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Editors’ Suggestion

In situ TEM observation of nanodomain mechanics in barium titanate under external loads
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In ferroelectrics, domain walls have significant effects on ferroic properties. The mechanical behavior
of domain walls has been investigated because of its scientific and technological importance. Numerous
experiments and simulations have examined domain walls and their motion under mechanical strain. However,
since nano- and micromechanical testing is challenging, previous studies have mainly involved indirect or
intermittent observations, and there have been few real-time in situ observations. As a result, the mechanism by
which mechanical loads induce wall motion remains elusive. Here, we directly observe stress-induced domain
wall motion in real time by using rationally designed specimens and transmission electron microscopy (TEM).
We imaged the domain walls directly as they moved and disappeared depending on the mechanical conditions
during the experiments. Furthermore, we experimentally determined the mechanical criteria for wall motion.
Our results not only provide fundamental knowledge about ferroelectrics but also provide information on how to

control their dynamics from an engineering standpoint.
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I. INTRODUCTION

Domain walls in ferroelectrics have attracted significant
attention in the field of materials science. Although the walls
compose a nanoscale substructure [1,2], they have significant
effects on ferroic properties such as piezoelectricity and di-
electric properties [3,4]. The study of domain walls has so
far been mainly geared towards enhancing ferroic properties.
Nanodomain engineering to form highly concentrated domain
walls is a promising route to achieving extraordinary device
performance [5-7]. Recently, in addition to these common
properties, the discovery of new functionalities associated
with domain walls, such as conductivity [8,9], multifer-
roic properties [10], and photovoltaic effects, has focused
more and more attention on ferroelectrics [11]. Utilizing
domain walls will be essential for next-generation nanoscale
devices.

In this context, the mechanical behavior of domain walls
under varying mechanical stimulation or loading is a crit-
ical issue. Domain walls are displaced easily by external
mechanical stress, and a number of stress-induced wall mo-
tions have been suggested in the literature. For example,
the stress-strain curve for BaTiO; under compression ex-
hibits plastic-deformation-like behavior at low stress levels,
which can be explained by wall motion [12,13]. Furthermore,
piezoresponse force microscopy has shown displacement of
walls following loading [14,15], and “mechanical writing”
actively utilizes this electromechanical coupling to control
nanodomains [16]. In addition to experiments, a number of
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simulations such as ab initio, molecular dynamics (MD),
and phase-field simulations have demonstrated wall motion
under various stress conditions [17-20]. However, despite its
importance, direct, or real-time, in sifu observation of stress-
induced wall motion has rarely been reported, owing to the
difficulty of controlled nano- and micromechanical testing
[21-24]. Thus, even domain wall motion under tensile loads
has not been fully clarified.

Moreover, the mechanical behavior of a domain wall
cannot be completely understood under homogeneous me-
chanical stress. It has been reported that under spatially
inhomogeneous mechanical conditions, the walls become
curved [25] by, for example, bowing [26]. Characterizing
such behavior is both scientifically and technologically im-
portant since ferroelectrics are starting to be utilized in
flexible devices [27]. However, to our knowledge, there
has so far not been any real-time observation of a curved
wall structure and its evolution under controlled inhomo-
geneous mechanical conditions. Through bending, we can
subject a domain wall to inhomogeneous mechanical stress
with both tensile and compressive components. The gradi-
ent of the stress, that is, inhomogeneity, can be controlled
by the degree of bending. Thus, the development of wall
motion under inhomogeneous mechanical conditions can be
investigated by bending, although this is challenging at the
nanoscale.

Here, by fabricating rationally designed shapes from
BaTiO3, we have been able to control tensile and bending
conditions at the nanoscale and directly observe 90° domain
wall motion by transmission electron microscopy (TEM).
Moreover, by capturing the very moment when a wall begins
to move in real time, we can identify the mechanical criterion.
Not only do our results provide fundamental knowledge about
ferroelectrics, but they also contribute to nanoengineering
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FIG. 1. (a) Schematics of the designed tensile and bending tests. (al) Tensile test: opening displacement § is applied by inserting the tip,
and the thinned part undergoes tension. (a2) Bending test: on pushing the tip, the loading point is displaced by u, and u,, and the thinned part
undergoes bending. (b) SEM and TEM dark-field images of specimens A, B, and C after fabrication and annealing. The diffraction patterns

indicate the selected diffraction spots.

applications that require wall motion control, i.e., wall-based
nanodevices.

II. RESULTS AND DISCUSSION

Figure 1(a) shows schematics of the tensile and bend-
ing tests conducted using a double-cantilever beam with a
thinned central part [28]. By inserting a truncated square-
pyramid-type indenter between the two beams, an opening
displacement § is applied, and the thinned sections undergo
a tensile load, as shown in Fig. 1(al). In the bending test,
the bottom part of the thinned section is cut out, and two
notches are introduced in the beams. By pushing the top of
the beam, the loading point is displaced by (u,, —u,) from its
original position, and bending is applied to the thinned part
[Fig. 1(a2)]. Figure 1(b) shows scanning electron microscopy
(SEM) and dark-field TEM images of specimens A, B, and
C, fabricated from BaTiO;3 using a focused ion beam (see
Supplemental Material S1 [29]). Here, specimens A and B
are specimens for tensile testing, and the crystal orientation

of specimen B is rotated by 45° with respect to specimen A.
Specimen C is for the bending test without a rotation of crystal
orientation. The nanostripes seen at the top of specimens A,
B, and C are thought to represent 90° domains [30-33]. There
are split spots in the diffraction patterns (Fig. S1.3.1), whose
splitting direction is diagonal to the diffraction lattice. This
corroborates our conclusion that we are seeing 90° domains,
based on the TEM study of BaTiO3; by Hu er al. [34]. We label
each domain in specimens A and C and each domain wall in
specimen B, as shown in Figs. 1(b1)-1(b3).

Figure 2(a) shows dark-field TEM images of specimen
A during loading (Supplemental Material S2 and Movie 1
[29]) and schematics where the domain outlines are deter-
mined by visual inspection. The double beam is gradually
opened, and the walls of domain D4 begin to move. We define
the beginning of motion as the time at which the wall is
displaced by about 5 nm from its original position. Follow-
ing the motion of domain D4, other walls begin to move
as well [Fig. 2(a2)]. Finite-element method (FEM) analysis
with an opening displacement § shows that the thinned part
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FIG. 2. (a) TEM dark-field images and schematics of specimen A under loading. We calculate the global strain €2°° the thinned part
undergoes by dividing the change in length at the top of the thinned part by the initial length. (b) Phase-field modeling and calculation of
domain motion under tension. Contour color and arrow indicate the direction of polarization P.

is under x directional tensile strain ( Supplemental Mate-
rial S3 [29]). Table I lists the local strain and stress that
each domain wall undergoes when it begins to move. We
obtain €% = 0.10% =+ 0.03% and 0/ = 111 =+ 34 MPa,
respectively. With increasing load, domain D6 disappears
in a snapping manner [Fig. 2(a3)]. Then, D5, D1, D3, D4,
and D2 disappear one by one [Figs. 2(a4), 2(a5), 2(a6),
2(a7), and 2(a8)]. As a result, a single domain covers the
entire thinned area of the specimen. To elucidate the above
behavior, we performed phase-field simulations (Supplemen-
tal Material S4 [29]) [35]. Figure 2(b) shows the domain
behavior under a tensile strain lateral to the domains. With
increasing strain, the domain walls gradually move, which
corresponds to the behavior of specimen A. Finally, the total
polarization points in the same direction, and the domain

structures disappear. This simulation proves that the behav-
ior of specimen A represents stress-induced domain wall
motion.

Specimen B exhibits a completely different behavior
(Fig. 3(a) and Supplemental Material, Movie 2 [29]). Even
under tensile strain, its domain walls do not move, and the
width of the domains does not change. The domain wall W7
disappears abruptly at an applied strain of 0.25% [Fig. 3(a2)],
followed by the disappearances of W1, W3, W6, W5, W4, and
W2, in that order, with increasing tensile strain [Figs. 3(a3),
3(a4), 3(a5), 3(ab), 3(a7), and 3(a8)], and the domain structure
disappears completely in the thinned part of the specimen.
This process differs entirely from the behavior of specimen A
under tensile loading, even though the tested area is covered
by a single domain. Figure 3(b) shows the domain behavior
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TABLE I. Mechanical conditions to which each domain wall in
specimen A is subjected when it begins to move: local strain €',
local stress o1 and shear stress parallel to the walls Ty, at the

upper part of specimen A.

Wall elocal (9p) olecal (MPa) Twa (MPa)
D1

Left 0.12 126 —63

Right 0.13 144 )
D2

Left 0.09 97 —49

Right 0.11 114 -57
D3

Left 0.07 79 —40

Right 0.08 87 —44
D4

Left 0.07 77 -39

Right 0.07 77 —39
D5

Left 0.08 86 —43

Right 0.07 79 -39
D6

Left 0.10 110 -55

Right 0.09 94 —47

under a tensile strain perpendicular to the domains obtained
by the phase-field simulation. The walls in the stripe domain
do not move under the external tensile load. However, with
increasing strain, the angle of polarization changes drasti-
cally in the whole domain [Fig. 3(b4)], and explicit domain
structures disappear without wall movement, as in the case of
specimen B. These simulations indicate that the behavior of
specimen B is rather like a phase transition from the tetragonal
to orthorhombic crystal structure.

In specimen C, we observe wall motion that differs from
that in specimens A and B (Fig. 4(a) and Supplemental Mate-
rial, Movie 3 [29]). With increased loading, domains D1, D2,
and D3 begin to expand at the top of the specimen, while the
domains at the bottom shrink and disappear [Figs. 4(a2) and
4(a3)]. Table II lists the local strain and stress for each domain
wall in specimen C, obtained by the FEM at the moment when
the wall begins to move. The critical strain and stress for
walls D1-D3 are €% = 0.09% = 0.03% and 0! = 99 +
34 MPa, respectively. In the bottom parts of walls D4 and
D5, which are under compression, the critical strain and stress
are €/° = —0.19% =+ 0.03% and ¢!°? = —207 + 28 MPa,
respectively. With increasing load, D1 and D2 disappear by
connecting with each other, while D3 becomes separated in
the middle of the specimen [Fig. 4(a3)]. In the final state [Fig.
4(a4)], no explicit domain wall is observed, and we can no
longer detect the domain configuration. The FEM shows that
through bending, we achieved inhomogeneous mechanical
conditions comprising both tension and compression. When
the level of inhomogeneity, which corresponds to the stress
gradient in this case, is small, a domain wall responds to it
by forming a curvature. However, when the inhomogeneity
increases, the wall breaks, probably because the curvature
becomes too sharp to sustain. Thus, domain walls behave
differently depending on the inhomogeneity. As shown by the

above results for homogeneous tension, the stress intensity is
the parameter that dominates wall motion. However, bending
observations clearly reveal that wall motion is also governed
by the level of inhomogeneity.

Figure 4(b) shows the phase-field simulation for domains
under bending, where the p, domain is a domain with po-
larization pointing in the x direction and the p, domain is
a domain with polarization pointing in the y direction. With
increasing strain, p, domains expand at the top, while p,
domains expand at the bottom [red and green regions in Fig.
4(b2)]. Then, other p, domains appear at the bottom [purple
regions in Fig. 4(b3)]. As a result, p, domains are dominant at
the top, while p, domains are dominant at the bottom [Fig.
4(b4)]. Since the expanding and shrinking processes in the
present experiment are similar, we conclude that when the
applied stress is low [Fig. 4(a2)], p, domains expand at the
top, while p, domains expand at the bottom. However, when
inhomogeneity increases, we cannot determine the domain
state owing to the absence of explicit domain walls. Never-
theless, we believe that because of the stress distribution, the
px domains at the top will coexist with the p, domains at
the bottom. By contrast, in the central area under bending,
there is a transition region from tension to compression where
the stress is small. In this region, domains are likely to behave
in a complex manner, leading to, for example, the nucleation
of a new domain, as suggested by the phase-field simulation
[purple regions in Fig. 4(b3)]. As a result, under a high applied
stress, the final domain state may not be as simple as merely
the coexistence of p, and p, domains. This remains to be
investigated in a future study.

The present study is the first to apply tension and bend-
ing to domain walls in a controlled, systematic fashion and
provide images of stress-induced domain wall motion in real
time. Our results provide fundamental knowledge about fer-
roelectrics, and the present method, i.e., the use of TEM and
specially designed specimens, can be applied to other areas
of research, such as room-temperature stress-induced ferro-
electricity in SrTiO3 [36-38] and flexoelectricity [39—41],
whereas the phase-field simulation results coincide well with
experimental results. This indicates that, although they are
based on empirical parameters, multiscale methods such as
phase-field simulations are a powerful tool to predict ferro-
electric properties, which is difficult for ab initio simulations
owing to the huge computational cost.

In order to find the mechanical criterion for wall motion,
we focus on the shear stress parallel to the wall Ty, described
as

Opx — Oy .
_T sin 26 + 1y, cos 26, (1)

Twall =
where oy, 0,,, and 1,, are stress components. ¢ is the angle
between the domain wall and the y axis. Ty, iS zero in
specimen B because the wall and the loading directions are
perpendicular (6 = 90°), while 7y, is not zero in specimen
A (6 = 45°), as shown in Figs. 5(a) and 5(b). In specimen
C, twan 1s opposite at the top and bottom, and domain walls
propagate in opposite directions [Fig. 5(c)]. Thus, Ty, corre-
sponds to the observed wall motions.

The domain walls do not begin to move until the stress
reaches a certain value. The critical shear stress is estimated to
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FIG. 3. (a) TEM dark-field images and schematics of specimen B under loading. (b) Phase-field modeling and calculation of domain

motion under tension perpendicular to the wall.

be 56 £+ 17 MPa based on specimen A. This is comparable to
the value of 50 & 17 MPa obtained for D1-D3 for specimen
C and the stress amplitude necessary for indentation-induced
domain switching (61 MPa) for 0.65PMN-0.35PT [42]. On
the other hand, for D4 and D5 in specimen C, we obtain
104 £ 14 MPa as the critical stress, which differs significantly
from the above value. This may be attributable to the influence
of stress normal to the wall. Density functional theory simu-
lations of domain walls in PbTiO3; [17] suggest that domain

wall motion is actually a change in covalent bonding, i.e., the
breaking and reconstruction of bonds (Pb-O bonds, in that
particular study), and that the critical stress is equivalent to
the stress necessary for breaking those bonds. The interatomic
distance expands under tensile conditions and shrinks under
compressive conditions. Therefore, covalent bonds are more
likely to break under tension than under compression, which
leads to a difference in critical stress [43]. Moreover, the
domain walls in our experiments may interact with each other.
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FIG. 4. (a) TEM dark-field images and schematics of specimen C under loading. (b) Phase-field modeling and calculation of domain
motion induced by a bending strain, i.e., tension at the top and compression at the bottom.

In BaTiOs3, when the distance between the two walls is about
3 um, a compressive stress of 6 MPa is needed to initiate wall
motion [15], which is much lower than the value we obtained
in the present study. According to Kubo and Umeno, MD
simulations of PbTiO3 suggest that the electric field induced

TABLE II. Mechanical conditions for each domain wall in spec-
imen C when the wall begins to move.

Wall elocal (9p) oloal (MPa) Tyar (MPa)
DI

Left 0.11 120 —60

Right 0.10 111 —55
D2

Left 0.12 132 —66

Right 0.10 110 —55
D3

Left 0.09 98 —49

Right 0.06 66 -33
D4

Left —0.21 -235 118

Right —0.20 —223 111
D5

Left —0.18 —201 100

Right —0.16 ~179 90

by a domain wall may cause long-range interaction and affect
wall behavior [18]. Therefore, the critical stress obtained may
also be affected by neighboring walls. This remains to be
investigated in future studies.

Finally, in regards to the significance of the mechanical cri-
terion, although the value we obtained remains approximate
at this stage, it can be used as a starting point for designing
or engineering domain-wall-based electronic devices because
undesired wall motions can degrade device performance. A
good example of such a device is domain wall memory, which
utilizes the conductivity of walls [44]. When mechanical
vibrations from the environment or other components exceed
the mechanical criterion, the domain walls also vibrate, and
the electric currents may decrease or disappear because they
are disturbed by the wall motions. Therefore, engineers must
design devices on the basis of this important mechanical
threshold.

III. CONCLUSION

We developed specially designed specimens to conduct
nanoscale tensile and bending tests on BaTiO; in a TEM
instrument and thus observed stress-induced domain wall
motion in real time. Domain walls may or may not move
under tensile stress and propagate in different directions under
bending stress. We found that this motion is driven by shear
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FIG. 5. Schematics of shear stress parallel to domain walls ty,; induced by loading. (a)—(c) Specimens A, B, and C, respectively. The
dotted line indicates the wall. 6 is the angle between the wall and the y axis.

stresses parallel to the domain wall. The critical values were
determined to be 56 & 17 MPa under tensile conditions and
104 £ 14 MPa under compressive conditions.
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