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Origin of the large piezoelectric activity in (1 — x)Ba(Zr(,Tij 3)O3-x(Bay;Ca3)TiO; ceramics
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The diffusionless pseudobinary phase diagram, monodomain properties, and free energy of
(1 — x)Ba(Zry,Tip3)O03-x(Bag7Cag 3)TiO; are computed for comparison with experimental results. Specifically,
the variation of the spontaneous polarization, anisotropy energy, and free energy with respect to temperature,
composition, and polarization direction are discussed relative to the results of resonant piezoelectric measurements
performed over a wide compositional range as a function of temperature. The phase angle, relative permittivity,
piezoelectric and coupling coefficients, and elastic compliances were used to investigate relations between the
computed and measured pseudobinary phase diagrams and the measured piezoelectric and elastic properties. It
was found that d; values along the orthorhombic to tetragonal phase boundary are ~30% higher than those both
along the rhombohedral to orthorhombic phase boundary and in the region where phases converge. It is shown
that the reduction in anisotropy energy in these regions of the phase diagram is by itself insufficient to explain the
measured properties. The highest small signal piezoelectric activity is found along the orthorhombic to tetragonal
phase boundary due to a combination of reduced anisotropy energy, high remanent/spontaneous polarization,
and increased elastic softening. The combined computed and experimental results are used to demonstrate that
the interdependent behavior of these properties should be considered in the design of engineered piezoelectric

ceramics.
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I. INTRODUCTION

Piezoelectric materials are used in a large variety of techno-
logical devices such as actuators, transducers, sensors, filters,
and switches. Lead zirconate-titanate (PZT) is by far the most
widely used material for these applications [1]. In 2003 the
European Union proposed to limit the use of hazardous mate-
rials in consumer products [2]. Specifically, it was determined
that lead in functional ceramics is to be substituted as soon
as comparable nontoxic materials are available [2,3]. More
than ten years after the original directive and a subsequent
update of the “Restriction of the Use of Certain Hazardous
Substances in Electrical and Electronic Equipment” [3], there
is no single all-encompassing materials solution. However,
several breakthroughs have been noted [4]. In particular, new
materials based on engineered phase boundaries in potassium
sodium niobates are available [5,6]. These materials can be
co-sintered with cost-effective nickel electrodes [7], which is
not currently achievable for PZT [8]. Tou et al. [9] laid the
groundwork for hard bismuth-based piezoceramics to be used
in ultrasonic cleaners, and Doshida et al. [10,11] demonstrated
that lead-free piezoceramics have better performance than PZT
for high power applications. Recently, a BaTiO3; (BT)-based
solid solution, (1 — x)Ba(Zro.zTio,g)O;-x(Ba0_7CaQ,3)TiO3
(BZT-xBCT), has attracted considerable attention due
to its promising small and large signal piezoelectric
properties [12,13]. Because of its low Curie temperature,
however, the BZT-xBCT system is inherently limited to
low-temperature applications. Nevertheless, it remains useful
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for specific applications where working temperatures do
not exceed 90°C [13,14]. The first prototype products
based on this material have already been shown to have
adequate performance [15]. Considering the technological
importance of BZT-xBCT, it is of interest to elucidate the
mechanism behind its exceptional small signal piezoelectric
properties.

The origins of the strong piezoelectric response observed
in BZT-xBCT materials are still under investigation. In other
ferroelectric solid solutions, the role played by monoclinic
(M) phase(s) [16,17], disorder in the displacement of cations
[18,19], formation of nanodomains [20,21], and two-phase
coexistence [22,23] have been invoked to explain enhanced
functional properties near phase boundaries. Despite the
differing interpretations of the structural state near phase
boundaries, it has been argued that a reduction in the crystalline
anisotropy of polarization, as recognized in the earliest studies
of PZT, is the central phenomenon connected with large
piezoelectric activity [24,25]. The underlying interpretation
is that along phase boundaries an extreme reduction in the
crystalline anisotropy of polarization leads to a degeneration
of the energy surface to near spherical symmetry. This
automatically results in an instability of the polarization vector
against rotation, the formation of miniaturized domains with a
large number of symmetry-equivalent orientations [26,27], and
to a region in the phase diagram wherein ferroelectric phases
differing in symmetry may coexist as metastable states [28].
For BZT-xBCT it was further proposed that the coincidence of
triple and tricritical points along the Curie line may result in a
reduction of the anisotropy energy that extends along the phase
boundary lines separating the lower-temperature ferroelectric
phases [12]. The reduced energy barrier for polarization
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rotation in the region projected below the tricritical point was
in turn associated with exceptional small signal piezoelectric
properties [12].

Although the model proposed by Liu and Ren [12] was
based on the presence of a tricritical point, the pseudobinary
phase diagram of BZT-xBCT has not been definitively
established. Recent reports have proposed the existence of
rhombohedral (R), tetragonal (7), and orthorhombic (O) phases
that converge near the line of Curie temperatures [13,29,30].
This region has thus been termed a ‘“phase convergence
region.” Nevertheless, recent computations show that two
triple points are expected in this region, although these
two points may be difficult to access experimentally due
to their close proximity [31]. Therefore, the current picture
of the pseudobinary phase diagram of BZT-xBCT involves
two lines of polymorphic phase boundaries (PPTs) with an
interleaving single phase or two-phase coexistence region
separating the commonly accepted R and T phases. The
nature of the interleaving region remains unresolved and is
characterized either as an O single phase [13,14,29,30] or as a
coexistence region of R and T phases [32-34]. Regardless of
the nature of the structural state in this region, the reduction
of the anisotropy energy is thought to play an important
role. In early reports on the BZT-xBCT system the local
maxima in dielectric and piezoelectric properties observed
in this region were attributed to reduced anisotropy energy
[12,13]. The pseudobinary phase diagram of BZT-xBCT was
recently estimated using a phenomenological approach and
a sharp reduction of the anisotropy energy along the PPTs’
lines and in the phase convergence region was demonstrated
[31]. Therefore, enhancement of dielectric and piezoelectric
properties is expected in the vicinity of the convergence
region [12,27]. In contrast, recent experimental investigations
have shown that the small signal piezoelectric properties
are maximized along the O to T phase boundary, and that
only local maxima are obtained in the phase convergence
region [13,30]. Moreover, the two PPTs also give rise to
different small signal piezoelectric activities [13]. Therefore,
the complex small signal properties of BZT-xBCT cannot
be fully explained by considering only the reduction of
the anisotropy energy. Neglecting extrinsic contributions to
small signal properties, other physical properties such as
elastic response and remanent polarization should be fully
investigated across the whole phase diagram to accurately
describe the small signal piezoelectric activity. Indeed, it
was recently highlighted that the elastic properties are of
key importance in determining piezoelectric response of this
system [30,35,36].

In this paper, the pseudobinary phase diagram of
BZT-xBCT is analyzed by means of a phenomenological
theory and experimental results. The variation of the spon-
taneous polarization, anisotropy energy, and stability of the
T, O, and R phases along the PPTs are computed. These re-
sults are compared with resonance-antiresonance piezoelectric
measurements obtained as a function of temperature over a
wide compositional range. By correlating the computational
and experimental results, the role of a reduction in anisotropy
energy, elastic properties, and spontaneous/remanent polariza-
tion in enhancing the functional properties of BZT-xBCT is
clarified.
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II. MATERIALS AND METHODS

A. Thermodynamic phenomenology

The classical Landau theory is applicable to second-order
displacive phase transitions and weak first-order transitions
close to second order [37,38]. The Landau polynomial de-
scribing the nonequilibrium free-energy density of perovskite-
structured ferroelectrics is most commonly expressed in the
form given by Devonshire [Eq. (1)] [39,40],

Gp = Ya; (PE+ P} + P§) + oy (P! + Py + PY)
+ 30y (PEP} + PEP] + PIP]) + - . (1)

Here P; are components of the polarization vector and it
is to be understood that the dielectric stiffness coefficients
«;. are analytical functions of the external variables of
temperature, pressure, and/or composition. The equilibrium
free energies of the symmetry-allowed proper ferroelectric
phases are determined by minimizing the thermodynamic
potential [Eq. (1)] with respect to components of polarization.

In reproducing the phase diagrams of ferroelectric solid
solutions, it is advantageous to employ an alternative Lan-
dau polynomial which explicitly separates the isotropic and
anisotropic contributions to the free energy, the latter deter-
mining the interferroelectric phase transitions between proper
symmetry phases [27,41]. This alternative polynomial can be
written as given in Eq. (2),

Gy = oy (P} + P2+ P} + 1B (PR + P} + P3)’
+ B (P} + Pf+ P + L[ (P2 + P2+ P})’
+n (PP + PP+ P)) +ys (PEPIP)] +-- . ()

The polynomial in Eq. (2) is equivalent to that in Eq. (1)
and the two can be interchanged using a set of linear relations
between the expansion coefficients [31]. The isotropic part
of the free energy in Eq. (2), (GLis0), formally describes a
polarized state with modulus of polarization P # 0 in which
there is no preferential polarization direction [Eq. (3)],

Griso = 300 P>+ {B1P* + i PO+ -+ 3)

The anisotropic part of the free energy in Eq. (2), (G Laniso)>
determines the dependence of the free energy on the direction
of the polarization vector. The anisotropic part of the free
energy is given in Eq. (4):

GLaniso = % [,32 (P14 + PZ4 + P34)]
+g [ (PP + PP+ PY) +ys (PEPSPS)] + -
“

The proper ferroelectric phases with different symmetries
are determined by the anisotropic part of the free energy
[Eq. (4)], in which the direction of the polarization vector
is treated as an internal thermodynamic variable that relaxes
to the equilibrium direction subject to changes in external
variables (temperature, pressure, and/or composition). For
the 7, O, and R proper ferroelectric phases the equilibrium
direction of the polar vector is oriented along the [001],
[110], and [111] crystallographic directions of the cubic
prototype, respectively [42,43]. The stable ferroelectric phase
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for a particular choice of external variables has the lowest
(most negative or least positive) anisotropy energy with
respect to the other phases [31]. Because the phase diagrams
for BCT and BZT are known, the coefficients in the free-
energy function [Eq. (2)] can be determined and used to
estimate the pseudobinary phase diagram along the isopleth
(1 — x)Ba(Zry,Tip g)O3-x(Bag7Cag 3)TiO3 [31]. The equation
of state is determined from Eq. (2) using the minimum
principle and gives the corresponding equilibrium properties
of interest here, e.g., spontaneous polarization, anisotropy
energy, and free energy. These properties were computed
from room temperature up to 100 °C and in the compositional
range of interest corresponding to (1 — x)Ba(Zry,>Tigg)O03 —
x(Bap7Cap3)TiO5 (0.32 < x < 0.60). The resolution of the
calculation was selected to be 128 x 128 points over this
range of composition and temperature. Contour plots were
constructed by interpolation between the calculated points.

B. Experiments

In order to enable a comparison with the phenomeno-
logical computations, a series of ceramics with the compo-
sitions (1 — x)Ba(Zry,Tipg)O03 — x(Bag7Cag3)TiO5; (0.32 <
x < 0.60) were produced via a mixed oxide route using BaCOj3
(purity 99.8%, Alfa Aesar), TiO, (purity 99.6%, Alfa Aesar),
CaCO; (purity 99.5%, Alfa Aesar), and ZrO, (purity 99.5%,
Alfa Aesar, Germany). Complete details for the processing
conditions can be found elsewhere [13]. Bar-shaped samples
of 2 x 2 x 5mm?® were machined for the measurements. The
samples were electroded with silver paste and burnt-in at
400 °C for 2 h with a heating rate of 2 K/min.

The resonance-antiresonance piezoelectric measurement is
a well-established characterization technique from which a
set of piezoelectric, dielectric, and elastic properties can be
obtained for a specified geometry excited in a given vibration
mode [44]. The 33 mode describes the longitudinal response
of a bar-shaped sample with respect to polarization direction
[44]. Dielectric, electromechanical, and elastic properties,
including the phase angle 6, relative permittivity &3,/&o,
piezoelectric charge coefficient ds3, coupling coefficient k33,
mechanical quality factor Qy,, elastic compliances s3E3 and
58, and frequency constant N33 can be computed from this
measurement. In order to determine these properties, complex
impedance measurements were carried out on all samples
by the resonance-antiresonance method using an impedance
analyzer (Hewlett Packard HP4294A, United States) in the 33
mode. A 500-mV peak to peak sinusoidal wave in the kHz
range (corresponding to the resonance-antiresonance of each
sample) was utilized as the input voltage. In situ temperature-
dependent measurements were performed from 25 to 105 °C in
5 °C steps. Prior to each measurement the temperature was sta-
bilized within +0.2 °C in order to satisfy thermal equilibrium
conditions. All samples were poled at room temperature for
10 min with an electric field strength of 4 kV/mm to ensure a
poled state [13]. From these measurements electromechanical
properties (ds3, k33, and Qy,), elastic compliances (s5; and s2}),
and frequency constant (N33) were obtained according to the
IEEE standard on piezoelectricity [44]. The maximum phase
angle 6 obtained at each isotherm was also recorded. From
the recorded measurements, composition-temperature contour
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plots were constructed with a resolution of 7 x 15 points
within the range of composition and temperature examined.
The variation of properties between the measured points was
estimated by linear interpolation between them.

III. RESULTS

A. Phenomenological predictions

The pseudobinary phase diagram of BZT-xBCT was
reproduced using the form of the low-order Landau polynomial
described in the previous section. This approximation has
recently been demonstrated to provide a good agreement
with experimental results for both BT-based and PbTiO;-
based perovskite solid solutions [31,45]. The dependencies
of the coefficients of the Landau polynomial on composi-
tion and temperature were formulated to self-consistently
reproduce the known phase diagrams of BZT and BCT.
Linear interpolation of these coefficients along the isopleth
(1 — x)Ba(Zro,zTio_g)O3—x(Ba0.7Cao,3)TiO3 resulted in the
phase diagram shown in Fig. 1. The close agreement of the
phase boundaries with available experimentally determined
phase diagrams [13,14,29] strongly indicates that the low-
order approximation of the theory provides an adequate
representation of the free energies of the different phases
within their respective stability regions. The derivatives of
these free energies give the property coefficients of the
monocrystalline, monodomain state. In polycrystalline ceram-
ics, however, there are a number of extrinsic contributions
that lead automatically to quantitative differences between
computed and measured polycrystalline-averaged properties.
Hence, phenomenological predictions made here are intended
to describe the qualitative behavior of the system, but not
necessarily to provide a quantitative description of materials
properties.
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FIG. 1. (Color online) Variation in the spontaneous polarization
superimposed on the computed composition-temperature pseudobi-
nary phase diagram of BZT-xBCT. The resolution of the contour plot
in the composition-temperature space is 128 x 128. The variation of
polarization between the calculated points was estimated by linear
interpolation between them.
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The variation in the modulus of the equilibrium polarization
(P) with composition and temperature is also shown in Fig. 1
and is superimposed on the predicted phase boundary lines
of BZT-xBCT. Good qualitative agreement is found with
recently proposed experimental pseudobinary phase diagrams
[13,14,29]. Although the interleaving region between R and
T phases is predicted to be a homogeneous O phase, this
phase is nearly degenerate with the R and T phases. Hence,
the possibility of two-phase coexistence cannot be excluded,
as has been previously proposed [32-34]. The computed
monodomain polarization values are found to provide good
qualitative agreement with experiments [12,13]. A slight jump
in polarization associated with weak first-order transitions
was observed at the R to O and O to T phase boundaries.
The magnitude of these jumps diminishes as the convergence
region is approached. The small jumps in polarization at the
phase boundaries are a direct consequence of the reduced
anisotropy energy in this region of the phase diagram. Further-
more, it should be noted that the polarization values increase
substantially on moving away from the phase boundaries
and into the T phase. These findings are consistent with
previous phenomenological analyses which have considered
the anisotropy energy of BT [46].

The calculated phase diagram features a stability region of
the O phase. The stabilization of this phase is most favored
in this region due to reduced anisotropy energy. This strong
reduction can be more clearly observed by examining the (110)
section of the energy surface on passing through the sequence
of R— O — T transitions. This sequence of transitions
occurs as the temperature is increased at fixed compositions
close to interferroelectric phase boundaries. Such a section is
shown in Fig. 2, where the free energy is plotted as function
of the angle (0 < ¢ < 2m) of the polar vector measured with
respect to the [001] direction. This section of the energy surface
includes the polar directions of the 7, O, and R phases. Three
compositions x = 0.38, x = 0.40, and x = 0.42 as a function
of temperature were chosen as representative examples. The
free-energy curves are normalized with respect to the value
of the free energy of the stable phase at each temperature and
composition in order to facilitate comparisons at each set of
conditions. The R phase is the stable phase at low temperatures
in compositions with x = 0.38 and 0.40, while the O phase is
stable for x = 0.42. As temperature increases, the energy pro-
file corresponding to the R phase flattens leading to a stable O
phase. With further temperature increase the 7 phase emerges
while the O phase may persist in a small temperature interval
as a metastable phase. The emergence of the T phase is
accompanied by an increase in barrier heights along the
free-energy profiles. As depicted in Fig. 2, the energy profiles
are relatively flat throughout the entire stability region of the
O phase, i.e., the O phase is nearly degenerate with the 7 and R
phases in this region of the phase diagram. The appearance of
lower symmetry phases such as those experimentally observed
[16,19,29,30] is a consequence of this extreme reduction in
the free-energy anisotropy. It is illustrated in Fig. 2 that for
compositions and temperatures close to phase boundaries, the
anisotropic contributions to the free energy shrink to about 1%
of the total free energy. This reduction is a feature of both the
convergence region (x ~ 0.38, T ~ 45°C) as well as PPTs (R
toOx ~040, T ~35°C;0toTx ~ 042, T ~25°C).
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FIG. 2. (Color online) Energy variation with polarization rota-
tion in (110) plane starting from [001] direction as temperature
increases from 25 to 50 °C at three compositions (a) 0.38, (b) 0.40, and
(c) 0.42. The stability regions of rhombohedral (R), orthorhombic (O),
and tetragonal (7)) phases are illustrated in red, green, and blue colors,
respectively. The free-energy curves are normalized with respect to
the value of the free energy of the stable phase at each temperature
and composition.

Figure 3 presents the anisotropy energy superimposed on
the computed phase diagram of BZT-xBCT. The reduction
in anisotropy energy can be seen as a tilted “Y”-shaped area
adjacent to PPTs and along the Curie line. This region broadens
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FIG. 3. (Color online) Anisotropy energy superimposed on the
computed composition-temperature pseudobinary phase diagram of
BZT-xBCT. The dashed line indicates vanishing of the free-energy
anisotropy. The resolution of the contour plot in the compositon-
temperature space is 128 x 128. The variation of anisotropy energy
between the calculated points was estimated by linear interpolation
between them.
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FIG. 4. (Color online) Piezoelectric and dielectric properties as function of temperature for compositions from x = 0.32 to 0.6. (a) phase
angle 6, (b) relative permittivity £3T3 /€0, (c) small signal ds3, (d) coupling factor k33, and (e) mechanical quality factor Q,, obtained from
resonance-antiresonance data. Dotted lines indicate phase transitions [13].

substantially at higher temperatures and extends along the
Curie line. This result is reflected in the energy profiles of the T’
phase becoming more anisotropic with increasing temperature
at x = 0.40 and 0.42 at temperatures above 50 °C (Fig. 2).
The dashed line in Fig. 3 indicates the locus of points where
anisotropy energy vanishes. It is clearly shown that vanishing
of the anisotropy energy occurs in the vicinity of the R to O
phase boundary but does not coincide with it.

The reduction of the anisotropy energy near interferroelec-
tric phase boundaries leads to miniaturized domains [47] and
to divergence of the transverse dielectric susceptibility [41,42].
The domain structure and electromechanical properties of
ferroelectric solid solutions also show a strong dependence
on the curvature of these phase boundaries [31]. The strong
inclination of the phase boundaries as observed for BZT-xBCT
(denominated here as PPTs according to Goldschmidt [48]) is
accompanied by a broad area of reduced anisotropy energy. In
contrast, in solid solutions with a nearly vertical morphotropic
phase boundary [48], the region of reduced anisotropy is very
narrow at low temperatures and only broadens substantially
at high temperatures near the Curie line. The strongly tilted
phase boundaries observed for BZT-xBCT are accompanied
by a broad area of the composition-temperature plane in which
the anisotropy energy is dramatically reduced. This leads to the
degeneration of the energy surface in a broad region adjacent to
the phase boundaries, the occurrence of intermediate O phase,
and enhanced piezoelectric properties but with more shallow
gradients than those observed in morphotropic solid solutions.

B. Resonance-antiresonance results

The temperature dependence of phase angle 6, relative
permittivity 83T3/80, piezoelectric coefficient ds3, coupling

coefficient k33, and mechanical quality factor Qy, for various
compositions are provided in Figs. 4(a)-4(e), respectively. The
phase transition lines from a previous experimentally deter-
mined phase diagram are superimposed for comparison [13].
The 6 values [Fig. 4(a)] are normally considered as an
indication of degree of poling [49-52]. It is clearly seen that the
phase angle shows distinct changes near the phase boundaries,
but also, under the same poling conditions, the R and T phases
respond quite differently at room temperature to the poling
treatment. The room-temperature R phase (x < 0.40) shows
6 values between 78.9° and 80.1°, which are relatively far
from an ideal poled condition of 90°. On the other hand,
the room-temperature 7 phase (x = 0.60) is characterized by
a much higher 6 value of 85.9°. The compositions in the
vicinity of the O phase boundary (x = 0.45 and 0.50) feature
6 values comparable to the ones observed at the T phase,
i.e., around 85.5°. Since the phase angle indicates the degree
of poling, the variation of the phase angle should reflect the
variation of remanent polarization. All compositions present a
monotonic decay of § with increasing temperature that reflects
the thermal depolarization of the system. Interestingly, the
T phase (x = 0.60) presents a much higher poling stability
than the R phase. Although the phase angle 6 is commonly
associated with the degree of poling [49—52], a word of caution
is warranted. As depicted in Fig. 4(a), the 6 values show local
minima around the phase boundaries, more clearly discerned
at the R to C phase boundary for x < 0.40 (the increase in 6
above the Curie temperature T¢ for x = 0.32 is ~5°, while
for x = 0.35 is ~12°). Naturally, the material cannot repole
itself with increasing temperature if no external field is applied.
Moreover, these local minima in 6 are accompanied by local
maxima in ds3 [Fig. 4(c)]. This contradicts the generally known
fact that a higher phase angle is associated with a higher degree
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FIG. 5. (Color online) Contour plot of 6 angle as a function of
temperature and composition. The maximum temperature displayed
is 60 °C in order to better visualize the contrast of the poling degree
around the phase convergence region. Phase transition lines are
superimposed in white [13]. The resolution of the contour plot in the
compositional-temperature space is 7 x 8. The variation of properties
between the measured points was estimated by linear interpolation
between them.

of poling, and thus, higher d33 [49-52]. The meaning of this
local decrease in 6 is believed to be associated with a change in
the resistivity of the sample near the phase boundaries. Further
experiments are being carried out to determine the physical
origins of these observations. A contour plot of 6 as function
of temperature and composition is shown in Fig. 5. To obtain a
better representation of the relation between electromechanical
properties and the PPTs, the recent experimentally determined
phase boundary lines are also superimposed [13]. In order to
emphasize the 6 contrast, thus allowing for better visualization,
this contour plot is provided up to the temperature of the
convergence region ~60 °C. It is clearly observed that, under
the same poling conditions, the T phase displays higher 0
values than the R phase. More interestingly, in the convergence
region the 6 values decrease drastically, indicating a much
lower degree of poling and thus of net remanent polarization.
The measurements of relative permittivity £1,/g9 as a
function of temperature are displayed in Fig. 4(b). Phase
transitions can be derived from this measurement as local
maxima [53]. This result is in good agreement with the
pseudobinary phase diagram obtained at a different frequency
range [13,30] and with the calculated phase diagram obtained
in this study (Fig. 1). The maximum values of &3, /gy ~ 20 000
at the R phase are consistent with literature values [12,13].
The piezoelectric coefficient dz; as a function of
temperature is depicted in Fig. 4(c). The temperature profiles
of d3; obtained from resonance-antiresonance measurements
are in good agreement with a previous study [13]. However,
the values of dj; are slightly lower which is attributed
to the different measuring technique and conditions utilized.
The highest d33 values for compositions x < 0.40 are observed
at the Curie line, whereas in the range 0.40 < x < 0.50, the
ds3 value peaks at the O to T phase boundary. Moreover, for
all compositions, residual d3; values remain to temperatures
even 10°C above T¢ [13,54-56]. Figure 6 presents a contour

PHYSICAL REVIEW B 91, 104108 (2015)

Small signal d33 (pC/N)

450
o
< 225
—

0

0.4

0.35

045 05
BZT-xBCT

0585 06

FIG. 6. (Color online) Contour plot of small signal piezoelectric
coefficient ds; as a function of temperature and composition. Phase
transition lines are superimposed in white [13]. The resolution of the
contour plot in the composition-temperature space is 7 x 15. The
variation of properties between the measured points was estimated
by linear interpolation between them.

plot of d33 as a function of temperature and composition. The
largest ds3 values occur along the O to T phase boundary with
dsz ~ 450 pC/N, which is in agreement with previous reports
[13,30]. Only local maximum values of d33 are found in the
convergence region and at the R to O phase boundary, which
are ~30% below the values at the O to T phase boundary.
Moreover, a quasicontinuous ds3 contrast emerges from the O
to T phase boundary, continuing up to the convergence region
but with a higher degree of tilting than depicted by phase
boundaries. This seems to indicate that more tilted phase
boundaries around the convergence region could be expected,
which is consistent with recent literature results [57].
Resolving more clearly phase boundaries in such a narrow
temperature and compositional ranges requires a more precise
technique and it is beyond the scope of the present work.

The coupling coefficient k33 is presented in Fig. 4(d). At
room temperature, k33 values range between 0.4 and 0.6. The
highest k33 values 0.6 are observed at compositions x = 0.45
and 0.50, corresponding to the O phase. In contrast, values
around 0.4 and 0.5 are observed for compositions x < 0.45
and x = 0.60, corresponding to R and T phases, respectively.
Comparable and exceptionally large k33 values at the O phase
were also reported in the literature [35,58]. Although the
temperature dependence of k33 also shows a relation to the
phase boundaries, it does not exhibit variations as pronounced
as those observed in d33. In general, it is observed that phase
boundaries are accompanied by changes in the slope of k33
(i.e., clear local maxima are not observed). Consistent with
ds3, residual k33 values are observed even 10 °C above Tc. A
contour plot of k33 as a function of temperature and compo-
sition is depicted in Fig. 7. It is clearly seen that the T phase
features higher values than the R phase. Moreover, a broad
maximum in the O phase near room temperature and at the O
to T phase boundary is observed. Consistent with the data for
ds3, the value of k33 does not peak in the convergence region.

The mechanical quality factor O, is presented in Fig. 4(e).
At room temperature, it is observed that increasing the xBCT
content leads to a monotonic increase of Oy, values ranging
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FIG. 7. (Color online) Contour plot of coupling factor k33 as a
function of temperature and composition. Phase transition lines are
superimposed in white [13]. The resolution of the contour plot in the
composition-temperature space is 7 x 15. The variation of properties
between the measured points was estimated by linear interpolation
between them.

100-160. The highest O, values are observed at the T phase
(x = 0.60). Moreover, Q, exhibits two different temperature
dependencies over the range of composition studied. The
composition range with x < 0.45 provides a weak linear
temperature decrease with average values around 100 at room
temperature. With increasing xBCT content, the O, profile
changes. This results in an increase of Q. with increasing
temperature, indicating a drastic change in the hardening prop-
erties when approaching the T phase. Hardening of electrome-
chanical properties with increasing temperature was already
observed in the piezoelectric material (Sr,Ca),NaNbsOs
[11]. The increase of Oy, with temperature and the almost
temperature-independent ds3 [Fig. 4(c)] make the T phase of
BZT-xBCT highly attractive for high power applications.
The temperature dependence of short (s};) and open circuit
(s3D3) elastic compliances and frequency constant N33 are
displayed in Figs. 8(a) and 8(b), respectively. Again, the phase
boundary lines from a previous phase diagram are superim-
posed for comparison [13]. The relationship between sf; and
s% depends on k33 and is given by sy = s /(1 — k3;). Thus
both these elastic compliances exhibit local maxima values
at phase boundaries [Fig. 8(a)] [44]. For all compositions the
differences between s%; and s5; smear out quite considerably
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at T¢, which indicates thermally induced depoling of the
sample. Nevertheless, the values of s§‘3 and s% remain different
even several degrees above Tc¢. This is due to the already
described residual k33. Similarly, as observed with the relative
permittivity &1,/ep, the maximum si; values are found in
the R phase near the convergence region (x = 0.35) with
s§:3 = 14 x 1072 m?/N. Maximum values computed at the
O to T phase boundary (x = 0.40) are also quite high and
comparable to those obtained in the convergence region,
namely s§; = 13.8 x 10712 m?/N. Cordero et al. [36] reported
values of s ~ 14.5 x 107'2m?/N, which are consistent
with the values reported here. Xue et al. [35] reported the
temperature-dependent s§3 of BZT-0.5BCT. In their report
they observed an s& ~ 19 x 1072m?/N at the O to T
phase boundary, which is higher than that reported here,
and might be due to different experimental conditions. The
temperature increase of sgg in the R phase indicates a softening
behavior, as also obtained previously by different experimental
techniques [36,54]. In the compositions between x = 0.37
and x = 0.50, s%; peaks at the O to T phase boundary.
With further temperature increase towards Tc, s§‘3 decreases,
which indicates hardening. The T composition with x = 0.60
displays a weak temperature dependence of s%; and relatively
low values, which are typical properties of hard materials
[59]. Figure 9 shows a contour plot of s§3 as a function of
temperature and composition. The O to T phase boundary
and the convergence region feature the largest si; values.
Therefore, the system is mechanically softer in these regions
of the phase diagram. The high values of s3; seem to follow
the phase boundaries in a rather broad manner, consistent with
the previously reported broad switching dynamics minimum
and ki3 (Fig. 7) [60].

The behavior of the frequency constant N33 is summa-
rized in Fig. 8(b). At room temperature, N33 values range
~2200-2400m/s. These values are high, indicating that the
BZT-xBCT can vibrate at high resonance frequencies [61].
The temperature dependence shows local minima that clearly
reflect the phase transitions. Compositions with x = 0.32
and 0.35 reveal a broad minimum in the vicinity of the
convergence region, which might indicate the presence of two
phase boundaries in a narrow temperature range. It is observed
that the R and O phases have N33 values that clearly decrease
with increasing temperature. In the temperature range where
the T phase is stable in compositions with x > 0.40, it is found
that N33 is almost temperature insensitive. Considering that the

B - 15.x=0.32 x=0.35 x=0.37 x=0.4 x=0.45 x=0.5 x=0.6

QO = y 5 D Te: ! % 5 %% ! o s Ulm, © i ! !
8 = (a) : B s33 ".'i TIaN . ..
g ) .": o SE “'hl. ] . o«
a §E 10- . ;... :-- 33 _-' a ...!-“--.-..“ 5|
52 -
o< 54— , , ; : . . , .

€ 2800 (b) - 1 ] -] ._‘ 1 : ]
o N ", lm "l o W i SRR b

Q 2000_ L i -...;- 4 LTh s gt J . . Jd. . 1 o
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FIG. 8. (Color online) Elastic properties as function of temperature for compositions from x = 0.32 to 0.6. (a) Elastic compliances s%; and
s?}, (b) frequency constant N33. Dotted lines indicate phase transitions [13].
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Elastic compliance s3:F (10-2m2/N)
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FIG. 9. (Color online) Contour plot of elastic compliance s%; as
a function of temperature and composition. Phase transition lines are
superimposed in white [13]. The resolution of the contour plot in the
composition-temperature space is 7 x 15. The variation of properties
between the measured points was estimated by linear interpolation
between them.

composition with x = 0.60 features a wide temperature range
in which the T phase is stable with high N33 values, as well
as the discussed hardening effect given by O, [Fig. 4(e)], the
BZT-xBCT system displays properties suitable for high power
applications.

IV. DISCUSSION

As expected, it is clearly observed from both the calcula-
tions and the experiments reported here that the anisotropy
energy is reduced and the functional properties of BZT-xBCT
are maximized in the region near phase boundaries. However, it
has been shown that the convergence region and phase bound-
aries have differing influences on piezoelectric properties,
despite the fact that the anisotropy energy is strongly reduced
in both regions of the phase diagram. Hence, in contrast
to previous suggestions [12] and as recently highlighted
[13,30], the piezoelectric activity of BZT-xBCT cannot be
fully reconciled solely by a reduction in the anisotropy energy
near the phase boundaries.

It was observed that the remanent polarization, as obtained
from the phase angle (Fig. 5), varied considerably from 78.9°
in the R phase (x = 0.32) to 85.9° in the T phase (x = 0.60).
Therefore, a higher degree of poling is retained in the T
phase under equal poling conditions. Since the poling field
strength chosen was more than one order of magnitude higher
than the coercive field of the specimens studied, unsaturated
behavior cannot explain this result. It is suggested that the
higher spontaneous polarization (Fig. 1) and deeper energy
profiles (Fig. 2) in the T phase explain the observed results.
The higher temperature retention of the remanent polarization
in the T phase as given by 6 [Fig. 4(a)] supports this contention.
Moreover, due to a broad area of reduced anisotropy energy,
the remanent polarization is most dramatically reduced around
PPTs and convergence region, as observed in Fig. 5.

Since a reduction in anisotropy energy is encountered both
at the phase boundaries and in the convergence region, more
precisely in a broad Y-shaped area (Fig. 3) encompassing the
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PPTs, maximized piezoelectric properties should be encoun-
tered in this broad region. Nevertheless, as seen in Fig. 6, the
highest ds3 values occurred at the O to T phase boundary.
Specifically, the piezoelectric activity at the O to T boundary
is 30% higher than in the convergence region. The elastic
compliance s3E3 values are quite comparable and display maxi-
mum values in the convergence region and at the O to T phase
boundary. Therefore, elastic softening alone cannot explain
the different activity between the convergence region and the
O to T phase boundary. Neglecting extrinsic contributions, the
small signal d33 is proportional to the spontaneous polarization
P5 and relative permittivity, d3; o P -63T3 /€0 [62]. Since
€3,/€0 is maximized around the convergence region, the
only reasonable explanation for the observed piezoelectric
activity is the reduction of P; in this area of the phase
diagram. The predicted spontaneous polarization (Fig. 1)
indeed indicates that a considerable decay is expected in the
convergence region. Moreover, the experimentally obtained
remanent polarization indicated by the phase angle 6 (Fig. 5)
also reveals a decay in the vicinity of the convergence region
[x = 0.32 in Fig. 5(a)]. The decay of the poled state should
resultin a reduction in piezoelectric activity in the convergence
region. Therefore, both the predictions of the phenomeno-
logical theory and the experimental measurements explain
the lower ds3 and k33 values in the convergence region. The
reduced anisotropy energy leads to greater thermal instability
at higher temperatures and is responsible for the decreased
spontaneous and remanent polarization values, which results
in the diminished piezoelectric activity. These observations
indicate that, contrary to previous assumptions [12], reduced
anisotropy energy is necessary [46] for enhanced properties
but not sufficient for maximized piezoelectric activity. In other
words, considering that elastic properties are comparable both
in the convergence region and at the O to T phase boundary,
maximized piezoelectric activity occurred at the O to T phase
boundary due to a higher retained spontaneous/remanent
polarization.

If both PPTs are viewed solely from the perspective of
reduced anisotropy energy, it is expected that maximum
piezoelectric values occur around both phase boundaries and in
the interleaving O phase field (Fig. 3). In particular, divergence
of the piezoelectric activity should occur along the line where
the anisotropy energy vanishes (Fig. 3). Nevertheless, it is
found experimentally that near the O to T phase boundary ds3
values are found to be ~30% higher compared with those at
the R to O phase boundary. The different ds; values of the two
PPTs cannot be explained in terms of spontaneous (Fig. 1)
or remanent (Fig. 5) polarization, since they exhibit similar
values. In order to discuss this feature of the BZT-xBCT
system, it can be alternatively considered that d3; o k33
(33/€0) - 55, [44]. The measured polycrystalline €15 /&9 values
are quite comparable at both PPTs at a given temperature
[Fig. 4(b)], so they will not be considered for the purposes of
this discussion, and thus d33 o k33 - s%. A broad maximum
of k33 values is encountered at the O phase. This broad
maximum does not favor different piezoelectric activity at the
two different PPTs. Moreover, this behavior seems to follow
the broad minimum of switching dynamics of the system
[60]. This indicates that switching may play a significant
role in controlling this property even at subcoercive fields,

104108-8



ORIGIN OF THE LARGE PIEZOELECTRIC ACTIVITY ...

as recently suggested by Gao et al. [57]. Enhanced switching
in this compositional range was also recently confirmed by
diffraction studies [63]. Neglecting extrinsic contributions,
the only parameter remaining that can potentially explain the
different d33 values for the two PPTs is s3E3. Figure 9 clearly
depicts higher s§:3 values at the O to T phase boundary than
at the R to O phase boundary. Therefore, the softening of the
system in the vicinity of the O to T phase boundary, at similar
values of spontaneous and remanent polarization, explains the
enhancement of the piezoelectric activity along this boundary.

Recently Zhang et al. [30] performed storage modulus
and internal friction measurements on the BZT-0.5BCT as
a function of temperature [30]. They observed softening when
crossing through the O to T phase boundary, although this
softening was not proved as being a general attribute of the
whole phase boundary. This softening was also shown by
Damjanovic et al. [54] from similar measurements. Very recent
work by Cordero et al. [36] has investigated elastic properties
by flexural resonance, dynamic mechanical analysis, and
resonance-antiresonance measurements made near the phase
boundaries as a function of temperature. It was clearly
demonstrated that the elastic softening in the vicinity of the O
to T phase boundary is more pronounced than that at the R to
O phase boundary, or in the O single phase region. Wang et al.
[64] also recently demonstrated in a similar BT-based system
that enhanced properties occurred along the O to T phase
boundary. In fact, this general feature of BT-based piezoceram-
ics was first predicted by the Devonshire phenomenological
theory for monodomain single crystals of BT [40]. Devonshire
showed that the shear components of the elastic compliance
(s§ = s?s = s¢.) diverge at the O to T phase boundary. This
was rationalized by the enhanced shear occurring in the yz or
xz planes due to the transition from the 7 to the O phase with a
stepper rise than at the O to R phase boundary. In other words,
as the spontaneous polarization of the crystal reorients between
[100] and [110] directions, shear components should increase.
Moreover, it has to be pointed out that the elastic compliance
shear components are proportional to the susceptibility and
spontaneous polarization given by (1 + n12) - P [40], which
indicates that the maximized properties are associated with
a high P;, as previously discussed. Although enhanced shear
softening was predicted for monodomain single crystals, it has
also been shown experimentally. In the case of BZT-0.5BCT,
Xue et al. [35] demonstrated that at the O to T phase boundary
sf4 = 37.6 x 107'2m?/N, which is quite comparable to soft
PZT, and almost double that in BT. This result is to be expected
considering that the monodomain properties will be reflected
in polycrystalline averages as obtained, for example, using
the Voigt-Reuss-Hill method [65]. Therefore, the fundamental
reason why we experimentally observed higher values of s33
along the O to T phase boundary in BT-based ceramics is due to
enhanced shear components of elastic compliances [40,46,66].

Although the findings of this work are mostly relevant for
BT-based ceramics, an analogy to PZT can be made. Singh
et al. [67] found that the highest small signal d33 does not
occur in the M phase bridging the R and T phases. Rather the
piezoelectric activity is highest in the T phase on approaching
the 7'to M phase boundary. Consistent with the results reported
here, the line of vanishing anisotropy energy in PZT does not
coincide with the phase boundary lines [31]. Instead, Singh
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et al. [67] attributed this behavior to an anomalous softening
reflected by an increased sf;. It can, therefore, be suggested
that an analogy may exist when the spontaneous polarization
vector shifts through shear from the [100] direction to another
direction corresponding to the M (pseudo-orthorhombic)
phase. In fact, Sabat et al. [59] showed that s?‘s is more than
two times higher than all other elastic compliance components
around room temperature near the 7 to M phase boundary.
Cordero et al. [36] also highlighted the importance of shear
constants in attaining high electromechanical response in both
the BZT-xBCT and PZT systems.

This line of reasoning leads to a possible generalization:
the different responses of the shear components of the elastic
compliance across differing types of phase boundary lines
are important considerations in the attainment of maximized
electromechanical response. If a change in composition and/or
temperature leads to a transition from a T phase to a lower
symmetry phase (such as O or M), an increase of shear
constants is expected that is much more pronounced that at the
transitions from the R phase to one of these lower symmetry
phases. Ishibashi and Iwata [66] indeed predicted this increase
in the shear components of elastic compliance at the O to T
phase boundary. As shown here and elsewhere [31,66], the
O to T phase boundary line is not in general coincident with
the line along which the anisotropy energy vanishes, or is at
least drastically reduced. Hence, the two phenomena are not
necessarily direclty related [46].

The design of piezoelectric solid solutions should be
pursued considering the interdependent relationships between
anisotropy energy, elasticity, and spontaneous/remanent po-
larization, which will delimit the final achievable piezoelectric
activity if extrinsic contributions to the piezoelectric effect are
neglected. Maximization of piezoelectric properties will be
attained at phase boundaries that present reduced anisotropy
energy, high softening, and high spontaneous/remanent po-
larization. Neither the reduced anisotropy energy, nor elas-
ticity, nor high spontaneous/remanent polarization alone can
be considered as sufficient conditions to attain maximized
piezoelectric properties. Cordero et al. [36] also pointed out
that reduced anisotropy energy should only be considered
as a necessary, but not sufficient condition, for optimized
electromechanical properties. Therefore, in a system with
several types of phase transitions (such as BT, BZT-xBCT,
or PZT) it is expected that maximized properties occur at the
phase boundary that provides the greatest elastic softening,
provided that similar levels of reduced anisotropy energy and
spontaneous/remanent polarization are maintained.

V. CONCLUSIONS

Experimental properties including phase angle, relative per-
mittivity, piezoelectric and coupling coefficients, and elastic
compliance were utilized to establish the relation of the phase
diagram with the piezoelectric activity and elastic properties
of BZT-xBCT. The predictions of a phenomenological theory
for the BZT-xBCT phase diagram were found to be in
good qualitative agreement with experiments. Piezoelectric ds3
values along the orthorhombic to tetragonal phase boundary
were found to be 30% higher than those both along the
rhombohedral to orthorhombic phase boundary and in the
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phase convergence region. The results of this study clearly
demonstrate that trade-offs exist between reduced anisotropy
energy, retention of spontaneous/remnant polarization, and
elastic softening in controlling the piezoelectric activity of
the BZT-xBCT system. The largest values of d33 are observed
along the tetragonal to orthorhombic phase boundary because
of a high remanent and spontaneous polarization existing in
combination with enhanced shear elastic softening. Based
on the combined computational and experimental results the
following can be further concluded: (1) In systems with weak
first-order phase transitions, strong retention of remanent
polarization will occur far from phase boundaries due to
increased anisotropy energy. (2) A reduction in anisotropy en-
ergy accompanied by elastic softening is a necessary condition
for enhanced piezoelectric properties. Since elastic compliance
is proportional to the spontaneous polarization, properties
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can be further maximized where the spontaneous/remanent
polarization can be retained. (3) A drastic reduction in
anisotropy energy in the absence of enhanced elastic softening
will not result in maximized properties.

From an application point of view, a hardening effect in
the T phase of BZT-xBCT with increasing temperature is
observed and is accompanied by an increased mechanical
quality factor. In this compositional range, the BZT-xBCT
system is attractive for high power applications.
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