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ABSTRACT

The pinning-controlled mobility of ferroelectric/ferroelastic domain walls is an important part of managing polarization switching and deter-
mining the final properties of ferroelectric and piezoelectric materials. Here, we assess the impact of temperature on dislocation-induced
domain wall pinning as well as on dislocation-tuned dielectric and piezoelectric response in barium titanate single crystals. Our solid-state
nuclear magnetic resonance spectroscopy results indicate that the entire sample exclusively permits in-plane domains, with their distribution
remaining insensitive to temperature changes below the Curie temperature (T¢). The domain wall pinning field monotonically decreases with
increasing temperature up to Tc, as evidenced by a combination of experimental observations and phase-field simulations. Our work high-
lights the promising potential of dislocation engineering in controlling domain wall mobility within bulk ferroelectrics.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0191394

Domain wall motion is crucial to the intricate, linear, and nonlinear
macroscopic responses of ferroics,'  a phenomenon enriched by intrigu-
ing pinning and depinning dynamics in ferroelectrics and ferromag-
nets.”” Defects control can be tuned to alter the dynamics of disordered
systems and promise technological relevance (e.g, memory devices).
Dislocations are the main carriers of plastic deformation in metals.”” In
ferroelectric ceramics, dislocations facilitate the nucleation of domains
and provide local pinning sites for the motion of domain walls” ' due to
their associated strain fields and space charge layers surrounding disloca-
tion cores. Ferroelectrics, with their strong coupling between lattice
(strain) and charge (polarization) degrees of freedom,'” provide an ideal
platform for examining how dislocations can tune ceramic functionality,
which is intrinsically linked to the complex macroscopic responses
driven by domain wall motion. In thin-film ferroelectrics, dislocations

have often been considered as a culprit for the degradation of proper-
ties."” " Recently, we reported that the presence of densely packed dislo-
cations in BaTiO; single crystals contributes to an immense, 19-fold
increase in the converse piezoelectric coefficient.'® Also, anisotropic elec-
tromechanical properties can be designed and dislocation-induced deg-
radation has been eliminated by taking full use of the interactions
between dislocations and domain walls."”'* Our prior in situ transmis-
sion electron microscopy observations have documented pronounced
local pinning events that affect domain wall movement throughout both
the heating and cooling cycles.'”"” While the impact of strains from dis-
locations and domain walls on functionality depends on their magnitude,
orientation, symmetry, and spatial distribution within the material, there
is very little macroscopic and detailed information on the influence of
temperature on dislocation-associated domain wall pinning.
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In this Letter, we investigated the dislocation-related domain wall
pinning in single-crystal BaTiO;. Specifically, we focused on the tem-
perature dependence of the pinning field in experiments and simula-
tions using a phase-field approach. We strategically chose to apply
loading along the [110] crystallographic direction of BaTiO;, aiming to
activate the {100}(100) high-temperature slip system. This approach
promotes plastic deformation at a substantially lower yield stress, below
100 MPa, as compared to the stress levels encountered with [001] load-
ing."” [110]-oriented BaTiOs single crystals (coordinate system: X:
[110]; Y:[001]; Z:[110], geometry: 4x4 x 8mm’, GK EAST
Optoelectronic Technologies, Inc.) were grown using a top-seeded solu-
tion method. Uniaxial compression was performed at 1150 °C along
the crystallographic [110] direction using a Z010 load frame (Zwick/
Roell) equipped with a furnace (HTM Reetz GmbH). Detailed stress—
strain curve and experimental setup can be found in Fig. S1 and in our
previous reports.”'**’ The dislocation-associated strains are imposed
into a ferroelectric tetragonal BaTiO; crystal with a parallel configuration
between dislocations and 90° domain walls, see schematic in Fig. 1(a).

ARTICLE pubs.aip.org/aip/apl

After mechanical imprint, stripe domain patterns along the [001]
direction were observed when compared with domain patterns in the
reference sample, see Fig. 1(b) and detailed comparison in Fig. S2. The
activated {100}(100) slip systems and dislocation alignment along
the [001] direction were confirmed by our previous transmission elec-
tron microscopy results.”'” The spatial arrangement of strains origi-
nating from {100}(100) dislocations maximizes formation of a,/a,
domain walls. Thus, it facilitates an in-depth analysis of the controlled
domain nucleation process and the intricate interactions between dis-
location strain fields and ferroelastic 90° domain walls. This configura-
tion plays a pivotal role in shaping the dielectric and piezoelectric
properties of BaTiO;. Deformed crystals were cut into smaller pieces
(~4 x4 x 1mm®) with the two large surfaces normal to the [110]
using a Model 4240 Benchtop (Well Diamantdrahtsdagen GmbH). The
as-prepared [110]-oriented samples were further validated via a Model
1001 Laue backreflection (Huber, Rimsting), achieving an orientation
accuracy of £0.5°. Gold electrodes were sputtered onto the two larger
surfaces of both the deformed and reference samples for electrical

(a) (b) wlBefore B Afte . (c)
B a4
[}
T Ny az Vyy
. A Vi ZZVn(
Slip
planes V.. )
S A 2 ) Vyy
- N = o
=
= B Q
AN
[ </ [001]
T T T , T 60 - - - - : -
O A . 87 [, ) J—
A 141°C = 460| Do, @=2, heating |
N 136°C = e <} *a, cooling
-\ 135°C = 440 ~— <3 »a, cooling
N 134°C L .!\L-.
- AN ‘,,E:, 420} <L"’<§.
= 133°C S )
5 S 400 b )l
£ 132°C 8§ (e D S— N W~ < ol
< 380 . )
= 131°C 80 ; : ; . . .
7] )
S o 2 lyvensEEs 400000000 e OEEOT Geeaggeek (Q)
Qo 130°C =
: S — oy |
127°C 5
N\ 1989 2 |
0 Y, N—r i E— .
N 103°C 5 «Jeossssnne «Joossacnnns
I\ 76°C '% 20 - @— a, heating =@ a, heating
d - IN——149°C £ i .
A N 5 ¢ 5 ++<pe @, cooling ++<t+ a
1 1 I 2 I 1 o ot ) ) ) ) )
500 450 400 350 500 450 350 20 40 60 80 100 120 140

37Ba chemical shift (ppm)

Temperature (°C)

FIG. 1. (a) Schematic featuring the slip planes of the (100){100} slip systems and permissible a;—a, 90° domain walls (DWs). (b) The aligned dislocations by mechanical
imprint altered the macroscopic domain structures. All optical images were captured using a 3D laser-scanning microscope (LEXT OLS4100, Olympus), employing differential
interference contrast (DIC) and stitching modes to effectively visualize the domain structures. It should be noted that in stitching mode, horizontal and vertical lines may manifest
along the edges of the images. These uniformly distributed lines should not be confused with the domain structure illustrated in Fig. 1(b). (c) The orientations of the spontane-
ous polarization vectors are denoted with three different ellipsoids (red, blue, and green). The orientation of the electric field gradient tensor at the barium site for different
domain (a4, a,, and c) orientations of the spontaneous polarization are indicated with three different ellipsoids (red, blue, and green), which represent ay, a4, and ¢ polarization
vectors. 3’Ba NMR spectra of the investigated [110]-oriented deformed BaTiO5 samples: (d) the poled sample during heating and (e) the annealed/unpoled sample during cool-
ing. The annealing was performed at 200 °C for 4 h. (f) *'Ba chemical shift and (g) domain distribution during heating and cooling processes.
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characterization. All prepared samples were subjected to an annealing
process at 200 °C for 4 h to alleviate the residual strain incurred during
the cutting and polishing processes.

The mechanical imprint is macroscopically manifested in a modi-
fied structure of the domains. To further elucidate the types and distri-
bution of domains, as well as the impact of temperature on domain
distribution, we quantified the temperature dependence using the solid-
state nuclear magnetic resonance (NMR) spectroscopy. NMR spectra of
""Ba in the deformed sample were recorded using a spectrometer
(Bruker Avance III HD) equipped with a wide bore magnet (14.1T,
Oxford). The NMR measurements were conducted with a single-axis
goniometer NMR probe (NMR Service GmbH), featuring a nominal
resolution of 0.1° and operating at 66.71 MHz. The goniometer probe is
connected to a variable temperature control system, enabling a tempera-
ture range from —55 to 160 °C. We acquired the NMR spectra by ori-
enting a (110) crystal face at a 50° angle (see schematics in Fig. S3). An
angle of 0° signifies that the normal vector of the sample holder is paral-
lel to the magnetic field By. The detailed parameters for the NMR mea-
surements were documented elsewhere.'”'"” The chemical shift of
1374 is referenced relative to a 1 M solution of BaCl,, which is assigned
a chemical shift of 0 ppm. The NMR frequency, which directly correlates
with the direction of spontaneous polarization vectors, is determined by
the orientation of the electric field gradient tensor at the barium sites
within different domains,'®”*"** see Fig. 1(c). Our NMR data revealed
that only a; and a, domains are permissible in the entire sample after
direct current poling (1kV/mm for 10 min) at room temperature [see
Fig. 1(d)]. This conclusion was further validated when we rotated the
sample from 0° to 60°, observing exclusively a; and a, domains (see
NMR data in Fig. $4). During the heating process, '>’Ba chemical shift
for a; domains decreased and that for a, domains slightly increased
[Figs. 1(d) and 1(e)], indicating the change in lattice parameters.” With
further increasing the temperature above the Curie temperature
(Tc=134°C), two NMR peaks for a; and a, domains merged into one
peak due to the phase transition from tetragonal to cubic, in correlation
to our temperature-dependent dielectric properties in Fig. S5. In this
particular orientation of the single crystal, the '*’Ba frequency for the
orientation of 4, domains coincides with the isotropic value of the
chemical shift for BaTiOs. During heating, the '*Ba resonances assigned
to domain orientation a; increasingly approach the frequency of the
peak assigned to a,, until they both collapse at a single resonance at the
position of the isotropic chemical shift for BaTiO;. The gradual change
in position of resonance g is related to the decreasing magnitude of the
quadrupolar coupling at the smaller ionic displacements upon
approaching a cubic point symmetry above Tc.. During the cooling pro-
cess, these two NMR signals for a; and a, domains reappeared when
temperature was below the Curie temperature (131 °C). With further
cooling down to room temperature, a clear separation of NMR signals
between a; and a, domains was identified [Figs. 1(e) and 1(f)]. It is
noted that the a;/a, domain ratio during heating is ~60/40, while the
ratio is ~70/30 during cooling [see Fig. 1(g)]. Poling along the [110]
direction slightly increased the amount of a, domains.

The slanted polarization-electric field hysteresis loop, reduced
spontaneous polarization, and enhanced coercive field (E,, Fig. S6) high-
light the substantial impact of mechanical dislocation imprint on large-
signal (super-coercive fields) properties. Our comprehensive study on
the effect of introduced dislocations on the high and low field behavior
of BaTiO; across varied electric fields revealed a marked elevation in the

pubs.aip.org/aip/apl

coercive field as well as enhanced degree of back-switching, as illustrated
in Fig. S7, signifying the substantial impact of domain-wall pinning.'®
The full picture of the influence of dislocations on dielectric and piezo-
electric properties was achieved within the subcoercive field regime. Our
detailed setup for simultaneously quantifying the dielectric and piezo-
electric properties at different temperatures is shown in Fig. S8. At
20°C, the deformed sample in the poled state experienced a substantial
rise in relative dielectric permittivity (e33) [see Fig. 2(b)] when the elec-
tric field surpassed the pinning field (E;, = 16 V/mm), indicating the
activation of dislocation-domain wall interactions. Additionally, a maxi-
mum converse piezoelectric coefficient (d33) of 2300 pm/V was obtained
at 50 V/mm [Fig. 2(b)]. Note that the maximum applied field is 0.25E,
for the deformed sample. As demonstrated in Fig. S9, the sharp increase
in dielectric loss may contribute to the temperature change of the
deformed sample, leading to a large thermal expansion. In general, the
corresponding piezoelectric coefficient attributable to thermal expansion
can be evaluated as™*

B(T) x AT x L

V )
where f (T) is the temperature-dependent coefficient of thermal
expansion, AT is the temperature change, L is the length or thickness
of the sample, and V is the magnitude of the applied AC voltage,
respectively. We took the thermal expansion coefficient of 6 x 107 °K
for BaTiO; (Ref. 25) and AT=1.26 °C (see the measured temperature
change by an infrared camera in Fig. S10). The thermal expansion-
induced d33; was determined to be 15.1 pm/V, which accounts for 1.1%
of the measured d3; of the deformed sample. Therefore, it is reasonable
to conclude that the significant piezoresponse observed in the
deformed sample is attributed to the interactions between dislocations
and domain walls. Upon heating up to Tc, the maximum é&;3 and d33
reached 27800 and 2800 pm/V, respectively, when the temperature
approached 120 °C. As the temperature was raised above T¢, d33 value
diminished, and &;; remained constant, indicating the absence of
domain wall pinning under the application of an electric field.

To corroborate the experimentally observed piezoelectric
response and shed light on the underlying mechanism, we conducted
phase-field simulations'**® and utilized the generalized theory of con-
figurational forces.”””" A set of fundamental equations governs the
complex electro-mechanical behavior of ferroelectrics: the mechanical
stress equilibrium equation, Gauss’s law, and the time-dependent
Ginzburg-Landau equation,'”

1)

*
d33_

. 0
GijJ:07 Di’i_q:O’Pi:_M_5£,7 (2)
i

where gij is the stress, D; is the electric displacement field, ¢ is the vol-
ume charge density, P; is the electric polarization, and M is the mobil-
ity parameter, respectively. The total free energy density of the BaTiO;
single crystal is given as'®'”
f= OC,‘jP,‘Pj + O(,jklPinPkPI + Otijklm,,P,'PijPIPmPn
+ %ijkimnpq PiPiPkP1Py Py Py Py

1
P D P D
+ ECijkl (sij — & — sij) (skl — &y — 8kl)

1 1
—5 KokiiE;Ej — PiE; + Egijklpi,jpk,h (3)
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ning fields.
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where o, Ojkis Lijkimn, and ijgimapg are the Landau coefficients.
Only o;; are linearly dependent on temperature. cjj; are the elastic
stiffness tensors, &; = (u;j + 1;;)/2 is the total strain defined as the
symmetric part of the displacement gradient u;;. ?f; = QyjuiPiP; is
the eigenstrain induced by polarization, and Qy are the electro-
strictive coefficients. 85 is the eigenstrain of dislocations formu-
lated based on a nonsingular continuum theory of dislocations."®
Ko and k;; are the dielectric permittivity of the vacuum and the rela-
tive dielectric permittivity of the background of the bulk, respec-
tively. E;is the electric field and gy are the gradient energy
coefficients. In the finite element simulations, the driving force is
calculated in the postprocessing as'’

Mnod  Mel

Fo=— Z U Jvezijf,dV, (4)

I=1 e=1

where the assembly operation U is performed over n, elements adja-
cent to node I, the summary operation X is performed over #,,4 in the
integration domain, V, is the volume of the element, and N’ 1 is the gra-
dient of the shape function in the finite element method. y; is the gen-
eralized Eshelby stress tensor for coupled electromechancial problems
in ferroelectrics.'”'” Considering the multi-slip structures of disloca-
tion with perpendicular Burgers vectors in the high-temperature plas-
tic deformation, we incorporated a simple dislocation network
consisting of an a,/a, 90° domain wall and four dislocations with per-
pendicular Burgers vectors along the [100] and [010] directions
[Fig. 3(a)]. This approach allowed us to calculate the potential energy
(U) of the domain wall,"*>*’

1 1 &
20 40 0 20 40

L
U:—J Fidx, (5)
0

where L is the position of the domain wall in the horizontal directions
as shown in Fig. 3(a) and F, is the local pinning force on the domain
wall along the x; direction (perpendicular to the domain wall). Note
that the fully coupled governing equations are simultaneously solved
in the simulation, which takes into account the influence of
dislocation-induced nucleation of new domains on the driving force of
domain walls.”” The material parameters can be found in Table SI.
Our phase-field model is numerically implemented using the finite ele-
ment method within the simulator “Panda’s Multi-Physics” (PMP)
developed based on the open-source software Multiphysics Object-
Oriented Simulation Environment (MOOSE) framework.””

The domain wall underwent bulging or straightening as it
encountered a dislocation pair, with the associated driving force
depicted in Fig. 3(b) at 0.24Tc. This pair of dislocations, with perpen-
dicular Burgers vectors, generated antisymmetric pinning forces that
effectively pinned the domain wall during AC field cycling. In the cor-
responding potential energy profile [Figs. 3(c) and 3(d)], two energy
minima indicate stable equilibrium positions for the domain wall. This
implies that a pinning field is required to overcome the local energy
barriers. The presence of two equilibrium positions enabled the
domain wall to develop reversible and irreversible displacements
between these positions, resulting in a high electric field-dependent
electromechanical response.” It is worth noting that as long as the dis-
location network was introduced into a bulk ferroelectric, the pinning
force profile and energy landscape induced by dislocations were
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formed and presented possible barriers for domain walls. Consequently,
strong interactions between dislocations and domain walls can be exper-
imentally achieved in poled deformed samples.

Such interactions can be maintained up to T and then vanish
with further temperature increases above Tc. As the temperature
increased, the local energy barriers exhibited a decrease, leading to the
reduced pinning field (see our measured and simulated results in Fig.
S11). Our simulations of the pinning field, which account for contribu-
tions from both 90° and 180° domain walls, align well with the
observed temperature-dependent trends in the experimentally quanti-
fied pinning field (see Fig. S11). Above 0.88T¢ [Fig. 3(c)], the domain
wall started to exhibit metastable equilibrium positions characterized
by shallow energy potential wells. At 0.99T, six potential energy wells
can be observed [Fig. 3(d)]. Our calculations suggest the presence of a
greater number of reversible and irreversible displacements for the
domain wall, leading to a higher electromechanical response at ele-
vated temperatures. We note that the potential energy profile with
respect to the domain wall position at temperature close to T had a
small curvature (so-called flat energy profile’” ") consequently leading
to a high piezoelectric coefficient.”” Our calculations revealed that the
total free energy of the system is predominantly influenced by varia-
tions in the electric energy concerning the domain wall position at dif-
ferent temperatures (see Fig. S12). Above T, the domain walls
vanished, and hence lacked the option for domain wall pinning. This
phenomenon aligns well with our experimental observation of the
absence of a pinning field, as depicted in Fig. 2(b). While we cannot
entirely exclude the possibility that local domain switching contributes

Domain wall position L (nm)

to dielectric and piezoelectric responses, such contributions are likely
not predominant. Our simulations and experimental observations sup-
port this conclusion, which consistently revealed a stable domain ratio
across various temperatures.

In summary, a “forest” of well-selected dislocations with the
{100}(100) slip systems were created in barium titanate single crystals
via high-temperature uniaxial compression along the [110] direction.
We found that the imprinted dislocations oriented in the out-of-plane
[001] direction favored in-plane a; and a, domains, and the a,/a,
domain ratio was insensitive to the temperature change below the
Curie temperature. By experimental observations and phase-field sim-
ulations, it is documented that domain-wall pinning field by disloca-
tions decreased with increasing temperature up to the Curie
temperature. Our calculations of the potential energy profile and driv-
ing force elucidated the temperature-dependent behavior observed in
the dislocation-tuned dielectric and piezoelectric properties. Our work
introduces an additional control mechanism for ferroelectric materials,
where temperature acts as a variable to regulate the dislocation-based
motion and functionality of domain walls.

See the supplementary material for high-temperature plastic
deformation experiment, optical images, and electrical properties, and
phase-field simulations.
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