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ABSTRACT

Understanding the temperature dependence of how ferroelectric materials respond to electric fields is critical for determining how best to
use these materials in applications. Here, temperature dependent in situ x-ray diffraction is used to study how field-response mechanism
Ba(Zr,Tip5)O3-x(Bag 7Cag 3) TiO; evolves with temperature. Increasing the measurement temperature was found to slightly reduce the
extent of domain reversal and the magnitude of the 111 lattice strain. Instead, these results indicate that temperature predominantly
impacted the angular dependence of the 002/200 lattice strain. We attribute the observed differences in 002/200 lattice strain to the flattening
of the free-energy near the tetragonal-orthorhombic phase boundary, where the flattening of the energy landscape promotes a polarization
rotation response during the application of electric fields at room temperature.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056110

Piezoceramics are widely used in a variety of applications (e.g.,
actuator, sensor, fuel injection, micropositioning, and ultrasound
imaging)." The functional properties of piezoceramics have enabled
device miniaturization and novel device funcationality.” Lead-based
material systems have dominated the growth in the use of piezoceram-
ics due to their attractive electromechanical properties.”* Concerns
over the potential negative impact from the processing, use, and/or
waste of lead-based materials on the environment have resulted in
governments imposing restrictions on their use.” Government regula-
tions challenged the scientific community to identify novel lead-free
systems that achieve or surpass the functional properties of today’s
state-of-the-art lead-based systems.(’ In 2004, Saito et al. used a combi-
nation of chemical doping and templated grain growth to demonstrate
the viability of lead-free piezoceramics by achieving an electromechanical
performance in K;/,Na;/;NbO; that matched lead-based ceramics.”
This finding, combined with the threat of government regulations,
sparked a nearly decade and a half search for lead-free alternatives.”

Of the lead-free systems, BaTiO; (BT)-based ceramics have
shown promise as potential lead-free replacements for actuator and

dielectric applications.” '’ Research has shown that BT is an ideal
host for solid-solution tuning of the electromechanical and dielec-
tric properties.11 Incorporation of BiZn,/;Ti; ;O3 into BT stabil-
izes a high dielectric response over a wide temperature range by
destabilizing the local atomic configuration.'” Solid-solutioning
has proven a viable route for enhancing the piezoelectric response
of BT-based materials with Ba(Zrq,Tigs)O03-x(Bag7Cag3)TiOs
(BZT-BCT) being one of the most promising candidates.” BZT-
BCT has been shown to achieve a large signal (d3;) of >1500 pm/V
with a 10 MPa prestress, making it well suited for low temperature
(<100°C) actuator applications.'* One drawback of BZT-BCT is
that the electromechanical properties are strongly dependent on
temperature.”” The high BCT tetragonal region of the phase dia-
gram exhibits the best thermal stability.

The present study investigates the temperature dependence of
the field-response mechanisms (e.g., ferroelectric/ferroelastic domain
reorientation and lattice strain) in tetragonal BZT-60BCT by in situ
x-ray diffraction. Diffraction data were measured during the applica-
tion of electric fields at room temperature and 56 °C. These data
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highlight that the extent of both lattice strain and domain reorienta-
tion are slightly reduced at elevated temperatures. These results suggest
that the observed differences in the field responses are a direct conse-
quence of the shift in morphotropic phase boundary (MPB) composi-
tion with temperature, where increasing temperature reduces the
extrinsic contributions associated with the proximity to ferroelectric—
ferroelectric tetragonal-orthorhombic (T-O) polymorphic phase
boundary (PPB). BZT-BCT piezoelectric ceramics with x=0.6 BCT
(herein referred to as 60BCT) were prepared using conventional pow-
der processing. See Ref. 16 for further details about ceramic processing.
Compacted disks were sintered at 1300 °C for 4h and had an average
grain size of 19 =4 um. Sintered disks were cut into rectangular
cuboid specimens (0.8 x 1 x 7mm), and silver electrodes were
painted on opposite 1 X 7mm sides. X-ray diffraction (XRD) data
were measured in situ during the application of electric fields at beam-
line 11IDC of the Advanced Photon Source at Argonne National
Laboratory. Data were measured in transmission geometry as sche-
matically shown in Fig. 1. A monochromatic 500 x 500 um> beam of
0.11165 A x-rays (111 keV) was used for the diffraction experiment. A
hot air blower was used to heat the silicon oil bath used to mitigate
dielectric breakdown along the edge of the sample. The temperature
was measured using a thermocouple submerged in the silicone oil bath.
Diffraction images were measured every 0.4 s during the application of
bipolar triangular waveform (20 s period) of the maximum amplitude
of 3.0kV/mm using a Perkin Elmer flat-panel two-dimensional detec-
tor. Samples were rocking 5° in chi and omega to improve the orienta-
tion average of the measured data. Measured diffraction images were
reduced into intensity vs scattering angle for grains with their scattering
vectors oriented 0, 54, and 90° from the applied field with a = 15° inte-
gration width using the software package pyFAL'”

The application of electric fields induces both lattice strain and
domain wall motion (DWM) in 60BCT, which provides intrinsic and
extrinsic contributions to the macroscopic strain response. Electric
field-dependent XRD of the 111 and 002/200 measured RT and 56 °C
are shown in Fig. 2. See Fig. Sl for a comparison of the angular-
dependent data. These data are qualitatively similar, with extensive
111 peak shifts and intensity interchange between the 002 and 200

Heat Gun

%

FIG. 1. Schematic representation of the experimental setup used to measure elec-
tric field dependent diffraction data at elevated temperature. Detector annotations
indicate the regions of the detector used to determine angular dependent response
phenomena.
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observed in both datasets. Further insight into the differences in field
response mechanisms was determined by analyzing the field-
dependent data via single peak fitting to extract information about the
position and intensity of 111, 002, and 200 reflections using the Imfit
python package.'® Each reflection was modeled using a normalized
Pseudo-Voigt peak shape with a linear background. See Figs. S2-S4
for representative peak-fit results.

Field-dependent peak center and intensity information were used
to determine induced hkl dependent lattice strain and domain reorien-
tation. Lattice strain was determined using

dp (E)

— )y 1
Enkl da(E = 0) (1)

where the lattice spacing at zero-field was used as the strain reference.
The extent of domain reorientation was quantified using'’

ITooz
I, 1
Mooz =7 -3 (2)
002 L2x 200 3

Igh Iho

where Iy, and Ly are the integrated intensities of the 002 and 200 tetrag-
onal reflections, respectively. IX, and IX, represent the integrated intensi-
ties of the 002 and 200 tetragonal reflections of an unpoled specimen.
Estimated uncertainties in the peak position and intensity (95th confi-
dence interval) to ey and o, were propagated using the Uncertainties
python package.”

The application of strong electric fields induces extensive domain
switching and 111 lattice strain. Figure 3 compares the measured 111
lattice strain, and the fraction of domains switched at RT and 56 °C.
These data suggest that an increase in temperature results in a slight
reduction in both the extent of domain reversal and lattice strain.
Observing a reduction in the maximum achieved domain alignment
and similar remnant domain alignment at 56 °C is counter-intuitive,
considering that poling at elevated temperatures enhances the electro-
mechanical response of 60BCT.”' However, prolonged poling might
enhance the remnant domain alignment. Increasing measurement
temperature has been shown to decrease the coercive field (E,) in soft-
doped PZT.” The field dependence in 1oy, in Fig. 3 indicates that the
E, is reduced at 56 °C, which would increase the E,,,,,/E. and should
provide a greater driving force for domain alignment. Ching-Chang
et al. used temperature-dependent in situ XRD to determine an
0.45eV activation energy for DWM in Nb-doped PZT (56/44).”" A
low activation energy would imply that a constant magnitude of the
applied electric fields would induce a greater extent of domain align-
ment at elevated temperatures than room temperature. Instead, the
reduction in 7, indicates that the energetics underpinning DWM in
60BCT are more complicated than soft-doped PZT.

Prior work by Tutuncu et al. and Manjon-Sanz et al. determined
that the extent of ferroelastic DWM increased with decreasing c/a as
BCT content approached the MPB.”*” Tutuncu suggested that the
reduction in c/a relieved intergranular constrained that might pin fer-
roelastic DWM. In this work, increasing temperature to 56 °C reduces
c/a from 1.006 to 1.005. The subsequent reduction in c/a should
enhance the maximum achieved domain alignment (assuming that c/a
is a metric to gauge the propensity for pinning ferroelastic DWM). A
smaller ¢/a at elevated temperature coincided with a reduction in #7¢0,,
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indicating that the underlying increase in DWM previously reported
originates from more complex processes. Unlike PZT, the composition
range of the MPB in BZT-BCT is strongly dependent on temperature.
Reducing the BCT content has the unintended consequence of chang-
ing the proximity to the T-O PPB.”® Similar to an MPB, PPBs have a
complex energy landscape where multiple phases have comparable
free-energies. Observing less domain alignment at 56 °C indicates that
DWM is less favorable farther from the MPB or PPB."”

Prototypical polarization rotation or extension field-response
mechanisms are characterized by the observation of lattice strain along
a non-polar or polar axis, respectively.” The lattice strain evolution in
60BCT exhibits both rotation and extension characteristics with a high
111 and non-negligible 002/200 lattice strains. We note that Tutuncu
et al. determined the ferroelastic switching high-field strain response
mechanism in 60BCT.”* However, the 002/220 lattice response in
60BCT is more intricate. The field-dependent evolution in the 002/200
lattice strain evidences that the underlying c/a ratio decreases with an
increase in electric field (see Fig. S5). The magnitude of the c/a con-
traction is also strongly dependent on the polar axis orientation with
respect to the applied field. Figure 4 compares the angular dependence
of the change in c/a (Ac/a) measured at RT and 56 °C. See Fig. S6 for

3.18

scitation.org/journal/apl

FIG. 2. Electric field dependence of the
111 (left) and 002/200 (right) diffraction
data measured at RT (a) and 56 °C (b) for
scattering vectors aligned in the field
direction.

3.20
20 (deg.)

the absolute change in c¢/a. The reduction in c/a is nearly identical
parallel and perpendicular to the applied field. However, grains
with their [111] aligned with the electric field direction exhibit the
most significant contraction in c¢/a. The observed reduction in c/a
is more pronounced at RT (0.08%) than 56°C (0.03%). Ehmke
et al.”’ attributed the reduction in c/a with the increase in applied
fields to the change in stress state with 90° switching inducing
compressive stress in the field direction. Subsequent intragranular
interactions between neighboring grains result in the development
of tensile stresses orthogonal to the applied field. This explanation
does not account for observing a larger Ac/a for grains oriented
with their [111] aligned with the applied field. Ehmke et al.
reported that the elastic moduli (E) in 60BCT decreases from
135 GPa at room temperature to 122 (GPa) at 50°C."" The slight
reductions in E and 7790, would suggest that the intragranular inter-
actions should result in a similar c/a behavior between RT and
56 °C. Observing a more pronounced reduction in ¢/a at RT than
56 °C indicates that the underlying micromechanical evolution is
more complex.

The evolution of the stress state within each grain is a complex
function of E, grain orientation, ferroelastic DWM, and propensity for

Appl. Phys. Lett. 119, 022904 (2021); doi: 10.1063/5.0056110
Published under an exclusive license by AIP Publishing
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FIG. 3. Electric field dependence of ¢411 (top) and 1700, measured at RT and 56 °C.
We note that these data represent the response in the field direction. Error bars
represent the 95th confidence interval and in some cases are smaller than the
symbols.
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FIG. 4. Electric field dependence of the change in c/a for grain with their 002/200
grains oriented 0°, 45°, and 90° to the electric field direction measured at RT (top)
and 56 °C (bottom). Dashed lines are shown for visual reference. Error bars repre-
sent the 95th confidence interval and in some cases are smaller than the symbols.

field-induced transitions with applied fields.”**’ Grains with their
[111] oriented in the field direction are in a special configuration
where all 001 variants are equally favorable.”’ Application of electric
fields along the non-polar direction induces substantial lattice strain
(see Fig. 3) through piezoelectric shear.”"™ The similarity of &
observed at RT and 56 °C suggests that the differences in measurement
temperature do not strongly impact the magnitude of the macroscopic
strain response. Therefore, the differences in the c/a for [111] oriented
grains could arise from changing the underlying energetics of the
system by increasing the AT from the T-O PPB. Flattening of the
free-energy landscape near phase boundaries facilitates field-induced
polymorphic transitions” and easy polarization rotation through
monoclinic phases.”* The orientation of each grain within the poly-
crystalline sample impacts the phase selection, with [111] oriented
grains preferring a rhombohedral distortion.”*® We note that no evi-
dence for a polymorphic transition is observed. Instead, we attribute
the enhanced reduction in c/a for [111] oriented grains to the develop-
ment of a complex stress state that is more pronounced at RT due to
the enhanced polarization rotation near to the T-O PPB. These data
evidence how the thermal evolution of the free-energy landscape
underpins DWM and field-induced transitions.

We have investigated the effects of temperature on the field-
response mechanism in BZT-60BCT using in situ x-ray diffraction.
These results indicate that both the extent of domain wall alignment and
the magnitude of 111 lattice strain are reduced at elevated temperatures.
The increasing temperature profoundly impacted the evolution of the
angular dependence of the 002/200 lattice strain. We attribute the
observed reduction in c/a for grains with their [111] oriented in the field
direction to the high piezoelectric shear response associated with polari-
zation rotation. The apparent effects of polarization rotation on the 002/
200 lattice stain are minimized at higher temperatures, indicating that the
proximity of BZT-BCT to the T-O phase boundary underpins the reduc-
tion in the extent of domain alignment and anomalous reduction in c/a.

See the supplementary material for a summary of the angular
dependent, representative fits, angular dependent lattice stain, and
absolute change in c/a.

This work was supported by the U.S. National Science
Foundation Grant No. DMR 0805022. Use of the 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. This manuscript has been authored by UT-
Battelle, LLC under Contract No. DE-AC05-000R22725 with the
U.S. Department of Energy.
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