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ABSTRACT: The dynamics of complex topological defects in 60 &
ferroelectric materials is explored using automated experimen- % ” 400 Iso 5
tation in piezoresponse force microscopy. Specifically, a ch 20 %
complex trigger system (i.e.,, “FerroBot”) is employed to study g ___Trigger 300 2
metastable domain-wall dynamics in Pb4Sr,,TiO; thin films. g S S 30 =
Several regimes of superdomain wall dynamics have been 20 §
identified, including smooth domain-wall motion and signifi- 100 03
cant reconfiguration of the domain structures. We have further < >
demonstrated that microscopic mechanisms of the domain-wall % 100 200" 300 400 © 2

dynamics can be identified; i.e., domain-wall bending can be Position [nm]

separated from irreversible domain reconfiguration regimes. In

conjunction, phase-field modeling was used to corroborate the observed mechanisms. As such, the observed superdomain
dynamics can provide a model system for classical ferroelectric dynamics, much like how colloidal crystals provide a model

system for atomic and molecular systems.
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or over half a century, electromechanical and dielectric density of domain walls and their mobility yields enhanced
properties of ferroelectric materials have attracted the functionalities.

. . .. 1 1—4
attention of applied and fundamental scientists alike. Understanding the role of domain walls in ferroelectric

Giant electromechanical responses in these materials have
enabled a spectrum of applications in sensors and actuators,
whereas the favorable dielectric properties underpin applica-
tions such as capacitors, tunable dielectric constant materials,
etc. Similarly, the presence of switchable electrical polarization
stimulated the development of a broad range of electronic

functionalities has given rise to the rapid growth of
experimental and theoretical efforts in this direction. X-ray
and neutron scattering have been used to explore the
crystallographic changes with bias and time, providing insights

) . . . . 262
into ferroelectric and ferroelastic domain-wall dynamics.”>>’

device paradigms includin_g ferroelectric field effect transistors,” The development and broad propagation of piezoresponse
nonvolatile memories,”®” domain-wall electronics,"" ! and force microscopy (PFM) and related spectroscopies have
ferroelectric tunneling barrier'>™"* and multiferroic'>'® allowed visualization of ferroelectric domain structures on the
devices. sub-10 nm level **73* leading to multiple observations of

Since the development of the thermodynamic theory of domain dynamics induced by the probe bias®*** or under the

ferroelectrics, it has been realized that the functional properties
of these materials emerge from the interplay of intrinsic
material responses at the level of a single unit cell, and extrinsic
contributions due to domain-wall dynamics."'”'® The latter
develop on the length scale of domain structures and can be
large in magnitude, giving rise to stron§ size effects in
ferroelectric thin films and devices.”'” Similarly, the
introduction of structural disorder and close in energy
symmetry-incompatible ground states in ferroelectric relax-

20—22 . 23-25 . .
ors and morphotropic materials that increase the

top electrode,” or induced by in-plane electric fields created
by interdigitated electrodes.*
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Figure 1. Lateral piezoresponse force microscopy of Pby ¢St ,TiO; thin film. Representative (a) surface topography, single-frequency lateral
piezoresponse force microscopy (b) phase, and (c) amplitude with four distinct ferroelectric in-plane domain orientations as illustrated in
(e), and (d) FerroBot triggering scheme referred to as the on-field state.
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Figure 2. Domain wall motion dependence on tip-sample orientation. Lateral piezoresponse image of Pb, (Sr,,TiO; with fast scan axis (a)
parallel to the [100] crystallographic direction (panel (a) inset) and corresponding images after executing FerroBot with (b—e) —3 V pulses
(white lines indicate location of domain wall before pulsing). (f) Different location rotated 45° relative to [100] and [010] crystallographic
directions (panel (f) inset) and corresponding images after executing FerroBot with (g, h) —3 V, (i) =5V, and (j) —6 V pulses. Tip direction
in the insets of panels (a) and (f) indicates fast-scan axis. Note the gradual motion of the domain wall for the top row, and strong pinning
with subsequent nucleation-like switching and formation of disordered regions in the bottom row, suggesting fundamentally different wall
motion mechanisms depending on relative orientation between tip motion direction and superdomain orientation.

However, observations of domain structure using PFM are
generally limited to static domain configurations that evolve
slowly on the time scale of the PFM image acquisition (~1—10
min). Several fast PFM studies have been reported;’’ >’
however, these studies also rely on image-by-image observa-
tions. In another special case, mesoscale domain-wall dynamics
were explored using spectroscopic imaging in PFM, enabled by
strong pinning via unbiased wall segments'® or existing

structural defects.”' ™" However, generally, the studies of

dynamic-wall behavior away from (meta)stable equilibrium are
limited.

RESULTS AND DISCUSSION

Here, we demonstrate that automated experiments (AE) in
PEM can be used to explore the dynamic regimes of wall
dynamics. We extend the previously reported line-by-line
detection system (FerroBOT**) toward exploring the dynam-
ics of domain walls in dense a-c superdomain (or domain-
bundle)*>*® systems and demonstrate that this approach can
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Figure 3. Local response of domain wall with FerroBOT. Piezoresponse images with (a) zig-zagged vertical domain wall and (b) zoomed
area of interest. (c) Schematic illustrating local and global dipole orientations. (d, e) Illustration of domain wall bending at sub-critical and
supercritical voltages for domain wall motion. Note, subpanels in (e) correspond to dipole orientations (gray box) and electric field at tip.

be used to explore both reversible (wall bending) and
irreversible (superdomain reorientation) transformation mech-
anisms.

As a model system, we investigate superstructure domain-
wall dynamics in Pby4Sry,TiO; thin films (Methods/
Experimental Section). Representative surface topography
(Figure la) reveals a smooth sample for scanning probe-
based experiments. The ferroelectric behavior is investigated
via single-frequency PFM - lateral phase and amplitude images
shown (Figure 1b,c, respectively). As such, the clear super-
structure can be observed with two orthogonal orientations for
each phase, as outlined by the white dotted lines and labels (I,
I+, II-, and II+ in Figure lc). Correspondingly, the domain
orientations are illustrated (Figure le), displaying the local and
global dipoles as gold and red, respectively. As such, the local
gold arrows indicate the dipoles within the specific
orientations, while the red arrows indicate the global
polarization vector, consistent with previous reports.47

To probe the domain-wall dynamics, we implement AE
using the FerroBot framework, as described previously.™
Briefly, the detected signal during PFM scanning is passed to a
logic circuit that detects a specific local event underneath the
AFM probe, such as the crossing of a domain wall or a more
complex descriptor. Upon detection of the event, FerroBot can
be configured to produce a user-defined set of actions, such as
generating a voltage pulse, light pulse, or mechanical stimulus.
Here, we use a single-frequency PFM phase as the detector for
in-plane domain walls and apply 10 ms voltage pulses only at
the domain wall defined by a negative phase change (Figure
1d, negative to positive piezoresponse). Further, we vary the
voltage pulse from —2.5 V to —7.5 V to identify the threshold

for domain-wall motion. It should be mentioned that this
technique can be employed using a number of feedbacks (e.g,,
current, amplitude, topography, efc.) on a variety of platforms
coupled with varying stimuli. Using this AE method, the
characteristics and metastability of a defined domain-wall type
can be explored, gaining rich insight into switching behavior in
complex ferroelectric systems.

First, we aimed to explore the dynamic phenomena in the
dense ferroelastic domain structures by applying defined
voltage pulses at superdomain walls (negative to positive
phase transition) for two orientations: (i) 45° and (ii) 0°/90°
relative to the slow scan axis. With the tip fast-scan axis parallel
to the [100] direction, —3 V pulses result in a monotonic
decrease in the red domain, clearly observed by the domain-
wall moving to the left (Figure 2b—e). In stark contrast, when
the superstructure is rotated by 45°, —3 V pulses seemingly
have little or no effect on moving the domain wall (Figure
2gh). However, upon increasing the pulse magnitude to —5 V
(Figure 2i), motion is observed on the upper portion of the
blue domain. Further increasing the pulse magnitude results in
a burst of the blue-domain orientation with regions of
frustration (Figure 2j, bright blue regions). Interestingly, the
blue domain’s onset of growth occurs at the intersection of the
two orientations with the same phase (red), indicating the
presence of a potentially metastable region.

As shown (Figure 2g—j), the domain-wall motion is severely
impeded when applying voltage pulses while the tip motion is
either parallel or perpendicular to the domain wall, as opposed
to the case where the tip motion is at 45° to the wall
Moreover, the energy threshold for domain-wall motion is
clearly higher for this configuration, and when the domain wall
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Figure 4. Domain wall motion bias magnitude dependence. Piezoresponse images of on-field (left panel) and off-field (right panel) with (a,
¢, e) sub-critical voltage pulses (2.5, —3.5, and —4.5 V pulse, respectively), and (b, d, f) supercritical super voltage pulses (5.5, —6.5, and

—7.5 V, respectively).
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Figure 5. Pulsed domain wall spatial analysis. On-field FerroBOT piezoresponse images with pulse magnitudes of (a) —2.5V, (b) 3.5V,
and (c) —4.5 V analyzed for domain-wall motion per pulse. Superimposed scatter plot indicates the detected location of the domain wall
after the previous pulse was applied with the color scale indicating length of travel. Black dotted and gray dotted lines indicate initial domain

wall location and final, metastable domain wall location, respectively.

does move, it does so in an erratic and seemingly uncontrol-
lable fashion. It appears as if, when the in-plane electric field
created during simultaneously pulsing and scanning aligns with
the global polarization (Figure 2a—e), the domain wall moves
under smaller bias in a controllable manner. However, when
the in-plane electric field is aligned with the local polarization
(Figure 2f—j), ie, individual a-domains, the polarization
switching becomes unstable and forces reconstructions. Here,
understanding and controlling how the domain wall moves is a
critical factor in the fundamental understanding of in-plane
polarization switching, and more importantly, it is detrimental

15099

in developing strategies for creating specific domain-wall
configurations ultimately underpinning a broad range of
applications.

As such, to further understand the mechanisms by which the
global domain walls move, we focus on a localized region
consisting of a vertical domain wall with an imbedded zigzag
like structure (Figure 3a,b). As shown (Figure 3c), the two
phases have distinct dipole orientations, which give rise to the
observed domain structure. We aim to explore the mechanisms
of the wall dynamic between these structures that give rise to
the phenomena in Figure 2f—j.
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Figure 6. Phase-field simulation results. The domain structures of (a) initial state. (b—e) applying a pulse (left panel) of (b, c¢) —3.5 V and (d,
e) —5 V and relaxing for 4000 steps (right panel). Tip groups are placed at two different locations as indicated in the initial structure with
red/blue circles. The (b, d) structures are from tip position 1 (blue circle), while (c, e) are from tip position 2 (red circle).

Figure 4 shows the systematic increase in pulse magnitude
for both the on-field (during pulsing) and off-field (ie,
traditional single-frequency PFM scanning) for voltage pulses
spanning —2.5 V to —7.5 V. For the on-field FerroBOT images,
white pixels can be clearly observed corresponding to the
pulsing locations. Briefly, as the 10 ms voltage pulse is applied,
the electrostatic contribution to the cantilever response is
affected, producing a small artifact, in this case, the small white
pixels seen in the on-field. To our advantage, the pulsing
induced artifacts allow us to confirm where the pulses are being
applied. Moreover, these artifacts enable further domain-wall
dynamics to be derived. For voltage pulses spanning —2.5 V
and —4.5 V, a snap-back like dynamic effect can be observed
(Figure 4a,c,e), which becomes progressively larger with pulse
magnitude. Moreover, this snap-back region is larger for one
domain orientation, versus the other. Presumably, the local
dipoles on both sides of this domain wall have the same
orientations, ultimately enabling preferential domain-wall
motion as illustrated in Figure 4a,ce. In contrast, applying
voltage pulses larger than —5.5 V results in irreversible domain-
wall motion (Figure 4b,d,f).

Next, we examined the distance of domain-wall travel in the
snap-back region, ie, with —2.5, —=3.5, and —4.5 V pulses.
Specifically, the location of each pulse is identified via bright
spots (Figure 4, on-field) and the distance between the
subsequent pulses is calculated, yielding the distance the
domain wall travels per pulse. The results are illustrated
(Figure S) where the superimposed scatter plots indicate the
magnitude of domain-wall motion. Under —2.5 V pulses
(Figure Sa), the metastable domain wall moves uniformly with
an average distance of 18.7 + 4.3 nm. In contrast, applying a
—3.5 V pulse results in substantial metastable domain-wall
motion with the top 10% of distances averaging 42.4 + 7.8 nm,
all located within the domains with the lower energy barrier.
Interestingly, the average distance the entire domain wall
travels during the last pulse is 19.6 + 5.5 nm, similar to the
—2.5 V pulses, suggesting a similar barrier is present when the
domain wall experiences significant bending. A similar behavior
is observed for —4.5 V pulses with the top 10% of domain-wall
motion averaging 70.0 + 27.2 nm.

To explain these observations, we propose that, by
increasing the pulsing density along the domain wall of
interest (for 0°/90° relative orientations), two regimes of

15100

domain-wall motion occur. Below a certain threshold, the inner
local domains with the same dipole orientation move with
strong bending occurring at the domain wall formed at the
opposing dipole orientation (Figure 3d). Upon increasing the
pulse magnitude above the threshold, significant motion and
bending of the local domain wall will cause the extended
domain to collapse, forming a pair of vertical domains (Figure
3e). Correspondingly, one would expect the formed vertical
domains to undergo 90° and 180° polarization rotations to
minimize electrostatic energy.

To gain further insight in these mechanisms, we performed
phase-field simulations of the superstructure where voltage
pulses are applied in a similar fashion. As shown (Figure 6a),
an initial structure consisting of global dipole II+ and II- is
constructed and fully relaxed under a tensile strain of 3%. To
mimic the motion of the tip at the domain boundary, four tips
of 15 nm radius are grouped together and placed at two
positions as indicated (Figure 6a). At tip position 1, when a
pulse of —3.5 V is applied, some mixed domains are formed
near the domain boundary near the tip location along the
domain boundary (Figure 6b). After the bias is turned off, the
domain structure eventually relaxes to its initial state, which is
quite similar to the snap-back phenomenon under the sub-
critical pulse voltages. In contrast, increasing the pulse to =5V
leads to the formation of a pair of global domain II+ inside the
previous region of II-, similar to that under supercritical
voltages (Figure 6d). This global domain II+ is stable and does
not disappear even after the removal of the tip bias. It is
noteworthy that the domain-wall bending seems to also exist in
the local domain (T,+/T,+). To verify this bending effect, the
tip group is placed at tip position 2. Under —3.5 V, it is seen
that that a stronger bending occurs at the domain wall of global
dipole II+ and II- than tip position 1 (Figure 6¢c). The domain-
wall bending results in a thinner local T,+ domain (black,
Figure 6c) than that in the initial structure. Moreover,
increasing the voltage to —5.0 V at tip position 2 also results
in pairs of irreversible global domain II+ due to the stronger
domain-wall bending (Figure 6e). Thus, our phase-field
simulations agree well with the experimental observations. It
is also important to note that the close matching between the
phase-field predictions and the experimentally observed voltage
intervals suggests that experimentally realized conditions are
close to that in the phase-field model, including the absence of
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significant extrinsic pinning. This in turn suggests that the
phase-field models can be used not only for qualitative but also
quantitative descriptions of domain-wall dynamics in complex
structures.

CONCLUSION

To summarize, here we have explored the dynamics of the
domain walls between superdomain bundles in polydomain
ferroelectric materials using an AE approach. Several regimes
of superdomain wall dynamics have been identified, including
smooth domain-wall motion and phase transitions associated
with the significant reconfiguration of domain structures. We
have further demonstrated that microscopic mechanisms of the
domain-wall dynamics can be explored, identified, and
separated from the wall bending and irreversible domain
reconfiguration regimes. More generally, we illustrate that AE
in PEM is a powerful tool for the exploration of the dynamic
and static properties of domain walls and other topological
defects in systems with the complex microstructures. We
believe that this approach will both stimulate the emergence of
predictive phase-field models and provide a framework for
their verification and will ultimately broadly usher automated
experimentation into the field of ferroelectrics and scanning
probe microscopy.

METHODS/EXPERIMENTAL SECTION

Materials. The films studied in this work were produced with
pulsed-laser deposition using a KrF excimer laser (248 nm, LPX 300,
Coherent). The work here focuses on heterostructures of the form
100 nm PbSry,Ti05/30 nm SrRuO;/DyScO; (110) (CrysTec
GmbH). The Pby4Sr,TiO; growth was carried out at a heater
temperature of 625 °C in a dynamic oxygen pressure of 200 mTorr
with a laser fluence of 1.9 J/cm® The laser repetition rates of 10 and 2
Hz were used for the Pb, TiO; ceramic target (Praxair) and the
SrTiO; single crystal target, respectively. The desired composition
was achieved via subunit cell-level material mixing using the
synchronized targets motion and laser pulse sequence. The 10%
excess lead in the Pb, TiO; target was found to be vital to
compensate the lead loss during growth. The SrRuO; growth was
carried out at a heater temperature of 690 °C in a dynamic oxygen
pressure of 100 mTorr with a laser fluence of 1 J/cm? and a laser
repetition rate of 17 Hz from a ceramic target (Praxair) of the same
composition. Following the growth, the samples were cooled to room
temperature at 10 °C/min in a static oxygen pressure of 700 Torr.
The as-grown films were also characterized by X-ray diffraction
including symmetric 6-20 line scans, rocking curves, and 2D
reciprocal space mapping (RSM) studies using a high-resolution X-
ray diffraction (XRD) X’pert Pro2, PANalytical system (see
Supporting Information Figure S1). All films studied herein were
found to be highly crystalline and fully epitaxial.

Instrumentation. FerroBot measurements were employed via an
Oxford Instruments Asylum Research Cypher atomic force micros-
copy modified for real-time manipulation. Signal processing and real
time domain manipulation were driven by a coupled National
Instruments USB-7856R multifunctional RIO and Stanford Research
Systems RF lock-in amplifier (model SR844). Specifically, FerroBot
was set to trigger under a negative to positive phase switch, resulting
in a user-defined voltage pulse being applied to the AFM tip. All
experiments used Budget Sensor Multi7SE-G Cr/Pt coated AFM
probes (~3 N/m).

Phase-Field Simulation. In the phase-field simulation, we choose
PbTiO; as our model system. This is because the simulated
equilibrium domain structure using energy coeflicients of PbTiO;
yield the best agreement with the experiments.*® The polarization
vector P, = (P,, P, P,) is employed as the order parameter to describe
the ferroelectric state in the ferroelectric thin film. The temporal
evolution of P, is determined by minimizing the total free energy (F)
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with respect to P; via numerically solving the time-dependent
Landau—Ginzburg—Devonshire (LGD) equations*”

OF
SP(x, t)

i

()Pt(x, t) _
ot

, (i=1~3)

(1)

where x is the spatial position, ¢ is time, and L is the kinetic coefficient
related to the domain-wall mobility. The total free energy of the thin
film includes the Landau, gradient, elastic, and electrostatic energies,
which can be written as

F= [ ®) + B + [ (B ) + o (B BV
)

where V is the total volume of the system, and ¢; and E; are the
components of strain and electric fields. Detailed expression of each
free energy density in eq 2 can be found in the literature.48_ Equation 1
is numerically solved by a semi-implicit spectral method.*® The total
simulation system is chosen to be 256Ax X 256Ay X 32Az, with Ax =
Ay = Az = 1.0 nm. The thicknesses of the film, the substrate, and the
air are set to be 20Az, 10Az, and 2Az, respectively. The temperature
is 25 °C, and an isotropic relative dielectric constant (k;;) is chosen to
be 50. The gradient energy coefficients are set to be G;,/G;;o = 0.6,
while Gy = 1.73 X 107" C™>m*N. The substrate strain is set to be
3% to keep the global II+/II- structure stable. The Landau
coeflicients, electrostrictive coefficients, and elastic-compliance
constants are collected from ref 48.

To simulate the effect of a local scanning probe tip, we define the
electrical potential distribution®' induced by the tip group on the top
surface of the ferroelectric thin film as

3/2
(x—x)+ G- +7 3)

in which ¢, is the tip bias, (x; y;) is the position of the ith tip in the
tip group, 4 means 4 tips in the tip group, and y is the half-width half
magnitude of the tip. Here, we choose y = 15 nm together with the tip
group to mimic the scanning process of the tip on the domain
boundary. The ferroelectric thin film is grounded on the bottom
surface.

b(x,3) = ). ¢,

i=1
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