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1 | INTRODUCTION

Lead-based piezoelectric ceramics, such as PbTi;_,Zr,O;
(PZT), are regularly employed in commercial devices
because of their good electromechanical properties and
temperature stability.! Besides, among inorganic oxides
these materials show the strongest electrocaloric effect
(ECE), that is, the isothermal entropy ASt and adia-
batic temperature AT,4 changes following a change of

Sara Lafuerza'

| Marco Evangelisti' |

The temperature-composition structural phase diagram of the BTO-based
ferroelectric system BaggsCag o6Ti;_HE O3 (0.05 < x < 0.15) is investigated
using high-angular resolution synchrotron X-ray powder diffraction and dielec-
tric permittivity measurements. In contrast to the well-known structural
phase transition sequence of the parent compound BaTiO; (rhombohedral
— orthorhombic — tetragonal — cubic, upon heating), Hf*" doping into
Bag 94Cay o6 Ti;_ Hf, O3 results in the gradual disappearance of the intermediate
orthorhombic and tetragonal phases at two different, but close, critical concen-
trations, 0.10 < x4 < 0.12 and 0.12 < x, < 0.135, respectively, revealing the
presence of two triple points in the phase diagram.

barium titanate, dielectric constant, ferroelectricity/ferroelectric materials, X-ray methods

the electric field.> This fact makes lead-based ceramics
appealing for solid-state electrocaloric refrigeration, as
recently demonstrated with a promising prototype.® How-
ever, lead is toxic and should be avoided in widespread
applications. As piezoelectric and electrocaloric replace-
ments, BaTiO; (BTO) and its derivatives are extensively
investigated.*>

BTO has arich phase diagram. Above its Curie tempera-
ture T, =393 K, it adopts the conventional cubic structure
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atures, yielding phases with different orientations of the
electric dipoles. Below Ty =273 K, and above Ty =183 K,
BTO is orthorhombic (O phase, space group Amm?2) with
the dipoles reoriented in the (011), direction, and below
Tg it adopts a rhombohedral structure (R phase, space
group R3m), where the dipoles are oriented along the (111).
direction.®’

Both electromechanical and electrocaloric properties
are closely related to the occurrence of interferroelec-
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FIGURE 2 Evolution of the (222). and (400), reflections for

BCTH-10 at selected temperatures. The structures employed in the
Rietveld refinements are also indicated.
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FIGURE 3 Bestfits for BCTH-10 at 330 K, employing a single
T structure (A) and a coexistence of O + T structures (B). The insets
show the results for high angles, highlighting the improvement of
the fit when a mixture of O + T phases is considered instead of a
single T phase.

tric and ferroelectric-paraelectric phase transitions. The
highest responses in the piezoelectricity of BTO-based
ceramics are found near the morphotropic phase bound-
aries between the ferroelectric phases,® analogously to
PZT. The ECE is usually maximized close to a ferroelectric-
paraelectric phase transition.’

In BTO, the phase transitions can be tuned close to
room temperature by isovalent substitutions in the Ba’*
and Ti** perovskite sites, therefore promoting large piezo-
electric and electrocaloric responses at temperatures of
interest for commercial applications. As an example,
Bay.,Ca,Ti;_M,0; (M = Sn, Zr, and Hf) solid solutions
have been designed for enhanced piezoelectricity,'’~"” and
ECE.'®% In these compositions, the isovalent Ca?* substi-
tution shifts T and Ty to lower temperatures, while with
M** substitutions, T and Ty increase and T, decreases.
The three transitions eventually converge within a range
of M** substitutions in the so-called phase convergence
region, until a single ferroelectric-paraelectric R-C transi-
tion is observed.* Compositions close to the phase conver-
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FIGURE 4 Unit cell parameters (symbols) and second derivative of the dielectric permittivity (solid line) for BCTH-05 (A) and BCTH-10
(B) as a function of the temperature. The standard deviations for the lattice parameters are smaller than the symbols sizes.
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FIGURE 5 Evolution of the (222). and (400), reflections for

BCTH-12 at selected temperatures. The structures employed in the
Rietveld refinements are also indicated.

gence region are sought after since their electromechanical
and electrocaloric properties can be enhanced thanks to
all transitions merging within a narrow temperature span.
Therefore, a precise knowledge of the different structural
transitions is needed to understand and tune the rele-
vant properties. However, the phase diagram of BTO-based
solid solutions remains often controversial, as for instance
for Ba,.,Ca,Ti,_,Zr,0; (BCTZ). Some authors reported
that, as the Zr** concentration increases, the O phase is
present and acts as a structural bridge between the R-
T phases, which are not group-subgroup related.'?-122
Eventually, this results in a phase convergence region
where the R-O-T-C phases coexist in thermodynamic
equilibrium. Contrarily, other studies reported that a mix-
ture of R-T structures can be formed, without the O
phase.?’~*

In this work, we focus on the BTO-based ceramic
Bag 94Cag o6 Ti;— Hf, O3 because its phase convergence

region occurs close to room temperature, result-
ing in appealing piezoelectric,'>"® and electrocaloric
properties.'®!° Its behavior is expected to mimic other
BTO-based solid solutions, such as BCTZ,'>** although no
systematic structural characterization has been reported
for this system. We employ high-angular resolution syn-
chrotron X-ray powder diffraction (SXRPD) to distinguish
the subtle distortions that give rise to the different struc-
tures around the phase convergence region, which cannot
otherwise be resolved by conventional X-ray powder
diffraction. We complement the structural study with
dielectric permittivity measurements. Both characteriza-
tions point to the direction that a direct R-T transition
occurs in a narrow interval of Hf** concentrations, leading
to two triple points that are very close to each other in the
composition-temperature phase diagram.

2 | EXPERIMENTAL PROCEDURES

A set of polycrystalline Bag g4Cag o6 Ti;—  Hf, O3 (BCTH—x)
samples with x = 0.05, 0.10, 0.12, 0.135, and 0.15 were pre-
pared mixing stoichiometric amounts of BaCO;, CaCOs,
TiO,, and HfO, by the conventional solid-state method.
The weighted powders were initially heated at 1280°C for 3
h. The resulting mixtures were grounded and pressed into
disk-shaped pellets (diameter of ~8 mm and thicknesses
~1.5 mm) and sintered for 48 h at 1450°C. As checked
using conventional X-ray powder diffraction, this sinter-
ing process ensures that the samples are perfect solid
solutions and well crystallized. Micrometric grain sizes
are concluded from the absence of significant broaden-
ing in the diffraction peaks. Relative densities around
90% were obtained employing the Archimedes’ method.
These density values agree with previous studies in BaTiO3
and are expected due to the high sintering temperature,**
necessary to improve the grain coarsening.
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SXRPD experiments were performed on the Material
Science and Powder Diffraction (MSPD) beamline at the
ALBA Synchrotron.®® Sintered samples were grounded
and a few milligrams were packed into a 0.5 mm capillary.
The capillary was kept spinning during the data collection
to improve powder averaging. The patterns were collected
with photons of wavelength A1 = 0.41368 A in the 26 range
from 0.5° to 41° with steps of 0.005° using the Multi
Analyzer Detection setup offering the highest achievable
instrumental angular resolution.®® A National Institute
of Standards and Technology (NIST) standard silicon

was used to calibrate the value of A and the instrumental
resolution. Samples were measured sequentially, one
after the other, in the temperature range from 180 K to
430 K using an Oxford Cryostream 700+ model. The
patterns were collected at constant temperature, after
stabilizing the setup for 5 min. Heating ramps of 3 K min~!
were employed between the different temperature
points.

Rietveld refinements were performed using the
FullProf program.’’” The refined parameters included
the 20 offset, lattice parameters, atomic positions,
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FIGURE 8 Evolution of the (222), and (400), reflections for
BCTH-13.5 at selected temperatures. The structures employed in the
Rietveld refinements are also indicated.

isotropic Debye-Waller factors, and background points.
The Thompson-Cox-Hastings pseudo-Voigt function
was employed including the Stephens’ formalism for
accounting anisotropic microstrain,’® which leads to an
anisotropic broadening of diffraction peaks that appeared
to be significant in related systems, and it is necessary
for accounting the complete profile of the peaks.>” When
a coexistence of two phases was found, for the minority
phase, atomic positions and isotropic Debye-Waller
factors were fixed to the values obtained at the closest
available temperature to avoid high correlation of the
refined parameters leading to unphysical results. The
phase fractions were determined using standard Rietveld
refinement techniques, as implemented by the FullProf
program. The crystal systems were first identified based
on the peak splitting of the (hhh). and (h00). pseudocubic
reflections. In the high-temperature C phase, both types
of reflections are single peaks. In the T phase, the (hhh),
reflections continue as single peaks but the (h00). ones
are split, while in the O phase both kinds of reflections
are split. Finally, in the R phase (hhh). remains split
but (h00), are single peaks. This evolution was checked
measuring BTO as a reference (see Figure S1A). The
initial assignments were confirmed by Rietveld refine-
ments of the patterns achieving very good reliability
factors. Examples of Rietveld refinements together with
the refined parameters for all compositions can be con-
sulted in the Supporting Information (Figures S2-S7 and
Tables S1-S6).

The real component of the relative dielectric permittiv-
ity ¢/ of the samples was measured with an impedance
analyzer 6500B (WayneKerr Electronics). The data were
collected on heating ramps at 2 K min~! in the temperature

mic Society

range from 180 K to 430 K, employing a liquid-nitrogen
cryostat Optistat?™ (Oxford Instruments) and a home-
made coaxial line insert. Sinusoidal excitations of 1 V
amplitude and frequencies of 50 kHz were employed.
Electrodes were made applying silver paste on the large
surfaces of the disk-shaped samples. The temperature
dependence of ¢/ for the different compositions is displayed
in Figure 1. It can be appreciated that, as the Hf** content
increases, the main peak associated with the ferroelectric—
paraelectric phase transition shifts to lower temperatures,
whereas the anomalies of the two secondary interferroelec-
tric transitions move in the opposite direction until a single
broad maximum is observed. In the following, the second
derivative of ¢/ is employed instead to follow more clearly
the temperature evolution of the different ferroelectric
transitions.

3 | RESULTS AND DISCUSSION

3.1 | Transition sequence R-O-T-C

The two lowest Hf*f content compositions, BCTH-05
and BCTH-10, showed the transition sequence R-O-
T-C found in the parent compound BTO.®’ Figure 2
displays the dependence of the (222). and (400), reflec-
tions with the temperature for BCTH-10. An analogous
peak splitting evolution was also found for BCTH-05
(see Figure SIB). The complete sequence of transitions
was observed in both samples from the low-temperature
ferroelectric R structure to the paraelectric C structure,
including the O and T ferroelectric phases at intermediate
temperatures.

Coexistences of two phases were also present close to
the transition points. As an example, Figure 3 shows the
Rietveld refinement at 330 K for BCTH-10. It is noticed
that a mixture of O + T structures is required for fully
explaining the pattern, while a single T phase alone is not
able to account for the whole data. Furthermore, in some
cases, such as for BCTH-05, diffuse scattering could be
appreciated close to the transition temperatures because
of the occurrence of nanodomains, that is, domains
with small coherence length, of the minority phase (see
Figure S1C).

The temperature dependence of the lattice param-
eters for both BCTH-05 and BCTH-10 is shown in
Figure 4, together with the second derivative of the
real component of the relative dielectric permittivity
¢/ for each sample. For the O structure, the param-
eters b, = bo/ V2 and ¢y =co/ V2 are displayed
instead.

The structural changes can be clearly appreciated with
discontinuous jumps in the lattice parameters. In both
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cases, the evolution is qualitatively similar to BTO,°
although with different absolute values of the lattice
parameters due to the smaller (larger) radii of Ca?* (Hf**)
when compared with Ba>* (Ti**).*" In the two samples,
three anomalies are present in the second derivative of ¢/,
matching well the temperature dependence of the struc-
tural transitions observed by powder X-ray diffraction. It is
also clear that, the larger is the Hf** content, the narrower
are the temperature ranges associated with the O and T
phases. Rietveld refinements and refined structural param-
eters at selected temperatures for these two compositions
can be consulted in the Supporting Information (Figures
S3 and S4 and Tables S2 and S3).

3.2 | Transition sequence R-T-C

The composition with the intermediate Hf** content,
BCTH-12, exhibited a temperature-dependent peak split-

ting for its (222). and (400). reflections represented in
Figure 5. Up to 320 K, BCTH-12 presented a dominant
rhombohedral structure, while above 340 K the structure
of the sample agreed with the cubic paraelectric phase. In
between, the data collected at 330 K points to an intermedi-
ate orthorhombic or tetragonal phase. The pattern seems to
be almost single phase, with the (400). peak split. Refine-
ments to both T and O phases were tested. Examples of the
fits obtained for both structures are depicted in Figure 6 for
selected reflections.

The results of the fit to an O phase showed sev-
eral problems. First, some unphysical parameters were
obtained (negative isotropic Debye-Waller factors for oxy-
gen atoms). Second, the intensity of some peaks was not
well reproduced (see Figure 6A), while the profile of the
split peaks showed intensities opposite to those obtained
experimentally (see Figure 6B-D). Better reliability factors
were also obtained in the fit to the T structure.

Additionally, the occurrence of minority phases can
be appreciated at 320 K and 330 K. At 320 K, the R
phase coexists with an additional phase as indicated by
the broadening of the (400). reflection at higher angles
(Figure 5). First, an O phase was tried for the coexist-
ing phase, but the results gave pseudotetragonal lattice
parameters with bg ~ ap and far from ag, strongly
suggesting that the coexisting structure is tetragonal.
Figure 7A illustrates the improvement of the profile refine-
ment when a coexistence R + T is used instead of a pure
R phase.

At 330 K, some small inaccuracy is still observed in some
split peaks when only the T phase is considered (Figure 6).
These small mismatches can be corrected by adding the
contribution of a minority rhombohedral (pseudocubic) or
cubic phase, as also shown in Figure 6 for the first case.
It is very difficult to differentiate between the two possi-
bilities since both refinements (either using a R or a C
phase) gave similar reliability factors. We have opted for
the R phase because ap agrees better with the thermal
evolution of the pseudocubic parameter in this sample, in
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consistency with the trend observed for the rest of sam-
ples in this study, while ac had a value close to ct. Fits
and refined data for this sample at several temperatures
are reported in the Supporting Information (Figure S5 and
Table S4).

Figure 7B shows the lattice parameters and the second
derivative of the real component of the relative dielectric
permittivity e/ dependence with the temperature. Only two
anomalies can be spotted, the low temperature one being
a subtle shoulder of the main peak and highlighted with
a green arrow. This agrees with the powder X-ray diffrac-
tion data, where only two structural transitions identified
as R-T and T-C were found. Therefore, both methods
provide evidence that a direct R-T transition is occur-
ring in BCTH—x without any intermediate O phase, as
found experimentally also in BCTZ.?’3? It can also be
noted that in this composition the stability of the R phase
extends to higher temperatures while the T phase begins
to appear at slightly lower temperatures when compared
with BCTH-10.

3.3 | Transition sequence R-C

For the compositions with the highest Hf** concentra-
tions, BCTH-13.5 and BCTH-15, only a single transition
between the ferroelectric R phase to the paraelectric C
phase was observed in the diffraction data, as can be seen
in Figure 8 for BCTH-13.5. The splitting of the (222), reflec-
tion gradually decreases as the temperature raises, while
the (400), reflection remains as a single peak in the whole
temperature range. The same behavior was observed for
BCTH-15 (see Figure S1D). In both cases, no coexistence of
the two phases was found in the studied temperature, sug-
gesting that if such coexistence exists, it occurs in a very
small temperature range (<10 K for BCTH-13.5). Rietveld
refinements and structural data for these two compositions
at representative temperatures are presented in the Sup-
porting Information (Figures S6 and S7 and Tables S5 and
S6).

As depicted in Figure 9, the temperature dependence
of the lattice parameters for both compositions shows
a smooth evolution without abrupt jumps when the R-
C transitions take place, as like BCTZ for high Zr**
concentrations.*’ By analogy with BCTZ, the continuous
evolution points to a tricritical behavior, that is, a crossover
between first- to second-order phase transition, once the
phase convergence region is crossed.*>* Figure 9 also
shows the second derivative of the real component of the
relative dielectric permittivity ¢/ as a function of the tem-
perature for both compositions, where only one broad
anomaly is observed in the region where the structural
R-C transition takes place.

eramic Society

3.4 | Phase diagram
The structural temperature-composition phase diagram
based on the X-ray diffraction data is sketched in Figure 10,
where structures or coexistences of structures refined for
each composition are indicated. The dashed lines separat-
ing colored areas indicate approximately where a 50%—-50%
coexistence is expected for the different structural transi-
tions. These lines are extended up to x = 0 using data from
measurements reported elsewhere.**

At room temperature, BCTH—x crosses the O-T and R-
O phase boundaries at concentrations of x =~ 0.05 and x
~ 0.09, respectively, in agreement with previous results.'?
Additionally, the disappearance of the intermediate O and
T structures lies in values of Hf** concentrations close
to previously reported results in BCTH—x from dielec-
tric permittivity data.'>'® However, in this work two triple
points R-O-T and R-T-C were resolved very close to each
other in composition, being the first in the Hf*" concen-
tration range 0.10 < x; < 0.12 and the second in the Hf**
concentration range 0.12 < x,, < 0.135, both at ~325 K.
The second one is likely close to a tricritical point, which
marks the boundary between first- and second-order
transitions.

4 | CONCLUSIONS

Phase transitions of ferroelectric BCTH—x were investi-
gated by high-angular resolution SXRPD and dielectric
permittivity measurements. Both techniques evidenced
that the full transition sequence R-O-T-C present in
BTO is also found for low Hf** concentrations (x < x),
whereas only two transitions occurred for intermediate
Hf** concentrations (xg < x < X,), namely, R-T and T-
C. This behavior is consistent with the previously reported
coexistence of rhombohedral and tetragonal phases in
BCTZ,”’*? and disagrees with the phase convergence
region composed by the four phases.'’'>?° For higher
Hf** concentrations (x > x,), a single R-C transition was
found. A temperature-composition phase diagram charac-
terized by two triple points was presented based on the
structural data inferred from Rietveld refinements. It is
worth emphasizing that the presence of two triple points
is completely consistent with the Gibbs phase rules for a
pseudobinary phase diagram, unlike the coexistence of all
four phases.®

Supporting Information. See the Supporting Informa-
tion for the BTO, BCTH-05, and BCTH-15 peak splitting
evolution with temperature and an example of diffuse
scattering for BCTH-05 (Figure S1); examples of Rietveld
refinements and refined structural parameters at selected
temperatures for BTO (Figure S2 and Table S1); BCTH-05
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(Figure S3 and Table S2); BCTH-10 (Figure S4 and Table
S3); BCTH-12 (Figure S5 and Table S4); BCTH-13.5 (Figure
S6 and Table S5); and BCTH-15 (Figure S7 and Table S6).
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