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BiScO5-PbTiO; single crystals were reported to possess high piezoelectric coefficient of 1200 pC/N
and Curie temperature of >400 °C, exhibiting excellent thermal stability of properties up to 350 °C.
However, the origin of the thermal stability is yet unclear. In this research, high resolution
synchrotron-based technique was used to study the temperature driven structural evolution in
BiScO3-PbTiO; system, where two competing symmetries and local distortion were observed,
accounting for the high piezoelectric activity. A strong correlation between thermal stability of
structure and temperature-dependent properties was established, which will benefit the design of
ferroelectric materials with broad temperature usage range. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4922345]

Ferroelectric materials with perovskite structure are the
mainstays for piezoelectric applications such as medical
transducers, ultrasonic motors, underwater sonars, and sen-
sors."? Of particular interest is the relaxor-PbTiOs single
crystals with morphotropic phase boundary (MPB) composi-
tions, have been actively studied for the last two decades due
to their ultra-high piezoelectric coefficients and electrome-
chanical coupling factors, being on the order of 2000 pC/N
and 0.9, far-outperforming the conventional piezoelectric
ceramics.’™ However, due to the relatively low Curie tem-
perature and ferroelectric phase transition temperature, there
is a long-term challenge for using these high-performance
piezocrystals without sacrificing the temperature stability
and depoling at elevated temperatures, thus, material systems
with higher Curie temperature are desired.®’ However, mate-
rials with higher Curie temperature generally possessing
lower piezoelectric properties, the suppression of piezoelectric
activity concurrent with elevated phase transition temperature
is associated with a hard “polarization extension” effect,
which can be explained using the phenomenological theory.®
Fig. 1 summarizes the piezoelectric coefficients of various
perovskite-type ferroelectric polycrystalline ceramics and sin-
gle crystals as a function of Curie temperature, among all high
performance piezoelectrics with d33 > 1000 pC/N, BiScOs-
PbTiO; (BSPT) single crystals were found to possess the
highest Curie temperature of >400°C, thus, they are promis-
ing candidates for high-performance and high-temperature
electroacoustic devices.

MPB in BSPT solid solutions is far away from being
fully understood and there are still debates about the actual
symmetry of the phases due to the following reasons: (1) the
structure of ferroic solid solution is sensitive to many micro-
structural effects, including the intergranular strain/stress,
grain size, local cation order, and chemical homogeneity;12
and (2) the difference and/or distortion in the structure of the
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two competing phases are too subtle to be fully resolved by
ordinary x-ray techniques.'> The phase diagram of BSPT
was first proposed by Eitel ef al., that introducing a R3m
(rthombohedral)-P4 mm (tetragonal) MPB,'* and then revised
by Chaigneau er al.,"> with emphasis on the coexistence of
Cm (monoclinic) and P4 mm symmetries, which has been
argued and suggested to be replaced by either two ortho-
rhombic or two monoclinic lattices.'® However, it is still a
question that whether a tetragonal phase is inherent or should
be excluded from the MPB region of BSPT system, since
this symmetry has been observed in polycrystalline ceramics
and nanocrystals.'”'” These open issues motivate the study
of the symmetries in BSPT single crystals and their
temperature-driven evolutions, to explore the origin of high
piezoelectric activity and the excellent temperature stability
of functionality. In this study, samples with single crystal
form were studied to eliminate or at least significantly reduce
the microstructure effects associated with polycrystalline
ceramics. Synchrotron-based technology with high d-spacing
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FIG. 1. The relationship between Curie temperature and longitudinal piezo-
electric constant d33 for various relaxor-PT single crystals and polycrystal-
line piezoceramics. Data are from Refs. 4 and 9-11.
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resolution together with dielectric measurement and Raman
spectroscopy were employed to carefully resolve the symme-
tries as a function of temperature. The resolved structure is
expected to benefit the design of high performance piezo-
electric materials with high Curie temperature, and provide
us the key to fundamentally understand the applications of
relaxor-PT materials at elevated temperature conditions.

High quality 0.37BiScO3-0.63PbTiO; (BSPT37/63) sin-
gle crystals were grown using the high temperature solution
method. The samples for XRD measurements were annealed
at 600 °C to remove residual stress. /n-situ synchrotron XRD
experiments were performed at Argonne National Laboratory
beam line 11-BM, at which the instrument resolution is Ad/d
~0.00017, representing the state-of-the-art d-spacing resolu-
tion for diffraction measurements.?® Rietveld refinements of
XRD data were performed using GSAS program. The dielec-
tric properties as a function of temperature from room temper-
ature to 480°C were measured using HP4284A precision
LCR meter connected to a computer controlled temperature
chamber. Raman spectroscopy measurements were performed
from room temperature up to 460 °C using a 514.5 nm excita-
tion laser source.

In-situ synchrotron XRD was employed on BSPT37/63
at low temperature of 100K (—173°C). The diffraction pro-
file around pseudocubic {111}, diffraction peak was given
in Fig. 2(a), multi-peak characteristic was observed where
four peaks can be resolved, indicating that the obtained XRD
pattern cannot be satisfied by any single space group model,
including R3m, P4 mm, Pm, and Cm, since these space
groups only allow for no more than three {111}, peaks. The
crystallographic refinements for the diffraction pattern were
then performed. As expected, a single model cannot fully
describe the measured diffraction pattern, which explains the
high Ry, and R, values (two parameters between theoretical
and experimental XRD patterns, which can be used to moni-
tor the convergence of the structure model), being on
the order of >9.6% and >7.35%, respectively.>' Four mix-
phase models, R3m+ Pm, R3m+ Cm, Pm-+ P4 mm, and
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Cm + P4 mm, were further considered. It was found that the
fitting quality of the refinement using Cm + P4 mm set (Fig.
2(b)) is superior to another three models,?! reflected by the
relatively small R, (6.24%) and R;, (4.90%), in good agree-
ment with the previous reported BSPT structure in polycrys-
talline ceramics and nanocrystals.'’™'® Due to the larger
number of the refined structural parameters, it is possible to
fit the pattern to two individual monoclinic phases or three
coexisted phases. However, Cm + P4 mm model is most
likely to accurately represent the real material structure of
the studied sample since: (1) BSPT37/63 is located at
tetragonal-rich MPB, in which the tetragonal phase cannot
be completely ignored; (2) Cm is associated with one of the
three monoclinic phases, i.e., My; and (3) by expanding
Landau free energy to six orders, it is demonstrated that
M-T is a favorable polarization rotation path, indicating a
delicate balance between these two phases,”** accounting
for the observed phases coexistence.

To investigate the phase transition sequence and
temperature-driven structural evolution, XRD patterns were
collected from —173 to 500°C and selected Bragg reflec-
tions was shown in Fig. 2(c). The low temperature phases of
Cm + P4 mm were initially used to model patterns at eval-
uated temperatures and it was found such a structure per-
sisted up to 360°C, at which the two phases merged to a
single P4 mm, associated with a Cm + P4 mm — P4 mm fer-
roelectric phase transition, followed by a P4mm — Pm3m
phase transition above 440°C (Fig. 2(d)). The temperature
dependences of the lattice parameters as well as the fractions
of the monoclinic phase and monoclinic angles were given
in Figs. 2(e) and 2(f), respectively. The two competing
phases establish a tetragonal-rich MPB, at which an easy
polarization rotation and facilitated domain wall/interphase
boundary motions are expected to contribute to an enhanced
functionality.

Fig. 3(a) shows the Raman spectra of BSPT37/63 taken
from room temperature to 460 °C. The Raman peak positions
as a function of temperature are determined and given in
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FIG. 3. (a) Temperature-dependent Raman spectra performed on BSPT37/63 crystals from room temperature to 460 °C; and (b) Temperature dependence of
the four Raman bands. The dashed lines are the eye guidelines, indicating the softening of the lattice vibration and the phase transition.

Fig. 3(b), in which the A1(1LO) and silent modes reflect the
Ti-O/Sc-O bending and/or stretching, while the A1(2LO)
and A1(3TO) correspond to the titling of TiOs/ScOg octahe-
dra.?* All four modes move to low frequency region as tem-
perature increases, suggesting a softening of the lattice
vibration, similar to that observed in BSPT nano-powders.?
There is an abrupt decrease in Raman shift near 360 °C for
the two high-frequency modes A1(2LO) and A1(3TO),
which can be explained by monoclinic — tetragonal phase
transition. All peaks are relatively broad compared to classic
ferroelectrics PbTiOs, being associated with the band over-
lapping, demonstrating a typical characteristic of relaxor fer-
roelectrics. Such a local disorder can further make the local
structure deviate from a perfect cubic structure above Curie
temperature, and thus allow Raman signatures to remain
active even at high temperature.?®

Dielectric permittivity and loss of BSPT37/63 were
investigated from room temperature to 480 °C. As shown in
Fig. 4, two dielectric anomalies were observed at ~360 and
~440 °C, which were assumed to be the monoclinic — tet-
ragonal phase transition and Curie temperatures, respec-
tively, in good agreement with the XRD data. The relaxor
behavior of BSPT37/63 was investigated, as given in the
inset of Fig. 4, the degree of diffuseness (y) value was found
to be between 1.555 and 1.622, indicating that BSPT37/63
crystals maintain a relaxor-like behavior,?” being consistent
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FIG. 4. Temperature dependences of dielectric permittivity and dielectric
loss (measured at 1 kHz and 10 kHz) for [001]. poled BSPT37/63 crystals, in
which the inset shows the fitted relaxor behavior by modified Curie law.

with the observed Raman results. The dielectric permittivity
is nearly temperature independent in the range of room tem-
perature to 300 °C, being on the order of <10/°C, together
with the high electromechanical and piezoelectric properties
reported previously, demonstrating enhanced thermal stabil-
ity of functionality in BSPT crystals.

To understand the origin of thermal stability of properties,
the temperature-dependent ¢/a and |f—90°| of various relaxor-
PT crystals were summarized in Figs. 5(a) and 5(b), respec-
tively. Here, c/a is the ferroelectric tetragonality and |f—90°]
is used to indicate how much the monoclinic unit cell deviates
from 90°. Compared to other relaxor-PT counterparts, both pa-
rameters of BSPT were relatively stable with respect to tem-
perature. The tetragonality ¢/a was found to decrease by about
only 0.02 upon raising the temperature from —173 to 400 °C,
whereas the |f—90°| value was less than 0.1° from —173 to
300 °C, indicating the enhanced structural stability in both tet-
ragonal and monoclinic phases. Based on a simplest rigid
model,>"** in ionic crystals, the potential energy of the ion
pair with 4+¢ and —¢ ions can be written as follows:

AU =U@r)=Uro) =f(r—ro)* —g(r—ro)>. (1)

Here, r is the distance between a cation and its nearest neigh-
bor anion and ry is the equilibrium position. Then the elec-
trostrictive coefficient Q1 is given as follows:

On = 12gry /fq’. )
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Note that the coefficients f and g in Egs. (1) and (2) are asso-
ciated with the crystal structure as well as the charge and ra-
dius of ions,®"** thus the strong temperature stability of
crystal structure observed in BSPT system (Fig. 5) demon-
strates the thermally stable electrostrictive coefficients Q. In
addition, it is well known that spontaneous polarization Py is
defined by the value of electric dipole moment per unit vol-
ume which can be written as follows:

Ps =%, 3)

where V is the volume and p is the electrical dipole. For a
unit cell, V is determined by the crystal lattice parameter and
p can be written as follows:

P = qro; “)

where 7y is the equilibrium distance between cation and
anion that strongly associated with the crystal structure.
Compared to other relaxor-PT counterparts, these structural
parameters in BSPT system were found to maintain similar
values at elevated temperatures, thus a high thermal stability
of the spontaneous polarization Pg can be expected. In the
framework of the thermodynamic theory,”® the piezoelectric
coefficients of perovskite ferroelectrics can be expressed in
terms of dielectric permittivity &, spontaneous polarization
Pg, and electrostrictive coefficients Q. Taking P4 mm sym-
metry as an example, the longitudinal piezoelectric coeffi-
cients can be written as follows:

dys = 263,011P5. Q)

Therefore, considering the nearly temperature-independent
characteristic of dielectric properties (see Fig. 4), enhanced
thermal stability of piezoelectric properties of BSPT system
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FIG. 6. Schematic represents relationship between free energy profile and
thermal stability of functionality. Top: flat energy profile is associated with
superior functionality; Bottom left: obvious difference in energy profiles at
low and high temperatures suggests an obvious variation of properties driven
by temperature; and Bottom right: the enhanced thermal stability is concur-
rent with the temperature-independent or similar energy profiles at low and
high temperatures.
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can be understood. In general, from Landau-Ginzburg-
Devonshire theory on phase transitions, the free energy of
the system can be expanded in a power series of the order pa-

rameter ¢ as follows:**

1
F=Fo+) o' (©)

Here, ¢ is usually nonzero below critical point and zero for
high-symmetry phase. For tetragonal and monoclinic phases,
¢ —1and | —90°| can be used as order parameters and free
energy of tetragonal and monoclinic systems can be
expanded in terms of them, respectively. Based on the results
of temperature-driven evolution of the order parameters
given in Figs. 5(a) and 5(b), the difference in free energy
profile of BSPT at low and high temperatures should be
much less than those of other relaxor-PT systems with ther-
mally unstable structure. Therefore, the intrinsic piezoelectric
activity,” electrometrical coupling,® and energy losses'' will
exhibit thermal stable characteristics since they are strongly
associated with the polarization variation and flatness of the
potential wells described by free energy profile, as plotted in
Fig. 6. The proposed model helps us to understand the differ-
ence between BSPT and other relaxor-PT systems, while for a
given system the compositions far away from the MPB pos-
sess higher thermal stability and field stability, implying the
importance of phase transition. As approaching to the MPB,
due to the more aggressive competing between phases sepa-
rated by phase boundary, the crystal structure will be unstable
under weak external stimuli including small temperature vari-
ation. Consequently, at low and high temperatures, there must
be obvious difference in structurally related parameters such
as electrostrictive coefficients O and spontaneous polarization
Ps, thus the thermal instability of piezoelectricity can be
explained.

In summary, the thermal stability of ferroelectricity for
BiScO;3-PbTiO; single crystals was studied based on the
structural evolution. The coexistence of two competing sym-
metries P4 mm and Cm together with the local disorder char-
acteristic are believed to be strongly associated with the high
piezoelectric activity. Further analysis on the temperature-
driven variation of the ferroelectric order parameters
revealed that the structural stability played a critical role in
achieving thermally stable functionality.

The authors specially thank Dr. Matthew R. Suchomel
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Advanced Photon Source was supported by the U.S.
Department of Energy, Office of Science, Office of Basic
Energy Sciences, under Contract No. DE-AC02-06CH11357.
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