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ABSTRACT

The solid solution of (X)Bag7Cag3TiO3 — (1-x)BaZry,TipsO3is known to exhibit high
piezoelectric constants. Discrepancies in the reported phase transitions and structure
around room temperature, however, have complicated the understanding of the
enhanced properties. Rietveld refinement of high-resolution X-ray diffraction is
employed here to establish and refine the crystallographic structure at temperatures
from -100 °C to 150 °C for x=0.5. A combination of rhombohedral R3m and tetragonal
P4mm is found to coexist at temperatures of 20 °C and -25 °C, bordered by single phase
rhombohedral and tetragonal regions at lower (i.e., -100 °C) and higher (i.e., 70 °C)
temperatures, respectively. The diffractograms also show signs of strain and domain

wall scattering that are linked to the sample history.



I. INTRODUCTION

The properties of ferroelectric compositions near morphotropic phase boundaries
(MPBs) and polymorphic phase transitions (PPTs) are often superior to compositions far
from these boundaries. Thus, the identification of phase transitions in ferroelectric solid
solutions is of high relevance to identifying useful compositions. The (x)Bag;Cap3TiOs—
(1-x)BaZry 2 TipsO3 (100(1-x)BZT-100xBCT) solid solution was recently shown by Liu and
Ren’ to exhibit very high room-temperature piezoelectric coefficients of up to 620 pC/N. A
phase diagram based on X-ray diffraction (XRD) measurements and dielectric spectroscopy
was proposed that included cubic, tetragonal, and rhombohedral phases (Fig. 1(a)). The
enhanced piezoelectric performance has been attributed to vanishing polarization anisotropy
and polarization rotation in the presence of a tricritical point.! For 50BZT-50BCT, the phase
transition sequence upon decreasing temperature was originally proposed as cubic, tetragonal,
then rhombohedral. Further investigation of the microstructure by transmission electron
microscopy has revealed the coexistence of tetragonal and rhombohedral nanodomains
around the MPB, a microstructure commonly associated with high piezoelectric
performance.? Recent work has also reported the room temperature structure as mixed-phase
rhombohedral and tetragonal.® The parent phase BaTiOs has an intermediate orthorhombic
phase at temperatures between the tetragonal and rhombohedral phases, a fact which has also
motivated reports that 50BZT-50BCT is mixed-phase rhombohedral and orthorhombic at
room temperature.*> However, no orthorhombic crystallographic model has yet been shown
to describe the data.*®

Property measurements also suggest the possibility of extra phase transitions, in
addition to the expected cubic-tetragonal and tetragonal-rhombohedral transitions for 50BZT-
50BCT. For example, Benabdallah et al.® observed peaks in the pyroelectric current at 93 °C,

25 °C and -3 °C, and Damjanovic et al.” reported anomalies in dielectric and elastic



properties at approximately 90 °C, 34 °C, 8 °C and -60 °C (Fig. 1(b)). Thus, further
crystallographic characterization of the BZT-BCT system and interpretation relative to the
property coefficients is needed to more fully understand the phase diagram and properties.
In materials containing multiple polymorphic phases and overlapping reflections,
analysis of subtle structural differences using XRD requires high resolution and low
instrumental contributions to peak broadening. Analysis of higher 26 reflections is preferred
to resolve subtle peak splitting, but doing so requires very high intensity X-ray sources to
compensate for the lower intensity. Therefore, high-resolution powder diffraction data were
recorded in this study at a synchrotron X-ray source in order to investigate the phase
sequence in the composition 50BZT-50BCT from -100 °C to 150 °C. Crystallographic
structure refinement using the Rietveld method was applied to resolve the structure at

selected temperatures.

Il. EXPERIMENTAL

Powder used in this investigation was produced by mixing high purity BaCO3;
(99.95%), CaCO3(99%), TiO,(99.8%), and BaZrO3(99.5%) powders (Sigma Aldrich)
followed by calcining at 1350 °C for 2 h to produce uniform composition powders.? The
powders were uniaxially pressed into disks and ceramic samples were obtained by sintering
powder disks at 1450 °C. Sintered ceramic samples were crushed into powders again, and
high-resolution powder XRD patterns were measured at beamline 11-BM at the Advanced
Photon Source, Argonne National Laboratory. The powder was loaded into a 0.4 mm quartz
capillary, mounted in the beam-path and rotated continuously to enhance powder or
orientation averaging.

Diffraction patterns were recorded in the temperature range -100 °C to 150 °C; the

temperature was controlled by an Oxford Cryostream 700+ N, gas blower. For the applied



measurement energy, the calibrated wavelength was 0.412953 A and the resolution AQ/Q =
1.7x107*, corresponding to an instrumental contribution to the peak full width at half
maximum of 0.005°.° Simultaneous high-resolution and high-speed data collection was
obtained by use of a state-of-the-art scintillator-based multi-analyzer detector system.™®
Diffraction patterns were recorded using a 20 range of 0.5° to 51° in 0.001° steps and a 0.1 s
counting time at each step. A diffraction pattern was recorded at constant temperatures of 20
°C and 150 °C prior to cooling the sample to -100 °C and recording a sequence of patterns at
incrementally increasing temperatures of -100 °C, -25 °C, 20 °C, 70 °C, 100 °C, and 120 °C.
Rietveld refinements were performed using the GSAS software™ with the graphical interface
EXPGULI.* Refined parameters included the lattice parameters, atomic positions, isotropic
atomic displacement parameters (Uiso), Site occupancy, 26 zero offset, intensity scale factor,
profile shape parameters, and background. The background was refined with a shifted
Chebyschev model utilizing 16 polynomial parameters (to account for contributions at low 20
angle from amorphous silicone-based grease). Profile function 3, a pseudo-Voigt function

with the Finger et al.*®

axial divergence correction, was employed for the refinement of cubic
phases. Profile function 4, which includes Stephens’ model for anisotropic micro-strain
broadening,** was used to model the more asymmetric peak-shapes in the lower-temperature
patterns. A-site atoms (Ba and Ca) were constrained to the origin and equivalent isotropic
displacements. The B-site atoms (Ti and Zr) were constrained to the same atomic position
and isotropic displacements.

Space groups and starting values for lattice parameters and atomic positions were

obtained from the literature,*>*¢

except for mixed phase patterns where refined parameters
from neighboring temperatures were used as starting values. For the 20 °C pattern, a critical
step was required in the routine in order to avoid a false minimum solution. This step was the

exclusion of the pseudo-cubic (110)-type reflections (hereafter referred to as (110),



reflections) from the fit during the initial stage of the refinement. Without exclusion, this
group of reflections dominates the refinement because of its high intensity, yet it has low
resolution of the structural distortions because of its low diffraction angle. Because of the
large number of reflections in refinements containing multiple phases, initial values of lattice
parameters were adjusted manually to fit the higher order reflections at higher angles (e.qg.,
(222)pc , (400), etc.), where peak splitting of subtle distortions is more clear. Phase fractions,
atomic positions, isotropic displacements and profile parameters were refined first. Then
lattice parameters were included in the refinement, before the (110), reflections were re-

introduced, and the entire pattern refined.

I11. RESULTS AND DISCUSSION

All major reflections can be indexed to a perovskite structure, with a gradual change
in peak shape with temperature, as shown in Fig. 2 for selected reflections. The patterns
measured at 100 °C, 120 °C and 150 °C appear consistent with the cubic space group Pm3m
and were refined within this space group. At 70 °C the structure was refined to the tetragonal
space group P4mm.

The 20 °C pattern recorded during the heating sequence was fit to a combination of
P4mm and the rhombohedral space group R3m, converging at an R, value of 5.0%. Using an
SZMV calculation,'’ the phase fractions were found to be 58 wt% R3m and 42 wt% P4mm.
Refinement to pure P4mm only resulted in an Ry, value of 8.9%. Selected reflections refined
using both models are shown in Fig. 3. This result demonstrates that a phase combination at
20 °C better qualitatively describes the measured diffraction pattern than a single phase
refinement. Refinement using the orthorhombic space group Amm2 was also performed, but
the experimental relative intensities could not be accounted for, and the refinement converged

to an Ry value of 7.7%, higher than that obtained using the combined R3m and P4mm phases.
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Including the space group R3m with Amm2 in a two-phase refinement did not result in a
stable refinement. These results suggest that the orthorhombic phase is not present in this
composition at these temperatures, in contrast to what has been proposed in Refs. 4 and 5.

The R3m phase in the 20 °C pattern refined to significantly broader peaks than the
P4mm phase (see Fig. S1, supplementary information'®). Constraining the width of the R3m
phase to equal that of the P4mm phase (on the assumption that the microstructural
contributions to broadening in the two phases are not significantly different) reduced the
quality of the fit drastically. The refinement (shown in Fig. 4(a)) converged at an R, value of
7.0% and a phase fraction of 23 wt% R3m. Because neither of these extremes (i.e.,
constrained or un-constrained broadening of each respective phase) is more justified than the
other, we consider that the real phase fraction of the R3m phase at 20 °C is between 23 wt%
and 58 wt%.

The sample history effect is also evident by comparing the two distinct diffraction
patterns measured at 20 °C, both prior to and during the heating sequence. The intensity of
the (h0O),. reflections, as shown for (400),. in Fig. 4(b), is clearly dependent on thermal
history as also shown by Ehmke et al.? In the present case, the differences are mostly
observed as changes in peak broadening and diffuse scattering between the peaks. These
changes can be ascribed to differences in domain wall scattering in the tetragonal phase,
and/or microstrain in the rhombohedral phase.

The best refinement of the -25 °C pattern was also obtained by a combination of
P4mm and R3m phases. The refinement converged at an R, value of 4.9% with 5 wt% P4mm
and 95 wt% R3m phase fractions. Due to the small fraction of P4mm phase, the lattice and
profile parameters were the only parameters of this phase that were refined. Refinement with

a pure R3m phase converged to an R, value of 6.8% with a significantly poorer visual fit that



did not account for the asymmetry of the (h00), reflections. Selected reflections from both
refinements at -25 °C are shown in Fig. 5.

The pattern at -100 °C was modeled by a single phase in the R3m space group.
Possible indications of peaks in addition to the R3m peaks were observed as peak
asymmetries or subtle shoulders on the high-angle (222),. and (133), reflections, and
refinement within the monoclinic Cm space group was therefore also attempted. However,
the extra reflections allowed by symmetry lowering did not account for these possible profile
deviations or otherwise improve the quality of the fit.

Final refined values at each temperature are listed in Table I. Additional refined
values (atomic positions and isotropic displacement parameters) are listed in Table S.1
(supplementary information*®). All of the final refinements converged to R, values of 6% or
less. Fig. 6 shows some trends of the refined values as a function of temperature. Specifically,
the rhombohedral and tetragonal spontaneous lattice strains appear to decrease with
temperature while the average unit cell volume increases. These changes are expected
because spontaneous ferroelastic lattice strains typically decrease with temperature and the
coefficient of thermal expansion implies a unit cell volume increase. The phase sequence
described in Fig. 6 is in good correlation with the gradual peak shape changes in the
diffractograms (Fig. 3), and supports prior observations of a rhombohedral and tetragonal co-
existence in the 50BZT-50BCT composition near room temperature.>* The present work
indicates that the two-phase coexistence region extends to temperatures down to 50 °C below
room temperature, or at least to -25 °C.

The property measurements from Damjanovic et al.’ that are re-drawn in Fig. 1(b)
indicate three dominant phase transitions at approximately 90 °C, 34 °C and -60 °C. The
phase transition at -60 °C was observed in Ref. 7 as both an inflection in the dielectric loss

and a change in the Raman spectra that indicated a phase transition. In the present work, this



transition is attributed as a change between single-phase R3m at lower temperatures to mixed-
phase R3m + P4mm at higher temperatures. Similarly, the transition around 34 °C in Ref. 7 is
assigned from results in the present work as a transition from mixed-phase R3m + P4mm at
lower temperatures to single-phase P4mm at higher temperatures. Finally, the transition at 90
°C in Ref. 7 is assigned from results in the present work as a transition from P4mm to Pm3m.
The inflections in the dielectric and elastic properties around 8 °C however, cannot be
attributed to a measurable phase transition from high-resolution X-ray diffraction. In the
present work, the diffraction patterns measured at temperatures both below -25 °C and above
20 °C show differences that are best explained by changes in phase fractions, not by changes
in the symmetry of the respective phases. It was observed that the phase fraction of R3m in
this two-phase mixture changes from 95 wt% at -25 °C to somewhere between 23 wt% to 58
wt% at 20 °C. Most significantly, there were no observed superlattice reflections at either
temperature that might be attributed to long-range octahedral tilting or other superstructure
effects, and other phase combinations or phases of lower symmetry were not found to better
describe the diffraction patterns. If a significant structural change exists in this temperature
range, its signature in the diffraction pattern is small.

One remaining explanation that could describe the origin of the elastic and dielectric
property inflections at 8 °C is that of domain wall motion. Domain wall motion can lead to
inflections in property coefficients as has been shown, for example, in Refs. 19 and 20. The
present results suggest that domain wall motion of either phase may be contributing to this
property inflection and/or their coordinated effects and the temperature dependent phase
changes suggest interphase boundary motion effects® may also be relevant. Other theories
relating extrinsic mechanisms to piezoelectric and elastic properties have been discussed by
Dong et al.? for Ba(Zr,Ti)Os, though are mostly attributed to compositional inhomogeneity

and the associated cooperative effects of different localized Zr-rich and Ti-rich regions.



While the present work cannot definitively ascribe these property anomalies to a particular
mechanism, it presents evidence related to changing phase fractions that may support these
developing theories.

The present results also inform the developing phase diagram of BCT-BZT. Both
Ehmke et al.® and Yang et al.” recently suggested phase diagrams of BCT-BZT. As discussed
previously, the diagram proposed by Yang et al.” includes an orthorhombic phase, yet an
orthorhombic phase could not be found to adequately describe the high-resolution XRD
patterns. The diagram by Ehmke et al.? proposes a region of rhombohedral and tetragonal
phase coexistence near room temperature for 50BZT-50BCT. The present results further
define the existence of this region in at least the range -25 °C to 20 °C and support this
proposed phase diagram in that the structure is R3m at temperatures as low as -100 °C.
Moreover, the present work suggests changing phase fractions within this region and

preliminarily assigns quantitative phase fractions using the Rietveld method.

IV. CONCLUSION

A phase sequence has been established for 50BZT-50BCT from -100 °C to 150 °C by
crystallographic refinement using the Rietveld method. High-resolution X-ray diffraction
patterns allowed for a delineation of 50BZT-50BCT into cubic, tetragonal, tetragonal +
rhombohedral and rhombohedral regions upon cooling. In the mixed-phase region, the phase
fractions were quantified to 23-58 wt% R3m at 20 °C and 95 wt% R3m at -25 °C. This work
agrees with the previously reported room temperature two-phase region and expands its range
in temperature to well below room temperature. Contributions from domain wall scattering

and/or microstructural strain dependent on thermal history are evident in the diffractograms.
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FIGURE AND TABLE CAPTIONS

FIG. 1. a) BZT-BCT phase diagram re-drawn from Liu and Ren', and b) possible phase

transitions in 50BZT-50BCT as observed by Damjanovic et al.”

FIG. 2. Selected high-angle reflections of 50BZT-50BCT as recorded by high-resolution X-

ray diffraction.

FIG. 3. The best fits of selected high-angle reflections in Rietveld refinements of 50BZT-

50BCT at 20 °C using a) mixed-phase R3m + P4mm and b) single-phase P4mm.

FIG. 4. a) The best fits of selected high-angle reflections in Rietveld refinements of 50BZT-
50BCT at 20 °C using mixed-phase R3m + P4mm with constrained peak widths. b)
Diffraction patterns of 50BZT-50BCT recorded at 20 °C both prior to (dotted lines) and

during (solid lines) the thermal sequence.

FIG. 5. Rietveld refinements of 50BZT-50BCT at -25 °C shown on selected reflections for a)

R3m + P4mm and b) P4mm.

FIG. 6. Thermal trends in refined parameters of 50BZT-50BCT. a) Refined values for the
rhombohedral angle a and tetragonality (c/a), b) refined unit cell volumes. The error bars are

smaller than the symbol size. Grey areas indicate approximate phase transition temperatures.

TABLE |. Parameters from the best Rietveld refinement at each temperature for 50BZT-

S0BCT.
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FIGURES AND TABLES
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FIG. 2. Selected high-angle reflections of 50BZT-50BCT recorded by high-resolution X-ray

diffraction.
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FIG. 3. The best fits of selected high-angle reflections in Rietveld refinements of 50BZT-

50BCT at 20 °C using a) mixed-phase R3m + P4mm and b) single-phase P4mm.
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TABLE I. Parameters from the best Rietveld refinement at each temperature for 50BZT-

50BCT.
T Space Phase Lattice param.  Quality of
(°C) group (wt%) (A or degrees)  fit
150 Pm3m 100 a=4.009596(4) R,=5.6%
Rwp = 8.2%
Chi* =6.0
120 Pm3m 100 a=4.008277(4) Rp=5.6%
Rup=7.9%
Chi® =5.6
100 Pm3m 100 a=4.007675(4) Rp,=57%
Rup = 8.2%
Chi* =6.1
70  P4mm 100 a=4.005180(7) Rp=6.0%
c=4.01067(1) Ruyp=8.7%
Chi* =7.0
20 R3m 57.65(4) a=4.006693(8) Rp,=5.1%
a=289.9516(2) Rwp=7.3%
P4mm 42.34(5) a=3.999990(6) Chi’=4.9
c =4.01584(1)
-25 R3m  95.152(3) a=4.005129(7) Rp=4.9%
a=_89.9221(1) Rwp=7.5%
PAmm  4.84(4) a=3.99516(2) Chi*=523
¢ =4.01808(6)
-100 R3m 100 a=4.003484(8) Rp,=5.7%
o=289.8956(1)  Ry,,=8.3%
Chi* =6.3
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FIG. S1. The best Rietveld refinement of 50BZT-50BCT at 20 °C using mixed-phase R3m +

P4mm. The contribution to scattering from both phases are shown independently.
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FIG. S3. The best Rietveld refinement of 50BZT-50BCT at -25 °C using mixed-phase R3m +

P4mm. The contribution to scattering from both phases are shown independently.
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FIG. S4. The best Rietveld refinement of 50BZT-50BCT at -25 °C using R3m only.



TABLE SI. Refined parameters for 50BZT-50BCT.

Temp. Space A site B site 0() 0O (2)
(°C) group (Ba/Ca) (TilZr)
150 Pm3m X 0 0.5 0 -
y 0 0.5 0.5 -
z 0 0.5 0.5 -
Use  0.828(6)  0.406(9) 0.98(2) -
120 Pm3m X 0 0.5 0 -
y 0 0.5 0.5 -
z 0 0.5 0.5 -
Uso  0.756(5)  0.353(9) 0.92(2) -
100 Pm3m Z 0 0.5 0 -
y 0 0.5 0.5 -
z 0 0.5 0.5 -
Use  0.714(6)  0.325(9) 0.88(2) -
70 P4mm X 0 0.5 0.5 0.5
y 0 0.5 0.5 0
z 0 0.499(3) 0.00(1) 0.529(2)
U  0.866(6)  0.48(1) 0.6(1) 1.71(9)
20 R3m X 0 0.502(1) 0.513(2) -
y 0 0.502(1) 0.513(2) -
z 0 0.502(1) 0.018(2) -
Us  1.191(7)  0.72(2) 0.05(7) -
P4mm X 0 0.5 0.5 0.5
y 0 0.5 0.5 0
z 0 0.494(2) 0.021(5) 0.531(2)
Uso  0.428(7)  0.10(2) 0.8(2) 1.7(1)
-25 R3m X 0 0.499(1) 0.508(1) -
y 0 0.499(1) 0.508(1) -
z 0 0.499(1) 0.015(3) -
Uiso  0.706(4)  0.366(9) 0.47(3) -
P4mm X 0 0.5 0.5 0.5
y 0 0.5 0.5 0
z 0 0.494(2) 0.021(5) 0.531(2)
Uso  0428(7)  0.10(2) 0.8(2) 1.7(1)
-100  R3m X 0 0.4963(6)  0.5108(8) -
y 0 0.4963(6)  0.5108(8) -
z 0 0.4963(6)  0.0258(9) -
Uiso  0.590(6)  0.27(1) 0.38(3) -

“Uiso Values are x100 A?



