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Heterogeneous ferroelastic transition that produces hierarchical 90° tetragonal nanodomains via
mechanical loading and its effect on facilitating ferroelectric domain switching in relaxor-based ferro-
electrics were explored. Combining in sifu electron microscopy characterization and phase-field modeling,
we reveal the nature of the transition process and discover that the transition lowers by 40% the electrical
loading threshold needed for ferroelectric domain switching. Our results advance the fundamental

understanding of ferroelectric domain switching behavior.
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Ferroelectric materials, exhibiting intrinsic coupling of
spontaneous polarization and strain, have been extensively
investigated for their critical applications in next-generation
logical devices, nonvolatile memories, actuators, and sen-
sors [1-5]. A low-threshold field for ferroelectric domain
switching is important for advanced applications for low
energy consumption. Lowering the threshold field requires
a comprehensive understanding of domain switching
kinetics under external stimuli, including temperature
[6,7], electrical bias [8—14], and/or mechanical stress
[15—-17]. Recent investigations demonstrated that domain
orientation has significant effects on the polarization
hysteresis, coercive field, remanent polarization, and
dielectric and piezoelectric properties of ferroelectric mate-
rials under electrical bias stimulation [18—20]. These effects
can result from the fact that the nucleation barrier of
ferroelastic domain walls is small along some specific
directions, leading to a high density of ferroelastic domain
walls that promotes ferroelastic transition and, conse-
quently, facilitate ferroelectric transition [13].

Previous investigations of domain switching kinetics
were usually conducted using epitaxial ferroelectric films
[21-23]. While ferroelectric switching in the film can be
facilitated by ferroelastic transition, it usually requires
delicate selection of a crystalline direction and proper
design of the epitaxial ferroelectric films [18,21], including
the selection of the substrate and film materials and film
thickness. Further, the motion of the ferroelastic domain
walls in epitaxial thin films is usually restricted by the
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elastic constraint of the substrate that limits the ferroelastic
transition [24]. In bulk ferroelectric materials without
constraint by any substrate, the formation of freely mobile
ferroelastic domain walls requires relatively low energy,
making it possible to promote ferroelectric switching
via ferroelastic transition [25,26]. Therefore, it will be of
significant interest to explore a controllable way of
manipulating a high density of freely mobile ferroelastic
domain walls and to understand the microscopic mecha-
nism of the interaction of ferroelastic and ferroelectric
switching in bulk ferroelectrics.

Recent development in in situ transmission electron
microscopy (TEM) has provided a platform for applying
simultaneously multiple stimuli on micro- and nanoscale
specimens [8,24,27], measuring their physical and
mechanical properties, and studying the structural evolu-
tions under the external stimuli. This makes it possible to
conduct a real-time examination of polarization switching.
In this Letter, we applied in siftu TEM and phase-field
modeling to investigate a heterogeneous ferroelastic tran-
sition process (coexistence of ferroelastic nano- and micro-
domains) by applying mechanical loading and to explore
its significant impact on assisting ferroelectric transition
under simultaneous mechanical and electrical loading
in Pb (Mg1/3Nb2/3>O3—38%PbTIO3 (PMN—38%PT) Slngle
crystals with tetragonal domains [28] at room temperature.
The formation of a high density of tetragonal domains in
normal ferroelectrics usually requires biaxial constraint in
thin films [27,29]. This limits significantly the motion of
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(a) Schematic diagram of the experimental setup. A bulk PMN-38%PT matrix with thin pillars was fixed on a grounded Cu

platform using Pt deposition. A conductive tip connected to the electrical characterization module (ECM) acts as an indenter and electro
for mechanical and electrical loading. The actual allocation of the pillar and the tip was captured in the enlarged TEM image. (b) A dark-
field TEM image and an STEM-HAADF image showing a head-to-tail tetragonal domain configuration across a domain boundary as
indicated in the green box. The domain wall is indicated using the blue line while polarizations are indicated using large purple and
yellow vectors. The inset purple and yellow boxes show the enlarged polarizations in the P§ and P] domain area, respectively.

ferroelastic domain walls. For relaxor-based ferroelectric
PMN-38%PT, the energy barriers for domain nucleation
and motion within tetragonal domains are expected to be
significantly lower than those of normal ferroelectrics, e.g.,
PbTiO; and PbZr,,Tijg03, because it is close to the
morphotropic phase boundary of PMN-xPT [26]. As a
result, it is possible to have a high density of
90° ferroelastic domains in a PMN-38%PT single crystal
without being biaxially constrained in thin films. Our
phase-field simulations and in siftu TEM observations
demonstrated a decreased threshold value of external
electric field for ferroelectric switching through the
manipulation of ferroelastic 90° nanodomains by mechani-
cal loading. These results significantly advance our funda-
mental understanding on how mechanical loading assists
polarization reversal and provide a new way for the
manipulation of a high density of mobile ferroelastic
domain walls in bulk single crystals.

Figure 1(a) presents a schematic of the in situ exper-
imental setup. A bulk PMN-38%PT single crystal was
fixed on a Cu base using Pt deposition. Multiple
PMN-38%PT pillars with dimensions of 2.0 ym x
1.3 ym x 0.08 um (length x width x thickness) were pro-
duced using mechanical grinding followed by focused
ion-beam processing. In situ mechanical and electrical
stimuli were applied by a conductive probe in TEM. The
Cu base acted as one electrode and the conductive probe
as the other electrode. A typical domain configuration
observed from a pillar is presented in Fig. 1(b).
Lamellarlike domains with bandwidths of hundreds of
nanometers in 45° inclination were found in the pillar.
The atomic-resolution scanning TEM (STEM) high-angle
annular dark-field (HAADF) technique was used to image
polarization directions and domain wall structures.
Figure 1(b) shows an example of an HAADF image in
which a domain wall that separates the head-to-tail
tetragonal domains was marked by a blue solid line.

All domains in the pillar were examined, confirming the
overall head-to-tail domain orientation in the pillar.

In this Letter, tetragonal domains with polarization along
the positive and negative [100], [010], and [001] axes are
referred to as P{, P; Py, Py; and P§, P3, respectively.
Through the measurement of the displacement between
Pb cations and their surrounding Mg/Nb/Ti cations in the
HAADF image in Fig. 1(b)[30], the polarizations of the
domains on the left (P5) and right (P7) sides of the domain
wall were determined pointing towards [001] and [100],
respectively [see the details in the enlarged purple and
orange boxes in Fig. 1(b)]. The structure of the alternating
head-to-tail 90° domains with straight P; -P; domain walls
inside the initial domain configuration in this PMN-38%PT
single crystal pillar is, therefore, identified.

Domain switching processes in the PMN-38%PT single
crystal pillar under separately applied electrical or mechani-
cal loadings were investigated. To simplify the discussion,
details of the electrical loading effect are presented in the
Supplemental Material S1 [31]. Electrical loading led to 180°
ferroelectric domain reversal in the tetragonal microdomains
but did not alter the ferroelastic domain structure. Generally,
the nucleation energy barrier of ferroelastic 90° domain walls
is lower than that of ferroelectric 180° domain walls in single
crystals without a significant pinning force to 90° domain
walls [13,43]. However, our experimental results shown in
S1 suggested a ferroelectric switching rather than the motion
of ferroelastic domain walls. Therefore, there could be a
relatively strong pinning effect to the ferroelastic micro-
domain walls in the present PMN-38%PT single crystal,
which would originate from the existence of oxygen
vacancy, topological defects, or compositional variation in
relaxor-based ferroelectrics [44-47].

Domain switching under mechanical loading presents
a markedly different picture from electrical loading.
Figures 2(a)-2(e), which are extracted from Supplemental
Material, movie 1 [31], show the evolution of domain
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(a)-(e) A series of images showing the evolution of ferroelastic domains under mechanical excitation. At the bottom of each

image is the schematic drawing of the domain structure in the area within the green box indicated in (a). (f) Schematic of the introduction
of four possible types of polarization by applying compression along [001] to the original polarization along [001]. (g) A load or bias
versus time curve showing the real-time application of mechanical load with zero bias. Labels (a) to (e) correspond to the image order

from (a) to (e) and indicate their relative position in the curve.

configurations during a mechanical loading cycle [Fig. 2(g)].
The domain configurations in the green box area [see
Fig. 2(a)] at different stress stages are schematically illus-
trated in the lower part of Figs. 2(a)-2(e). The initial domain
configuration with alternate P§ and P; domains is shown
in Fig. 2(a). At the stress level of 8.6 MPa, some straight
nanobands with the orientation perpendicular to the original
P -P; domain wall formed, as indicated by the white arrow
in Fig. 2(b).

Analysis of the newly formed structures (see
Supplemental Material [31], S2) indicates that the straight
bands are new P; domains with a charge neutral head-to-
tail 90° P§-P{ wall perpendicular to the original micro-
domain walls as illustrated in the lower part of Fig. 2(b) in
red. Upon increasing the stress to 55.8 MPa, straight bands
with orientation parallel to the original microdomain walls
formed as shown in Fig. 2(c). The straight nanobands
parallel to the microdomain walls are newly switched P}
domains with P{-P; domain walls. Our experimental
results show that the original microdomain wall positions,
as indicated by the dotted lines in the lower part of Fig. 2(c),
shifted slightly through shrinkage of the P; domains.
While the motion of the microdomain walls is limited
with further increasing the stress, the density of new
nanodomains increased dramatically [Fig. 2(d)]. Once

the external stress was removed, the switched domain fully
reversed where the new nanodomains disappeared and the
microdomain walls returned to their original positions
[Fig. 2(e)]. Note that the original P; domains remained
unchanged during the mechanical loading cycle, because
P7 domains are the favorable ones under compression
along [001] as schematically shown in Fig. 2(f). Since the
pillar was close to a two-dimensional material with
significant (010) surfaces, the polarization switching to
P3 and P; would induce significant electrostatic field,
which is not favorable and, therefore, was not detected in
the experiment. Figure 2(g) shows the corresponding
loading stress-time curve. Because the loading and unload-
ing processes were displacement control with a constant
displacement rate, the approximate linear stress-time curve
for approaching and retraction indicates that the deforma-
tion process of the pillar was elastic without obvious
bending.

The application of mechanical loading significantly
modified the domain orientation, which could affect the
electrical poling process. Macroscopic studies on mechanical
loading with electrical poling [48] reported that the electric-
field—polarization hysteresis as well as the ferroelectric
properties are completely different from the ones with
electrical poling only. Such difference is significant when
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FIG. 3.

Phase-field simulation and calculation on kinetic domain transformation in PMN-38%PT single crystal. (a) Predicted

ferroelastic energy of tetragonal domains in a PMN-38%PT single crystal. Two local minimum points in the wavy red curve represent
the ferroelastic energy for a constrained ¢ domain and @ domain, respectively. The local maximum in the middle of the red curve
represents the energy required (energy barrier) for rotating a single ¢ domain to an a domain. (b),(c),(d) Domain transition under
electrical loading only, mechanical loading only, and combined mechanical and electrical loading, respectively.

the compressive stress is larger than 20 MPa. A possible
mechanism was proposed that all P{ domains were con-
verted to a single P; domain through the motion of the
original P§-P| microdomain walls with mechanical loading
over 20 MPa [48,49]. However, our experimental results
showed otherwise. With the pinned ferroelastic microdomain
walls and relatively low energy barriers for domain nucle-
ation and motion within microdomains, compressive stress
favored the formation of a high density of ferroelastic 90°
nanodomains inside the P3+ microdomains, indicating that
the difference in electrical poling dynamic is due to the
formation of 90° nanodomains.

Figure 3 presents results of the phase-field calculations
and simulations on the domain transition kinetics in a
PMN-38%PT single crystal under different loading con-
ditions. In order to demonstrate the pinning effect of
microdomain walls on domain transition kinetics, we first
calculated the ferroelastic energy of tetragonal domains

with and without constraint (details of the phase-field
calculations and simulations are described in Supplemental
Material [31]). Figure 3(a) shows that while the ferroelastic
energy for a ¢ domain remains the same, the ferroelastic
energy barrier for rotating a single ¢ domain (P; domian) to
an a domain (P; domian) with constraint is 1 order of
magnitude larger than that without constraint. Therefore,
the elastic energy can be easily relaxed when the micro-
domain is not constrained by neighboring domain walls.
In contrast, domain transition in a P;r microdomain,
whose elastic expansion or contraction along [100] is
constrained by the pinned P3-P; microdomain walls,
occurs via the formation of intermediate ferroelastic
domains. The large elastic energy barrier for the con-
straint situation not only leads to the formation of an
intermediate ferroelastic 90° domain structure but also
presents an approach for reversible ferroelastic switching
after external mechanical stress is removed.
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When only an electrical loading is applied to a single P;
domain, ferroelectric 180° domain switching (Pgr to P3)
occurs [Fig. 3(b)], which requires little elastic energy
change. When only mechanical stress is applied, multiple
ferroelastic 90° P, domains are produced in the pillar as
shown in Fig. 3(c). If the compression is removed, most P
domains rotate back to the original tetragonal P domain,
demonstrating the reversible ferroelastic domain transition,
which is consistent with the experimental observation
shown in Fig. 2 and the calculated ferroelastic energy
barrier presented in Fig. 3(a).

The above simulation results explain very well the
formation of the 90° tetragonal nanodomains shown in
Fig. 2. During the mechanical loading, the motion of
microdomain walls is limited by the pinning effects,
leading to constraint on P§ microdomains. The resulting
significant elastic energy tends to be released instantly
through the formation of multiple nanosized P; domains.

Figure 3(d) presents the effect of the formation of
ferroelastic nanodomains on ferroelectric switching under
combined mechanical and electrical loading by phase-field
simulations. The initial state was the stable domain struc-
ture under mechanical loading shown in Fig. 3(c). Keeping
the same mechanical loading, electrical loading was
applied along the P53 direction, resulting in a fundamentally
different domain switching evolution. Instead of rotating
towards the poling direction, tetragonal domains rotate 90°
only, i.e.,Py — Py, P{ — P35, and Py — P5. With com-
bined mechanical and electrical loadings, the ferroelectric
switching proceeds via ferroelastic domain transition, and
all domain walls keep charge neutral, which minimizes
electrostatic fields.

The 90° domain switching with the assistance of
high-density 90° tetragonal nanodomains is revealed by
phase-field simulations for combined electrical and
mechanical loading. An in situ TEM study on the domain
switching process under combined mechanical and elec-
trical loading was also conducted to confirm the phase-
field prediction. The combined loading was applied to the
same pillar used in Fig. S1 [31]. A negative bias of —4 V
was first applied to completely recover the initial domain
structures shown in Fig. Sla (see Supplemental Material
[31], S4) and Fig. 4(a). Then, mechanical loading of
190 MPa along the [001] direction was applied, forming
two new types of 90° nanodomain walls as shown in
Fig. 4(b). The mechanical stress was maintained during
the subsequent electrical loading process. The domain
structures in each distinct domain subband type shown
in Figs. 4(a)-4(d) were presented schematically in
Figs. 4(e)-4(1).

At the initial state [Fig. 4(a)], the domain subband in area
(e) is up-poled (P3+). With the mechanical stress, parts of
P7 rotate to P} [with P7-P{ domain walls in ()] and Py
[with P§-P7 domain walls in (g)]. By applying +3 V
electrical bias while keeping the same mechanical loading

[Fig. 4(c)], 90° reorientation of domain boundaries
occurred in both the (h) and (i) domain subbands, while
the domain boundaries in (j) did not change. The 90°
domain wall rotation from (f) and (g) to (h) and (i),
respectively, are intermediate states that facilitate the whole
180° domain wall rotation by electric loading under
mechanical loading. Without mechanical loading, such
90° domain wall rotation would occur only when the
electrical poling is along the [111] direction [18].

Such interesting continuous rotation of 90° tetragonal
nanodomain structure under combined electrical and
mechanical excitations is closely related to the ferroelastic
transition. Without mechanical loading, 180° domain
reversal takes place with the formation of charge neutral
180° domain walls. Surprisingly, it is found that (f) rotates
90° to (h) when an electrical bias is applied as shown in
Fig. 4(c). Similarly, (g) rotates 90° to (i) [Fig. 4(c)] followed
by another 90° domain wall rotation to (k) with the increase
of the bias [Fig. 4(d)]. According to the phase-field
simulations shown in Fig. 3(d), the (g) state rotating to
the (k) state via orthorhombic domains is an energetically
favorable path when only charge neutral domain walls
exist. However, accompanying with the existence of the
pinned neighboring P domain, the P -P (g) nanodomain
walls energetically prefers rotating 90° [to (i)] towards Py
before reaching the energetically favorable state (k). Once
the state (k) is stabilized, the significantly charged domain
wall between (k) and the original P7 microdomain will
rotate the neighboring Py domains to P;. The transition
from (f) to (h) is also attributed to the same reason, in which
the neighbor switched Pl+ domain stabilized the (h) state,
making it difficult to rotate again. This is confirmed from
the switching process in Fig. 4 that the neighboring 180°
P7-P; domain wall, indicated by white arrow in Fig. 4(d),
keeps the same pace with the production of stable P5-P{
domain structure [(h) and (k)]. It is also noted that such
stable 90° nanodomain structure (P5-P}) is consistent with
our phase-field simulation results. Further increasing the
electric field would ultimately lead to (1) — (m) switching.

Since ferroelastic switching requires less external
energy than ferroelectric switching [43,50], electronic
devices that realize ferroelectric switching via controllable
ferroelastic transition are more energy efficient. The
length of switched domains is an important parameter
for examining ferroelectric properties, including coercive
field, remanent polarization, and the electromechanical
coupling factor [51]. Figure 4(n) shows the length of
switched domains as a function of electric bias. The
maximum switched P3 domain length for combined
electrical and mechanical loadings was significantly larger
than that without mechanical loading. The domain switch-
ing was initiated at bias of +2 and +3.2 V, respectively,
for the situations with and without mechanical loading.
The former is surprisingly ~40% lower than the latter.
Nevertheless, the switched Pl+ domain lengths (inset
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(a)—(d) A series of experimental images (extracted from the Supplemental Material [31], movie 3) showing the evolution of

ferroelastic domains under electrical loading with mechanical loading. The 180° ferroelectric domain wall P{-Py is indicated by the
white arrow in (d). (e)—(k) illustrations of the switching process in an originally P3+ microdomain, for the initial state (e), mechanical
loading only (f),(g), low electrical bias with mechanical loading (h)—(j), high electrical bias with mechanical loading (k),(l), and
predicted higher electric bias with mechanical loading (m). (n) Switched domain length verses bias graph comparing the domain
switching capabilities of electrical loading with and without mechanical loading in P; microdomains and P microdomains

(the inset graph).

graph) were almost identical for both cases because there
was no switching assistance from 90° nanodomains in the
P7 microdomains.

In summary, our in situ electron microscopy experi-
ments and phase-field simulations revealed the domain
switching processes of ferroelectric PMN-38%PT single
crystals under different external loading conditions.
Hierarchical ferroelastic domain transition was found
when significant mechanical stress was applied. Phase-
field simulations confirmed the experimental observations
that the 90° ferroelastic transition takes place under
electrical poling with mechanical loading, while 180°
tetragonal microdomain reversal occurs under electrical
loading without mechanical loading. The formation of 90°
nanodomains assists ferroelectric domain switching and
reduces the threshold field for the domain switching by
40%, indicating the unique role mechanical loading plays
during the electrical poling. This study provides new

insights into achieving a controllable ferroelastic transi-
tion to facilitate ferroelectric switching in bulk ferroelec-
tric materials.
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