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ABSTRACT

Grain boundaries (GBs) are one of the main factors influencing the polar domain evolution of polycrystalline ferroelectrics. However,
domain switching from GBs to grains remains an unsolved aspect. Previous microscopic GB assumptions hinder such theoretical
investigations, assuming that the structure and properties of GB are independent of the misorientation of adjacent grains. This work
investigates the competition between the energy densities and domain-switching pathways based on the formation mechanism of the GB
model. It is found that the domain-switching pathways in polycrystalline ferroelectrics follow three rules: (1) domain switching occurs near
low-energy-density GBs; (2) the development of domain-switching pathway originates near the low-energy-density GBs. This pathway ulti-
mately influences the overall domain-switching process, which follows the energy minimization principle; and (3) the domain-switching
trend expands to both sides of the pathways after complete formation. The domain evolution rules for polycrystalline ferroelectric materials

proposed in this work are conducive to improving the performance of ferroelectric ceramics via GB engineering.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146252

Ferroelectric ceramics are widely used in microelectronic devices
due to their excellent electromechanical coupling properties.' The elec-
tromechanical coupling behavior of ferroelectric ceramics is related to
the evolution of polarization domains. For most polycrystalline ferro-
electric ceramics, the mechanism of how the domain switches from
the grain boundaries (GBs) to inside the grain body remains an area to
be investigated. The domain configuration in polycrystalline ferroelec-
trics can be regulated by an applied electric field or mechanical
stress.” * Domain evolution is related to complex energy-density com-
petitive processes,” causing a macroscopic nonlinear response. There
is a consensus that the origin of domain evolution occurs near the
GBs.” The lack of understanding of the mechanism for domain switch-
ing from the GBs to inside the grain body limits the applications of
grain boundary engineering in regulating the domain structure and
electromechanical properties.

The evolution of polar domains has been investigated in several
microscopic theoretical studies. Hwang et al. summarized the
energy-based domain switching criterion through the Preisach hys-
teresis model and demonstrated that changes in electric and elastic
energy density are the main factors inducing domain switching.’
Huber et al. developed a constitutive model, simulated the domain
switching process, and estimated the macroscopic response of tetrag-
onal ferroelectric crystals under different loading conditions.'” Su
and Landis developed a two-level micromechanical model coupling
the nonlinear response effect.'' However, the above-mentioned the-
oretical models focused on the effect of grains on domain switching,
which is insufficient when the influence of GBs becomes more sig-
nificant. For instance, it is important to analyze the role of GBs in
the energy storage and electrical breakdown performances of capaci-
tor materials.' "’

Appl. Phys. Lett. 122, 212902 (2023); doi: 10.1063/5.0146252
Published under an exclusive license by AIP Publishing

122, 212902-1

G2:96:20 #20¢ 1aquwiaoeq 2


https://doi.org/10.1063/5.0146252
https://doi.org/10.1063/5.0146252
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0146252
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0146252&domain=pdf&date_stamp=2023-05-22
https://orcid.org/0000-0002-5098-3290
https://orcid.org/0000-0002-9834-5888
https://orcid.org/0000-0001-7854-9376
https://orcid.org/0000-0002-3439-287X
https://orcid.org/0000-0001-5134-8144
https://orcid.org/0000-0002-1778-7802
mailto:xbtian@scu.edu.cn
https://doi.org/10.1063/5.0146252
pubs.aip.org/aip/apl

Applied Physics Letters

Hence, an appropriate description of GBs is crucial. According to
thermodynamic principles, a phase-field method was introduced to
investigate the domain evolution processes. In accordance with the
mathematical boundary assumption of GB, Choudhury et al. investi-
gated the process of domain evolution and found that it strongly corre-
lates with the orientation of the grains in polycrystalline ferroelectric
materials." "> However, the atomic-scale structure of GBs is complex,
with random distributions of oxygen vacancies, as well as dislocations
and migration of defects,'® which reduces the lattice symmetry and fer-
roelectricity of GBs. Therefore, the “dead layer” hypothesis has been
proposed to describe GBs as a dielectric material with the spontaneous
polarization of zero. Based on this hypothesis, it has been reported that
domain switching occurs in regions near large-angle GBs.'” Further dis-
cussions about these assumptions and the structures of GB are included
in the supplementary material. Su et al. assumed the GBs to be homoge-
neous and weakly ferroelectric when studying their rate-dependent
domain switching,'® This assumption has some advantages, as it depicts
a continuum of domain polarization inside the GBs. Nevertheless, the
aforementioned results were obtained under the postulation that the
structures of the GBs are homogeneous and independent of the grains,
which is not consistent with the experimental findings."”

The structure of the GBs plays an important role in domain evo-
lution.”””" An appropriate assumption of GBs that should be taken
into account is the influence of the misorientation between adjacent
grains on the structure of GBs, as this has a significant impact on their
mechanical and electrical properties. The establishment of mathemati-
cal requirements for domain continuity over GBs** and the corre-
sponding experimental observations” necessitate the study of domain
evolution in polycrystalline ferroelectrics from a more comprehensive
perspective.

Based on the microscopic formation mechanism of the GB
model, which was proposed in the previous work,”* this work investi-
gates the competitive relationship of energy densities and analyzes the
mechanism of domain switching from GB to the grain body during
the domain evolution process. The aim is to provide a perspective for
regulating domain evolution with rational grain distribution. The
details of the new GB model used in this work are presented in the
supplementary material. Domain evolution in polycrystalline ferro-
electrics has received increasing attention, and understanding the
internal mechanisms of domain evolution will aid in designing ferro-
electric ceramic devices.

A phase-field method reliant on the time-dependent Ginzburg-
Landau (TDGL) equation is adopted to investigate the domain evolu-
tion.”” The free-energy density of polycrystalline ferroelectrics can be
expressed as a function of local polarization (PF), polarization gradient
(Pfj), strain (sfj), and electric field (EL), where i,j = 1,2,3, and the
superscript L denotes the local coordinates of the individual grain and
GBs.” The free-energy density can be expressed as the sum of the
bulk free energy density (fyux), the elastic energy density (fus), the
coupling energy density (foup), the gradient energy density (fgrq), and
the electric energy density (f,.) as”’

fpr PiLJa siLjaEiL) = fou (P;) +fEla5(8iLj) +chP(PiLa 55)
+fgmd(Pz€j) +f€lec(PiLinL)' 1

The specific expression of Eq. (1) follows the previous literature,”
which has been added to the supplementary material.
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To investigate the impact of GBs on the electromechanical cou-
pling properties of polycrystalline ferroelectrics, it is essential to con-
sider the domain distribution within the GB. In this work, the
symmetric tilt [001] GB is regarded as weakly ferroelectric, and its
structure is related to the orientation of adjacent grains.”” Hence, the
ferroelectric, mechanical, and electrical properties [e.g, the
Curie-Weiss temperature (Tg,), elastic coefficients (cg,), and permit-
tivity (rg)] of the GBs are affected by the grain orientation. The spe-
cific expression of those properties follows the formation mechanism
of the GB model, which is represented in the supplementary
material.”* The accumulated space-charge density induced by defect of
the GB is described as

Qgh(m—n) =Q Sin(er(m—n))v (2)

where Q is the maximum space-charge density in the GBs, and
A0,y denotes the misorientation of adjacent grains m and n.

The orientation of the grains and GBs are represented by a set of
Euler angles, and the order parameters are used in a conversion for-
mula to convert local coordinates into global coordinates.”

The total free energy of a polycrystalline ferroelectric (F) can be
expressed by integrating f over its whole volume V. The evolution of P
can be described as™’

OP;i(r,t) oF

o~ * OP(r, 1)’ 3)

where L is the kinetic coefficient of the domain switching. The
mechanical equilibrium equation 0(0f /Js;;)/0x; = 0 and Maxwell’s
equation O(—0f /OE;)/0x; = 0 must also be satisfied.

In this work, a GB formation mechanism model using high sym-
metry tetragonal BaTiO; with strong continuity is constructed to
investigate the effects of GBs on domain evolution. The discussion
about the continuity of the GBs is represented in the supplementary
material. The periodic polycrystalline ferroelectric model is shown in
Fig. 1(a), and the orientations of the grains are set to 0°, 30°, 45°, and
15°. The GB structure is influenced by adjacent grains, and differences
in the GB structure leads to changes in the domain distribution
between grains.

The GB is regarded as weakly ferroelectric, and the saturation
polarization (P;) and the coercive electric field (E.) are smaller than
those of the grains.'® The switching criteria of the domain structure
are represented as’

O'UABU + EiAPi 2 ZPSE“ (4)

where g;; and ¢; represent the stress and strain tensors, and E; and P;
denote the electric field and polarization intensity. The first term on
the left side of Eq. (4) represents the change in the elastic energy den-
sity, and the second term is the change in the electrostatic energy den-
sity. Equation (4) indicates that the elastic and electrostatic energy
densities induce domain switching. These two energy densities exhibit
a competing relationship during the switching process. The evolution
of the energy densities and polarization with the varying electric field
strength are shown in Figs. 1(b) and 1(c).

With a decrease in electric field strength, the electrostatic energy
density decreases significantly. In contrast, the elastic energy density
increases slowly, and the change in both curves is approximately linear
(period I). During this period, almost all domains point in the direc-
tion of the electric field, and the linear attenuation of the electrostatic
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FIG. 1. The periodic polycrystalline ferro-
electric model and the evolution of energy
densities and polarization with varying
electric field strength. (a) An xp-direction
electric field is applied, and the size of the
simulation model is 265 x 306 nm. The
proportion of the GB is expanded to
18.6% to capture the phenomenon in the
GB. (b) The evolution of elastic energy
PP, density (the bold black line) and the elec-
[ b a trostatic energy density (the bold red line)
with the electric field. (c) The P-E hystere-
sis loop curve (Eo=96.5kV/cm and
Py =0.26 C/m?).
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Periodic boundary condition x;
energy density leads to a decay of the polarization intensity along the During this period, the increasing elastic energy density of the grains
GBs. The large energy density difference between the GBs and grains decreases the difference in energy density between the grains and GBs,

hinders domain switching from the GBs to the grains, as shown in which promotes the spreading of domain switching into the grains.
Figs. 2(a)-2(c). The nonlinear trend of the elastic energy density curve The elastic energy density is an important factor that complicates the
increases as the electric field decreases to E/E, = 0.495 (period II). domain structure. The energy density curves reach a maximum rate of

(® (h)

FIG. 2. The domain switching process with an applied electric field. The domain structure pattern with (a) Ex/Eo = 1.5, (b) Ex/Eo = 1.065, (c) Ex/Ey = 0.525, (d) Ex/Eg=0.24,
(e) Eo/Eq=0, (f) Eo/Eg = —0.345, and (g) E»/Eo = —0.525 (h) Two domain switching pathways (the bold black line and bold red line), where the number indicates the domain
switching order at the GBs.
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change at E/Ey = —0.345, which leads to the switching of the domain
direction. In contrast, the total polarization intensity is approximately
zero, and the domain structure presents the most complex state during
the entire process, as shown in Figs. 2(d)-2(f). The effect of the elastic
energy density gradually weakens as the electric field strength is further
reduced to E/E, = —0.525 (period III). During this period, the elec-
trostatic energy density becomes the main factor leading to the orien-
tation of the domain structure to the electric field while also enhancing
the polarization intensity, as shown in Fig. 2(g).

From the whole domain switching process, two switching path-
ways are formed as the electric field decreases [Fig. 2(h)], namely,
GB2_4 — GB3_4 and GB2_4 il GB1_4 —)GBl_z i GB1_3 il GB2_3.
The energy evolution of the first domain-switching pathway, GB,_4
— GB;_y, is shown in Figs. 3(a) and 3(b). The electrostatic energy den-
sity of GB,_4 is much lower than that of the other GBs, indicating that
domain switching is most likely to occur in this region. The switching
trend spreads to the lower-energy-density grain, that is, grain 4, rather
than through the triple-point GB. These mentioned observed results
are consistent with recent experimental literature.”” Two switching
pathways are then formed because of the similar energy densities of
GB;_4 and GB;_4, as demonstrated by comparing Figs. 3(b) and 3(c).
This phenomenon indicates that the domain-switching pathway
spreads along the lower-energy direction.

The second domain switching pathway, GB, 4 — GB; 4 —GB; ,
— GB;_3 — GB,_3, is shown in Figs. 3(c)-3(f). The similar energy den-
sity values of the grains cause the switching pathways in grains 1 and 2
to form approximately simultaneously, as shown in Figs. 3(d) and 2(d).

Normalized Electric Field, E)

Normalized Electric Field, E;

(e) ()

FIG. 3. The relationship between energy densities and external electric field of GBs and grains. (a) GB,4 and adjacent grains, (b) GB34 and adjacent grains, (c) GB4.4 and
adjacent grains, (d) GB+_, and adjacent grains, (¢) GB1_3 and adjacent grains, and (f) GB,.3 and adjacent grains.

Although the energy density of GB,_; is significantly larger than that
of GB,_; [comparing Fig. 3(e) with Fig. 3(f)], the switching pathway in
grain 1 is more likely to spread to GB,_3, as shown in Fig. 2(e). As the
electric field strength decreases further, the pathway spreads to GB, 3,
forming a complete switching pathway. Domain switching spreads
along both sides of the pathway, as shown in Fig. 2(f). The formation
of the second domain-switching pathway indicates that the energy
minimization principle governs the domain evolution process of poly-
crystalline ferroelectrics.

Upon the foundation of the above-mentioned analysis, the
domain evolution rules can be proposed as follows: (1) the nucleus of
domain switching occurs near low-energy-density GBs; (2) the devel-
opment of domain-switching pathway originates near the low-energy-
density GBs. This pathway ultimately influences the overall domain-
switching, which follows the energy minimization principle; and (3)
domain switching expands to both sides of the pathway once complete
pathways are formed.

These domain evolution rules help deepen our understanding of
the mechanism of domain switching in polycrystalline ferroelectrics.

According to the above-mentioned domain evolution rules and
the formation mechanism of the GB model, the switching of the
domain from the GBs to the grain body results from a competition
between elastic and electric energies. This work analyzed this competi-
tive relationship and proposed three main rules for the formation of
domain switching pathways, where two pathways for domain evolu-
tion from GBs into the grain body are formed. These results clarify the
domain evolution of polycrystalline materials. It should be noted that
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this study focuses on the domain switching of large-sized domains.
However, as the grain size varies, domain variations become more
complex which complicates the process of domain switching.” Thus,
investigating the effect of domain size on the switching process would
improve our understanding of domain switching. This work is condu-
cive to improving the performance of ferroelectric ceramics through
the rational distribution and design of grains and GBs.

See the supplementary material for energy equation of phase field
method; dimensionless method in simulation and the material proper-
ties of BaTiO;; the schematic diagram of mathematical interface and
“dead layer” GB assumptions; the detail of formation mechanism GB
model; the discussion about the complex structure of GBs; and the
effect of GB’s continuity on domain switching.
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