images with the dwell time of 100 ns, using Velox 
software (Thermo Fisher Scientific) for image acquisition and process-
ing. Acquiring images in this way can reduce the influence of sample 
drift and scanning noises. To reduce the noises in the obtained images, 
a Wiener filter was used for all atomic-scale HAADF-STEM images. The 
positions of atom columns in the HAADF-STEM images were deter-
mined on the basis of the two-dimensional Gaussian fitting51, which 
was carried out using the MATLAB software. Because of the generally 
small displacements of the B-site cation in PZO-based materials, their 
positions were averaged as reference sites for calculating A-site cation 
displacement. In addition, the lattice distribution features could be 
distinguished by calculating the horizontal lattice rotation (Rα) (the 
angle between the lines of two neighbouring A-site cations and the 
horizontal direction).

Phase-field simulations
An AFE can be thermodynamically described as two order parameters 
P and q (ref. 52). The competition of P and q determines symmetry and 
stability of AFE and FE phases. Here we focus more on polarization 
behaviours and thus take P as the only order parameter, following a 
triple-well energy landscape (Supplementary Fig. 23)53. The phase-field 
simulation for AFEs treats the polarization vector of an enlarged unit 
cell, P P P P= ( , , )1 2 3 , as the order parameter and solves the time-dependent 
Landau–Ginzburg–Devonshire equation

t
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F∂
∂

= −
∂
∂

(1)
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P
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where L is the kinetic coefficient, t is the time and F is the free en
ergy, which is expressed as the integral of the individual free energy 
densities

∭F f f f f V= ( + + + )d (2)Landau gradient elastic electric

The Landau energy is approximated to a six-order polynomial with 
a triple-well landscape with a positive coefficient of the square term, 
which is distinguished from the double-well landscape for ferroelectrics 
with a negative coefficient of the square term. The free energy terms 
are therefore given by
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where α, G, C, εij, εij
0, K, ε0 and E are the Landau coefficients, gradient 

coefficients, elastic stiffness, total strain, spontaneous strain, back-
ground dielectric constant, dielectric permittivity of vacuum and local 
electric field, respectively54. The Landau coefficients were chosen to 
fit the pure PbZrO3 P–E loop. The spontaneous strain, which is also 
called the eigenstrain, is calculated using the electrostrictive coeffi-
cients Q as

ε Q P Q P P= + ( + ) (7)ii i j k
0

11
2

12
2 2

ε Q P P= (8)ij i j
0

44

The local field can be obtained by calculating the gradient of the 
electric potential φ= −∇E , which is solved using the Poisson equation
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0

The bound charge distribution is given by

PQ = −∇ · (10)

The values of the coefficients for AFEs are given in Supplementary 
Information Table 1 (ref. 55).

The simulation of the total grid had dimensions of 128Δ × 128Δ × 1Δ 
in the [100], [010] and [001] directions, where Δ = 1.0 nm was the grid 

spacing. The initial polarization nuclei consisted of randomized noise 
within 0.001 C m−2 in magnitude. The periodic boundary condition 
was employed and an electric field along the [010] direction was applied 
to obtain bound charge, electric field, polarization and strain distribu-
tion, and P–E loops. The frustration was imparted by generating ran-
domized regions with linear dielectric (for non-polar) and ferroelectric 
(for polar) features. These Landau coefficients can be found in Sup-
plementary Table 2 (FE modified from ref. 56). For A-N type materials, 
non-polar components were set with different permittivity, and the 
corresponding transition fields and energy storage performance are 
mapped in Supplementary Figs. 24 and 25. A permittivity of approxi-
mately 50 was sufficient to obtain a high energy storage so this case is 
placed in Fig. 1d,e.

To support our simulations based on the above methods, we also 
employed two other models. Details can be found in the Supplemen-
tary Information (Supplementary Notes 1 and 2 and Supplementary 
Figs. 26–33).

The phase-field simulation was conducted using the commercial 
Mu-Pro modules (http://mupro.co/).
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