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We report an intrinsic strain engineering, akin to thin filmlike approaches, via irreversible high-
temperature plastic deformation of a tetragonal ferroelectric single-crystal BaTiO;. Dislocations well-

aligned along the [001] axis and associated strain fields in plane defined by the [110]/[110] plane are
introduced into the volume, thus nucleating only in-plane domain variants. By combining direct
experimental observations and theoretical analyses, we reveal that domain instability and extrinsic
degradation processes can both be mitigated during the aging and fatigue processes, and demonstrate that
this requires careful strain tuning of the ratio of in-plane and out-of-plane domain variants. Our findings
advance the understanding of structural defects that drive domain nucleation and instabilities in ferroic
materials and are essential for mitigating device degradation.

DOI: 10.1103/PhysRevLett.131.016801

As thin films adopt the eigenstrain of the substrate, they
can be manipulated to exhibit large tensile or compressive
in-plane strains [1—4]. For paraelectric SrTiO; this results
in a transition to the ferroelectric state and a shift in Curie
point by ~290 °C [4]. For ferroelectric materials, this allows
us to dramatically tune domain patterns and hence electro-
mechanical properties [5—11], owing to their intrinsically
strong couplings between lattice (strain) and charge (polari-
zation) degrees of freedom (d.o.f.) [12,13]. For example,
with a tensile (compressive) strain of >1%, a domain
population of 100% in-plane a, /a, variants (out-of-plane ¢
variants) was achieved in tetragonal ferroelectric films such
as BaTlO3 [6—9], PleO3 [6,7,10], and szro_zTiO.SO?) [l 1]
In particular, the application of reversible and biaxial elastic
strains of several percent can enhance the remanent
polarization by 250% and shift the Curie point by
~400°C in BaTiO; under a compressive strain of 1.7%
[8], as compared to these values of the bulk. In relation to
macroscopic biaxial strains, microscopic out-of-plane
strains have also been achieved, leading to supertetragonal
structures with a giant ¢/a (out-of-plane to in-plane lattice
parameters) ratio of 1.238 [14]. Elastic strain engineering in
thin films, however, so far lacks the ability to impose
continuously tunable strain, unless an active substrate is
used. Similar problems exist (with interphase strain in
multiphase materials [14]) and defect-induced strain relax-
ation during growth [15,16], thereby hindering the strain

0031-9007/23/131(1)/016801(7)

016801-1

tuning of desired domain distribution and properties of
ferroelectrics.

The applications of ferroelectrics are a consequence of
their ability to nucleate domains and move domain walls
(DWs) [17-19]. Perhaps less widely appreciated, irrevers-
ible and large local elastic strain fields can be imparted to
bulk ferroelectrics through uniaxial plastic deformation
[20-22], leading to permanent tailoring of the elastic
energy of a given system. The bulk deformation is
fundamentally different from strain engineering because
it introduces extended one-dimensional lattice defects—
dislocations—into the volume rather than at the interface
[23]. Theoretical predictions have demonstrated that dis-
locations can serve as both the nucleation sites for new
domains as well as the pinning centers for the motion of
ferroelectric and ferroelastic DWs [24—-26]. Such effects are
drastically amplified in ferroelectric single crystals,
when mesoscopic dislocations self-assemble into larger-
scale structures such as arrays and networks. However, the
concept of dislocation-tuned domain nucleation and
domain stability has rarely been perceived as a micro-
structural tool to extend the local effects of dislocations to
the macroscopic level of bulk ferroelectrics. This is because
bulk oxides are inherently brittle and can only withstand a
moderate compressive or tensile strain of ~0.1%, far below
the level of accessible strains in thin films [27,28].
By overcoming this challenge using high-temperature

© 2023 American Physical Society
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deformation [22,29], we recently revealed that imprinting
dislocations into single-crystal BaTiO; favored c/a
domain variants and yielded a 19-fold increase in piezo-
electricity [22]. Despite the exciting functional harvesting
in bulk ferroelectrics by dislocation imprint, however, the
details of the mechanisms by which intrinsic dislocation-
type lattice strains can control domain nucleation and
domain stabilization, are still ambiguous.

In this Letter, we combine theoretical and experimental
approaches to directly monitor domain nucleation and
domain stability in a bulk ferroelectric by introducing
dislocations into the volume. By recognizing the relation
of accessible glide planes and DWs we identify useful
interrelationships [Figs. 1(a) and 1(b)]. The crucial role of
dislocation-induced lattice strains was considered by revis-
iting the in-plane planar tensile and compressive stress
fields of two edge-type dislocations with a spacing of
50 nm. The computed local stresses responsible for lattice
deformation can reach an order of GPa, which is compa-
rable to the application of 1% lattice-mismatch strain for
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FIG. 1. (a) Schematic showing the slip planes of the set of
{100}(100) slip systems. The dislocations are characterized by

dislocation line vector ¢ (marked by red arrow) and Burgers

vector b, and typical 90° DWs are highlighted. In edge dis-
locations, the dislocation line vector and Burgers vector are

perpendicular one another, namely, E b =0. (b) Out-of-plane
perfectly oriented dislocations can be extracted from (a). (c) The
stress fields act as the nucleation sites for in-plane a;-/a,
domains in which dislocations with two mutually perpendicular
Burgers vectors are parallel to the a; /a, 90° DWs. Note that the ¢
domain has a polarization along the [001] direction, and a; and a,
domains are defined by the in-plane polarizations along the [100]
and [010] directions, respectively.

thin films (1-10 GPa of pressure) [30]. As a consequence of
these particular dislocation orientations, only in-plane
a;/a,-domain variants are spontaneously developed after
reaching equilibrium when we set the initial random
domain state, see phase-field simulation in Fig. 1(c), while
the out-of-plane ¢ domains vanish. Our simulations reveal
that both negative and positive charges play a minor role
when flipping down ¢ domains (see Fig. S1 [31]). In
contrast, if the dislocations are absent, a-/c¢ domains
naturally nucleate in the system, as displayed in Fig. S2
[31]. This suggests a new paradigm in which dislocation
imprint will provide the guard rails for the formation of the
domain structure. The dislocations can be transferred into
self-organized structures that store their elastic energy
spanning broad length scales (nm—mm).

For fundamental insights, a ferroelectric material is ideal,
which allows us to imprint glide planes with a high density
of aligned dislocations onto different crystallographic
planes. This dislocation-type lattice strain field is best
exposed in a tetragonal ferroelectric crystal with in-plane
a;-/a, variants and out-of-plane ¢ variants [39,40], thus
ensuring 90° and 180° DWs only. This is the case for single-
crystal BaTiO;, where at high temperatures two glide
systems can be activated by loading along different
directions [22,29,41]. Hence, dislocations can then be
inserted both onto {100} planes as well as on {110}
planes, offering different scenarios for monitoring domain
nucleation and domain stability beyond the limits of the
thin film-substrate interface.

As a didactic demonstration, we introduced perfectly
oriented dislocation lines into BaTiO; via high-temperature
plastic deformation by [110] loading, see the stress-strain
curve in Fig. 2(a). Plastic deformation is mediated by the
generation and motion of dislocations [42]. After defor-
mation, macroscopic domain morphology was altered
when compared with the undeformed reference sample
[see inset in Fig. 2(a)]. Transmission electron microscopy
(TEM) revealed the activation of the {100}(100) slip
systems during uniaxial compression, see Fig. 2(b) and
detailed analysis in Fig. S3 [31]. When we sliced the (001)
plane from the deformed sample, the imprinted dislocations
were well aligned in the out-of-plane [001] direction
[Fig. 1(b)]. As expected, this dislocation arrangement
dictates domain nucleation of only in-plane domains at
the nanoscale, which was evidenced by TEM. As a non-
destructive tool, nuclear magnetic resonance (NMR) spec-
troscopy offers the unique opportunity to quantify the
domain distribution of BaTiO;. The orientation of the
electric field gradient (EFG) tensor at the barium site for a;,
a,, and ¢ domains, which determines the NMR frequency,
is a direct function of the spontaneous polarization vectors
[22,41,43]. NMR spectroscopy demonstrated that only in-
plane domains are permissible in the entire deformed
sample, whereas a large amount of ¢ domains are present
in the reference sample [Figs. 2(c) and 2(d)]. The favored
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(a) Uniaxial compression behavior of [110]-oriented BaTiO; single crystal obtained at 1150 °C by loading along the [110]

direction. The yield strength (at 0.2% offset) is 43.6 MPa. The inset features the optical images of the reference and deformed samples.
(b) TEM image taken along the [001] direction, confirming the nucleation of a; and @, domains on the (001) plane. The positions of
dislocations and DWs are marked by black arrowheads and white arrows, respectively. (¢) Schematic representing the orientations of the
polarization vectors and dislocation arrangement. The rotation axis (y axis) is perpendicular to the magnetic field B (z axis). For this
specific set up of the goniometer NMR probe, the positions of the respective '3’Ba NMR signal for different domains can be detected at a
given rotation angle of 20° (3° offset). An angle of 0° indicates the normal vector of the sample as parallel to the magnetic field B,.
(d) ¥"Ba NMR spectra supporting the nucleation of the in-plane a; and a, domains in the entire deformed sample.

ay/a, variants with 90° DWs were further verified by
optical microscopy (Fig. S4 [31]). Interestingly, these
ai/a, 90° DWs are curved rather than straight in the
deformed sample, indicating macroscopic effects of dis-
location-based strains on domain patterns. The a;/a,-
domain structures were also analyzed by piezoresponse
force microscopy (PFM, Fig. S5 [31]). By performing
in situ observation using optical microscopy during heating
and cooling (see video S1 and Fig. S6 [31]), we observed
the nucleation of the herringbone patterns of needlelike
a,/a,-domain structures. However, no similar features
were documented in the reference sample (Fig. S7 [31]).

As featured in Fig. S8 [31], in our case of mechanical
imprint, the Curie point of single-crystal BaTiO; was
slightly increased due to the dislocation-induced strain
fields (see our simulation in Fig. S9 [31] and Ref. [44]), and
the dielectric permittivity (e33) was enhanced over the
measured temperature range. As compared to the reference
sample, macroscopic measurement on the polarization
hysteresis loop revealed a fourfold increase in the coercive
field (E, = 4.1 kV/cm) and a reduced spontaneous polari-
zation in the deformed sample (Fig. S10 [31]), supporting

domain-wall pinning [22,45,46]. The reference sample has
a high fraction of ¢ domains (94%) after field excitation,
while the ratio of electric-field-induced ¢ domains in the
deformed sample is 69%.

Having established the correlation between (100)-type
dislocation lattice strain and the domain nucleation, we
now address a fundamental question of the extent to which
the imprinted dislocations can tune domain stability and
related properties. For this purpose, we performed both
aging and fatigue experiments. Considering that a, /a, 90°
DWs are rigid since there is no driving force to move them
by applying a subcoercive field along the [001] direction
[37], they can be switched to a/c 90° DWs by efficient
electric poling (E > E_). First, we examined the direct
piezoelectric coefficient (d3;) and e33 during the aging
process. In the deformed sample, the ds; considerably
decreased after [001] poling while the corresponding €33
increased [see Fig. 3(a)]. In comparison, both properties
stabilized during aging after [110] poling (Fig. S11 [31]).
We note that these properties of the reference sample
maintained stable. The changes of d;; and &33 in the
deformed sample are related to dislocation-induced
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FIG. 3.

(a) Measured d3; and €33 as a function of time during the aging process after poling. (b) dj; as a function of cycling time at

different amplitudes of ac fields for the deformed sample quantified at room temperature with a frequéﬁcy of 1 kHz. (c) The relationship
between 33 and d3; at different amplitudes of the ac fields for both reference (open symbols) and deformed (solid symbols) samples,
respectively. Note that the arrows indicate the increase in cycling time. Long-term dislocation-induced fatigue stability of (d) d5; and

(e) €33 under an ac field of 50 V/mm at different frequencies.

switching from ¢/a domains to a;/a,-domain structures,
which can be rationalized due to the anisotropy of the
dielectric tensor of BaTiO; with ¢, > ¢, [39] and driving
force for the motion of DWSs, see detailed discussion in
Fig. S12 [31]. The observed domain switching by optical
microscopy is in good agreement with our phase-field
simulations (see Fig. S13 [31]). Our results suggest that
dislocations can largely affect the domain switching
behavior during aging process. Second, fatigue experi-
ments highlight that the above-mentioned crystallographic
anisotropy still plays a dominant role in piezoelectric
degradation and the dielectric enhancement at low alter-
nating current (ac) fields (<30 V/mm), see converse
piezoelectric coefficient (d3;) in Fig. 3(b) and d3; vs €33
in Fig. 3(c). A strong degradation in d3; was observed when
the applied ac fields were higher than 30 V/mm [Fig. 3(b)].
Interestingly, under the same ac field, both d3; and &3
decreased with a linear relationship during fatigue process

[Fig. 3(c)], insinuating that dislocation-induced effects are
dominant. Changing the frequency of the applied ac field of
50 V/mm highlights the significant impact of (100)-type
dislocations on the dielectric and piezoelectric response. As
displayed in Fig. 3(d), the degradation or fatigue in d5; was
alleviated by increasing the frequency from 200 to 1500 Hz
(degradation reduced from 94% to 68%). To gain micro-
structural insight into the mechanisms driving the observed
degradation in d3;, we performed in sifu optical micro-
scopy measurements on the evolution of 90° DWs (see
Figs. S14-S16 [31]). The increase of a domains over
c-domains fraction is associated with the observed degra-
dation in dj; because a;/a, 90° DWs do not contribute to
the piezoelectric response [47,48]. We note that, how-
ever, the percent of degradation in €35 is smaller than that of
d3; [compare Fig. 3(e) with Fig. 3(d)] due to the fact
that 180° DWs additionally give rise to a dielectric res-
ponse [49]. The dislocation-associated degradation in the
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subcoercive-signal permittivity [Figs. 3(c) and 3(e)] is due
to the enhanced domain-wall stiffness and reduced mobility
that suppressed the extrinsic contribution (see Sec. 5 in
Ref. [31]).

To understand the nature of dislocation-type lattice
strains as local drivers initiating the degradation of
both d3; and e33, we employed phase-field simulations
[22,24,32,50] to probe the evolution of domains and free
energies during the ac cycling process. As featured in
Fig. 4(a), the a/c 90° domain wall bows out towards the
tensile side of the dislocation after relaxation. The driving
force provided by dislocations initiates the movement of
the domain wall on the tensile side of the dislocation and
drives the wall on the compressive side to move. The
relative population of the ¢-/a domains was calculated by

b= (1) [ (1= ) o

VPR
where (Pjo117) = (1/V) [y, Po1;jdV is the volume average
s

011
is the spontaneous polarization in the [011] directi[on],
respectively. The motion of the domain wall can be stopped
by a critical pinning electric field (E;,) [S1]. When the ac
field is larger than E;,, a wavelike instability of the ¢/a
ratio evolves in a similar fashion at different frequencies

of the polarization, V is the volume of the system, and P

pin With a

[see Fig. 4(b) as well as detailed interactions in supple-
mental video S2 [31] ]. Specifically, we have monitored the
evolution of Landau free energy (charge d.o.f.), elastic
energy (lattice d.o.f.), electric (electrostatic) energy (charge
d.o.f.), and gradient energy (also charge d.o.f.) during the
cycling process. We note that this wavelike ¢/a ratio
instability is almost entirely determined by a reduction
in the elastic energy and an increment of the Landau and
electric energies, as highlighted in Fig. 4(c) for the case at
1 kHz. This competition between elastic, Landau and
electric energies effectively launches the oscillatory nature
of the total energy and a corresponding reduction of
polarization in the out-of-plane direction that drives the
formation of the in-plane a domains (that is, the reduction
of ¢/a ratio). Therefore, the degradation of d3; is expected,
supporting our observation in Fig. 3(b). Increasing the
frequency marks the evolution of various energies in the
same manner (see simulated results at 500 and 1500 Hz in
Fig. S17 [31]). A lower frequency has a stronger influence
on the movement of the wall, resulting in a smaller volume
fraction of ¢ domains after cycling for the same time
interval [Fig. 4(b)], which rationalizes the experimental
observations in Fig. 3(d). Our case of well-aligned dis-
location imprint allows us to substantially modify the
relative fraction of domains, the evolution of lattice and
charge degrees of freedom, and related properties of
ferroelectrics by simple aging and fatigue experiments.
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In summary, we demonstrated the intrinsic ability to
control the nucleation and stability of in-plane domains in a
prototype ferroelectric BaTiO; single crystal by mechan-
ically introducing well-selected dislocation-structures.
Hence, we provide a means to tune domain structure,
dielectric and piezoelectric properties of a bulk sample by
plastic deformation that radically changed the lattice degree
of freedom, overcoming the substrate limitation of elastic
strain engineering. Beyond the long-recognized effects of
dislocations on domain nucleation and domain-wall pin-
ning in ferroelectrics, we revealed the role of dislocations
on domain switching during both aging and fatigue.
Dislocations initiated the degradation sites for the dielectric
and electromechanical response, opening a pathway to
understand the structure-property relationships of defect
sites, and hence the optimization and control of these
processes. Our result delivers a tool for the demonstration
of domain control using structural defects, such as out-of-
phase boundaries [52,53].
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