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0.11CaZrO3 ceramics (x=0.45-0.55) were investigated. A morphotropic phase boundary between
rhombohedral relaxor and tetragonal normal ferroelectric phases was identified in the composition range
of 0.49 < x < 0.51. Moreover, a phase transition from ergodic to nonergodic relaxor states was noticed in
the composition range of 0.45 < x < 0.51 with increasing the PbTiO3 content, during which a giant electric
field induced strain (~0.32%, d3; ~ 640 pm/V) was observed in the proximity of x = 0.48. Such a giant
strain is believed to originate from the field induced reversible phase transformation between ergodic
relaxor and the long-range ferroelectric phase and this was further confirmed by the measurements of
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the temperature-dependent ferroelectric polarization/strain loops.
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1. Introduction

Ferroelectric ceramics have long been used in sensors and actu-
ators and have found applications in the fields of aerospace, high
technology, and medical instruments [ 1]. Most of such devices rely
on the piezoelectric properties of the material to achieve the high
bandwidth and linear actuation. However, the strain available in
this class of materials is limited around 0.1% which would not be
compatible for some applications where a large strain is valued.
Therefore, PbZrO; (PZ)-based antiferroelectric (AFE) materials at-
tracted much attention due to its large strain value (volume effect)
which originates from an electric field induced AFE-ferroelectric
(FE) phase transition [2,3]. This phase transition manifests itself
by the apparent double-hysteresis loops.

In addition to the Pb-based materials, Bi-based perovskite-
structured solid solutions of BiMeOs;-PbTiO3; (PT) (Me = Mg, Ti, Fe,
etc.,) have also attracted lots of attention in recent years. Some of
these Bi-based systems have also been reported to exhibit a giant
strain through the modification of a slight amount of second
phases [4-7]. Bi(MggsTig5)03 (BMT)-based system was reported
to exhibit a large strain value (up to ~0.4%, comparable to that ob-
served in AFE materials) under high external electric fields through
the substitution of some zirconates [4-6]. Initially, this large strain
value was ascribed to a field-forced phase transition from AFE to
FE, which was only manifested by the pinched polarization vs.
electric field loops (P-E) [4,5]. Later on, the achievement of the
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giant strain was considered to stem from a change in the dynamics
of the polar nanoregions (PNRs) [6].

However, it is of importance to note that, despite of the differ-
ent explanations for the generation of giant strains, the achieve-
ment of a large strain in these BMT-based systems was usually
accompanied by the evolution of the dielectric property from a fer-
roelectric state to a relaxor state [4,6]. Interestingly, it has been re-
cently found that the ferroelectric to relaxor phase transition could
occur when the tolerance factor (t) decreased by doping [8,9]. The
tolerance factor was proposed by Goldschmidt [10], which is an
indicator for the stability and distortion of ABO3 perovskite struc-
ture, and expressed as t=(Ra + Ro)[v2(Rs + Ro), where Ra, R and
Ro are the ionic radii of A- and B-site cations and oxygen, respec-
tively. It is clear that the decrease in tolerance factor is mathemat-
ically related with the substitution of smaller ions on A-sites and/
or larger ions on B-sites.

Based on the above discussions, CaZrOs; (CZ) was selected as a
new modifier in this study for its smaller ions on A-sites
(CN=12, Rca=1.34A<Rgi=1.45A<Rp,=1.49A) and larger ions
on B-sites (CN=6, Rz =0.72 A, Ryg=0.72 A>Rp; =0.605 A) [11].
The ionic radius of Bi** (CN = 12) used here was not estimated by
using a linear extrapolation method [12]. Furthermore, if compared
with the previous study [4-6], it is easy to note that the ionic radii
of Ca®" is also smaller than Ba?* and Pb?* (CN=12, Rca=1.34A<
Rpp = 1.49 A < Rg, = 1.61 A). Thus, CZ was considered as a more
appropriate one to modify the BMT-PT system than other zirco-
nates because it may more obviously decrease the tolerance factor
of the system. Therefore, the addition of a certain amount of CZ
into the BMT-PT system was expected to induce a dielectric
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relaxor behavior from the merely diffuse-typed BMT-PT system
[13]. The purpose of this study was aimed at the evolution of the
structural and electrical properties of 11 mol% CZ modified BMT-
PT compositions ((0.89 — x)BMT-xPT-0.11CZ) with the change of
BMT and PT contents. The influence of the variation of the CZ con-
tent will be systematically explored elsewhere. It is believed that
the Curie temperature of the system would be too low (possibly
lower than room temperature) if the CZ content is too high. A giant
strain of ~0.32% (d3; ~ 640 pm/V) was achieved in the x=0.48
composition under an electric field of 5 kV/mm. The origin of this
large strain value was further explained by a couple of measure-
ments such as dielectric-temperature-frequency spectrum,
ferroelectric polarization/strain hysteresis loops as well as the
polarization current density loops.

2. Experimental

The (0.89 — x)Bi(MgsTig.5)03-xPbTiO3-0.11CaZrO3 (x = 0.45-0.55, BMT-xPT-
CZ) ceramics were prepared by a conventional solid-state reaction method using
high-purity (>99%) Bi,03, TiO,, PbO, ZrO,, CaCO3 and (MgCO3)4-Mg(OH),-5H,0 as
raw-materials. The starting powders were weighed according to the stoichiometric
formula and ball-milled for 6 h in ethanol with zirconia balls. The dried powders
were calcined twice at 900 °C for 2 h and then ball milled again for 8 h. The powders
were pressed into pellets with 10 mm in diameter and the pellets were sintered in
sealed crucibles at 1150 °C for 2 h.

The crystal structure was examined by an X-ray diffractometer (XRD, D/Max-
RB, Rigaku, Tokyo, Japan) using Cu Ko radiation. For electrical measurements, the
silver paste was painted on major sides of the samples and fired at 550 °C for
30 min. The samples were poled at a dc field of 5kV/mm at room temperature
for 5 min in silicone oil. The small-signal piezoelectric constant d;3 was measured
by using a Belincourt meter (YE2730A, Sinocera, Yangzhou, China). Dielectric prop-
erties were measured as a function of temperature and frequency by an LCR meter
(Agilent E4980A, Santa Clara, CA) in the frequency range of 1kHz-1 MHz in the
temperature range 25-500 °C. The P-E loops and electric field-induced strain (S-
E) curves as a function of composition and temperature were measured by using
a ferroelectric measuring system (Precision multiferroelectric, Radiant Technologies
Inc., Albuquerque, NM) with an accessory laser interferometer vibrometer (AE SP-S
120E, SIOS Meptechnik, GmbH, Ilmenau, Germany).

3. Results and discussion

Fig. 1 shows the XRD patterns of the BMT-xPT-CZ ceramics. The
results revealed a single perovskite structure without any apparent
secondary phases for all the studied compositions, as shown in
Fig. 1(a). Detailed XRD scan of the (111) peak is shown in
Fig. 1(b). It is obvious from Fig. 1(b) that a discontinuous variation
of the (111) diffraction peak was observed between x = 0.49 and

x=0.51. For samples with x<0.49, the (111) diffraction peak
shifted to higher diffraction angles with increasing the PT content
while the peak jumped to the lower diffraction angles abruptly
when x reaches 0.51. This discontinuous change of the diffraction
peak positions is usually related to a change of the phase structure
[14]. To further confirm this phase transition, the change tendency
of the (200) diffraction lines are given in Fig. 1(c). It is clear that
samples with x < 0.49 have a rhombohedral structure as evidenced
by the single (200)g diffraction lines while samples with x > 0.51
have a tetragonal structure as evidenced by the peak splitting of
(002)r and (200); diffraction lines. Therefore, a morphotropic
phase boundary (MPB) between tetragonal and rhombohedral
phases can be identified between x = 0.49 and x = 0.51. Moreover,
it can be seen from Fig. 1(c) that there existed a gradual shift of
the (200) diffraction peak towards higher angles with increasing
the PT content. This is probably due to the relatively small ionic ra-
dius of Ti*" compared with that of Mg?* at the B-site (CN=6,
Rri=0.605 A < Ryg=0.72 A) although the A-site ionic radius of
Pb%** (CN=12, Rp,=1.49 A) is slightly bigger than that of Bi**
(CN =12, Rgi=1.45A) [11,12]. On the other hand, one can clearly
see that the (002); and (200); diffraction peaks appeared and
simultaneously the tetragonality gradually increased from 1.017
for the x = 0.49 sample to 1.030 for the x = 0.55 sample as the com-
position is across the MPB zone into the tetragonal phase zone.
The dielectric permittivity measured as functions of tempera-
ture and frequency for both unpoled and poled samples is shown
in Fig. 2. Typical relaxor behavior could be observed near the tem-
peratures for the dielectric maximum (T,,) for all samples, as
shown in Fig. 2. Besides, it is clear that the samples with x> 0.51
(tetragonal phase) possessed a spontaneous ferroelectric to relaxor
phase transition with increasing the temperature and a transition
temperature T, was observed, as shown in Fig. 2(g) and (h). It is
believed that the relaxor behavior should originate from the dielec-
tric behavior evolution of the BMT-PT system through the modifi-
cation of 11 mol% CaZrOs. The BMT-PT system was reported to own
a diffuse phase transition behavior around Ty, in the absence of fre-
quency dispersion [13]. Due to a decrease of the tolerance factor
after the substitution of BMT-PT with 11 mol% CaZrOs, the dielec-
tric relaxation behavior could be expected to occur in this system
as discussed previously [8,9]. Generally speaking, the size and
dynamics of the polar nanoregions (PNRs) were believed to play
an important role in relaxor behavior and the size and dynamics
of the PNRs were determined by the local random field which
was formed due to the disordered distribution of different ions at

Fig. 1. Powder XRD patterns of BMT-xPT-CZ ceramics as a function of the PT content, (b) locally magnified (11 1) diffraction peaks and (c) locally magnified (200) diffraction

peaks.
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Fig. 2. Dielectric permittivity as functions of temperature and frequency for poled and unpoled BMT-xPT-CZ ceramics with (a) x = 0.45, (b) x = 0.46, (c) x = 0.47, (d) x = 0.48,
(e) x=0.49 and (f) x=0.51, and only for unpoled BMT-xPT-CZ samples with (g) x=0.53 and (h) x=0.55; (i) the locally magnified curves in Fig. 2(e) in a relatively low

temperature range.

one or more equivalent crystallographic sites of the structure
[6,15-17]. It has been demonstrated that local random field, exist-
ing in BMT-PT system, is not strong enough to break the long-
range order [6]. The introduction of CZ could make the local ran-
dom fields become strong enough to disrupt the long-range order.
As a result, large domains in BMT-PT tend to become smaller and
the correlation of each domain becomes weaker, such that they can
exhibit a dynamic behavior, leading to the frequency dependence
of the dielectric constant. For samples with higher PT contents
(x>0.51), the appearance of normal ferroelectric state would be
considered as a result of the large tetragonality which would pre-
vent the formation of PNRs at room temperature. However, sam-
ples with x <0.49 would exist in an ergodic relaxor state or a
nonergodic relaxor state with an average rhombohedral symmetry
at room temperature. For compositions with 0.49 < x < 0.51 (MPB),
the samples should be a mixture of rhombohedral relaxor and
tetragonal normal ferroelectric.

For relaxor ferroelectrics, it was generally believed that the
PNRs would exist in a randomly distributed state at temperatures
a few hundred degrees above the Curie temperature [18], the aver-
age size of PNRs would increase and their dynamics slows down
with decreasing the temperature, such that at an extremely low
temperature an ergodic relaxor either spontaneously transforms
into long-range ordered ferroelectrics with micron-sized domains
at Tt, [19], or can be simply frozen into a nonergodic relaxor with
a short-range polar order at a critical freezing temperature T¢ [20].
On the other hand, it is known that the application of a strong en-
ough electric field could overcome the random fields and induce a
macroscopically detectable ferroelectric order while the induced
ferroelectric order can be either unstable or stable on removal of
the applied electric field depending on whether the relaxor is an
ergodic state or nonergodic state at room temperature [21,22].
Then, the different dielectric behavior before and after poling for
all the six studied compositions could be explained as follows. As
can be seen from Fig. 2(f), an obvious difference was observed in
the x=0.51 samples before and after poling. The poled x=0.51

sample exhibits a normal dielectric behavior at low temperature
range but a typical relaxor behavior around Ty, which is similar
to that of the unpoled samples with a tetragonal phase (such as
x =0.53). This indicates that the PNRs in the x = 0.51 sample could
be irreversibly transformed into a long-range order by a strong en-
ough external electric field. Upon heating, the induced long-range
order breaks down into short-range ones again at a critical temper-
ature (T¢r ~ 155 °C). Therefore, the rhombohedral relaxor ferro-
electric in x=0.51 sample should be believed to exist in a
nonergodic state. On the other hand, it could be detected from
Fig. 2(e) (more clearly shown in Fig 2(i)) that a dielectric anomaly
(Tgr ~ 80 °C) occurred in the dielectric permittivity curves for the
poled sample with x = 0.49. In addition, a weak frequency depen-
dence of the dielectric permittivity could be still observed in this
composition after poling, which may indicate that some of the
rhombohedral relaxor phases in x =0.49 sample would exist in
an ergodic state while others existed in a nonergodic state. Such
a phenomenon further suggests that the x=0.49 composition
might have a Tt value slightly higher than room temperature. In
contrast, no obvious distinction before and after poling could be
detected for x = 0.48 sample, meaning that this sample was classi-
fied as an ergodic relaxor at room temperature. It is noted that any
field-induced change in ergodic relaxors would revert to its origi-
nal state on removal of electric field [22]. However, a careful com-
parison of the two states for the x = 0.48 sample revealed that the
electric poling process actually induces a depression in the spectra
at the dielectric maximum, as shown in inset of Fig. 2(d). This im-
plies that the poling treatment at room temperature does induce
an irreversible change. Hence, x = 0.48 sample is considered as a
mixture of ergodic and nonergodic relaxor at room temperature
but is dominated by the ergodic relaxor state. On the other hand,
no any difference can be detected between the poled and unpoled
samples with x < 0.48, as can be seen from Fig. 2(a)-(c). Thus, all
the three samples existed in an ergodic state at room temperature
and the Ty values for these three samples should be lower than
room temperature. Based on the above discussion, a conclusion
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could be drawn that the freezing temperature T rapidly decreased
from temperature higher than room temperature for samples with
higher PT contents to below room temperature for samples with
X < 0.48. As a result, all compositions with x < 0.48 exhibited no dif-
ference in the dielectric response before and after poling at room
temperature.

Fig. 3 depicts the room-temperature P-E loops as well as the
corresponding current density loops (J-E). It is obvious that a sat-
urated and square P-E loop was observed for the sample with
x =0.49 together with a single sharp polarization current peak,
both of which are typical for materials with a long-range ferroelec-
tric order. On the contrary, slim and unsaturated P-E loops were
obtained for samples with x =0.45 and 0.47 with relatively low
remanent polarization (P;) values while no any obvious current
peaks could be observed but only a broad and flat current platform
was formed. All these features are typical for ergodic relaxors. In
contrast, slightly pinched P-E loops were observed for the compo-
sition with x = 0.48, simultaneously an additional current peak was
clearly observed. It was demonstrated that the coexistence of ergo-
dic and nonergodic relaxors would be responsible for the presence
of the two current peaks [23]. Here, it should be noted that even
though the coexistence of ergodic and nonergodic relaxors was
also observed in the x = 0.49 sample, yet only a single sharp polar-
ization current peak was obtained rather than two current peaks.
This may indicate that the amount of the ergodic phase in this
composition would be very low, such that it would have no obvi-
ous influence on the ferroelectric property. For samples with high-
er PT contents (x > 0.51), accompanied by the increase of the
tetragonality, the coercive field (E.) experienced an obvious in-
crease. As a result, the applied field strength is not strong enough
to induce a full poling state for these samples so that the values
of the maximum polarization and remanent polarization decreased
drastically.

Fig. 4(a) and (b) shows the electric field induced S-E curves
measured at a frequency of 1 Hz as functions of bipolar and unipo-
lar electric fields at room temperature. The evolution of the posi-
tive strain (Spos, see Fig. 4(a)) and negative strain (Speg Se€
Fig. 4(a)) with increasing the PT content is summarized in
Fig. 4(c). At the same time, the change tendency of the correspond-
ing small-signal ds3 is also shown in Fig. 4(c). It is obvious that a
nearly linear unipolar strain behavior with a relatively low hyster-
esis was observed for the x = 0.49 sample. Meanwhile, a notable
Sneg Value was obtained in this sample during the bipolar measure-

Fig. 4. (a) Bipolar and (b) unipolar S-E curves measured at 1Hz at room
temperature for BMT-xPT-CZ ceramics, and (c) the variation of both Spos and Speg
as well as the small-signal ds33 values with the PT content.

ment. This is a typical feature for ferroelectric materials with long-
range ferroelectric order. This result is consistent with the previous
analysis on the P-E measurement (Fig. 3). Similar results were also
obtained for samples with higher PT contents (x > 0.49) as shown
in Fig. 4(a) and (b), indicating the long-range ferroelectric nature
for these compositions. For samples with lower PT contents
(x < 0.49), the Sye, value nearly vanished (the vanishing of the Speg
value was considered as a strong evidence of the disappearance of

Fig. 3. P-E hysteresis loops and associated J-E curves measured at a frequency of 1 Hz for BMT-xPT-CZ ceramics: (a) x = 0.45, (b) x =0.47, (c) x = 0.48 and (d) x = 0.49.
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the long-range ferroelectric order) and all the samples show
sprout-shaped bipolar strain loops and S-shaped unipolar strain
curves with pronounced hysteresis. All the features are typical
for ergodic relaxors. At the same time, a near-zero small-signal
ds3 could be detected for samples with x < 0.49. This could also
confirm the ergodic state for samples with low PT contents. More-
over, a large strain of ~0.32% (d3; ~ 640 pm/V) was obtained for
the sample with x = 0.48 which was believed to lie around the
boundary between ergodic and nonergodic relaxor as discussed
above. It was demonstrated that, owing to the two-phase coexis-
tence, the free energy of the field induced long-range ferroelectric
order in this composition appears so competitive with that of the
ergodic phase at zero electric field, that the long-range ferroelectric
order can be easily induced by an external electric field [24]. This
field induced reversible ergodic relaxor-ferroelectric phase transi-
tion was considered to be responsible for the observed field in-
duced giant strain. Simultaneously, it is apparent from Fig. 4(c)
that the achievement of the electric field induced large strain
was accompanied by a drastic decrease in the Speg value and simi-
lar phenomena have also been observed in other Bi-containing
perovskite-structured ferroelectrics [6,24]. As for the piezoelectric
property of this system, it could be seen from Fig. 4(c) that a peak
ds3 value (~175 pC/N) was obtained around the MPB region, which
is similar to that observed in conventional Pb-based piezoelectric
ceramics.

To further confirm the exact contribution of the phase transi-
tion to the obtained giant strain value in this study, the tempera-
ture dependent P-E loops as well as the bipolar S-E curves for
the x = 0.49 sample were collected, as shown in Fig. 5. It is obvious
that a continued decrease of E. as well as the P, value was observed
with increasing the temperature as shown in Fig. 5(a). A pinched
P-E loop, which is similar to that of the sample with x =0.48,
was obtained at 80°C and a slim loop was obtained at 100 °C,
showing an obvious feature of ergodic relaxors. The result indi-
cated that the property of this sample gradually transformed to a
pure ergodic state with increasing temperature. On the other hand,
it could be seen that the maximum polarization values were

Fig. 5. (a) P-E hysteresis loops and (b) bipolar S-E curves of BMT-0.49PT-CZ
ceramic with varying temperature from room temperature (RT) to 100 °C at 1 Hz.

comparable in the whole measuring temperature range, indicating
that long-range ferroelectric order could be obtained under the
application of a strong enough external field (e.g. 5 kV/mm in this
study). However, as the material gradually transformed into the
ergodic state with increasing the measuring temperature, the in-
duced long-range ferroelectric order could no longer be main-
tained after removal of the electric field, resulting in a reduction
of the P.. At the same time, the measured bipolar S-E curves
(Fig. 5(b)) also exhibited a change from butterfly shape to sprout
shape with increasing the measuring temperature. The value of
Sneg» Which is obvious at room temperature, showed a tendency
of decrease and totally disappeared at 80 °C just where a maximum
strain (~0.32%, d3; ~ 640 pm/V) was obtained. Thus, the state of
this sample at 80 °C could be considered as a critical point (T¢) be-
tween ergodic and nonergodic and this result further confirmed
the contribution of the phase transition between ergodic relaxor
and the long-range ferroelectric phase to the obtained giant strain
value in this study.

4. Conclusions

The (0.89 — x)Bi(Mgg 5Tig5)03-xPbTiO3-0.11CaZrO3 solid solu-
tion ceramic were investigated in terms of their structure, dielec-
tric behavior and electric-field induced strain characteristics. An
MPB between rhombohedral relaxor and tetragonal normal ferro-
electric phases was identified in the composition range between
x=0.49 and x=0.51. The dielectric property of this system was
found to gradually transform from an ergodic relaxor to a nonerg-
odic relaxor in the composition range of 0.45<x<0.51 with
increasing the PT content, during which a giant electric field in-
duced strain (~0.32%, d3; ~ 640 pm/V) was observed around the
boundary (x=0.48) between ergodic and nonergodic relaxors.
The origin of this giant strain was believed to be related with the
electric field induced phase transition between ergodic relaxor
and the long-range ferroelectric phase.
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