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High power

Piezoelectric ceramics with combinatory soft and hard characteristics are highly desired for high-power
applications. However, it remains grand challenge to achieve simultaneous presence of hard (e.g. high co-
ercive field, E.; high mechanical quality factor, Q;) and soft (e.g. high piezoelectric constant, d; high elec-
tromechanical coupling factor, k) piezoelectric properties in piezoelectric ceramics since the mechanism
controlling the hard behavior (pinned domain walls) will significantly reduce the soft behavior. Here, we
address this grand challenge and demonstrate <001> textured MnO, and CuO co-doped Pb(In;;Nb;,)0s3-
Pb(Mg;3Nb,3)03-PbTiO3 (PIN-PMN-PT) ceramics exhibiting ultrahigh combined soft and hard piezoelec-
tric properties (d33 =713 pC N1, k3; =0.52, Qu~950, E.=9.6 kV cm™!, tan § =0.45%). The outstanding
electromechanical properties are explained by considering composition/phase selection, crystallographic
anisotropy and defect engineering. Phase-field model in conjunction with high resolution electron mi-
croscopy and diffraction techniques is utilized to delineate the contributions arising from intrinsic piezo-
electric response, domain dynamics, and local structural heterogeneity. These results will have significant

impact in the development of high-power transducers and actuators.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Piezoelectric ceramics are widely utilized for transduction of
mechanical energy into electrical energy and vice-versa [1,2]. A
subset of tailored piezoelectric ceramics are utilized in high-power
applications such as actuators, transformers, ultrasonic motors, and
Langevin transducers [1,3,4]. Under high electric field (E) applica-
tion near resonance, traditional piezoelectric materials will exhibit
high magnitude of losses which is expressed as heat generation. To
delay the degradation of piezoelectric behavior under high-power
conditions, ceramics should exhibit a high mechanical quality
factor Qm and low dielectric loss factor tan §, as heat generated
is inversely proportional to mechanical quality factor and directly
proportional to dielectric loss [5]. Large Qm is also beneficial in
enhancing the displacement of piezoelectric element at resonance
frequency [6,7]. In addition to Qn, the high coercive field E. is
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required to prevent the high-power material from depoling under
high electric field. Further, high power piezoelectric ceramic should
also possess high piezoelectric strain coefficient (d) to generate
high vibration velocity (vims o Qped) and high electromechanical
coupling factor (k) for effective electrical to mechanical energy
conversion [5,8]. In summary, the high power piezoelectric ceram-
ics should exhibit the hard properties (high Qm, high E, low tan §)
and soft properties (high d33 and high k) simultaneously. However,
achieving simultaneous hard and soft piezoelectric properties has
long been a grand challenge. The hard properties are generally
induced by acceptor doping, where acceptor ions (e.g. Mn2* or
Mn3+) are substituted on B-site in a perovskite piezoelectric oxide.
The aliovalent substitution of Mn?* or Mn3*+ cations on B-sites
(e.g. Nb5+ and Ti*+) will create the net negative charges on B-sites
(e.g. Nb>* and Ti**) [9,10]. To maintain the charge balance, the
positively charged oxygen vacancies V;; will be created and the

defect dipoles Mng — Vg will be formed. These defect dipoles are
effective in pinning domain walls, which significantly reduces
the piezoelectric properties of ceramics. Thus, despite decades
of research and commercial development, high performance
high-power piezoelectric ceramics are still hard to realize.
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Fig. 1. Comparison of high-power piezoelectric properties for different types piezoelectric ceramics. (a) Mechanical quality factor Qn, vs piezoelectric strain constant ds3
for high-power material developed in this study, and commercial hard and soft piezoelectric ceramics (References are included in Supplementary Information and different
star points represent high-power piezoelectric properties of textured piezoelectric ceramics with different texturing degree). (b) Comparison of relevant parameters (ds3, Qm,
E.) in representative textured piezoelectric ceramics and Mn-doped PIN-PMN-PT single crystal [11,19-22].

One promising approach is to combine microstructural engi-
neering and defect engineering to maximize the piezoelectric co-
efficient d33 and mechanical quality factor Qn. For example, a
[001]-oriented rhombohedral Mn-doped PIN-PMN-PT single crystal
has been reported to exhibit an excellent combination of high ds;
(~1009 pC N-1) and high Qm (~650) [11], which was attributed
to the strong piezoelectric anisotropy and oxygen vacancy induced
domain pinning. The [001]-oriented Mn-doped PIN-PMN-PT single
crystal exhibited a high d33 ~1009 pC N-! while [111]-oriented
crystal exhibited a low d33 ~ 95 pC N-1, a difference of 1062%
(ds3j001)/d33[111))» Which clearly demonstrates the role of piezoelec-
tric anisotropy [11]. There are some challenges in utilizing sin-
gle crystals including high production cost, low coercive field (Ec),
complexity in machining varying shapes and sizes, and smaller
mechanical strength [12,13].

Prior studies have shown that the piezoelectric strain coef-
ficient ds3 of ceramics can be significantly improved by textur-
ing along preferred crystallographic direction through templated
grain growth (TGG) method [14,15]. For example, <001> textured
PMN-PT and PMN-PZT piezoelectric ceramics with a texture de-
gree >90% can exhibit a high ds3 of 1000 pC N-!, which is about
two times higher than that of the randomly oriented grain ceram-
ics [16,17]. The enhanced ds3 of textured ceramic is attributed to
the strong piezoelectric anisotropy and engineered domain states
similar to that of single crystal. However, the Qn value of <001>
textured PMN-PT and PMN-PZT is quite low, as shown in Fig. 1b.
Hard textured ceramics with moderate values of d33 and Qm have
been developed by integrating TGG process and acceptor doping,
but these values were not sufficient to meet the application re-
quirements.

Here we developed a high-power textured piezoelectric ce-
ramic that simultaneously exhibits high d33, Qm and E. through
a synergistic design strategy that combines composition/phase
selection, crystallographic texturing and defect engineering. We
start with base composition of relaxor-based Pb(In;/;Nb;;)03-
Pb(Mg;3Nb,/3)03-PbTiO3 (PIN-PMN-PT) ternary ferroelectrics with
a morphotropic phase boundary (MPB) composition of 0.24PIN-
0.42PMN-0.34PT, which possesses higher coercive field (E.) in com-
parison with PMN-PT while retaining the comparable piezoelectric
properties [18]. The base composition was co-doped with 2 mol.%
MnO, and 0.25 wt% CuO to improve the Qn value through de-
fect engineering and sintering through grain growth. Microstruc-
tural engineering involved texturing of 2 mol.% MnO, and 0.25 wt%

CuO co-doped PIN-PMN-PT ceramics through TGG method. <001>
textured and 2 mol% MnO, and 0.25 wt% CuO doped 0.24PIN-
0.42PMN-0.34PT are shown to possess excellent combination of
soft and hard piezoelectric properties (ds33 =713 pC N-1, k3; =0.52,
Qm~950, Ec=9.6 kV cm~!, tan § =0.45%). Fabricated textured ce-
ramics exhibit significantly improved combination of both Qy, and
ds3 in comparison with the state-of-art commercial piezoelectric
ceramics exhibiting either high Qn or high d33 value but not both
at the same time, as shown in Fig. 1a. From Fig. 1b, it can be seen
that this newly designed high power textured ceramic exhibits the
best high-power properties (d33, Qm and E¢) in comparison with
other reported textured ceramics and even single crystal counter-
part.

2. Experimental procedure

The composition of MnO,- and CuO- co-doped 0.24PIN-
0.42PMN-0.34PT was 2 mol% MnO, and 0.25 wt% CuO-
doped 0.24Pb(In; ;;Nby ;,)03-0.42Pb(Mg;3Nb,/3)03-0.34PbTiO3. The
0.24PIN-0.42PMN-0.34PT and 2 mol% MnO,-doped 0.24PIN-
0.42PMN-0.34PT matrix powders were synthesized using two-step
columbite precursor method. First, the mixture of In,03 (99.9%)
and Nb,0s5 (99.9%) powders were sintered at 1100 °C for 7 h to
prepare InNbO4 precursor. Then, the raw materials of PbO (99.9%),
InNbO4, MgNb,0g (99.9%), TiO, (99.8%), and MnO, (99.9%) were
mixed in ethanol solvent for 24 h. The mixed powders were dried
and calcined at 850 °C for 4 h. Finally, the calcined powders were
ball milled again with 1.5 wt% excess PbO in ethanol solvent for 48
h to decrease the particle sizes.

BaTiO3 (BT) templates were prepared by two-step topochemi-
cal microcrystal conversion (TMC) method [23]. Firstly, the Bi;O3
(99.9%) and TiO, (99.8%) raw materials were mixed together with
salts (NaCl and KCl with a mole ratio of 1) and the mixtures
were heated at 1050 °C for 2 h to obtain the BisTi30, (BiT) pre-
cursors. Then, the BiT precursors and excess BaCO3; were mixed
with salts (NaCl and KCl with a mole ratio of 1) and heated
at 970 °C for 2 h to synthesize BaTiOs; platelets. Next, the ce-
ramic slurry was prepared by mixing the 2 mol.% MnO,-doped
0.24PIN-0.42PMN-0.34PT matrix powders with polyvinyl butyral
(PVB) binder, toluene solvent and 0.25 wt% CuO. x vol.% BT tem-
plates (x=0.5, 1, 2) were mixed into the as-prepared ceramic
slurry by magnetic stirring. The slurry was casted using a doctor
blade with a height of 0.25 mm. Afterwards, the dried green tapes
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were cut, stacked, and laminated under a 20 MPa pressure at 80
°C for 15 min to fabricate green samples. The green samples were
heated to 550 °C with a heating rate of 0.6 °C/min! to remove
the organic binder and then cold-isostatic pressed at 200 MPa for
1 min. Finally, the samples were embedded in calcined 2 mol.%
MnO,-doped 0.24PIN-0.42PMN-0.34PT powders with 1.5 wt% ex-
cess PbO and sintered at 1200-1220 °C for 6 h in air.

The crystal phases and microstructures of the textured sam-
ples were determined using X-ray diffraction (XRD, PANalytical
Empyrean) and field-emission scanning electron microscopy (FE-
SEM Apreo) in combination with electron backscatter diffraction
(EBSD), respectively. The degree of pseudo-cubic <001> texture
F was determined from the X-ray diffraction patterns by Lotger-
ing factor method [24,25]. To conduct electrical measurements, the
sample surfaces were coated with silver paste and then fired at
550 °C for 30 min. All the samples were poled in silicon oil at
140 °C for 30 min under an electric field of 40 kV/cm™!. The piezo-
electric coefficient (d33) was measured by using a quasi-static ds3
meter (YE2730A, APC Products). The temperature-dependent di-
electric permittivity (¢;) and loss tangent (tan §) were measured
with a multifrequency LCR meter (HP4284A) at 1 kHz from 25 °C
to 250 °C. Polarization vs. electric field (P-E) hysteresis loop and
the piezoelectric strain were measured at 1 Hz using Precision Pre-
mier II ferroelectric Tester (Radiant Technologies). The mechanical
coupling coefficient (k) and mechanical quality factor (Qm) were
calculated from the impedance spectra by resonance and anti-
resonance technique using impedance analyzer (Keysight E4990A)
with the applied voltage amplitude of 500 mV. The domain mi-
crostructure and the interface between the BT template and tex-
tured grain were observed by FEI dual aberration corrected Titan3
G2 60-300 S/TEM at 300 kV. The energy dispersive X-ray spectro-
scopic (EDS) elemental maps of the sample were collected by us-
ing a SuperX EDS system under STEM mode. Cross-sectional TEM
samples were prepared using a FEI Helios 660 focused ion beam
(FIB) system. A thick protective amorphous carbon layer was de-
posited over the region of interest. Then, Ga+ ions (30 kV then
stepped down to 1 kV to avoid beam damage to the sample sur-
face) were used to make the sample electron transparent. The
atomic positions of the STEM images were determined by using
two-dimensional Gaussian fitting in Atomap software [26].

The high-power piezoelectric vibration characteristics of tex-
tured, random, and commercial “hard” PZT (APC 841) samples were
measured in the transverse mode (31-mode) using a laser vibrom-
eter (PSV-500 by Polytec) aligned toward the sample surface in the
displacement direction. The schematic diagram of the measured
sample geometries is shown in Fig. S11.

3. Results and discussion
3.1. Fabrication of <001>-textured ceramics

Fig. 2a shows the scanning electron microscopy (SEM) images of
the BiyTi3Oq, (BiT) precursors and BaTiOs; (BT) templates after the
topochemical conversion reaction. The BiT precursors had a plate-
like high-aspect ratio with a diameter of 10 um and thickness of
0.2 um. The final product of the reaction, BT template, maintains
the platelet shape inherited from the BiT precursor considering
their topotactic relationship. Fig. 2b shows the X-ray diffraction
(XRD) patterns for random and <001>-textured ceramics, con-
firming the formation of perovskite phase. In contrast to the
randomly oriented counterpart, the intensities of {00!} peaks are
much stronger than other diffraction peaks in the textured sample,
indicating strong grain orientation along (00[) direction. Lotgering
factor calculation reveals that the undoped and Cu-doped textured
ceramics with 2 vol.% BT templates (abbreviated as T-2BT and
Cu-doped T-2BT respectively) can exhibit an orientation/texturing

Acta Materialia 234 (2022) 118015

degree Fgo; of ~75.9% and 81.8%, respectively, indicating that
the CuO addition can enhance the texture development of PIN-
PMN-PT ceramics (see Supplementary Note 1). Surprisingly, after
MnO,-doping, the MnO, and CuO co-doped textured ceramics
(abbreviated as co-doped T-2BT) can possess even higher texturing
degree Fyg; of ~97%, indicating that the MnO, doping can further
promote the texture development in CuO-doped PIN-PMN-PT
ceramics by facilitating the matrix grain growth around the BT
template, as shown in Fig. S1. The enhanced grain growth after
MnO,-doping has also been observed in PZT-PZN ceramics, which
is hypothesized to be driven by diffusion of oxygen vacancies [27].
The increased oxygen vacancies induced by MnO,-doping will
assist the lattice diffusion resulting in the enhanced grain growth
[27]. The electron backscatter diffraction (EBSD) mapping images
further confirm the high <001> orientated grains in co-doped T-
2BT ceramic compared to random counterpart, as shown in Fig. 2c.
Fig. 2a also shows the microstructures for both random and
co-doped T-2BT ceramics. The co-doped T-2BT ceramic exhibits
well-oriented matrix grains with brick wall-like microstructure,
representing the texturing development, in comparison with the
random counterpart exhibiting equiaxed grains. Then, the EDS was
applied for analyzing the distribution of the different elements
across the co-doped T-2BT ceramic. As shown in Fig. S3, the Mn
element was homogenously distributed inside the co-doped T-2BT
ceramic, indicating that all the Mn substitutes in the lattice. The
solubility limit of MnO, in the PIN-PMN-PT lattice is reported to
be ~2 mol.% [28]. In this study, the addition of 2 mol.% MnO, and
0.25 wt% CuO already exceeded the solubility limit of the lattice,
leading to the agglomeration of CuO on the grain boundary, as
shown in Fig. S3. The reduced solubility of CuO in the lattice will
lead to the formation of liquid phase at grain boundary, which
will enhance the textured grain growth. In addition, the secondary
phases with rich In and Mg elements were found in the co-doped
T-2BT ceramic. This result indicates that the Mn ions substitute
into the B-site of the ABO3 structure and contributes to the for-
mation of secondary phases. Fig. 2d shows the high-magnification
EDS element mapping of an interface between BT template and
textured grain. The interface between the <001> BT template
and matrix grain is quite sharp, indicating that the BT template is
stable inside the matrix grain.

3.2. Enhanced soft and hard piezoelectric properties

Fig. 3a shows the dielectric permittivity as a function of tem-
perature for both random and textured ceramics. The co-doped T-
2BT ceramic can exhibit a relatively high Curie temperature (T¢)
around 205 °C in comparison with the random counterpart with
a T ~ 216 °C, indicating that the low concentration of BT tem-
plate inside the textured ceramics has little influence on its Curie
temperature. Fig. 3b shows the P-E hysteresis loops for random,
textured ceramics and single crystal counterpart. Both random and
textured ceramics exhibit well-saturated P-E hysteresis loop along
with high remanent polarization (P;) and high coercive field (Ec).
The coercive field E. for co-doped T-2BT ceramic is 9.7 kV cm™1,
which is higher than that of the T-2BT ceramic ~9.1 kV cm~, in-
dicating the higher stability of co-doped T-2BT ceramic under high
electric fields. In addition, compared to the random counterpart,
the Cu-doped T-2BT ceramic possesses lower P; and higher E.. The
lower P; value can be attributed to the composite effect of BT tem-
plate since BT template has low P; value of 12 uC cm~2 [29]. The
higher E; can be explained by the increased tetragonality degree
of textured ceramic, as shown in Fig. S5. In contrast to the com-
mon belief that the P of MnO,-doped ceramic is always lower
than that of undoped counterpart due to the hardening effect of
MnO,-doping, the co-doped T-2BT ceramic possesses higher P; in
comparison with T-2BT ceramic, as shown in Fig. 3b. The lower P;
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Fig. 2. Microstructures and texture quality of ceramics. (a) SEM images of BisTi3O1, (BiT), BaTiO3 (BT), PIN-PMN-PT with 0 vol.% BT (abbreviated as random), and 2 mol.%
MnO, and 0.25 wt% CuO co-doped PIN-PMN-PT with 2 vol.% BT (abbreviated as co-doped T-2BT) ceramics. (b) XRD patterns of PIN-PMN-PT with 0 vol.% BT (random),
PIN-PMN-PT with 2 vol.% BT (abbreviated as T-2BT), 0.25 wt% CuO-doped PIN-PMN-PT with 2 vol.% BT (Cu-doped T-2BT), and 2 mol.% MnO, and 0.25 wt% CuO co-doped
PIN-PMN-PT with 2 vol.% BT (co-doped T-2BT) ceramics. (c) EBSD images of random and co-doped T-2BT ceramics. (d) STEM image and the corresponding EDS element
mapping of co-doped T-2BT ceramic.
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Fig. 3. Dielectric and piezoelectric properties. (a) Dielectric permittivity for random, Cu-doped T-2BT, and co-doped T-2BT ceramics, measured at 1 kHz; (b) P-E hysteresis
loops for random, T-2BT, Cu-doped T-2BT, and co-doped T-2BT ceramics, measured at 1 Hz. The P-E loop for MnO, doped PIN-PMN-PT single crystal is from Ref. [11] (c)
Unipolar S-E curves for random, T-2BT, Cu-doped T-2BT, and co-doped T-2BT ceramics, measured at 1 Hz. (d) Impedance and phase angle spectra for co-doped T-2BT ceramic,
measured with the applied voltage amplitude of 500 mV. (e) Comparison of piezoelectric figure of merit d3; x g33 and k3; for random, MnO, doped PIN-PMN-PT single crystal
and co-doped T-2BT ceramics [11]. (f) Comparison of maximum vibration velocities for random, APC 841, and co-doped T-1BT ceramics (k3; mode).
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Table 1

Acta Materialia 234 (2022) 118015

Dielectric and piezoelectric properties for both random and textured piezoelectric ceramics.

Specimen Template Foor (%) Te Ec (kVem™')  &33T/eo  tan 8 (%) ds3 (pPCN71) g3 (x 103V m N-') dy (pCN1) kg Qm
Co-doped T-2BT 2 vol.% BT 97 205 9.7 1498 0.42 725 54.7 247 054 716
Co-doped T-1BT 1 vol.% BT 94.2 205 9.6 1588 0.45 713 50.7 240 0.52 949
Co-doped T-0.5BT 0.5 vol.% BT 64 205 9.9 1483 0.45 465 354 157 0.40 1542
Cu-doped T-2BT 2 vol.% BT 81.8 214 9.15 1786 1.05 410 259 138 0.29 149
T-2BT 2 vol.% BT 75.9 216 9.1 1310 1.18 364 314 117 0.28 120
Random 0 0 216 8.0 1836 0.96 304 18.7 101 0.22 147
Commercial APC 841 0 0 273 - 1152 0.50 312 299 108 0.33 1050

of T-2BT ceramic can be understood from its impedance spectra
shown in Fig. S6. It is known that the maximum impedance phase
angle 67 in resonance and anti-resonance regions can be used to
judge the poling degree of piezoelectric ceramics [30]. The low 6,
of 64.1° indicates a low poling degree of T-2BT ceramic, resulting
in lower P;. Fig. 3¢ shows the strain response under electric field
for both textured and random ceramics. The textured ceramics ex-
hibit over 2 times improvement in strain value at the same electric
field in comparison with random counterpart. Fig. 3e shows the
piezoelectric figure of merit ds3 x g33 and electromechanical cou-
pling factor k3; for random, textured ceramics and single crystal
counterpart. The textured ceramic exhibits a large ds3 x g33 value
of 39.7x 10712 m2 N1, due to high g3; value of 54.7 x10~3 V
m N-1, which is the result of the significantly improved ds3 and
suppressed dielectric permittivity. Besides, in contrast to both ran-
dom and single crystal counterparts, the textured ceramic can pos-
sess higher k3; value of 0.54. Electromechanical properties such as
Qm are obtained from the electrical impedance method based on
IEEE standard (Fig. 3d). Detailed dielectric and piezoelectric prop-
erties of both random and textured ceramics are summarized in
Table 1. The combination of high d3; ~ 725 pC N-! and Qn ~716
along with high ks; of 0.54 is obtained in co-doped T-2BT sample
with a 97% texturing degree. Notably, the co-doped T-1BT ceramics
also show an excellent combination of soft and hard piezoelectric
properties (d33 =713 pC N1, k3; =0.52, Qm~950), which is signifi-
cantly better than those of the random, Cu-doped T-2BT and com-
mercial “hard” PZT ceramics (APC 841), as shown in Table 1. Then,
the high-power piezoelectric vibration characteristics of textured
ceramic were investigated and compared with that of the random
counterpart and APC 841 ceramic (Fig. S11). Fig. 3f shows the max-
imum vibration velocities for random, APC 841, and textured ce-
ramics (k3; mode). The textured ceramic exhibits a vibration ve-
locity of 0.86 m s-!, which is over 300% higher than that of the
random counterpart. The vibration velocity of textured ceramic is
also higher than that of the APC 841 ceramic ~ 0.62 m s’!, demon-
strating that textured ceramics are good candidates for high-power
piezoelectric device applications.

3.3. Origin of enhanced piezoelectric properties

As shown in Table 1, the ds33 of co-doped T-2BT sample is much
higher than that of T-2BT sample, which is attributed to the im-
proved <001> texturing degree (Fyg value from 75.9% to 97%) and
poling degree (6, value from 64.1° to 89.1°) induced by MnO,-
doping effect. The transmission electron microscopy (TEM) imag-
ing of ferroelectric domain structure within the textured grain of
co-doped T-2BT sample is shown in Fig. 4a. A large fraction of
stripe-type nanodomains can be observed and they are parallel to
each other. The nanodomain with size of 15-20 nm can be ob-
served (see the inset of Fig. 4a). According to previous studies,
the appearance of nanodomains microstructure might be thermo-
dynamically driven by the reduced domain wall energy near MPB
region since the domain size D has been reported to be propor-
tional to the square root of domain wall energy (D « /y) [31,32].
An atomic-resolution STEM image of the interface between the
BT template and PIN-PMN-PT grain in co-doped T-2BT sample is

shown in Fig. 4b. A defect-free coherent interface can be observed,
proving the excellent lattice match between the BT template and
matrix grain. The defect-free interface is important for achieving
enhanced piezoelectric response since the defects at the interface
can act as the pinning center to restrict the movement of ferro-
electric domain walls. The FFT patterns extracted from the tex-
tured grain and BT template clearly show <001>. orientation of
both textured grain and BT template. In contrast to classical fer-
roelectrics, relaxor-PT systems, such as PMN-PT, possess a unique
characteristic, that is, the nanoscale structural heterogeneous re-
gions or so-called polar nanoregions (PNRs) [33,34], which are re-
sponsible for the high piezoelectricity in relaxors [33,35]. Recently,
STEM has been utilized to identify the presence of nanoscale struc-
tural heterogeneous regions in relaxor-PT systems and the size of
nanoscale domains was found to vary from 2 to 12 nm [36,37].
In our work, similar approach has been applied. The magnified
STEM image of the atomic columns inside the textured grains is
shown in Fig. 4c. The red and blue circles denote the A-site and
B-site cations, respectively. Owing to the weak scattering factor of
the electrons, the 02~ columns are hard to be visualized [38]. The
polar vectors for one unit-cell column can be represented as the
atomic displacements from the center of the B-site cation to the
center of the nearest neighboring A-site cations [37]. As shown in
Fig. 4c, given that the co-doped T-2BT sample has a rhombohedral
phase structure (Fig. S5), the polar vector along the rhombohedral
<111> direction (marked by a large rectangular box in Fig. 4c) can
be observed. Besides, the tetragonal region with polar vector along
<001> direction can be found as well, indicating the coexistence
of phases and confirming the vicinity to MPB. Nanoscale struc-
tural heterogeneity (the coexistence of rhombohedral and tetrag-
onal nanoregions) with the size comparable to previous reports is
observed within the textured matrix grain. This assists in increas-
ing the interfacial energy and minimizing the polarization disconti-
nuity, which leads to flattened free-energy curve and enhancement
of piezoelectricity [37].

To better understand the high piezoelectric properties of tex-
tured ceramics, the orientation dependence of piezoelectric re-
sponse was calculated using phase structural relationships. For the
ferroelectric crystals in rhombohedral 3m group, using spherical
coordinates, the orientation dependence of longitudinal ds3 piezo-
electric coefficient can be represented as [39]:

d3; (0, ¢) = discosfsin’0 — db,sin’6 cos 3¢
+dj,sin’ cos @ + dj;cos30 (1)

The parameters obtained from the rhombohedral PIN-PMN-PT
single crystal were used to plot the 3D surface of dj; [40]. The
orientation dependence of piezoelectric coefficient is shown in Fig.
S15a. It is obvious that ds3 is strongly dependent on the crystal-
lographic orientation and the maximum d33 along the [001] non-
polar direction is over 10 times higher than that along [111] polar
direction. Thus, d33 can be enhanced significantly along [001] non-
polar direction due to the strong piezoelectric anisotropy of rhom-
bohedral PIN-PMN-PT.

To express the piezoelectric anisotropy theoretically for
<001>-textured ceramics, a parameter D;, is defined as
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Fig. 4. Microstructures of co-doped T-2BT. (a) High-magnification bright field TEM images of ferroelectric domains for co-doped T-2BT ceramic and the inset shows nan-
odomains within the textured grain. (b) Atomic-resolution HAADF-STEM image of the interface between BT template and textured grain with the inset showing the corre-
sponding faster Fourier transform (FFT) patterns. (c) Atomic-resolution STEM image of the region inside the textured grain along <001>, with B-site cation displacement
vectors (arrows) map. The enlarged images on the right show the positions for A and B-site atomic columns.

Dipe = d3315F /d33 10", where d33i% and dss[o represent the intrinsic

piezoelectric coefficient of textured and random ceramics, respec-
tively. The explanations for the intrinsic piezoelectric coefficient
of textured and random ceramics can be found in Supplementary
Note 3. Previous reports have shown that the calculated D;,; value
for rhombohedral phase is about 2.2 [2,41], theoretically proving
that the piezoelectric response of <001>-textured ceramic is
higher than that of random ceramic. Experimentally observed
piezoelectric anisotropy for textured ceramic can be expressed
using the parameter Dexp =d334p/d330¢p, Where d332§’;, and ds3g
represent the measured piezoelectric coefficient of textured and
random ceramics, respectively. The calculated Dey, value of tex-
tured ceramic is 2.4, which is consistent with its theoretical
calculated value.

3.4. Understanding of the improved mechanical quality factor

As shown in Table 1, textured ceramics can exhibit high me-
chanical quality factor Qn values. For MnO,-doped rhombohedral
ferroelectrics, their spontaneous polarization Ps is along the <111>
direction (Fig. S16a). Acceptor ions like Mn2* or Mn3* will substi-

tute center B-site of perovskite structure due to the similar ionic
radius, creating defect dipole consisting of negatively charged ac-
ceptor ions and positively charged oxygen vacancies. The defect
dipole will then generate a defect polarization Pp along the same
direction <111> of spontaneous polarization Ps based on symme-
try conforming assumptions (Fig. S16c). The explanations for sym-
metry conforming assumptions can be found in Supplementary
Note 5. After the application of the external electric field E, as
shown in Fig. S16f, the Ps will switch to the same direction of E,
while the defect dipoles and related polarization Pp are hard to be
switched since the reorientation of defect dipoles requires the oxy-
gen vacancy Vj; diffusion, and polarization switching under electric
field is a diffusionless process [42]. In addition, according to previ-
ous reports, the relaxation time of Pp (10° s) is much longer than
that of Ps, which is in the range of 1076 to 10— s [43].

The dynamics of Pp under external electric field E can be es-
timated by analyzing the evolution of internal bias field E; as a
function of electric field. The horizontal shift of P-E hysteresis loops
can be observed in MnO,-doped ceramics in comparison with un-
doped counterpart as shown in Fig. 3b, indicating the existence of
internal bias field E;. The E; value can be calculated by using the
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equation, E; = (Ec+ + Ec-)/2, where E¢+ and Ec. are the coercive field
values of forward and backward polarization switching process, re-
spectively [44]. The large E; value of MnO,-doped ceramics sug-
gests that the defect polarization Pp restricts polarization switch-
ing in the opposite direction. In addition, as shown in Fig. 5a, the
internal bias field E; is directly proportional to the poling electric
field E. Specifically, E; increases dramatically as the poling electric
field E increases to 15 kV cm~! and then saturates with further in-
crease in the E to 30 kV cm™! for textured sample, while the E;
value for random sample is pretty small and remains nearly con-
stant with increasing electric field. These results confirm that E;
originates from the motion of defect dipole under electric field.

The dynamics of polarization switching under electric field can
be analyzed by calculating the activation energy E, for polarization
switching. The activation energy is determined to be 0.1 eV for tex-
tured sample, which is much higher than that of random sample
(0.06 eV) as shown in Fig. 5b, experimentally demonstrating that
the defect dipoles or Pp will restrict the Pg switching in MnO,-
doped samples. The detailed explanation on activation energy can
be found in Supplementary Note 6.

Based on these discussions, when an external electric field E is
applied to the sample, the spontaneous polarization Ps will pre-
fer to switch in the same direction as that of E, while the defect
dipole induced polarization Pp is hard to be switched under elec-
tric field E and maintains its original direction, generating a restor-
ing force to restrict the polarization switching under electric field.
It is known that the polarization switching under external electric
field makes a huge contribution to the mechanical loss in ferro-
electrics; mechanical loss is the inverse of mechanical quality fac-
tor Qm [44,45]. Thus, the restricted polarization switching/rotation
induced by the existence of defect dipoles or Pp will result in re-
duced mechanical loss and improved mechanical quality factor Qm
value in acceptor-doped ferroelectrics.

The <001> textured MnO,- and CuO-doped PIN-PMN-PT ce-
ramics can possess both enhanced soft and hard piezoelectric
properties in comparison with random ceramics (Fig. 5c), where
the enhanced soft piezoelectric response originates from the
strong anisotropy and increased intrinsic piezoelectric response
in textured ceramics. The enhanced hard piezoelectric response
stems from the restricted polarization switching induced by the
unswitchable defect dipoles or Pp.

3.5. Phase-field simulations

To gain insight into how the presence of defect dipoles can
influence the P-E loops and the domain wall motion, we per-
formed phase-field simulations [46] to model the domain structure
evolution under an alternating electric field for the undoped and
co-doped textured piezoceramics, from which the P-E loops can
be obtained. Considering the highly [001]-textured nature of the
piezoceramics in the experiment, we model the system as a [001]-
oriented bulk single crystal and assume the initial domain config-
uration to be layered structure consisting of two domain variants,
P || [111] or [111] which are separated by horizontal 109° domain
walls. The domain periodicity of the initial state is assumed to be
~ 20 nm, as informed from the HAADF STEM image of Fig. 4a.
For simplicity, we adopt the model parameters of rhombohedral
PMN-30PT developed in ref. [47] to represent the case for 0.24PIN-
0.42PMN-0.34PT. Since both materials are relaxor-based ferroelec-
tric materials and share the same rhombohedral R3m symmetry as
the ground state, we expect that the results obtained here can be
applied to the case for 0.24PIN-0.42PMN-0.34PT. The doping effect
by MnO, and CuO is considered by introducing a set of randomly
distributed defect dipoles with defect polarization |Pp| = 0.024 C
m~2 and a concentration (xp=3%) based on an approach similar
to that in ref. [48]. Each local defect polarization is assumed to be
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switching due to the presence of local defect dipoles.

aligned with the ferroelectric polarization of the surrounding do-
main variants of the <001>-poled state, i.e., Py || [111] or [111].
To study the pinning effect of defect dipoles on domain wall mo-
tion, a pair of nuclei of reversed ferroelectric polarization is intro-
duced, i.e.,, P || [111] or [111], which creates vertical (110)-oriented
domain walls, as shown in Fig. 6a. Upon the application of a re-
versed electric field, the polarization switching can occur via the
sideway propagation of the vertical domain walls (labeled by the
yellow arrows). A detailed description of the model setup is given
in Supplementary Note 7.

From the calculated P-E loops (Fig. 6b), we can see a horizon-
tal shift of the loops toward the right-hand side for the doped
system with randomly distributed defect dipoles compared with
the undoped case, suggesting the presence of an internal bias
field E; as seen in the experiments. Particularly, the coercive field
Ec+ increases slightly by ~ 20%, which qualitatively agrees with
experiments (Fig. 3b) for both cases, while E.. decreases more sig-
nificantly by ~ 40%, which results in a reduction of the averaged
coercive field E. = (|Ec+|+|Ec-])/2 and is different from experiments.
To understand why this discrepancy happens, we performed
further simulations by considering different spatial distributions of

the defect dipoles, namely, the horizontal segregation and vertical
segregation, which corresponds to accumulation of defect dipoles
in the proximity of horizontal or vertical domain walls, respec-
tively. The calculated P-E loop for the horizontally segregated
case shows similar behavior as the randomly distributed one but
the loop for the vertically segregated defect dipoles has negligibly
changed E.. and E.+. Our simulation results suggest that the spatial
distribution of defect dipoles can influence the P-E loops and serve
as a possible explanation for the hardening effect in co-doped
ceramics. It should be noted that many factors not considered
here may as well influence the P-E loops for doped ferroelectric
ceramics, e.g., grain size, grain boundaries, and defect-induced
local strains and associated changes in the energy landscapes,
which requires further systematical studies.

To reveal the relationship between the increase in E.+ and the
pinning effect of defect dipoles on the domain wall motion, we
track the averaged position of the vertical domain walls as a func-
tion of simulation time for the undoped case and the doped case
with randomly distributed defect dipoles under an identical con-
stant applied electric field, as plotted in Fig.6¢c. In the presence
of defect dipoles, the onset of the sideway domain wall motion
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is delayed (indicated by the horizontal black arrows), suggesting
a slower switching kinetics. Moreover, there is roughness in the
front of the domain switching (indicated by the vertical black ar-
rows) due to the local heterogeneous electric field associated with
the defect dipoles, which further suppresses the propagation of the
domain walls and postpones overall polarization reversal process.
Therefore, the pinning effect of defect dipoles on the domain wall
motion may account for the increase in E.+ of the macroscopic P-E
loops for the cases with defect dipoles.

4. Conclusion

In summary, this study successfully addresses grand challenge
in fabricating high-performance high-power piezoelectric ceram-
ics through a synergistic design strategy that combines compo-
sition/phase selection, crystallographic texturing and defect engi-
neering. Specifically, the fabricated <001> textured MnO,- and
CuO-doped PIN-PMN-PT ceramics with 1 vol.% BT templates ex-
hibit ultrahigh combined soft and hard piezoelectric properties
(d33=713 pC N1, k33 =0.52, Qm~950, Ec=9.6 kV cm~!, tan
6=0.45%) in comparison with both the state-of-art commercial
and reported textured piezoelectric ceramics, which makes the
fabricated high-power textured ceramics an outstanding candi-
date for high-power device applications. A comparative study be-
tween the random and <001> textured ceramics indicates that
the strong piezoelectric anisotropy, enhanced intrinsic piezoelec-
tric response, and existence of local structure heterogeneity, to-
gether contribute towards the greatly improved piezoelectric prop-
erties of <001> textured ceramics in comparison with random
counterpart. In addition, the restricted polarization switching in-
duced by the unswitchable defect dipoles or Pp plays an impor-
tant role in reducing the mechanical loss Qm~! and thus improving
the mechanical quality factor Qy of MnO,-doped piezoelectric ce-
ramics in comparison with undoped counterpart. A combination of
experiments and phase-field simulations both experimentally and
theoretically confirms the restricted Ps switching in MnO,-doped
PIN-PMN-PT ceramics. We believe this synergistic design strategy
will have tremendous impact in development of new generation of
high-power piezoelectric devices.
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