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a b s t r a c t

The introduction of acceptor dopants into perovskites is a common method for designing hard piezo-
electric ceramics by forming defect dipoles. It is interesting to find that the doping effect of a few amount
of MnO2 in (Bi0.5Na0.5)TiO3eBaTiO3 lead-free ceramics significantly depends on the local symmetry. A
conventional hardening effect corresponding to an obviously enhanced mechanical quality factor and a
decreased piezoelectric coefficient can be generated in the tetragonal phase rich zone, rather than in the
rhombohedral-rich zone, where a typically amphoteric characteristic can be observed unexpectedly. The
result was well interpreted by means of the formation of a local random field as a result of the local
symmetry-breaking effect of point defects after doping MnO2 in addition to a traditional internal bias
field as a result of the pinning effect of defect dipoles. Compared with tetragonal-rich ones, the obviously
enhanced random field in rhombohedral-rich compositions tends to induce a weakening ferroelectricity,
as evidenced by composition dependent normal ferroelectric-relaxor ferroelectric phase transition. This
work provides a new understanding of how charged defects affect the domain stability in the matrix
with different symmetries through the competition between random electric fields and internal bias
fields.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Developing high-power piezoelectric materials has been
specially required to miniaturize the actuators and transducers, in
which the same level of mechanical vibration energy can be ob-
tained in a smaller specimen without temperature rise from in-
ternal losses [1,2]. Mechanical losses can be divided into intrinsic
and extrinsic parts from the polarization rotation and the domain
wall movement under external fields, respectively [3]. Both polar-
ization rotation and domain wall motion can be pinned by internal
bias fields (Ei), which can be introduced via acceptor ion doping
[4e7]. For the charge balance, acceptor doping will introduce ox-
ygen vacancies, being trapped at the domain walls and forming
defect dipoles with the acceptor cations [8e13]. The symmetry of
defect dipoles tends to be consistent with the crystal symmetry
through the migration of oxygen vacancies, inducing the improved
domain configuration stability, the enhanced mechanical quality
zhang@csu.edu.cn (D. Zhang).
factor Qm and the decreased dielectric loss [11,14e17].
Based on a reversible defect-mediated domain switching

mechanism, large recoverable electrostrains as well as constricted
polarization versus electric field (P-E) loops were obtained in
acceptor doped ferroelectric crystals and/or ceramics [8e11,18].
Moreover, by further mediating the state of defect dipoles and
domains through poling, aging and fatigue processes, a further
enhancement of the electrostrainwas realized in hard piezoelectric
ceramics, such as acceptor doped BaTiO3 (BT), (Na0.5K0.5)NbO3 and
Pb(Zr,Ti)O3 (PZT) [14e16]. These results suggest that the hard ce-
ramics may be promising for future novel applications in actuators,
ultrasonic motors, transducers and et al. [18].

(Na0.5Bi0.5)TiO3 (BNT) based lead free ceramics have been
actively studied for replacing lead-based ferroelectric materials
[19,20]. Below 255 �C, a rhombohedral (R) R3c structure is stable
with anti-phase a-a-a- octahedral tilting and ion displacement
along the [111]-direction in the pseudo-cubic cell with a~89.83�

[21]. Early reports suggest that the tilted octahedra may strongly
affect the domain switching behavior, the dielectric and piezo-
electric properties of ceramics and even lead to the formation of
pinched or double-like P-E hysteresis loops, which can be explained
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in terms of domain wall pinning through oxygen octahedra rota-
tions in unpoled R3c PZT ceramics [22]. BNT ceramics exhibit a
stable domain configuration, a large coercive field (EC) ~7.3 kV/mm
and a large Qm~400 [23]. However, a pinched P-E loop has not been
found, as usually observed in conventional PZT ceramics. Acceptor
doping has been tried in BNT-based ceramics in order to further
inhibit the motion of polarization and domain walls, however, the
enhancement of Qm value is very little [7,24e27]. Moreover, typical
constricted P-E loops were also not found. Instead, softening
characteristics such as increased d33, decreased depolarization
temperature and decreased EC were observed in BNT ceramics after
doping a small content of MnO2 [28].

In this work, a special study on the effect of acceptor doping
MnO2 in BNT-based ceramics with different local structures has
been carried out to reveal the structure mechanism for producing
BNT-based hard piezoelectric ceramics.
2. Experimental procedures

Ceramics with compositions of (1-x)BNT-xBT-yMnO2
(x¼ 0e0.4, y¼ 0e0.01) were synthesized by a conventional solid-
state reaction method. Commercially available reagent grade ox-
ide and carbonate powders Na2CO3 (�99.8%), BaCO3 (�99.5%),
Bi2O3 (�99.5%), TiO2 (�99.5%) and MnO2 (�99.5%) (Sinopharm
Chemical Reagent Co., Ltd., CN) were used as the starting materials.
The powders for (1-x)BNT-xBT were weighed and mixed thor-
oughly in ethanol using zirconia balls for 6 h according to their
compositional formula. The mixed powder was then calcined at
850 �C for 2 h. MnO2was added according to its doping content. The
powders were ball-milled again for 12 h and then pressed into disk
samples with a diameter of 10mm under 100MPa using polyvinyl
alcohol as the binder. After burning out the binder at 550 �C for 4 h,
sintering was performed in the temperature range of 1140e1180 �C
for 2 h at a heating rate of 180 �C/h and a cooling rate of 300 �C/h in
covered alumina crucibles. Silver electrodes were fired on both
sides of the samples at 550 �C for 30min. The samples were poled
at 70e120 �C in a silicone oil bath with a dc electric field of 7 kV/
mm for 2 h. After poling, the samples were aged for at least 24 h
before electrical performance testing.

The domain morphology observation was performed on a field
emission transmission electron microscope (FE-TEM, JEM-2100F,
JEOL, Japan) operated at 200 kV. X-ray photoelectron spectros-
copy (XPS, Escalab 250Xi; Thermo Scientific, Leicestershire, U.K.)
was utilized to determine the valence of manganese in the
Fig. 1. Bright-field TEM images for (1-x)BNT-xBT cera
compounds. Dielectric properties as a function of temperature and
frequency were measured by an LCR meter (Agilent E4980A, Santa
Clara, CA). The quasi-static piezoelectric constant d33wasmeasured
by a Berlincourt-meter (YE2730A, Sinocera, Yangzhou, China) and
the Qmwas determined by a resonance-antiresonancemethodwith
an impedance analyzer (PV70A, Beijing Band ERA Co., Ltd. China).
The P-E loops were measured at 10 Hz using a ferroelectric test
system (Precision multiferroelectric; Radiant Technologies Inc,
Albuquerque, New Mexico). The room temperature crystal struc-
ture was analyzed by a powder X-ray diffractometer (XRD, D/MAX-
RB, Rigaku, Tokyo, Japan) using a Cu Ka radiation (l¼ 1.5406 Å).
3. Results and discussion

The domain morphology for several selected (1-x)BNT-xBT ce-
ramics is shown in Fig. 1. For pure BNT ceramic (x¼ 0) with an R
symmetry, an irregular domain morphology with size around
50e100 nm can be observed in Fig. 1a. The coexistence of nano-
domains with blotchy domain morphology and stripe micro-
domains can be observed on a bright-field image of the
morphotropic phase boundary (MPB) composition with x¼ 0.06.
Typical 90� domains with parallel strips can be observed in the
tetragonal (T) phase composition with x¼ 0.12, which can be
described as the alternation of broad and narrow sub-micron sized
domains.

Fig. 2 presents high-resolution XPS spectra of Mn 2p states for
as-sintered (1-x)BNT-xBT-0.01MnO2 ceramics. The overlapped Mn
2p3/2 and 2p1/2 peaks were fitted to analyze the different valence
states of the doped Mn ions, because Mn has multiple accessible
valence states. As exemplified in theMn 2p3/2 state, the existence of
Mn2þ and Mn3þ is evident because the peaks are located at the
binding energies of ~640.7 and ~641.6 eV, respectively. Therefore,
Mn2þ and Mn3þ ions can coexist in all (1-x)BNT-xBT-0.01MnO2
ceramics. Moreover, the ratio between Mn2þ and Mn3þ ions
changes little with changing BT content. Generally, Mn2þ and Mn3þ

ions tend to substitute B-site ions in the perovskite structure
because the radius of Mn2þ (0.83 Å) and Mn3þ (0.645 Å) is close to
that of Ti4þ (0.605 Å). Therefore, charged defects of Mn

00
Ti, Mn

0
Ti and

V,,
O should be formed in the studied (1-x)BNT-xBT-0.01MnO2

compositions.
Fig. 3 shows temperature and frequency dependent dielectric

permittivity and loss tangent for unpoled and poled (1-x)BNT-xBT-
yMnO2 ceramics. For the composition of y¼ 0, an obvious dielectric
anomaly due to the ferroelectric-relaxor phase transition (TFR) can
mics with (a) x¼ 0, (b) x¼ 0.06 and (c) x¼ 0.12.



Fig. 2. XPS spectra of Mn 2p for (1-x)BNT-xBT-0.01MnO2 ceramics with (a) x¼ 0, (b)
x¼ 0.06, (c) x¼ 0.12 and (d) x¼ 0.4.

Fig. 3. Temperature and frequency dependent dielectric permittivity and
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be seen on heating in the x<0.06 and x>0.09 compositions, corre-
sponding to normal ferroelectric states with R and T phase struc-
tures at room temperature, respectively. Even though TFR
disappears in theMPB compositions of 0.06� x� 0.09, a significant
dielectric anomaly and a sharp loss tangent peak can be detected
after poling at room temperature. This indicates that the virgin
samples of 0.06� x� 0.09 should be a nonergodic relaxor state at
room temperature, and that the field induced ferroelectric phase
should transform into ergodic relaxor phase transition at T’FR on
heating. T’FR can also be detected in compositions away from the
MPB.

After doping 1mol% MnO2, all samples exhibit weaker fre-
quency dispersion in the low temperature region by comparing
with the corresponding undoped ones. This indicates that the
introduction of MnO2 tends to decrease the dielectric relaxation
behavior. However, for the virgin samples of x¼ 0.045 and x¼ 0.12,
which are close to the MPB and exhibit normal ferroelectric states
at room temperature before MnO2 doping, a nonergodic relaxor
state is detected after MnO2 doping. This suggests an obvious
decrease of the domain size from microdomains to polar nano-
regions (PNRs) at room temperature, accompanying the decrease of
ferroelectricity.

The ferroelectricity at room temperature can be easily evaluated
by the Curie temperature, namely the frozen temperature (Tf) or TFR
in relaxor ferroelectrics. In consideration of the difficulty in calcu-
lating Tf of the virgin sample, a similar temperature T’FR in the poled
sample was used [29]. The evolution of T’FR for the (1-x)BNT-xBT-
yMnO2 is shown in Fig. 4a. With increasing BT content, the T’FR
loss tangent for unpoled and poled (1-x)BNT-xBT-yMnO2 ceramics.



Fig. 4. Evolution of (a) T’FR and DT’FR, (b) d33 and Qm with changing BT content for
poled (1-x)BNT-xBT-yMnO2 ceramics.
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values for both y¼ 0 and y¼ 0.01 ceramics first decrease and then
reach minimum values at x¼ 0.06 and finally increase. Interest-
ingly, after the addition of MnO2, T’FR decreases slightly for the R-
phase rich compositionswith x< 0.09, but increases for the T-phase
rich compositions with x> 0.09, as compared with the corre-
sponding undoped ones. The difference of T’FR between y¼ 0.01
and y¼ 0 (DT’FR¼ T’FR,Mn-T’FR,0) tends to increase monotonously
from negative to positive values with increasing x. DT’FR approxi-
mates to zero in the MPB composition with x¼ 0.09. These results
suggest that the BNT-BT materials with R and T phases should be
softened and hardened by acceptor-type dopants, respectively. d33
decreases and Qm increases significantly in the T phase composition
after doping MnO2, as shown in Fig. 4b. By comparison, the influ-
ence of MnO2 on d33 and Qm is much weaker in the R phase
composition. As a result, MnO2 exhibits an amphoteric doping ef-
fect in the R phase but a typical hard doping effect in the T phase.

Fig. 5a and b shows the P-E loops and the corresponding J-E
curves for unpoled and poled (1-x)BNT-xBT-0.01MnO2 ceramics.
Square and symmetric P-E loops as well as unimodal J-E curves
were achieved in the unpoled (1-x)BNT-xBT-0.01MnO2 ceramics.
For typical hard ceramics, pinched and even double P-E loops cab
be detected in the unpoled ceramics because the domains in the
randomly oriented state are pinned by defect dipoles [11]. How-
ever, The Ei formed by the defect dipoles is not large enough to
turn back the reoriented domains to the initial random state or
even the defect dipoles are not formed in these acceptor doped
BNT-BT ceramics. The defect dipoles are formed through the
migration of oxygen vacancies, yet large coercive field which
hinders the displacement of ions would also block the migration
of oxygen vacancies, moreover, driving force originating from the
inconsistence between spontaneous polarization (PS) and defect
polarization (PD) is quite small owing to the existence of
nanosized domains. As a result, weak Ei can be detected in these
virgin samples. After adequate poling, long-range ordered do-
mains paralleled to the direction of external electric field will be
achieved. Moreover, external electric fields tend to accelerate the
migration of oxygen vacancies and the formation of defect dipoles
along the direction of electric field, leading to the formation of Ei
along the direction of electric field. The Ei value can be calculated
through the unequal value of EC during loading positive and
negative fields as Ei¼(EþþE-)/2. The poled samples with low BT
contents exhibit a nearly symmetric P-E loop. However, an
obvious asymmetric P-E loop and an asymmetric J-E curve are
found in the poled compositions with high BT contents, as shown
in Fig. 5b. The evolution of EC (for unpoled samples) and Ei (for
poled samples) with changing BT content for (1-x)BNT-xBT-
0.01MnO2 ceramics is shown in Fig. 5c. Even though pure BNT
exhibits nanoscale domains at room temperature, a large EC
~7.1 kV/mm can be detected owing to the inhibition of octahedral
tilting on domain switching behavior. Accompanying with the
decreased domain size, EC decreases when the composition moves
close to the MPB. A minimum EC can be found in the MPB region. A
very small Ei of <0.2 kV/mm can be detected in the R rich com-
positions with x� 0.06. With increasing the BT content into the T
phase rich zone, Ei increases monotonously. That is to say, the
domains in the R phase can hardly be clamped by defect dipoles.
Even for the T compositions with large Ei, the value of Ei is still
much smaller than that of EC. A large Ei~1.4 kV/mm and a large
EC~4.5 kV/mm are achieved in the ceramic with x¼ 0.4. Therefore,
the domains cannot switch spontaneously after removing the
external field.

The phase structural change in (1-x)BNT-xBT-yMnO2 ceramics
with different x and y values is shown in Fig. 6a and b. It is obvious
that all studied compositions demonstrate a single perovskite
structure in terms of typical diffraction patterns. Fig. 6cee shows
the enlarged (111) and (200) diffraction lines as well as the fitting
results to analyze the effect of BT andMnO2 on the phase structure
and ferroelectricity. The doublet (111)R/(11-1)R and single (200)R
diffraction peaks suggest an R symmetry for the BNT ceramic
(x¼ 0, y¼ 0). The splitting of (111)R and (11-1)R lines tends to
merge together while the (200) diffraction tends to split with
increasing BT content. A single (111) peak as well as a doublet
(200) peak appears for the x > 0.09 compositions with a pure T
symmetry. In the composition range of 0.06� x� 0.09, doublet
(111) peaks and triplet (200) peaks can be observed, indicating the
coexistence of R and T phases. After the addition of MnO2, an MPB
can still be detected in the composition range of 0.06� x� 0.09, as
shown in Fig. 6cee. An obvious shift of the diffraction peaks owing
to the change of the lattice parameters can be found after doping
MnO2, indicating that Mn2þ/3þ ions have diffused into the crystal
lattice.

The lattice parameters of both T and R phases can be calculated
according to the position of (111) and (200) diffraction peaks. For
the T structure, the interplanar spacings (d), which can be ob-
tained from XRD data by using the Bragg equation, is given as:

dhkl ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 

h2þk2
a2 þ l2

c2

!vuut
(1)

Therefore, approximate values of cT and aT can be obtained by
the measurement of (200) line:

cT¼ 2d002 (2)

aT¼ 2d200 (3)



Fig. 5. PeE loops and the corresponding J-E curves for (a) unpoled and (b) poled (1-x)BNT-xBT-0.01MnO2 ceramics; (c) evolution of EC and Ei values with changing BT content for
unpoled and poled (1-x)BNT-xBT-0.01MnO2 ceramics.

Fig. 6. XRD patterns of (a) y¼ 0 and (b) y¼ 0.01 ceramics; (c) evolution of (111) and (200) diffraction lines and (d)(e) the fitting results for (1-x)BNT-xBT-yMnO2 ceramics.
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Fig. 7. Evolution of (a) lattice parameters and the fraction of R phase and (b) lattice
distortion degree for (1-x)BNT-xBT-yMnO2 ceramics; (c) the schematic picture of
atoms, local symmetry, and local Landau potential around defects in the matrix of R
phase.
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For the R phase with an internal angle a between the R axes, the
interplanar spacings can be written as (without consideration of
terms in cos2a and cos3a):

dhkl ¼
 
h2 þ k2 þ l2

a2
� 2

hkþ klþ lh
a2

cos a

!�1
2

¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p
 
1þ hkþ klþ lhffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p cos a

! (4)

Accordingly, the aR and a values in R phase can be achieved by:

aR¼ 2d200 (5)

cos a ¼ 3
�
d111 � d111

�
4aR

(6)

The evolution of lattice parameters and phase fraction is dis-
played in Fig. 7a. An MPB can be achieved in the composition range
of 0.06� x� 0.09 for both y¼ 0 and y¼ 0.01 ceramics, even though
a slight decline of volume fraction of R phase can be observed after
doingMnO2. The lattice distortion of R (90-a) and T (cT/aT) phases is
displayed in Fig. 7b. It can be found that the lattice distortion of
both R and T phases decreases as the MPB is approached for both
y¼ 0 and y¼ 0.01 compositions. Interestingly, with the addition of
MnO2, the value of 90-a decreases while cT/aT increases as
compared with the corresponding undoped ones. Lattice distortion
is a key factor affecting the piezoelectric coefficient and dielectric
properties (TFR and T’FR) in BNT-based ceramics [30]. As the
distortion of lattice becomes smaller, relatively small strains be-
tween domains would be induced during poling process, causing
easier domain switching and better domain alignment. As a result,
a higher piezoelectric response can be achieved. The smaller lattice
distortion relative to the cubic phase also means that domains can
become more easily randomized on heating, resulting in lower T’FR.
The obviously decreased lattice distortion in R phase compositions
leads to the decrease of T’FR, indicating that the addition of MnO2
can increase the activity of the domains. However, the slightly
increased Qm after doing MnO2 suggests the actual existence of
pinning effect, which originates from defect dipoles and tends to
decrease the activity of the domains. The introduction of point
defects would cause the change of lattice distortion, resulting in a
local symmetry-breaking of the Landau free energy curves, as
shown in Fig. 7c [31]. Moreover, this local symmetry-breaking ef-
fect from point defects exists at all temperatures. The existence of
point defect tends to clamp the formation of arranged polarization
around it, behaving like a random field. The formation of random
field by the point defect tends to break the long range ordered
ferroelectric domains, causing the decrease of lattice distortion and
domain size, e.g. the formation of nonergodic relaxor phases in
x¼ 0.045 and x¼ 0.12 ceramics (Fig. 3). Differently, the internal
bias field appears after the formation of defect dipoles through the
migration of oxygen vacancies, leading to the decreased dielectric
dispersion, reduced piezoelectric response and increased Qm.
Owing to their competitions in the acceptor doped ceramics,
different behavior can be observed when the local structure is
different. Internal bias field plays a dominant role in the T phase. A
more stable domain structure owing to both increased lattice
distortion and pinning effect can be achieved in T rich compositions
after doping acceptor dopants, causing an obvious hardening
behavior. The effect of random field becomes more and more sig-
nificant as the composition enters the R phase zone, resulting in an
amphoteric behavior in the composition with an R symmetry. The
appearance of this unusual phenomenon might be related to the
relationship between PS and PD. Defect symmetry tends to follow
crystal symmetry in T phase domains as its polarization mainly
originates from ions asymmetric displacement, causing the pinning
of domains. However, the octahedral tilting plays important roles to
the PS in R phase, thus PD is hard to conform to PS.
4. Conclusions

In summary, a fixed content of acceptor dopant MnO2 was
introduced into BNT-BT lead-free ceramics, leading to completely
diverse effects in compositions with different phase structures as a
result of the competition between the internal bias fields through
defect dipoles and the random field owing to the existence of point
defects. As a result, a decreased T’FR, a decreased lattice distortion as
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well as a nearly symmetric square P-E loop can be found in the R
phase rich compositions after the addition of MnO2, indicating an
obviously decreased ferroelectricity as well as a typical amphoteric
characteristic owing to an enhancing random field in R-rich com-
positions. By comparison, MnO2 doped T phase-rich compositions
have much smaller random fields than internal bias fields, thus
behaving like an obvious hardening feature. The variation of the
random field and internal bias field can be manifested by the
change of dielectric permittivity versus temperature curves and P-E
loops for unpoled and poled samples.
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