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Abstract

Extremely enhanced electrostrains (up to 0.39%) were surprisingly observed in (0.67 — x)Bi(Mgg sTip 5)O3—xPbZrO;-0.33PbTiO3
(BMT-xPZ-PT) ternary solid solutions, possibly resulting in BMT—-xPZ-PT ceramics having great potential for large-displacement actu-
ator applications. The generation of giant strains was found to be closely associated with the evolution of a weak relaxor behavior from
diffuse-type BMT-PT binary ferroelectrics, during which the domain switching is actively facilitated owing to a change in the dynamics
of the polar nanoregions from a static state to a dynamic state. It can be also attributed to a ferroelectric nature of the evolved relaxors in
PZ substituted BMT-PT ceramics instead of a dipole glass freezing state. These judgements were reasonably supported by a couple of
measurements, including strains vs. electric field, Raman scattering, dielectric spectroscopy and the time- and electric-field-dependent
polarization. The present study can provide a general approach towards an appropriate compositional design for large electrostrains

in BMT-based and related systems.

© 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Increasing attention has recently been focused on devel-
oping materials capable of large strains for actuator appli-
cations [1-4]. These materials were usually based on
relaxors, antiferroelectrics and ferroelectrics. For typical
relaxors such as Pb(Mg;3Nb,3)O; (PMN), the electric-
field-induced strain is usually dominated by an electrostric-
tive effect and is basically proportional to the square of the
polarization or to the applied electric field. However, this
kind of strain is generally weak and can be nearly neglected
in ferroelectrics with a strong piezoelectric response. For
anti-ferroelectrics, the electrostrain generally results from
a large volume expansion during an anti-ferroelectric—
ferroelectric phase transformation [5,6].
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The electric-field-induced butterfly-like hysteretic strain
loops in ferroelectrics are basically due to both the intrinsic
and extrinsic contributions. The intrinsic contribution is
mainly referred to the (converse) piezoelectric effect, i.e.
the variation of the lattice distortion, which is proportional
to the applied electric field. A common approach to
enhancing the intrinsic contribution (lattice strain) used
to be the adjustment of the chemical compositions within
a coexistence zone of two ferroelectric phases. In this case,
a considerable electrostrain is usually associated with field-
induced inter-ferroelectric phase transformation [1-3],
accompanied by a change in the lattice distortion between
different phases [7-16]. The intrinsic contribution becomes
more pronounced in Pb-based relaxor ferroelectric crystals,
accounting for more than 95% of the total piezoelectric
response for compositions lying at the rhombohedral-rich
side of the rhombohedral-monoclinic phase boundary
[17]. By comparison, the extrinsic contribution to strains
is mainly from the domain switching, during which the
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ferroelectric materials change their spontaneously polar-
ized states along the applied electric field direction. The
magnitude of the strain generated during domain switching
depends on the type of the domains being switched and the
extent of the lattice anisotropy. For this reason, large elec-
trostrains as high as 1 and 6.5% were expected in tetragonal
BaTiO; and PbTiO; (PT) crystals, respectively, owing to
their different c/a ratios [2]. However, it is not easy achiev-
ing such high strain values in polycrystalline ceramics
owing to the clamping effect caused by neighboring
domains and grains with different orientations [18]. There-
fore, commercial Pb-based perovskite ferroelectric ceram-
ics usually have a relatively low electrostrain (<0.2%),
regardless of their excellent piezoelectric responses in the
vicinity of a morphotropic phase boundary (MPB) [1].

Bi(Mgg 5sTip 5)O3—PbTiO5; (BMT-PT) ferroelectric mate-
rials have recently attracted much attention owing to their
high Curie temperatures, moderate piezoelectric and elec-
tromechanical responses, and potential usages for zero
thermal expansion materials [19-25]. Unfortunately, their
ferroelectricity and electrostrains are inferior to those of
typical Pb(Zr,Ti)O3 (PZT)-based ferroelectric ceramics. It
was reported that rhombohedral BMT-PT compositions
exhibit an obvious diffuse phase transition without any fre-
quency dispersion, although BMT-PT belongs to the B-site
complex perovskite materials. The enhanced ferroelectric-
ity was observed in the quenched Bi(Zn,/;Ti;/2)O35 (BZT)
substituted BMT-PT ceramics, where a relaxor behavior
was formed by changing thermal quenching conditions
[25]. In this study, the addition of PZ was expected to
induce a weak relaxor ferroelectric behavior with a nonerg-
odic relaxor state (quasi-ferroelectric state), leading to a
change in the dynamics of polar nanoregions from a static
state to a dynamic state. This change was found to be
accompanied by a significant enhancement of the electro-
strain. As a result, we successfully prepared giant-strain
BMT-PZ-PT ternary solid solution ceramics with a great
potential for large-displacement actuator materials. The
mechanism of generating large electrostrains by incorpo-
rating unipolar/bipolar electric-field-induced strain loops,
dielectric constant vs. temperature curves, polarization cur-
rent density curves and Raman spectra is discussed.

2. Experimental

The ceramic samples of BMT-xPZ-PT (x =0-0.67)
were prepared by a conventional solid state reaction
method using high-purity raw materials. The mixed pow-
ders were calcined at 830 °C for 4 h and then ball-milled
again for 24 h. Sintering was carried out in air in the tem-
perature range of 1000-1200 °C for 2 h. The crystal struc-
ture of the as-sintered ceramics was examined by a
powder X-ray diffractometer (D/MAX2500VL/PC, Riga-
ku, Japan) using Cu K, radiation. For the electrical mea-
surements, silver paste was painted on both sides of the
samples and fired at 550 °C for 30 min. The dielectric prop-
erties were measured using an LCR meter (E4980A, Agi-

lent, Santa Clara, CA) from room temperature to 600 °C.
The polarization vs. electric field (P-FE) hysteresis loops
and strain vs. electric field curves were measured by using
a ferroelectric test system (Precision LC, Radiant Technol-
ogies Inc., Albuquerque, NM) connected with a laser inter-
ferometric vibrometer (SP-S 120, SIOS Meftechnik
GmbH, Germany) at a fixed frequency of 1 Hz. Raman
spectra were collected in a backscattering geometry using
514.5 nm excitation line from LabRAM HRS800 spectrom-
ter (JY, Longjumeau Cedex, France) at room temperature.

3. Results
3.1. Structure analysis

Fig. 1a shows a schematic phase diagram of the BMT-
PZ-PT ternary system based on the work of Jaffe et al.
[26] and Randall et al. [19], in which the blue dashed line
stands for the approximate position of the MPB for the
BMT-PZ-PT ternary system. The selected compositions
were plotted as red dots and located at the upper side of

(a) 0.0, 1,0

0.6

0.8 / // 0.2
1.0 / 0.0
BMT 7§ 0.2 /"04 0.6 0.8 1.0 PT
BMT-PT (63/37) (MPB)
(b) |
110
(100) w( ) (200) o1
s I an e
WJJ‘\ x=0.67 | M A i . Il
| \
- x=0.6 “\‘ |
31 | i A
S| x=05 | I
zl | I ““‘
Z | x=0.4 J I J‘\. . i
(] —_ \
£ 03 ) A o
| x02 | J )
J\ x=0.1 JL I \ o
x=0 f
VU W W .
20 40 60
26 (deg.)

Fig. 1. (a) Phase diagram of BMT-PZ-PT ternary system, and (b) X-ray
diffraction patterns of (0.67 — x)BMT-xPZ-0.33PT compositions as
indicated.
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the MPB line. It is thus expected that all studied composi-
tions should exhibit a rhombohedral perovskite structure,
as confirmed by room-temperature X-ray diffraction analy-
sis in Fig. 1b. Nevertheless, the diffraction peaks shift to
lower diffraction angles with increasing the PZ content,
indicating that there is a slight lattice expansion. This is
probably due to relatively large ionic radii of Pb*" and
Zr*" compared to those of Bi’" and (MgliTij) at the
A- and B-sitess (CN=12, Rpp=149A, R =145A;
CN=6, Rzu=072A, Ryy=072A, Rp=0.605A),
respectively [27].

3.2. Giant electrostrain of (0.67 — x)BMT-xPZ-0.33PT
ceramics

Fig. 2a and b shows the strains as a function of bipolar
and unipolar electric fields at room temperature for
(0.67 — x)BMT-xPZ-0.33PT (BMT-xPZ-PT) ceramics,
respectively. As can be seen from Fig. 2a, all samples show
typical electric-field-induced butterfly strain loops, mean-
ing that these compositions exhibit obvious ferroelectric
behavior. However, only a small poling strain can be
observed for 0.67BMT-0.33PT ceramics. That is to say,
both positive (Sp,05) and negative (Sye,) strains are low. This
result further confirmed that rhombohedral BMT-PT com-
positions only possess relatively poor ferroelectric and pie-
zoelectric properties [19]. A drastic increase of both Spos
and Sy, could be found after the addition of PZ. The max-
imum S, and Sy, values were found to appear in the
compositions with x =0.2 and x = 0.4, respectively. Sycq
is denoted by the difference between the minimum strain
and the strain at zero electric field during bipolar cycles,
and represents the amount of irreversible non-180°
domains. It is generally considered as the remanent strain
(S;) after removal of the electric field, in which no piezo-
electric strain (Spic,0) IS present owing to the absence of
external electric field [28]. As a result, the increase of the
Sheg value indicates the increase of the contribution from
non-180° irreversible domain switching. S, can be consid-
ered as an additional strain of the post-poled samples as
the electric field is applied. This process would involve
domain switching in addition to the piezoelectric effect.
Therefore, Spos should be the sum of the piezoelectric strain
and the extra strain (Sgwiicn) from the domain switching.
The strain under unipolar cycles (Sg) should be equal to
the poling strain minus remanent strain (Sp—S;) under a
bipolar cycle. That is to say, Sg is just equal to the Sy
under bipolar cycles. Moreover, it is indicated from
Fig. 2a and b that all compositions exhibit nonlinear and
hysteretic strain loops except for the samples x = 0.6 and
0.67. The nonlinearity of the strains becomes most pro-
nounced in the samples with x =0.1, 0.2 and 0.3. These
three compositions also exhibit relatively large electro-
strains and the largest value (Sg~0.39%) can be obtained
in the x = 0.2 sample. Although the x = 0.4 composition
exhibits a large Sy, (see Fig. 2a), its Sg value is relatively
small. This might be resulting from a small S, contribu-
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Fig. 2. Strains as a function of (a) bipolar and (b) unipolar electric fields,
and (c) the extracted Sg (Spos)> Snegs SE» Spol> Sswitch and Spic,o values as a
function of the PZ content for BMT-xPZ-PT ferroelectric ceramics.

tion in this composition. Similarly, a nearly linear and
small-hysteresis unipolar strain curve was obtained in the
x = 0.4 sample. The strains such as Spos, Sheg, SE> Sswitch
and S, were extracted and plotted as a function of the
PZ content in Fig. 2c. It was surprisingly observed that
the generated strains in BMT-xPZ-PT ternary systems
are even higher than those in the soft ferroelectric PZT
ceramics and comparable to those in Pb-based antiferro-
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electrics. Most interestingly, it can be clearly seen that the
giant strain in the x = 0.2 sample was dominantly ascribed
to the enhanced domain switching contribution.

3.3. Dielectric spectroscopy

Fig. 3 shows the temperature and frequency dependen-
cies of the dielectric constant of the BMT-xPZ-PT ceram-
ics. It can be obviously seen that the dielectric behavior of
the BMT-xPZ-PT ceramics changes drastically with the
addition of PZ. For BMT-PT binary composition
(x =0), a typical diffuse phase transition (DPT) behavior
was found but no frequency dispersion was observed. This
is usually considered as an intermediate state between nor-
mal ferroelectrics and relaxor ferroelectrics [29]. By com-
parison, the 0.67PZ-0.33PT binary composition exhibits
an evident normal ferroelectric behavior. With increasing
the PZ concentration, the dielectric peaks at the dielectric
maxima become more diffuse and more frequency-depen-
dent. This phenomenon seemed to be observed in the PZ
doped BZT-PT binary system [30]. The above change
means that there is a diffuse-relaxor-normal ferroelectric
transformation in the studied compositions from the
BMT-rich side to the PZ-rich side.

The size and dynamics of the polar nanoregions (PNRs)
were believed to play an important role in the relaxor
behavior [31]. At high temperatures, the size of the PNRs
is small enough and weakly correlated with each other,
such that they can exhibit a dynamic behavior, leading to
the frequency dispersion of the dielectric constant. With
decreasing the temperature, the average size of PNRs
increases and their dynamics slows down. As a result, a
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nonergodic relaxor state (or dipole glass) [32,33] or ferro-
electric state [34-36] can appear at low temperatures. As
a ferroelectric state is induced, there should be a critical
temperature Ty, (7,,) that corresponds to the spontaneous
normal-relaxor (heating) or relaxor-normal (cooling)
transformation. As shown in Fig. 3, the compositions
should exhibit a nonergodic relaxor state (or dipole glass)
at room temperature in the range of x = 0.10-0.30, but fer-
roelectric order state as x = 0.4-0.5, because a spontaneous
normal-relaxor ferroelectric transformation can be obvi-
ously observed near the x = 0.5 composition. Moreover,
the frequency-independent DPT behavior in the x = 0 sam-
ple could be considered as a result of different PNR sizes
corresponding to different relaxation frequencies beyond
the scope of the experimental frequencies [29].

It is of interest to note that BMT belongs to a typical B-
site complex perovskite material similar to canonical relax-
ors, such as PMN. Therefore, the chemical disorder of B-
site Mg®* and Ti*" ions with different charges might also
generate random local electric fields, which could be cou-
pled to the local polarization owing to local charge imbal-
ances. Thus, pure BMT seems possible to exhibit a relaxor
behavior [37]. However, it is rather difficult to synthesize it.
By comparison, an additional random local strain field
could exist in BMT-PT solid solutions owing to different
sizes of A- and B-site ions (CN =12, Rp,=149 ;\,
Rpi=145A; CN=6, Rp=0605A, Ry,=0.72A).
However, it is clear that there is no dielectric relaxor behav-
ior in 0.67BMT-0.33PT. This means that the static random
electric fields or strain fields in these cases are so weak that
PNRs cannot be generated or the generated PNRs are too
large (static) in size [33,38,39]. Randall et al. [19] found that
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Fig. 3. Dielectric constants of BMT—xPZ-PT ceramics as a function of temperature and frequency.
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Fig. 4. Room-temperature Raman spectra of BMT-xPZ-PT as a function
of the PZ content. The spectra were deconvoluted according to 11
Gaussian peak functions and the representative fitting is displayed only for
the x = 0 sample.

the domain structure of rhombohedral BMT-PT ceramics
consists of ~50 nm-sized polar microdomains, much larger
than the PNRs in PMN relaxor. Therefore, the structural
and/or chemical disorder might exist in BMT-PT but its
domains are static and only can be switched under a suffi-
ciently large electric field.

We can see that the above-mentioned dielectric behavior
appears with the substitution of PZ for BMT. The role of
Pb*" can be excluded because similar dielectric behavior
was never observed in BMT-PT solid solutions. However,
a small shift of non-ferroactive Zr ions from the center of
the oxygen octahedron can produce a small Zr polarization
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(i.e. the Zr-O polar dipoles), which tends to induce an
additional dynamic random field in the initial static ran-
dom field. This process can be accompanied by a decrease
of the PNR size and an increase of the PNR dynamics. In
addition, the small Zr polarization can be aligned under an
electric field, which facilitates the switching of strong Ti—O
polar dipoles by creating a favorable energetic situation.
However, this phenomenon only exists in a perovskite with
lone-pair A-site ions (e.g. PZT), because Zr ions usually lie
in the center of the oxygen octahedron in a perovskite with
ionic A-site ions (e.g. BaTi,_.Zr;_,0O3) [40,41].

3.4. Raman spectrum

It is known that any static and/or dynamic change in the
local structure should induce a variation in the phonon
behavior [42]. As a result, the analysis of the wave number,
intensity and/or line width evolution of the Raman spectra
for different samples was expected to give insight into the
change in local structure evolution, as shown in Fig. 4.
The broad Raman peaks mean that there exist obvious
chemically ordered regions, and both the short- and long-
range polar order. These broad Raman peaks correspond
to three main regions and can be deconvoluted into differ-
ent bands labeled as A-K from low to high frequencies.
Each of the main regions corresponds to different types
of lattice vibration. Only for the samples with high PZ con-
tents (x = 0.60 and 0.67) can these peaks be assigned to the
well-known Raman active modes similar to PZT with
higher Zr contents [43]. In the low wave number region,
e.g. at ~150 cm ™', the modes are associated with the vibra-
tion of the perovskite A-site ions, such as Bi and Pb cations
[42,44]. However, these vibrations were not considered in
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Fig. 5. Evolution of the wave number (a) and the FWHM (b) for Raman bands B-E in BMT-xPZ-PT ceramics.
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Fig. 6. The electric field induced polarization, polarization current density and dielectric response dP/dE of BMT-xPZ-PT ceramics as indicated.

the present analysis because the composition-induced
relaxor behavior was rarely influenced by the change in
the Bi/Pb ratio. The high-frequency bands above 450 cm
~! should be associated with the BOg vibrations, i.e. the
breathing and stretching modes of the oxygen octahedra.
By comparison, the 200-400 cm™~' wave number region
characterized by four bands roughly at 200 cm~' (band
B), 260 cm ™' (band C), 330 cm ™' (band D) and 370 cm™!
(band E) in perovskite-structured ferroelectrics is of special
interest because it is closely related with the B-O
vibrations.

The evolution of the band position and full width at half
maximum (FWHM) in this region was quantitatively
extracted, as shown in Fig. 5. As we know, in the absence

of any local structure transition, one would expect a steady
phonon softening and an increase of FWHM with increas-
ing the structure disorder and decreasing the unit cell
polarity. As shown in Fig. 5, the B-O vibrations become
softened gradually with increasing PZ content, which is
due to a weakening of the bonding between the B-site cat-
ions and oxygen, particularly the strong Ti—O bonds. The
weakening of the Ti—-O bonds is compatible with the
appearance of the macroscopic relaxor behavior since the
variation of the Ti-O bonds is closely related with the
dynamics of the PNRs [44]. In addition, it is found that
the FWHMs of the B-O vibrations exhibit an obvious
increase, leading to a strong composition disorder. How-
ever, both the wave numbers and the FWHMSs of the B-
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O vibrations show drastic changes from x = 0.4 to x = 0.5,
i.e. the splitting of the band C and the drastic decrease of
the FWHMs. This abrupt change was believed to corre-
spond to the relaxor-normal ferroelectric transition as evi-
denced in Fig. 3.

4. Discussion

From the above S—E curves, e-T curves and Raman
spectrum, one can conclude that a giant electrostrain
accompanies the appearance of a relaxor behavior in the
BMT-PZ-PT ternary system. It is generally believed that
PNRs play an important role in the relaxor behavior.
The strong interaction between the PNRs in relaxors con-
sequently tends to bring about the large eclectrostriction
and piezoelectricity [45,46]. However, the electrostrictive
strain is usually proportional to the square of the polariza-
tion and shows negligible S,.,. In the present study, the
relaxor state induced by the Zr substitution should be a
nonergodic relaxor state instead of a dipole glass state
because we have observed all essential features of nonerg-
odic relaxor behavior rather than the dipole glass freezing
in the BMT-xPZ-PT relaxors [33,47]. Fig. 6 demonstrates
some typical results of the electric-field-induced polariza-
tion, polarization current density J (dP/d7) and dielectric
response dP/dE for different compositions. It can be seen
that all compositions show a normal polarization switching
behavior as observed in PMN in a low temperature range
[47]. In addition, double peaks in J curves or dP/dE curves
can be obviously observed in the sample with x = 0.2 and
0.3, suggesting that the polarization switching process
under bipolar cycles consists of two steps. One is the polar-
ization reorientation of the PNRs and the other is the coa-
lescence of PNRs into the macroscopic ferroelectric
domains, leading to larger remanent polarization values.
With increasing PZ content, these two steps merge into a
single one gradually and the activation field required for
the polarization reorientation decreases monotonously. It
is interesting to note that the enhancement of the Sg (or
Spos) value should be associated with the reduction of the
Sheg Value in the composition range of x = 0-0.4. This phe-
nomenon was also found in (Bij sNa( 5)TiO3-based materi-
als [48]. The x = 0.2 BMT-PZ-PT sample with the largest
SE (or Spos) value exhibits a typical butterfly-like strain
loop and a saturated polarization hysteresis loop. How-
ever, for (Biy sNag 5)TiO3-based materials, the composition
with the largest Sg exhibits antiferroelectric-like loops. Its
strain value can be well linearly related to the square of
the polarization as follows:

S:Qijp2 (1)

although strain loops are obviously hysteretic. This is quite
different from the S—P* curves observed in BMT-xPZ-PT
ternary system, as shown in Fig. 7. On the one hand, the
reorientation of the PNRs in BMT-PT binary system be-
comes much easier owing to the substitution of Zr*". On
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Fig. 7. Strains as a function of P* for BMT-xPZ-PT ceramics at room
temperature.

the other hand, the transformation between the PNRSs
and the ferroelectric states can be easily driven by external
electric fields because both states own the same crystal sym-
metry and comparable free energies. These two effects
would generate an enhanced switching of the PNRs, thus
inducing giant electrostrains in BMT—xPZ-PT samples,
particularly for the x = 0.2 composition.

5. Conclusions

The composition-induced realxor behavior and its corre-
lation with the giant electrostrains in BMT-xPZ-PT
ceramics were investigated. The significantly enhanced elec-
trostrains as large as 0.39% were generated in BMT—xPZ-
PT ternary solid solutions. The generation of such giant
strains was believed to be closely associated with the evolu-
tion of a weak relaxor behavior from diffuse-type BMT-PT
binary ferroelectrics, during which the domain switching
can be actively facilitated owing to a change in the dynam-
ics of the polar nanoregions from a static state to a
dynamic state. Moreover, it could be also ascribed to a fer-
roelectric nature of the evolved relaxors in PZ substituted
BMT-PT ceramics, instead of a dipole glass freezing state.
These judgements were reasonably supported by a couple
of measurements including strains vs. electric field, Raman
scattering, dielectric spectroscopy and the time- and elec-
tric-field-dependent polarization. The present study can
provide a general approach towards an appropriate com-
positional design for large electrostrains in BMT-based
and related systems.
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