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ABSTRACT

Reversible switching of non-180° ferroelastic domains that largely alters the local strain distribution
enables many electromechanical, electromagnetic and electroacoustic applications. However, in thin
films, the ferroelastic domain walls are usually believed to be immobile because of the interface clamping
and/or dislocation pinning. Here, using in situ and aberration-corrected transmission electron micro-
scopy, we directly observe reversible switching of individual 90° domains in dislocation-free PbTiO3 thin
films and uncover the weakened interface clamping effect. We find the tetragonality is suppressed to
~1.017 while the polarization vectors rotate 45° in the a-domain near the interface. These huge structural
distortions at the interface is mainly responsible for the weakened clamping effect and thus the ability to
switch ferroelastic domains. The switching is fully reversible (i.e., either electric field or mechanical
stress can re-establish the erased domain) regardless of polarization orientation of the c-domain matrix.
Phase-field modeling also shows excellent agreement with experimental observations. Our study reveals
the mechanism of controllable and reversible ferroelastic domain switching, enabling the design of new
actuators, sensors, and electromagnetic devices.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

i.e., mobile ferroelastic domain walls can significantly enhance the
dielectric permittivity and piezoelectric response of ferroelectric

In ferroelectrics, ferroelastic domain walls are characterized by a
rotation of both crystallographic unit cells and polarization di-
rections. The intrinsic coupling between strain and polarization
charge of ferroelastic domains results in numerous interesting
phenomena and unique applications in actuators, sensors, and
nanoelectronics [1—6]. These applications usually appreciate the
ability to manipulate ferroelastic domains under external stimuli,
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materials [7—9], and switching of ferroelastic domains is vital in
manipulating magnetoelectric coupling along multiferroic hetero-
interfaces [10,11].

However, ferroelastic domains in thin films are usually not
switchable due to the interface clamping and/or dislocation pining
[10,12—15]. The latter can be understood by the fact of a strong
coupling between the ferroelastic domain walls and the intrinsic
strain fields induced by dislocations [12,14]. Since dislocations are
typically inactive under electric fields, the motion of dislocation
pinned ferroelastic domain walls requires atom rearrangement, and
is thus energetically costly and very difficult [13]. Indeed, the
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electron microscopy studies confirmed that in most Pb(Zr, Ti)O3
thin films edge dislocations are observed near 90° domain walls
[14,16], and these domain walls are immobile under an electric field
[17]. Although a reversible switching of needle-like ferroelastic
domains was demonstrated in thin films [5,16], such switching
behavior is only spring-like, i.e., after removal of the external fields,
the needle-like ferroelastic domain returns to the initial state
because a moderate external field cannot overcome the pinning
from dislocations [16].

The effect of interface clamping on mobility and immobility of
ferroelastic domain walls, is still not well understood. Many studies
demonstrated that the interface between ferroelectrics and sub-
strates hinders the ferroelastic domain wall motion [15,18,19], and
it is believed that a huge strain redistribution is required at the
ferroelectric-substrate interface during switching of ferroelastic
domains, which should also be energetically expensive and unfa-
vorable. Nevertheless, a few recent works reported mobile ferroe-
lastic domains in dislocation-free PbTiO3 films on a DyScOs3
substrate could be erased and created by an electric field [9,20,21]
even without any energetically active needle-point (that plays a
critical role in the nucleation of ferroelastic domains [16]). These
results indicate that the interface clamping may be not as strong as
the commonly believed, and the underlying mechanism for fer-
roelastic domain switching remains unclear, which motivates the
present study of probing the atomic structure evolution during
ferroelastic domain switching in ferroelectric thin films.

Here, we directly observe the reversible switching process of an
individual ferroelastic domain and demonstrate the weakened
interface clamping at atomic scale by combining the in situ trans-
mission electron microscopy (TEM) probe technique [22—24], with
quantitative image analysis [25,26]. We provide direct evidence for
reversible ferroelastic domain switching under external electric
fields in PbTiOs films regardless the polarization orientation of the
c-domain matrix (c-domains possess polarization oriented out of
the plane of the film; while a-domains, also known as ferroelastic
domains possess polarization oriented in the plane of the film). The
atomically mapped polarization shows that the polar vectors near
the interface in the a-domain are rotated ~45° deviating from the
equilibrium orientation, while the tetragonality of the a-domain
becomes significantly suppressed to ~1.017at the interface
compared to 1.055 in the interior. We also performed phase-field
simulations which are in excellent agreement with experimental
observations and the results suggest that the rotated polarization at
the interface originates from anisotropic in-plane misfit strain.
Such an interfacial layer with a huge structure distortion acts as an
intermediate zone to adopt a dramatic strain change across the
interface, eliminating strong clamping effects of the interface on
the ferroelastic domain switching. Moreover, the switching of fer-
roelastic domains is fully reversible, i.e., either an electric field or a
mechanical stress can re-establish the erased ferroelastic domains.
Our study clarifies the effects of the interface on ferroelastic
domain switching and reveals the mechanism of domain wall
motion. The ability to reversibly switch ferroelastic domains is
believed to enhance the electromechanical response and enables
new functional devices such as actuators and sensors.

2. Experimental procedures
2.1. Preparation of PbTiOs3 films

The 100-nm-thick PbTiOs3 thin films were grown on single
crystal (110)o DyScO;3 substrates buffered with ~50-nm-thick
SrRuO3 electrodes using pulsed laser deposition method. A KrF
excimer laser (A =248 nm) was focused on the targets with an
energy density of ~2.5 mJ/cm? and repetition rate of 10 Hz. During

the growth of the SrRuOs, the temperature and the oxygen pressure
were kept at 700 °C and 100 mTorr, respectively. To avoid the easy
evaporation of the lead in PbTiOs thin film at high temperature, the
target with 5% excess lead was used and the temperature for the
subsequent growth of PbTiO3 thin film was decreased to 650 °C at
the same oxygen atmosphere. After the deposition process, an in
situ post annealing process with the same temperature and high
oxygen pressure environment of ~300 Torr for 30 min was adopted
to effectively eliminate the oxygen vacancies of the sample. Finally,
the sample was slowly cooled down to room temperature with a
ramp rate of 5 °C/min.

2.2. TEM sample preparation and TEM test

The cross-sectional TEM samples were prepared by conven-
tional mechanical polishing and followed by argon ion milling in a
Precision Ion Polishing System 691 (Gatan). lon milling procedure
consists of two steps. In the first stage of coarse milling, the guns
were at 4 keV with angles 6° and —6°. In the following condition,
the guns were set at 1 keV for 5 min with angles of 3° and —3°, and
further lowered to 0.1 keV for 2 min for final surface cleaning.
Diffraction contrast TEM experiments were carried out using Tecnai
F20 microscope (FEI) where samples were tilted off the zone axis
and imaged in the bright field or dark field with two-beam align-
ment condition using a (200) g vector. High-angle annular dark
field (HAADF) images used in this work were obtained from an
aberration-corrected FEI Titan Themis G2 micorscope operating at
300 kV. Atom positions were determined by simultaneously fitting
two-dimensional Gaussian peaks to a perovskite unit cell using a
home-developed code running in MatLab R2011a. Polar displace-
ments of the Pb cations were measured relative to the centre of the
surrounding Ti cations in HAADF-STEM images. Geometric phase
analysis (GPA) was performed using a free FRWRtools plugin for
Digital Micrograph based on the original work by Hytch et al. [27].

2.3. Phase-field simulations

The phase-field method has been extensively used to model
domain formation and transition under external stimuli in various
ferroelectric systems [28]. The temporal evolution of polarization
vector field P is obtained by solving the time-dependent Ginzburg-
Landau (TDGL) equation, i.e.,
oP; OF

ot Lapy

i=1,2,3 (1)
where F is the volume integral of the total free energy of the system
consisting of contributions from bulk, elastic, electric, and gradient
energies. Explicit expressions of each term in F can be found in our
previous works [29,30]. The TDGL equation is solved in a semi-
implicit Fourier spectral framework using a discrete grid of
128 Ax x 1 Ax x 128 Ax where the grid spacing Ax = 1 nm. Peri-
odical boundary conditions are adopted along the x; and x, axes in
the lateral directions of films while appropriate boundary condi-
tions for elastic and electrical equilibrium equations along the x3
axes in the out-of-plane direction, as described in detail in our
previous publications [29,30]. A thickness of 100 Ax was used to
model the film while 20 Ax to relax the mechanical displacement
into the substrate.

3. Results
3.1. Ferroelastic domain switching

The 100-nm-thick PbTiO3 thin films were deposited on single
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crystal substrates DyScO3 (100)o (the subscript O indicates ortho-
rhombic) which possesses a slight lattice mismatch (~1%) with
PbTiO3 [31—34]. A 50-nm-thick SrRuOs acts as the bottom elec-
trode. Fig. 1a shows a typical a/c domain pattern in PbTiO3 films.
The polarization of embedded a-domains is nearly perpendicular to
that of c-domains as schematically illustrated in Fig. 1b. The elec-
tron diffraction pattern confirms the lattice parameter ratio c/a is
~1.055 (Fig. S1). A typical chronological diffraction contrast TEM
image series in Fig. 1c shows the switching process of a ferroelastic
domain driven by a negative bias (the SrRuO3 electrode is always
grounded). The polarization of c-domain matrix in Fig. 1c is upward
(Fig. S2 and Supplementary movie 1). For ferroelastic domains
embedded within the downward c-domain matrix (Fig. S3),
switching can also be achieved by applying a positive bias in Fig. 1d.
We quantitatively measure the motion of ferroelastic domain walls.
The width and length of a-domain are plotted as a function of
applied voltage in Fig. 1e. The switching process of ferroelastic
domains shows two stages apparently. The first stage is from 0 to
12V in Fig. 1e during which the ferroelastic domain becomes nar-
rower with the increase of the applied voltage. As it shown in
Fig. 1e, the surface, middle and bottom width of the ferroelastic
domain in Fig. 1c decrease at the same pace while the length of the
domain keeps a constant of 140 nm. Unlike the motion of 180°
domain walls that are usually curved and charged under the
external electric field [35], 90° domain walls remain nearly straight
and move in the opposite direction during switching. In the second
stage, the domain length starts to decrease until the whole domain
is switched under 13V. This two-stage switching behavior is
illustrated schematically in Fig. 1f. Although most annihilations of
ferroelastic domain initially occur at the top surface (Fig. 1c and d)
mainly owing to the stronger electric fields near the tip [35],
eradicating from the bottom interface also have been captured from
the same sample (Fig. S4). These results indicate the absence of a
strong clamping at the interface, enabling the switching of ferroe-
lastic domains.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2019.04.003.

3.2. Atomic structure of the a-domain

In order to reveal the mechanism of the absent strong clamping
effect, atomically resolved Z-contrast HAADF images of the interface
are analyzed. The calculated polarization vectors overlaid with the
image are shownin Fig. 2a. No dislocation is observed at the interface.
Unexpectedly, the 45° rotated polarization vector are revealed in a-
domain (Fig. 2a and b), i.e., near the interface in a-domain (zone C),
the polarization orientation significantly deviates from the symme-
try permitted axis and rotates from [100] to [1 OT]pc axis (pc denotes
the pseudo-cubic structure). Polarization rotation of 10°—15° in the c-
domain near ferroelastic domain walls driven by flexoelectric effect
has been reported in a similar system [36,37]. Unlike the previous
studies, in the present case nearly 45° polarization rotation at the a-
domain is due to the anisotropic in-plane misfit strain (stems from
the anisotropic in-plane lattice parameter of a-domain), as suggested
by phase-field simulations (Fig. S5). The simulated polarization
configuration in Fig. 2c shows that the out-of-plane polarization is
reduced in magnitude and the polarization vector rotates toward
direction at the left side (obtuse corner) of the a-domain which is in
excellent agreement with the experimental observations.

The in-plane and out-of-plane lattice parameters are also
mapped at the unit cell scale and carefully calibrated as described in
Table S1 and Fig. S6 to reveal the strain distribution at the interface.
In the a-domain, the in-plane lattice parameter is significantly
suppressed near the interface in Fig. 2d while the out-of-plane
lattice parameter almost remains unchanged in Fig. 2e, and thus
the tetragonality is reduced to ~1.017 near the interface in Fig. 2f.
The thickness of the interfacial region with a suppressed tetra-
gonality is ~14 unit cells, wherein the lattice c (in-plane) is gradu-
ally reduced from 415 pm to 402 pm at the interface in Fig. 2g. The
compression of lattice ¢ arises from that DyScOs; has smaller in-
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Fig. 1. Domain structure and electric field induced switching of an individual a-domain. (a) A STEM image of PbTiO5 thin films grown on DyScO; with 50-nm-thick SrRuO;
electrodes. (b) Schematics of the unit cells in c-domain with out-of-plane polarization and in a-domain with in-plane polarization. (c) A chronological TEM dark-field image series
depicting the switching process of an a-domain under negative voltage. (d) A chronological TEM dark-field image series depicting the switching process of an a-domain under
positive voltage. The SrRuOjs electrode is grounded. (e) The width and length of a-domain as a function of applied voltage. The width of a-domain in the bottom, middle and surface
corresponding to the three marked arrows in (c). The dark circle shows the length of a-domain. (f) Schematic illustration of the two-stage switching process of an individual

ferroelastic domain driven by electric fields.
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Fig. 2. Atomic structure of the a-domain. (a) An atomically resolved HAADF-STEM image of an a-domain in PbTiO3 films overlaid with atomic displacement vectors. (b) Enlarged
PbTiO5 unit cells are averaged from the three marked areas in (a). (c) Phase-field modeling of polarization arrangements of the a-domain. (d) In-plane, (e) out-of-plane lattice
parameters, and (f) c/a ratio maps of c/a/c domains. The SrRuOs electrode is indicated by a gray rectangular. (g) Profiles of the in-plane and out-of-plane lattice parameters in a-
domain corresponding to the marked areas in (c) and (d). The inset indicates the reduced lattice ¢ in a-domain. The error bar is the standard deviation (s.d.). (h) Simulate out-of-

plane normal strain around the a-domain.

plane lattice parameters (396 pm) compared with the lattice ¢ of
the a-domain in PbTiO3 (416 pm) [31—34]. In addition, the lattice
distortion also occurs in the c-domains. In Fig. 2e, the out-of-plane
lattice parameter of the left c-domain is compressed while the right
one is elongated which is further confirmed by GPA in Fig. S7. The
simulated out-of-plane normal strain distribution in Fig. 2h also
illustrates the opposite states of strain near the two ferroelastic
domain walls, which matches well with experimental observations.

3.3. Atomic structure of the interface before and after switching

To further reveal the switching characters at an atomic scale, we
perform quantitatively comparison of the atomic structure at the
interface before (Fig. 3a) and after (Fig. 3b) switching. Both the out-
of-plane (Fig. 3c and d) and in-plane (Fig. 3e and f) lattice parame-
ters are mapped respectively. The out-of-plane lattice parameter is
suppressed in the first 12 unit cells in c-domain (left-hand side of
the a-domain) and the reduction of tetragonality is up to 4.2%, as
shown in the marked area in Fig. 3c. The out-of-plane lattice
parameter of the same area is shown in Fig. 3d after switching,
which shows the interfacial layer with suppressed tetragonality
completely disappeared when the ferroelastic domain is switched,
i.e., the as-grown out-of-plane lattice parameter near the interface is
~402 pm before switching while it becomes ~415 pm after switching
in Fig. 3g. Meanwhile, in Fig. 3h the in-plane lattice parameter in the
neighboring c-domain slightly increases (~0.3%) after switching
because the in-plane lattice parameter in the a-domain region is
reduced from pristine lattice c to final lattice a after switching. The
same conclusion is further confirmed by the GPA data (Fig. S8).

3.4. Re-establishment of the a-domain by electric and mechanical
field

Switching of ferroelastic domains is fully reversible under either

an external electric field or a mechanical stress. An a-domain is
firstly erased by an electrical bias (Fig. 1d) and it does not come back
when the voltage is turned off (Fig. 4a). However, once the applied
voltage is reversed, it can be switched back as shown in Fig. 4b
(Supplementary movie 2). Besides electric fields, the mechanical
stress can also bring an erased a-domain back. Fig. 4c shows that
the a-domain is initially erased electrically as shown in Fig. 1c. In
Fig. 4d, the probe acts as an indenter to impose force on the top of
the films and then the ferroelastic domain appears suddenly. Lat-
tice rotation maps of the pristine (Fig. 4e), switched (Fig. 4f) and
recovered (Fig. 4g) states of the a-domain are analyzed for com-
parison. Profiles of lattice rotation in Fig. 4h shows that the
recovered a-domain is almost identical to the pristine state except
for a slight shrinkage from as-grown 43 to 37 unit cells in width.
Furthermore, the recovered a-domain can be switched again under
applied bias (Fig. S9).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2019.04.003.

4. Discussion

Although a certain degree of manipulation of ferroelastic do-
mains in thin films has been achieved and it is already well
accepted that the dislocations show strong pining effects on fer-
roelastic domains motion [12—14], previous studies have not
reached an agreement regarding the effects of interface clamping
on the domain wall mobility, and the underlying mechanisms that
determine the mobility or immobility of ferroelastic domains re-
mains controversial and elusive [4,5,38,39]. From our results, the
mobility of ferroelastic domains in the dislocation-free PbTiOs3 film
originates from the naturally weakened strength of clamping effect
from the interface. Based on the c/a ratio, a ~12.4% change in strain
distribution is expected at the ferroelectric-substrate interface
during switching of ferroelastic domains. In this case, the switching
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Fig. 3. Atomic structure evolution of the interface during switching. (a) and (b) Atomically resolved HAADF-STEM images of the same area at PbTiOs/SrRuOs interface before
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Fig. 4. Recovery of a-domains via electrical and mechanical stimuli. (a) A bright field TEM image of the domain structure. (b) A chronological image series showing the recovery
process of a-domain by electric fields with schematics. (c) A bright field TEM image of the domain structure. The W tip acts as an indenter for mechanical loading. (d) A chro-
nological image series showing the recovery of a-domain under mechanical excitation with schematics. HAADF-STEM images of the pristine (e), switched (f) and recovered (g)
states of a-domain with lattice rotation maps obtained from GPA indicate the locally reversible switching of the individual a-domain. (h) Profiles of lattice rotation corresponding to
the dashed lines in lattice rotation maps. The lattice rotation in c-domain far away from the domain wall is normalized to 0.

process is presumed to be energetically costly and thus unfavor-
able. However, our study shows that the clamping effect is not as
strong as the fundamental belief due to complicated structure
distortion near the interface. Firstly, the atomically mapped strain
distribution shows the in-plane lattice parameter gradually de-
creases from 14th unit cell away from the interface. In this scenario,
only a slight change (~2.6%) is required at the interface during
ferroelastic domain switching. Besides the reduction of tetragon-
ality, the polar vectors deviating from the permitted <001> axis of
tetragonal phase should also be energetically active as the first

principle calculations [4] suggests the most stable polar vectors in
the tetragonal phase should along <001> axis. The electric field
maps in PbTiOs films are provided in Fig. S10. These factors together
weaken the clamping effect, enabling reversible switching of fer-
roelastic domains.

The previously reported switching phenomena of ferroelastic
domains in tetragonal thin films are usually accompanied by the
180° switching [7,21,40]. Such switching behavior is usually irre-
versible and complicated, i.e., electric fields can sometimes erase
the ferroelastic domains but fail to bring them back after reversing
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the external voltage [21,41]. In the present study, no 180° ferro-
electric switching is needed for ferroelastic domain switching. The
reversible switching of a-domain by electric fields can be under-
stood by phenomenological energy barrier type model [20].
Switching results in the increase of the in-plane lattice parameter
in the c-domain as shown in Fig. 3, while during back-switching by
applying a proper stimulus (i.e., reversed electric field or strain
field), the c-domains release their stored elastic energy, bringing
the a-domain back. Note that the a-domains embedded in both of
downward and upward c-domains can be switched which is
important for practical applications.

The ability to controllably and reversibly switch of ferroelastic
domains enables many functions. For example, given 1.055 c/a ratio
of the PbTiO3 unit cell, the electromechanical response would be
comparable to or even more significant than piezoelectrically
induced strain [42,43] if a significant volume fraction of the ferro-
electric film could undergo a ferroelastic transition from a to ¢
orientations. Due to the enhanced conductivity of ferroelastic
domain walls [6], the mobile, writeable, and erasable ferroelastic
domain walls can be used as nanoscale electronic elements for
memories and logic devices. Furthermore, since the ferroelastic
domains also play key roles in the magneto-electric coupling
multiferroic materials and heterostructures [10,11], the switching
of ferroelastic domains enables manipulation of magnetic proper-
ties via electric fields or mechanical stress.

5. Conclusion

In summary, direct observations of reversible 90° ferroelastic
domain switching in PbTiOs films is presented and the underlying
mechanism of domain wall mobility is revealed by in situ and
aberration-corrected TEM combined with phase-field modeling.
We find that the switchability of the ferroelastic domains originates
from the dislocation-free quality of the film and weakened strength
of interface clamping due to the hugely distorted structure, i.e.,
polarization rotation and significantly reduced tetragonality in a-
domain. Phase-field simulation precisely reproduces the polariza-
tion rotation and strain distribution. The switching is fully revers-
ible regardless of polarization orientation in the c-domain matrix,
and either electrical or mechanical stimuli can bring the erased
domain back. The atomic structure evolution during ferroelastic
switching indicates that the interface clamping is not so strong as
the fundamental belief, thus clarifying the controversy in previous
experimental observations. The ability to controllably and revers-
ibly switch ferroelastic domains offers new insights for applications
of ferroelectric thin films in nanosized multifunctional devices.
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