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Self-organization of ferroelectric domains induced
by water and reinforced via ultrasonic vibration
Shuo Yan1, Xueli Hu1, Xiaomei Lu 1✉, Junting Zhang 2, Xiaofan Shen1 & Fengzhen Huang 1✉

Pattern formation caused by self-organization is a fascinating phenomenon that appears in

biological, chemical, and physical systems. In ferroelectrics, although a variety of domain

patterns have been reported at different scales and dimensions, the self-organization

process of ferroelectric domains was rarely investigated. Here, in 0.72Pb(Mg1/3Nb2/3)

O3−0.28PbTiO3 bulk crystals exposed to water, the self-organized formation process of

domain structures is observed and reinforced by ultrasonic vibration. By combining experi-

mental observations and theoretical analysis, we find that adsorbed H+/OH− ions on the

sample surface act as screening charges to induce the coarsening of the ferroelectric

domains. Meanwhile, interactions among dipoles determine the ordering of the domain

configuration, while ultrasonic vibration reduces the barrier height for polarization switching.

The process of domain evolution deviates from that of the non-conservative dynamic system,

and instead fits a percolation model with a clear transition point. This work demonstrates the

self-organization of ferroelectric domains induced by water, which is of value for under-

standing domain dynamics and for the development of high-performance ferroelectric

materials.
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The self-organization is a process with only energy input but
not external commands. In this process, the intricate and
orderly patterns are generated through simple interactions

among a large number of components in a system1,2. Self-
organization is ubiquitous in biology, material science, and
chemistry, ranging from molecular to centimeter scales, and
exhibiting rich and diverse phenomena, such as material crys-
tallization events in physicochemical systems3–6.

Ferroelectrics, as a widely used functional material in sensors,
information storage, light modulation, etc., is composed of
domains with differently oriented polarization7–10. It has long
been recognized that the size and configuration of domains are
crucial to the performance of ferroelectric materials11. In order to
improve existing performance and explore novel properties of
ferroelectrics, in recent years, domain engineering has become a
research hotspot12–15. In this respect, the self-organization pro-
cess of ferroelectric domain, free from any external instructive
field but requiring low energy consumption, deserves attention.
Although some spontaneously formed domain patterns have been
observed, such as the dendrite domain patterns in LiNbO3 crystal
and regular domains in BiFeO3(BFO) films16–19, in general, self-
organization in ferroelectric, especially, the experimental studies
of the self-organized domain evolution process were rarely
reported.

Ferroelectrics is a kind of solid matter and a thermodynamic
system, in which the polarization states and domain structures are
closely related to the external environment20,21. When ferro-
electric materials are placed in a liquid environment, changes in
the polarization distribution may occur due to the discontinuity
of the intrinsic polarization at the solid-liquid interface. Experi-
mentally, it was observed that ion adsorption from a solution
environment led to a polarization reversal in BFO films and in
van der Waals layered ferroelectric CuInP2S622,23. Theoretically, it
was indicated that water molecules on the surface could induce
the reorientation of domains in BFO films, and positive/negative
charges on the surface could stimulate the nucleation and growth
of reverse domains in PbZr0.2Ti0.8O3 films24,25. These works
mainly focused on low-dimensional ferroelectrics, while for fer-
roelectric bulk crystals, the solid-liquid interface was rarely

considered to affect the polarization state and the domain
configuration20. Some recent studies have demonstrated that
humidity would affect the shape and size of the domains formed
by a scanning tip in LiNbO3 crystals26,27. This phenomenon was
attributed to the interplay between polarization switching and
screening charge dynamics, and suggested that the presence of
water in the environment could influence polarization switching
under an electric field. While water did not directly modulate
crystal polarization, the findings raised intriguing possibilities for
further exploration.

Here we demonstrate a self-organization process of domains in
ferroelectric bulk crystals, which is induced by water environment
and further positively reinforced by ultrasound. A systematic
investigation reveals that the domain evolution process fits the
percolation model, and the kinetic character is similar to that with
conserved order parameters. This work is of great value for the
regulation of domains and the application of ferroelectric
materials.

Results and discussion
Water-induced self-organization of ferroelectric domains.
Commercial [001]-oriented rhombohedral 0.72Pb(Mg1/3Nb2/3)
O3−0.28PbTiO3(PMN-28PT) crystals with spontaneous polar-
ization along eight <111> directions are selected as the samples,
and the initial samples are composed of irregularly-shaped con-
densed domains with a 100 nm average size28. When the crystals
are exposed to water, the domain configuration changes gradually
(Fig. 1a). With time increasing, there are two features as shown in
Fig. 1b and Fig. 1c. First, the coarsening of domains with the
average domain size increases while the domain wall density
decreases. Second, the ordering of domains with the domain walls
elongating along the in-plane <11> directions. Note that the
Piezoresponse Force Microscopy (PFM) images in Fig. 1b were
measured at the same position determined by the topography
(Supplementary Fig. 1), and the PFM measurements did not
induce any change in the domain structure (Supplementary
Fig. 2). What’s more, the topography did not show any change
(Supplementary Fig. 1), indicating that the water treatment did
not lead to any degradation of the sample surface29. We would

Fig. 1 Water-induced self-organization of ferroelectric domains. a Schematics of the polarization switching after exposing the PMN-28PT crystals to
water. The red and blue arrows represent the upward and downward polarization, respectively. b Time evolution of PFM images. c Time dependence of the
average domain size (red) and the area ratio of upward domains (blue) calculated from (b). All PFM images in (b) were measured at the same position of
the sample (determined by the topography).
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like to mention that such water-induced changes in domains are
reproducible (Supplementary Fig. 3).

It is known for the ferroelectric materials that, the disconti-
nuity of spontaneous polarization results in bound charges at the
surface/interface and the corresponding depolarization field in
the bulk. To stabilize the ferroelectric phase, one way is to form
the ferroelectric domains, and another way is to introduce surface
screening charges30. That is to say, domain formation and surface
screening are competing in order to reach obtaining low-energy
states.

To explore the effect of screening charges on ferroelectric
domains, the Monte Carlo Simulation is employed to study the
ferroelectric system with long-range Coulomb interactions and
short-range neighbor dipole interactions31–33. The Monte Carlo
simulation is performed on a 2D 200 × 200 lattice with periodic
boundary conditions (see details in Methods). For the initial
configuration at high temperature, the square lattice is set with a
randomly distributed equal proportion of up and down
polarization. As shown in Fig. 2a, with the decrease of Z (ratio
of unscreened bound charges), the size of the simulated domains
increases. In other words, as the screening charge increases, the
inhibition of domain growth from the long-range effect weakens,
and the domains become larger. The picture from the Monte
Carlo simulation is consistent with the observed domain
coarsening in water (Fig. 1b). Water naturally contains a large
amount of H+ and OH− ions22, and we speculate that these
positive and negative charges can be adsorbed onto the surface of
PMN-28PT crystals as screening charges, inducing the polariza-
tion switching and the corresponding domain growth.

To test our hypothesis, X-ray Photoelectron Spectroscope
(XPS) was used to characterize the sample surface before and
after water treatment29. As shown in Fig. 2b, the increase of the
peak area at the binding energy of 531.4 eV indicates the increase
of terminal hydroxyl groups (M–OH)22. That means, more OH−

ions are adsorbed on the sample surface after water treatment.

This result confirms that the adsorption of ions on the crystal
surface is the reason for the coarsening of ferroelectric domains in
water.

Density functional theory (DFT) was employed to further
investigate the interaction between polarization and H+/OH−

ions in water at the atomic level. To avoid complicated
calculations on PMN-PT solid solution, here we study a simple
perovskite structure of PbTiO3, which facilitates the determina-
tion of basic physical properties34. As shown in Fig. 2c, when H+

and OH− ions are adsorbed on the upper positive surface and
lower negative surface, respectively, the cations (Pb2+, Ti4+)
move from above to below the horizontal O planes, correspond-
ing to a polarization switching from upward to downward.

In addition to domain coarsening, another important feature of
domain evolution in water is the ordering of the domain structure
(Fig. 1b). The domain walls tend to extend in two specific
directions. To display that the ordering is a spontaneous behavior,
the domain distribution is statistically analyzed. As shown in
Fig. 1c, after 50 h in water, although the average domain size
increases from the initial 100 nm to 150 nm, the area ratio of the
upward to downward domains remains around 1:1, showing no
priority. Such a “free” domain growth without a dominant
polarization direction is consistent with the non-commanding
external environment we provide. During the water treatment, no
external field (such as an electric field) was applied, and the
positive and negative ions in the water were “naturally” adsorbed
on the crystal surface. Therefore, the ordered domain structure
has nothing to do with external command but originates from the
self-organization in the ferroelectric system.

We know that self-organization is the spontaneous emergence
of ordered collective patterns driven by the interactions among
abundant individual components. Here the self-organized
domain evolution in Fig. 1b is driven by the interactions among
allowed polarizations (dipoles) in the PMN-28PT crystals, and
water provides a proper external environment for this process.

Fig. 2 Mechanism of water-induced domain evolution. a Average domain size versus unscreened ratio Z for the 2D Monte Carlo simulation on 200 × 200
lattices. The snapshots are obtained at Z= 0.4 and Z= 0.0001 respectively. Yellow and blue regions represent upward and downward domains,
respectively. b XPS O 1 s core-level spectra for the PMN-28PT crystals before and after water treatment. Peak I centered at 531.4 eV is ascribed to hydroxyl
groups chemically bound to surface cations, while Peak II centered at 529.1 eV corresponds to the lattice oxygen. c First-principles calculations on the
polarization switching in PbTiO3 induced by the adsorption of H+/OH− ions.
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It should be noted that, in any case, the emergence of ordered
domain pattern is determined by the minimum energy of the
ferroelectric system11, including electrostatic energy, elastic
energy, etc.

Self-organization positively reinforced by ultrasonic vibration.
The growth of the domains in water is rather slow, and the
average domain size only increased to 150 nm after 50 h. To
better understand the self-organization behavior, ultrasonic
vibration is used to accelerate the domain growth (Fig. 3a).

When PMN-28PT crystals were exposed to water with
ultrasound (40 kHz, 50W), the domain structure changed
drastically (Fig. 3b, c). Significant changes in the domain
structure can be observed in just 1 min, and the domain size
after 10 min exceeds that after 50 h in still water (Fig. 1b).

At 120 min, the average domain size is about 0.6 μm with the
largest domain reaching 6 μm. Along with the domain coarsen-
ing, the configuration of the domains becomes much more
ordered with many elongated domain walls in the in-plane <11>
direction.

All PFM images in Fig. 3b were acquired at the same location
and determined by the topography (Supplementary Fig. 4). We
also provide the corresponding PFM amplitude images in
Supplementary Fig. 5. With the time (average domain size)
increasing, the average amplitude over the measured area also
increases. In addition, X-ray diffraction (XRD, Bruker D8
Advance, Cu Kα rays) measurements were performed on PMN-
28PT crystals before and after treatment (exposed to water with
ultrasound for 120 min). As shown in Supplementary Fig. 6, the
domain changes are not accompanied by a phase transition, and
the crystal remains in the rhombohedral phase.

Fig. 3 Positive reinforcement of the domain self-organization process by ultrasonic vibration. a Schematics of the polarization switching for the PMN-
28PT crystals in water with ultrasound. b Time evolution of PFM images. The white dotted box demarcates the measurement area of the high-resolution
PFM. Additionally, the green and blue circles indicate domains greater than 20 μm² and less than 1 μm², respectively. c Time dependence of the average
domain size (red) and the area ratio of upward domains (blue) calculated from (b).
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The water-induced self-organized domain structure was quite
stable, and no change was observed after the sample was kept in
atmosphere for a long time (Supplementary Fig. 7). This is also
the key point of the self-organization process, that is, although the
formation of ordered domain patterns is driven by the interaction
among dipoles, energy input is required from the outside. Once
the energy input stops, the self-organization process stops. Based
on this special mechanism of domain growth, we were able to
record the growth and merge process of ferroelectric domains.

To investigate the domain structure inside the bulk of the
crystal, we used the buffered oxide etchant to etch a treated
crystal35. The results presented in Supplementary Fig. 8 demon-
strate that the domain structure remains unchanged up to an
etching depth of ~3 μm. Furthermore, confocal second-harmonic
microscopy36 reveals that the domain evolution extends to a
depth of at least 20 μm beneath the surface (Supplementary
Fig. 9). The water-induced domain evolution is expected to
extend to the interior of the crystal. However, it does not
necessary mean that the domains observed on the surface
penetrate the entire 500 μm thickness of the crystal, as conclusive
evidence for this point is not currently available.

As a comparison to the experiment in Fig. 3, we performed a
controlled experiment without water (Supplementary Fig. 10a),
and found that ultrasound alone has a limited impact on the
domains. Further, with ultrasound (40 kHz, 50W), we also
exposed the samples to alcohol, acidic, and alkaline aqueous
solution, respectively. As shown in Supplementary Fig. 10b–d,
there is no observable change in domain configuration after
30 min, which means the self-organization process of ferroelectric
domains in these solutions are greatly suppressed compared with
that in water (Fig. 3b). Ethanol is a non-electrolyte with very few
ions, and H+(OH−) is dominant in acid (alkaline) solution. The
different effects of these solutions and water indicate that
abundant and comparable amount of positive and negative ions
in water are the cause of domain changes, and ultrasonic
vibration plays a role in promoting the self-organization process
of domains.

In detail, when the positive and negative ions in water are
adsorbed on the polar surface and release the adsorption energy,
polarization switching can be induced to enlarge the domains,
and the ions further act as screening charges to stabilize the
polarization states. Ultrasonic vibration transfers mechanical
energy to the interior of the sample, which helps to reduce the
potential barrier of ferroelectric/ferroelastic switching and the
domain wall motion, to accelerate the growth of domains.
Moreover, in the emerging field of piezocatalysis, studies have
indicated that ultrasonic waves could promote the formation and
collapse of bubbles on the particle surface. The ultrasonic
cavitation bubbles that collapse instantaneously will release local
electric, mechanical, and thermal fields, which also promote
polarization switching37–39.

Self-organized growth tends to generate fractal structures, and
the core feature of fractals is self-similarity40,41. In fact, the self-
organized growth of the ferroelectric domains exhibits a self-
similarity over time. Figure 4a–c is the evolution of binarized
PFM images after different times in water with ultrasound.
Figure 4d gives the image taken also for the 120min-treated
samples but with a larger area than that of Fig. 4c. Comparing
Fig. 4b with Fig. 4d, similar domain morphologies and
distributions were observed. Without a scale bar, it is challenging
to differentiate the actual scan size.

The self-similarity behavior can be quantified by the fractal
dimension42. In this study, we compute the fractal dimension of
domain walls (Ddw) using the box-counting method (Fig. 4e). Our
findings (Fig. 4f) demonstrate that for the same observation area
(Fig. 4a–c), the Ddw decreases over time, while the Ddw of Fig. 4d

(120 min, scan size 40 μm) is approximately equal to that of
Fig. 4b (30 min, scan size 20 μm), indicating the self-similarity in
a statistical sense. The self-similarity further confirms the self-
organization nature of the domain evolution process.

Dynamics analysis on the self-organization process. For the
continuous evolution of the ferroelectric domain structure, the
dynamic process is usually characterized by the correlation length
as the function of time L(t)43. Firstly, the spatial correlation
function C r; tð Þ ¼ S r; tð ÞS 0; tð Þ� �

is calculated, where t is time, r is
the position of a point in a domain, S(r, t) represents the scalar
order parameter field with +1 and −1 for r inside an upward and
downward domain respectively, and the brackets denote the spatial
average. Then, L(t) can be extracted, defined as the distance where
C(r, t) drops to half of C(0, t). The temporal variation of L(t) used
to be described with a power-law dependence LðtÞ / t � t0

� �n
,

where t0 is a constant offset time and n is the growth exponent
characterizing the rate of domain coarsening44,45.

The calculated and corresponding fitting results are shown in
Fig. 5a. Two universality classes of growth exponent are well
understood, with n ¼ 1=2 and n ¼ 1=3 corresponding to systems
with non-conservative and conservative order parameters,
respectively46. In most of the conservative systems, there are
heat and mass transport. Taking binary alloys, for example, A and
B atoms with conserved numbers cannot be converted to each
other, and the slow dynamic behavior is related to the diffusion
process. On the contrary, upward and downward polarization can
be converted into each other, thus ferroelectrics are generally
considered to be non-conservative systems with faster dynamic
behavior44. However, here the fitting exponent n for the self-
organized domain evolution in water with ultrasound is 0.3, far
from that of the non-conservative system, but very close to the
conservative system.

This deviation is understandable. During the domain self-
organization process, there is no command (such as the electric
field) from outside. Although the upward and downward
polarizations can be reversed to each other, the area ratio of
positive to negative domains is always close to 1:1. Thus, the
ferroelectrics in water can be analogized in a sense to the binary
alloys with conserved A and B atom numbers. To put it another
way, the deviation from the dynamic behavior of the non-
conservative system also confirms that the self-organization shown
here is different from the general dynamics of domain growth.

Percolation analysis on the self-organization process. Although
we can see easily from Fig. 3b that, with time elapse, the average
domain size increases, and the domain walls tend to grow in
specific direction, the evolution process of the domain config-
uration is much more complicated. The size, shape, and change of
each domain are different. For example, large domains appear
after a long time, such as domains over 20 μm² at 120 min
(Fig. 3b, green circle), there are also small domains interspersed,
even less than 1 μm² (Fig. 3b, blue circle). In short, the evolution
of the domains is far from uniform. Such a special process can
hardly be analyzed by conventional tracking or averaging meth-
ods. On the one hand, tracking one single domain is not enough
to fully express the evolutionary process; on the other hand,
statistical averaging can easily erase the diversity of changes.

The percolation model is widely applied to describe dynamic
phenomena for a broad range of topics in physics, materials science,
complex networks, epidemiology47–49. To combine the overall
organization and details of domains, the percolation model is used
to analyze the self-organization process of ferroelectric domains.

For the percolation analysis, firstly, a region in the white
dashed square in Fig. 3b was measured by PFM with higher
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spatial resolution, covering 20 min to 120 min, and the results are
shown in Supplementary Fig. 11. Then, the PFM image in
Supplementary Fig. 11 was processed (see Methods for details) to
present as a combination of clusters (Fig. 5b), where different
colors represent different clusters (connected regions), with the

largest cluster marked in white. In general, the average size of the
clusters increases with time. Particularly, the size of the white
cluster shows almost no change below 50 min, while at 60 min,
the white cluster enlarges significantly, connecting the right and
the bottom edges. For quantitative analysis, the cluster strength is

Fig. 4 Self-similar growth of the domains. Binarized PFM images of the PMN-28PT crystal after (a) 10 min, (b) 30min, and (c, d) 120min in water with
ultrasound, with white and black represent upward and downward polarization, respectively. a–c are measured at same area, while (d) is measured at a
4-times larger area including that of (c). e Linear regression of the box count vs box side length in the box-counting method for the fitting of fractal
dimension, which corresponds to the absolute value of the slope. f Plot of fractal dimensions over time.

Fig. 5 Theoretical analysis of the self-organization process in PMN-28PT crystals. a Time evolution of the correlation length L(t) for dynamic analysis.
b Processed PFM images from Supplementary Fig. 11 for percolation analysis, with different colors representing different clusters, and the white color
indicates the largest cluster in each image. c Dependency of the cluster strength P∞ on time.
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defined as P1 ¼ n1=N50; where n1 is the number of pixels that
belong to the biggest cluster and N is the total number of pixels in
the processed PFM image. Figure 5c gives cluster strength P1
versus time with a special moment tc. Below tc, P1 is almost

unchanged, while above tc, the data can be fitted by t � tc
� �β

,
with β ¼ 0:35 and tc ¼ 49:3 min. This signals the existence of a
percolative transition at tc, when the largest cluster extends from
one boundary to another.

It is reported that the percolation phenomenon could be
induced by the dc electric field in KTN:Li crystals at low
temperature51. In contrast, what we observed here is a self-
organized behavior with non-commanding external energy
provided by either ion in water or ultrasonic vibration. The
water-induced evolution of domain configuration with time is
somewhat similar in form to the gelation of colloids after
introducing salts52, with percolation as the process feature and a
large-scale ordered pattern as the final result.

It is known that domain configuration is closely associated with
the performance of ferroelectric materials. Here we simply
demonstrate the effect of domain configuration on the electric
hysteresis characters (Polarization-Voltage). As shown in Supple-
mentary Fig. 12, with most of the domains in the samples
evolving from uniform, disordered, and isolated small ones to
irregular, ordered, and related large ones, the increase of
polarization with applied voltage slows down. We try to
understand the shape of the hysteresis loops based on the variant
threshold voltage of each domain related to the domain size,
which is expected to be larger for larger domains53,54. In sample S
(treated for 5 min), the size and the threshold voltage of different
domains are similar. While in sample L (treated for 120 min), the
size and the threshold voltage of different domains exhibit a
significant range of variation, resulting in a distribution in the
switching threshold of different domains. As the applied voltage
increases, the domains in sample L might reverse gradually
starting from smaller ones, leading to a slow increase in the
macroscopic polarization. Although the domain structure is
considered to dominate the ferroelectric hysteresis behavior, it
should be noted that ferroelectric switching can be affected by
many factors. Here we cannot discount the possibility that defects
may form during the water treatment process, which may also
contribute to the changes in hysteresis loops through pinning.

In the end, we perform a discussion of our work and that of
others on low-dimensional materials. For low-dimensional
material22,23,29, an initial polarization direction is present, either
upward or downward. Positive and negative charges preferentially
adsorb on surfaces with initial upward and downward polariza-
tions, respectively, resulting in a polarization reversal from upward
to downward or vice versa. However, in the PMN-28PT crystal, we
investigated, there is no specific initial polarization direction in the
crystal. The area ratio of the upward to downward domains is
around 1:1. When the crystal is immersed in water, a non-
instructive environment with comparable numbers of positive and
negative ions, polarization switching occurs with equal probabil-
ities in the upward and downward directions, leading to the self-
organized growth of domains driven by the system’s total energy.
Throughout the evolution process, the proportion of upward and
downward polarization areas remains roughly equal.

Conclusions
Although the effect of ion adsorption on the domain structure has
been discovered and studied in ferroelectric thin films and 2D fer-
roelectric materials, that on ferroelectric crystals was always con-
sidered negligible. In this work, we report the self-organization of
domains in PMN-28PT crystals can be induced by water and
positively enhanced by ultrasonic vibration. The adsorption of

H+/OH− ions induces polarization switching and domain growth,
which tends to be ordered due to the interaction among the dipoles.
The ultrasonic vibration reduces the barrier of polarization switch-
ing and reinforces the domain self-organization process. A careful
analysis reveals a slow dynamic behavior of the domain growth, and
the domain self-organization process conforms to the percolation
model with a distinct transition moment. This work provides
important information for the understanding of domain dynamics
and the modulation of ferroelectric materials.

Methods
Sample preparation. Commercial [001]-oriented rhombohedral PMN-28PT
crystals were selected as the samples. Since the samples were mechanically polished
to a thickness of 500 μm, to minimize the influence of internal stress, a thermal
annealing process was applied to the crystals. The samples were annealed at 300 °C
for 2 h and then naturally cooled to room temperature. For the water treatment:
The PMN-28PT crystals were treated with deionized water at room temperature in
a 25 mL beaker. The inner diameter and the height of the beaker were 3.2 cm and
5.5 cm, and the height of deionized water was 3 cm. The beaker was sealed and
placed on a stationary desktop during the water treatment. For the water treatment
with ultrasonic vibration: The above beaker containing a crystal was suspended
within the ultrasonic bath and sonicated (40 kHz, 50W). The height of water in the
ultrasonic bath was about 7 cm.

PFM measurement. Commercial atomic force microscopy (Bruker, Icon) was used
to measure the ferroelectric polarization of the sample, with the Pt/Ir-coated Si tip
(SCM-PIT-V2), 0.5 Hz scan rate, 200 mV drive amplitude, and 370 kHz drive
frequency. The ferroelectric domains were characterized under the Vertical PFM
mode, and all the PFM images given in Fig. 1 and Fig. 3 are out-of-plane phase
images. After the water treatment and before the PFM characterization, the crystals
were dried with an N2 gun for about 5 s at room temperature.

Monte Carlo simulation. Considering long-range Coulomb interactions and
short-range neighbor dipole interactions, the Hamiltonian of the system can be
expressed as:

H ¼ Hshort þHlong ¼ �J ∑
<i;j>

PiPj þ∑
i;j

Z2qiqj
εrrij

ð1Þ

The first and second terms represent the short-range dipole-dipole interaction
and the long-range charge-charge interaction, respectively. On each lattice site i, an
electric dipole Pi is imposed, with Pj set to +1 and −1 for upward and downward
polarization, respectively. J is the interaction between neighboring dipoles Pi and
Pj. The bound charges qi are set to +1 and −1 with upward and downward
polarization on each site, respectively. Z, in the range of 0–1, represents the ratio
of unscreened bound charges on each lattice site, with Z= 0 for full-screen
conditions. εr is the relative permittivity, and rij is the distance between sites i and j.
For simplicity, we set J= 1 and εr= 1.

First-principles calculations. The first-principles calculations based on DFT were
performed using the projector-augmented wave method55, as implemented in the
Vienna Ab Initio Simulation Package56. The Perdew–Burke–Ernzerhof functional
modified for solids was used as the exchange-correlation functional57. Nine per-
ovskite layers were used to model the PbTiO3 bulk with PbO and TiO2 terminal
surfaces. Due to the periodic condition, a vacuum space of 15 Å was used in the
supercell to separate the neighboring images along the vertical axis. A cutoff energy
of 550 eV was used for the plane wave expansion, and a G-centered 9*9*1 k-point
mesh was used for the Brillouin zone integration. The lattice parameters and
internal atomic coordinates were relaxed until the Hellman-Feynman force on each
atom was less than 0.05 eV/Å, and a convergence threshold of 10–6 eV was used for
the electronic self-consistency loop. The adsorption energies of H+ and OH− ions
at different locations on the crystal surface were calculated. The H+ ions tend to be
adsorbed near O ions, while OH− ions are near Pb (Ti) ions, resulting in changes in
the local polarization state. Nevertheless, in the case of upward (downward)
polarization, when the H+ (OH−) ions bond with O (Ti) ions on the upper surface
while OH− (H+) ions bond with Pb (O) ions on the lower surface, the polarization
switching could occur in a large range.

XPS measurement. XPS was recorded by Thermo ESCALAB 250XI equipped with
an Al Kα X-ray source at ambient temperature and a chamber pressure of about
8 × 10−10 Pa. The X-ray gun was operated at 16 mA and 12.5 kV. All the spectra
were corrected by setting the reference binding energy of carbon (C1s) at
284.80 eV.

Preprocessing for percolation analysis. To delineate the percolative region, we first
binarize the PFM images, with a pixel considered to be in state 1 if it has an upward
polarization and in state 0 for downward polarization. To identify the cluster size in
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the binarized images, we define connected pixels that make up a cluster using the Von
Neumann neighborhood criterium: square-shaped pixels are considered connected
when they share the binarized state along an edge, while pixels that share a vertex, i.e.,
are adjacent and have the same state along the diagonal of the pixel lattice, are not
considered connected. With time increasing, the number, the size, and the shape of the
clusters undergo changes, making it difficult to track and assign the same color to each
region. Hence, MATLAB was utilized to color the clusters automatically, with the
largest cluster specified in white.

Data availability
The authors declare that all the data supporting the conclusion of the present study are
available within the paper and supporting information and also from the corresponding
author upon reasonable request.
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