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ABSTRACT: Domain walls (DWs) in ferroelectric materials are interfaces that separate domains with different polarizations.
Charged domain walls (CDWs) and neutral domain walls are commonly classified depending on the charge state at the DWs. CDWs
are particularly attractive as they are configurable elements, which can enhance field susceptibility and enable functionalities such as
conductance control. However, it is difficult to achieve CDWs in practice. Here, we demonstrate that applying mechanical stress is a
robust and reproducible approach to generate CDWs. By mechanical compression, CDWs with a head/tail-to-body configuration
were introduced in ultrathin BaTiO3, which was revealed by in-situ transmission electron microscopy. Finite element analysis shows
strong strain fluctuation in ultrathin BaTiO3 under compressive mechanical stress. Molecular dynamics simulations suggest that the
strain fluctuation is a critical factor in forming CDWs. This study provides insight into ferroelectric DWs and opens a pathway to
creating CDWs in ferroelectric materials.
KEYWORDS: ferroelectric, charged domain walls, strain gradient, transmission electron microscopy, domain switching

■ INTRODUCTION
Ferroelectrics are promising materials for applications in
electronic devices because of their tunable polarization under
various external stimuli.1−4 Polarization in ferroelectricmaterials
may vary from one area to another and an area with the same
polarization is called a domain. The interfaces/boundaries that
separate neighboring domains are called domain walls (DWs).5

Depending on the charge state at interfaces, DWs can be
classified into two types: neutral DWs (NDWs) with no
aggregation of net bound charges6 and charged DWs (CDWs).7

The positive CDWs are usually of the head-to-head type, as the
polarization directions of the surrounding domains point to the
DWs, while the negative CDWs are often of the tail-to-tail type,
where the polarization directions of the neighboring domains
point away from the DWs.8

CDWs possess many unique properties that would be utilized
in the design of novel electronic devices.9−12 Bound charges at
CDWs can generate considerable depolarization fields that

facilitate polarization rotation, resulting in superior electro-
mechanical properties in ferroelectrics.9 It has been reported
that the conductivity of ferroelectric thin films can be drastically
enhanced when the length of CDWs exceeds a critical value,
making the materials suitable for logical and memory devices
owing to a high on/off ratio enabled by the CDW switching.13

Compared to conventional memories, the memories based on
ferroelectric CDWs possess supreme advantages, including their
intrinsic nondestructive and nonvolatile functionalities.14,15

Discoveries into the peculiarities of CDWs have catalyzed the
development of CDW-based nanoelectronic devices, including
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field-effect transistors,16 nanocircuits,17 and artificial neural
networks.18

The formation of DWs in ferroelectrics is the result of the
minimization of system free energy.19 NDWs are commonly
observed in as-fabricated ferroelectrics as such configurations
are energetically preferable.20 On the contrary, natural CDWs
rarely form spontaneously without imposing mechanical
constraints or appropriate electric boundary conditions.13,21 A
number of strategies, including biasing and/or heating, has been
proposed to create CDWs in ferroelectric materials.8,22,23

Among these, frustrated poling is the most common approach.22

For example, repeated electric fields are applied along the ⟨110⟩
direction of tetragonal ferroelectrics, and polarizations could
occur aligning along either the [100] or the [010] direction,
resulting in the formation of either 90°NDWs or 90° CDWs. In
this strategy, the formation of CDWs is often uncontrollable and
the application of cyclic electric fields would also weaken the
ferroelectric properties due to ferroelectric fatigue.24,25 There-
fore, it is of significance to comprehend the underlying
mechanisms governing the formation of CDWs and to explore
a reliable method of creating a high density of stable CDWs.
In this article, we report the introduction of CDWs in thin

BaTiO3 (BTO) micropillars through a strain gradient. The
resultant CDWs are a new type of 90°CDWwith a unique head/
tail-to-body polarization configuration. When an ultrathin (∼70
nm) BTO micropillar was subjected to uniaxial compression,
emerging nanodomains with newly formed 90° CDWs were
recorded in real time by in-situ transmission electron
microscopy (TEM).26,27 This new type of 90° CDW is neither
head-to-head nor tail-to-tail, which is dissimilar from previously
reported 90° CDWs in tetragonal ferroelectrics.22,28,29 Finite
element analysis (FEA) and molecular dynamics (MD)
simulations confirm that strain gradient plays a critical role in
forming dense CDWs in ultrathin lamellae. This study
transcends the common understanding of DWs and opens a
new pathway to creating stable periodic CDWs for domain wall
engineering in ferroelectrics.

■ RESULTS AND DISCUSSION
BTO is a traditional ferroelectric material with a tetragonal
structure at room temperature.30−33 The polarizations of the
tetragonal BTO align along the ± [100], ± [010], and ± [001]
axes, resulting in the coexistence of both 90° and 180° domains
in the material.5 Details of our sample preparation and
experimental setup for in-situ compression experiments are
provided in the Supporting Information. Figure 1a presents the
in-situ domain switching behavior in a thin BTO micropillar
with dimensions of ∼3.0 μm × 1.7 μm × 0.07 μm (length ×
width × thickness). The polarization of a1+ domains is along the
[100] axis and the polarization of a2− domains is aligned along
the [010] axis. The initial a1+/a2− 90° domains with a head-to-
tail polarization configuration were identified and are schemati-
cally shown in Figure 1a. The 90° domain configurations were
determined by electron diffraction, which is presented in the
Supporting Information. When a mechanical loading was
applied to the micropillar, dense nanodomains formed within
an a2− domain. The load−displacement curve indicates that the
deformation of the micropillar is elastic (Supporting Informa-
tion). The newly formedDWs between the nanodomains extend
along the ± [100] direction. Figure 1b, c shows electron
diffraction patterns recorded before and during the mechanical
loading, respectively, which were obtained from the area marked
with red circles in the TEM images in Figure 1a. There was no

diffraction spot splitting before mechanical loading (Figure 1b),
confirming the single-domain state of the a2− domain. When
mechanical loading was applied to the micropillar, diffraction
spot splitting occurred (Figure 1c), implying the evolution from
a single domain to two types of domains. Diffraction spots split
along the [110]* direction, suggesting a relative 90°-rotation
polarization relationship between the coexisting domains.
Interestingly, these 90°-rotation-related domain complexes
share the DWs along the [100] direction, resulting in a CDW
feature with positive and negative bound charges at the lower
and upper DWs of the a2− nanodomain, respectively, as shown in
Figure 1d. The newly formed CDWs were stable when the
mechanical loading was maintained at 12 μN. After removing
the stress, all CDWs disappeared and the single a2− domain
recovered (refer to the TEM image labeled 3 in Figure 1a). Note
that CDWs formed only at places where the level of local
compressive stress reached the threshold value for the CDW
formation (Supporting Information) and that the initial domain
structure would not fully recover if the applied stress were at a
very high level (Supporting Information).
During the experiment, the ultrathin lamella may buckle or

warp, leading to strain fluctuation in the material.34 To evaluate
the strain fluctuation in BTO lamellae caused by buckling, we
carried out nonlinear buckling analysis in BTO lamellae with
different thicknesses using FEA (Figure 2). Detailed information

Figure 1. In-situ domain switching behavior under a mechanical
loading in an ultrathin BTO micropillar. (a) Load versus time curve
showing the real-time application of compressive load to the thin BTO
micropillar. The numbers 1, 2, and 3 correspond to the TEM images
(extracted from Movie S1) labeled 1, 2, and 3, respectively. Schematic
diagrams of the domain configurations without and with the applied
stress are presented at the right side. The yellow and green arrows in the
TEM images and the white arrows in the schematics denote the
polarization directions. The color codes in the top right corner denote
the polarizations of a1 (a1+/a1−) and a2 (a2+/a2−) domains, which are
along± [100] and± [010] axes, respectively. (b, c) Electron diffraction
patterns obtained from the area marked with a red circle in the TEM
image in panel a without and with compressive loading, respectively.
(d) Schematics illustrating the formation of the head/tail-to-body 90°
CDWs under the applied stress. Positive (red) and negative (blue)
CDWs are presented alternatively.
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on the FEA is presented in the Supporting Information. The
strain (εyy) distributions in BTO lamellae with thicknesses of 70
nm and 150 nm at their experimentally applied loads of 12 μN
and 27 μN, respectively, are presented in Figure 2a. As a result of

the out-of-plane buckling, the strain state of the 70 nm thick
lamella varied along the axial direction between tension and
compression. The line profile analysis shown in Figure 2b was
performed along the middle line parallel to the axial direction, as
marked by the black arrows in Figure 2a. The corresponding
strain gradient

l
yy , i.e., the derivative of the strain (εyy) with

respect to the distance (l), is also shown in Figure 2b. Clearly,
there exists a large strain gradient in the transition region
between tensile and compressive strain. Specifically, the strain
gradient peaks at ∼0.0025 μm−1 in the region where the strain
state transforms from compression to tension whereas it reaches
approximately −0.002 μm−1 in the region where tensile strain
changes to compressive strain. The strain gradient fluctuates
markedly at both ends of the model due to the constraint of their
boundary conditions. The strain fluctuations give rise to high
local strain gradients in ultrathin BTO lamellae. Internal
structural changes must occur to accommodate these local
strain gradients.35 Indeed, a strong local lattice mismatch was
observed in regions close to the head/tail-to-body 90° CDWs
(Figure 1d), which is an energetically favorable way to
accommodate the resultant local strain gradient in the thin
lamellar system.
The significant role of the local strain gradient in the

formation of this new type of 90° CDW is confirmed by bond-
valence MD simulations36,37 of an ultrathin BTO lamella
subjected to compressive uniaxial strains (Figure 3). Detailed
information on the MD simulations is presented in the
Supporting Information. The compressive strain is increased
from 0.5% to 2.0%, resembling the experimental setup in which
the compressive loading changed from a low level to a high level.
In the case of a low-level strain (0.5%), typical 90°DWmotions
are seen, which leads to a reduced volume fraction of the [010]
domain unfavored by the compressive strain. In response to a
medium level strain (1.0%), a new domain with polarization
mostly aligned along the [100] direction emerges within the
[010] domain. The polarization rotation is evident at the DWs
separating different domains. When the strain increased to a
high level (2.0%), nanodomains formed, which are separated by
well-defined, sharp 90° CDWs extended along the [100]
direction. Additional calculations were performed to extract
the surface strain gradient of an ultrathin lamella in response to
compressive loading (Supporting Information). It revealed that
a large compressive strain of 2.0% can drive a significant change
in the local strain profile, which is responsible for the formation
of new domain structures with CDWs.
Our combined experimental and theoretical studies of the

thin BTO lamella suggest that local strain gradients induced by
the buckling or warping of the thin film material upon

Figure 2. FEA of strain fluctuation in BTO lamellae with different
thicknesses under compressive mechanical stress. (a) The strain (εyy)
distribution of the BTO lamellae with thicknesses of 70 nm and 150 nm.
(b) The strain (εyy) and strain gradient ( l

yy ) along the black arrows of
BTO lamellae in panel a.

Figure 3.MDsimulations of domain switching in an ultrathin BTO lamella under increased compressivemechanical stress. An increasing level of strain
from 0.5% to 2.0% was applied to the lamella. The color wheel and the white arrows denote polarization directions.
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compressive loading play a crucial role in the formation of the
nanodomains separated by CDWs. Many studies have shown
that the effect of the strain gradient is prominent mainly in
materials with reduced dimensions.35,38 Previous atomistic
simulations revealed a strong scale-dependence of the strain
gradient effect, i.e., piezoelectric and elastic properties could be
greatly amplified with smaller size but weakened as the
dimension increased.39 These studies indicated that the effect
of the strain gradient could be suppressed in thick samples.
Therefore, experiments were carried out on thicker BTO
lamellae but with the applied stress level unchanged to explore
the response of domain structures to fewer strain gradients.
Here, the domain switching behavior of a thick BTO

micropillar with dimensions of ∼3.0 μm × 1.7 μm × 0.15 μm
(length×width× thickness) was studied (Figure 4a). The initial

domains were also a1+/a2− 90° ferroelastic domains. Consider-
ing the difference in the cross-sectional area between this
micropillar and the thin micropillar (Figure 1b), we precisely
controlled the contact stress at a comparable level (∼180MPa in
the thick sample and ∼171 MPa in the thin sample) by
controlling the maximum applied loads. In the thick micropillar,
the applied stress drove the motion of the 90° ferroelastic DWs,
resulting in the shrinkage of the a2− domains, and the expansion
of the a1+ domains. This result is consistent with the observation
of numerous previous studies that mechanical stress would
induce DW motion in ferroelectrics composed of polydomains,
rather than creating new DWs by forming nanodomains.40−42

This consensus generally stands for thick ferroelectrics as the
strain gradient was weakened in thick BTO lamellae under
mechanical loading.
In addition, MD simulations of a bulk model (Figure 4b) were

conducted, in which the buildup of the strain gradient was
strictly forbidden due to the constraint of periodic boundary
conditions along all directions. Contrary to the lamella model,
the formation of nanodomains and CDWswas absent in the bulk
system; instead, only conventional strain-driven 90°DWmotion
occurred, even at a high-level loading. This is also consistent
with the lamella model simulations that only a large strain
(gradient) could induce 90° CDWs, whereas a small strain
(gradient) would only invoke 90°DWmotions. The MD results
suggest that the allowance of local strain gradients is essential for
the formation of the head/tail-to-body 90° CDWs.
In previous studies, most of the bias- or thermal-induced

CDWs are strongly CDWs.10,28 A substantial amount of
screening charges, which can compensate for the polarization
charges, is required to stabilize the strong CDWs in ferro-
electrics.8 As ferroelectrics are mostly insulators with large band
gaps, it is often difficult for free charge carriers to move in
ferroelectrics,43 hindering the mobility of CDWs. Our results
show a new formation mechanism of CDWs that takes
advantage of strain gradient without free charge carriers. In
compliance with appropriate dimensions in BTO, the
manipulation of substantial free carriers is not necessary,
providing a controllable and reproducible strategy for the
formation of CDWs. Flexoelectricity caused by giant strain
gradients has been reported in BTO thin film of ∼5 nm.35 The
prominent flexoelectric effect could induce 180° domain
switching in BTO thin film. Our result is a successful
complement to the study of strain gradient effect on ferro-
electrics, from which CDWs could be produced with partial 90°
domain switching. In addition to local strain gradients, the
balance of different interfacial energies in the selected materials
is also important for creating CDWs. A typical example is the
formation of nanodomains in thin Pb(Mg1/3Nb2/3) O3-38%
PbTiO3 (PMN-0.38PT), which is also a tetragonal ferroelectric
material.29 However, the newly formed domain walls between
the nanodomains in PMN-0.38PT were along a ⟨110⟩ direction,
indicating the formation of NDWs. Therefore, the observations
that PMN-0.38PT and BTO lamellae adopt different nano-
domain configurations indicate that the preference of the
domain switching pathway in ferroelectrics is also determined by
the concerted effects of various competing interfacial energies
(Supporting Information).

■ CONCLUSIONS
In conclusion, a new type of 90° CDW with a head/tail-to-body
configuration was produced in BTO by compression and was
revealed by in-situ TEM. The formation of the 90° CDWs
requires the presence of an appropriate strain gradient that can
be provided by mechanical loading in a thin BTO. This study
provides new insights into DWs in ferroelectrics and offers
valuable guidance for the fabrication of nanoelectronics with
reliable and reproducible CDWs.
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Figure 4. Domain switching behavior under a mechanical loading in a
thick BTO. (a) In-situ TEM experiment of a thick BTO micropillar
under a mechanical loading. Load versus time curve showing the real-
time application of compressive load to the thick BTOmicropillar. The
numbers 1, 2, and 3 correspond to the TEM images (extracted from
Movie S2) labeled 1, 2, and 3, respectively. Schematic diagrams of the
domain configurations without and with the applied stress are
presented at the right side. The yellow and green arrows in the TEM
images and the white arrows in the schematics denote the polarization
directions. (b) MD simulations of BTO under compressive mechanical
stress with a bulk model. When a mechanical force is applied to the
material from a low level to a high level, only the 90° DW motion
occurs.
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Details of sample preparation and experimental setup for
in-situ compression experiments, common domain
patterns and the corresponding electron diffraction
patterns in BTO lamellae, load−displacement curve,
effect of the level of local compressive stress, domain
switching under high-level stress, finite element analysis,
molecular dynamics simulations, evolution of surface
strain in response to compressive loading and role of
interfacial energies in the formation of CDWs (PDF)
Movie S1, domain switching behavior under mechanical
loading in an ultra-thin BTO micropillar (MOV)
Movie S2, domain switching behavior under mechanical
loading in a thick BTO micropillar (MOV)
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