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Abstract

A review of the recent advances in the understanding of piezoelectricity in lead oxide solid solutions is presented, giving special
attention to the structural aspects. It has now become clear that the very high electromechanical response in these materials is directly
related to the existence of low symmetry monoclinic phasés.2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

(with a change of 90 K per 1% Ti content) separating the

rhombohedral and tetragonal regions, known as the mor-

Understanding the mechanisms that produce the high
piezoelectric response of the ceramic solid solution
Pbzr,_, Ti,O, (known as PZT) has been an issue since the
1950s when Shirane and co-workers [1,2] started the study
of these materials. Much work has been done on PZT since
then, mainly triggered by its importance in the elec-
tromechanical industry. PZT, with a piezoelectric coeffi-
cient of about 600 pm/V, one order of magnitude better
than that of quartz, is the basis of most electromechanical
devices in sonars, hydrophones, ultrasound generators,
high-voltage generators, micropositioners, etc. [3].

The phase diagram of PZT was originally established in
1971 by Jaffe et al. [4] as shown (partially) in Fig. 1a. At
high temperatures PZT has the cubic perovskite structure,
with the lead atoms in the corners of the cubic unit cell, the
zirconium/titanium atoms at the center of the cell and the
oxygen atoms in the center of the cube faces, forming an
octahedron. As the temperature is lowered, PZT undergoes
a paraelectric-to-ferroelectric phase transition and the cubic
unit cell is distorted due to the parallel ferroelectric shift of
the cations with respect to the oxygen octahedra. The
direction of the shifts is, however, different depending on
the composition. For Ti-rich compositions the cations are
displaced along the [001] direction and the symmetry
becomes tetragonal. For Zr-rich compositions the cations
are displaced along the [111] directions and the symmetry
is rhombohedral. The most remarkable properties are those
of compositions withx=0.50, around the steep boundary

photropic phase boundary (MPB), where the piezoelectric
coefficients and dielectric constants exhibit an anomalously
sharp maximum.
The exact location of the MPB was not previously well
defined due to the existence of a phase coexistence regiol
with an also poorly defined width. Different models have
been proposed for the MPB: a finite region where both
tetragonal and rhombohedral phases coexist, with the
maximum of the dielectric and piezoelectric properties at
the edges of the coexistence region [5,6]; a finite coexist-
ence region in which one of the two phases is metastable
[7]; and a true boundary, the observed coexistence region
being explained either by unwanted compositional fluctua-
tions [8], or by quenched-in thermal fluctuations [9]. This
last work proposes the width of the coexistence region to
be inversely proportional to the particle size, which means
that an ideal boundary would be observed in the single
crystal case (unfortunately, it is not possible to grow single
crystals of PZT), and would explain the variety of widths
observed experimentally in ceramic samples. Another
subject of discussion among the piezoelectric community
was whether the origin of the dielectric and piezoelectric
anomalies observed at the MPB was intrinsic [10] or
extrinsic (mainly due to domain wall motion).
That something was missing in our understanding of the
MPBs and the physical properties associated with them it
became especially clear after 1998, when Du et al., using ¢
phenomenological approach, found a great enhancement of

the piezoelectric response of rhombohedral PZT com-

*Tel.: +1-631-344-5065; fax:+1-631-344-2739.
E-mail address noheda@bnl.goyB. Noheda).

positions oriented along [001], the tetragonal polar direc-
tion [11]. This was completely unforeseen since one
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Fig. 1. (a) Phase diagram of PhZy ,Ti,O (PZT) around the morphotropic phase boundary (MPB) after Jaffe et al., adapted from Fig. 7.1 in Ref. [4]. (b)
Phase diagram of Pb(Zn  Np ), .0 (PZN-xPT) after Kuwata et al., adapted from Fig. 5 in Ref. [13]. (c) Phase diagram qf Pb(Mg, Nb ) Ti O

(PMN-xPT) after Choi et al., adapted from Fig. 3 in Ref. [16].

expects the largest piezoelectric deformations to occur
along the polar direction, which is determined by the
symmetry axes ([001] for tetragonal samples and [111] for
rhombohedral samples), implying that the electric field or
stress needs to be applied along those directions in order to
be efficient. But, on the other hand, a dependence of the
piezoelectric response on the crystal orientation is some-
thing one definitely expects from the classical concept of
piezoelectricity (see, e.g., Ref. [12]) and it is unfortunate
that, due to the lack of single crystals of PZT, such studies
have taken so long.

Kuwata et al., in the early 1980s [13], had already
reported very high piezoelectric response in [001]-oriented
single crystals of the relaxor-ferroelectric solid solution
Pb(Zn ,3Nb,,5) Ti O, (known as PZN-xPT). Later,
Shrout et al. [14] also reported similar behavior in the
related system Pb(Mg, Nb, ), Ji 9 (known as PMN-
xPT). But it was only recently when Park and Shrout [15]
revived those works in a pioneering work which reported
ultra-high electromechanical strain values attained in
rhombohedral single crystals of PZN-xPT and PMN-xPT
oriented along the [001] direction, and the potential of
these systems in the next generation of electromechanical

tion from the rhombohedral to the tetragonal phases.
Durbin et al. [19] later confirmed this assertion by per-
forming X-ray diffraction experiments on PZN-8% PT
crystals with the electric field applied in situ along the
[001] direction. They observed, first, that the microscopic
strains exactly reflected the macroscopic strain measure-
ments reported by Park and Shrout [15] and, second, that
the lattice spacing observed along the [001] direction at
high fields was that expected for the tetragonal com-
positions.
At approximately the same time, something unexpected
happened: a monoclinic phase was observed by X-ray
diffraction in PZT with a Ti content of #8%.4Q8)
[20-22], just at the MPB, in an extended temperature

range between 20 and 300 K. This review is aimed at

summarizing the most relevant work published about high-

piezoelectric solid solutions with MPBs following the

discovery of the monoclinic phase, which has notably

changed our perception of piezoelectric materials. Some
issues that have become more controversial in the last
months and still need to be clarified will also be discussed.

devices. This work also indicates that very high strain 2. New phase diagrams. the intermediate monoclinic

values can be achieved with litle domain wall motion,
displaying small non-linear effects, which is very interest-
ing from the applications point of view. These properties
were attributed to a so-calle@éngineered domain configu
ration’, in which multidomain [001]-oriented rhombohedr-
al crystals result in a macroscopic tetragonal symmetry.
The phase diagrams of PZN-xPT [13] and PMN-xPT
[16,17] (see Fig. 1b and c) are very similar to that of PZT
(Fig. 1a), with a MPB in between the rhombohedral and
tetragonal phases and, similar to PZT, had not been
investigated at low temperatures. According to Park and
Shrout [15] and Liu et al. [18], the very high electromech-
anical deformations in [001]-oriented rhombohedral crystal
were related to an electric-field-induced phase transforma-

phases

The monoclinic phase observed in PAFQi#8 has

subsequently been observed for neighboring compositions
with 04%<0.52, and a new phase diagram has been

reported [23]. The monoclinic region forms a narrow

triangle in between the tetragonal and rhombohedral

phases (see Fig. 2a), with an essentially vertical rhom-

bohedral-monoclinic boundary and a slightly slanted

tetragonal—-monoclinic boundary, which agrees very well
with the original MPB reported by Jaffe et al. [4] above

room temperature.

The structure determination fer @48 composition,
which is tetragonal above room temperature and mono-
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Fig. 2. (a) New phase diagram of PZT around the MPB, adapted from Fig. 6 in Ref. [23]. (b) New phase diagram of PZN-xPT, adapted from Fig. 7 in Ref.
[40]. (c) New phase diagram of PMN-xPT, adapted from Fig. 10 in Ref. [50]. (d) Sketch of the perovskite unit cell with the polarization vector (solid
arrow) in the monoclinic i phase, rotating between the rhombohedral (R) and tetragonal (T) phases in the (110) plane (shaded). (e) Sketch of the
perovskite unit cell with polarization vectors (solid arrows) in the monoclinic M and orthorhombic (O) phases, rotating in the (010) plane (shaded).

clinic below room temperature, has been reported from
synchrotron X-ray diffraction data [24]. The monoclinic
unit cell @, b,, c,, B) is rotated 45% about thec-axis
with respect to the tetragonal one; that ag, andb,, lie
along the face diagonals of the prism base, andis
practically equal to the tetragonal, but tilted a small
angle 90— 8 with respect to it. The atomic positions have

monoclinic phase is constrained to lie in the monoclinic

plane, but otherwise is free to rotate within it. The
monoclinic phase represents the structural bridge between
the tetragonal (space group P4mm) and the rhombohedral
(space group R3m) phases through the common symmetry
element, the mirror or monoclinic plane (m) [24] (see Fig.

2d). This ease rotation is reflected by the very high values
been obtained for the tetragonal (space group P4mm, of the piezoelectric coefficient, as calculated by Bellaiche
T=325 K) and monoclinic (space group Cri=20 K) et al. [25] and Fu and Cohen [26] from first principles (for
phases for this composition and it has been demonstrated more details, see the review by Bellaiche in this issue).
that the tetragonal phase transforms into the monoclinic According to these calculations [25], the polarization
one by shifts of the Pb and Zr/Ti cations along the vector can rotate continuously within the monoclinic phase
tetragonal [110] direction [24]. The monoclinic plane as a function of composition. Moreover, as shown by
(defined bya,, andc,,) is the only symmetry element, and Topolov and Turik, this phase also allows for the relief of
contains the polar axis of both the tetragonal and rhom- internal stresses and provides elastic matching at the MPB
bohedral phases. It has been found that the monoclinic [27]. The monoclinic phase in PZT has also been observed

polarization is also contained in the monoclinic plane,
pointing along a direction in between [001] and [111] [24].

This fact turns out to be the key to understanding the
anomalously high piezoelectric response in PZT and, in
general (as will be shown later), in all systems with MPBs.
By symmetry reasons, the polarization vector in the

by Raman spectroscopy [28,29], X-ray diffraction and
dielectric measurements [30], and neutron diffraction [31—
33] (see also Discussion section).

This is the first example of ferroelectric monoclinic
perovskites with polarization compé&hentd # P,, as
predicted by Shuvalov in 1970 [34]. Other than this, the
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existence of a monoclinic ferroelectric perovskite had not
been considered before, most likely because the sixth-order
Devonshire expansion of the free energy previously used
successfully to describe ferroelectric perovskites, in par-
ticular PZT [10,35,36], could not however account for
monoclinic phases. Vanderbilt and Cohen [37] have recent-
ly solved this problem, showing that aeghth-order
Devonshire expansion generates monoclinic ferroelectric
perovskites, and that even triclinic ones can be obtained by
a twelfth-order expansion of the free energy.

Three different monoclinic phases are predicted by this
approach: M , the one observed in PZT, with a (110)
mirror plane andcc > a andb; M, similar to M, but with
c<a andb; and M., with a (010) mirror plane, respec-
tively. Of these three, only M remains unobserved, since
the M. phase has now been observed in PZN-8% PT
under an applied electric field, and in PMN-xPT at zero
field, as described in the next section.

Since the existence of a monoclinic phase seems to be
directly related to the observation of high piezoelectric
coefficients, it is not surprising to find such a phase around
the MPBs of the PZN-xPT and PMN-xPT systems. Indica-
tions of symmetry lowering attributed to laetero-phase
coexistence had been reported by Uesu et al. [38] based on
optical measurements, and synchrotron X-ray powder
diffraction studies performed on ground PZN-xPT single
crystals [39-41] have shown the presence of an inter-
mediate phase. The latter has two interesting features; first,
it exists only in a very narrow compositional range
between 0.08x<0.11 and, second, it hawthorhombic
(O) symmetry, as shown in Fig. 2b. In agreement with the
new phase diagram [40], no lowering of symmetry was
found in PZN-4.5% PT [42]. Neutron powder data reported
by Kiat et al. [43] show very similar features but it has
been interpreted in terms of a monocliniccM  structure
rather than orthorhombic.

A phase diagram with an intermediate orthorhombic
phase has already been proposed from a phenomenological
approach [35], and such an orthorhombic phase, with space
group Ammz2, is in principle identical to that of the
well-known ferroelectric BaTiQ . However, there is a
basic difference between those two: orthorhombic BgTiO
is not at a MPB. Inmorphotropic orthorhombic PZN-xPT,
the monoclinic M, phase is extremely close in energy, and
a very small electric field applied in the [001] direction is
enough to induce the monoclinic phase, in which the
polarization can rotate between the orthorhombic (O) and
tetragonal (T) phases (see Fig. 2e), as will be discussed in
more detail in the next section. Neutron diffraction mea-
surements on four different PZN-9% PT single crystals
[44] have shown that, while three of them were O, as in
Ref. [39], one of them displayed the M phase, another
indication the O and M free energies are nearly degener-
ate [45], and it is indeed necessary to consider higher-order
terms in the Devonshire expansion to determine the

B. Noheda / Current Opinion in Solid State and Materials Science 6 (2002) 27-34

stability of one or the other [37]. The M and O symmet-
ries can be especially difficult to resolve because O is the
limiting case.of M ayjthc,, [46].
A structure determination of PZN-9% PT by means of
Rietveld refinement from neutron powder diffraction data
has been reported by Kiat et al. [43] who show that, while

the oxygen octahedra are strongly distorted, the cation

displacements and the polarization values of monoclinic
PZN-9% RT (M ) are considerably smaller than those of
monoclinic PZT, (M ) [24] and, unlike PZT, the direction
of the Pb and Zn/Nb/Ti cation shifts is not the same.
A fascinating domain formation is reported to occur also

in morphotropic PMN-xPT [47,48] (see review by Ye in

this issue). Xu et al. [48] have observed monoclinic
domains coexisting with rhombohedral domains in a PMN-
33PT crystal. Interestingly, this monoclinic phase is not
uniqgue and various polarization directions have been
observed within the same crystal. The existence gf an M
type of monoclinic phase has been reported by Kiat et al.
[43] in ceramic PMN-35PT at low temperature, and by
Singh and Pandey [49] in ceramic PMN-34PT at room
temperature, from a Rietveld analysis of neutron and X-ray

powder diffraction data, respectively. Based on the atomic

shifts obtained from the Rietveld analysis, Kiat et al. [43]

have reported a very small value of the spontaneous
polarization for the PMN-35% PT composition, considera-

bly smaller than tinadrphotropic PZT and PZN-xPT,

which is not in agreement with the experimental observa-
tion [16].

Very recent synchrotron X-ray powder diffraction mea-
surements performed on PMN-xPT ceramic samples [50]
have revealed a new phase diagram for the PMN-xPT
system, shown in Fig. 2c, in which the M monoclinic
phase exists at the MPB, with an apparently rather broad
distribution of monoclinic lattice parameters. However, in

contrast to Refs. [43,49], the monoclinic phase always
appears in coexistence with either rhombohedral or tetra-

gonal phases. This phase coexistence might account for tt
substantial differences between the atomic positions listec

in Refs. [43,49].

3. Electric-field-induced monaoclinic phases

The enhancement of the piezoelectric deformation along
the [001] direction, proposed by Du et al. [11] in rhom-
bohedral PZT, has now been observed in both thin films

[51] and ceramics [52,53]. The fact that the piezoelectric
deformation is not along the rhombohedral polar direction
has been interpreted by Guo et al. as due to the induction
of the monoclinic phase by the electric field [52]. These
authors also show that the induced monoclinic phase
remains stable after the field is removed, so the rhom-
bohedral-to-monoclinic phase change is irreversible. This
can be explained in relation to the local monoclinic
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displacements that are believed to exist in rhombohedral
PZT (see Refs. [24,54]), since an electric field along the
[001] direction would favor local shifts along that direction

and, therefore, stabilize a long-range monoclinic phase in

the rhombohedral region of the phase diagram. This seems

to be a common feature imorphotropic systems and the
same kind of local displacements have been reported by
Dkhil et al. [55] in rhombohedral PMN-PT.

X-ray diffraction experiments by Durbin et al. [56] on a
PZN-8% PT single crystal poled along the [001] direction
showed that the electric field induces a new state, different
from the initial rhombohedral one, which they interpreted

Later, Lu et al. [62] and Viehland et al. [63] have shown
that very high piezoelectricity is not exclusio@elef
oriented crystals, but can also be achievediljori-
ented PZN-xPT and PMN-xPT rhombohedral crystals, by
inducing the orthorhombic phase instead of the tetragonal

one. This is highly significant, since the polarization path

in this case would very likely be the R—-M —O one, and

the M phase has not been observed so far.

The effect of an electric field on PMN-XPT has not been
studied as extensively. In addition tothe M -type mono-

clinic phase observed in the PMN-xPT phase diagram
[43,49,50], and the orthorhombic phase proposed for

as a metastable monoclinic phase induced by the coexist<011)-poled crystals [62,63], Ye et al. [64] also observed a

ence of tetragonal and rhombohedral regions. Synchrotron
X-ray [57,58], and neutron [59] diffraction experiments
with the electric field applied in situ, have given a
consistent picture of the field effect in [001]-oriented
rhombohedral PZN-xPT. For compositions further away
from the MPB (PZN-4.5% PT) the rhombohedral-to-tetra-

monoclinic M phase(@@lapoled PMN-35% PT
single crystal. How the M,—M transformation between
the two monoclinic phases takes place under a field has
still not been studied in detail.

gonal phase transformation proposed earlier [15,18] is 4. Discussion

observed to occur via the M phase (RfM -T), as
predicted by Fu and Cohen [26] from first-principles
calculations, with the polarization rotating directly between
the [111] and [001] directions within the (110) plane (Fig.
2d). However, for rhombohedral compositions close to the
MPB (PZN-8% PT), adifferent path is followed, namely
R—-M,—M.—T. This means the polarization moves away
from the R—M, —T line onto the O—M —T line, in which
the polarization rotates between the [101] (O) and the
[001] (T) directions (Fig. 2e). This observation agrees with
the first-principles calculations by Bellaiche et al. [60] in
the case of morphotropic PZT. These authors also predict
that the crossover between the,M and.M phases is
achieved via a triclinic phase (see also the review by
Bellaiche in this issue). The largest piezoelectric coeffi-
cients are associated with the triclinic phase.

The synchrotron experiments [57,58] also show that,
once the electric field is applied on PZN-8% PT, the initial
rhombohedral phase is not recovered. The polarization
follows the T—M, —O path during the removal of the field,
with the polarization rotating back from the [001] to the
[101] direction, and the orthorhombic phase becomes
stable at zero field. Therefore, an irreversible rhombohedr-
al—orthorhombic phase change takes place under a field,
meaning that the intermediate phase in the PZN-PT phase
diagram is enlarged towards smaller Ti contents, as in
PZT. These results agree with the work of Viehland [61],
who was the first to report an orthorhombic phase for
poled PZN-8% PT.

Viehland’s work also presents an alternative explanation
of the rhombohedral-to-tetragonal phase transformation as
a continuous sequence wksostates that occur by symme-
try adaptations, similar to those predicted by the adaptive
martensite theory, which involves a model of a free energy
with a continuous sequence of degenerate states [61].

Much progress has been achieved during the last three
years in understanding the high piezoelectricity around the
MPBs, as well as other features of some of these systems
that are outside of the scope of this review, such as their

relaxor character and the nature of the polar nano-regions

(see, e.g., Ref. [65] and references therein). However, more

research is still needed; in particular, in the following two

areas: (1) the investigation of the role of lead on the
softening of the physical properties of these materials
[66,67], not only for fundamental reasons, but also in order
to explore new possibilities with lead-free systems (see
review by Park and Hackenberger in this issue); (2) the
study of rotational lattice distortions, as initiated by
Fornari and Singh [68].

X-ray diffraction provides a high-resolution tool to
resolve the slight symmetry changes observed around the
MPBs, but X-rays are not very sensitive to small distortion
of the oxygen octahedra in the presence of other atoms

with high atomic numbers. In the case of PZT, electron
[30] and neutron [32,33,69] diffraction have been able to
observe superlattice reflections at low temperatures around
the MPB, which were not revealed by X-rays. The same
types of superlattice reflections are known to occur in the
rhombohedral R phase [70] at low temperatures (see Fig
2a), and are related to the cell doubling produced by the
rotation of the oxygen octahedra about the [111] direction.
Since these reflections are not consistent witQ the M

phase (space group Cm), two different models have been

proposed on the basis of a Rietveld analysis of the neutron
data: the existence of a second low-temperature monoclinic

phase with space group Pc [69], and the coexistence of the
» M monoclinic phase and the R

(space group R3c)
rhombohedral phase [32,33], whose boundary with the
monoclinic phase towards higher Ti contents is still not
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