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The present study was dedicated to the classical piezoelectric, lead-zirconate-titanate ceramic
with composition Pb(Zrg 54Tig46)O5 at the Zr-rich side of the morphotropic phase boundary at
which two phases co-exists. The pressure-induced changes in the phase fractions were studied by
high-pressure neutron powder diffraction technique up to 3 GPa and 773 K. The two co-existing
phases were rhombohedral R3¢ and monoclinic Cm at room temperature and R3¢ and P4mm
above 1 GPa and 400 K. The experiments show that pressure favors the R3c phase over the Cm
and P4mm phases, whereas at elevated temperatures entropy favours the P4mm phase. At 1 GPa
pressure, the transition to the cubic Pm3m phase occurred at around 600 K. Pressure lowers the
Cm — P4mm transition temperature. The Cm phase was found to continuously transform to the
P4mm phase with increasing pressure, which is inline with the usual notion that the hydrostatic
pressure favours higher symmetry structures. At the same time, the phase fraction of the R3c
phase was increasing, implying discontinuous Cm — R3c phase transition. This is in clear
contrast to the polarization rotation model according to which the Cm would link the tetragonal
and rhombohedral phases by being a phase in which the polarization would, more or less
continuously, rotate from the tetragonal polarization direction to the rhombohedral direction.
Pressure induces large changes in phase fractions contributing to the extrinsic piezoelectricity.
The changes are not entirely reversible, as was revealed by noting that after high-pressure
experiments the amount of rhombohedral phase was larger than initially, suggesting that on the
Zr-rich side of the phase boundary the monoclinic phase is metastable. An important contribution
to the intrinsic piezoelectricity was revealed: a large displacement of the B cations (Zr and Ti)
with respect to the oxygen anions is induced by pressure. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4733570]

. INTRODUCTION

In piezoelectric ceramics, the changes in the phase
stabilities versus stress and temperature in the vicinity of the
phase boundary play a central role. Piezoelectric lead-zircon-
ate-titanate [Pb(Zr,Ti;_,)O3, PZT] solid solution system was
developed over 40 years ago yet attempts to understand its
properties continue to trigger new studies. A long-lasting
view is that when x is approximately 0.52, a first-order phase
transition occurs between tetragonal and rhombohedral
phases, resulting in two-phase co-existence. The electrome-
chanical properties peak slightly on the rhombohedral side of
the phase boundary. In the composition-temperature plane,
the boundary (commonly called as the morphotropic phase
boundary, MPB) is nearly independent of temperature, thus
making PZT very practical material for applications." The
commonly offered reasoning for the exceptionally good elec-
tromechanical coupling is based on the idea that there are
eight (thombohedral phase) and six (tetragonal phase) spon-
taneous polarization directions available in the two-phase
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system so that the system can readily respond to external
electric field or stress.

The space group symmetries given for a disordered solid-
solution should be taken as average symmetries from which
short-range order deviates. For instance, it has been known for
long that Raman scattering data cannot be explained by the
average symmetries. The high-temperature cubic phase has no
first-order Raman modes yet experiments revealed that spectra
collected on PZT above the Curie temperature have rather
strong features at energies close to the low-temperature first-
order phonon energies. In the case of so-called relaxor
ferroelectrics, this type of behavior is normal and the fre-
quently offered explanation is that symmetry-lowering defects
generate polar nanoregions (see, e.g., Refs. 2—4). Also, the
low-temperature Raman spectra of Ti-rich PZT have many
features which are not consistent with the tetragonal symme-
try: the twofold degenerate E-symmetry modes of the tetrago-
nal PZT were split, indicating that the symmetry is lower than
P4mm.> Raman experiments showed that anharmonicity plays
a significant role in lead titanate, the anharmonic contribution
being increased with increasing temperature.® The traditional
view was modified once high-resolution x-ray synchrotron

© 2012 American Institute of Physics
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studies revealed that the phase believed to be tetragonal pos-
sesses monoclinic distortion’ in the vicinity of the MPB. Neu-
tron powder diffraction experiments, able to resolve the
monoclinic split,8 ruled out octahedral tilts, and verified the
Cm symmetry.®’

Accurate modeling of the system requires not only the
consideration of the unit cell but also crystallographic twins
(or ferroelectric domains) and grain boundaries must be
taken into account. In piezoelectric ceramics, the response to
external stress or electric field can be divided into intrinsic
and extrinsic contributions.'® The former is essentially a sin-
gle crystal response (i.e., is formed by the ion displacements
within a primitive cell of the crystal), whereas the latter cov-
ers the contribution due to grain boundaries, preferred orien-
tation or texture of the grains, i.e., ferroelectric domains
within the grains, and changes in crystal phase fractions.
Since the full model considering contributions from atomic
scale up to the macroscopic grain size scale is very complex,
experimental studies have commonly been applied to gain
deeper insight.

Non-180° domain switching (i.e., contributing to the ex-
trinsic contribution) gives rise to approximately 34% of the
measured d33 coefficient of PZT.!"! The extrinsic contribution
can be larger or smaller if the domain wall motion is, respec-
tively, made easier or more difficult by doping.'*"® A study
of the domain switching showed that the 90° domains in sin-
gle phase tetragonal phase (titanium rich PZT) hardly switch,
whereas the domains in the two-phase region switch.'* Tex-
ture and strain analysis of the ferroelastic behavior of
Pb(Zr( 49Tig51)O03 by in-situ neutron diffraction technique
showed that the rhombohedral phase plays a significant role
in the macroscopic electromechanical behavior of this mate-
rial.'> The domain nucleation and domain wall propagation
are central factors limiting the speed of ferroelectric polar-
ization switching.'®!”

An important intrinsic contribution to the piezoelectric-
ity is due to the increase of certain piezoelectric constants
once the phase transition is approached. This increase was
predicted to be significant in the vicinity of the pressure-
induced phase transition in lead titanate.'® The computations
carried out for lead titanate further show that it is the compe-
tition between two factors which determines the morpho-
tropic phase boundary.'® The first is the oxygen octahedral
tilting, favoring the rhombohedral R3¢ phase, and the second
is the entropy, which in the vicinity of the morphotropic
phase boundary favors the tetragonal phase above 130 K. If
the two factors are in balance over a large temperature range,
a steep phase boundary results in the pressure-temperature
plane which is desirable for applications. The advantageous
feature of the R3¢ phase is its ability to be compressed effi-
ciently by tilting the oxygen octahedra, in contrast to the
P4mm, Cm, and R3m symmetries prohibiting oxygen octahe-
dral tilting.*®

We briefly summarize the relationship between the struc-
tural parameters and polyhedral tilts and volumes, given in
Ref. 22, of the R3c phase. We follow Ref. 23 and parametrize
the asymmetric unit of the R3¢ phase as given in Table I.

There is one short and one long O-O octahedral edge
length parallel to the hexagonal ab-plane, labeled as [ — A/
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TABLE I. The asymmetric unit of the R3¢ phase as defined in Ref. 23.

X y z
Pb 0 0 s+
Ti/Zr 0 0 t
0 L—2¢—2d 1—4d =

and [ + Al respectively, (see also Fig. 1). Now, the octahe-
dral tilt angle is given by tanw = 3'/24¢ and the polyhedral
volume ratio V4 /Vp is equal to 6K? cos’w — 1, where K is
given by equation, a = 2K/ cosw.

Hexagonal, rhombohedral, monoclinic, and tetragonal
axes lengths are very different. For the structure refinement
of the rhombohedral phase, we use the hexagonal axes set-
ting as it is more convenient (for definitions, see Ref. 24).
Metrically, the distances and bond lengths of the correspond-
ing atom pairs in different phases are sufficiently close to
each other so that for the ease of comparison so called
pseudo-cubic lattice parameters can be used. The parallelepi-
ped defined by the pseudo-cubic lattice parameters enclose
one ABO; formula unit. The pseudocubic monoclinic lattice
parameters dy e, by pe, and ¢y e corresponding to the mono-
clinic axes lengths ay, by, and cy are given by
aype = ay/ V2, bupe = by/V/2, and cmpe = cu. The R3c
phase (two formula units per thombohedral cell) is a sub-
group of the R3m phase (one formula unit per rhombohedral
cell). The loss of mirror plane symmetry elements m corre-
sponds to the doubling of the hexagonal cy lengths: ¢y =
cu(R3c) = 2cy(R3m) (see Fig. 1(a)). The pseudo-cubic

(a) S _(b)

NN, ‘rr'-
K 2.0/

Cm

by Af+/ Uy

a, by
FIG. 1. The R3c phase, whose hexagonal unit cell is shown in panel (a), and
the Cm phase, panel (b), behave very differently under applied pressure. The
Va/Vg ratio between the oxygen octahedral and cuboctahedra-volumes of
the R3¢ phase decreases with increasing pressure: the crystal is contracting
and thus the B cations (which fit oxygen octahedra tightly) have to take
larger relative volume from the total volume (from the cuboctahedra, which
has excess of space for Pb) by tilting oxygen octahedra. The symmetry pro-
hibits this mechanism in the P4mm and Cm phases. Density-functional
theory computations predict that P4mm has an entropy term benefit at ele-
vated temperatures. Two rhombohedral (corresponding to the R3m phase)
pseudocubic cells are shown by dotted lines in panel (a). Due to the octahe-
dral tilting, indicated by arrows, the two cells are not equivalent: the tilting
corresponds to the R3m — R3¢ symmetry lowering. The primitive cell of
the Cm phase is shown by dotted lines in panel (b). Structure figure was pre-
pared by the vEsTa software.?!
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lattice parameters ag pc = brpc = Crpe Of the R3¢ phase are
given in terms of the hexagonal axes ay and cy:

agpe = 11/3a} + (cu/2)°. Below, we also give the angle
og = 2arcsin(3/(21/3 + (cu/ay)*)), which is the angle

between any pair of the rhombohedral axes of the R3¢ phase.

We are aware of one earlier high-pressure neutron pow-
der diffraction work dedicated to MPB composition PZT,
Pb(Zrg 5, Tig43)03, Ref. 25. However, the structural data
reported in that study were not based on the two-phase model
necessary for the MPB compositions, but instead the diffrac-
tion patterns were modeled by a single low-symmetry
phase(s) in terms of a continuous polarization rotation. Thus,
no estimates for the phase fractions were given in Ref. 25.
There have been several attempts to model the co-existing
phases, due to the first-order phase transition, by introducing
a single low-symmetry phase in which the polarization
would rotate continuously. This approach was discussed and
disputed in Refs. 20 and 26. To extract meaningful structural
data from a MPB region, a two-phase model is required. The
present study focuses on the two-phase, Cm and R3c, PZT
ceramic material, Pb(Zry 54Tip 46)O3, which has a composi-
tion slightly on the Zr-rich side of the MPB. The main goal
was to determine the phase fractions and structural parame-
ters as a function of applied pressure and temperature. Also,
the question concerning the reversibility of the structural
properties of PZT is addressed.

Il. EXPERIMENTAL

To address the possible homogeneity differences due to
the variation in solid-state reaction based sample preparation
method lead zirconate-titanate powders were prepared using
different starting oxides and sintering conditions. In the first
route, the PbO, ZrO, and TiO, oxides were mechanically
mixed in desired proportions, whereas in the second method
PbTiO3 and PbZrO5; powders were used as starting chemi-
cals. The phase purity and crystal structure were checked by
x-ray powder diffraction (XRD) and scanning electron mi-
croscopy measurements. No significant differences were
observed and thus a sample prepared through the former
method was used for the experiments. Samples were
annealed by first forming perovskite structure at 1073 K
(30 min), then increasing the temperature to 1373 K (60 min)
to improve the sample homogeneity and then cooling the
sample in a stepwise manner to room temperature. Annealing
times were kept rather short in order to limit PbO loss. XRD
data were collected using CuK,, radiation at room tempera-
ture in Bragg-Brentano geometry. High-pressure neutron
powder diffraction experiments were carried out at the Los
Alamos Neutron Scattering Center using the TAP-98 toroidal
anvil press?’*® set on the high-pressure-preferred orientation
(HIPPO) diffractometer.?’*° Pressure was generated using
the high-pressure anvil cells. Sodium chloride was used as a
pressure calibrant material. To minimize deviatoric stress
built up during room-temperature compression on the poly-
crystalline sample, all data in our high P — T neutron-
diffraction experiment were collected during the cooling
cycle from 800K at each desired loading pressure. Data

J. Appl. Phys. 112, 014104 (2012)

were collected between 300 and 800 K as a function of pres-
sure. Rietveld refinements were carried out using the pro-
grams General Structure Analysis System (Gsas)’' and
ExpGUL> The pressure was estimated from the reflection
positions of the NaCl phase through the equation of state.>
The broad hump seen in the background intensity between 2
and 3 A is due to the diffuse scattering from the amorphous
zirconium phosphate gasket and was modeled using the dif-
fuse scattering option available in the Gsas software.

lll. RESULTS AND DISCUSSION
A. Structural model

The  x-ray  diffraction pattern  collected on
Pb(Zry54Tip46)O5 powder was characteristic to the morpho-
tropic phase boundary composition, the most apparent indica-
tion of a two-phase co-existence is seen from the pseudo-cubic
200-reflections, see Fig. 2. Thus, the R3c + Cm structural
model (see Refs. 34, 36, and 37) was used for the refinements
of the low-temperature data at ambient pressures. Fig. 2
shows also the room temperature neutron powder diffraction
patterns measured at ambient pressure. Fig. 3 shows the
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FIG. 2. (a) X-ray diffraction pattern measured from a Pb(Zrg s54Tig46)O03
sample at 303K and 0 GPa, (b) observed (red) and calculated (green) time-
of-flight neutron powder diffraction data and its difference curve between
measured and computed curves (purple). The tick marks, from down to up,
are from the R3¢, Cm, NaCl (pressure standard), and graphite (from the pres-
sure chamber) phases. Insets show the pseudo-cubic 200 reflections, labelled
as 220y, and 002, (Cm Ehase) and 024y (R3c; phase). The lattice parameters
were ay = 5.7207(14) A, by, = 5.6785(14) A, cyy = 4.1211(10) A and f =
90.01(98)" (Cm phase), and ay = 5.73533(59)A and c; = 14.2075(31)A
(R3c phase).
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FIG. 3. Observed (red) and calculated (green) time-of-flight neutron powder
diffraction data and its difference curve between measured and computed
curves (purple) for a Pb(Zrg 54Tio.46)O3 sample at 303 K and 3 GPa. The tick
marks, from down to up, are from the R3¢, P4mm, NaCl (pressure standard),
and graphite (from the pressure chamber) phases. The inset shows the
pseudo-cubic 200-reflection region (compare with Fig. 2).

pattern collected at 3 GPa pressure at room temperature and
the intensity corresponding to the P4mm + R3c phase model.
Table II gives the statistical figures of merit for the
refinements.

At ambient conditions, the majority phase was mono-
clinic, see the 0 GPa datum in Fig. 4. With increasing pres-
sure the phase fractions changed significantly (Fig. 4),
accompanied by large decrease in the lattice parameters of
all phases (Fig. 5) and drastic changes in rhombohedral tilts
and polyhedral volume fractions (Fig. 6). Slight decrease of
the rhombohedral phase fraction with increasing temperature
at constant pressure is seen in Fig. 4. This is in line with the
ambient pressure behaviour, which revealed that the Cm
phase fraction significantly increased and the monoclinic dis-
tortion decreased with increasing temperature.** Consistent
findings were observed in synchrotron x-ray diffraction and

TABLE II. Statistical figures-of-merit numbers as given by GsAs program.
The »? and R parameters are defined in the Gsas manual.®! Reference to fig-
ures in which the refinement results were used is given. The results for dif-
ferent data sets are not always directly comparable as the data quality
depends on the experimental conditions. For instance, at higher pressures
the background contribution increases.

T(K) P(GPa) y* Ry, (%) R, (%) Ry (%) Ry, (%)  Figures
303 126 2433 289 1.94 3.73 2.26 4-7
410 126 2.085 292 1.96 3.86 2.37 4-7
500 1.37 2212 3.00 2.05 4.17 2.53 4-7
573 141 2212  3.01 2.09 4.12 2.62 4-7
623 147 1.195 415 2.92 8.13 4.16 4-7
773 1.81 1221 4.19 2.96 7.20 4.30 4-7
303 0 5.643  4.00 2.75 7.10 369 2,4,and7
303 0 1713 2.77 1.77 5.57 2.61 8
303 3.05 2300 2.04 1.42 2.75 1.65 3-17
423 323 2176 210 1.49 2.65 1.68 4-7
540 325 2259 212 1.52 2.83 1.81 4-7
653 338 2919 259 1.89 3.21 2.51 4-7
773 345 2714 247 1.81 3.24 243 4-7
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FIG. 4. Rhombohedral weight fraction at ambient conditions and as a func-
tion of temperature at approximately 1 and 3 GPa pressures.

first-principles calculation study on Pb(Zrys,Tig48)03,
which revealed a phase transition sequence Cm — R3m —
R3c with increasing pressure at room temperature.>” The first
transition was reported to occur at around 2 and 3 GPa,
whereas the latter took place between 6 and 7 GPa.
Refinements indicated that the monoclinic distortion
continuously vanished with increasing hydrostatic pressure
and increasing temperature. The monoclinic structure
became tetragonal and was correspondingly modeled by the
P4mm space group. Within a polarization rotation scheme
the Cm phase is frequently assumed to be a bridging phase
between the P4mm and R3c phases thus allowing continuous
or weakly first-order phase transition sequence between the
P4mm and R3c phases (such as P4mm — Cm — R3c in sim-
plest terms, though other variants are found in literature).
However, the lattice parameters given in Fig. 5 indicate that
the Cm phase does not continuously transform to the rhom-
bohedral phase: the difference between the rhombohedral
and monoclinic structures remains large up to the point
(400K, 1.3 GPa) at which the Cm phase continuously trans-
forms to P4mm phase. At ambient pressure, the Cm phase
was hardly distinguishable from the P4mm phase at 583 K.**
These features are due to the fact that the Cm structure is
derived from the P4mm structure by slightly displacing the
ions along the (110) direction so that only one mirror plane
is left. Hydrostatic pressure favours the higher symmetry
phase. The Cm — P4mm, P4mm — Pm3m, and R3c —
Pm3m transition temperatures are described by a line in
P — T plane. Though we do not have sufficient data to give
pressure dependent phase transition temperatures in a form
of a function, we note that all mentioned phase transition
temperatures were decreasing with increasing pressure. The
sample was cubic at 623 K at 1.3 GPa pressure. The structure
was slightly distorted from a cubic structure at 573 K, so that
the transition occurred between 573 and 623 K at 1.3 GPa.
Through the studied pressure and temperature range
there are significant changes in the phase fractions. This is in
line with the first-order phase transition and shows that no
continuous polarization rotation occurs. Tilting the polariza-
tion direction would require very anisotropic external stimu-
lus and it is our view, based on computational models'® 2"
and the present experimental results, that such a symmetry
lowering cannot be achieved by a high-symmetry external
stimulus (e.g., hydrostatic pressure). Thus, the phase
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FIG. 5. Pseudo-cubic lattice parameters of the R3¢, Cm, P4mm, and Pm3m phases as a function of temperature at approximately 1 GPa, panels (a) and (b), and
3 GPa pressures, panels (c) and (d). The Cm phase transformed to the P4mm phase at around 400K at 1 GPa pressure, panel (b). At 1.26 GPa pressure at room
temperature the f angle was 90.62(4)J. The rhombohedral angle o is also given on right-hand side panels and is given with respect to the rhombohedral axes.
Due to the thermal pressure, the pressure values of the highest two temperatures (cubic phase) are larger.

stabilities as a function of pressure and temperature follow
well the predictions based on the first-principles studies car-
ried out for PbTiO5.'®'” Further, the entropy term seems to
have a crucial role for setting the boundary between the
pseudo-tetragonal and rhombohedral phases: the pseudo-
tetragonal phase fraction increases with increasing tempera-
ture at constant pressure.

B. Octahedral tilting

Figure 6 shows the octahedral tilts in the R3¢ phase and
the two characteristic octahedral edge lengths, / — Al and
[ + Al. The octahedral tilt increases with increasing pressure,
though the tilt angle saturates at high pressures. Thus with
increasing pressure the volume fraction of the octahedra
increases, consistently with the idea that, when compared to
the tightly filled oxygen octahedra, lead ions have excessive
space inside cuboctahedra formed from 12 oxygen atoms. In
addition to the oxygen octahedral tilting also another mecha-
nism can be seen: the continuous expansion of the / + Al and
contraction of the / — Al. Fig. 7(a) shows the B-cation (Zr or
Ti) and oxygen bond lengths in the rhombohedral phase. At
ambient conditions the B cations are closer to the larger
oxygen triangle, consistently with the earlier data.®* This
situation changes with increasing pressure: it is seen that the
B-cations are closer to the small oxygen triangle, indicating
that at higher pressures the B-cations favour to form a small
tetrahedron rather than being centered closer to the octahe-
dron center, see the inset of Fig. 7. Positions in which the B
cations are closer to the large triangle are clearly unfavoura-
ble as it would result in bond lengths failing to fullfill the

bond-valence criteria. At 3 GPa pressure, the distance
between the vertex of the large oxygen triangle and triangle
center alone is slightly larger than the given B-O lengths. For
piezoelectricity, this has important consequences: if stress is
sufficiently strong, it switches the position of the B cations
from a larger oxygen triangle towards the smaller oxygen tri-
angle thus contributing to the intrinsic piezoelectricity. Thin
film technology allows a deposition of selected crystal planes
in which the biaxial stress can be adjusted by choosing the
substrate and composition so that the piezoelectric properties
can be optimized.

Fig. 7(b) gives the distance between the oxygen trian-
gles, D(I + Al,1 — Al). Figs. 6(b) and 7(b) show that whereas
D(I+ ALl —Al) and [— Al both decrease and [+ Al
increases significantly when pressure increases from 0 to
L GPa, D(I+ Al,l— Al) hardly changes when pressure
increases from 1GPa to 3 GPa. Instead, / — Al and [+ Al
decrease and increase significantly, respectively.

C. Reversibility

A first-order transition is frequently characterized by a
two-phase co-existence region of metastable and stable
phases as a function of the thermodynamic variable (e.g.,
temperature or pressure). In piezoelectric materials, this is
one source of irreversibility (other significant contribution
being due to the irreversible domain wall motion). It is
interesting to note that the recovery run, carried out after
the high-pressure and high-temperature cycles, revealed
that the rhombohedral phase fraction had increased when
compared to the prior the high-pressure situation, Fig. 8,
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FIG. 6. Octahedral tilt angles (a), octahedral edge lengths (b), and polyhe-
dral volume fractions of the R3¢ phase at ambient conditions and as a func-
tion of temperature at approximately 1 and 3 GPa pressures.

being 0.633(4) (to be compared to the value 0.475(3) found
in the sample before the high-pressure experiments). Latest
and highest pressure applied on the sample before the re-
covery run was 5.6 GPa at room temperature. This suggests
that high-pressure synthesis should be a useful way to pre-
pare single-phase rhombohedral ceramics in the vicinity of
the MPB. The advantage over the Zr-rich rhombohedral
ceramics is that in the vicinity of the phase transition cer-
tain piezoelectric constants are more susceptible to external
stimuli. We note that recent neutron powder’® and single
crystal®’ diffraction studies revealed that there is a second-
ary monoclinic Cm phase present in the Zr-rich case, to-
gether with the rhombohedral R3m/R3c phases. Recent
single crystal study also showed that the diffraction data,
collected on Pb(Zry 54Tig 46)O03 and Pb(Zrg ¢9Tig 31)O3 sam-
ples are better interpreted in terms of the rhombohedral and
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pressure is probably related to the vicinity of the transition to the cubic phase.
(b) The distance D(I + Al,1 — Al) between the oxygen triangles. In both pan-
els, the 3 GPa data are indicated by dotted lines. The inset shows the displace-
ment of the B cations under pressure. At ambient pressures, the B is closer to
the larger triangle and displaces towards smaller triangle under pressure.

monoclinic phases, rather than by the adaptive phase
model.*® The two-phase co-existence and the nature of the
phase transition are believed to be crucial for the piezoelec-
tric properties.
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FIG. 8. Recovery run collected on a Pb(Zr( 54Tig.46)O3 sample at 303 K and
0 GPa. Observed intensity is given by a red line and calculated intensity by a
green line. The purple line gives the difference curve between measured and
computed curves. The tick marks, from down to up, are from the R3¢, Cm
(due to the lower statistics of the recovery data constraints were introduced
to the Cm phase so that true symmetry used in the refinements was P4mm),
NaCl, and graphite phases. The rhombohedral phase fraction was 0.633(4).
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IV. CONCLUSIONS

High-pressure neutron powder diffraction experiments
were applied to the classical piezoelectric compound,
Pb(Zry.54Ti0.46)O3 up to 3 GPa and 773 K. This composition
has two co-existing perovskite phases. Weight fraction
changes between the rhombohedral R3¢ and monoclinic Cm
(low-pressures and room temperature) or between R3c and
tetragonal P4mm phases as a function of hydrostatic pressure
and temperature were determined. The Cm phase was
observed only at low-pressures and ambient temperatures as
it continuously transformed to the P4mm phase at approxi-
mately 1 GPa and 400K. As the earlier computations pre-
dicted, the rhombohedral phase was favored at higher
pressures, whereas the added heat increased the tetragonal
phase fraction at constant pressure. This largely contributes
to the extrinsic piezoelectricity. These findings are in line
with the computational model according to which the phase
boundary between the thombohedral and tetragonal phase in
pressure-temperature plane is dictated by the two competing
terms, octahedral tilting and entropy term. No support for a
continuous polarization rotation was found. The oxygen
octahedra was significantly distorted under pressure, accom-
panied by a significant displacement of the B cations. This
contributes to the intrinsic piezoelectricity. After the experi-
ments, the fraction of the R3c phase was larger than initially,
suggesting that the Cm phase is not stable. This is consistent
with the first-order phase transition Cm — R3c. Irreversible
changes are a continuous challenge for piezoelectric applica-
tions. We suggest a high-pressure sample synthesis tech-
nique for minimizing the Cm phase fraction in applications
in which reversible performance is required.
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