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The R3m-R3c transition is in a limited phase field in the Pb�Zr1−x ,Tix�O3 �PZT� phase diagram and is a
ferroelectric-ferroelectric phase transition that involves the coupling of a secondary displacive ferroelastic
phase transition, associated with a structural rotation of the octahedra about the polar threefold axis. Through
systematic temperature-dependent piezoelectric characterization under resonance conditions and high-field
unipolar ac drive the influence of the aforementioned transition on piezoelectric and electromechanical prop-
erties is noted for two compositions x=0.30 and x=0.40 mol fraction lead titanate. Applying Rayleigh law
analysis to access the relative extrinsic domain wall contributions to the nonlinear permittivity and converse
piezoelectric properties, we observe significant differences in the nonlinear response between the R3m and R3c
phases and note a discontinuity at the transition for both PZT compositions. A complementary study was
conducted through diffraction contrast transmission electron microscopy to access structure property relations.
Diffraction contrast imaging reveals that antiphase boundaries �APB’s� associated with octahedral tilt may
coincide with non-180° ferroelectric domain walls. This microstructural evidence suggests that APB’s suppress
the motion of non-180° ferroelectric domain walls, leading to reduced extrinsic contributions to the piezoelec-
tric and dielectric response in the low-temperature phase �R3c�. The implications of these observations
are discussed in relation to both the PZT system and other perovskite-based systems such as BiMO3-
PbTiO3 systems.
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I. INTRODUCTION

The perovskite crystal structure plays host to a wide range
of electronic phenomena including ferroelectricity, ferromag-
netism, superconductivity, semiconductivity, metallic con-
ductivity, and Mott-insulator transitions.1,2 Perovskite com-
positions that are ferroelectric can be poled to obtain
piezoelectric properties. The poling process involves the ap-
plication of an electric field to align the local spontaneous
polarization through domain switching, resulting in a bulk
net remnant polarization �Pr�. The efficiency of the poling
process and piezoelectric properties is largely dependent on
the crystallographic phase and the related domain structure.
The extrinsic domain contributions to the dielectric and pi-
ezoelectric properties may comprise greater than 70% of to-
tal response of high-performance piezoelectric ceramics.3–9

Most high-performance commercial piezoelectric ceramic
compositions are based on the solid solutions between
Pb�Zr1−x ,Tix�O3 �PZT� near the largely temperature-
independent or morphotropic phase boundary �MPB� be-
tween rhombohedral and tetragonal ferroelectric phases.10,11

Detailed structural analysis of PZT near the MPB reveals a
monoclinic ferroelectric phase in a narrow compositional
range at temperatures below room temperature.12 On further
cooling a monoclinic �Cm�-monoclinic �Cc� transition oc-
curs to an octahedrally tilted phase.13,14 Physically, the octa-
hedral transition is due to the rotation of the octahedra com-
prising the oxygen anion sublattice. In the low-temperature
phase at the MPB, tilting occurs due to a coupling with the
phase transition in the rhombohedral ferroelectric phase. The
rhombohedral phase transition is between R3m and R3c, and
the transition temperature �Ttilt� is dependent on the Zr/Ti
ratio.10,15 This tilt transition is driven by an antidistortive

soft-mode condensation.16 In the tilted phase, oxygen octa-
hedra are rotated around the �111� direction in an alternating
clockwise-anticlockwise sequence. In the classification sys-
tem described by Glazer this tilt system is assigned the no-
tation �a−a−a−�, indicating rotations of equal magnitude �a�
and alternating in direction � −� about each of the u , v , w
lattice directions.17–19 This results in a doubling of the unit
cell lattice parameter in the R3c phase; this structure is illus-
trated schematically �CaRIne� in Fig. 1.

The objective of this investigation is to study and quantify
the impact of the onset of the tilt transition on the extrinsic
and high-field piezoelectric properties. Others have noted the

FIG. 1. The unit cell of the R3c tilted perovskite phase consist-
ing of four perovskite formula units. The lead ions are indicated at
the cube corners while the �Ti and Zr� cations �not visible� would be
found at the center of the octahedra; the octahedra are drawn with
the oxygen anions removed for clarity.
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ability to suppress the piezoelectric response by inducing a
tilted phase through Sr additions in optimized MPB PZT
compositions.20,21 However, direct investigation of tilt at the
MPB is difficult owing to the fact that application of large
electric fields may induce a phase transition between the
rhombohedral and tetragonal phases. Furthermore, the mono-
clinic phases are difficult to detect, due to their narrow com-
positional and temperature range. To limit these experimental
complexities in determining the influence of octahedral tilt
on piezoelectric activity, this study was conducted on un-
modified compositions in rhombohedral PZT over a large
temperature range covering the transition between the R3c
and R3m ferroelectric phases.

The symmetry and domain structure of the R3c and R3m
PZT phases and their associated electrical properties have
been characterized by a number of authors.10,13,15,22–24 In the
current approach Rayleigh analysis, high-field piezoelectric
strain, and low-field electromechanical characterization will
be combined with in situ transmission electron microscopy
�TEM� to investigate the properties and structure associated
with the R3m→R3c tilt transition. From this study, we will
unequivocally demonstrate that extrinsic piezoelectric activ-
ity is strongly clamped by octahedral tilt transitions limiting
the piezoelectric performance in the tilted phase. We will
discuss the details of this clamping and point out important
implications for the compositional development of new
perovskite-based piezoelectrics.

II. EXPERIMENT

A. Processing

Lead zirconate titanate Pb�Zr1−x ,Tix�O3 powders were
prepared with x=30 and 40 mol % titanium corresponding to
compositions with room-temperature space groups R3c and
R3m, respectively. Powders were prepared using the tradi-
tional solid-state ceramic processing route. Raw materials of
lead carbonate PbCO3 �White Lead, Hammond Lead Prod-
ucts�, titanium dioxide �Ishihara Corporation�, and zirconium
dioxide �Alfa Aesar� were batched to achieve the desired
composition. Aqueous powder suspensions, containing a dis-
persant �Darvan 821A, RT Vanderbilt Company, Inc.�, were
vibratory milled using yttria-stabilized zirconia media for
20 h. Suspensions were thoroughly dried at 200 °C. Then
3 wt % binder �Acryloid, Rhom and Haas Co.� was added
before crushing and hand grinding aggregates to pass
through a 200-mesh screen. Pellets were uniaxially pressed
at 20 000 psi, then isostatically pressed at 30 000 psi. Binder
burnout was conducted on open trays at 500 °C. Pellets were
sintered in covered crucibles using a lead zirconate source
powder at 1150 °C for 2 h. Samples were greater than 98%
dense by immersion determination and x-ray diffraction of
crushed pellets confirmed phase pure perovskite structure.

B. Electrical characterization

Fired pellets for electrical characterization were ground to
1 mm thickness and electroded with fired on silver ink
�6160, Dupont�. All samples were poled at room temperature
and 40 kV/cm and allowed to age 24 h before measuring.

Low-field piezoelectric properties were measured from disk
samples using an impedance analyzer �4194A, Agilent Inc.�
following the electromechanical resonance technique �IEEE
Std 176-1987�. High-field unipolar polarization and strain
loops were obtained using a modified Sawyer-Tower circuit
incorporating a linear variable differential transducer
�LVDT� for strain data. In situ electromechanical properties
were measured in an environmental chamber containing a
bath of dielectric fluid �Galden, Solvay Solexis� to prevent
arcing across the pellet edges. This fixture was also used for
measurement of minor hysteresis loops for Rayleigh analy-
sis.

C. Rayleigh technique for characterization of
extrinsic response

It is well known that the dielectric and piezoelectric re-
sponse in ferroelectrics contains both intrinsic and extrinsic
contributions. The intrinsic response refers to the atomic lat-
tice contributions at the unit cell level. The extrinsic response
refers to contributions due to movement of domain walls.
Under an applied electrical field, domain wall motion in-
creases the volume fraction of domain variants most closely
aligned to the applied field at the expense of other variants.
Figure 2 illustrates both the intrinsic and extrinsic compo-
nents of the polarization and strain response due to an ap-
plied electric field.8,9,25 As indicated, the motion of noninver-
sion �non-180°� domain walls contributes to both the
dielectric and piezoelectric response. However, inversion-
type �180°� domain wall motion contributes only to the di-
electric response, due to the equivalent strain state in oppo-
sitely polarized domains. In R3m perovskite ferroelectrics
the noninversion domains are twinned on �100�c and �110�c

crystallographic planes �relative to the pseudocubic structure,
denoted “�hkl�c”�.26 The Rayleigh parameters were calcu-

FIG. 2. The schematic illustration of the dielectric and piezo-
electric response in ferroelectric materials. The intrinsic response is
shown to be associated with the single domain response arising
from the polarizability of the crystal lattice, leading to both a linear
dielectric displacement and net strain response. The extrinsic con-
tribution is associated with the motion of ferroelectric domain walls
preferentially enhancing the fraction of domains most nearly
aligned with the applied field. Note that there is no net strain con-
tribution due to 180° inversion domains.
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lated from linear portions of the field dependence of the real
permittivity and real piezoelectric response at 1 Hz over the
temperature range −150�T�180 °C.

The movement of the domain walls under a cyclic driving
electric field is an irreversible and lossy process, and there-
fore the associated responses are complex properties with
real and imaginary components:

�* = �int� + �ext� + i�ext� , �1�

d* = dint� + dext� + idext� , �2�

where �* and d* are the complex dielectric permittivity and
piezoelectric response; the real response contains both intrin-
sic and extrinsic components ��int� , �ext� , dint� , dext� � and the
complex response is dominated by extrinsic contributions
�eext� , dext� �. It has been shown phenomenologically that both
the reversible and irreversible behavior of this domain wall
movement can be described by the Rayleigh law.27–35 If an
alternating electric field is applied with peak amplitudes �E0�
approximately up to

Ec

2 , 50% of the coercive field �Ec�, the
real nonlinear permittivity and piezoelectric coefficients can
be described by

�� = �init� + ���E0, �3�

d� = dinit� + �d�E0, �4�

where �� and d� are the real relative permittivity and piezo-
electric coefficient, �init� and dinit� are the reversible permittiv-
ity and piezoelectric coefficient, and ��� and �d� are the Ray-
leigh coefficients. The relative magnitude of ��,d� is a
measure of the extrinsic domain wall contribution to piezo-
electric and dielectric properties of ferroelectric materials.29

The real permittivity at each applied electric field is extracted
from the polarization-field loop from the peak value and the
loop area.30 An analogous approach can be used to describe
both the direct and converse piezoelectric responses. The de-
tails of the Rayleigh analysis technique for the dielectric and
converse piezoelectric response in ferroelectric materials
have been described previously.29 The Rayleigh parameters
and associated errors were obtained from least-squares fitting
to the linear portion of the real field dependent response.

D. Microscopy

TEM specimens were prepared from poled samples with
the poling direction perpendicular to the column axes.
Samples were manually thinned to 20–30 �m and affixed to
copper grids using a two-part epoxy. Mechanically thinned
samples were thinned to electron transparency using an ion
mill �Fisichone� using argon and liquid nitrogen cooling to
limit heating and lead loss. Samples were observed on a
TEM �EM420, Philips Electron Optics� operating at 120 keV

FIG. 3. Low-field electromechanical resonance response for Pb�Zrx ,Ti1−x�O3 with 30 �a�, �c� and 40 �b�, �d� mol % titanium content.
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using an in situ dual tilt cold stage �Gatan� and applying
diffraction contrast methods.

III. RESULTS AND DISCUSSION

A. Electrical characterization

Initial electromechanical properties were measured on
poled disks using the piezoelectric resonance method de-
scribed above. Low-field resonance data were obtained on
the poled PZT ceramics as a function of temperature in both
the R3c and R3m phases. Figures 3�a�–3�d� summarize the
results from planar and thickness resonance modes. In both
30 and 40 mol % titanium samples a discontinuity in the
electromechanical coupling coefficients �kp, kt� and radial
frequency coefficient �Np� is observed near the reported tilt
transition temperature �Ttilt=75 °C and Ttilt=0 °C, respec-
tively�. High-field behavior was accessed under large unipo-
lar electric fields �20 kV/cm� for 30 mol % titanium samples
in the temperature range of the tilt transition. The unipolar
piezoelectric coefficient �d33� shows an increase in the tem-
perature dependence of the response above the tilt transition
temperature �Ttilt=0 °C�, as indicated in Fig. 4. The data for
the 30 mol % PT samples is in good agreement with the
points obtained from bulk samples in the PZT phase dia-
gram. The inflection point in both the resonance and unipolar
measurements for the 40 mol % titanium samples suggests
that the tilt transition temperature is 0 °C. This result is in
good agreement with the tilt transition temperature which
would be extrapolated from the accepted PZT phase dia-
gram, after Jaffe et al.36 This temperature, however, is higher
than the results reported based on earlier TEM
investigations.13 The expected local temperature deviations
from thermocouple reading in the in situ TEM stage may
explain the difference in the transition temperature between
bulk and TEM results.

Using a simple Landau theory the approximate tempera-
ture dependence of the intrinsic piezoelectric response can be
obtained according to the relationship

d = 2Q�r��0P , �5�

where Q is the electrostrictive coefficient, �r� is real relative
permittivity, �0 is the permittivity of free space, and P is the

remanent polarization.37–39 The electrostrictive coefficient
can be assumed to be largely temperature independent.37,38,40

From this relationship, the temperature dependence of the
intrinsic piezoelectric response is expected to follow that of
the permittivity and polarization—i.e., d�T�� �Tc-T�−1/2

where TC is the Curie temperature.40 In the temperature
range studied here the temperature dependence of the intrin-
sic response is therefore expected to be small, as we are far
from TC. Furthermore, careful dielectric and pyroelectric
measurements revealed no anomaly or change in temperature
dependence near the tilt transition temperature. It can be con-
cluded that the change in both the low- and high-field piezo-
electric response at the tilt transition temperature is primarily
due to a change in the extrinsic contribution.

In order to quantify the change in magnitude of the ex-
trinsic response at the tilt transition, subswitching dielectric
hysteresis loops were investigated following the Rayleigh
technique. Rayleigh measurements were used to probe the
dynamic domain wall motion and extrinsic contribution to
the dielectric permittivity. The temperature dependence of
the nonlinear dielectric response is shown in Figs. 5�a� and
5�b� both above and below the R3m to R3c tilt transition
temperature �Ttilt, indicated by a dotted line�. In the untilted
phase �T�Ttilt� both compositions show greater field depen-
dence of the total complex dielectric response. Following the
Rayleigh fitting procedure described above, the temperature
dependence of the dielectric Rayleigh coefficients is shown
in Figs. 6�a� and 6�b�. The R3c phases below the octahedral
tilt transition temperature have smaller and relatively
temperature-independent � coefficients. However, above the

FIG. 4. Temperature dependence of high field unipolar piezo-
electric response d33 for PZT 60/40. Error bars indicate 95% con-
fidence bands from linear regression analysis.

FIG. 5. Nonlinear dielectric response indicates increased field
dependence in the untilted phase �dotted lines� for PZT composi-
tions with x=30 �a� and 40 �b� mol % Zr content.
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tilt transition temperature � coefficients show an increasing
temperature dependence. This discontinuity in the tempera-
ture dependence of the extrinsic response is consistent with a
suppression of domain wall motion below the tilt transition
temperature. Similar to the field dependent � term, the low
field Rayleigh coefficients �init� also reveals a discontinuity
near tilt transition temperature. The initial permittivity coef-
ficient values are also suppressed in the tilted phase as illus-
trated for the Pb�Zr0.7 ,Ti0.3�O3 composition in Fig. 7. These
initial permittivity values may include both intrinsic and re-
versible domain wall motion contributions to the permittiv-
ity. The suppression of the dielectric response, using the
Rayleigh method, in both the field dependent ��� and low
field ��init� terms, is summarized in Table I. Rayleigh analysis
results are consistent with large domain contributions to both
the high-field and low-field response. Although not shown
here, similar changes were observed in the Rayleigh analysis
of the converse piezoelectric response. Both Rayleigh coef-
ficients ��d and dinit� and the temperature dependence are
higher in the R3m phase relative to the R3c phase.

B. Transmission electron microscopy study

Doubling of the unit cell, illustrated previously in Fig. 2,
gives rise to superlattices associated with variants of the R3c
phase.23 These are h+ 1

2 , k+ 1
2 , and �+ 1

2 spots relative to the

pseudocubic positions. Zone axis electron diffraction in
�110� and �211� type zones enables the detection of these
octahedral tilt superlattice reflections. Tilting the crystallite
orientation to systematic rows containing those reflections
and the dark field imaging of the superlattice reflections en-
ables the antiphase boundaries �APB’s� to be imaged to-
gether with the ferroelectric 71°, 109°, and 180° domain
boundaries.22,23 Figure 8 shows a dark field image containing
ferroelectric domain walls and APB’s. A calculated �211�
zone axis is also provided, for reference, showing the super-
lattice reflections associated with antiphase tilts along a
threefold axis �111�. By combining bright and dark field con-
ditions, imaging transmitted and diffracted beams, we con-
clude that often the APB’s from tilt variance run parallel to
the non-180° ferroelectric domains �109° or 71° domains�.
The inset illustrates a possible tilt variance and the strain
discontinuity across the APB’s, in this case a change in the
stacking sequence of oppositely tilted layers.

FIG. 6. �Color online� The temperature dependence of Rayleigh
slope parameters for PZT compositions, with x=30 �a� and 40 �b�
mol % Zr content, shows a clear enhancement in field dependence
of both the dielectric response above the tilt transition temperature.
Error bars indicate 95% confidence bands from linear regression
analysis.

FIG. 7. The low-field or initial permittivity values ��init
* � indicate

a change in slope at the tilt transition temperature, as shown for the
30 mol % Zr PZT composition. Error bars indicate 95% confidence
bands from linear regression analysis.

TABLE I. Summary of Rayleigh coefficients calculated for PZT
compositions above and below the tilt transition temperature.

Temperature �°C� Phase
���

�10−3 m/V� �init�

Pb�Zr0.70 ,Ti0.30�O3

−100 tilted 0.84 233

−50 tilted 1.31 323

23 tilted 1.91 377

101 untilted 6.27 665

122 untilted 8.6 689

143 untilted 9.74 842

180 untilted 14.8 1043

Pb�Zr0.60 ,Ti0.40�O3

−58 tilted 1.91 415

−27 tilted 2.4 510

−5 tilted 2.84 541

64 untilted 5.13 758

102 untilted 7.02 929

150 untilted 8.66 1043
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C. Discussion

The Rayleigh law was originally developed to describe
the nonlinear induced magnetization of ferromagnetic mate-
rials with increasing applied magnetic field.41 Néel con-
firmed mathematically that the Rayleigh response is consis-
tent with the motion of an interface through a random energy
potential, as would arise from the motion of ferromagnetic
domain walls through pinning defects.42,43 The literature
sited previously confirms that the Rayleigh law is applicable
to the study of ferroelectric materials. The Rayleigh data
presented in the current work quantify the enhancement of
domain wall contributions in the untilted phase. By analogy
to Néel’s proof and the large body of ferromagnetic litera-
ture, this is consistent with the existence of additional or
larger pinning sites in the tilted phase of a ferroelectric ma-
terial.

The formation of ferroelectric and ferroelectric �tilt� do-
mains satisfies thermodynamic conditions which reduce the
free energy due to both electric and elastic boundary condi-
tions. Different parts of the domain wall may require differ-
ent activation energy and experience different domain wall
mobility. Regions with lower mobility and higher activation
energy will limit the overall extrinsic response of the whole
crystallite. As indicated in the TEM micrograph in some ar-
eas the APB’s and non-180° domain walls are coincident.
The formation of these regions likely minimizes the local
strain energy in the interior of the crystal. The strain mis-
match between each tilt variant may reduce domain mobility
and increase activation energy. In this case these coincident
regions would be the most difficult to move under external
stress and restrict ferroelectric domain wall motion.

Taken together the Rayleigh and TEM results suggest that
the APB’s act as pinning sites to ferroelectric domain wall
motion, suppressing the extrinsic response in the octahe-
drally tilted phase. This finding has considerable impact con-
cerning the design and discovery of piezoelectric materials
with enhanced piezoelectric properties. A specific family of

interest is the high-temperature piezoelectric system based
on BiMO3-PbTiO3 solid solutions, where M may be one or
more metal cations in a stoichiometric ratio to give an aver-
age �+3� valence to the octahedral site.44–51 In polycrystal-
line piezoelectric ceramics, the highest piezoelectric proper-
ties are found within solid solutions close to the MPB
between tetragonal and rhombohedral ferroelectric phases
analogous to the PZT system. Untilted MPB compositions in
these systems have been reported with Curie temperature ex-
ceeding PZT and piezoelectric coefficient d33�400 pC/N,
for example BiScO3-PbTiO3.44 However, the authors and
others have observed that a number of octahedral tilt
systems exist in and around the MPB phase in other bis-
muth-perovskite–lead titanate systems—for example,
Bi�Mg1/2 ,Ti1/2�O3-PbTiO3.52–54 The measured piezoelectric
properties of several bismuth perovskite systems near the
MPB are often half those of BiScO3-PbTiO3 for composi-
tions with similar paraelectric-ferroelectric transition tem-
peratures at the MPB �TC	450 °C�. Although not all these
systems have been fully analyzed and characterized for tilt,
tilted ferroelectric-ferroelastic MPB phases clamping extrin-
sic contributions to the piezoelectric response would explain
their poor performance relative to the BiScO3-PbTiO3 sys-
tem.

IV. SUMMARY AND CONCLUSIONS

Electromechanical property investigation and TEM struc-
tural analysis in the PZT system were combined in order to
study the role of octahedral tilt transitions on the dielectric
and piezoelectric properties of technologically important
ferroelectric ceramic compositions. In order to avoid contri-
butions associated with the structural complexities near the
MPB, the temperature dependence of properties across the
tilt transition were measured in two PZT compositions with
rhombohedral structure at room temperature. Both low-field
electromechanical resonance measurements and high-field

FIG. 9. A self-consistent PbZrO3-PbTiO3 phase diagram has
been compiled from a number of sources to include complete space
group details �Refs. 10–15, 55, and 56�. Open squares indicate re-
vised data points for the position of the R3m-R3c transition �current
work� and Cm-Cc transition �after Hatch et al.� confirming the tilt
boundary �dashed line� is continuous across the rhombohedral-
monoclinic phase boundary �Ref. 14�.

FIG. 8. �Color online� Diffraction contrast image of
Pb�Zr0.30 ,Ti0.70�O3 taken using transmitted and � 1

2 , 1
2 , 1

2
� superstruc-

ture reflections in the �211� zone axes �lower right, calculated CaR-
Ine�. The locations of the antiphase boundaries �APB’s� are indi-
cated as are regions in which the APB’s are pinned at ferroelectric
domain boundaries. A possible variance across the APB’s is illus-
trated in the inset �upper right�.
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unipolar strain measurements revealed a shift in properties
near the temperature of the octahedral phase transition. Spe-
cifically, a discontinuity in the temperature dependence was
observed at 	75 °C and 	0 °C in the x=30 and 40 mol %
zirconium compositions, respectively. From this work the
phase diagram of the PZT system has been revised to extend
the R3c-R3m phase boundary to higher lead titanate content,
as shown in Fig. 9.10–15,55,56

The origin and magnitude of this change in properties
were then quantified using Rayleigh analysis. The Rayleigh
law response indicated that the relative magnitude of the
ferroelectric domain contribution to both the dielectric and

piezoelectric response was suppressed in PZT compositions
in the tilted region of the phase diagram. The microstructural
features identified in the R3c phase field were consistent with
the literature and confirm an interaction between octahedral
APB’s and ferroelectric domain walls. When coupled with
electromechanical property data a clear association is drawn
between the interaction of the APB’s with domain walls and
the suppression of electromechanical properties in tilted fer-
roelectrics. This result has broad implications for the appli-
cation and development high-performance piezoelectric ma-
terials, as was discussed for the case of the BiMO3-PbTiO3
systems.

*Present address: Department of Chemical and Materials Engineer-
ing, University of Kentucky, Lexington, KY 40506, USA.
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