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Abstract: Near-zero strain hysteresis is critical for the performance and reliability of
electromechanical devices, yet its realization in environmentally friendly piezoelectric
ceramics remains a challenge. Although defect engineering, phase boundary

engineering, and the construction of polar nanoregions (PNRs) have been widely



explored to reduce strain hysteresis, these individual approaches have yet to achieve
significant improvements. Herein, we propose an effective strategy to engineer high-
active glassy polar nanoregions (HAG-PNRs) and defect dipoles in
Ba(1-x)(Sno.11Tio.89)O3—0.5xSb203 ceramics with multiphase coexistence. By reducing
the domain switching energy barrier and frictional damping in piezoelectric ceramics,
an ultra-low strain hysteresis (~1.25%) is achieved, representing one of the lowest strain
hysteresis values reported in ceramic systems to date. This work offers a novel design
paradigm for developing BaTiOs-based lead-free piezoceramics with near-zero strain
hysteresis through the controlled formation of HAG-PNRs.

Keywords: high-active glassy polar nanoregions; defects; multiphase coexistence;

damping; strain hysteresis

1. Introduction

As materials capable of mutual conversion between mechanical and electrical energy,
piezoelectric ceramics have attracted considerable attention for applications in
actuators, sensors, and beyond [1—5]. Among the most promising lead-free perovskite
materials, barium titanate (BT)-based ceramics have attracted widespread attention
[6—8]. However, their large strain hysteresis (Hs; Hs > 20%) limits their application in
high-precision actuators [9—14]. Therefore, one of the key challenges in developing BT-
based lead-free ceramic materials is how to tailor near-zero Hs. Currently, various
strategies have been employed to mitigate Hs [15-21]. For example, Yang et al.

established polar nanoregions (PNRs) in (Bai-xSmy)(Sno.0sTi0.92)03—0.6 wt% MnO,,
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compositions by regulating the configuration and scale of local ferroelectric domains,
reducing the Hs to approximately 25% [15]. Li et al. modulated the domain switching
barrier in (Bao.sesCao.135)(Tio.91Z10.00)O3 via defect engineering, enabling a low Hs of
~20%. Although defect engineering can build an internal electric field to modulate
domain wall motion, it pins domain walls, leaving the H; still relatively high [16].
Baraskar et al. constructed multiphase-coexisting (Bao.7Cao3)(Ti0.90Sno.1)O3 ceramic
compositions by site engineering. Even though the multiphase coexistence has reduced
the switching damping of polar regions, the Hs is as high as ~15% [17]. Nevertheless,
these single strategies fail to substantially reduce Hs. Therefore, there is an urgent need
to develop lead-free piezoelectric ceramic compositions with low Hs.

In recent years, the ferroelectric glassy state has garnered considerable attention as
an emerging concept in the piezoelectric field. This glassy state is characterized by
long-range disorder and short-range order, lacking a complete crystal lattice and being
free from crystalline defects such as grain boundaries and dislocations, thus exhibiting
distinctly different properties from its crystalline counterpart [22]. By tailoring the
defect concentration in ceramic systems, the long-range ferroelectric order within the
ceramic composition can be disrupted, leaving only dynamic, isolated PNRs, thereby
constructing a non-frozen ferroelectric glassy state composition [23]. Simultaneously,
by tuning the Curie temperature to below room temperature, the PNRs existing in this
state become high-active glassy polar nanoregions (HAG-PNRs). These high-active
PNRs differ significantly from ordinary PNRs in dynamics and functional advantages.

First, HAG-PNRs lie above the temperature of the maximum dielectric permittivity
4



(Tm); therefore, they respond much more rapidly to external stimuli. In contrast,
ordinary PNRs are located below room temperature and are typically classified, with
respect to the freezing temperature, as either non-ergodic or ergodic relaxor states,
exhibiting poor reversibility after polarization switching and thus large hysteresis.
Moreover, both types of PNRs originate from the disruption of long-range ferroelectric
order.

In this work, by deliberately constructing A-site vacancy defects and B-site acceptor
doping defects, HAG-PNRs with multiphase coexistence were successfully built in
Ba(1-x)(Sno.11Tio.89)O3—0.5xSb203 ceramics, yielding a near-zero Hs of ~1.25%. Figs.
1(a) and 1(b) illustrate the evolution of the crystal structure during the process of defect
construction. The synergistic effect of HAG-PNRs and multiphase coexistence reduces
H; by lowering the domain switching energy barrier and frictional damping, while
defect engineering introduces a built-in electric field that gives rise to asymmetric strain
curves. Together, these three factors enable a near-zero Hs under forward electric fields.

This work offers a viable pathway for developing ultra-low Hs lead-free compositions.
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Fig. 1 Schematic illustrations: (a) Crystal structure and domain diagram of the pristine sample. (b)
crystal structure, domain diagram and phase structure of B-yST—xSb. (c) high potential barrier
and high hysteresis loop. (d) low potential barrier and low hysteresis loops.
2. Experimental methods

Ba(1-x)(Sno.11Tio.89)O3—0.5xSb205 (abbreviated as B1-)ST—xSb, x = 0.005, 0.008,
0.01, 0.03, and 0.05) ceramics were fabricated via the conventional solid—state reaction
method. BaCO3 (99%), TiO2 (99%), SnO2 (99.5%) and Sb203 (99.5%) were used as
raw materials, and these materials were mixed according to the stoichiometric ratio and
ball-milled for 12 hours, and then sieved, dried, and calcined at 1423 K for 3 hours. A
second ball-milling, drying, and sieving process was then performed. The resulting
powders were mixed with 10 wt% polyvinyl alcohol (PVA) binder, then pressed into

disks with a diameter of 10 mm and a thickness of 1 mm. Finally, the obtained pellets
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were sintered at 1673 K in air for 4 h. After poling under a DC voltage of 2 kV, the
samples were aged for 15 days before the strain measurements were performed. And
the strain hysteresis was evaluated using the formula Hs = ASmax/Smax.

The phase structure of the B(-nST—xSb was characterized by X-ray diffraction
(XRD) with Cu K-a radiation and Rietveld refinement was performed using the
GSAS-II software (version SVN5799). Raman spectra were collected using a Raman
spectrometer (Labram HR Evolution, HORIBA S.A.S.), and Raman fitting was
performed using the LabSpec software. The surface morphology of the materials was
characterized by scanning electron microscope (SEM; JSM-6700F, JEOL, Japan).
Dielectric properties were measured using a precision impedance analyzer (HP 4294A,
Agilent, USA) at various frequencies (100 Hz, 1 kHz, 10 kHz, and 100 kHz). The
polarization—electric field intensity (P—FE) and current—electric field hysteresis loops
(I-E) of the samples were measured at room temperature using a ferroelectric analyzer
(FETS-2000, Wuhan Yanhe Science and Technology Co., Ltd., China). The Strain—
Electric field curve (S—E) were measured using an aixACCT TF Analyzer 2000 E. PFM
measurements were performed using piezoresponse force microscopy (PFM; MFP-3D,
Asylum Research, Oxford Instruments, USA), and transmission electron microscopy
(TEM; F20, FEI, USA) was used for microstructural observation and selected area
electron diffraction (SAED).

3. Results and discussion
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Fig. 2 (a) P—F hysteresis loops of B(1-»ST—xSb ceramics at 70 kV/cm. (b) bipolar S—F hysteresis

loops. (¢) unipolar S—F hysteresis loops. (d) Hs of Bu-nST—xSb ceramics. (e) temperature-
dependent S—F curves for the x = 0.01. (f) /-E and P—E curves for the x = 0.01. (g) schematic
illustration of different domain deflection angles during the repolarization process. (h) comparison
of H; with other ceramic materials [20, 26, 32—43].

All samples exhibit narrow P—FE and strain—electric field intensity (S—FE) hysteresis
loops, and the loops measured under positive electric fields are slimmer than those
under negative electric fields, as shown in Figs. 2(a) and 2(b) and Fig. S1. It can be

observed in the inset of Fig. 2(a) that the positive coercive field is approximately zero,



whereas a distinct negative coercive field is observed, indicating that the built-in
electric field (£i) is successfully established after aging treatment due to introduction
of defects. Through the XPS spectral in Fig. S14, we confirmed that the defects are
indeed induced by A-site Ba vacancies and B-site Sb acceptor doping. This
phenomenon is attributed to the defect dipoles polarization along with the spontaneous
polarization direction after aging, resulting in the asymmetry P—FE and S—F hysteresis
loops [24].

Figs. 2(c—d), Figs. S2 and S5 show the H; of ceramics with different x, and the Hs
decreases initially and then increases, and the near-zero Hs (~1.25%) is achieved at x =
0.01. Compared with the undoped composition, the Hs decreases dramatically from
33.48% to below 4%. Moreover, as illustrated in Fig. 2(h), the H; value of our ceramic
1s markedly lower than those of perovskite lead-free ceramics and commercial lead-
based PZT ceramics, demonstrating its distinct advantage. This ultra-low Hs is
associated with the HAG-PNRs and multiphase coexistence, which can weaken energy
barrier for polar regions switching and provide multiple polar directions [25]. Since the
HAG-PNRs are located above the temperature of the maximum dielectric peak (7m) at
room temperature, the ceramics reside in a non-freezing, coexisting glassy state. These
HAG-PNRs respond rapidly to external electric fields, thereby avoiding the effects
typically induced by domain switching and domain wall motion.

Fig. 2(e) shows the temperature-dependent S—F curves of the B(1-nST—xSb ceramic,
and the S performance initially remains constant and then gradually decreases with

increasing temperature. Generally, as the temperature exceeds T, the activity of PNRs
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gradually decreases. As the temperature approaches the Burns temperature (73), the
PNRs gradually fade, causing the S to decrease [26, 27]. However, after the temperature
exceeds the Burns temperature (313 K), the S of the material does not drop abruptly. It
should be attributed to the synergistic effect of defect dipoles and the built-in electric
field in the composition [28—31]. As clearly shown in Fig. S6, even when the
measurement temperature exceeds 7B, the ferroelectric P—E loop persists, and the
bipolar strain S—E curve still retains its asymmetric shape—thicker on the left and
thinner on the right. This further confirms that the strain performance, which does not
drop abruptly above T3, is indeed dominated by the defect complexes formed by defect
dipoles.

When the applied electric field (F) is parallel to Ej, the effective field Eefr is the sum
of £ and E;, providing a great driving force for polar regions switching [40]. Meanwhile,
most defect dipoles are already oriented at a small angle relative to spontaneous
polarization under the applied field, thereby reducing the required rotation angle for
polar regions [26], as shown in Fig. 2(g). The combined effect of the increased effective
field and the favorable initial dipole alignment leads to easier domain switching,
resulting in the observed slim ferroelectric/S loop at positive electric field, while E;
weakens the external electric field at negative electric field direction, resulting in a fat
ferroelectric/S [44], namely, a broader left branch and a narrower right branch.
Accordingly, near-zero Hs of ~1.25% is observed under a positive electric field. This
finding is further corroborated by the corresponding /—F curves presented in Fig. 2(f)

and Fig. S7. As shown in Fig. 2(f), eight distinct sharp peaks (Pai—Pag) are discernible
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in the I-E curve, each corresponding to a separate current jump associated with a
distinct physical origin. Among these current peaks, the P peak exhibits the sharpest
and most intense current surge, originating from the nearly zero positive coercive field
and the built-in electric field. Under these conditions, the effective electric field rapidly
exceeds the coercive field, triggering the switching of a large number of HAG-PNRs
with extremely low switching barriers, thereby generating the highest current peak. Pa»
peak emerges as the electric field increases, reflecting the gradual switching of inert
PNRs (I-PNRs) that possess higher reorientation energy barriers. Pa3 is attributed to the
reorientation of defect dipoles that exhibit the highest energy barriers. These PNRs act
as a “lubricant” for domain motion, facilitating the switching of domains and thereby
markedly reducing the Hs. A sharp minor peak (P.4) appears in the fourth quadrant,
which arises from the recovery of a fraction of small domains/PNRs toward their
original orientations under the defect-induced built-in field. As the positive field is
gradually reduced, domains tend to reorient under built-in electric field, gradually
increasing the current. Under negative electric field, large-scale domains reorient,
producing another high-current peak (Pas). Pas and P.; peaks follow mechanisms
analogous to those of Pa. and Pa3 peak, respectively. Their lower current density,
compared with Pa2 and P,3 peaks, stems from the larger reorientation angles 62 (See Fig.
2(g)) and higher energy barriers of polar regions switching due to defects pinning, and

Pag peak shares an identical formation mechanism with Pas[19, 45, 46].

11
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Fig. 3 (a—d) Temperature-dependent dielectric spectra of B(1-nST—xSb ceramics. (e) fitting of the
diffuseness parameter (y). (f) variation of y, Ty, and 7 for various B(-)ST—xSb ceramic
compositions.

The temperature dependence of the dielectric constant and loss for the B(1-)ST—xSb
ceramics is shown in Figs. 3(a)-5(d). Notably, the temperature (7w) corresponding to
the maximum dielectric constant decreases gradually with increasing Sb*>* content,
indicating that the introduction of Sb** ions has decreased the phase transition
temperature from the ferroelectric to the paraelectric phase. Furthermore, with
increasing frequency, 7w shifts to higher temperatures and the dielectric peak broadens
progressively, confirming that the partial long-range ferroelectric order in the
B1-9ST—xSb compositions has been disrupted, resulting in the formation of a large
number of PNRs [47, 48]. This phenomenon mainly originates from compositional
fluctuations, lattice distortion, and the formation of defect dipoles induced by A-site Ba
vacancies and B-site Sb** acceptor doping, lattice distortion and the formation of defect

dipoles [31]. The relaxor behavior was quantitatively analyzed using the dispersion
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factor (y), which was determined by fitting the relationship between In(1/&; — 1/em) and
In(T — Tw). As shown in Fig. 3(e), Fig. S8, Fig. S10 and Fig. S17, the fitted relaxor
factor (y), Tm below room temperature, and the presence of abundant PNRs collectively
confirm that all compositions are in a non-frozen ferroelectric glassy state, in which the
long-range ferroelectric order is severely disrupted. In addition, as shown in the Fig 3(f)
and Fig. S7, the Ts decreases gradually with the increase in Sb*" contents and the 73 is
315 K at x = 0.01. Notably, the maximum 7y, is below room temperature, indicating
that the electrical properties measured above 7, where the compositions possess a large
number HAG-PNRs. Even when it is higher than 73, at which polar regions are
completely inactive. This proves that the electric properties indeed originate from
defect dipoles beyond 7.

Fig. 4(a) shows the XRD patterns of the B(1-)ST—xSb samples, confirming the
successful synthesis of a pure perovskite structure is successfully obtained. Moreover,
Fig. 4(b) clearly shows that the magnified XRD patterns near 45° shift toward low
angles, which is attributed to the substitution of larger-radius Sb** (76 pm) for smaller-
radius Ti*" (60.5 pm) or Sn** (69 pm), demonstrating the successful occupation of Sb
ions at the B-site. Fig. 4(c) shows the fitted XRD peaks near 45°, revealing the
coexistence of (002)r, (200)r, and (002)c, as shown in Fig. 4(c). To systematically
investigate the crystal structure, the XRD patterns of the ceramic samples were refined
using GSAS—II software, as shown in Fig. 4(d) and Fig. S11. The experimental data are
fitted to the coexistence of R, T, and C phase, and the low wR and GOF values indicate

good agreement between the calculated and experimental data. Multiphase coexistence
13



not only reduces the domain switching barrier but also promotes rapid polarization
alignment under an electric field, effectively mitigating Hs [21, 32, 49]. To investigate
the phase structure change of the samples during temperature variations, variable-
temperature XRD data were collected for x = 0.01, as shown in Fig. 4(e) and Fig. S12.
The diffraction peaks near 45° and 56° remain unchanged, indicating that the ceramic
sample at x = 0.01 exhibit no phase transition, Therefore, the weakening activity in
polar regions (domain and PNRs) during heating is likely responsible for the fading S

rather than phase transition.
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Fig. 4 (a) XRD patterns of B1-nST—xSb ceramics. (b) magnified XRD patterns near 45°. (c) fitted
XRD patterns near 45° for x = 0.01 and 0.05. (d) Rietveld refinement of the XRD pattern at x = 0.01.
(e) temperature-dependent XRD patterns near 46° and 55° at x = 0.01. (f) deconvoluted Raman
spectra for the x = 0.01 and 0.05. g Raman spectra of B(1-9ST—xSb ceramics.

Raman spectroscopy was performed to further investigate the local structure
evolution of the B(1-xST—xSb ceramics, as shown in Figs. 4(f) and 4(g). The spectra at

x=0.01 and x = 0.05 are deconvoluted using Gaussian-Lorentzian functions, revealing
14



13 distinct vibrational modes. Based on the characteristic vibration modes, the Raman
spectra were categorized into three distinct regions. Region I (<200 cm™) corresponds
to the vibrations of A-site cations (Ba—0O); Region II (200—400 cm™) is assigned to the
vibrations of B-site cations (Sn/Ti/Sb—0); Region III (> 400 cm™) originates from the
stretching/bending modes of the BOs oxygen octahedra. With increasing Sb** contents,
all Raman peaks undergo significant broadening, indicating a weakening long-range
ferroelectric order and an increase in structural disorder, thereby facilitating the
formation of PNRs. Moreover, peaks in regions I and III shift toward lower
wavenumbers, and weakening of the A—O bond and BOs octahedral bond strengths
leads to lattice softening, which is attributed to the defect dipoles and lattice distortions
induced by acceptor doping, further confirming the quenching of the long-range
ferroelectric order and stabilization of a pseudo-cubic phase [50].

The SEM images in Fig. S15 show the surface morphology of the B-nST—xSb
samples, sintered ceramics exhibit a dense microstructure with fine grains. With
increasing Sb*>" doping, the grain size exhibits a non-monotonic trend, decreasing
initially and then increasing, with the smallest grain size observed at x = 0.01. The
synergistic effect of fine grains, optimally concentrated defect dipoles, and multiphase
coexistence gives rise to HAG-PNRs, enabling the composition with x =0.01 to achieve
the lowest Hs [51].

To investigate the HAG-PNRs, the local domain structure of B(1-nST—xSb ceramics
(x=10.01 and 0.05) was characterized using in situ PFM. As shown in Figs. 5(a)-5(d),

both samples exhibit a diffuse, patch-like domain morphology without sharp boundaries,
15



characteristic of non-frozen ferroelectric glass. Notably, the sample with x = 0.01
exhibits stronger piezoelectric active regions and a higher density of weak piezo-
response regions (namely, HAG-PNRs) compared to x = 0.05 (Figs. 5(a) and 5(c)). This
facilitates a rapid response to applied electric fields, promoting S while significantly
reducing Hs [52, 53]. In contrast, the sample with higher defect concentration (x = 0.05)
displays an even finer domain structure, composed of dispersed patch-like
nanodomains (Figs. 5(b) and 5(d)). This refinement is attributed to increased lattice
disorder induced by the higher defect density. To further explore the switching behavior,
the polar regions were subjected to different voltages (10—40 V), as shown in Figs.
5(e)—5(1) and Fig. S16. Many polar regions in the x = 0.05 sample fail to switch even
under 40 V, indicating the presence of inert polar regions, which results in inferior
electric-field-induced S. Conversely, the polar regions at x = 0.01 switch more readily
than those at x = 0.05 (Figs. 5(e)—5(h) and Figs. S16(a)—S16(d)), yielding higher §[23,
54]. Additionally, the polar regions at x = 0.01 revert to their initial state more easily
than those at x = 0.05 (Figs. 5(1)—5(1) and Figs. S16(e)—S16(h)), which is conducive to
reducing Hs.

Microstructure characterization and phase analysis of the B1-nST—xSb materials
were conducted using TEM, as shown in Figs. 5(m)—5(0). Based on the SAED patterns
indexed using Gatan Digital Micrograph™ software, Fig. 5(m) reveals a tetragonal
(P4mm) phase along the [110] zone axis. Correspondingly, Fig. 5(n) shows the FFT
diffraction spots, consistent with a rhombohedral (R3m) phase along the [111] zone axis.

Additionally, diffuse scattering rings are observed, indicative of the paraelectric cubic
16



(Pm3m) phase with short-range disorder [55]. These results align well with the Rietveld
refinement of the XRD patterns at x = 0.01. Multiphase coexistence further reduces the
domain switching barrier, facilitates domain reorientation, and suppresses Hs. Fig. 5(0)
and Figs. S17(a)—S17(c) present high-resolution images of the domain structure,
revealing numerous uneven protrusions characteristic of nanodomains. Defect-induced
local regions disrupt the long-range ferroelectric order and generate HAG-PNRs,

leading to an ultra-low Hs [56, 57].

(i)

0.01

Phase x

Zone axis [-110]

Fig. 5 (a—d) PFM amplitude and phase images for x = 0.01 and x = 0.05. (e—1) time-dependent

evolution of domain-written amplitude and phase for x = 0.01 under an electric field (0, 5, 10, and

15 min). (m—o) selected area electron diffraction (SAED) patterns, fast Fourier transform (FFT)
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patterns, and high-resolution domain structures for x = 0.01.
4. Conclusions

Through precise design of defect concentration to construct a non-freezing glassy
state of HAG-PNRs, B(1-)ST—xSb ceramics with near-zero Hs (~1.25%) have been
successfully fabricated. By introducing Sb** at the B-site, acceptor doping not only
creates defect dipoles that establish an internal built-in electric field, but also disrupts
the long-range ferroelectric order, leading to the formation of HAG-PNRs. This
structure significantly reduces the energy barrier for domain switching, thereby
lowering the Hs of the material. Additionally, engineering a triple-phase coexistence
(R—T—C) structure further decreases the energy barrier for domain reorientation. The
combination of these strategies successfully achieves near-zero H;s. These patchy
nanodomain structures observed via PFM corroborate the formation of HAG-PNRs.
Coexistence of multiple phases was confirmed by TEM and Rietveld refinement of X-
ray diffraction (XRD) patterns. This work provides a revolutionary approach for the

material design of high-performance, environmentally friendly actuators.
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