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Abstract: The possibility to control the charge, type, and density of domain walls allows properties
of ferroelectric materials to be selectively enhanced or reduced. In ferroelectric—ferroelastic materials,
two types of domain walls are possible: pure ferroelectric and ferroelastic—ferroelectric. In this paper,
we demonstrated a strategy to control the selective ferroelectric or ferroelastic domain wall formation
in the (111) single-domain rhombohedral PMN-PT single crystals at the nanoscale by varying the
relative humidity level in a scanning probe microscopy chamber. The solution of the corresponding
coupled electro-mechanical boundary problem allows explaining observed competition between
ferroelastic and ferroelectric domain growth. The reduction in the ferroelastic domain density during
local switching at elevated humidity has been attributed to changes in the electric field spatial
distribution and screening effectiveness. The established mechanism is important because it reveals
a kinetic nature of the final domain patterns in multiaxial materials and thus provides a general
pathway to create desirable domain structure in ferroelectric materials for applications in piezoelectric
and optical devices.

Keywords: ferroelectric domain structure; polarization reversal; crystal anisotropy; piezoresponse
force microscopy

1. Introduction

Multiaxial ferroelectrics exhibit a coupling between spontaneous polarization and
stress, which results in the formation of the ferroelastic and ferroelectric domain walls. The
ferroelectric domain walls separate domains with opposite polarization directions, while
domain walls with another angle between polarization directions are ferroelastic. The
ferroelectric domain wall motion is activated by the application of the external electric field
and is generally insensitive to mechanical stress, while ferroelastic domain walls react on
both electric and elastic fields [1]. The ability of domain walls to be created or erased under
external stimuli allows to consider them as tunable elements in the nanoelectronic devices.
The electric, electromechanical, and thermal properties of ferroelectrics can be precisely con-
trolled by assembling the domain patterns consisted of walls with varying densities, types,
and charge states [2-10]. As an example, the periodical domain structure with 180-degree
walls is used for the production of the efficient nonlinear-optical frequency converters [11],
whereas the ferroelastic switching mediates extra-large piezoelectric response [12,13].

The dynamics of the 180-degree domain walls is comprehensively studied in the
uniaxial crystals [14,15]. The polarization reversal, in this case, can be considered as a
first-order phase transition between two states with opposite directions of spontaneous
polarization, and the polar component of the electric field is the driving force of the
process. Domain structure evolution during polarization reversal proceeds through the
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following stages: (1) domain nucleation, (2) forward domain growth in polar direction,
(3) sideways domain wall motion, and (4) domain coalescence [11]. Despite the existence of
strong background in studies of the barium titanate classical multiaxial ferroelectric [16]
and apparent similarity of the ferroelastic and ferroelectric switching process, far less is
known about ferroelastic switching [17,18]. According to the macroscopic experiments,
the dynamics of ferroelectric and ferroelastic domain walls alternate during switching,
and these processes have different characteristic times [19,20]. In piezoelectric ceramics,
the domination of ferroelectric or ferroelastic switching events in the total switching, i.e.,
180-degree and non-180-degree polarization reversal, is still under discussion yet [20,21]. In
situ optical and electron microscopy visualizations conclusively approved that 180-degree
polarization reversal in the single crystals and thin films of ferroelectrics from c¢*-domain
with upward-directed polarization to the c"-domain with downward-directed polarization
predominantly occurs through the intermediate state of ferroelastic domain wall formation
(growth of the a-domain), i.e., two 90-degree switching events in [001] cut tetragonal
ferroelectrics [21-24], or subsequent 71°, 109°, and 180° switching events in [111] cut
rhombohedral ferroelectrics [25-27]. Landau-Ginzburg-Devonshire calculations explain
such behavior as an existence of the local energetical minimum between upward and
downward-directed polarization states, associated with the formation of 2-domains [28-30].
The transition between two global energetical minima usually occurs through the local
minima due to lower energetical barriers [28]. The direct 180-degree polarization reversal is,
by all appearances, possible in the case where the formation of the ferroelastic domains is
hindered because of some reason, such as for strong film clamping to the substrate mediated
by the compressive stress or in the local switching by the biased tip of the scanning
probe microscope (SPM), where the switching volume is clamped by the unswitched
matrix [31-34]. On the other hand, ferroelastic domain patterns are usually metastable and
relax to the more energetically favorable c*- or c"-domain states on some timescale [29].
The primary source of this relaxation comes from the mechanical stresses accumulated as a
result of a-domain formation [23,35], while their release can significantly slow down the
relaxation process [29,36].

Regardless of the discussed energy-conditioned driving forces of the ferroelectric—
ferroelastic switching, the polarization reversal process is significantly determined by
kinetic factors: screening, the interaction between domain walls, etc. [30]. For example,
the inhomogeneous electric field created by the biased tip can significantly change the
ferroelectric and ferroelastic switching dynamics and create energetically non-favorable
patterns of vortex-like domains [30,37]. Despite the different time constants, which is caused
by the different threshold voltage for the a- and c-domain switching due to the significantly
different energy barrier height [28,38], both processes can generally occur simultaneously,
because of the local inhomogeneity of the electric field and mechanical stress [39]. Thereby,
an interaction between a-domains [18], and between a- and c-domains [40], can occur, as
well as some collective regimes of the domain dynamics [1,41-43].

In this work, we reveal the role of domain dynamics in the formation of the domain
structure during local polarization reversal in the multiaxial ferroelectric crystals. By the
example of (111) 0.72Pb(Mg1 /3Nb,/3)O03-0.28PbTiO3 (0.72PMN-0.28PT) ferroelectric single
crystals, we detangle the complicated dynamics of the ferroelectric and ferroelastic domain
walls during the local switching by SPM probe. The competition between ferroelectric
and ferroelastic switching mechanisms was explored, which is controlled by the value
and distribution of the electric field from the SPM probe. In a dry atmosphere mediating
high localization in the electric field, complicated domain patterns are formed, with both
ferroelectric and ferroelastic domain walls. Increasing the relative humidity leads to a
stronger and more homogeneous electric field, which realizes switching with the formation
of an isolated ferroelectric domain with 180-degree domain walls. The finite element simu-
lations of the spatial distribution of the electric field and accompanying electromechanical
stress allowed the electric field components to be studied, which drives local polarization
reversal at the different stages of the domain dynamics. It was demonstrated that the
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formation of the 180-degree domain walls significantly reduces the stress components,
thereby impeding ferroelastic switching. The competition between purely ferroelectric and
ferroelectric—ferroelastic switching was revealed, which illustrates different possible pathways
of polarization reversal in the multiaxial ferroelectrics controlled by switching kinetics.

2. Experimental Section
2.1. Sample Synthesis and Preparation

The studied 72PMN-28PT single crystals were grown in Xi’an Jiaotong University,
China, using the modified Bridgman technique. The details of sintering can be found
elsewhere [20]. Crystalline plates, with thicknesses of 0.5 mm and 1 mm, were cut perpen-
dicular to [111] from the boule. The samples were identified to be of rhombohedral 3m
symmetry at room temperature. The single-domain state was achieved using a rectangular
field pulse with an amplitude of 300 V/mm of 10 s duration at room temperature (we
further refer this orientation of the polarization as c?, according to Table 1). The samples
were glued to the metal disks with a conductive silver paste.

Table 1. Notations for the spontaneous polarization vector for the [111] oriented rhombohedral cell.

Vector of Vector of
Spontaneous Notation Spontaneous Notation
Polarization Polarization
[111] ct [111] cl
[111] ot [111] ol
Hl 1} ﬂzT [1ﬁ] 612J,
[111} a3T [TlT] (13J,

2.2. Piezoresponse Force Microscopy and Local Switching

Domain imaging on the surface with the high spatial resolution was performed by
piezoresponse force microscopy (PFM) using a scanning probe microscope NTEGRA Aura
(NT-MDT, Russia) and MFP-3D-SA (Oxford Instruments, UK). The silicon NSC18 tips
(MikroMash, Bulgaria) with Ti/Pt conductive coating and a 35 nm nominal radius of
curvature were used. 1.5 V AC voltage at a frequency near the first flexural contact
resonance was applied to the tip. The variable relative humidity was controlled using a
self-made humidifier.

The macro-scale switching was carried out using a tungsten probe with the etch-
sharpened tip (radius around 10 pm) as the top electrode and the saturated aqueous solution
of lithium chloride as the bottom one. The triangular voltage pulse with a 40 V/s rate and
a 2 s duration was generated with PCI-6251 multifunction input-output device (National
Instruments Corp., USA) and amplified by a high-voltage amplifier 677B (Advanced
Energy Industries Inc., USA). The switching current was recorded using the self-made
operational amplifier ammeter. The optical domain imaging was carried out using the
optical microscope LMA10 (Carl Zeiss AG, Germany) and the high-speed Mini UX100
camera (Photron Ltd., Japan).

2.3. Finite Element Simulations

The spatial distribution of the polar component of the electric field (E;) and mechanical
stress (o) produced by a biased conductive SPM tip was calculated by the solution of the
coupled electrical and mechanical equations in the approximation of the static problem. The
simulations were performed using the finite element method in the commercial software
COMSOL Multiphysics (“AC/DC electrostatics” and “Structural mechanics” modules). The
relative permittivity, elastic, and piezoelectric coefficients for the (111) PMN-PT were taken
from Ref. [44]. The considered SPM tip had a cone-shaped geometry with a semispherical
end and a circular disk-type contact area. The height of the tip conical part was 3 pm, the
cone angle was 40 degrees, the sphere radius was 30 nm, and the radius of the contact area
was 15 nm. The positive constant bias voltage of 90 V was applied to the tip while the solid
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bottom electrode was grounded. The sample was modeled as a cylinder with a 200 um
radius and a 100 um thickness. The influence of the water meniscus which appeared at
high-humidity conditions was simulated similarly to that in Refs. [45,46]. The height of the
elliptical shape water meniscus has been varied from 50 to 1000 nm. The electric field in the
presence of the c-domain was modeled by introducing the cylindrical-shaped c|-domain
under the probe with a radius ranging from 50 to 1000 nm.

3. Results
3.1. Local Switching in the Dry Atmosphere

We started with local switching in the cf-domain state in a dry atmosphere. The
application of voltage pulses to the SPM tip resulted in the formation of the complicated
pattern of ¢c- and a-domains (Figure 1a—c). The domain structure (Figure 1b,d,f) consisted
of: (1) the inner c| domain with a radius of about 500 nm; (2) the web-like structure of
a)-domains oriented along [112], [121], and [211] crystallographic directions, covering the
area with a radius of about several microns; and (3) the “leaf-like” areas with weak PFM
contrast that expands in the same crystallographic directions at the distance up to 20 pm
from the point of voltage application. The analysis of the shape and orientation of the
domains in the PFM images allows four domain types to be separated: the initial ¢ domain,
and the reversed c|-, aT-, and a)-domains (Figure 1e,f). The whole domain pattern grew
with the increase of the voltage pulse amplitude and duration (see Supplementary Materials,
Figure S2). The observed behavior drastically differs from that of earlier performed local
switching experiments in the multiaxial ferroelectric crystals [47-49]. The evident change
of the surface topography in the a-domain area has been revealed, which is due to a rise in
mechanical stress (Supplementary Materials, Figure S3).

PR T

Figure 1. Local switching by 90 V, with a 500 ms voltage pulse in the dry atmosphere. The PEM images
of different domain structures: (a) full-scale image and (b) central region. (c) Schematic illustrating
orientation of the polarization of image (b). (d,e) Polarization notation and orientation used in the
schematic (c). (f) Characteristic directions at (111) plane for an [111] oriented rhombohedral cell.

To obtain insight into the domain structure evolution, the local switching experiments
were reproduced with a 10 um radius probe, and the domain patterns were visualized using
polarized optical microscope (Figure 2a,c). Much larger sizes of the probe, as compared with
the SPM tip, allow large domain patterns to be created, which can be visualized with a high
enough spatial resolution at the surface and in the bulk of the crystal. The domain structure
evolution in these experiments represents the growth of the leaf-like areas spreading in the
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[112], [121], and [211] directions. Optical imaging of the domain structure by the objective

with higher magnification (x100) reveals similar domain patterns as by PEM (Figure 2c).
By considering the possible directions of the a-domain growth (Figure 2b,d), weak PFM
contrast can be attributed to the intersections of af-domains and the sample surface. The
optical contrast of leaf-like areas is an overlay of the optical contrasts from the individual
wide aT-domain wedges inclined to the bulk at a 35.5° angle (Figure 2d) [25].

Figure 2. (a) Optical image of the domain structure obtained during the application of 96 V to
the probe. (b) Schematic representation of the obtained domain structure at the surface. (c) Static
optical image of the zoom region near the tip from structure showed at (a) 24 h after the experiment.
(d) Schematic volumetric reconstruction of the obtained domain structure.

The revealed kinetics of the polarization reversal are similar to those obtained earlier
for switching by the uniform electric field in the same crystals, where switching from
the ct- to c/-domain state was realized through two successive stages: af- and a- do-
main states [25], resulting from the lower potential barrier of the a-domain formation [28].
Nonetheless, the observed complex domain patterns revealed by PFM cannot be simply
interpreted as a transitional state between c1- and c)-domain states because the increase in
the voltage pulse duration and amplitude does not result in the “complete” reversal to the
cl-domain state (see Supplementary Materials, Figure S1).

In order to understand the domain structure evolution during polarization reversal,
the distributions of electric field and mechanical stress in the vicinity of the SPM tip were
analyzed using finite element modeling (FEM) simulations of the respective boundary
problem (Figure 3a). The simulations show a highly anisotropic electric field and mechanical
stress distribution in rhombohedral PMN-PT, associated with the electro-elastic coupling
and piezo-polarization (Figure 3b,c). As the first transition from the cf-domain state to
the aT-domain state is caused by the polarization decrease in the (111) direction of the
lattice, it is reasonable to conclude that the E, component of the electric field should start
the switching process. The field maximum is localized near the tip contact point. The
corresponding distributions of the stress and volumetric strain are presented in Figure 3c,d.
In the direction of the maximum electric field E; component at (111) plane (which is the
set of [112], [121], and [211] crystallographic directions), the mechanical stress is positive
(Figure 3c, red color), which corresponds to the surface compression (Figure 3d, dark
contrast), while in the directions rotated at a 60° angle (set of [112], [121], and [211]
directions), the field is close to zero, and mechanical stress is negative (Figure 3c, blue
color), i.e., it corresponds to the expansion at the surface (Figure 3d, bright contrast).
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Figure 3. COMSOL modeling for the dry atmosphere: (a) scheme, (b) logarithm of the electric field
polar component, (c) stress, (d) volumetric strain.

A comparison between the E, component of the electric field and mechanical stress dis-
tribution (Figure 3b,c), and the domain pattern formed after the local switching (Figure 1a,b)
shows that the structure of a-domains is localized in the area with positive mechanical
stress, while the switching does not occur in the negatively stressed areas. The c)-domain
only forms in the vicinity of the point of voltage pulse application, where a maximum of
the electric field is localized. Thus, c}-domain formation occurs in the highest electric field,
while a-domains appear in the much larger area, which can be explained by the significantly
lower threshold voltages.

3.2. Local Switching in Humid Conditions

As was shown in the previous paragraph, c] domains were formed in a much stronger
electric field near the point of the electric field application. To control the field distribution
under the SPM tip, the relative humidity (RH) can be tuned as it is known to affect
the distribution of the electric field from the SPM tip and maximize E; in the area near
the contact [45]. Increasing the humidity surprisingly eliminates a-domains, and pure
ferroelectric switching is realized for RH > 40% (Figure 4).

T T T T T = T T T T T T
g [A A O alf i ]
g 10% g o= o BT 3t 1
€ © 1% 2} ]
= 1k O o} = Q:xu
| f E 1k 4
£ [ o ©
Do 01 Lo PR RPN P N B B 0 PR PR RPN R N R

0 10 20 30 40 50 60 70 0.2 04 06 08 10 1.2
i) Humidity, % (9) Rg, um

Figure 4. Local switching at different relative humidity: (a) < 4%, (b) 20%, (c) 30%, (d) 40%, and
(e) 70%. (f) Dependence of domain size on relative humidity. (g) Dependence of the mean radius of
al-domains on the radius of the central c-domain. Voltage 90 V, pulse duration 500 ms.

Notably, the introduction of the water meniscus at the tip-sample interface in the FEM
leads to an increase in the absolute values of the electric field and the stress under the probe,
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but anisotropic distribution remains the same as in the dry atmosphere (Supplementary,
Figure 54). To explain the observed switching behavior, the small-size c-domain was added
under the SPM tip in FEM (Figure 5a—c,e—g, green circle). In this case, the values of the
positive stress and negative E, significantly decrease. When the radius of the introduced
c-domain exceeds the radius of the meniscus, the positive stress component decreases
to negligible values. Thus, the appearance of the c-domain under the tip leads to the
compensation of the elastic field with the release of mechanical stress, responsible for the
formation of a-domains. The corresponding distribution of E, and mechanical stress, ¢, in
the bulk of the crystal can be found in Figures 54-56 of the Supplementary Information.
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Figure 5. Simulated distributions of (a—d) E,, and (e-h) mechanical stress, s, at the 20 nm depth with
different radius of the c-domain in the center (green circle): (a,d) 50 nm, (b,e) 500 nm, (c,f) 1000 nm.
(d,e) 50 nm, larger scale. The green line corresponds to the c-domain wall. The black line corresponds
to threshold field for the af-domain ~ —2 V/mm (1.4 x 10° N/m? stress), while the white line
corresponds to the threshold field for a|-domains ~ —20 V/mm (7 x 10% N/m? stress).

4. Discussion

Polarization reversal by the uniform electric field always starts with the formation of a-
domains, while c-domains with opposite orientation appear under a much stronger electric
field [25]. Based on the presented experimental data and results of the modeling, similar
behavior can be traced in most of the switching areas, except the immediate position of the
SPM probe. As an electric field is notably high in the vicinity of the SPM tip (up to 10° V/m
according to simulations), the formation of the c|-domain is likely in this area, but a further
lateral expansion of the created domain is limited by the radius of the tip/meniscus where
the maximum electric field is concentrated. a-domains can propagate at longer distances
from the probe due to the much lower threshold field of such polarization reversal. As the
SPM tip creates a non-uniform electric field, the threshold voltage for a-domain formation
can be evaluated by comparing the average distance of the domain propagation and local
values of the electric field at this given distance from the tip. The values of the surface
area occupied by the c|-, at-, and a|-domains for the different humidity conditions were
extracted from the experimental dependencies as a maximal distance from the SPM probe
(averaged by the three branches), where respective domain structure was formed (Figure S7
and Figure 4f). The radii of the areas with a-domains were used to calculate the threshold
field of the polarization reversal for a1- and a)-domains. The threshold field values were
plotted over the distribution of the electric field and stress in Figure 5d,h (black and white
lines, respectively). The threshold field for af-domains was found to be around 2 V/mm,
while for a|-domains, it achieves —20 V/mm. Note, however, that the last value represents



Nanomaterials 2022, 12, 3912

8of 12

only a rough estimation as the distribution changes significantly after the formation of
at-domains. As the threshold voltage for polarization reversal is assumed to be significantly
determined by the energy barriers for the rearrangement of the crystalline lattice, the energy
barriers to “compress” and “rotate” the polarization are thought to be different [28]. It
should be noted that obtained threshold electric field values for the formation of a-domains
are almost an order lower than the threshold field for the c-domain formation determined
from the macroscopic experiment [25].

The total stress values at the respective distances for af- and a)-domains are 7 kPa and
140 kPa, respectively. A clearer understanding of the contribution of stress to ferroelastic
switching can be extracted from the principal components of stress (Figure 6). The arrows
in Figure 6 depict the direction of the deformation vector (compression/expansion), while
the color indicates that red (positive) is compression and blue (negative) is expansion. It is
seen that 01, the main component, is responsible for the switching. The lattice contraction in
the directions perpendicular to the three main branches of the domain pattern in Figure 1a
results in the formation of the domain with orthogonally oriented polarization. The
principal stress o7 behaves differently in three other symmetry directions, where the
formation of af-domains was not observed (Figure 6a). The contraction of the lattice goes
along with these directions, which impedes the formation of ferroelastic domains. The
second principal component of the stress tensor, 0, has contributed to the crystal directions,
where the switching is not observed. The maximum of the third principal component,
03, also corresponds to the symmetry of the switched domain patterns, which indicates
an expansion of the lattice in these three directions under the action of the orthogonal
compression. An evaluation of the threshold stress values for the ¢ principal component
gives 100 kPa for a1-domains and 1750 kPa for a)-domains, respectively. The contribution
to the switching from the different components of the stress tensor is not so apparent
(Figure S7). However, it can be concluded that in-plane components (11, 12, 21, and 22) are
significantly larger than out-of-plane (33, 32, 23, 31, and 13) components, which indicates
their larger contribution to switching.

ox108 N/m?

X, ym

Figure 6. The distributions of (a) o1, (b) 05, and (c) 03 principal components of the stress tensor at
the 20 nm depth. The black arrows indicate strain direction.

The switching kinetics should be discussed in more detail. At the first stage, the
transition from c1- to aT-domain states occurs in a weak electric field. This type of switching
is caused by the necessity to compensate mechanical energy which appears as a result
of the crystal contraction in the electric field. This process is truly ferroelastic switching
and it differs from the normal switching in the uniaxial ferroelectric material, because
the transition occurs without polarization rotation but with the lattice contraction and
a decrease in the polarization magnitude. The difference can also be illustrated by a
comparison of the normal component and electric field components along [112], [121],
and [211] crystallographic directions of the crystal (along the polarization direction in
at-domains, see Supplementary Materials Figure S8). We further term this direction as
the “71°-degree direction of the electric field”. It is seen that the anisotropic growth of
a-domains specifically occurs in the directions determined by the normal component of the
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electric field, while the 71° component of the positive sign, necessary for the polarization
reversal, is stronger in the directions where domains are not formed. As such, the kinetics
of the polarization reversal is likely to occur under the E; component, but not by the
71° component of the electric field.

On the other hand, the formed a-domains have a lower polarization projection value
with respect to the crystal surface, which is connected to the larger change in the polarization
magnitude, i.e., the amount of necessary screening charge. An increase in humidity enlarges
the meniscus area and the electric field in the region around the tip above the threshold
voltages for a|- and c-domains, which stimulates the growth of c domains underneath the
SPM tip. The appearance of the c}-domains naturally limits the formation of a-domains by
the partial release of mechanical stress. The formation and growth of the c|- and a-domains
are realized simultaneously, and the final domain pattern is a result of the self-consistent
change in the distribution of electric and elastic fields during the c-domain growth. The
formation of a-domain partly compensates stress caused by piezoelectric polarization. At
the same time, c domains form under the much stronger electric field, but their formation
also compensates the mechanical stress and thereby further impedes the propagation of
a-domains. Kinetic competition between the growth of the a- and c-domains is responsible
for the formation of the experimentally observed complicated domain patterns. It should
be noted that the competition is not only determined by the distribution of the electric field
and mechanical stress, but also by screening conditions. The propagation of the screening
charge at mm-scale distances is complicated and needs longer times. Thus, c-domain
appears in the vicinity of the SPM tip/meniscus when the value of the electric field exceeds
the threshold voltage for the polarization reversal and screening conditions are granted.

The discussed mechanism can be applied for the macroscopic polarization reversal in
the multiaxial materials without the loss of generality. The 180-degree and non-180-degree
domain wall motion processes are demonstrated to compete during the polarization re-
versal. Therefore, polarization reversal should be significantly dependent on the local
conditions, such as the local mechanical stresses and nonuniform distribution of the electric
field. The measurements were performed in the crystals with 0.72PMN-0.28PT composition
because they possess a large electromechanical coupling coefficient, and the composition is
still away from the morphotropic phase boundary at room temperature [50]. This case is the
most apparent because it allows performing calculations for the pure rhombohedral phase.
Also, switching through the a-domain formation is easier to be realized in a crystal with
a large electromechanical coupling coefficient. Nevertheless, according to the theoretical
predictions, the researched effects are general, and the results should be valid for other
ferroelectric—ferroelastic materials. The pathway of the polarization reversal, threshold
fields, degree of anisotropy, switched areas, etc. should be different. It is expected that
larger-scale ferroelastic switching is possible for materials with larger electromechanical
coupling. Revealing further dependencies of the switching parameters on the properties of
the crystals is a matter of further study.

5. Conclusions

In this paper, we observed the competitive switching dynamics of the ferroelectric
and ferroelastic domain walls in the rhombohedral (111) cut PMN-PT single crystals.
The circular-shaped ferroelectric domain formed immediately underneath the tip, while
irregular-shaped ferroelastic domain patterns widely spread tens of microns far from the tip
position. The possibility of controlling the switching process using varied relative humidity
(RH) levels was demonstrated. For RH > 40%, the switching leads to the formation of the
c-domains only, while for RH < 40%, the formation of a mixture of 4- and c-domain states
was observed. The difference of the kinetics in these experiments can be explained by the
variation of the threshold voltages for the c- and a-domains nucleation and the influence
of the water meniscus underneath SPM probe on the distribution of the electric field. The
c-domains appear in the highest electric field in the vicinity of the tip/meniscus. Formation
of the c-domains impedes further a-domain switching because of the mechanical stress
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release. Thus, the ferroelectric—ferroelastic switching behavior is significantly dependent
on the distribution of the electric field, mechanical stress, and screening conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano12213912 /s1. Figure S1: Optical images of the domain
structure evolution under the tip under rising voltage. Figure S2: Results of the local switching with
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changes after local switching and of the formed domain pattern. Figure S4: Simulated electric field
and strain distributions at a 20 nm depth with different meniscus heights. Figure S5: Simulated
distributions of the vertical component of the electric field at the 20 nm depth with different radii of
the c domain in the center. Figure S6: Simulated distributions of mechanical stress at the 20 nm depth
with different radii of the ¢ domain in the center. Figure S7: Schematics, illustrating, how the effective
radiuses of the domain were derived in Figure 4f, in the main body of the paper. Figure S8: The
distributions of stress tensor components at the 20 nm depth. Figure S9: Simulation of the 71-degree
components of the electric field (along the polarization direction in a1 domains).
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