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Methods
Sample Fabrication
Raw materials including Bi2Oz (4N), Na2COs (4N), K2COz (4N), Li2COs (5N),
SrCOs (5N), PbO (5.5N) TiO2 (4N), Ta20s (5N) were utilized to fabricate samples with
BNT-labyrinthine, BNT-stripe, BNT-refined stripe, BNT-bubble, inversed BNT-refined
stripe and inversed BNT-labyrinthine domain structures. All of them are provided by
Alfa Aesar (China) Chemicals Co., Ltd. Chemical formulas are given as:
BNT-labyrinthine: Bio.s0Nao.50TiO3;
BNT-stripe: [Bio.so(Nao.72Ko.18L10.10)0.50]0.96510.04 T103;
BNT-refined stripe: [Bio.so(Nao.72Ko.18L10.10)0.50]0.96510.04T10.985 Ta0.01503;
BNT-bubble: [Bio.so(Nao.72Ko.18L10.10)0.50]0.90S10.10T10.985 Ta0.01503;
Inversed BNT-refined stripe: [Bio.s0(Nao.72Ko.18L10.10)0.50 ]0.85S10.10Pbo.05Ti0.985Ta0.01503;
Inversed BNT-labyrinthine: [Bio.s0(Nao.72Ko.18L10.10)0.50]0.75S10.10Pbo.15T10.9085Ta0.01503.
First, raw materials were weighed according to the corresponding chemical
formula, and then they were ball milled for 24 h with both Y-stabilized ZrO; balls
and ethyl alcohol as the media. Next, these dried powders were calcined at 900 <T for
6 h. Mixed with a binder of 5 wt % polyvinyl alcohol (PVA), the calcined powders were
pressed into pellets (with diameter of about 10 mm and thickness of about 1.0 mm) by
uniaxial pressing at 10 MPa, followed by binder burn-out at 550 <C and cold isostatic
pressing at 300 MPa. After the removal of PVA, the white pellets were buried in their
calcined powders and sintered at 1130 <C for 2 h in air atmosphere and cooled down to
room temperature with cooling rate of 10 <T/min. The relative density of the ceramics
was measured by the Archimedes method, and all ceramics possess high relative
densities (>95%, Extended Data Table 1). To characterize electrical properties, silver
paste was pasted on both sides of the samples, and then annealed at 600 <C for 10 min.

Electrical Property Measurements

To measure the piezoelectricity, the samples were subjected to a poling treatment
by applying a D.C. (direct current) electric field of 5 kV/mm in a silicon oil bath. Quasi-
static ds3 values were characterized by the Berlincourt method (piezo-meter, ZJ-3A,
China, Extended Data Fig. 1a). kp values were determined by the impedance method
(the IEEE Standard) using an impedance analyser (HP4294). The frequency-dependent
dielectric signals (er and tan ) (100 Hz-500 kHz) were characterized by a LCR analyzer
(Tonghui 2816A, China and HP 4980, Agilent, U.S.A.). The curves of dielectric
constant and dielectric loss versus temperature (&—T and tan 6-T) (25-550 <C) were
characterized by a programmable furnace with the LCR analyzer. The in-situ E-field
dependence of polarization and bipolar strain (P-E and S-E) hysteresis loops of the
samples were measured by a ferroelectric tester (aixACCT TF Analyzer 2000, Germany,
Extended Data Fig. 1b) at a frequency of 1 Hz. The impedance spectrum was measured
using an impedance analyser (HP4294). Local piezoelectric response was characterized
by Piezo-force Microscopy, as shown below.

Structural Characterization
Piezo-force Microscopy (PFM).
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For PFM observation, the sintered samples were ground down to about 400 um and
subsequently polished using polycrystalline diamond paste with abrasive particles of 9
um, 3 um, 1 pm and 0.3 um (DP-Paste P by Struers A/S, Ballerup, Denmark) for 30
min each. Ultra-fine polishing (<0.03 pm) was then performed on these pre-polished
samples (Presi mecatech 234). The domain morphology was characterized using an
atomic force microscope (AFM, MFP-3D, Asylum Research, USA) with PFM
functions for local poling experiment and switching spectroscopy. A Pt- and Ir-coated
cantilever (NanoWorld EFM, force constant: 2.8 N/m, resonance frequency: 75 kHz)
was utilized to do the PFM measurement, using a drive voltage of 2 V. The statistical
data (width of each domain) was derived using ImageJ (v1.8.0).

The switching spectroscopy PFM (SSPFM) was used to characterize the local
piezoelectric response, with the alternating triangular waves shown in Extended Data
Fig. 21b. Before and after the SSPFM test, PFM images were obtained with 2 V as the
scanning voltage on the bubble region. The local poling treatment was carried out on
the polished surface by the PFM tip. To have a more intuitive image, by using litho-
PFM mode, a large poling voltage was applied on the selected area to induce the larger-
sized domains first. Then, gradient tip voltages were loaded on selected points (see test
waves and illustrations in Extended Data Fig. 21c, 21d). Finally, PFM images were
obtained with 2 V as the scanning voltage on the selected area. PFM tests are carried
out under dry atmosphere condition (humidity=0%).

(Scanning) Transmission Electron Microscopy (TEM and STEM).

The (S)TEM specimens were prepared by slicing, polishing and then ion milling
with liquid N2 cooling (Fischione M1051 TEM Mill). Aberration-corrected STEM
investigation was conducted with a JEOL ARM200F equipped with cold field emission
gun and ASCOR probe corrector.

Relationship between atomic displacements and local polarization

For ferroelectric Bio.sNao sTiOs, the spontaneous polarization (Ps) arises from the
relative displacements between the centers of negative (O?) and positive (Bi**/Na* and
Ti*") ions. The displacement of the center Ti*" cation with respect to the corner Bi**/Na*
cation (Jti-BaNa) 18 accompanied by the relative displacement of the oxygen octahedron
(00-Ba)*>. Therefore, the relative displacement of the center Ti*" cation with respect to
the center of the oxygen octahedron (dti.0) or the center of the Bi**/Na* corners (dri-
BaNa) could determine the local polarization (Extended Data Fig. 1c). In the present
work, we employ Jri.0 obtained from STEM ABF images. Then the local Ps can be
roughly estimated using a linear relation to dti.o: Ps = kdri-o, where k is a material-
dependent constant®>-%,

To determine the displacement (polarization) vectors, the atomic positions of the
atomically resolved STEM images are located accurately by fitting them as 2D
Gaussian peaks. The dri-o is calculated as a vector between each Ti** and the center of
mass of its O% neighbors. The directions of Ps vectors can thus be estimated by the Jri.
o vectors pointing from net negative to positive charges. The visualization of the two-
dimensional polar displacement vectors was carried out using Matlab.
High-resolution X-Ray diffraction (XRD).

Sintered samples were ground into the powders with sizes of <10 pum, and then



these powders were annealed at 600 <T for 30 min. High-resolution XRD was carried
out with CuK, radiation in the -2 scan mode (Bruker D8 Advanced XRD, Bruker
AXS Inc., Madison, WI, Cu K,) on the corresponding powders.

Theoretical Calculations and Modelling
Phase-field Modelling.

Phase-field simulations of BiosNaosTiOs-based solid solutions were used to
investigate the skyrmion-like bubble domain structure as well as the condition of its
formation. In the present work, the domain structures are described by the spatial
distribution of spontaneous polarization P (P1, P2, P3), and the total free energy of the
system F can be written as:

F= j AV (fpuik + fetas + fgrad + fetec + frr)

where  fp 1s the bulk free energy density, f,4s is the elastic energy density, fyrqq
is the gradient energy density, f,;.. is the electrostatic energy density and fzp is the
contribution of the random field due to chemical disorder, respectively.

The bulk free-energy density is expressed for zero strain as a six-order polynomial
expansion, that is
Jouk = 01(P12 + P22 + P3?) + an(P1* + Po* + Ps%) + a12(P12P2% + P22 P + P12 P3?) + i1 (P
+ P8 + P3%) + o[ Pr4(P2? + P32) + Po*(P1? + P3%) + P34 (Pi? + P2?)] + ains P12 P22 P52
where ai, aij, aijx are the Landau parameters that can be obtained from experiment. The

. . . 1 .
elastic energy density can be written as felas = ECijkl(Sij-Sijo)(é‘k]-é‘klo), where Cij is the

elastic stiffness tensor, ¢ij is the total strain and ¢;° is the spontaneous strain during the
phase transformation. The spontaneous strain is related to the polarization by the
electrostrictive coefficients i’ = QijuPrPi, where Qi is the electrostrictive coefficient.
The anisotropy factor A = C44/C11. The gradient energy density can be obtained by fgrad

1 . . .
= EGijkl Pij Pk, where Giju 1s the gradient coefficient.

The electrostatic energy can be expressed as felec Z%(E ‘P), where E is the total

electric field, which can be evaluated from the electrostatic potential ¢ as E = -Vg. In

the model the space is assumed to be charge free, therefore the equation: V-(—&o eo:Vp+P)
= 0 can be used to solve the electric field, where & and &n are vacuum and the

background relative dielectric constants, respectively.

The random field component is expressed as frRr =Erandom*P. The random electric
field Erandom can also be related to the negative gradient of a potential, grandom. This
potential is, however, excluded from the electric potential ¢ defined here. The random
electric field is assumed to be static and independent from field variables. Here, we
assume that the local random electric field caused by individual doping site

El .q0m () is not restricted to a single mesh point, but influences its surroundings®.

Accordingly, we assume a spatial Gaussian distribution of the random electric field



L andom () = , Where E|, is the strength or potency of the doping effect

in the host system, and o determines the range or neighborhood this doping site can
influence.
The evolution of polarization is governed by the time-dependent Ginzburg-Landau
equation:
SPy(rt) _
5t 5P; ( t)

(i=1273)

where r is the spatial vector and /" is the kinetic coefficient. Here, a 64 x 64 x 64 grid
mesh of points with periodic boundary condition has been employed for the simulation.
The Landau parameters utilized in this work were taken from ref 41, and the elastic
coefficients are listed in Extended Data Table 2. Other parameters (E,, o, &) are
continuously tuned to figure out the possible factors that give rise to the presence of
bubble domain structure.

Topological density.
The topological density of a 3D skyrmion is calculated according to the following
equation:

=1 p@2F
9= - (ax y)

where P denotes the normalized local dipole moment. The skyrmion number, Nsk
= [[ q dxdy was obtained from the local dipoles by computing the normalized
polarization field defined along each slice of 64 <64 x1 elemental perovskite units in
the (001) plane of our supercell*?. We obtain the vortex number per-layer by Nvortex =

Jf 1l dxdy.

Supplementary Text
Discussions about the bubble domains imaged by PFM

The PFM method is based on the detection results of local electromechanical
vibration for a ferroelectric/piezoelectric sample. Ferroelectric domains are visualized
by monitoring the first harmonics of the deflection signal. Its amplitude, R, is
proportional to the local longitudinal piezoelectric coefficient, and the phase ¢ reflects
the polarization direction (¢ ~ 0° if the probing E-field is parallel to the local
polarization and ¢ ~ 180° if the E-field is anti-parallel). Thus, PFM allows for full
reconstruction of the domain morphology and local polarization distribution®.

According to the domain configurations, the bubble-like domains (Extended Data
Fig. 2h and 2l) are classified into three types, including the hollow-circle-shaped
domains (type 1), the solid-round-shaped domains (type 2) and the tiny-round-shaped
domains (type 3) without clear boundaries, as the representative expanded regions
shown in Extended Data Fig. 3a-3c. The statistical analysis of domain width
distribution for different domain configurations is provided in Extended Data Fig. 3d.
The hollow-circle-shaped (10-49 nm) and solid-round-shaped (17-46 nm)
configurations exhibit the wider width distribution than the tiny-round-shaped (< 15
nm) one. These nano-sized bubble domains with complex phase contrast surround each



other, which are different from the micron-sized cylindrical domains observed in bulk
ferroelectrics™*>* and the bubble domains emerged from the ferroelectric matrix
observed in thin films*. As indicated by the STEM polarization analysis, the
polarization vectors of bubble domains rotate continuously from one direction to the
other (Extended Data Fig. 7c-7¢) everywhere, which is obviously different from normal
ferroelectric domains (including the cylindrical domains)* % 3% Moreover, the local
dipoles with opposite directions are also found to be connected through a mixed Bloch-
like/Néel-like manner (Extended Data Fig. 9). Based on these observations,
continuously rotated dipoles were revealed in the further phase-field modelling to
explain the experimental phenomena and to reconstruct the detailed local structures.
Extended Data Fig. 3e-3h schematically show the phase-field modelling results. The
vortex-like domain structures exhibit different sizes and occurred at several locations
in the sample. Due to the short-range-correlated ferroelectric order of the BNT-bubble
sample, the dipoles within a large-sized vortex tend to form the ellipsoid-like domain
structures rather than the cylindrical domains, and the dipoles within a small-sized
vortex tend to form the spheroid-like domain structures. Those rotated dipoles without
a closed flux tend to form the irregular structures. This model can explain the
observations reported in this work, indicating the interesting and abundant polar
topologies in these bubble-like structures.

Discussions about the Reversible Electric Properties

Accompanied with the reversible domain evolution, the corresponding dielectric
(Extended Data Fig. 6a and 6h), impedance (Extended Data Fig. 6c¢, 61), ferroelectric
(Extended Data Fig. 6d), electro-strain (Extended Data Fig. 6e) and piezoelectric
(Extended Data Fig. 6g) responses are also reversible, indicating the close correlation
between the domain morphology and their physical properties**.

Discussions about the A.C. and D.C. voltage-induced domain transition

It is reasonable to understand the A.C. (alternating current) voltage-induced
domain transition from the bubble state to the cylinder state (insets of Extended Data
Fig. 18g), as reported in multilayer thin films*. However, the classical theories of
relaxor ferroelectrics*-*° do not provide any explanation for the following behaviors:
(1) loading the unidirectional D.C. voltage in one point will induce a donut-like domain
conformation with anti-parallel polarization directions (Fig. 5 in the main text and
Extended Data Fig. 18), and (2) the bubble-like domains near the A.C. voltage-loading
point spontaneously transfer into large-sized domains, with anti-parallel polarization
direction to the voltage-induced cylindrical domains (Extended Data Fig. 18h).

These abnormal behaviors may not originate from the relaxor ferroelectricity, but
from the large strain energy of bulk Big sNag sTiOs-based solid solutions>!. To minimize
the strain energy, voltage-induced domain patterns with anti-parallel polarization
directions are expected to be observed.

Domain evolution evidenced by both experimental and theoretical observations
Consistent with the experimental observations (Extended Data Fig. 7, 9), phase



field modelling shows a clear conformational domain transition from the large-sized
labyrinthine domains (Extended Data Fig. 11a, 11d) to the refined-sized stripe domains
(Extended Data Fig. 11b, 11e) and finally to the bubble-like domains (Extended Data
Fig. 11c, 11f). Accompanied with the ultra-small domain sizes, more and more rotation
angles can be observed from these polarization vectors. Flux-closure Bloch-skyrmion-
like topologies can be seen in the self-confined polar bubble domains, and the diverging
and converging polarization vectors of these polar structures resemble the spin
configurations of Néel skyrmions in ferromagnets®. Results from the phase-field
modelling predict the possibility of bubble domains and even the skyrmion-like polar
structures.

Based on the ferroelectric material with multi-symmetries, among several factors
that determine the energy terms of the total free energy (Extended Data Fig. 12, 13, 14,
15), we found that the main driving forces of the domain evolution lies in the doping
concentration and the background dielectric permittivity en. The former indicates that
the chemical pressure is effective to regulate the domain morphology, and the latter
indicates that the intrinsic properties should be also considered when we selected the
material system. To decrease the bulk energy term, multi-symmetries need coexist in
the ferroelectric material, giving rise to local polarization modulation. Polarization
vectors tend to smoothly rotate to accommodate the competition of bulk, elastic,
electrostatic and gradient energy terms. Vortex and skyrmion structures are special
cases of these topological domain conformations.

Different kinds of topological conformations for bubble domains

The theoretical modelling predicts that the polarization vectors have both flux-
closure and non-flux-closure forms (Extended Data Fig. 11c), which is also validated
in the experimental observation (Extended Data Fig. 7, 9). Except for the flux-closure
rotation sharing the rotation angle of 360 < non-flux-closure rotations sharing different
rotation angles (90< 180< for example) are observed in these bubble domains. It is
worth noting that the polarization vectors rotate smoothly, which differentiates the
bubble-like domains observed in BigsNag sTiOs-based solid solutions from the normal
ferroelectric domains.

To have a better understanding about the structural details of the bubble domains,
we reconstruct the bubble domains derived from the phase-field modelling results from
a 3D view (Extended Data Fig. 16). Isolated by the IP polarizations (green color
contrast), OP polarizations (red and blue color contrast) exhibit the bubble-like
conformations with cold and warm color contrast, demonstrating the existence of the
polar bubble domains in a clearer way.

Reversibility of the voltage-induced evolutions for bubble domains

As shown in Figure 5, the domain evolution is reversible. A similar domain pattern
can re-appear in almost the same region, as Extended Data Fig. 26 shown. Under
external electric field, nanoscale bubble domains would transform to larger-scale
columnar domains as shown in Figure 5. The whole process is reversible and repeatable
in the same region. During the “loading-unloading-loading” process, similar doughnut-



like domain patterns are observed repeatably, which demonstrates that the local features
are reversible. Furthermore, the mobility and recoverability of skyrmion-like polar
structures has been confirmed by our phase field simulations, as shown in Extended
Data Fig. 27-29. Here, we take several skyrmion-like polar structures (red box in
Extended Data Fig. 27-29) for example, and we can see that the positions of these
structures change a bit with the external field. Without exception, the skyrmion-like
polar structures can move back their initial positions after unloading, indicating a
recoverable nature of the skyrmion-like polar structures. From this aspect, it agrees well
with our PFM experiment (Extended Data Fig. 26).

Density and size of the bubble domains

Extended Data Fig. 30 shows the size of vortex structures in BNT system with three
different doping concentration, which can reflect the size of bubble domains with polar
topologies. We can find in Extended Data Fig. 30a that size of vortex structures is
becoming more uniform as we increase the doping defect concentration. More
importantly, the mean size of bubble domains decreases with the increasing doping
concentrations, as Extended Data Fig. 30b shown.

These additional discussions demonstrate that these bubble-like conformations are
ferroelectric bubble domains with different kinds of topological conformations.
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Extended Data Fig. 1 | Instruments utilized to detect the piezoelectric, ferroelectric responses

and local polarization distribution. a, Principles of ds3 meter: The Berlincourt method was utilized
to obtain the quasi-static piezoelectric coefficient ds3 based on the direct piezoelectric effect. b,
Principles of ferroelectric and electro-strain tester: The laser method was utilized to detect the
ferroelectric polarization and electro-strain, and the test waves are provided in Extended Data Fig.
6f. ¢, Schematic illustration showing how to determine the local polarization state, where rotation
angle and polarization intensity are two key parameters for polarization vectors.
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Extended Data Fig. 3 | Classification and explanation of the bubble domains. (a-c) Three
different types of domain configurations, including a) hollow-circle-shaped domain, b) solid-round-
shaped domain and c) tiny-round-shaped domains. (d) Separated statistics of domain width
distribution of the three types of domain configurations. (e-g) Schematic illustration of three types

of domain configurations extracted from the PFM, STEM and phase-field modelling results.
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Extended Data Fig. 6 | Reversible electric properties accompanied with the evolutionary
domains. a, Relative dielectric permittivity (&) against temperatures (25-450 °C, measured at 1k
Hz) for BNT-based samples with different domain structures. b, Temperature- and frequency-
dependent relative dielectric permittivity (er) and dielectric loss (tan d) for the representative
composition sharing the refined stripe domain, with insets showing the corresponding bipolar
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giant electro-strain (up to 0.56%) was observed for BNT-samples with the refined stripe domain. ¢,
Impedance data against frequencies (100 Hz — 1 MHz) for BNT-based samples with different
domain structures, measured at room temperature. d, Bipolar ferroelectric polarization versus
electric field (P-E) curves for BNT-based samples with different domain structures, measured at
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Extended Data Fig. 8 | Width distribution of the bubble domains. (a) Statistics of domain width
distribution obtained from PFM and TEM, and the inset showing the bubble domains imaged by
TEM. Note here that the data shown in Fig. 8a is derived on the bubble regions with clear boundaries
while those without clear boundaries were not adopted. (b) Accumulated statistic of domain width
distribution of the three types of domain configurations. Note here that approximate values were
utilized to evaluate the width of tiny-round-shaped domains without clear boundaries.
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Extended Data Fig. 9 | Skyrmion-like conformations based on the experimentally observed
bubble domains. a-d, Atomically-resolved STEM ABF (contrast inverted) images of BNT-bubble
samples along [100],c or [110],c, with the dn.o displacement vector maps overlaid on them; the
displacement vectors are indicated as yellow arrows; the right images show the enlarged
representative area of the displacement mapping selected in the left images. Three representative
conformations are selected, including a, b) the continuous electric dipoles rotation in flux-closure
circinate Bloch-skyrmion-like, ¢) converging hedgehog- skyrmion-like and d) diverging hedgehog-
skyrmion-like topologies.
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Extended Data Fig. 10 | High-resolution X-ray diffraction Rietveld refinement analysis. P4bm
symmetry increases with the increasing doping contents. Insets, expanded characteristic {110},
{111}, {200} and {211} peaks for the corresponding compositions. The refinement results are
acceptable when the refinement parameters satisfy the standard Maud requirements (sig<2 and

Rwp<10%).
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Extended Data Fig. 11 | Theoretical prediction of the evolution of domains. Phase-field
modelling results of a, large-sized BNT-labyrinthine, b, BNT-stripe and ¢, BNT-bubble domains and
the corresponding d-f, enlarged representative regions of the polarization vectors mapping selected
in a-c. The polarization vectors are filled with different colors according to their angles (left), which
exhibit a continuous distribution (right). The grid background shows the corresponding magnitude
of each vector.
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Extended Data Fig. 12 | Main driving forces of the bubble domains. The densities of vortices as
the function of a, doping concentration and b, background dielectric permittivity enr. When we study
the effect of one parameter, other parameters are kept constant.
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Extended Data Fig. 13 | Driving forces of the bubble domains. The densities of vortexes as the

function of a, doping intensity, b, doing range, ¢, anisotropy factor. When we study the effect of one
parameter, other parameters are kept constant.
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Extended Data Fig. 14 | Effect of doping concentration on domain evolution. a-f, The domain
morphology evolves with increasing doping concentration from 0 to 0.1. When we study the effect
of one parameter, other parameters are kept constant.
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Extended Data Fig. 15 | Effect of electrostatic parameter ¢, on domain evolution. a-f, The

domain morphology evolves with increasing electrostatic parameter &y from 0.1 to 20. When we
study the effect of one parameter, other parameters are kept constant.



Extended Data Fig. 16 | Theoretical reconstruction of bubble domains. Phase-field modelling
results to reconstruct the 3D structure of the experimentally observed bubble domains. The upper
2D picture shows the polarization vector distribution projected onto the XY plane, and the lower 3D
picture shows the 3D structure of the bubble domains viewed from the out-of-plane direction

(consistent with the experimental observations).
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conformations of the experimentally observed bubble domains.

7| Other

Extended Data Fig. 1

Atomically-resolved STEM ABF (contrast inverted) images of BNT-bubble samples along [100],

with the d7-0 displacement vector mapping overlaid on them; the displacement vectors are indicated

as yellow arrows. The colored arrows indicate the elusive polarization distribution in local regions.
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Extended Data Fig. 18 | D.C. and A.C. voltage-induced evolution from the bubble domains. a-
d, Initial poling is achieved by scanning a 1*1 um? area with —40 V applied to the tip. Applying
D.C. voltages to the center points for different times then induces the domain morphologies shown:
a)(+30V,1t075s),b)(10t0 40V, 1 s),¢) (-30V, 1to7s)and d) (-10 to 40 V, 1 s). e, Out-of-
plane and f, in-plane domain morphology of the donut-like domain morphology. g, Local
piezoelectric responses derived from switching spectroscopic PFM (SSPFM) hysteresis loops
performed on bubble domains. Insets show the A.C. voltage-induced irreversible transition from the
bubble state to the cylindrical state (phase signal). h, Larger scale PFM images show the A.C.
voltage-induced irreversible transition from the bubble state to the cylindrical state (phase signal).
Tests are carried out under dry atmosphere condition (humidity=0%). i, Local piezoelectric
responses derived from switching spectroscopic PFM (SSPFM) hysteresis loops performed on
labyrinthine, stripe and bubble domains structures.
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Extended Data Fig. 19 | The topographic images with different duration time of tip voltage.
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Extended Data Fig. 20 | al-cl, Topography, a2-c2, phase and a3-c3, amplitude images with the

increasing duration time.
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Extended Data Fig. 21 | Test waves for A.C. and D.C. voltage-dependent PFM. a, Schematic
illustration of the A.C. voltage-induced transition from the bubble state to the cylindrical state. Test
waves of b, triangular alternating voltage and ¢, D.C. voltage utilized for the local SSPFM test. d,

Schematic illustration showing how to apply the tip voltage on the samples.
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Extended Data Fig. 22 | D.C. voltage-induced donut-like domains on the initial bubble
domains. a, Donut-like domain morphology obtained after a tip D.C. voltage of (+30 'V, 1 to 7 s)
was applied on the selected points. Before the tip voltage was applied to the selected points, (=50 V,
1s) was applied over an area of 3*3 um?. b, Detailed piezo-response data derived from the images
of 16a. Regions marked by circles indicate anti-parallel polarization directions. ¢, Spatial stability
of the voltage-induced donut-like domains. After aging treatments of 12 hours and 72 hours, these
donut-like ferroelectric domains are still stable. Tests are carried out under dry atmosphere condition
(humidity=0%).
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Extended Data Fig. 23 | Domain morphology of BNT-stripe domain induced by the tip voltage.
There are no doughnut-like domains formed like that in the BNT-bubble samples.
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Extended Data Fig. 24 | Domain morphology of BNT-labyrinthine domain induced by the tip
voltage. There are no doughnut-like domains formed like that in the BNT-bubble samples.
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Extended Data Fig. 25 | The effects of defects. Spatially distribution of doping defects and polar
vectors from phase field simulations. The black stars label the location of doping defects while the

size of the stars presents the intensity of defects and the colored arrows show the polar vectors in
each mesh point.



Topography Phase

T 800 g . % 00 mam
4 % 150 =
; £ " f 100 Taggf?
: 50
400 T P =
de

first

-800
™ 800 200 ¥
- 150
e
& 100
(%]
3
50
-400
0
-800

Extended Data Fig. 26 | The reversibility of tip voltage-induced domain morphologies. The
voltage-induced domain evolution on BNT bubble domains is reversible.



== Unloading the E-field (x direction) = ——
Extended Data Fig. 27 | Domain evolution under external electric field. Phase field simulation
of domain-pattern evolution (yz plane) upon an electric field (x direction) loading-unloading cycle.
The red box labels the selected skyrmion-like polar structures which are expanded to a larger scale
for a better view.
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Extended Data Fig. 28 | Domain evolution under external electric field. Phase field simulation

of domain-pattern evolution (xz plane) upon an electric field (y direction) loading-unloading cycle.
The red box labels the selected skyrmion-like polar structures which are expanded to a larger scale
for a better view.
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Extended Data Fig. 29 | Domain evolution under external electric field. Phase field simulation

of domain-pattern evolution (xy plane) upon an electric field (z direction) loading-unloading cycle.

The red box labels the selected skyrmion-like polar structures which are expanded to a larger scale

for a better view.



035 =
50 |

028 -

40 |-

Probabolity
o )
= N
T T

Vortex size

30

0.07 =
2

0.00 n i " i M 1 N
0 10 20 30 40 50 80 70 80 90 100 0.02 0.04 008

vortex size Concentration

Extended Data Fig. 30 | The effects of doping concentration on the size and density of bubble
domains. Dependence of the size of vortex structures on doping concentration. (a) The probability
distribution of the size of vortex structures; (b) the mean size of vortex structures as a function of
doping concentration.



Extended Data Table 1. Density of studied Bip.sNaosTiOs-based ceramics. The measured density
is in an ascending sort order.

BNT- BNT- BNT- BNT- inversed BNT- inversed BNT-
labyrin stripe refined stripe bubble refined stripe labyrin
5.7247 5.7323 5.6278 5.5171 5.5547 5.6071
Measured 5.7713 5.7747 5.7091 5.6368 5.6672 5.6997
density 5.7911 5.7931 5.7564 5.7619 5.7348 5.7574
(g cm®) 5.8117 5.8203 5.8079 5.7803 5.7921 5.8107
5.8324 5.8429 5.8181 5.8101 5.8238 5.8337
Average
5.7862 5.7927 5.7439 5.7012 5.7145 5.7417
(g cm™)
Error
1.86 1.91 331 5.14 471 3.95
(%)




Extended Data Table 2. Material coefficients of BiypsNao.sTiOs-based materials utilized for the

phase-field modelling in this work.

Parameter Value Unit
o (T-381)3.3410° m.C?2
o1 (T-393)4.69x106-2.02<108 Jm®.Cc*
a12 3.23x108 Jm®.Cc*
o111 (393-T)5.52x107+2.76 <10° Jm®.C*®
0112 4.47>10° Jm®.C*®
0123 4.91x10° Jm®.C*®
Cu1 27.5x10% Jm-3
C12 17.9x10%° Jm-3
Caa 5.43x10% Jm-3
Qu 0.1104 m*.C2
(O] -0.0452 m*.C?
Qua 0.0578 m4.c2
Gu 51x101t Jm3.C?
G2 -2x101! Jm3.C?
Gua 2101 Jm3.C?

I 4104 C2J'm1s?
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