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ABSTRACT

This report describes research performed over the period 1% January 2000 to 31
December 2000 on a MURI under Office of Naval Research contract N00014-96-1-1173 on the
topic “Acoustic Transduction Materials and Devices”. This program brings together researchers
from the Materials Research Laboratory (MRL), the Applied Research Laboratory (ARL) and
the Center for Acoustics and Vibrations (CAV) at the Pennsylvania State University. As has
become customary over many years, research on the program is detailed in the technical
appendices of published work, and only a brief narrative description connecting these studies is
given in the text.

The program combines a far reaching exploration of the basic phenomena contributing to
piezoelectric and electrostrictive response with the highly applied thrusts necessary to produce
the “pay-off” in new applications relevant to Navy needs. Polarization vector tilting in the
ferroelectric phase of perovskite structure crystals at compositions close to a morphotropic phase
boundary (MPB) was first underscored on this program some four years ago, and is now widely
accepted as one mode for exploiting the large intrinsic spontaneous strain in the ferroelectric to
produce exceedingly strong anhysteritic piezoelectric response and very large electric field
controlled elastic strain. New evidence for the importance of both spontaneous (monoclinic) and
electric field induced tilting on the properties of both single and polycrystal MPB systems is
presented in this report.

The puzzling phenomena associated with relaxor ferroelectric response have long been a
topic of study in MRL, where the micro-polar region model and the application of Vogel/
Fulcher to the dielectric slowing down were first applied. The current “pay-off” is in the greatly
enhanced relaxor ferroelectric electrostrictive response from high electron energy irradiated
polyvinylidene difluoride: triflouroethylene (PVDF: TrFE) co-polymer discussed in this report.
This development opens a new field of high strain, high energy density actuators with
tremendous practical applicability. Now the possibility of engineering this response by chemical
manipulation in the terpolymer systems without irradiation further enhances the exciting
possibilities.

In composite structures, the early promise of the flextensional cymbal type actuators is
now being fully realized and programs exploring large area cymbal transducer arrays are
progressing very well, both at MRL/ARL and at NRL. The connection with CAV at Penn State
is particularly important in keeping the MURI faculty aware of problems endemic to water as our
host medium and the effects of turbulence in flow and the need for many types of acoustic noise
control.

New designs of piezoelectric transformers and motors are demanding materials with
lower loss levels under continuous high driving, and important progress is reported in separating
and understanding the components of this loss and in designing new doping schemes for
ceramics which enhance power capability almost tenfold. New piezoelectric micro-motor
designs look particularly attractive and appear to offer significant advantages over
electromagnetics for very small-scale applications. Thick and thin film studies for MEMS are
progressing well and offering new insights into fatigue and switching behavior in the
ferroelectrics.
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ABSTRACT

This report describes research performed over the period 1* January 2000 to 31
December 2000 on a MURI under Office of Naval Research contract N00014-96-1-1173 on the
topic “Acoustic Transduction Materials and Devices”. This program brings together researchers
from the Materials Research Laboratory (MRL), the Applied Research Laboratory (ARL) and
the Center for Acoustics and Vibrations (CAV) at the Pennsylvania State University. As has
become customary over many years, research on the program is detailed in the technical
appendices of published work, and only a brief narrative description connecting these studies is
given in the text.

The program combines a far reaching exploration of the basic phenomena contributing to
piezoelectric and electrostrictive response with the highly applied thrusts necessary to produce
the “pay-off” in new applications relevant to Navy needs. Polarization vector tilting in the
ferroelectric phase of perovskite structure crystals at compositions close to a morphotropic phase
boundary (MPB) was first underscored on this program some four years ago, and is now widely
accepted as one mode for exploiting the large intrinsic spontaneous strain in the ferroelectric to
produce exceedingly strong anhysteritic piezoelectric response and very large electric field
controlled elastic strain. New evidence for the importance of both spontaneous (monoclinic) and
electric field induced tilting on the properties of both single and polycrystal MPB systems is
presented in this report.

The puzzling phenomena associated with relaxor ferroelectric response have long been a
topic of study in MRL, where the micro-polar region model and the application of Vogel/
Fulcher to the dielectric slowing down were first applied. The current “pay-off” is in the greatly
enhanced relaxor ferroelectric electrostrictive response from high electron energy irradiated
polyvinylidene difluoride: triflouroethylene (PVDF: TrFE) co-polymer discussed in this report.
This development opens a new field of high strain, high energy density actuators with
tremendous practical applicability. Now the possibility of engineering this response by chemical
manipulation in the terpolymer systems without irradiation further enhances the exciting
possibilities.

In composite structures, the early promise of the flextensional cymbal type actuators is
now being fully realized and programs exploring large area cymbal transducer arrays are
progressing very well, both at MRI/ARL and at NRL. The connection with CAV at Penn State
is particularly important in keeping the MURI faculty aware of problems endemic to water as our
host medium and the effects of turbulence in flow and the need for many types of acoustic noise
control.

New designs of piezoelectric transformers and motors are demanding materials with
lower loss levels under continuous high driving, and important progress is reported in separating
and understanding the components of this loss and in designing new doping schemes for
ceramics which enhance power capability almost tenfold. New piezoelectric micro-motor
designs look particularly attractive and appear to offer significant advantages over
electromagnetics for very small-scale applications. Thick and thin film studies for MEMS are
progressing well and offering new insights into fatigue and switching behavior in the
ferroelectrics.
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INTRODUCTION

This report describes the research performed over the period of 1 January 2000 to 31 December
2000 on a MURI under Office of Naval Research contract N00014-96-1-1173 on the topic “Acoustic
Transduction Materials and Devices.” This program commenced on 31 July 1996 and brings together
activities in the Materials Research Laboratory (MRL), the Applied Research Laboratory (ARL), and the
Center for Acoustic and Vibration (CAV) at The Pennsylvania State University. Principal Investigator on
the program is Professor Kenji Uchino, Professor of Electrical Engineering at Penn State. The program
officer for the Office of Naval Research is Dr. Jan Lindberg.

The overall objective of the program is the development of acoustic transduction
materials and devices of direct relevance to U.S. Navy needs, but also with relevant application
capability in commercial sector products. A continuing emphasis is upon high performance high
sensitivity sensors and upon high authority high strain actuators for transducing functions. New
materials and improved material systems are being developed on the program. These studies are
affording new insights into the strain mechanisms in already widely used ceramics and polymers
and are developing needs for new device structures and improved drive and control strategies.
There is proper emphasis upon performance and reliability under a wide range of operating
conditions consonant with Navy needs. |

Responsibility for the program elements are assigned as follows: |

MATERIAL STUDIES A.S. Bhalla
COMPOSITE SYSTEMS R.E. Newnham
DEVICE STRUCTURES T.R. Shrout
MODELLING W. Cao
DEVICE FABRICATION and TESTING W.J. Hughes
AIR ACOUSTICS and STEP and REPEAT SYSTEMS G. Lesieutre

Layout of the report follows long established precedent drawing upon 96 published papers that
we included as appendices with a very brief narrative summary to interconnect the different
studies. In this report the topics are clustered as follows:

1.0. GENERAL SUMMARY PAPERS

2.0. MATERIALS STUDIES
2.1.  Polycrystal Perovskite Ceramics
2.2.  Single Crystal Systems
2.3.  High Strain Polymers

3.0. TRANSDUCER STUDIES
3.1.  Composite Structures
3.2.  Fluid Structure Interactions
3.3.  Piezoelectric Transformers
3.4. High Power Materials

4.0. ACTUATOR STUDIES
4.1. Materials and Designs
4.72. Photostriction
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4.3.  High Force Systems
4.4. Piezoelectric Motors
4.5.  Acoustic Absorbers

5.0. MODELING AND CHARACTERIZATION
5.1.  Design and Simulation
5.2.  Thin and Thick Films
5.3. Domain Studies

1.0.  GENERAL SUMMARY PAPERS

Electrostriction is the fundamental driving mechanism in all the most widely used
perovskite structure based sensor and actuator materials. The subject is neatly summarized by
Uchino (1) who clearly identifies structurally and phenomenologicaly the phenomena of
piezoelectricity and electrostriction and their close inter-relationship in ferroelectric and relaxor
ferroelectric systems. After a brief but very useful general introduction in his contribution on
Smart Ceramics (2) Uchino focuses in on electro-mechanical application of peizoelectrics
covering both material issues and a wide range of applications. In a brief but ground breaking
study Ma and Cross (3) highlight the huge flexoelectric effect (charge-separation by elastic strain
gradient) in lead magnesium niobate relaxor ferroelectric. A second major forward step is the
introduction of a Landau-Ginsburg type model for antiferroelectricity based on macroscopic
symmetry and group theory by Hatt and Cao, which properly models local dipole orientation,
cell doubling, domain walls, and antiphase boundaries.

2.0. MATERIALS STUDIES

2.1.  Polycrystal Perovskite Ceramics

The importance of the perovskite structure for a very wide range of both scientific and
technological studies is placed nicely in context by the review of Bhalla, Guo and Roy (5). Just
in the area of relaxor ferroelectric perovskite solid solutions which exhibit morphotropic phase
boundaries (MPBs) the huge range of interesting possible compositions and data for these
compositions is summarized in (6). This reference has more than 320 pages so only the table of
contents is presented here. In three papers (7) (8) (9) the preparative skills for PZT ceramics at
Penn state have been allied with the exceptional X-ray and neutron diffraction skills at
Brookhaven to further authenticate the presence of a monoclinic phase at the MPB composition
in PZT and to demonstrate the cardinal importance to the piezoelectric behavior in this system.
In (10) ultrasonic second harmonic generation is employed to explore non linearity in
commercial PZT and shown to be a sensitive indicator of poling induced damage in these
ceramics. Lead magnesium niobate: lead titanate ceramic at composition close to the MPB is
examined in (11) which explores the beneficial influence of Manganese substitution upon the
loss levels at higher electric drive fields Elastic non linearity in the more conventional
0-9PMN:0-1P is measured in (12) using ultrasonic second harmonic generation and shown to
exhibit a huge B ~30 and possible practical field tunability.
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2.2.  Single Crystal Systems

In the PZN:PT and PMN:PT single crystal systems, at compositions on the rhombohedral
symmetry side of (MPB) the 001 field poled polydomain sample has vastly superior piezoelectric
properties. This is not the only domain engineered system with much superior properties and
(13) distinguishes domain geometry engineering, domain averaged systems and domain wall
dependent applications. Relaxor character of the pure PZN Crystal is brought out strongly in (14)
(15) by comparing micro (Raman) and macro (optical domain) determined symmetries. These
studies strongly support the dynamic micro-polar region model for the relaxor status mn this
system. Initial results for polarization reversal in PZN and PZN:PT crystals are given in (16)
which reports both exponential and linear behavior for different composition and field
orientations.

Work is now progressing well on the optical, electro optic and photo elastic effects in
PZN:PT and PMN:PT. Confirming the close approach of different ferroelectric species is the
finding of a field forced single domain orthorhombic state in 0.67 PMN:0.33PT together with a
domain divided rhombohedral:macro orthorhombic form with piezoelectric behavior that can be
directly traced to the prototypic electrostrictive constants (17). In the linear electro-optic effect
rs) is as expected much larger than rs3 reflecting the high transverse permittivity (18) whereas ;3
is very small in both tetragonal and rhombohedral forms and almost independent of temperatures
(19). A phase locked AC stressing system was used to measure the piezooptic constant T3s® at
low stress levels for both 0.9PZN:0.1PT and 0.88PZN:0.12PT in rhombohedral and tetragonal
forms (20) yielding values comparable to those in the widely used acousto-optic TeO,,

2.3 High Strain Polymers

Work by Qiming Zhang and his group has opened up a whole new family of high strain
actuator materials by the demonstration of massive electrostrictive strain in high energy election
irradiated poly (vinylidene fluoride:trifluoroethylene) copolymers. Polarization and structural
properties are discussed in (21) and (22). The evidence that the effect of the irradiation is to
convert the material to a relaxor ferroelectric is presented from X-ray data (23) and from
dielectric studies which exhibit very clear Vogel:Fulcher type relaxational response (24). The
most important massive electrostrictive response is examined in (25) and the manner in which
transverse response can be tuned by stretching discussed in (26). High strain, even under high
tensile stress and transverse coupling in the field induced piezoelectric form of up to 0.45 are
demonstrated. That this most effective electromechanical response extends over a broad
frequency range is confirmed in (27). Evolution of the transition behavior under a very broad
range of electron irradiation dosage is studied in (28) confirming the onset of local polar ordering
and relaxor response. A strong thickness dependence of polarization switching is observed in
thin spin cast films (29) leading to a critical thickness of order 100 nm (30) traced to strongly
hindered crystallinity. Preliminary studies suggest that the irradiated electrostrictive polymer
may have good electro-optic properties with r33~40pm/V (31). Because of the high strain,
electrodes are always a problem with the polymers and it is encouraging to see conductive
polyaniline (32) in an all polymer actuator.

Probably however, the most encouraging development is that a chemical route may be
possible to break up the polar domains as evidenced by early studies in the poly (vinylidene
fluoride — trifluoroethylene-chlorotrifluoroethylene) terpolymers (33).
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3.0 TRANSDUCER STUDIES

3.1  Composite Structures

The general topic of Piezoelectric composites is very effectively introduced in (34) which
discusses connectivity, sum and product properties and the piezoelectric ceramic polymer
systems. Specific application of piezocomposites to sensor type systems are discussed in (35)
covering both ceramic:polymer and ceramic metal composites. The cymbal flextensional
transducer is proving to be an exciting single element and component for array systems. Cymbal
displacement amplification is discussed (36). Design, fabrication and applications for individual
elements are outlined in (37). Modeling and underwater characteristics both for single elements
and array structures are discussed in (38) and detailed characteristics of a 3x3 array are reported
in (39).

Exciting specialization of the cymbal is achieved by individual driving of the end caps
generating a directed beam pattern (40) and a second interesting development is the use of shape
memory metal end caps to achieve tunability of resonance characteristics (41). Miniature hollow
spheres of PZT made by a new sacrificial core process are proving effective as pre-focused VHF
single element transducers (42).

To improve the dielectric permittivity of irradiated P(VDF:TrFE) copolymer, compositing
with PMT:PT powder has been successfully demonstrated (43). A most interesting theoretical
study of acoustic band gaps in periodic structures is given in (44) and techniques for forming a
most unusual ferroelectric polymer-silica opal composite with three-dimensional periodic
structure are presented in (45).

3.2.  Piezoelectric transformers

Recent work has made the piezoelectric transformer a much more interesting component
for sensor, actuator and smart material systems by markedly raising the available power level in
new designs. This new perspective is summarized in (46) and a new disk type transformer which
satisfies some of the predictions is discussed in (47).

3.3.  High Power Level Materials

Proper measurement of the combined loss processes in piezoelectric ceramics at higher
drive levels is a non trivial task. The problem of measurement and separation of dielectric,
mechanical and piezoelectric components is tackled in (48), (49). Differences occur between
resonant and non-resonant drive conditions and an important improvement by measurement
under anti-resonant condition is discussed in (50). Modifications to the perovskite material
systems to lower loss level under high continuous drive by Doping are discussed in (51) using
PMN:PT ceramic as a vehicle for study. The proposed methods are further explored in
manganese modified PMN:PT at compositions close to the MPB (52). A new composition in the
family Pb(zros, Tip4s)O3Pb (Mn;;3Sbys) O3 with Eu and Yb substituents is shown to permit
vibration velocity levels up to 1.0 m/s 3X higher than commercial hard PZT (53).

34 Fluid Structure Interactions

Several important problems in fluid flow and unsteady lift and drag on bodies in flowing
fluid are considered in this section. The scaling of turbulent wall pressure fluctuations for flow
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over a surface with a rearward-facing step are discussed in (54) where a new form of the wall
pressure auto correlation frequency spectrum is proposed. Unsteady lift and drag in cross flow
over a finite length cylinder is considered in (55) where the calculations suggest that unsteady lift
is greater than the broad band unsteady drag. The problem of turbulence ingestion for rotors in
turbomachinary are examined in (56) extending earlier studies to include rotors with arbitrary
rake and skew. An extension of the correlation method of Martinez is shown to give good
agreement with measurements for a 10 bladed rotor. A new model is proposed for space-time
correlation in the wake region of a turbulent boundary layer in (57) and has been made available
for general studies. The excellent book on Acoustic Fluid-Structure Interactives by MS Howe is
reviewed in detail in (58).

4.0. ACTUATOR STUDIES

4.1. Materials and Designs

The topic of actuators studies is nicely introduced by (59) which covers composites and
multilayer structures, materials and reliability and a range of applications. Recent trends
including singly crystals and epitaxial films are introduced in (60). Compact multilayer
structures with hollow cylindrical geometry are explored in (61) and shown to offer enhanced
performance in both resonant and non-resonant driving. A simple stackable flextensional
element assembled from commercial multilayer actuator without glue layers is presented in (62).
An elegant sheer torsional amplifier using a simple sectored cylinder is described in (63) with
application to both transducers and motors.

4.2. Photostriction

Photostrictive actuation is discussed in (64) (65) (66). A new model is proposed for the
basic phenomenon of charge separation under illumination, the so called anomalous photovoltaic
effect (APV), using the second order optical non-linearity evident in the poled ferroelectric.
Measurements as a function of illumination intensity, sample thickness and surface roughness
are used to supply support for this model. Doping effects in PLZT are explored in (67) for
optimized composition near the MPB in this system. Nb>*, Mo®* and Gd** were found to be
effective. Ceramic processing variables are also found to be important including purity,

homogeneity, stoichiometry, density and fine grain size (68).

4.3. High Force Actuators

To achieve high force with useful stroke it is necessary to go to step and repeat systems.
Application of the torsional actuator in stepper configuration is discussed in (69). Limitations of
the force in the stepping configuration are not usually due to the actuator but due to the clamping
mechanism used in the stepping process, this is very evident from the care taken with this
process in a new high force inchworm (70).

44. Piezoelectric Motors

The general classification of piezoelectric ultrasonic motors, standing wave and traveling
wave types, single element vs. multielement, piezoelements used, and reliability issues are nicely
summarized in (71). Comparison to electromagnetic motors are discussed in (72) and the
advantages of the piezoelectric for small scales underlined. The attractive concept of using
orthogonal modes in an excited hollow cylinder is considered in (73) for a motor down to 2.8
mm in diameter. Highly compact motors are discussed also in (74) with miniature windmill,
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hollow ceramic and metal tube types considered. Resonant shear is considered in (75) for an
original type of linear motor. A composite metal:ceramic ring type is discussed in (76) where
inner circumference metal arms provide coupling to a truncated cone.

4.5  Acoustic Absorbers

A clever method for obtaining the large advantage of a tuned absorber over a wider
frequency range is described in (77) using a shunt capacitance tuned piezoelectric which also
acts as the sensor. Tuning is by a switched capacitor network. Noise reduction using light stiff
trim panels driven by PZT inertial actuators is discussed in (78). Using a simple analogue
controller the panel produced up to 13dB reduction in vibration and noise transmission. A new
type of sound intensity probe is detailed in (79) which can be place directly on the vibrating
surface to determine power radiated from specific areas. Design of shell structures enclosing
tuned absorbers to minimize sound power is covered in (80).

5.0 MODELLING AND CHARACTERIZATION

5.1.  Design and Simulation

The complex of issues which must be considered in designing for piezoelectric
application is summarized in (81). Materials, driving technique, reliability issues and possible
techniques for health monitoring are discussed. Design of one dimensional transducer arrays
using finite element methods is considered in (82). Crosstalk reduction, subdicing, and baffle
effects are important issues. A method to determine electromechanical properties of thin strip
vibrators at 20 to 30 MHz using a Mason model is considered in (83) and gives an interesting
method for assessing degradation between fabrication damage and grain size effects. An usual
method for characterizing electric parameters of ultra thin (t << A) layers using leaky multi-mode
lamb waves is given in (84).

5.2.  Thin and Thick Films

The strong effects of crystal orientation on thin film lead zirconate titanate (PZT) films
are described in (85, 86). For the PZT (70/30) rhombohedral phase compositions, 001 orientation
gave sharp square loops whilst 111 oriented samples gave more rounded loops. Piezoelectric
ferroelectric thin films are important for MEMS applications (87) but careful control is needed in
deposition to achieve optimum properties and low aging. Measurements of permittivity and
piezoelectric constants for lead magnesium niobate: lead titanate thin films at the 70:30
rhombohedral ferroelectric phase composition show d33~180pC/N for <001> oriented film
superior to the <111> orientation (88) as in the bulk single crystal. Aging for d3; ~ 4 to 10% per
decade is probably due to depoling. It is interesting to compare the PMN:PT data to PZT thin
films (89) where random orientation shows superior polarization and piezoelectric constants to
(001) oriented texture for the 52:48 composition. Wet etch patterning of PZT using a two-step
process is described in (90). Good definition and low undercutting were obtained without
detriment to the dielectric or piezoelectric properties.

5.3.  Domain Studies

Domain engineering in single crystal ferroelectrics is becoming a more widely practiced
art. To maintain order in this developing field it is suggested to distinguish between systems
using special arrangement of domains and those using the average properties induced by closely
spaced domains (91, 92). The configuration in a domain average engineered 0.955
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PZN:0.045PT is discussed in (93) which points up the appearance on mm2, one of the many
permitted average symmetries. The crucial role of defects in the establishing of the domain
structure is highlighted by computer simulation in (94). For dipolar defects (95) the simulation
suggests that local 90°twins reduce the coercivity and lead to 180° switching by two 90° flips.
Field induced Acoustics Emission (96) when properly practiced can distinguish deformation
related to domain reorientation and that due to direct piezoelectric deformation.

6.0 GRADUATE STUDENTS IN THE PROGRAM

STUDENT ADVISOR STUDENT ADVISOR
F. Jeremy G. Koopman J. Bernard G. Lesieutre
Jiang Jia G. Koopman J. Zhang R.E. Newnham
B. Edinger | G.Koopman Yi Bai Q. Zhang
D. Erickson | G. Koopman
J. Loverich | G. Koopman
E. Alberta A. Bhalla

7.0 HONORS AND AWARDS
R.E. Newnham
2000 Byron Short Lecturer, University of Texas at Austin
2000 The IEEE Third Millennium Medal for Ferroelectrics
2001 David Kingery Award, American Ceramic Society
Susan Trolier McKinstry
Wilson Teaching Award of the College of Earth and Mineral Sciences, Penn State
University
Faculty Achievement Award — Materials Research Laboratory
George A. Lesieutre
Penn State Engineering Society (PSES) Outstanding Research Award, April 2000
Best Student Paper in Engineering Acoustics, 2000, Acoustical Society of
America, to advisee Julien Bernard, for “The Design of Actively-Tuned
Flexural Peizoceramic Bar/Disk Transducers”
American Institute of Aeronautics and Astronautics (AIAA)
Zarem Educator award, January 2001
Best Paper, AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and
Materials Conference, 2000. For “Modeling of Shock Propagation and
Attenuation in Viscoelastic Materials,” with advisee Razvan Rusovici and
co-advisor Daniel Inman, April 2001.
Ruyan Guo
Elected Program Chair of Electronics Division, ACERs. for 2000-2001
Elevated to Senior Member, IEEE
Symposium and Meeting Organizer, Symp. on Piezoelectrics, Electronics
Division Meeting, October 2000, Greenville, South Carolina
Organization Committee. The Third Asian Meeting on Ferroelectrics, December
2000, Hong Kong
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Gary Koopman
First holder of the Chair for International Cooperation, Department of Mechanical
Sciences and Engineering, Tokyo Institute of Technology, April-July

2000.
E.J. Richards Lecture, University of Southampton, United Kingdom, November
2000.
L. Eric Cross

IEE Third Millennium Medal 2000
American Ceramic Society,Honorary Life Member 2001
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Ceramics, Sept. 27-29, 2001, Providence, R.I.

11.  Jeong Hwan Park and Susan Trolier-McKinstry, “Dependence of Dielectric and
Piezoelectric Properties on Film Thickness for Highly {100} Oriented PMN-PT
(70/30) Thin Films,” accepted by J. Mat. Res. (2000).

12. Feng Xia, B. Razavi, H. S. Xu, Z.-Y Cheng and Q. M. Zhang. What Determines the Critical
Thickness of Crystallization in Spin Cast Poly(vinylidene fluoride- trifluoroethylene)
Polymer Thin Films? Submitted. to Phys. Rev. Lett. (2001).

13. E.F. Alberta and A.S. Bhalla, “Low-temperature properties of lead nickel-niobate
ceramics,” Submitted to Materials Letters (2001).

14.  E.F. Alberta and A.S. Bhalla, “Low-Temperature Property Investigation of The Lead
Indium-Niobate : Lead Nickel-Niobate Solid Solution,” Submitted to J. Phys.
Chem. Solids (2001).

15.  E.F. Alberta and A.S. Bhalla, “Piezoelectric and Dielectric Properties of Transparent
Pb(Ni;/3Nby/3)1.xyZrTiyO3 Ceramics Prepared by Hot Isostatic Pressing,”
Submitted to Int’l. J. Inorg. Mat. (2001).

10.0 PAPERS APPEARING IN NON REFEREED PUBLICATIONS

1. M. Grissom, A. D. Belegundu, and G. H. Koopmann. 2000. Constructing Objective
Functions with Preference Curves Based on Practical Design Inputs: A Vibration
Reduction Application. NSF Grantees Conference, Vancouver, Canada

2. G. A. Lesieutre, G. H. Koopmann, E. M. Mockensturm, W. Chen, and J. Frank. April
2000. High Torque Piezoelectric Rotary Motors. International Center for
Actuators and Transducers (ICAT) Annual Workshop, State College, PA

3. E. M. Mockensturm, J. Jiang, G. H. Koopmann, and G. A. Lesieutre. April 2000.
Modeling and Simulation of a Resonant Bimorph Actuator Drive. U.S. Navy
Workshop on Acoustic Transduction Materials and Devices, State College, PA.

4. G. H. Koopmann, G. A. Lesieutre, J. E. Frank, W. Chen, and E. M. Mockensturm. April
2000. A High Torque Rotary Motor with a Resonant Bimorph Actuator Drive.
U.S. Navy Workshop on Acoustic Transduction Materials and Devices, State
College, PA.

5. G. H. Koopmann. June 2000. Optimal Acoustic Design for Structures: Methodology and
Applications. 15" Conference on the Research of Sound from Machinery,
Ritsumeikan University, Kusatsu, Japan.

6. G.H. Koopmann, J. E. Frank, G. A. Lesieutre, and W. Chen. July 2000. Development of a
High Torque Rotary Motor Driven by Piezoelectric Bimorphs. ICAT 2000,
Tokyo.

7. J. E. Frank, G. H. Koopmann, W. Chen, E. M. Mockensturm, and G. A. Lesieutre. March
2000. Design and Performance of a Resonant Roller Wedge Actuator. SPIE
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10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Smart Structures and Materials Conference: Smart Structures and Integrated
Systems, Newport Beach, CA.

G. H. Koopmann. June 2000. Optimal Acoustic Design for Structures: Methodology and
Applications. First International Workshop of the Department of Mechanical
Sciences and Engineering, Tokyo Institute of Technology.

Bernard, "Detailed Design of Actively-Tuned Flexural Piezoceramic Transducers," ONR
Transducer Meeting, Baltimore, MD, May 14-16, 2001.

Lesieutre, G.A., Koopmann, G.H., Frank, J.B., "Mechanical Diode Based, High-Torque
Piezoelectric Rotary Motor," AIAA Adaptive Structures Forum, Seattle, WA,

April, 2001.

Bemard, J.E., and Lesieutre, G.A., "The Use Of Actively-Tuned Low Frequency
Transducers For High Power Linear Chirp Transmission," Acoustical Society of
America meeting, November, 2000.

Bernard, J.E., and Lesieutre, G.A., "The Design Of Actively-Tuned Flexural
Piezoceramic Bar/Disk Transducers," Acoustical Society of America meeting,
December, 2000. (ASA Student Paper Award)

Bernard, J. and G.A. Lesieutre, "Design and Realization of Frequency Agile
Piezoceramic Transducers," proceedings of the AIAA/ASME/AHS Adaptive
Structures Forum, Atlanta, GA, April 3-6, 2000.

Bernard, J., and G.A. Lesieutre, "Design and Realization of Variable Frequency Flexural
Piezoceramic Transducers," proceedings of the SPIE Smart Structures and
Materials Conference: Smart Structures and Integrated Systems, Newport Beach,
CA, March 1-5, 2000.

Bernard, J. and Lesieutre, G.A., "Variable Frequency Flexural Piezoelectric Transducers
For High Power Linear Chirp Transmission," 11th ICAST, Nagoya, Japan,

October 23-26, 2000.

Bernard, J., and G.A. Lesieutre, "Frequency Agile Acoustic Transducers," at the U.S.

Navy Workshop on Acoustic Transduction Materials and Devices," State College,
PA, April 11-13, 2000.

Q. M. Zhang, Z. Y. Cheng, V. Bharti, T. B. Xu, H. S. Xu, T. Mia, S. Gross. Piezoelectric and
Electrostrictive Polymer Based Actuator Materials. Proc. of SPIE’s 7™ Ann.
International Symp. on Smart Struct. and Mater. Vol. 3987, 34-50 (Newport Beach, CA
2000)

Z.Y. Cheng, T. B. Xu, V. Bharti, and Q. M. Zhang. Characterization of Electrostrictive
P(VDF-TrFE) Copolymer Films for High-frequency and High-load Applications. Proc.
of SPIE’s 7" Ann. International Symp. on Smart Struct. and Mater. Vol. 3987,73-81
(Newport Beach, CA 2000).

Q. M. Zhang, Z. Y. Cheng, V. Bharti. Electrostrictive P(VDF-TrFE) Copolymers. Proc.
Materials Congress 2000, 113 (N Alford and E. Yeatman, ed., IOM Communications
Ltd, UK).

V. Bharti, Z. Y. Cheng, and Q. M. Zhang. Dielectric Relaxation and Weak Polarization
Response in Relaxor Ferroelectric P(VDF-TrFE) Copolymer. Proc. 12th IEEE
International Symp. Appl. Ferro. (Hawaii, Aug. 2000).

Y. Bai, V. Bharti, Z. Y. Cheng, H. S. Xu, and Q. M. Zhang. A New Ceramic-Polymer
Composite Using High Dielectric Constant Matrix. Proc. IEEE 12th International Symp.
Appl. Ferro. (Hawaii, Aug. 2000).
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22. Z.Y. Cheng, T. B. Xu, V. Bharti, S. Gross, T. Mai, Q. M. Zhang, T. Ramotowski, L. Ewart, and
R. Ting. Electrostrictive Effect and Load Capability in Electron Irradiated P(VDF-
TrFE) Copolymer. Proc. IEEE 12th International Symp. Appl. Ferro. (Hawaii, Aug.
2000).

23. Y. Lu, Y. barad, Z. Y. Cheng, S. E. Park, and Q. M. Zhang. Elasto-optical and Electro-optical
Studies of PZN-PT Single Crystals. Proc. IEEE 12th International Symp. Appl. Ferro.
(Hawaii, Aug. 2000).

24, YulLu, Z.-Y. Cheng, and Q. M. Zhang. Acousto-optic Properties of PZN-PT Single Crystals.
Proc. 2000 IEEE Ultrasonic Symp. 651-654 (Puerto Rica, Oct. 2000).

25. T. B. Xu, Z.-Y. Cheng, M. Tian, Yu Lu, and Q. M. Zhang. Electromechanical Coupling Factors
of Electrostrictive P(VDF-TrFE) Copolymer. Proc. 2000 IEEE Ultrasonic Symp. 997-
1000 (Puerto Rica, Oct. 2000).

11.0 INVITED PAPER PRESENTED AT NATIONAL AND INTERNATIONAL MEETINGS

1. L.E. Cross, “Phase switching perovskites for actuator applications”, SPIE 7" Annual
International Symposium on Smart Structures and Materials, March, Newport
Beach, CA.

2. L.E. Cross, P. Hana, “Progress in the Thermodynamic Phenomenology for the Lead Zinc
Niobate : Lead Titanate Solid Solution System”, (VIL.3), 2000 US Naval
Workshop on Acoustic Transduction Materials and Devices, April, State College,
PA.

3. L.E. Cross, “PNO38: Domain and phase change contributions to response in high strain
ferroelectric materials”, The 6™ International Symp. On Ferroic Domains and
Mesoscopic Structures (ISFD-6), May, Nanjing University.

4, L.E. Cross, “Overview of Active Materials”, Aero Smart 2000, Texas A&M University,
September, College Station, TX.

5. L.E. Cross, “Domain and Phase Change Contributions to Response in High Strain
Piezoelectric Actuators”, 3™ Asia Meeting on Ferroelectrics AMF3, December,
Hong, Kong,

6. R.E. Newnham, J. Zhang, A.C. Hladky-Hennion, W.J. Hughes, R.J. Meyers, and J.
Tressler “Cymbal Transducers and Arrays,” ONR meeting, Penn State University.

7. R.E. Newnham, J. Zhang, and R.J. Meyers, “Cymbal Transducers and Arrays,” ICAT

meeting, Penn State University.

R.E. Newnham, “ Crystal Chemistry of Rare-Earth Oxide,” CDS meeting, Penn State.

9. R.E. Newnham “Biomimetic Sensors and Actuators,” 102" Annual Meeting of the
American Ceramic Society, April, ST. Louis, MO.

10.  R.E. Newnham, “Symmetry and Antisymmetry in Electroceramics,” 102™ Annual
Meeting of the American Ceramic Society, April, ST. Louis, MO.

11. R.Yimnirun, R.J. Meyer, Jr., P.J. Moses, and R.E. Newnham, “Complete Determination
of Electrostriction Tensor Components of CaF, Single Crystal Using Single Beam
Interferometer,” 102" Annual Meeting of the American Ceramic Society, April,
ST. Louis, MO.

12. R.E. Newnham, “Structure-Property Relations in Smart Materials,” invited paper at the
10™ International Metallurgy and Materials Congress and Trade Fair, Turkey.

13.  R.E. Newnham, “Cymbal and BB Transducer Arrays,” Naval Underwater Warfare Center
(NUWC), Rhode Island.

@
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

R.E. Newnham, “Molecular Mechanisms in Smart Materials,” Mechanical Engineering
Dept. Seminar, Rice University, Houston, Texas

R.E. Newnham, “Molecular Mechanisms in Smart Materials,” Texas Center for
Superconductivity, Univ. of Houston, Houston, Texas

R.E. Newnham, "Symmetry and Antisymmetry in Ferroelectric Transducers,
Meeting on Ferroelectrics, Hong Kong, China

R.E. Newnham, “Molecular Mechanisms in Smart Materials,” Plenary Lecture at The
Sixth International Congress on Applied Mineralogy (ICAM), University of
Gottingen, Germany.

Craven,B.M. and R.E. Newnham, “The Crystal Structure of Ettringite Mineral,”
American Crystallographic Association Meeting, St. Paul, MN.

R.E. Newnham, “Cymbal Transducer: A Review,” International Symposium on
Applications of Ferroelectrics (ISAF°2000), Honolulu, Hawaii.

G. H. Koopmann, S. J. Sharp and P. Nelson. Nov. 2000. Power Absorbing Controllers
for Noise Reduction. The 2000 ASME International Mechanical Engineering
Congress and Exposition, Orlando, FL.

K. Chen and G. H. Koopmann.. Active Enhancement of Low-Frequency Sound
Transmission Loss Using Planer Sound Sources. The 2000 ASME International
Mechanical Engineering Congress and Exposition, Nov, Orlando, FL.

M. Grissom, A. D. Belegundu, A.D. and G. H. Koopmann. Constructing Objective
Functions with Preference Curves Based on Practical Design Inputs: A Vibration
Reduction Application. NSF Grantees Conference, Vancouver, Canada

Patricia Driesch, Gary Koopmann, and Ashok Belegundu. Acoustic control in enclosures
using optimally tuned absorbers. International Mechanical Engineering Congress
& Exposition, Nov, Orlando, FL, NCA 13B.

G. A. Lesieutre, G. H. Koopmann, E. M. Mockensturm, W. Chen, and J. E. Frank. 20-21,
High Torque Piezoelectric Rotary Motors. International Center for Actuators and
Transducers (ICAT) Annual Workshop, April, State College, PA.

E. M. Mockensturm, J. Jiang, G. H. Koopmann, and G. A. Lesieutre. Modeling and
Simulation of a Resonant Bimorph Actuator Drive. U.S. Navy Workshop on
Acoustic Transduction Materials and Devices, April, State College, PA.

G. H. Koopmann, G. A. Lesieutre, J. E. Frank, W. Chen, and E. M. Mockensturm. A
High Torque Rotary Motor with a Resonant Bimorph Actuator Drive, U.S. Navy
Workshop on Acoustic Transduction Materials and Devices, April State College,
PA.

G. H. Koopmann. Optimal Acoustic Design for Structures: Methodology and
Applications. 15™ Conference on the Research of Sound from Machinery,
Ritsumeikan University, June, Kusatsu, Japan.

G. H. Koopmann, J. E. Frank, G. A. Lesieutre, and W. Chen. Development of a High
Torque Rotary Motor Driven by Piezoelectric Bimorphs. ICAT 2000, July,
Tokyo.

J. E. Frank, G. H. Koopmann, W. Chen, E. M. Mockensturm, and G.A. Lesieutre. Design
and Performance of a Resonant Roller Wedge Actuator. SPIE Smart Structures
and Materials Conference: Smart Structures and Integrated Systems, March,
Newport Beach, CA.

" 3" Agian
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30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

G. H. Koopmann. 2000. Optimal Acoustic Design for Structures: Methodology and
Applications. First International Workshop of the Department of Mechanical
Sciences and Engineering, June, Tokyo Institute of Technology.

Newnham R.E. and L.E. Cross, “Symmetry and Antisymmetry in Electroceramics," The
Proceedings Volume of the FORUM 2000, International Academy of Ceramics,
Italy (2000).

S. Trolier-McKinstry, V. Bornand, J-H. Park, C. A. Randall, M. Ozgul, K. Takemura, T.
Yoshimura, and Z. Zhang, "Epitaxial and Oriented Relaxor Ferroelectric-PbTiOs
Films for Memory and Transducer Applications," invited presentation at First
Asian Conference on Crystal Growth and Crystal Technology, August 29-Sept. 1,
2000, Sendai, Japan

Uchino, K., “Loss Mechanisms in Piezoelectrics and Heat Generation,” Fundamental
Physics Workshop on Ferroelectrics, Aspen, Co, Feb. 13-19 (2000).

Uchino, K., “Crystal Orientation Dependence of Piezoelectricity in Perovskites and
Related Materials,” Fundamental Physics Workshop on F erroelectrics, Aspen, Co,
Feb. 13-19 (2000).

Uchino, K., J. H. Zheng, Y. H. Chen, X. H. Du and S. Hirose, “Heat Generation and Loss
Mechanisms in Multilayer Piezoelectric Actuators,” 102nd Annual Mtg. of Amer.
Ceram. Soc., Symp. Advances in Dielectric Mater. & Multilayer Electronic
Devices, A2-007-00, St. Louis, April 30 — May 3 (2000).

Uchino, K., “Recent Trend of Piezoelectric Actuator Developments —Material, Design
and Drive Technique Related Issues--,”” Proc. Actuator 2000 (7" Int’l Conf. New
Actuators, June 19-21, 2000), p.34-39 (2000).

Uchino, K., B. Koc and S. Dong, “Compact Piezoelectric Ultrasonic Motors,” Proc. 5™
Euroconf. Appl. Polar Dielectrics, O-1, Jurmala, Latvia, Aug. 27-30 (2000).
Uchino, K., P. Poosanaas and K. Tonooka, “Photostrictive Actuators—New Perspective-,”
Proc. 5" Euroconf, Appl. Polar Dielectrics, 0-43, Jurmala, Latvia, Aug. 27-30

(2000).

Uchino, K., X. Du, S. Kalpat and U. Belegundu, “High Electromechanical Coupling
Piezoelectrics - Crystal Orientation Dependence of Electromechanical Couplings
in Perovskite Crystals-,” Amer. Ceram. Soc. Electronics Division Mtg.,
Greenville, Oct. 9-11 (2000).

Uchino, K., Y. H. Chen, X. Du, J. Zheng, P. Ramakrishnan, S. Hirose and S. Takahashi,
“High Power Piezoelectric Measurement System,” Amer. Ceram. Soc. Electronics
Division Mtg., Greenville, Oct. 9-11 (2000)."

Uchino, K., B. Koc, P. Laoratanakul and A. Vazquez Carazo, “Piezoelectric
Transformers -New Perspective--,” 3™ Asian Mtg. Ferroelectrics, D1d.1, Hong
Kong, Dec. 12-15 (2000).

Uchino, K., “The Dawn of Piezoelectric Composites at MR1/Penn State: Some History,”
25™ Annual Int’l Conf. Advanced Ceramics & Composites, S3-001-01, Jan. 21-26
(2001).

Q. M. Zhang, Electroactive P(VDF-TrFE) Copolymer Based High Strain Actuators.
SPIE’s 7" International meeting on Smart Structures and Materials, March 6,
2000 (CA) (Invited)

Q. M. Zhang, Electrostrictive Polymers, Materials Congress 2000, UK (April 12)
(Invited).

28




45.

46.

47.

48.

49.
50.
51,
52.

53.

R. Y. Ting and Q. M. Zhang. New Electrostrictive P(VDF-TrFE) Copolymers for Large
Strain Actuation Application. The EOS/SPIE Symposium on Applied Photonics,
May 22, 2000 (Glasgow, UK) (Invited).

Q. M. Zhang, V. Bharti, Z. Y. Cheng, H. S. Xu, T. B. Xu, T. Ramatowski, L. Ewart, and
R. Ting. Electrosctrictive and Relaxor Ferroelectric Ferroelectric Behavior of
P(VDF-TrFE) Based Polymers — A Review. 12th IEEE International Symp. Appl.
Ferro. (Hawaii, Sept. 30-Aug. 3, 2000). (Invited)

Q. M. Zhang. Electrostriction and Relaxor Ferroelectric Behavior in Electron Irradiated
Polymers. 4™ Internat. Symp. Ionizing Radia. & Polym. (Gouvieux-Chantilly,
France, Sept. 25-27, 2000). (Invited)

Q. M. Zhang and Z.Y. Cheng. Recent Advances in Electromechanical and Electronic
Properties of P(VDF-TrFE) Based Ferroelectric Polymers. The Knowledge
Foundation’s International Conference on Novel Materials for Electronics
Miniaturization (San Francisco, CA, Nov. 2-3, 2000). (Invited)

W. Cao, "Computer Simulation of Domain Formation and Switching Process in
Ferroelectric Systems", The Six International Symposium on Ferroic Domains
and Mesoscopic Structures, Nanjing, China, May 29-June 2, 2000.

W. Cao, "Mesoscopic Symmetry and Material Properties of Multi-domain PZN-PT
Single Crystals", 12" IEEE International Symposium on the Applications of
Ferroelectrics (ISAF 2000) Honolulu, Hawaii, July 30-Augest 2, 2000.

W. Cao, "Fundamental Issues and Methods for Characterization of Transducer Materials
Over a Broad Frequency Range", Ultrasonic Transducer Engineering Conference,
State College, PA, August 2-4, 2000.

Ruyan Guo, "Electric Boundary Conditions on Thermal Strain Behavior of Relaxor
Single Crystals", Asia Meetings on Ferroelectrics (AMF-1II), Dec. 12-15, 2000,
Hong Kong, China (invited)

Ruyan Guo, "Effect of Electric Field on Oxide Ferroelectric Solid Solutions Near a
Morphotropic Phase Boundary", ACerS 102nd Annual Meeting, April 30-May 3,
2000, St. Louis, Missouri (invited)

12.0 INVITED PAPERS PRESENTED AT UNIVERSITY, INDUSTRY AND

GOVERNMENT LABORATORIES

L.E. Cross, “Frontiers in Materials Science Lecture” Materials Research Laboratory,
University of Pennsylvania, Philadelphia, PA, April

L.E. Cross, “High Strain Actuation Materials: Current Status and Future Prospects”,
Physics Colloquium, University of Nebraska, Lincoln Nebraska

R.E. Newnham, “Smart Composites for Sensors, Actuators, and Transducers,” Byron
Short Lecture, Mechanical Engineering Dept., University of Texas, Austin, TX.

R.E. Newnham, “ Materials Science and Engineering in the 21% Century : Scaling Up and
Scaling Down,” R.E. Newnham, “Molecular Mechanisms in Smart Materials,”
The Dow Chemical Company, Midland, Michigan.

R.E. Newnham, “Ceramic Engineering in the 21" Century,” Anadolu University, Turkey

R.E. Newnham, “Smart Materials,” The New World of Advanced Materials Workshop,
Dept. of Physics, Penn State University.

R.E. Newnham, “Composite Transducers,” Seminars at Acoustics Dept., ISEN, Catholic
University, Lille, France.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

13.0

S. Trolier-McKinstry, V. Bornand, J-H. Park, C. A. Randall, M. Ozgul, K. Takemura, T.
Yoshimura, and Z. Zhang, "Epitaxial and Oriented Relaxor Ferroelectric-PbTiOs
Films for Memory and Transducer Applications," invited presentation at Toshiba
Corporation, Sept. 1, 2000.

S. Trolier-McKinstry, V. Bornand, J-H. Park, C. A. Randall, M. Ozgul, K. Takemura, T.
Yoshimura, and Z. Zhang, "Epitaxial and Oriented Relaxor Ferroelectric-PbTiOs
Films for Memory and Transducer Applications,” invited presentation at Tokyo
Institute of Technology, Sept. 2, 2000.

S. Trolier-McKinstry, V. Bornand, J-H. Park, C. A. Randall, M. Ozgul, K. Takemura, T.
Yoshimura, and Z. Zhang, "Epitaxial and Oriented Relaxor Ferroelectric-PbTiOs
Films for Memory and Transducer Applications," seminar at Clemson University,
Oct. 6, 2000.

W. Cao, "Simulation Modeling of Microwave Devices Using FDTD method", Shandong
University, Jinan, China, June 9, 2000.

W. Cao, "Recent Progress in the Study of Ferroelectric Domains--Theory, Experiments
and simulations", City University of Hong Kong, July 5, 2000.

W. Cao, "Design and Fabrication of Medical Ultrasonic Transducers", Chinese
Untiversity of Hong Kong, July 6, 2000.

Cao, W. “Modeling in Materials”, Department of Mathematics, Colorado State
University, October 10, 2000.

W. Cao, “Smart Materials and Structures--The Basics and Applications”, Department
Physics, Indiana University of Pennsylvania, October 13, 2000.

Uchino, K., “Optimal Acoustic Design: The Tuning of the Liberty Bell”, Golden Key
Club, Yankton, S. Dakota, August 2000.

Uchino, K., “Emerging Technologies for Noise and Vibration Control”, Komatsu
Research Center, Kanagawa, Japan, June 2000.

Uchino, K., “Emerging Technologies for Noise and Vibration Control”, Tokyo Institute
of Technology Precision & Intelligence Lab (Seiken), Yokohama, Japan, June
2000.

Uchino, K., “Emerging Technologies for Noise and Vibration Control”, Komatsu
Industries, Osaka, Japan, July 2000.

Uchino, K., “Emerging Technologies for Noise and Vibration Control”, Northwestern
Polytechnical University, Xian, China, July 2000.

CONTRIBUTED PAPERS AT NATIONAL AND INTERNATIONAL MEETINGS

Chen, Y. H., D. Viehland and K. Uchino "Comparison of the Doping Effect in PMN-PT
and PSN-PT Based Ceramics," ONR Workshop on Acoustic Transduction
Materials and Devices, University Park, PA, April 11-13 (2000).

Chen, Y. H. and K. Uchino, “Development of PMN-PT and PZN-PT Based Ceramics for
High-Power Application,” 30th ICAT Smart Actuator Symposium, State College,
PA, April 20-21 (2000).

Chen, Y. H., S. Hirose, D. D. Viehland and K. Uchino "Heat Generation and Properties
of PZT under High Level Resonance Driving with Different Polings", 102th
Annual Mtg. Amer. Ceram. Soc., St. Louis, April 29 - May 3, D3P-006-00
(2000).
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ramakrishnan, P., Y. H. Chen and K. Uchino, "High Power Measuring System for Single
Crystals", 102th Annual Mtg. Amer. Ceram. Soc., St. Louis, April 29 - May 3,
D3P-007-00 (2000).

Du, X. H. and K. Uchino, "Determination of the Complex Elastic and Piezoelectric
Coefficients for Piezoelectric Materials" ONR Transducer Material and
Transducers Workshop, State College, PA, April 11-13 (2000).

Du, X. H. and K. Uchino, "Determination of the Piezoelectric Properties in Perovskite
Ferroelectrics", 30th ICAT Smart Actuator Symposium, State Collage, April 20-
21 (2000).

Uchino, K., J. Zheng and Y. H. Chen, “Heat Generation in Piezoelectrics,” ONR
Transducer Material and Transducers Workshop, State College, PA, April 11-13
(2000).

Zheng, J. and K. Uchino, "Hysteresis in Piezoelectrics", 30th ICAT Smart Actuator
Symp., State College, PA, April 20-21 (2000).

Laoratanakul, P., B. Koc and K. Uchino, “Disk-type Piezoelectric Transformers,” 30th
ICAT Smart Actuator Symp., State College, PA, April 20-21 (2000).

Dong, S., S. P. Lim, K. H. Lee, L. C. Lim and K. Uchino, “Compact Piezoelectric
Motor,” 30th ICAT Smart Actuator Symp., State College, PA, April 20-21
(2000).

Zheng, J., B. Sugg, and K. Uchino, " Energy Loss in Piezoelectrics", 102th Annual Mtg.
Amer. Ceram. Soc, St. Louis, April 29 - May 3, D3P-005-00 (2000).

Zhang, J. D., W. J. Hughes, R. J. Meyer Jr., K. Uchino and R. E. Newnham, “Cymbal
Array: A Broad Band Sound Projector,” 102th Annual Mtg. Amer. Ceram. Soc,
St. Louis, April 29 - May 3, D3-005-00 (2000).

Belegundu, U. and K. Uchino, “High Power Piezoelectric Characteristics of ).91 PZN-
0.09PT Single Crystals: Part I,” 102th Annual Mtg. Amer. Ceram. Soc, St. Louis,
April 29 - May 3, D3-018-00 (2000).

Gao, Y. K., B. Koc and K. Uchino, “Electromechanical Properties of Ce and Fe Doped
PbZrO;-PbTiOs-Pb(Mn;3Sby;3)O3 Ceramics,” 102th Annual Mtg. Amer. Ceram.
Soc, St. Louis, April 29 - May 3, D3P-004-00 (2000).

Gao, Y. K, B. Koc, K. Uchino and S. Takahashi, “PbZrO;-PbTiO3-Pb(Mn;3Sby3)0O3
Ceramics for Transformer Application,” 30th ICAT Smart Actuator Symp., State
College, PA, April 20-21 (2000).

Gao, Y. K., B. Koc, K. Uchino and S. Takahashi, “PbZrO;-PbTiO3-Pb(Mn,;;3Sb2;3)O;
Ceramics for Transformer Application,” ONR Transducer Material and
Transducers Workshop, State College, PA, April 11-13 (2000).

Kalpat, S. S., A. Akiba, H. Goto and K. Uchino, "Highly Textured PZT and BaTiO; Thin
Films for MEMS Devices", 102th Annual Mtg. Amer. Ceram. Soc., St. Louis,
April 29 - May 3, D3P-008-00 (2000).

Koc, B., J. F. Tressler and K. Uchino, “A Miniature Piezoelectric Rotary Motor Using
Two Orthogonal Bending Modes of a Hollow Cylinder,” 7% Int’l Conf. New
Actuators, Bremen, Germany, June 19-21 (2000).

Laoratanakul, P., A. Vazquez Carazo and K. Uchino, “Piezoelectric Transformers
Operating in the Transverse Extensional Vibration Mode,” 55" Annual Forum of
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1. INTRODUCTION

The word "electrostriction" is used in a general sense to describe electric-field induced
strain, and hence frequently also implies the "éonverse piezoelectric effect.” However, in
solid state theory, the converse piezoelectric effect is defined as a primary electromechanical
coupling effect, i. e. the strain is proportional to the applied electric field, while the
electrostriction is a secondary coupling in which the strain is proportional to the square of
the electric field. Thus, strictly speaking, they should be distinguished. However, the
piezoelectricity of a ferroelectric which has a centro-symmetric prototype (high temperature)
phase is considered to originate from the electrostrictive interaction, and hence the two

effects are related.

In this section, first the origin of piezoelectricity and electrostriction are explained
microscopically and phenomenologically. Then, electrostrictive materials are described in

details, and ﬁnally their applications are introduced.
2. MICROSCOPIC ORIGINS OF ELECTROSTRICTION

Solids, especially ceramics (inorganic materials), are relatively hard mechanically, but still
expand or contract depending on the change of the state parameters. The strain (defined as

the displacement AL/ initial length L) caused by temperature change and stress are known
as thermal expansion and elastic deformation. In insulating materials, the application of an

electric field can also cause deformation. This is called electric field induced strain.

Why a strain is inducedvby an electric field is explained herewith. For simplicity let us

consider an ionic crystal such as NaCl. Figures 1(a) and 1(b) show a one-dimensional




rigid-ion spring model of the crystal lattice. The springs represent equivalently the
cohesive force resulting from the electrostatic Coulomb energy and the quantum mechanical
repulsive energy. Figure 1(b) shows the centrosymmetric case, whereas Fig. 1(a) shows
the more general non-centrosymmetric case. In (b), the springs joining the ions are all the
same, whereas in (a), the springs joining the ions are different for the longer or shorter
ionic distance, in other words, hard and soft springs existing alternately are important.
Next consider the state of the crystal lattice (a) under an applied electric field. The cations
are drawn in the direction of the electric field and the anions in the opposite direction,
leading to the relative change in the inter-ionic distance. Depending on the direction of the
electric field, the soft spring expands or contracts more than the contraction or expansion of
the hard spring, causing a strain x (i. e. unit cell length change) in proportion to the eleétric

field E. This is the converse piezoelectric effect. When expressed as
x=dE, : (1)
the proportionality constant d is called the piezoelectric constant.

On the other hand, in Fig. 1(b), the amounts of extension and contraction of the spring are
nearly the same, and the distance between the two cations (i. €. lattice parameter) remains
almost the same, hence, there is no strain. However, more precisely, ions are not
connected by such idealized springs (those are called harmonic springs, in which (force F)
= (spring constant k) X (displacement A) holds). In most cases, the springs possess
anharmonicity (F = k1A - k2A2), i. e. they are somewhat easy to extend, but hard to
contract. Such subtle differences in the displacement causes a change in the lattice

parameter, producing a strain which is independent of the direction of the applied electric




field, and hence is an even-function of the electric field. This is called the electrostrictive

effect, and can be expressed as
x=MEZ, 2
where M is the electrostrictive constant.
Fig. 1
3. PHENOMENOLOGY OF ELECTROSTRICTION

3.1 Devonshire Theory

In a ferroelectric whose prototype phase (high temperature paraelectric phase) is
centrosymmetric and non-piezoelectric, the piezoelectric coupling term PX is omitted and
only the electrostrictive .coupling term P2X is introduced into the phenomenology (P and X
are the spontaneous polarization and -stress). This is almost accepted for discussing
practical electrostrictive materials with a perovskite structure. The theories for
electrostriction in ferroelectrics were formulated in the 1950's by Devonshire and Kay. Let

us assume that the elastic Gibbs energy should be expanded in a one-dimensional form:

G1(P,X,T) = (1/2)0. P2 + (1/4)B P4 + (1/6)y PO
-(1/2)s X2-QP2X, A3)

o.= (T -Tg)eo C, 4




where P, X, T are polarization, stress and temperature, respectively, and s and Q are called
the elastic comliance and the electrostrictive coefficient. This leads to Egs. (5) and (6) for

the electric field E and strain x:
E=(G]/P)=aP+BP3+yP>-2QPX (5)
x=-(G1/X)=sX + QP2 : (6)

31.1Case : X=0

When an external is zero, the following equations are derived:

E=aP+BP3+yP>5 )
x = QP2 (8)
lVege=a+3BP2+5yP4 9)

If the external electric field is equal to zero (E = 0), two different states are derived;

P =0 and P2= ( p2- 4ay- B)/2y.
(i) Paraclectric phase: P§ = 0 or P =0 ¢ E (under small E)
Permittivity: €= C/AT - Tg) (Curie-Weiss law) (10)

Electrostriction: x=Q 802€2E2 : 1




Therefore, the previously mentioned electrostrictive coefficient M in Eq. (2) is related to the

electrostrictive Q coefficient through

M = Q g02¢2 (12)
Note that the electrostrictive M coefficient has a large temperature dependence like o

1/(T - To)2, supposing that Q is almost constant.

(ii) Ferroelectric phase: Ps2=( B2- 4ay- B)/2y or P = Ps + £0€ E (under small E)

x = Q(PS + 0 € E)2 = QPs2 + 2 g0 & QPSE + Q £02e2E2 (13)
Spontaneous strain: xS = QPs2 (14)
Piezoelectric constant; d=2¢peQPS (15)

Thus we can understand that piezoelectricity in a perovskite crystal is equivalent to the

electrostrictive phenomenon biased by the spontaneous polarization.

312Case I: X #0
When a hydrostatic pressure p (X = -p) is applied, the inverse permittivity is changed in

proportion to p:

l/ege=a+3BP2+5yP4+2Qp (Ferroelectric state)
o +2Qp = (T - To + 2QeQCp)/(e0C)  (Paraelectric state)  (16)




Therefore, the pressure dependence of the Curie-Weiss temperature TQ or the transition

temperature TC is derived as follows:
(To/p) =(Tc/p) =-2QeoC a7

In general, the ferroelectric Curie temperature is decreased with increasing hydrostatic

pressure (i. e. Qh > 0).

3.2 Converse Effects of Electrostriction

So far we have discussed the electric field induced strains, i. e. piezoelectric strain
(converse piezoelectric effect, x = d E) and electrostriction (electrostrictive effect, x =M
E2). Let us consider here the converse effect, i. e. the respdnse to the external stress,
which is applicable to sensors. The direct piezoelectric effect is the "increase of the

" spontaneous polarization by an external stress," and expressed as

dx. (18)

:

On the contrary, since the electrostrictive material does not have the spontaneous

polarization, it does not exhibit any charge under stress, but change the permittivity (see

Eq. (16)):
A(l/eg €) =2QX (19
This is the converse electrostrictive effect.

3.3 Temperature Dependence of Electrostrictive Coefficient




Several expressions for the electrostrictive coefficient Q have been given so far. From the
data obtained by indebendent experimental methods such as
1) electric-field induced strain in the paraelectric phase,
2) spontaneous polarization and spontaneous strain (x-ray
diffraction) in the ferroelectric phase,
3) d constants from the field induced strain in the ferroelectric phase
or from the piezoelectric resonance,
4) pressure dependence of permittivity in the paraelectric phase,
nearly equal values of Q were obtained. Figure 2 shows the temperature dependence of the
electrostrictive coefficients Q33 and Q3] of the complex perovskite Pb(Mg1/3Nb2/3)03,
whose Curie temperature is near 0°C. It is seen that there is no significant anomaly in the
electrostrictive coefficient Q through the temperature range from a paraelectric to a

ferroelectric phase, in which the piezoelectricity appears. Q is almost temperature

independent.
Fig. 2
4. ELECTROSTRICTION IN OXIDE PEROVSKITES

4.1 Perovskites and Complex Perovskites

- Among the practical piezoelectric/electrostrictive materials, many have the perovskite type
crystal structure ABO3. This is because many such materials undergo a phase transition on
cooling from a high-symmetry high temperature phase (cubic paraelectric phase) to a non-
centrosymmetric ferroelectric phase. Materials with a high ferroelectric transition
temperature (Curie temperature) show piezoelectricity at room temperature, whereas those

with a transition temperature near or below room temperature exhibit the electrostrictive




effect. For the latter, at a temperature right above the Curie temperature, the electrostriction
is extraordinarily large because of the large anharmonicity of the ionic potential. Besides,
simple compounds such as barium-titanate (BaTiO3) and lead zirconate (PbZrO3), solid
solutions such as A(B,B")O3, and complex perovskites such as A2+B3+1/HB'5+1/7)03
and A2+(B2+1/3 B'3+7/3)03 can be easily formed; such flexibility is important in
materials design. Figure 3 shows the crystal structures of the above-mentioned complex
perovskites with B-site ordering. When B and B' ions are randomly distributed the

structure becomes a simple perovskite.

Fig. 3

4.2 Electrostrictive Effect' in Simple Perovskites
Yamada has summarized the electromechanical coupling constants of not only perovskite

_ type oxides but also tungsten bronze and LiNbO3 types, which contain oxygen octahedra.

Following the DiDomenico-Wemple treatment for the electrooptic effect, by expressing the

electrostrictive tensor Qjjk] of LINbO3 with a trigonal symmetry 3m in a coordinate system
based on the 4-fold axis of the oxygen octadedron, and making a correction for the packing

density & by
QPijk1 =£2 Qijkl, Q0

Yamada obtained the electrostrictive coefficient QP normalized to a perovskite unit cell. It
could be concluded that the electrostrictive coefficients QP's of the simple perovskite type

oxides with one kind of B ion have nearly equal values. The average values are:




QP11 = 0.10m%C2
QP12 =-0.034 m4C-2 1)
QP44 = |

0.029 m4C-2

4.3 Electrostrictive Effect in Complex Perovskites

Uchino et al. extended these investigations to complex perovskite type oxides to obtain the
electrostrictive coefficient Qp and Curie-Weiss constant C. The résults are summarized in
Table 1. It is important to note that the magnitude of the electrostrictive coefficient does not
depend on the polar state whether it is ferroelectric, antiferroelectric or paraelectric, but
strongly depends on the crystal structure such as whethér the two kinds of B and B' ions
are randomly distributed in the octahedron or ordered like B - B' - B - B' (1:1 ordering).
The electrostrictive coefficient Q increases with increasing degree of cation order and
follows the sequence disordered, partially ordered, simple, and finally ordered type
perovskites. For the polar materials, their Curie-Weiss constants are also listed in Table 1,
Showirig a completely opposite trend to the Qp values. It was consequently found that the
invariant for the complex perovskite type oxides is not Q itself, but the product of the

electrostrictive coefficient and the Curie-Weiss constant (Uchino's constant):
QnC = 3.1 (+04) x 103 m4C2K (22)
Table 1

This "QC constant rule" can be understood intuitively, if we accept the assumption that the

material whose dielectric constant changes easily with pressure, also exhibits a large change




of the dielectric constant with temperature, i. e. the proportionality between the following

two definitions:

Qn = [ (1/e)/ pl2 g0, : (23)
1/C=[(1/e)/ T]. (24)

Another intuitive crystallographic "rattling ion" model, has also been proposed. Figures

4(a) and 4(b) illustrate two models of A(B11/2B111/2)O3 perovskite, one being ordered and
the other disordered. If the rigid ion model is assumed, in the disordered lattice, the larger
By ions locally prop open the lattice, and there is some "rattling" space around the smaller
By1 ion. On the contrary, in the ordered lattice, the larger neighboring ions eliminate the
excess space around the BjJ ion, and the structure becomes close-packed. The close

packing in an ordered arrangement as shown in Fig. 4(a) has been confirmed by Amin et

al. in 0.9Pb(Mg1/2W1/2)03-0.1Pb(Mg1/3Nb2/3)03.

When an electric field is applied to the disordered perovskite, the B]J ions with a large
"rattling space" can shift easily without distorting the oxygen octahedron. Thus, large
polarizations per unit electric field, in other words, large dielectric constants, Curie-Weiss

constants can be exbected (recall that € = C/T - Tg)). Strain per unit polarization, i. e.
electrostrictive Q coefficients are also expected to be small. In the case of the ordered
arrangement, neither BT nor BjJ ions can shift without diétorting the oxygen octahedron.
Hence, small I;olarizations, dielectric constants and Curie-Weiss constants, and large

electrostrictive Q coefficients can be expected.

Fig. 4
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Here, we summarize the empirical rules for the electrostrictive effect of perovskite-type

oxides.

Jum—y

The value of the électrostrictive coefficient Q (defined as x=Q P2) does not depend
on whether the material is ferroelectric, antiferroelectric or non-polar, but is affected
greatly By the degree of ordering of the cation arrangement. The Q value increases
in the sequence. from disordered, partially ordered, then simple, and finally to
ordered perovskite crystals.

In perovskite solid solutions with a disordered cation arrangement, the
electrostrictive coefficient Q decreases with increasing phase transition diffuseness,
or with increasing dielectric relaxation.

The product of the electrostrictive coefficient Q and the Curie-Weiss constant C is

‘about the same for all perovskite crystals (Qh-C = 3.1 x 103 m#C-2K).

The electrostrictive coefficient Q is nearly proportional to the square of the thermal

expansion coefficient q.

These empirical rules lead to the following important result. Since the figure of merit of

electrostriction under a certain electric field is given by Qe2 (: dielectric constant) or Q C2

(excluding the temperature dependence), and the product QC is constant, it is more

advantageous to use the disordered perovskite ferroelectrics (relaxor ferroelectrics) which

have a large Curie-Weiss constant C and hence a small electrostrictive coefficient Q than the

normal ferroelectrics (Pb(Zr,Ti)O3, BaTiO3 based ceramics etc.).

4.4 Electrostrictive Materials

12




Electrostrictive materials do not, in principle, exhibit the domain-related problems observed
in piezoelectrics. A common practical ceramic system is the Pb(Mg1/3Nb2/3)O3 based
compound. So-called relaxor ferroelectrics such as Pb(Mgj/3Nbp/3)03 and
Pb(Znj/3Nby/3)03 have been developed also for very compact chip capacitors. The

reasons why these complex perovskites have been investigated intensively for applications
are 1) their very high polarization and permittivity, and 2)temperature-insensitive
characteristics (i.e. diffuse phase transition) in comparison with the normal perovskite solid

solutions.

The phase transition diffuseness in the relaxor ferroelectrics has not been satisfactorily
clarified as yet. We introduce here a widely accepted "microscopic coxhposition
ﬂﬁctuation" model applicable even in a macroscopically disordered structure. Considering
the Kanzig region (the minimum size region in order to cause a cooperative phenomenon,
ferroelectricity) to be in the range of 100 - 1000 A, the disordered perovskite such as
Pb(Mg1/3Nbp/3)03 reveals a local fluctuation in the distribution of Mg2+ and Nb3+ ions
in the B sites of the perovskite cell. Figure 5 shows a computer sirﬁulation of the
composition fluctuation in the A(By1/2B111/2)03-type crystal calculated for various degrees
of short-range ionic ordering. The fluctuation of the By/Byq fraction x obeys a Gaussian
* error distribution, which may cause Curie femperature fluctuation. H. B. Krause reported
the existence of short-range ionic ordering in Pb(Mg1/3Nby/3)O3 by electron microscopy.
The high resolution image revealed somewhat ordered (ion-ordered) islands in the range of

20 - 50 A, each of which might have a slightly different transition temperattire.

Fig. 5
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Another significant characteristic of these "relaxor" ferroelectrics is dielectric relaxation
(frequency dependence of permittivity) from which their name is originated. The
temperature dependence of the permittivity in Pb(Mg1/3Nby/3)03 is plotted in Fig. 6 for
various measuring frequencies. With increasing measuring frequency, the permittivity in
the low-temperature (ferroelectric) phase decreases and the peak temperature near 0°C
shifts towards higher temperature; this is contrasted with the normal ferroelectrics such as
BaTiO3 where the peak temperature hardly changes with the frequency. The origin of this
effect has been partly clarified in Pb(Zn1/3Nb3/3)03 single crystals. Figufes 7(a) and 7(b)
show the dielectric constant and loss versus temperature for an unpoled and a poled PZN
sample, respectively. The dorﬁain configurations are also inserted. The macroscopic
domains were not observed in an unpoled sample even at room temperature, only in which
state large dielectric relaxation and loss were observed below the Curie temperature range.
Once the macrodomains were induced by an external electﬁc field, the dielectric dispersion
disappeared and the loss became very small (i. . dielectric behavior became rather normal!)
below 1000C. Therefore, the dielectric relaxation is attributed to the microdomains

generated in this material.

Fig. 6
Fig. 7

Thus, thé PMN is easily electrically-poled when an electric field is applied around the
transition temperaure, and depoled completely without any remanent polarization because
the domain is separated into micro-domains when the field is removed. This provides
extraordinarily large apparent electrostriction, though it is a secondary phenomenon related
to the electromechanical coupling (x = ME2)'. If the phase transition temperature can be

raised near room temperature, superior characteristics can be expected.
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Figure 8(a) shows the longitudinal induced strain curve at room temperature in such a
designed material 0.9PMN-0.1PbTiO3. Notice that the magnitude of the electrostriction
(10'3) is about the same as that of a piezoelectric PLZT under unipolar drive as in Fig.

8(b). An attractive feature of this material is the near absence of hysteresis.

Other electrostrictive materials include (Pb,Ba)(Zr,Ti)O3 and the PLZT systems. In order
to obtain large (apparent) electrostriction, it is essential to generate ferroelectric
microdomains (several 100 A). It may be necessary to dope ions with a different valence
or an jonic radius, or to create vacancies so as to introduce the spatial microscopic

inhomogeneity in the composition.
Fig. 8

Here, the characteristics of piezoelectric and electrostrictive ceramics are compared and

summarized from a practical viewpoint:

1. Electrostrictive strain is about the same in magnitude as the piezoelectric (unipolar)

strain (0.1 %). Moreover, almost no hysteresis is an attractive feature.

2. Piezoelectric materials require an electrical poling process, which leads to a
significant aging effect due to the depoling. Electrostrictive materials do not need
such pretreatment, but, require a proper DC bias field in some applications because
of the non-linear behavior.

3. Compared with piezoelectrics, electrostrictive ceramics do not deteriorate easily
under severe operation conditions such as high temperature storage and large

m_echanical load.
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4.  Piezoelectrics are superior to electrostrictors, with regard to temperature
characteristics.
5. Piezoelectrics have smaller dielectric constants than electrostrictors, and thus show

faster response.
5. APPLICATIONS OF ELECTROSTRICTIONS

5.1 Classification of Ceramic Actuators

Piezoelectric and electrostrictive actuators may be classified into two categories, based on

the type of driving voltage applied to the device and the nature of the strain induced by the

voltage: (1) rigid displacement devices for which the strain is induced unidirectionally along

an applied dc field, and (2) resonating displacement devices for which the alternating strain

is excited by an ac field at the mechanical resonance frequency (ultrasonic motors). The

first category can be further divided into two types: servo displacement transducers -
(positioners) controlled by a feedback system through a position-detection signal, and

pulse-drive motors operated in a simple on/off Switching mode, exemplified by dot-matrix

printers. Figure 9 shows the classification of ceramic actuators with respect to the drive

voltage and induced displacement.
Fig. 9

The AC resonant displacement is not directly proportional to the applied voltage, but is,
instead, dependent on adjustment of the drive frequency. Although the positioning
accuracy is not as high as that of the rigid displacement devices, very_high speed motion
due to the high frequency is an attractive feature of the ultrasonic motors. Servo

displacement transducers, which use feedback voltage superimposed on the DC bias, are
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used as positioners for optical and precision machinery systems. In contrast, a pulse drive
motor generates only on / off strains, suitable for the impact elements of dot-matrix or ink-

jet printers.

The materials requirements for these classes of devices are somewhat different, and certain
compounds will be better suited for particular applications. The ultrasonic motor, for
instance, requires a very hard piezoelectric with a. high mechanical quality factor Q, in order
to minimize heat generation. The servo-displacement transducer suffers most from strain
hysteresis and, therefore, a PMN electrostrictor is preferred for this application. Notice
that even in a feedback system the hysteresis results in a much lower response speed. The
pulse-drive motor requires a low permittivity material aiming at quick response with a
ﬁmited power supply rather than a small hysteresis, so that soft PZT piezoelectrics are

preferred to the high-permittivity PMN for this application.

5.2 Deformable Mirrors

Precise wave front control with as small a number of parameters as possible and compact
construction is a common and basic requirement fqr adaptive optical systems. For
exé.mple, continuous surface deformable mirrors may be more desirable than segmented

mirrors from the viewpoint of precision.

5.2.1 Multimorph T' Ype Deformable Mirror

Sato et al. proposed a multimorph deformable mirror, simply operated by a micro-
computer. In the case of a 2-D multimorph deflector, the mirror Surface can be deformed
by changing the applied voltage distribution and the electrode pattern on each electroactive

ceramic layer.
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The mirror surface contour is occasionally represented by Zernike aberration polynomials

in optics. An arbitrary surface contour modulation g(x,y) can be expanded as follows:

gx.y) = Cr (x2 +y2)
+Celx 32 +y2) + C2 y (x2 + y2) 4 voo . . (25)

Notice that the Zernike polynomials are orthogonal to each other, i. . can be completely
controlled independent of each other. The Cr and Cp terms are called refocusing and coma
aberration, respectively. The aberration, up to the second order, can provide a clear image
apparently to the human; this is analogous to the eye examination. The optometrist checks

the degree of your lens, initially, then the astigmatism is corrected; no further correction

will be made for the human glasses.

As examples, let us consider the cases of refocusing and coma aberration. Uniform whole
area electrodes can provide a parabolic (or spherical) deformation. In the case of the coma
aberration, the pattern obtained is shown in Fig. 10, which consists of only six divisions

and has the fixed ratio of supply voltages.

The deflection measurement of the deformable mirror was carried out using’ the
interferometric system with a hologram. The introduction of a hologram is to cancel the
initial deformation of the deformable mirror. Typical experimental results are summarized
in Fig. 11, where the three experimentally obtained interferograms of refocusing
aberration, coma aberration, and a combination of the two are compared with the
corresponding ideal ones. Good agreement is seen in each case. These results demonstrate

the validity of the superposition of deformations and the appropriateness of the method of
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producing the electrode patterns. It was also observed that the deformable mirror responds

linearly up to 500 Hz for sinusoidal input voltages.

Figure 12 shows the fringe patterns observed for several applied voltages for the
conventional PZT piezoelectric and PMN electrostrictive deformable mirrors. It is worth
noting that for a PZT device a distinct hysteresis is observed optically on a cycle with rising

and falling electric fields; but no discernible hysteresis is observed for the PMN device.

Fig. 10
Fig. 11
Fig. 12

5.2.2 Hubble Space Telescope

Fanson and Ealey have developed a space qualified active mirror called Articulating Fold
Mirror. Three Articulating Fold Mirrors are incorporated into the optical train of the Jet
Propulsion Laboratory's Wide Field and Planetary Camera-2, which was installed into the
Hubble Space Telescope in 1993. As shown in Fig. 13, each Articulating Fold Mirror
utilizes six PMN electrostrictive multilayer actuators to precisely position a mirror in tip and

tilt in order to correct the refocusing aberration of the Hubble Telescope's primary mirror.
Fig. 13

Figure 14 shows the images of the core of M100, a spiral galaxy in the Virgo cluster,
before and after the correction of the refocusing aberration. Both contrast and limiting
magnitude have been greatly improved, reStoring Hubble to its originally specified

performance.
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Fig. 14

5.3 Oil-Pressure Servo Valves

For oil pressure servo systems, an electric-oil pressure combination (electrohydraulic) is

~ mecessary in order to obtain large power and quick response. Quicker response has been

requested for this electrohydraulic system, and the present target is 1 kHz, which is
categorized in an "impossible" range using the conventional actuation. Ikabe et al.
simplified the valve structure by using a piézoelectric PZT flapper. However, since pulse
width modulation was employed for controlling the device to eliminate PZT hysteresis, the
flapper was always vibrated by a carrier wave, and the servo valve exhibited essential
problerr_Ls in high frequency response and in durability. To overcome this problem, Ohuchi
et al. utilized an electrostrictive PMN bimorph for the flapper instead of a piezoelectric

bimorph.

5.3.1 Construction of Oil-Pressure Servo Valves
Figure 15 is a schematic drawing of the construction of a two-stage four-way valve, the
first stage of which is operated by a PMN electrostrictive flapper. The second stage spool

is 4 mm in diameter, which is the smallest spool with a nominal flow rate of 6 liter/min.

An electrostrictive material 0.45 PMN - 0.36 PT - 0.19 BZN was utilized because of its
large displacement and small hysteresis. A flapper was fabricated using a multimorph
structure, in which two PMN thin plates were bonded on each side of a phospher bronze
shim (Fig. 16). The multimorph structure increases the tip displacement, generative force
and response speed. The top and bottom electrodes and the metal shim were taken as

ground, and a high voltage was applied on the electrode between the two PMN plates. The
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tip deflection showed a quadratic curve for the applied voltage because of the
electrostriction. Thus, in order to obtain a linear relation, a push-pull driving method was
adopted, which is demonstrated in Fig. 17. Notice that the displacément hysteresis in the
PMN ceramic is much smaller than in the PZT piezoelectric. The resonance frequency of

this flapper in oil was about 2 kHz.

Fig. 15
Fig. 16
Fig. 17

Since the conventional force feedback method has a structure connecting the flapper tip and
the spool with a spring, limiting the responsivity, Ohuchi et al. has utilized an electric
feedback method. The feedback mechanism using an electric position signal corresponding
to the spool position, has various merits such as easy change in feedback gain and
availability of speed feedback. A compact differential transformer (50 kHz excitation) was

employed to detect the spool position.

5.3.2 Operating Characteristics of the Oil-Pressure Servo Valve

Figure 18 shows a static characteristic of the spool displacement for a reference input. The
slight hysteresis and nonlinearity observed in Fig. 17 was éompletely eliminated in Fig. 18
through the feedback mechanism. Figure 19 shows a dynamic characteristic of the spool
displacement. The O dB gain was adjusted at 10 Hz. The gain curve showed a slight peak
at 1800 Hz and the 900 retardation frequency was about 1200 Hz. The maximum spool

displacement at 1 kHz was + 0.03 mm, which results in the quickest servo valve at present.

Fig. 18
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Fig. 19
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TABLE AND FIGURE CAPTIONS

Table 1 Electrostrictive coefficient Qn and Curie-Weiss constant C for various perovskite

crystals.

Fig.1 Microscopic explanation of the piezostriction and electrostriction.

Fig. 2 Témperature dependence of the electrostrictive constants Q33 and Qj3 in
Pb(Mg1/3Nb2/3)03.

Fig.3 Complex perovskite structures with various B ion arrangements: () simple, (b)
1:1 ordered and (c) ordered.

Fig. 4 "Ion rattling” crystal model of A(B] 1/2 BII 1/2)03. (a) ordered and (b)
disordered arrangement of B] and By. ‘ ‘

Fig. 5 Computer simulation of the composition fluctuation in the A(B1 1/2 BII 1/2)03

type calculated for various degree of the ionic ordering (Kanzig region size 4 x 4).
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Fig. 6 Temperature dependence of the permittivity in Pb(Mg1/3Nb2/3)O3 for various
frequencies (kHz): (1) 0.4, (2) 1, (3) 45, (4) 450, (5) 1500, (6) 4500.

Fig. 7 Dielectric constant vs. temperature for a depoled (a) and a poled
Pb(Zn1/3Nby/3)03 single crystal (b) measured along the <111> axis.

Fig. 8 Field induced strain curve in an electrostrictor 0.9 Pb(Mg1/3Nb2/3)03 - 0.1
PbTiO3 (a) and in a piezoelectric PLZT 7/62/38 (b) at room temperature.

Fig.9 Classification of piezoelectric/electrostrictive actuators.

Fig. 10 2D multimorph deformable mirror with refocussing and coma aberration
functions.

Fig. 11 Interferograms showing deformation by the multilayer deformable mirror.

Fig. 12 Comparison of the function between the PZT and PMN deformable mirrors.
Fig. 13 Articulating fold mirror using PMN actuators.

Fig. 14 M100 galaxy comparison. (a) Prior to activation, and (b) after activation of the
PMN.

Fig. 15 Construction of the oil pressure servo valve.

Fig. 16 Multimorph electrostrictive falpper.

Fig. 17 Push-pull drive characteristics of the electrostrictive flapper.

Fig. 18 Static characteristics of the servo valve.

Fig. 19 Normalized frequency characteristics of the serve valve.
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a.) A depoled 100%PZN single crystal measured on the <111>.
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Introduction

Smart Material

Let us start from the "smartness" of the material. Table 1 lists the various effects relating
the input - electric field, magnetic field, stress, heat and light with the output -
charge/current, magnetization, strain, temperaiure and light. The conducting and elastic
materials, which generate current and strain outputs, respectively, for the input, voltage or
stress (well-known phenomena!), are sometimes called "trivial” materials. On the contrary,
the pyroelectric and piezoelectric, which generate an electric field for the input of heat or
stress (unexpected phenomena!), are called "smart” materials. These off-diagonal
couplings have a corresponding converse effect such as electrocaloric and converse-
piezoelectric effects, and both "sensing” and "actuating” functions can be realized in the
same materials. "Intelligent” materials should possess a "drive/control" or "processing"

function which is adaptive to the environmental condition change, in addition to the

- actuation and sensing functions. You can notice that the ferroelectric materials exhibit most

of these effects except the magnetic-related phenomena. Thus, the ferroelectrics are said to

be very "smart" materials.

The "actuator” in a narrow meaning stands for materials or devices which generate
mechanical strain (or stress) output. As indicated by a solid columnar border in Table 1,
solid state actuators utilize converse piezoelectric, magnetostriction, elasticity, thermal
expansion or photostriction phenomena. Shape memory alloy is a kind of thermal
expansion material. On the other hand, the "sensor" requires charge/current output in most
cases. Thus, conducting/semiconducting, magneto-electric, piezoelectric, pyroelectric, and
photovoltaic materials are used for detecting electric field, magnetic field, stress, heat, and

light, respectively (see a dashed columnar border in Table 1).




From this sense, piezoelectric materials are most popularly used in smart structures and
systems, because the same material is applicable for both sensors and actuators, in
principle. We treat with piezoelectric transducers, sensors and actuators mainly in this
chapter. Even though "transducers", in general, stand for devices which can convert an
input energy to a different energy type output, the piezoelectric "transducer” is often used to
express the device which possesses both sensing and actuating functions, exemplied by an

underwater sonar.

Piezoelectric Effect

Certain materials produce electric charges on their surfaces as a conscquéncc of applying
mechanical stress. When the induced charge is proportional to the mechanical stress, it is
called direct piezoelectric effect, and was discovered by J. and P. Curie in 1880. Materials
showing this phenomenon also conversely have a geometric strain generation proportional
to an applied electric field. This is the converse piezoelectric effect. The root of the word
“piezo” came from “pressure”’; hence the original meaning of the word piezoelectricity

implied “pressure electricity”. (1)(2)

Piezoelectric materials provide coupling between electrical and mechanical parameters. The
material used earliest for its piezoelectric properties was single-crystal quartz. Quartz
crystal resonators for frequency control appear today at the heart of clocks and are also
used in TVs, computers etc. Ferroelectric polycrystalline ceramics such as barium titanate
and lead zirconate titanate exhibit piezoelectricity when electrically poled. Since these
ceramics possess significant and stable piezoelectric effects, i.e. high electromechanical
coupling, they are capable of producing large strains / forces and hence are extensively
used as transducers. Piezoelectric polymers, notably polyvinyliden difluoride and its
copolymers with trifluoroethylene and piezoelectric composites combining a piezoelectric

ceramic with a passive polymer have been developed which offer a high potential.




Recently, thin films of piezoelectric materials are being paid attention due to their potential
utilization in micro-devices (sensors and MEMSs). Piezoelectricity is being extensively
utilized in the fabrication of various devices such as transducers, sensors, actuators,

surface acoustic wave devices, frequency control and so on.

We describe the fundamentals of piezoelectric effect firstly, then brief history of
piezoelectricity, followed by present day piezoelectric materials that are used, and finally

various potential applications of piezoelectric materials are presented.

Piezoelectricity

Relationship between Crystal Symmetry and Properties

All crystals can be classified into 32 point groups according to their crystailographic
symmetry. These point groups are divided into two classes; one has a center of symmetry
and another lacks it. There are 21 non-centrosymmetric point groups. Crystals belonging
20 of thesé point groups exhibits piezoelectricity. The cubic class 432, although lacking a
center of symmetry, does not permit piezoelectricity. Of thgse 20 point groups, there are
10 polar crystal classes containing a unique axis, along which an electric dipole moment is

oriented in the unstrained condition.

Pyroelectric effect appears in any material that possesses a polar symmetry axis. The
material in this category develops electric charge on the surface owing to the change in
dipole moment with temperature. Among the pyroelectric crystals whose spontaneous
polarization are reorientable by application of an electric field of sufficient magnitude (not
~exceeding the breakdown limit of the crystal) are called ferroelectrics. (3)(4) Table 2

shows the crystallographic classification of the point groups.




Piezoelectric Coefficients
Materials are deformed by stresses and the resulting deformations are represented by strains
(AL/L). When the stress X (force per unit area) causes a proportional strain x,

x=s X, R (1)
where all quantities are tensors; x and X are second rank and s is fourth rank.
Piezoelectricity creates additional strains by an applied field E. The piezoelectric equation is
given by

Xij =Siji1 Xig + dijic Exc 2
where E is the electric field and d is the piezoelectric constant which is the third rank

tensor. This equation can be also expressed in a matrix form such as given for the case in a

poled ceramics:
Ix1 | 10 0 dz1l 1E1l
Ix2 1 10 0 a3t 1E3l
Ix31 = 10 0 dizl | E3l 3)
I x4 1 10 dis 0 |
x5 Idis O 0 |
Ixgl 10 0 o I

Another frequently used piezoelectric constant is ‘g’ which gives the electric field produced
when a stress is applied (E = gT). The ‘g’ constant is related to the ‘d "constant through
the permitivity €

g=d /e | 4)
A measure of the effectiveness of the electromechanical energy conversion is the
electromechanical coupling factor ‘k’. which measures the fraction of the electrical energy
converted to mechanical energy when an electric field is épplied or vice versa when a
material is stressed (5>):

k2 = (Stored mechanical energy / Input electrical energy) )]
or

= (Stored electrical energy / Input mechanical energy) (6)




Let us calculate Eq.(5), when an electric field E is applied to a piezoelectric material. Since
the input electrical energy is (1/2) ege E 2 per unit volume and the stored mechanical
energy per unit volume under zero external stress is givenby (12)x2 /s = (12) dE )2 /s,
k 2 can be calculated as
k2=[(1/2) (dEY2/s]1/[(1/2) 0e E2]
=d2/¢epes. | (7)

Note that k is always less than 1. Typical values of k are 0.10 for quartz, 0.4 for BaTiOs
ceramic, 0.5 - 0.7 for PZT ceramic and 0.1 - 0.3 for PVDF polymer. Another important
material parameter is the mechanical quality factor Q,, which determines the frequency

characteristics. The Oy, is given by an inverse value of mechanical loss:

Om=1tand. ®

Low Oy, is preferred for sensor applications in general in order to cover a wide frequency
range. On the contrary, highQ,, is most desired for ultrasonic actuation (e. g ultrasomc

motors) in order to suppress heat generation through the loss.

History of Piezoglectricity
As stated already, the discovery of piezoelectricity in quartz was done by Piere and J acques

Curie in 1880. The discovery of ferroelectricity accelerated the creation of useful
piezoelectric materials. Rochelle salt was the first ferroelectric discovered in 1921. Till
1940 only two types of ferroelectric were known, Rochelle salt and potassium dihydrogen
phosphate and its isémorph. In 1940 to 1943, unusual dielectric properties such as
abnormally high dielectric constant were found in barium titanate BaTiO, independently by
Wainer and Salmon, Ogawa, and Wul and Golman. After the discovery, compositional

modifications for BaTiO; led to improvement in the temperature stability or the high voltage




output. Piezoelectric transducers based on BaTiO; ceramics were becoming well

established in a number of device applications.

In 1950’s Jaffe and co-workers established the lead zirconate - lead titanate system (called
PZT system) as suitable for inducing strong piezoelectric effects. The maximum
piezoelectric response was found for PZT compositions near the morphotropic phase
boundary between rhombohedral and tetragonal phases. Since then, the PZT system with
various additives has become the dominant piezoelectric ceramics for various applications.
The development of PZT based ternary solid solution systems provided the major success

of piezoelectric industries for the present applications.

Kawai et al. discovered in 1969 that certain polymers, notably polyvinyliden difluoride
(PVDF), are piezoelectric when stretched during fabrication. Such piezoelectric polymers
are also useful for some transducer applications. In 1978 Newnham et al., improved
composite piezoelectric materials by combining a piezoelectric ceramic with a passive
polymer whose properties can be tailored to the requirements of various piezoelectric

devices.

There is another class of ceramic material which recently has become important; relaxor-
type electrostrictors such as lead magnesium niobate [PMN], typically doped with 10%
lead titanate [PT], which are potentially used for applications in the piezoelectric actuator
field. Recent breakthrough in the growth of high quality large single crystal relaxor
piezoelectric éompositions has brought the interest in these materials for wide applications
ranging from high strain actuators to high frequency transducers for the medical ultrasound
devices due to their superior electromechanical characteristics. More recently, thin films of
piezoelectric materials such as zinc oxide [ZnO], or PZT have been extensively investigated

and developed for use in micro electromechanical (MEMS) device applications.




Piezoelectric Materials

This section summarizes the current status of piezoelectric materials: single crystal
materials, piezoceramics, piezopolymers, piezocomposites and piezofilms. Table 3 shows

the material parameters of some representative piezoelectric materials described below.

(6)(7)

Single Crystals

The piezoelectric ceramics are widely used at present for a large number of applications.
However, single crystal materials retain their utility, being essential for application field
such as frequency stabilized oscillators and surface acoustic devices. The most popular
single-crystal piezoelectric materials are quartz, lithium niobate (LiNbO3.) and lithium
tantalate (LiTaOs). The single crystals are anisotropic in general, which gives different
material properties depending on thé cut of the materials and the direction of bulk or surface

wave propagation.

Quartz is a well-known piezoelectric material. ai-quartz belongs to the triclinic crystal
system with point group 32 and has a phase transition at 537°C to B-type which is not a
f)iezoelectric. Quartz has the cut with a zero temperature coefficient of the resonance
frequency change. For instance, quartz oscillators using thickness shear mode of AT-cut -
are extensiVely used for clock sources in computers, frequency stabilized ones in TVs and
VCRs. On the other hand, an ST-cut quartz substrate with X-propagation has a zero
temperature coefficient for surface acoustic wave and so are used for SAW devices with
high-stabilized frequencies. The another distinguished characteristic of quartz is its

extremely high mechanical quality factor Q,,, > 10°.




Lithium niobate and lithium tantalate belong to an isomorphous crystal system and are
composed of oxygen octahedron. The Curie temperatures of LINbO; and LiTaO; are 1210
and 660°C, respectively. The crystal symmetry of the ferroelectric phase of these single
crystals is 3m and the polarization direction is along c-axis. These materials have high
electromechanical coupling coefficients for surface acoustic wave. In addition, large single
crystals can easily be obtained from their melt using the conventional Czochralski
technique. Thus both materials occupy very important positions in the SAW device

application field.

Perovskite Ceramics

Most of the piezoelectric ceramics have perovskite structure ABO;, as shown Fig.1. This
ideal structure consists of a simple cubic unit cell with a large cation A on the corner, a
smaller cation B in the body center, and oxygens O in the centers of the faces. The
structure is a net-work of corner-linked oxygen octahedra surrounding B cations.
Piezoelectric properties of perovskite-structure materials can be easily tailored depending on

their applications by incorporating various cations in the perovskite structure.

Barium titanate
Barium titanate BaTiO; is one of the most thoroughly studied and most widely used
piezoelectric materials. Figure 2 shows the temperature dependence of dielectric constants
in BaTiO; demonstrating the phase transition in BaTiOj single crystals. Three anomalies
can be observed. The discontinuity at the Curie point (130°C) is due to a transition from a
ferroelectric to a paraelectric phase. The other two discontinuities are accompanied with
transitions from one ferroelectric phase to another. Above the Curie point the crystal
structure is cubic and has no spontaneous dipole moments. ‘At the -Curie point the crystal
becomes polar and the structure changes from a cubic to a tetragonal phase. The tetragonal

axis is in the direction of the dipole moment and thus along the spontaneous polarization.




10

Just below the Curie temperature, the vector of the spontaneous polarization points in the
[001] direction (Tetragonal phase), below 5°C it reorients to the [011] (Orthrhombic phase)
and below - 90°C to the [111] (Rhombohedral phase). The dielectric and piezoelectric
properties of ferroelectric ceramic BaTiO; can be affected by its own stoichiometry,
microstructure, and by dopahts entering into the A or B site solid solution. Modified
ceramic BaTiO; with dopants such as Pb or Ca ions have been used as commercial

piezoelectric materials.

Lead zirconate- lead titanate
Piezoelectric Pb(Ti,Zr)O; solid solutions [PZT) ceramics have been widely used because of
their superior piezoelectric prdperties. The phase diagram of the PZT system (Pb(Zr,Ti;.,)
O3) is shown in Fig. 3. The crystalline symmetry of this solid-solution system is
determined by the Zr content. Lead titanate has also a tetragonal ferroelectric phase of
perovskite structure. With increasing Zr content, X, tetragonal distortion decreases and
when x > 0.52 the strﬁcture changes from tetragonal 4mm phase to another ferroelectric
phase of rhombohedral 3m symmetry. Figure 4 shows the dependence of several d
constants on composition near the morphotropic phase boundary. The d constants have
their highest values near the morphotropic phase boundary. This enhancement in
piezoelectric effect is attributed to the increaséd ease of reorientation of the polarization
under electric field. Doping the PZT material with dbnors or acceptor changes the
properties dramatically. Donor doping with ions such as Nb”* or Ta’" provides soft PZTs
like PZT-5, because of the facility of a domain motion due to the charge compensation of
~ Pb-vacancy wﬁich is generated during sintering. On the other Hand, acceptor doping such
as Fe** or Sc** leads to hard PZTs such as PZT-8, because oxygen vacancies will pin the

domain wall motion.
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Lead titanate
PbTiO; has a tetragonal structure at room temﬁerature with a large tetragonality c/a = 1.063.
The Curie temperature is 490°C. Densely sintered PbTiO; ceramics can not be obtained
easily, because they break up into a powder when cooled through the Curie temperature.
This is partly due to the large spontaneous strain which occurs at the transition. Lead
titanate ceramics modified by adding small amount of additives which exhibits a high
piezoelectric anisotropy. Either (Pb, Sm)TiOj; (8) or (Pb, Ca)Ti03 (9) has extremely low
planar coupling, that is, large k, / k, rafio. Here, k, and k, are thickness-extensional and
planar electromechanical coupling factors, respectively. (Pb, Nd)('I_'i, Mn, In)O; ceramics
with a zero temperature coefficient of surface acoustic wave delay have been developed as a

superior substrate materials for SAW device applications. (10)

Relaxor ferroelectrics
Relaxor ferroelectrics differ from normal ferroelectrics in terms of having broad phase
transition from paraeiectric to ferroelectric state, strong frequency dependence of dielectric
constant (i.e. dielectric relaxation) and weak remanent polarization. Lead based relaxor
materials have complex disordered perovskite structures with a general formula Pb(B,,
B,)O; (B, = Mg**, Zn**, Sc*, Bz = Nb**, Ta>*, W®). The B site cations are distributed
randomly in the crystal. The characteristic of a relaxor is a broad ahd frequency dispersive
dielectric maximum. In addition, relaxor-type materials such as lead magnesium niobate
Pb(Mg;sNb,3)0; - leadA titanate PBTiO3 solid solution [PMN-PT] exhibit electrostrictive
phenomena, very suitable for actuator applications. Figure 5 shows an electric filed
induced strain curve observed for 0.9PMN-0.1PT, reported by Cross et. al in 1980. Note
that a strain of 0.1% can be induced by an electric field as small as 1 kV/mm, and that

hysteresis is negligibly small for this electrostriction.(11)
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Since the electrostriction is the secondary electromechanical coupling observed in cubic
structures, in principle, the charge is not induced under applied stress. The converse
electrostrictive effect, which can be used as a sensor, means that the permittivity (first

derivative of polarization with respect to electric field) will change by stress.

The relaxor ferroelectric can also induce piezoelectric effect under a bias field. That is, the
electromechanical coupling factor k, varies with the épplied DC bias field. As the DC bias
field increases, the coupling increases and saturates. These materials would be applied for

ultrasonic transducers which can be tunable by the bias field. (12)

The recent development on single crystal piezoelectrics started in 1981, when Kuwata,
Uchino and Nomura firstly reported an enormously large electromechanical coupling factor
k33 =92 - 95% and piezoelectric constant dy3 = 1500 pC/N in solid solution single crystals
between relaxor and normal ferroelectrics, Pb(Zn1 /3Nb2/3)03—PbTiO3. (13) After about
10 years, Y. Yamashita et al. (Toshiba) and T. R. Shrout et al. (Penn State) have
independently reconfirmed that these values are true, and much more improved data were
obtained in these a couple of years, aiming at medical acoustic applications. Moreover,
important data have been accumulated for these materials (Pb(Mg1,3Nb2,3)O3.[PMN],
Pb(ZnI,ng2,3)O3 tPZN] and binary systems of thesel materials combined with PbTiO;
[PMN-PT and PZN-PT]) from an actuator application viewpoint; strair;s as large as 1.7%
can be induced practically for a morphotropic phase boundary composition of the PZN-PT
solid solution single crystals. Figure 6 shows the field induced strain curve for [001]
oriented 0.92PZN-0.08PT. (14) It is notable that the highest values are observed for a
rhombohedral composition only when the single crystal is poled along the perovskite [001]

axis, not along the [111] spontaneous polarization axis.
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Polymers
Polyvinylidene difluoride, PVDF or PVF2, is piezoelectric when stretched during

fabrication. Thin sheets of the cast polymer are then drawn, stretched, in the plane of the
sheet in at least one direction, and frequently also in the perpendicular direction, to make
the material into its microscopically polar phase. Crystallization from melt forms non-polar
o-phase, which can be converted into another polar B-phase by a uniaxial or biaxial
drawing operation; these dipoles are then reoriented through electric poling. Large sheets
can be manufactured and thermally formed into complex shaPes. The copolymerization of
vinilydene difluoride with triﬂuoroéthylene (TrFE) results in random copolymer (PVDF-
TrFE) with a stable, polar B-phase. This polymer need not be stretched; it can be poled
directly as formed. The thickness-mode coupling coefficient of 0.30 has been reported.
Such piezoelectric polymers are used for directional microphones and ultrasonic

hydrophones.

Composites

Piezocomposites compriéed of piezoelectric ceramic and polymer are promising materials
because of excellent and tailored properties. The geomeiry for two-phase composites can
be classified according to the connectivity of each phase (1, 2 or 3 dimensionally) into 10
structures; 0-0, 0-1, 0-2, 0-3, 1-1, 1-2, 1-3, 2-2, 2-3 and 3-3, (15) A 1-3 piezocomposite,
or PZT-rod / polymer-matrix composite is identified as a most promising candidate. The
advantages of this composite are high coupling factors, low acoustic impedance (square
root of the product of itsv density and elastic stiffness), godd matching to water or human
tissue, mechanical flexibility, broad bandwidth in combination with low mechanical quality
factor and the possibility of making undiced arrays by only structuring the electrodes. The
thickness-mode electromechanical coupling of the cofnposite can exceed the ‘kt (0.40-0.50)
of the constituent ceramic, approaching almost the value of the rod-mode electromechanical

coupling, k33 (0.70-0.80) of that ceramic. (16) The acoustic match to tissue or water (1.5
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Mrayls) of the typical piezoceramics (20-30 Mrayls) is significantly improved by forming a
composite structure, that is, by replacing heavy and stiff ceramic by light and soft polymer.
Piezoelectric composite materials are especially useful for underwater sonar and medical

diagnostic ultrasonic transducer applications.

Thin-films

Both zinc oxide [ZnO] and aluminum nitride [AIN] are simple binary compounds with a
Wurtzite-type structure, which can be sputter-deposited in a c-axis oriented thin film on a
variety of substrates. ZnO has reasonable piezoelectric coupling and its thin films are
widely used in bulk acoustic and surface acoustic wave devices. The fabrication of hi ghly
c-axis oriented ZnO films have been extensively studied and developed. The performance
of ZnO devices 'is, however, limited due to their small piezoelectric coupling (20 - 30%).
PZT thin films are expected to exhibit higher piezoelectric properties. At present the

growth of PZT thin film is being carried out for use in micro-transducers and micro-

actuators.
Applications of Piezoelectricity

Piezoelectric materials can provide coupling between electrical and mechanical energy and
thus have been extensively used in a variety of electro-mechanical device applications. The
direct piezoelectric effeét is most obviously used in the generation of charge at high voltage
such as for the spark ignition of gas in space heaters, cooking stoves and cigarette lighters.
Using the conv‘erse effect, mechanical small displacements and vibrations can be prod\iced
for actuators by applying a field. Acoustic and ultrasonic vibrations can be generated by an
alternating field tuned at the mechanical resonance frequency of a piezoelectric device, and
can be detected by amplifying the field generated by vibration incident on the material,

which is usually used for ultrasonic transducers. The other important application field of
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piezoelectricity include the control of frequency. The application of piezoelectric materials
ranges over many technology fields including ultrasonic transducers, actuators and
ultrasonic motors, electronic components such as resonators, wave filters, delay lines,
SAW devices and transformers, and high voltage applications; gas ignitors, ultrasonic
cleaning and machining. Piezoelectric-based sensors, for instance, accelerometers,
automobile knock sensors, vibration sensors, strain gages and flow meters have been
developed, because pressure and vibration can be directly sensed as electric signals through

piezoelectric effect. Examples of these applications are given in the following sections.

Pressure Sensor/Accelerometer/Gyroscope

One of very basic applications of piezoelectric ceramics is a gas igniter. Very high voltage
generated in a piezoelectric ceramic under applied mechanical stress can cause sparking and

ignite the gas.

Piezoelectric ceramics can be employed as stress sensors and acceleration sensors, because
of their original "direct piezoelectric effect.” Kistler is manufacturing a 3-D stress sensor
by combining an appropriate number of quartz crystal plates (extensional and shear types),

the multilayer device can detect three-dimensional stresses. (17)

Figure 7 shows a cylindrical gyroscope commercialized by Tokin (Japan). (18) The
cylinder has six divided electrodes, one pair of which are used to excite the fundamental
bending vibration mode, while the other two pairs are used to detect the acceleration.
When rotation acceleration is applied around the axis of this gyro, the voltage generated .on
the electrodes is modulated by the Coriolis fdrce. By subtracting the signals between the
two sensor electrode pairs, a voltage directly proportional to the acceleration can be

obtained. This type of gyroséope has been widely installed in handy-type video cameras to
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monitor the inevitable hand vibration during operation, and to compensate it electronically

on a display using the sensed signal.

Ultrasonic Transducer

One of the most important applications of piezoelectric materials is based on ultrasonic echo
field. (19)(20) Ultrasonic transducers convert electrical energy into mechanical form when
generating an acoustic pulse and convert mechanical energy into an electrical signal when
detecting its echo. Now-a-days, piezoelectric transducers are being used in medical
ultrasound for clinical applications ranging from diagnosis to therapy and surgery. They

are also used for underwater detection, such as sonars and fish finders, and nondestructive

testing.

The ultrasonic transducers operate often in a pulse-echo mode. The transducer converts
electrical input into acoustic wave output. The transmitted waves propagate into a body and
echoes are generated which travel back to be received by the same transducer. These
echoes vary in intensity according to the type of tissue or body structure, thereby creating
images. An ultrasonic image represents the mechanical properties of the tissue, such as
density and elasticity. We can recognize anatomical structures in an ultrasonic image since
the organ boundaries and fluid-to-tissue interfaces are easily discerned. The ultrasonic
imaging process can also be done in real time. This means we can follow rapidly moving
structures such as heart without motion distortion. In addition, ultrasound is one of the
safest diagnostic imaging techniques. It does hot use ionizing radiation like X-rays and
thus is routinely used for fetal and obstetrical imaging. Useful areas for ultrasonic imaging
include cardiac structures, the vascular systems, the fetus and abdominal organs such as
liver and kidney. In brief, it is possible to see inside the human body without breaking the

skin by using a beam of ultrasound.
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There are various types of transducers used in ultrasonic imaging. Mechanical sector
transducers consist of single, relatively large resonators and can provide images by its
mechanical scanning such as wobbling. Multiple element array transducers permit discrete
elements to be individually accessed by the imaging system and enable electronic focusing
in the scanning plane to various adjustable penetration depths through the use of phase
delays. Two basic types of array translducers are linear and phased (or sector): linear array
transducers are used for radiological and obstetrical examinations, while phased array
transducers are useful for cardiology applications where positioning between the ribs is

necessary.

Figure 8 shows the basic ultrasonic transducer geometry. The transducer is mainly

composed of matching, piezoelectric material and backing layers. (21) One or more
matching layers are used to increase sound transmissions into tissues. The backing is
attached to the transducer rear in order to damp the acoustic backwave and to reduce the
pulse duration. Piezoelectric materials are used to generate and detect ultrasound. In
general, broadband transducers should be used for medical ultrasonic imaging. The broad
bandwidth response corresponds to a short pulse length, resulting in better axial resolution.
Three factors are important in designing broad bandwidth transducers. The first is acoustic
impedance matching, that is, effectively coupling acoustic energy to the body. The second
is a high electromechanical coupling coefficient of the transducer. The third is electrical
| impedance matching, that is, effectively coupling electrical energy from the driving
electronics to the transducer across the frequency range of interest. These pulse echo
transducers operate based on thickness mode resonance of the piezoelectric thin plate. The
thickness mode coupling coefficient, k, is related to the efficiency of converting electric
| energy into acoustic and vice versa. Further, a low planar mode coupling coefficient, kp, is

beneficial for limiting energies being expended in nonproductive lateral mode. A large




18

dielectric constant is necessary to enable a good electrical impedance match to the system,

especially with tiny piezoelectric sizes.

Table 4 compares the properties of ultrasonic transducer materials. (7)(22) Ferroelectric
ceramics, such as lead zirconate titanate and modified lead titanate, are almost universally
used as ultrasonic transducers. The success of ceramics is due to their very high
electromechanical coupling coefficients. In particular, soft PZT ceramics such as PZT-5A
and 5H type compositions are most widely used because of their exceedingly high coupling
properties and because they can be relatively easily tailored, for instance, in the wide
‘dielectric constant range. On the other hand, modified lead titanates such as samarium
doped materials have high piezoelectric anisotropy: the planar coupling factor kp is much
less than the thickness coupling factor k,. Since the absence of lateral coupling leads to
reduced interference from spurious lateral resonances in longitudinal oscillators, this is very
useful in high-frequency array transducer applications. One disadvantage to PZT and other
lead based ceramics is their large acoustic impedance (approximately 3O-kgm'zs'1 (Mrayls)
compared to body tissue (1-.5 Mrayls). Single or mﬁltiple matching layers with

intermediate impedances needed to be used in PZT to improve acoustic matching.

On the other hand, piezoelectric polymers, such as polyvinyliden-difluoride-
trifluoroethylene, have much lower acoustic impedance (4 - 5 Mrayls) than the ceramics
and thus provide better matching with soft tissues. However, piezopolymers are less
sensitive than the ceramics and they have relatively low dielectric constants, requiring large

drive voltage and giving poor noise performance due to electrical impedance mismatching.

An alternative to ceramics and polymers is piezoelectric ceramic/polymer composites.

Piezocomposites having 2-2 or 1-3 connectivity are commonly used in ultrasonic medical
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applications. These combine the low acoustic impedance advantage of polymers with the

high sensitivity and low electrical impedance advantages of ceramics.

The design frequency of a transducer depends on the penetration depth imposed upon by
the application. Resolution is improved‘ with increasing frequency. Although a high
frequency transducer is capable of producing a high resolution image, higher frequency
acoustic energy is more readily attenuated by the body. A lower frequency transducer is
used as a compromise when imaging deeper structures. Most of medical ultrasound
imaging systemé operate in the frequency range from 2 to 10 MHz and can resolve objects
approximately 0.2 to 1 mm in size. At 3.5 MHz, imaging to a depth of 10 -20 cm is
possible, while at 50 MHz, increased losses limit the depth to less than 1 cm. Higher-
frequency transducers (10 - 50 MHz) are used for endbscope-based imaging and for
catheter-based intravascular imaging. At a higher frequency over 100 MHz applications are
being done in the field of ultrasound microscopy. The operating frequency of the
| transducer is directly related to the thickness and velocity of sound in piezoelectric materials
employed. As frequency increases, resonator thickness decreases. For a 3.5 MHz
transducer, PZT ceramic thickness needs to be roughly 0.4 mm. Conventional ceramic
transducers, such as PZT are limited to frequencies below nearly 80 MHz because of the
difficulty of fabricating thinner devices.(23) For microscopic applications at a frequency
over 100 MHz, corresponding to the thickness of less than 20 pm piezoelectric thin-film

transducers such as ZnO have to be used. (24)

Resonator and Filter

When a piezoelectric body vibrates at its resonant frequency it absorbs considerably more

energy than at other frequencies resulting in the fall of impedance. This phenomenon
enables piezoelectric materials to be used as a wave filter. A filter is required to pass a

certain selected frequency band or to stop a given band. The band width of a filter
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fabricated from a piezoelectric material is determined by the square of the coupling
coefficient k. Quartz crystals with very low k value of about 0.1 can pass very narrow
frequency bands of approximate 1% of the center resonance freQuency. On the other hand,
PZT ceramics with a planar coupling coefficient of about 0.5 can easily pass a band of 10%
of the center resonance frequency. The sharpness of the passband is dependent on the
mechanical quality factor Q,,, of the materials. Quartz has also a very high 0, of about 10°
which results in a sharp cut-off to the passband and well-defineci frequency of the

oscillator.

A simple resonator is a thin disc type, electroded on its plane faces and vibrating radially
for applications in filters with a center frequency ranging from 200 kHz to 1 MHz and with
a bandwidth of several percent of the center frequency. For a frequency of 455 kHz the
disc diameter needs to be about 5.6 mm. However, if the required frequency is higher than
10 MHz, other modes of vibration such as the thickness extensional mode are exploited,
because of its smaller size disc. The trapped-energy type filters made from PZT ceramics
have been widely used in the intermediate frequency range for such as 10.7 MHz for FM
radio receiver and transmitter. By employing the trapped-energy phenomena, the overtone
frequencies are suppressed. The plate is partly covered with electrodes of a specific areé
and thickness. The fundamental frequency of the thickness mode beneath the electrode is
less than that of the unelectroded portion, because of the extra inertia of the electrode mass.
The longer wave characteristic 6f the electrode region cannot propagate in the unelectroded
region. The higher-frequency overtones can propagate away into the unelectroded region.
This is called as trapped-energy principle. Figure 9 shows a schematic drawing of trapped-
energy filter. In this structure the top electrode is split so that coupling between the two
parts will only be efficient at resonance. More stable filters suitable for telecommunication

systems have been made from single crystals such as quartz or LiTaOs.
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Piezoelectric Transformer

The transfer of vibration energy from one set of electrodes to another on a piezoelectric
ceramic body can be used for voltage transformation. This device is called a piezoelectric
transformer. Recently, the office automation equipments with liquid crystal displays are
successively éommercialized such as notebook type personal computers and car navigation
systems. These equipments with a liquid crystal display require a very thin, no
electromagnetic-noise transformer to start the glow of a fluorescent back-lamp. This
application has recently accelerated the development of the piezoelectric transformers.
Figure 10 shows a fundamental structure by where two differently-poled parts coexist in
one piezoelectric plate. The plate has electrodes on half its major faces and on an edge,
which is then poled in its thickness direction at one end and parallel to the long axis over
. most of its length. A low-voltage AC supply is applied to the large-area electrodes at a
frequency that excites a length extensional mode resonance. A high-voltage output can then
be taken from the small eiectrode and one of the larger electrodes. After the proposal by
C.A. Rosen such as mentioned above, piezoelectric transformers with several different
structures have been reported. (25) A multilayer type transformers are proposed in order to
increase the voltage rise ratio. (26) The input part is of the multilayer structure with internal
electrodes and the output electrodes are formed at the side surface of the half part of
rectangular plate. This transformer uses piezoelectric transverse mode for the input and

output part.

SAW device

A surface acoustic wave (SAW) also called a Rayleigh wave is composed of a coupling
between longitudinal and shear waves in which the SAW energy is confined near the
surface. An associated ciectrostatic wave exists fora SAWon a piezoelecti‘ic substrate,
which allows electroacoustic coupling via a transducer. The advantages of SAW

technology are: the wave can be electroacoustically accessed and trapped at the substrate
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surface and its velocity is approximately 10* times slower than an electromagnetic wave.
The SAW wavelength is on the same order of magnitude as line dimensions which can be
photolithographically produced and the lengths for both short and long delays are

achievable on reasonable size substrates. (27)(28)

There are a very broad range of commercial system applications which include front-end
and IF (Intermediate Frequency) filters, CATV (Community Antenna Television) and VCR
(Video Cassette Recorder) components, synthesizers, analyzers and navigators etc. In
SAW transducers, finger electrodes provide the ability to sample or tap the wave and the
electrode gap gives the relative delay. A SAW filter is composed of a minimum of two
transducers. A schematic of a simple SAW bi-directional filter is shown in Fig. 11. A bi-
directional transducer radiates energy equally from each side of the transducer. Energy not

being received is to be absorbed to eliminate spurious reflection.

Various materials are currently being used for SAW devices. The most popular single-
crystal SAW materials are lithium niobate and lithium tantalate. The materials have
different properties depending on the cut of the material and the direction of propagation.
The fundamental parameters are SAW velocity, temperature coefficients of delay (TCD),
electromechanical coupling factor and propagation loss. Surface acoustic waves can be
 generated and detected by a spatially periodic, interdigital electrodes on the plane surface of
a piezoelectric plate. A periodic electric field is produced when an RF source is connected
to the electrode, thus permitting piezoelectric coupling to a traveling surface wave. If an
RF source with a frequency, f, is applied to the electrode having periodicity, p, energy
conversion from an eléctrical to mechanical form will be maximum when
f=fo=Viip . ®)
Here,V; is the SAW velocity and f; is the center frequency of the device. SAW velocity is

an important parameter determining the center frequency. Another important parameter for
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many applications is temperature sensitivity. For example, the temperature stability of the
center frequency of SAW bandpass filters is a direct function of temperature coefficient for
the velocity and delay for the material used. The first-order temperature coefficient of delay
is given by
(1/¢)(@t/dT)=(1/L)(dL/dT) - (1/V;) (dVs/dT) , 10
where ¢ = L /V; is the delay time and L is the SAW propagation length. The surface wave
coupling factor, k., is defined in terms of the change in SAW velocity which occurs when
the wave passes across a surface coated with a thin massless conductor, so that the
piezoelectric field associated with the wave is effectively shorted-circuited. The coupling
factor, k’, is expressed by _
k=2 (V- V) I Vi (11)

where V; is the free surface wave velocity, Vp, the velocity on the metallized surface. In
actual SAW applications, the value of k7 relates to the maximum bandwidth obtainable and
the amount of signal loss between input and output, detefmining the fractional bandwidth
versus minimum insertion loss for a given material and filter. Propagation loss is one of
the major factors that determine the insertion loss of a device and is caused by wave
scattering at crystalline defects and surface irregularities. Materials which show high
electromechanical coupling factors combined With small temperature coefficients of delay
are likely to be required. The ffee surface velocity, Vj, of the material is a function of cut
angle and propagation direction. The TCD is an indication of the frequency shift expected
for a transducer due to a temperature change and is also a function of cut angle and
propagation direction. The substrate is chosen based on the device design specifications

such as operating temperature, fractional bandwidth, and insertion loss.

Table 5 shows some important material parameters for representative SAW materials.
Piezoelectric single crystals such as 1280Y-X (1289-rotated-Y-cut and X-propagation) -

LiNbO; and X-112°9Y (X-cut and 1120-rotated-Y-propagation) - LiTaO;have been
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extensively employed as SAW substrates for applications in VIF filters. A c-axis oriented
ZnO thin films deposited on a fused quartz, glass or sapphire substrate are also

commercialized for SAW devices.

Actuators

Currently another important application of piezoelectric materials exists in actuator fields.
(29) Using the converse piezoelectric effect, small displacemenf can be produced by
applying a field to a piezoelectric materials. Vibrations can be generated by applying an
alternating field. In advanced precision engineering, there is a demand for a variety of
types of actuators which can adjust positions precisely (micropositioning devices),
suppress noise vibrations (dampers), or drive objects dynamically (ultrasonic motors).
These devices are used in broad areas including optics, astronomy, fluid control and
precision machinery. For actuator applications, piezoelectric strain and electrostriction

induced by an electric field are used.

Figure 12 shows the design classification of ceramic actuators. Simple devices composed
of a disk or a multilayer type directly use the strain induced in a ceramic by the applied
electric field. Complex devices do not use the induced strain directly but use the amplified
displacement through a special magnification mechanism such as unimorph, bimorph and
moonie. The most popularly used multilayer and bimorph types have the following
characteristics: ‘The multilayer type does not show a large displacement (10 um), but has
advantages in generation force (1 kN), response speed (10 psec), life time ( 10" cycles)
and the electromechanical coupling factor k33 (0.70). The bimorph type exhibits a large
displacement (300 pm), but shows disadvantages in generation force (1 N), response
speed (1 msec), life time (108 cycles) and the electromechanical coupling factor k¢ (0.10).
For instance, in a 0.65 PMN- 0.35 PT multilayer actuator with 99 layers of 100-mm thick

sheets (2x3x10 mm3), a 8.7 pm displacement is generated by a 100 V voltage,
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accompanied by a slight hysteresis. The transmit response of the induced displacement
after the application of a rectangular voltage is as quick as 10 psec. In conclusion, the

multilayer exhibits the field induced strain of 0.1% along the length.

Unimorph and bimorph devices are defined by the number of piezoelectric ceramic plates:
only one ceramic plate is bonded onto an elastic shim., or two ceramic plates are bonded
together. The bimorph causes bending deformation because each piezoelectric plate bonded
together produces extension or contraction under an electric field. In general, there are two
types of piezoelectric bimorph: antiparallel polarization type and parallel polarization type,
as shown in Fig. 13. Two poled piezoelectric plates with ¢ /2 in thickness and L in length
are bonded with their polarization directions opposite or parallel to e#ch other. In cantilever
bimorph configuration whose one end is clamped, the tip displacement &, under an applied
voltage V is provided as follows;

8.=0BR)dy L?HV (antiparallel type) (12)

§,=3dy LDV (parallel type) (13)
The resonance frequency f; for both types is given by

£=0161/L*(psH"? (14)
where p is density and s HE is elastic compliance. A metallic sheet (called shim) is
occasionally sandwiched between the two piezoelectric‘ plates to increase the reliability, that
fs, the structure caﬁ be. maintained even if the ceramiés fracture. Using the bimorph
structure, a large magnification of the displacement is easily obtainable. However, the

disadvantages include a low response speed (1 kHz) and low generative force.

A composite actuator structure called “moonie” has been developed to amplify the small
displacements induced in a piezoelectric ceramic. The moonie consists of a thin multilayer
element and two metal plates with a narrow moon-shaped cavity bonded together. This

device has intermediate characteristics between the conventional multilayer and bimorph
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actuators; this shows an order of magnitude larger displacement (100 um) than the

multilayer, and much larger generative force (100 N) with quicker response (100 psec)

than the bimorph.

Some examples of applications of piezoelectric and electrostrictive actuators are described
below. The piezoelectric impact dot-matrix printer is the first mass-produced device using
multilayer ceramic actuators (Fig. 14). The advantage of the piezoelectric printer head
compared to the conventional magnetic types are: low energy consumptibn, low heat
generation and fast printing speed.‘ The longitudinal multilayer actuators do not exhibit a
large displacement and thus a suitable displacement magnification mechanism is necessary.
The displacement induced in a multilayer actuator pushes up the force point, and its
displacement magnification is carried out through hinge levers so as to generate a large wire
stroke. When the displacement in the piezoactuator is 8 um, the wire stroke of 240 pm can

be obtained, that is the magnification rate is 30 times.

Bimorph structures are commonly used for VCR head tracking actuators, because of their
large displacements. An auto tracking scan system uses the piezoelectric actuators so that
the head follows the recording track even driven at both still and quick modes. As can be
anticipated, the bimorph drive is inévitably accompanied by a torsional motion. To obtain a
perfect parallel motion a special mechanism has to be employed. Piezoelectric pumps for
gas or liquid utilizing an alternating bending motion of bimorph have been developed for
intravenous drip injection in hospitals and for medication dispensers in chemotherapy,
chronic pain ana diabetes. Piezoelectric fans for cooling electronic circuits are made from a
pair of bimorphs which are driven out of phase so as to blow effectively. Furthermore,

. piezo-bimorph type camera shutters have been widely commercialized by Minolta.
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In optical control systems, lenses and mirrors require micropositioning and even the shapes
of mirrors are adjusted to correct image distortions. For instance, a space qualified active
mirror called articulating fold mirror utilizes six PMN electrostrictive multilayer actuators to
precisely position a mirror tip and tilt in order to correct the focusing aberration of the

Hubble Space Telescope.

Piezoelectric actuators are also useful for vibration suppression systems of an automobile.
An electronic controlled shock absorber was developed by Toyota. The piezoelectric
sensors detecting a road roughness is composed of 5 layers of 0.5 mm thick PZT discs.
The actuator is made of 88 layers of 0.5 mm thick discs. Applying 500 V generates about
50 um displacement, which is magnified by 40 times through a piston and plunger pin
combination. This stroke pushes the change valve of the damping force dowﬁ, then opens
the bypass oil route, leading to decrease in the flow resistance. This electronically

controlled shock absorber has both controllability and comfortablility simultaneously.

The US Army is interested in developing a rotor control system in helicopters, because
slight change of the blade angle provides drastic enhancement of controllability. Figure 15
shows a bearingless rotor flexbeam with attached piezoelectric strips. Various types of
PZT-sandwiched beam structures have been investigated for such a flexbeam application

and for active vibration control.

Ultrasonic Motors

An ultrasonic motor (USM) is an example of piezoelectric actuators using a resonant
vibration. . In ultrasonic motors linear motion is obtained from the elliptical vibration
through frictional force. The motor basically consists of a high-frequency power supply, a
vibrator and a slider. The vibrator is composed of a piezoelectric driving component and an

elastic vibratory part, and the slider is composed of an elastic moving part and a friction
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coat. The characteristics of the ultrasonic motors are low speed and high torque compared

to the conventional electromagnetic motors with high speed and low torqﬁe. (29)(30)

The ultrasonic motors are classified into two types: a standing-wave type and a
propagating-wave type. The standing wave is expressed by
x g (x,t)=A cos(kx) cos(wt ), (15)
while the propagation wave is given by
xp(xt)=Acos (kx - ar)
= A cos(kx) cos(at ) + A cos (kx - ®/2) cos (ot - w/2). (16)

A propagating wave can be generated by superimposing two standing waves whose_ phases
differ by 90 degree to each other both in time and in space. The standing-wave type is
sometimes called as a vibratory-coupler or a “woodpecker” type, where a vibratory piece is
connected to a piezoelectric driver and the tip portion generates flat-elliptic movement.
Figure 16 shows a vibratory coupler type motor. A vibratory piece is attached to a rotor or
a slider with a slight cant angle. The standing-wave type has high efficiency up to 98%
theoretical. However, a problem of this type is lack of control in both clockwise and
counter-clockwise directions. The principle of the propagation type is shown in Fig. 17.
In the propagating-wave type, also called “surfing-type”, in which a surface particle of the
elastic body draws an elliptic locus due to the coupling of longitudinal and transverse
waves. This type generally requires two vibration sources to generate one propagating
wave, leading to low efficiency (not more than 50%), but is controllable in both the
rotational directions. Aﬁ ultrasonic rotatory motor is successfully used in autofocusing
camera to produce precise rotational displacements. The advantages of this motor over the
conventional electromagnetic motor are: silent drive (inaudible), thin motor design and

energy saving.
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Regarding conventional electromagnetic motors, tiny motors smaller than 1cm are rather
difficult to produce with sufficient energy efficiency. Therefore, the ultrasonic motor is
gaining wide spread attention. Ultrasonic motors whose efficiency is insensitive to size are
superior in the mini-motor area. A compact ultrasonic rotory motor as tiny as 3 mm in
diameter has been developed by Uchino et al. (31) The stator consists of a piezoelectric
ring and two concave/convex metal endcaps with "windmill” shaped slots bonded together,
80 as to generate a coupled vibration of up-down and tortional type. Since the component
number and the fabrication process were minimized, the fabrication price would be
decreased remarkably, and it would be adaptive to the disposable usage. When diven at
160 kHz, the maximum revolution 600 rpm and the maximum torque 1 mN-m were

obtained.

In the deyelopment of the reliable ultrasonic motors, the following themes should be
systematically studied: 1. low loss and high vibration velocity piezoelectric materials
development, 2. piezo-actuator designs taking account of heat gcn'cration and degradation
mechanisms, 3. USM designs including displacement magnification mechanisms and

frictional contact parts.
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Table 3
Paraneter Quatz  BaliO3 PZT4 PZT58H (Pb,SmTiO3 PVDF-TIFE
dag (PCN) 23 190 289 503 65 33
om(10ViN) 578 126 261 197 a2 380
ky 0.9 038 051 0.50 0.5 0.30
kp 038 058 0.65 0.03
ea3'/eg 5 1700 1300 3400 175 6
Qn > 108 500 65 900 3-10
TeCC) 120 328 193 385
Table 4
PZT ceranic PVDF poyme zg-ggéy:\er ZnO film

kg 0.45 - 0.55 0.20- 0.2 060-075  0.20-030
Z Mrayls) 20-0 1.5-4 4-20 35
e33TEQ 200 - 5000 10 50 - 2500 10
tand(%) <1 15-5 <1 <1

Qm 10 - 1000 5-10 2-50 10
p @and) 55-8 1-2 2-5 3-6
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Table 5
- Cut - Propagdbn TCD
Material drecion K2(%) (ppmiC) Volms g
Quatz ST-X 0.16 0 3158 45
Single LiNbOg 12%°Y-X 55 T4 3%60 3
crystal
v LiTeDg Xifz-y 07 a8 320 42
LipB 407 (110)<001> 0.8 0 67 95
PZTInLigeWoys)05 10 10 270 . 60
Ceranic
(Pb,Nd)(TiMn,In)Oq 2.6 <1 2554 25
ZnO/ ghas 0.64 -15 3150 85
Thin film )
Zn0O / Sapphie 1.0 30 5000 85
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Fig. 3
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Observation of the flexoelectric effect in relaxor Pb(Mg,,;Nb,;3) O; ceramics
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The relationship between elastic strain gradient and electric polarization was investigated in the
relaxor ferroelectric lead magnesium niobate ceramic. Experimental studies indicated that
flexoelectric polarization is linearly proportional to the applied strain gradient. and the flexoelectric
coefficient u,- is calculated to be 4x107% C/m. which is much higher than the early
phenomenological estimations. © 200/ American Institute of Physics. [DOlL: 10.1063/1.1356444]

The piezoelectric effect is the linear relationship be-
tween electric polarization and applied elastic stress (direct
effect) or between elastic strain and applied electric field
(converse effect). Due to the symmetry requirements. the
piezoelectric effect may only exist in 20 crystal point groups
where center of symmetny' is absent. More than three decades
ago. phenomenological analvsis' stated that electric polariza-
tion might be induced by inhomogeneous strain in the mate-
rials. Later the term flexoelectric was coined to describe such
an effect in analogy 10 an effect discovered in the nonpiezo-
electric liquid crvstals.” and tensor propex‘ry3 and micro-
scopic theon™ were investigated theoreticallv for single crvs-
tals. The flexoelectric offect is defined by the following
relation:

fe;. ,
Pi=pijii—. (1)
ox..

where P; is the /th component of flexoelectric polarization.
ijg is the flexoelectric coefricient. €;; is the elastic strain.
and x; is the position coordinate. Flexoelectricity is con-
trolled by a fourth-rank tensor. and thus is a property of all
insulating solids. but so far no flexoelectric coefficients have
in fact been measured. In the late 1960s, attempts were made
to investigate the electrical polarization in nonpiezoelectric
CaWO, crystals during torsional deformation. which might
be closely associated with the flexoelectric effect.” but the
polarization had been attributed to the disappearance of the
center of symmetry after torsion. rather than the effect of the
strain gradient. In the late 1980s. a tiny flexoelectric effect
was observed in an isotropic zlastomer with a static flexo-
electric coefficient of the order of magnitude of
107"-107" C/m.f

Recently. an idea was developed for designing 0-3 pi-
ezoelectric composites based on the flexoelectric effect
where none of the components are piezoelectric.” If the
flexoelectric coefficients are lurge enough for practical appli-
cations a range of properly engineered flexoelectric compos-
ite structures couid provide completely new piezoelectric ca-
pability. Recent swdies™ have indicated that the relaxor
ferroelectric perovskites like Pb(Mg,;3Nb+3)Os (PMN) are
exceedingly sensitive to elastic stress in the region of tem-
perature between the dielectric permittivity maximum 7T,

“Electronic mail: lec3@ psu.edu

0003-6951/2001/78(19)/2822.2/$18.00
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and the freezing temperature 7, from the Vogel-Fulcher re-
lationship. In this letter. we report the investigation of flexo-
electric effect in relaxor PMN ceramics.

The flexoelectric measurements were carried out at room
temperature by using an experimental setup shown schemati-
cally in Fig. 1. The PMN ceramic bars (76.3 mm length. 12.7
mm width. and 2.5 mm thickness) were provided by the TRS
company of State College. Pennsylvania. A very thin laver of
sputtered gold was used as electrode. the bottom surface of
the sampie is fully covered with gold while on the top a
series of 3 mm diameter electrodes were prepared. Strain
gradient was generated in the samples along the thickness
direction by a loudspeaker. A MicroStrain DVRT transducer
was used to measure the displacement at several positions
along the sample bar. The loudspeaker was driven by an
HP467A power amplifier with a 1 Hz sinusoidal signal from
an SR830 DSP lock-in amplifier. The generated current was
monitored by the lock-in amplifier. The generated polariza-
tion may be calculated using the following equation:

i
2afA°

(2)

where { is the alternating current. A is the electrode area. and

f1s the driving frequency of the loudspeaker.

The macroscopic symmetry of PMN between T,, and T -
is cubic m3m. while the unpoled ceramics are regarded as
isotropic. Thus, the flexoelectric tensor matrices mayv be
written as

Lock-in
| Amplifier
Displacement
Transducer Power
A Amplifier
]

g /

Sample

Loudspeaker

FIG. |. Experimental setup for the measurement of the tlexoelectric effect.

© 2001 American Institute of Physics
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For the present situation in Fig. 1. only the transverse
effect exists. so the tlexoelectric equation may be simplified
as

SO O O o o

The strain in the PMN ceramic bar was calculated by
assuming the natural vibration of a cantilevered beam shown
in Fig. 2. The mode shape'" can be written as

W.xor=4{tsin 3.L—sinh 8, L)(sin B, x,
=sinh 3. .x;)+(cos B, L+cosh B, L)
Xicos B. x;—cosh B, x)]. {4)

where 4,=C,/(sin B. L—sinh B, L). r=12.....

Here we only consider the fundamental mode (r=1),
theretfore we have 8. L =1.875. C, can be determined from
the boundary condition. i.e.. the measured vertical displace-
ment of the PMN bar.

The gradient of transverse strain along the thickness di-
rection can be written as''

€y Wi Xy)

—_— (3)

AX s axy

Figure 3 showed the experimental results of the strain
gradient induced polarization at two positions of the PMN
bar. one is near the clamped end (x;/L=0.18) where the
strain gradient is supposed to be higher. while the other is
near the free end (x, /L =0).67). It is seen that the flexoelec-
tric polarization is proportional to the strain gradient. The
slopes of the polarization versus strain gradient curve ob-
tained at two positions are very close. At the same driving
voltage. the clumped 2nd generated higher polarization than
the free end. Bused on the experimental resuits. wu,» was
calculated to be about 44 107" C/m.

The temperature dependence of dielectric permittivity
and rungent {oss at various trequencies ranging from t kHz

W. Ma and L. E. Cross 2921
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FIG. 3. The retationship between flexoelectric polarization and strain gradi-
ent in the reluxor Pb{MIg,,:Nb,;)O: ceramics.

to 1 MHz have been investigated and the dielectric peak
temperatures are well below room temperature. At room
temnperature. the materials should be cubic and the unpoled
ceramics are isotropic and should not exhibir any piezoelec-
tric effect in principle. Furthermore. for the current measure-
ment contiguration. the upper and lower parts of the sample
endure strain of opposite sign. So even ir there is any rem-
nant piezoelectric etfect. the net effect in the whole sample
should be zero because the piezoelectric polarization gener-
ated in the upper and lower halves would cancel.

Former theoretical analysis estimated the flexoelectric
coefficient to be of the order of magnitude of e/a.'" where
e is the absolute value of electron charge and v is the lattice
parameter. Generally. e/a is around 107" C.m for almost all
materials, which is very small. The current experimentaf re-
sults on the relaxor PMN ceramics are much higher than the
phenomenological estimations and are verv encouraging.
Such high flexoelectric effect observed in the relaxor PMN
ceramics may be associated with the high dietectric constant
{around 13000 at | kHz and room temperature). so the
charge separation becomes much easier than those in the low
permittivity materials.

[n summary. a flexoelectric effect has been investigated
in the reluxor ferroelectric PMN ceramic. the measured
flexoelectric coefficient is about four orders of magnitude
higher than the earlier theoretical estimation.
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The only Landau-type model for antiferroelectric phase transitions was proposed by Kittel, in which two
interpenetrating sublattices with opposite polarizations of equal amplitude were assumed. The theory, however,
did not include any mechanism to specify the relative spatial positions of the two sublattices, and therefore
could not address the cell doubling during antiferroelectric phase transitions. We propose a Landau-Ginzburg-
type model based on microscopic symmetry and group theory, which can, without having to assume sublat-
tices, account for all aspects of antiferroelectric states, including local dipole orientation and cell doubling. The
average of these dipoles naturally leads to the Kitte! model. The inclusion of gradient terms in the free energy
allows the modeling of multidomain structures and domain walls in antiferroelectric states.

INTRODUCTION

Kittel' proposed a macroscopic Landau-type model for
the antiferroelectric (AFE) state by introducing two interpen-
etrating sublattices with opposite polarizations. His model
describes a second-order transition from the paraelectric state
to the antiferroelectric state, by truncating the free energy at
the fourth order:

F=a)(P}+PY)+aP Py+ay(Pi+Py), (1)

where P, and P, are the polarizations of the sublattices. If
a,>0, the transition will favor P; and P, being antiparallel,
making the low-temperature phase antiferroelectric. On the
other hand, if @,<0, the transition will favor P, and P,
being parallel, and the transition will lead to a ferroelectric
state,! 2

This model has the intrinsic limitation that it contains
only local interactions. In other words, there is no mecha-
nism to fix the spatial relationship between the two sublattice
polarizations within the crystal. This local model creates un-
certainty in the antiferroelectric state. For example, the sub-
lattice polarizations P, and P, are assumed at the same lo-
cation in space (or can be anywhere in space), which leads to
the cancellation of P, and P,. Such a situation does not
fully describe the antiferroelectric state in which adjacent
primitive cells acquire opposite dipole moments and the lo-
cal polarization at any space point is actually nonzero. Using
group-theoretical techniques, we propose a continuum model
for the antiferroelectric state built upon microscopic symme-
try. The symmetry allowed distortions associated with the
soft mode are given in our model, which accounts for the
formation of antiparallel dipoles in adjacent cells. The free
energy has also been expanded to include gradient terms of
the order parameter so that multidomain structures, such as
orientation twins and antiphase walls, can be modeled using
the same formulation. Specifically, in this paper we will use
ammonium dihydrogen phosphate (NH)H,(PO,) (commonly

0163-1829/2000/62(2)/818(6)/$15.00 PRB 62

referred to as ADP) as a prototype system to illustrate the
procedure and the characteristics of the antiferroelectric
phase transition.

ANTIFERROELECTRIC PHASE TRANSITION

The high-temperature phase of ADP is tetragonal with

space group 142d.375 Following the notation of the Interna-
tional Tables for Crystallography,’ the conventional (non-
primitive) unit cell contains four formula units. Two of the
formula units are in the primitive cell while the other two are
related by the centering translation (333). At Tc~
—125°C, the material undergoes an antiferroelectric transi-
tion to an orthorhombic phase with space group P2,2,2, 58
The transition is driven by a zone-boundary M-point soft
mode and results in ionic displacements that create one di-
pole moment in each formula unit (four dipoles per AFE unit
cell) as shown in Fig. 1. These dipole moments form a net
antiferroelectric polarization along the [100] or [010] of the
parent phase. This means that the fourfold rotational inver-
sion axis of the parent paraelectric phase is lost during the
transition, which leads to two rotationally related, energeti-
cally equivalent orientation domain states in the low-
temperature phase. Moreover, the transition causes a
primitive-cell doubling (equivalently, the centering point in
the conventional parent cell is lost), leading to two additional

"-.* z=0 ./7
z2=14 o
DR SR
z=1l24,—“'
bl = z=3/4 O‘“-,;.
a

FIG. 1. Dipoles formed in the antiferroelectric phase of ADP in
a conventional cell. The lattice displacement pattern can be gener-
ated from group theory.

818 ©2000 The American Physical Society
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FIG. 2. Microscopic positions of the symmetry elements, creat-
ing the antiferroelectric polarization. The AFE unit cell is shown by
the dashed line, with origin at (0, §, 3). The screw axes parallel to a
are at z=§, and the screw axes parallel to b are at z=1.

antiphase states that are translationally related to the two
orientation states. Overall, there are four possible domains in
the AFE state of ADP.

GROUP THEORETICAL DESCRIPTION OF THE
TRANSITION

Once the structures and space groups of the high- and
low-temperature phases have been determined, the micro-
scopic positions of the symmetry elements are fixed (we will
use the settings of Ref. 7), as shown in Fig. 2. Specifically,
we note that the three mutually perpendicular twofold screw
axes in the AFE phase do not allow a net dipole moment for
the unit cell of the low-temperature phase, although they do
allow antiferrolectric polarizations.

The M-point soft mode driving the transition in ADP may
be described by the physically imreducible M;M,
representation,* which is simply the direct sum M;®M?3
(here we use the labeling of Miller and Love®). This repre-
sentation carries a two-component order parameter (OP),
(p1,p2), whose values are listed in Table 1. Physically, the
OP corresponds to the molecular dipole moments within the
a-b plane; p, represents the component along the a direction,
and p, represents the component along the b direction. This
OP is a continuum field, which is equal to the dipole moment
at the sites of each formula unit.

Knowing the irreducible representation allows the lattice
distortions that arise in the transition to be calculated using
the 1ISOTROPY'? software package. For simplicity we will re-
strict our discussion to distortions arising at Wyckoff a sites
only, which are listed in Table II. These distortions can be
used to construct the dipole arrangement within the low-
temperature unit cell. As an example, consider the distortions
that arise in domain §,, for which the OP is (p,,p;)
=(Pqsp»)- If p,>py, the distortions result in the configu-

TABLE 1. Values of the order parameter for different domain
states.

Domain Order parameter
Sl (pa ’pb)
Sz (pb ’ _pa)
S3 (=Pas—ps)
S4 (—Pb ’pa)
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TABLE IL. Group theoretically allowed distortions at Wyckoff a
sites in domain §, . :

Position Distortions Relationship to (0,0,0) site
(0,000 p,(1,0,0)+p4(0,~1,0) {£|000}
G5 Pa(—1,0,0)+p,(0,1,0) {Colbtd
(038 Pa(—1,00)+p,(0,~ 1,0) {c,)F1%
@1 Pa(1,00)+p,(0,1,0) {Cauli1 3}

ration shown in Fig. 1, which agree well with the observed
dipolar distribution by Blinc ef al.}

Figure 1 was constructed based only on the microscopic
positioning of the symmetry elements and the allowed dis-
tortions from group theoretical considerations, as in Fig. 2.
For example, a dipole moment at position (0, 0, 0) necessar-
ily means, by action of the screw axis parallel to the z axis,
an oppositely directed dipole moment at the parent cell cen-
tering point of (333). The screw axis parallel to the x axis
further implies, from these two dipoles, that the other two
antialigned dipoles within the AFE unit cell must be present.
Hence, there is no need for defining sublattices and no need
to explain why such sublattices would adopt exactly equal
magnitudes but opposite orientation. More importantly, the
spatial relationship between the two sublattices naturally
comes out of our model. If a single dipole moment is formed
within a parent formula unit, one can generate its counter-
parts by symmetry requirements to form the antiferroelectric
polarization of the whole unit cell of the low-temperature
phase. Also, since the dipole moment at the centering point
(331) is opposite to the dipole moment at (0,0,0), the dou-
bling of the unit cell size is naturally explained.

HYSTERESIS AND THE RELATION TO THE
SUBLATTICES PROPOSED BY KITTEL

A well-known characteristic of antiferroelectrics is the
double hysteresis loop, as shown in Fig. 3. In the one-
dimensional antiferroelectric model proposed by Kittel, there
is no net polarization. However, if an external electric field is
applied, the sublattice polarization parallel to the field grows
and the other sublattice polarization opposite to the field
shrinks, resulting in a net polarization. When the field
strength becomes sufficiently large, the polarization in the
direction opposite to the field abruptly switches orientation
to become parallel to the field, resulting in a ferroelectric
state. Because of symmetry constraints, a2 double hysteresis

A
P

Y

FIG. 3. Double hysteresis loop, a characteristic of the antiferro-
electric state.
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FIG. 4. Molecular dipole moments in the presence of an external
electric field, (a) before switching and (b) after switching.
will be produced during such a switching process.

In our model, we describe the hysteresis in terms of the
dipole moments associated with each of the four formula
units in an AFE unit cell. Consider an external electric field
applied to domain S, parallel to the +a direction. This field
will interact with the dipoles, causing p,>0 to increase in
magnitude and p,<0 to decrease in magnitude, as shown in
Fig. 4(a). Note that p, is not affected in our model. At suf-
ficiently large field strength, the dipoles with p, antiparallel
to the external field will flip so that p, becomes parallel to
+a, as shown in Fig. 4(b). This results in a state in which the
dipole components are parallel along the a direction and an-
tiparallel along the b direction. It is a ferroelectric state with
the polarization along a, but with a cell size twice that of the
Kittel model.

In order to make the connection between our microscopic
model and the Kittel macroscopic model, we use the defini-
tion of the polarization, which is an average of molecular
dipole moments over a given volume P=(1/¥V)3p;. The
sublattice polarizations P, and P, in the Kittel one-
dimensional model can then be defined, in terms of the mo-
lecular dipole moments in our model, as

1 1
P[=_;} Z Pai» P2=I—, > Pai ()

i
(pa>0) (Po<0)

In other words, in the AFE state the formula units containing
a positive dipole-moment component in the a direction form
one sublattice with polarization P,, and the formula units
containing a negative dipole-moment component in the a
direction form the other sublattice with polarization P,. The
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TABLE III. Invariants for the antiferroelectric transition driven
by a soft mode corresponding to the MM, irreducible representa-
tion.

¢(2)=p%+p§ @1 2 6p2 2
=% (3]
51 17

o x ¥

s3] +(2]

¢{=(p}+pd)?
¢$=pt+p3

#V=pip,—pip3

difference between the microscopic theory presented here
and macroscopic continuum theory of Kittel is that the latter
cannot provide the spatial relationships among dipoles of
adjacent cells, and cannot account for the dipole tilt which
occurs in the ADP system.

LANDAU-GINZBURG FREE ENERGY BASED ON
MICROSCOPIC SYMMETRY

Adding OP gradient terms to the free energy, i.e., using
the Landau-Ginzburg-type free energy, will allow us to de-
scribe inhomogeneous structures, such as orientational twins
and antiphase walls. The invariant polynomials of the OP
and its derivatives can also be obtained using the ISOTROPY
program. In this paper, we have truncated the free energy at
the fourth power of the OP to limit our discussions to a
second-order transition. We also assume that the OP field
varies slowly in space so that only the first derivatives of the
OP are included in the free energy. We write

F=A¢®+B,oM+D;8; (i=123), ®3)

where the invariant polynomials ¢®, (pf"), and &; are given
in Table III. The coefficients A =A4¢(T—T,), B;, and D, are
constants.

For single domain states, all derivatives of the OP must
vanish; i.e., §;=0. Considering the single domain state S,
the two component OP is (p,,p;) with both p, and p, non-
zero. Since the symmetry of the low-temperature phase is
known, the ionic displacements and dipole moments in each
unit cell can be determined experimentally from neutron
scattering. In other words, the ratio of the amplitudes «
=p./ps can be measured in the antiferroelectric state

Pp=KpDg- (4)

Because all derivatives of the OP vanished in the single
domain state, energy minimization of Eq. (3) leads to

oF
o =24p,+[4B,(I+K*)+4B,
PHlp=(p, ep,)

+B;(3x—«3)1p2=0, (5a)
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oF
dp;

=24 Kpa+[4B1(l + k%) +4B,k?
P=(p,.xp,)

kp3=0. (5b)

1
+B3(;"'3K)

In order for Egs. (5a) and (5b) to give the same solution for
Pa, the sum involving the B, and B; terms must be equal,

1
4B,+B;(3k— K3)=4BZK2+B3(‘;—3K), (6)

which can be written as a fourth-degree polynomial equation
in k&

k*+bi*—6Kk*—bk+1=0 (7)
with b=4B,/B;. This equation has four roots,
1 1 ®
Kla ;T’KZI K2 ’
where
b 1 1
=== V16+5%+ 5‘72-(16+b2)”4\/b+ Vi6+5?,
(92)
b 1 1
Ky=— =+ = 16+b2+ — (16+b2) "V ~b+ V16+b2.
4 4 2v3
(9b)

One of the above solutions, Eq. (9a), will be less than 1 and
greater than 0 (i.e., 0< x<1), which is the solution we seek
since it corresponds to the OP in domain S;, with p,>p,
(see Fig. 1). Because Eq. (7) does not contain any
temperature-dependent terms, the solution x will be tempera-
ture independent.

Once « is determined, Eq. 5(a) allows the value of p, to
be determined as a function of the expansion coefficients in

Eq. (3):
- -24
Pa= 4B (1+ k)1 4B, 4+ B;(3k— 1)
We note that the expansion coefficient 4 is temperature de-
pendent, A=A (T—T,), so that the amplitude of the order

parameter satisfies the universal relation for a second order
phase transition, i.e.,

(10)

Dp*Pa* VI.—T.

ORDER-PARAMETER PROFILES FOR TWINS AND
ANTIPHASE STRUCTURES

The Landau-Ginzburg free energy, Eq. (3), allows us to
describe inhomogeneous structures. We will study both ori-
entation twins and antiphase structures in the AFE phase,
each composed of two different domains separated by a do-
main wall. Since there are four possible domains in the AFE
state, there will be 4 X4 =16 possible pairings of domains
from which we can construct orientation twins or antiphase
walls. However, using the idea of equivalence in group

TABLE IV. Equivalence classes of two-domain (twins and an-
tiphase) structures.

Domain pair Type Relation to S,
(51,57) orientation twin {os dio% i_}
(8,,84) orientation twin {0, d|% 1 %}
(S1,53) antiphase structure {E| % %%

theory, the pairing set can be much reduced. We find three
classes of two-domain structures to be considered, as listed
in Table IV along with the type of structure represented (the
trivial degenerate structure that has the same domain on both
sides of the wall is actually a single domain structure): two
orientation twins, and one antiphase structure.

We will first consider the orientation twin formed by do-
mains §; and S,. The domain wall orientation for such a
twin can be determined by strain matching,'"'? noting that

this transition belongs to the Aizu'® species 42mF222. The
strain allowed domain walls are the planes x=*y (see Fig.
5). Since properties of the crystal will change only along the
direction normal to this wall, we will rotate to a new coor-
dinate system so that x’ is normal to the wall. The OP com-
ponents (and any other properties of the twin) then will be
functions of x’ only. This means that the derivatives in the
gradient part of the free energy, Eq. (3), can be rewritten as

3, 1 4 ap! 1 4
T (})
ox V2 ox dy V3 ox’

For such a twin structure, the OP varies across the wall
from its value in S, to its value in S,,

Pa> x'— -0 Db x'——o

D=

Db, x' =+’ —Pas x'—+oo (12)

=

In order to match the boundary conditions in Eq. (12), it is
convenient to change the dependent variables

P1=p 11+ Puf2,

P2=ppf1—Paf2. (13)

Here, the functions /] and f, are normalized order-parameter
components and have simpler boundary conditions

1 £ 4
J* v
“ * i -

LN 4 g
5w 2o . % | s
A EPYE S PR [

LTA-LT > \

FIG. 5. Twin structure with a domain wall oriented parallel to
the (110) lattice plane.
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normalized OP
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rescaled x" axis

FIG. 6. Numerical solution for the order parameter profile of an
orientation twin with ¥’ =3.0.

1, x'—=—o 0, x'——o»
S R MR

We now apply the Euler-Lagrange equations

d JOF JoF =12 15
dx' afi,x' - aj" (l_ » ) ( )
and obtain a coupled set of ordinary differential equations
&f
Dm=afi+BA+ 13
d*f,
D= =afs+ B+ 1N, (16)
where
D=(1+«*)(D,+D;),
a=(1+x%4, (17)

B=p[4(1+«*)?B,+4(1+k*)By+4 k(1 - «*)B3),

y=p2[4(1+ k?)*B,+24x*B,— 12k(1— k?)B3].

In order to meet the boundary conditions in Eq. (14), we
must have

a+pB=0. (18)

The x’ axis can be rescaled to

(19)
to arrive at a simplified set of dimensionless equations
d*fy
dxnz = —fl +f:: + 'ylfo%y
d*f,
dxllZ = —fz +f§+ 7'f%f2 s (20)

where 7' = y/B is temperature inde;i'oendent. Equations (20)
have been solved for other systems 4 and the solutions for
the choice of ¥’ =3.0 are illustrated in Fig. 6.
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FIG. 7. Dipole arrangement in the vicinity of an antiphase wall
between S, and S;.

For the second type of orientation twin involving domains
S} and S,, the boundary conditions are

Doy X'—— Dy, X' —-—o -
= —DPs» X'—"‘*‘w, P2= Pas x'—)+°0. ( )
We make the following change of variables
P1=pJ1=Puf2
P2=Pe/1*Paf2- (22)

The same set of equations, Egs. (20), for the functions f, and
f> can be derived and similar solutions can be obtained.

For the antiphase structures, we cannot use the strain
compatibility relations to predict the orientation of the wall
since the strain compatibility relations are automatically sat-
isfied. However, we can simplify the equations to quasi-one-
dimensional using the same procedure described above.
Again, we rotate the coordinate system such that x’ is per-
pendicular to the wall. The derivatives in the gradient part of
the free energy can again be expressed in terms of deriva-
tives in the x’ direction. By defining the new normalized
order parameter g,

P1=Pa8 P2=Psg (23)

and using a rescaling of the space variable similar to Eq. (19)
(but dependent upon the specific orientation of the wall), we
can simplify the system to a single differential equation for
the function g,

—=—g+g’. (24)

For the antiphase structure formed by domains S; and S;
(see Fig. 7), the boundary conditions are

—Pa, X'——® =Py, X =
= Pas x'— 4o’ P2= Pb> -x'—b-l-OO’
(25)
or
-1, X'o-o

Equation (24) has the analytic solution
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( xn) tally that the dipoles are actually tilted from the a and b
g=tanh| —]|. (27)  directions.
\Z There are four domain states in the antiferroelectric phase
and they form two distinct orientation twins and one type of
SUMMARY AND CONCLUSIONS antiphase structure. The addition of gradient energy terms in

We have proposed a Landau-Ginzburg model based on
microscopic symmetry to describe a second-order antiferro-
electric phase transition. The OP field used is directly corre-
lated to the local dipole moments of the formula units, in-
stead of the macroscopically averaged polarization. Our
model not only can derive the macroscopic model proposed
by Kittel but also can address the dipole tilt and cell doubling
in the antiferroelectric transition. There is no need to assume
separate sublattices in our model.

When the antiferroelectric state is switched to a ferroelec-
tric state by an external electric field, our model predicts a
unit cell size twice as large as that of the macroscopic picture
obtained from previous investigations.? This picture is more
consistent with the microscopic picture observed experimen-

the free energy allows us to model multidomain inhomoge-
neous structures. Numerical solutions for the inhomogeneous
OP profiles describe the gradual change of the dipole ampli-
tude and orientation across the domain walls. We find that if,
in the free energy, only the coefficient of the quadratic term
is assumed to be temperature dependent, the local dipoles
have a fixed orientation independent of temperature, while
the amplitude of the dipole moment is a function of tempera-
ture.
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Abstract Starting with the history of the fundamental
science of the relation of structure to composition delin-
eated completely by Goldschmidt, we use the perovskite
structure to illustrate the enormous power of crystal
chemistry-based intelligent synthesis in creating new
materials.

The perovskite structure is shown to be the single
most versatile ceramic host. By appropriate changes in
composirion one can modity the most significant electro-
ceramic dielectric {BaTiO, and its relatives) phase in in-
dustry. into metallic conductors. superconductors or the
highest pressure phases in the earth. After an historical
introduction of the science, detailed treatment of the ap-
plications is confined to the most recent research on nov-
el uses in piezoelectric. ferroelectric and related applica-
tions.

Keywords Perovskite - Crystal-chemistry - Tolerance
factor - Ferroics - Electro-ceramics

1 Introduction: Prewar history of the emergence
of perovskite as the key ternary ceramic phase

1.1 The short list of important ceramic phases

Ceramics (processed inorganic materials) are by far the
highest volume and highest tonnage materials made and
used by humankind. Yet. there are only a half dozen spe-
cific ceramic phases that dominate human use of such
materials not only in terms of volume. weight, etc.. but
also in terms of technological significance. Any list of
such would contain at least the following:

— Quartz — which as sand is ubiquitous in rocks. beach-
es, soil, buildings. and roads.

A.S. Bhalla (£9) - R. Guo - R. Roy
Materials Research Laboratory,

The Pennsylvania State University,
University Park, PA 16802. USA

e-mail: asb2 @psu.edu
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— Mullite — the principal component both of crude and
refined pottery of all kinds, or bricks, and of a great
deal of high tech ceramics.

— Calcium = silicates - “Ca;SiOs, Ca,S10, and
Ca,ALOy” — and their hydration products, the key
constituents of cement and concrete, which at 1500
million tons/year is humankind’s largest tonnage
manufactured product.

— “Al,O;” - the key unary oxide of ceramic technolo-
gies from hard grinding materials to all kinds of re-
fractory ceramics. to laser hosts and gems (rubies and
sapphires).

— “Ti0,"” — the required high refractive index material
in a variety of high volume (e.g.. paint) uses and the
key ingredient in electroceramics.

Each of these phases — defined by both crystal struc-
ture and composition — is useful because it has one or
two special properties and applications. Well may one
ask: Are there ternary structures that are multifunctional.
that is. that can serve as the appropriate cryvstallographic
host for a wide variety of useful properties and func-
tions? Examination of lists of the main ternary crystal
structures [1] reveals that among thousands of complex
structures there are only a dozen or so structures which
dominate the entire world of useful ceramics. Among
these the A,BX, structure, spinel; and the ABX; struc-
ture, perovskite. stand out by a wide margin. and perovs-
kite is far ahead of spinel as the single structure which.
with skilled chemical manipulation, can produce an in-
credibly wide array of phases with totally different func-
tions (Fig. I).

1.2 Perovskite proves the error of the tructure-property
cliché of early materials scientists

The emphasis on the importance of the “structure-property™
relation as the key to the understanding of “materials sci-
ence”” was a curious half-truth of the 1950s mistakenly im-
posed on generations of students. In trying to emphasize the
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Fig. 1 Perovskite — the maxi-

ltifunctional structure Capacitors High K Piezoelectic Insulator
mum multifunctional structu BarTi"0, Por (Zre T " O ST,
Pb,MgNb,0, Changes to superconductor *0,K
Major Constituent of Earth | — PEROVSKITE — Highest Melting Point
Mg¥si"0, ATBYY, Ba,*Mg**Ta,”0,
Metallic conductor Catalysts Superconductors M Giam_
Eran el e 23 o+, agnetoresistance
La*Cr*o, La™(CoMn)~°0, , Ba *y*Cu,”’0,, Afa’Mn“O,,

Fig. 2 (a) The [ideal perovskite] structure, illustrated for SrTiO;,
[2-4]. Note the corner-shared octahedra extending in three dimen-
sions. (b) and (¢) Some other ways of presenting perovskite struc-
ture

importance of crystal or atomic structure or microstructure
as opposed merely to gross composition. this facile expres-
sion led to the opposite error that structure was the neces-
sary (but by implication also sufficient) predictor of proper-
ties. That is. of course. manifestly absurd. The perovskite
structure stands as the outstanding example proving the er-
ror of this over-simplistic cliché.

1.3 Mineral discovery

Perovskite is the name for a structural family, in addition
to being the name for a particular mineral with the com-
position. CaTiO,. This confusion between the structural
name. and a compositional entity is overweening in ma-
terials science, but very rarely dealt with explicitly. In
Muller and Roy’s textbook [1] this nomenclature issue is
dealt with extensively. and a formalism developed that
when used as a structural descriptor (see [1] p 8 for de-
tailed treatment of nomenclature) the original mineral
composition would be enclosed in square brackets. Thus
[CaTiO,] stands for the perovskite structures not the
composition CaTiO,. This formalism has not been wide-
ly adopted and confusion continues.

1.4 The structure

The [ideal perovskite] has a very simple arrangement of
ions that is illustrated in Fig. 2. The cubic (isometric)
structure is typified not by CaTiO; but by SrTiO; with
a=3.905 A, Z=1, and space group O}-Pm3m. The Ti ar-
oms are located at the corners, and the Sr atoms at the
center of the cube. The oxygen is placed at the centers of
the twelve cube edges, giving corner-shared strings of
TiOg4 octahedra. which extend infinitely in three dimen-
sions. The TiOg octahedra are perfect with 90 ° angles
and six equal Ti-O bonds at 1.952 A. Each Sr atom 1s
surrounded by twelve equidistant oxygen at 2.761 A.
The structural formula written explicitly with coordina-
tion number of each ion and local symmetry (see Muller
and Roy) is as follows:
STXUTIVIOY S8 m Tigrsm )OSty (h
The [ideal perovskite] can also be regarded as a cubic
close-packed structure in which the oxygen and the Sr
atoms are stacked in cubic close-packed layers along the
cubic [111] direction. Some of the resulting octahedral
holes are occupied by Ti atoms. Some other ways of pre-
senting the structure are shown in Fig. 2(b) and 2(c).

1.5 Crystal chemistry begins

Historically however, perovskite would have remained a
mineralogical curiosity were it not for V.M. Gold-




schmidt. the founder of the science of crystal chemistry,
and his school of geochemists in Oslo. Goldschmidt
made and studied a large number of the first synthetic
perovskites with different compositions, including
BaTiO;, in 1924-26 [5]. This quotation is taken from
Goldschmidt’s classic. the single most important refer-
ence in the entire history of materials synthesis, entitled
“Geochemische Verteilungsgesetze der Elemente™

In unserem Institut sind mehrere Reihen von Verbindun-
gen ABX, untersucht worden, um die Morphotropie-
Beziehungen dieser Stoffe festzustellen. Ich hoffe, bei
spiterer Gelegenheit ausfiihrlicher auf diese Verbindun-
gen zuriickkommen zu kodnnen. An dieser Stelle seien
die Struktur-Daten eines speziellen ABX;-Typus nach
unsern Messungen zusammengestellt, namlich die Daten
des Perowskit-Typus.

But not only did Goldschmidt synthesize a large number
of such isostructural phases but he started what was to
become the world’s first school of crystal chemistry, by
determining the crystal srructures of each of the phases,
of the ABX; compositions. This, in an era when powder
x-ray diffraction was in its infancy.

A second quotation from this monograph records the
fact that Goldschmidt himself made all the compounds
and that he. Tom Barth and Willy Zachariasen each did
some of the x-ray structures, and measured lattice pa-
rameters which prove to be amazingly accurate today.

Perowskit-Struktur:

Die Perowskit-Struktur wurde von T. Barth (in [5]) am
Perowskit. CaTiO,;., am NaNbO,, sowie am Dysanalyt
(Mischerystall CaTiO:~NaNbO,) studiert. Eine groBe An-
zahl von Substanzen mit Perowskit-Struktur wurde 1925
and 1926 von mir dargestellt, und teils von mir selbst. teils
von T. Barth, teils von W. Zachariasen untersucht; die
meisten dieser Stoffe sind bereits in 6. Erwihnt.

Goldschmidt then went on to establish what remains af-
ter seventy-five years the first (and lasting) principles of
materials synthesis:

— The radius of the ions is fundamental (his table of ra-
dii was the first) to structure.

~ The radius ratio Rc/Ra determines the coordination
number of the cation (= the polyhedron formed.)

— The packing of polyhedra follows simple rules (later
codified by Pauling [6]).

That the perovskite structure was central to the birth
of these ideas may be found in the next paragraph where
Goldschmidt introduces the concept of the “tolerance
factor” (T.F.) for the perovskite arrangement of interpen-
etrating dodecahedra and octahedra. i.e.. how far from
ideal packing can the ionic sizes move and still be “toler-
ated” by the perovskite structure?

Ich fand dabei die Entstehung der Perowskit-struktur an
bestimmte numerische Beziehungen zwischen den
Radien der Krystallbausteine gekniipft ist. Fiir unsere
Betrachtungen hier ist wesntlich db der Toleranzfaktor
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Table 1 Bestimmungen der Gitterdimensionen liegen an folgen-
den Crystallen dieser Art Vor:

Verbindung a Literature
(no. referring to that of in [5])

CaTiO,! 3.80+0.02 6,10
StTiO, 3.92+0.02 6
BaTiO, 3.97+0.02 6

KIO; ’ 4.46+0.02 6
RblO; 4.52+0.02 6
NaNbO; 3.98+0.02 10
KNbO, 4.01x0.02 6
CaZrO; 3.99+0.10 6

R(l + Rx

P S — 2

7 (R, +R)) @
Bei Perowskitstrukturen einen Wert zwischen 0,8 and
1,00 besitzt.

It should be noted that the reason why Goldschmidt’s
(and Pauling’s) crystal chemistry has been so successful
in guiding the intelligent materials synthesis of literally
thousands of new and many useful phases. is that their
rules and laws are based on hundreds of empirical mea-
surements which do not change. Thirty years before each
[II-V and II-VI semiconductor was “discovered.” Gold-
schmidt had listed them all casually on one table in the
same volume referred to above.

1.6 The first useful property in a perovskite (BaTiO,) —
dielectric constant

The next set of key events in the history of the emer-
gence of the perovskite structure as the preeminent high-
tech ceramic materials occurred during WWIL and the
history is partly lost in wartime secrecy and lack of open
publications.

Nevertheless. the history of BaTiO; is closely tied to
a very different material-muscovite mica KMg;(AlSiy)
0,,(OH),. Mica was the key insulator in most capacitors
(with a x of 10) and had to be imported by the Allies,
Germany. Russia. and Japan mainly from India (and Bra-
zil). Supply lines were tenuous. Demand was skyrocket-
ing. A key wartime R/D goal for all those countries was
to find a substitute dielectric (with a x of 80 as the start-
ing point). Our colleague W.R. Buessem. then the Direc-
tor of Science Research in Siemens. Germany reported -
that by 1940-1941 various alkaline earth titanates were
in production. Shot-down fighter planes became the
source of this intelligence for the West. But whether
from this source or directly from their own backgrounds,
in Cleveland in The TAM labs. Wainer and Solomon had
identified BaTiO; [7] as possibly having the highest K.

In 1945 Wul and Goldman [8] in Moscow also found
the same compound as being the most promising, and in
Tokyo Ogawa [9] identified the same winner: BaTiO;
(see history by Cross and Newnham [10]). The historians
of science may find this to be an example of Rupert
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Sheldrake’s morphogenetic field [11] where the ideas are
pregnant in the atmosphere worldwide, and crystallize
out at the same time in different places. Or else one may
simply see it as the result of systematic analysis of the
same problem by different scientists all over the world.
A final historic footnote is that one of the authors (R.R.)
arrived in the US in 1945 with the objective of saving In-
dia’s mica industry from the inroads of substitutes. By
1950 he was fully involved in the synthesis and crystal
chemistry of the material. BaTiO; — which almost totally
displaced mica!

1.7 The link to ferroelectricity

It was von Hippel and the MIT Laboratory for Insulation
Research [12] which recognized the reason for the ex-
traordinary values of ‘x’ which were being found. In
quick succession, Ginsburg, 1946 [13], Megaw, 1946
[14], and Blattner. Matthias and Merz, 1947 [15] in
Europe confirmed the theory, re-did the structure, and
grew a few single crystals to prove the point. By 1948
several authors [16-20] had studied the optical domain
structure and improved on the phenomenology and the
structure and change involved. Several major industry
groups entered the field. notably Bell Telephone Labs. In
1950 wwo separate groups at Penn State entered the
scene. Pepinsky and his large group in the Physics
Department on ferroelectricity. which during the next
four years included major figures in the field (Merz.
Matthias. Megaw. Shirane, Jona. etc.) and Roy and

Osborn in Geochemistry who embarked on the systemat-
ic synthesis and crystal chemistry and phase equilibria of
complex oxides. Samples which were sent back and
forth for measurement was the link between the groups.

1.8 Two perovskite “functions’:
ferroelectricity and superconductivity compared

To bracket and to conclude the history of the utility of
perovskite we jump ahead forty years to the discovery of
high T superconductivity. Whereas for years the Penn
State group was literally the only one working on the
synthesis and systematic crystal chemistry of the ferro-
electrics. literally hundreds of groups jumped in within
months of the discovery to study the superconductors.

Tables 2 and 3 make an interesting comparison to de-
bate both the nature of advances in science and science
policy, and especially investment in science. The actual
advance in the key functions — dielectric constant in one
case and transition temperature in the other was certainly
greater in BaTiO, (a factor of 100) than in YBa,Cu;0, 5
(factor of 3). The ratio of the speed and magnitude of the
impact on technology was of course even more greatly in
favor of BaTiO,. Yet both the absolute amount and the
rate of research effort put into the superconductor was in
the opposite ratio, much, much higher. The pay-off so far
at least has been vastly smaller for superconductors.

Table 2 Discoveries (past) -
comparative research history
and strategy

Ferroelectricity Superconductivity

TiO,-MgTiO, LaBaCuQ,
BaTiO; YBa,Cu:0y 5
Discovery USA Switzerland-Japan

Property advance

Research ettfort for Proof of

~ Simultaneously:
USA. USSR. Japan

~ Simultaneously:
Huntsville, Beijing. Bangalore

19441946 1986-1987
k=10 Te=23K
—100 —36K
—30,000 —90K

100 p.y. to major payoff (1000 p.y. and far to go to ??7)

Table 3 Comparison. history
and strategy - BaTiO,:HTSC

BaTiO,

Ferroelectricity
TiO,-MgTiO,

Superconductivity
LaBaCuO,
YBa,Cu;0, 5

US Position Industry in

commanding position

Technological

Drop-in replacement

Industry very weak.
Universities very weak in relevant fields

~ No products.

Prospects into existing Short-term prospects unclear
Technological €normous Major Impact linprobable
Reality capacitor industry, Piezoelectrics, in 10-15 year frame

Pyroelectrics, Electrooptics




2 Synthesis, crystal chemistry, and phase diagrams
2.1 Synthesis

All the usual ceramic reaction methods are used for syn-
thesizing the most used perovskite phases.

2.].1 Solid state reacrion

By far the most commonly used process is that of thor-
oughly mixing oxides (or carbonates and oxides) and fir-
ing at temperatures of >2/3 m.p. for periods up to ten
hours. The process poses special problems for the cases
where one oxide. especially a toxic one like Pb, may va-
porize in part during the long reaction times.

2.1.2 Solution technologies — sol-gel and others

Starting in 1950 several perovskites phases were proba-
bly the first such nonsilicate ceramics ever made by the
sol-gel techniques which had been developed by Roy at
Penn State in 1948 [21]. Sol-gel methods were routinely
applied to many of the aluminate, titanate. and complex
mixed cation phases (see later) made by one of the au-
thors (R.R.) and his students [22-25] by the mid 1950s.

In the last decade or two. sol-gel techniques have finally
attracted wider attention especially for making thin films at
low temperatures. In our own rather extensive work we
have been able to grow many highly oriented perovskites
such as SrTiO; on SrTiO; “single crystals™ as low as
600 °C from thin gel layers spun on to the substrates. Ref-
erences [26—-30] give examples of some of these synthesis
and processing studies on various perovskites.

2.1.3 Hvdrothermal

This method [31] was also used very early on to synthe-
size and check the thermodynamic stability of BaTiO,
and many other perovskites in the fifties [32]. Recently
there has been considerable activity in making BaTiO; at
very low temperatures by this route [33-35]. )

2.1.4 Hvdrothermal-electrochemical

Following the work of Hawkins and Roy [36] on using an
electric field to lower hydrothermal synthesis temperature,
Yoshimura et al. have demonstrated the ability to synthe-
size BaTiO, by using such an electric field in a hydrother-
mal bomb at temperatures between 100 and 200 °C [37].

2.1.5 Microwave synthesis

In a conventional furnace BaCO;+TiO, reacts in a few
hours at 1200 °C to form first Ba,TiO, and then very
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Table 4 Phase sequences and times of reaction in synthesis of
BaTiO; (starting precursors: BaCO; and TiO,,,)

Conditions Phases identified by XRD
Temp/Time and relative peak intensities in %
BaCO; TiO,, Ba,TiO® Tet-BaTiOzb¢
Conventional:
900 °C/2 min 57 43 - -
950 °C/2 min 67 33 - -
950 °C/1 h 62 23 14 -
1100 °C/1 h 36 37 26 -
1200 °C/1 h 30 37 33 -
1300 °C/1 h - - 100 -
Microwave Method:
250 °C/0 min 45 51 4 -
400 °C/0 min 25 22 48 5
500 °C/1 min 12 10 54 24
600 °C/5 min It 13 29 47
700 °C/5 min 6 8 16 70
900 °C/5 min - 1 - 99

4 Compare 4% BaTiO; (hex.) 0 min (microwave)
b Compare 0% BaTiO; after I h (conventional)
< Compare 99% BaTiO; (tet.) 5 min (microwave)

slowly the assemblage react to give increasing amounts
of BaTiOs.

In a 2.450 GHz microwave field we find the most re-
markable differences. especially when we work in sys-
tems using slightly reduced titanates or tantalates. etc.
[38]. Thus one can observe the formation of BaTiO; in
one to two minutes. and also note completely new reac-
tion paths. For example appearance of hexagonal BaTiO;
(unheard of at these temperatures) and the fact that no
Ba,TiO, is ever formed. Data are shown in Table 4 on a
very effective and likely to be commercialized process
for most electroceramics. Because of its simplicity and
speed, microwave sintering is especially attractive for
Pb-containing perovskites, because it minimizes the
Pb-loss.

2.1.6 PVD methods — laser ablation, MBE

As the movement towards integration of the cap-
acitative function into silicon circuitry grows. all the
well-developed thin film methods are, of course. rou-
tinely being applied to perovskites. Thin film ferroelec-
trics are a major field of research and references to two
or three symposium proceedings and journals will show
how extensive this work is [3941].

2.2 Crystal chemistry

Just as Goldschmidt had pioneered in building the foun-
dation of crystal chemistry on the basis of extensive syn-
thesis, so also Roy and his students took the crystal
chemistry of perovskites to the next level, especially in-
volving multiple ion substitution on the same site — a ba-
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sic advance not envisaged by Goldschmidt. Thus Roy et
al. were able to make many “half-breed derivatives” on
the A site. B site. and mixed (M.J. Buerger terminology).

Figure 3 is taken trom Roy’s summary of this work in
1954 [42]. This list of materials synthesized, viewed in
retrospect is remarkable. The prototype of virtually ev-
ery useful substitution made in the perovskite structure is
illustrated by real examples in this figure. For example,
the A;B2*B,3*0, is the prototype of the PMN relaxor
material. typified by its prototype Sr;NiNb,O,. This map
serves even today as a template for the novice interested
in introducing any’ particular ion into the perovskite
structure. The one major limitation is that unlike the gar-
net and spinel structures. no small ions <=0.6 A can be
accommodated since there are no tetrahedral sites in the
perovskite structure. '

But just as Goldschmidt had worked on the relations
of two structures [Perovskite] — [lImenite], [NaCl] -
[CsCl], etc., Roy turned his attention to the general prob-
lem of how structures of ternary phases change with the
cation radius of the two ions involved. His very first
work was on the ABO; phases (Keith and Roy [43]) and
in this paper the first (crude) examples of Structure Field
Maps are presented, showing the relation of perovskite
to neighboring structures; and it was in this paper that
the discovery of ferromagnetic rare earth garnets was
first reported.
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Fig. 4 Structure-field map for A2*B4+O; compounds

2.2.1 Structure field maps

In the subsequent decades Roy and his students devel-
oped the Goldschmidt approach much further and pro-
duced a large number of “structure field maps.” The lim-
itations of such an approach are clearly recognized. The
zeroth order approximation of the structure of a real ma-
terial is a hard sphere model, with each ion having sim-
ple integral charges involving only s and p ¢lectrons in
purely electrostatic bonding. Of course none of these
boundary conditions exists in practice. but nevertheless
the deviations prove to be minor. The absolute domi-
nance of composition on structure, as indicated by Gold-
schmidt, is demonstrated by the segregation of allowed
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structures for any particular stoichiometry: ABX;,
A,BX,, ABX,, etc. Amorig all ternary phases the actual
numbers of structures are possible very limited. Ninety-
five percent of all such phases on the earth probably fall
into less than a couple of dozen structures. In their book
“The Major Ternary Structural Families™ Muller and Roy
[1] have collected such information into one place and
presented dozens of such structure field maps. Galasso
[44] has also provided a valuable similar compilation of
data. Figs. 4-6 show the kind of information which is
conveyed in such SFM. These maps show the extent of

the domain of occurrence of a particular structure or sub-
structure (for example rhombohedrally on tetragaonally
distorted perovskites) in radius space of the two cations
A and B in any ternary phase. While from Goldschmidt’s
earliest work it was clearly recognized that the effect of
radius was modulated by “polarization.” or what became
in Pauling’s approach the “percentage covalency (ioni-
city).” So far it has not been usefully reduced to simple
presentations in complex ionic compounds. In the sim-
pler case of metallic structures it was Brewer and Engels
[45] who took this approach by adding in a term for the
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effects of "d’ and ‘f electrons participating in the bond-
ing. In the “covalent™ approximation to carbon, silicon,
germanium and the partially ionic III-V and II-VI com-
pounds. the theoretical physics community (A. Zunger
[46]; J.C. Phillips [47. 48]) has attempted (what are la-
beled) “first principles” calculations to relate composi-
tion to structure. Atter enormous efforts, the results are
marginally more precise than Goldschmidt’s 1926 results
which require no more etfort than reading off radii from
a table. Moreover, virtually no such efforts have been at-
tempted for ternary or quaternary structures.

2.2.2 Point defects -
substitution (solid solutions) and vacancies

The only defects which affect the bulk crystal structure
are those which affect the chemical composition. Solid
(more accurately, crysralline) solutions are universal. All
solid matter deviates (i.e.. is defective), with respect to

the deviation of ionic content, from the formal ratios of

say 1:1:3 in ABX;. In many well-known structures (e.g.,
in the case of TiO“-\, the deviation can be 20-30 per-
cent). In perovskite it can be 100%. Thus the phase ReO1
should be written Re$~O%*. because while its structure is
that of perovskite, the A sites are 100% vacant. The so-
called tungsten bronzes based on “NaW5+0Q,” in fact are
heavily defective (i.e.. lacking in A ions) along a formu-
la which simply drops out Nal+ ions, Na,_ Wy*, W O,
by balancing out the partial oxidation of W5+ to W‘>+ A
special category of "defect’ that Goldschmidt recognized
was the charge “model.” He argued that if one dropped
the formal charge of O2- to F-, one could substitute K+
for Ba** and Mg?* for Ti*+ and retain the perovskite
structure. Indeed the prediction of the structures of
chemically utterly different phases such as KMgF,,
Na,BeF; and BeF, by involving the mode! structure the-
ory must be regarded as one of the spectacular triumphs
of crystal chemistry — and this was 1926.

" The immeasurable number of solid solutions. which
are used in technology daily, are quite simply limited by
the radius considerations in the structure tield maps. Es-
pecially relevant often are cases where a designed com-
position may switch from the pyrochlore to the perovs-
kite structure [1] as the defect concentration changes
(see examples in [50]).

2.2.3 Defects: Order-disorder

Another important consideration in complex-composi-
tion perovskites are in the half-breed compositions of
Roy [42]. Here say Ki* + La3+ are substituted for 2Ba2+;
or Mg2*+ Nb3* are substituted for 3Ti%*. The possibilities
of order-disorder structural changes become obvious. In
the disordered state the ions are statistically distributed
over the 2 (or 3) A (or B) sites. However at lower tem-
perature, a lower free energy possibility is often assured
whereby a superstructure is formed with a larger unit-

cell and the ions segregated into chemically homogene-
ous sublattices. These order-disorder changes cause very
significant electrical and optical changes and the system-
atization is very valuable.

2.3 Phase diagrams: Stable and metastable

While crystal chemistry relates composition to structure.
thermodynamics relates structure and composition to the
intensive variables principally of temperature and pres-
sure. It is a fact that in contradistinction from other struc-
tures say [NaCl] or [Diamond], the usual laboratorv
pressure variable (up to say 100 kbars) causes virtually
no phase transition in any perovskites:; (see later for
MgSiO; in the earth) hence it is only the T-x diagrams
which are of interest to the perovskite field for synthesis
and growth and solid solutions etc. The original T-x dia-
gram for the system BaO-TiO, was done by Rase and
Roy in 1954 {51]. It is shown in Fig. 7(a), alongside the
much later one [52] [Fig. 7(b)] the significant changes
are all in the high TiO, region where some new phases
have been detected, which resulted in very minor chang-
es in the melting temperatures involved.

3 Major applications in electroceramics

As mentioned earlier (Fig. 2) in an ideal perovskite
structure the corner-shared oxygen octahedra linked in
the three dimensions is the basic feature of the perovs-
kite structure. The origin of ferroelectricity is linked
with the characteristics of the oxygen octahedron unit
not only in this structure but also in other derivative
structures. e.g.. tungsten bronzes and the bismuth titan-
ate structure. Within the perovskite subgroup there are
many possible variations of ferroics and phase transi-
tions, e.g.. ferroelectric, antiferroelectric, ferroelastics
(Table 5 [53]).

In a simple composition when the octahedra are
linked in a regular fashion in a cubic material a high
temperature or prototype m3 m point symmetry perovs-
kite is formed. Various A-site substitutions result in a
large tamily of simple perovskite ferroelectrics, which
at present numbers over 100 ferroelectrics. The varia-
tion of these corner linked octahedra such as tilt. (1,2
axis) [54] rotations give the possibility of several new
tamilies of ferroelectrics. Two of those which are worth
mentioning here are the tungsten bronze structure (tilt-
ing of the octahedra in the a-b plane) and Bi-layer
structures (where corner linked oxygen octahedra lay-
ers are separated by Bi,0,*2 layers in the structure).
The former family has about the same number of solid
solution ferroelectric tungsten bronze compositions and
the latter one, well over 50 compounds though the
number increases to very large numbers when these are
modified or the solid solution compositions are de-
signed by using the simple principles of crystal chem-
istry.
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Table 5 Primary and second- ) . . e e
ary ferroics (Ngvnham and Ferroic class Orientation states differ in ~ Switching force Example
Cross) .
Primary:
Ferroelectric Spontaneous polarization  Electric field BaTiO,
Ferroeleastic Spontaneous strain Mechanical stress CaAl,Si»0q4
Ferromagnetic Spontaneous magnetization Magnetic field Fe;0,
Secondary:
Ferrobielectric Dielectric susceptibility Electric field SrTiO; (7)
Ferrobimagnetic Magnetic susceptibility Magnetic field NiO
Ferrobielastic Elastic compliance Mechanical stress SiO,
Ferroelastoelectric  Piezoelectric coetticients Electric field and mechanical stress NH,Cl

Ferromagnetoelastic Piezomagnetic coefficients Magnetic tield and mechanical stress FeCO,
Ferromagnetoelectric Magnetoelectric coetficients Magnetic field and electric field Cr.04

In the simple ferroelectrics (at room temperature) the
origin of ferroelectricity in the high symmetry paraelec-
tric perovskite is governed by the two unequal TiO! and
TiO? (and thus reduction of m3 m symmetry to 4 mm)

bond distances. At a suitable temperature (Tc) when
TiO!=TiO?, the distorted perovskite (or ferroelectric)
transforms back to the cubic high symmetry m3m pero-
vskite structure.
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Fig. 8 Other variants of perov-
skite structure

Perovskite

OA18A2 e81 082 oC

2B1 ®Pb oNb OO0

(A1), "(A2)2V(C)(B1)2"(B2)s" 0" {A1),(A2)/(C)"(B1)2"(B2)6" Ox”

Table 6 Prime device materials in the field of electroceramics

Device applications Perovskite materials

Microwave dielectrics

Ba(Zn, ;Nb,;3)05, Ba(Mg; ;3 Tay;)O; and Large number of moditied compositions
Microwave dielectric substrates for HTSC

LaAlO;, NdGaOj, St(Al, sTa, 505, St(Al, sNby, )05

3

NOx sensors LaFeO;

Dielectric resonators BaZrO,

Resistors BaRuO,

Conducting electrodes SrRu0,, LaCoO;
Superconductors YBCO, BiSCO. Ba(Pb.Bi)O;
Laser host YAIO,

Magnetic bubble GdFeO;

Ferromagnetics (Ca.La)MnO,

Table 7 Some of the practical uses of simple ferroic perovskites and their solid solutions (non ferroelectric and ferroelectrics) are listed

Ferroic perovskite Comments/applications

BaTiO; Capacitors, PTC (for hair driers. etc.)

PbTiO, Pyroelectric detectors, hydrophone, high d, g, d,

Pb(Zr,_ Ti )O; Piezoelectric applications of all kind. Simple modifications of compositions or dopants are
used for obtaining the suitable materiai for a specific application, e.g., transducers,
hydrophones. actuators, x-y translator, e.g., AFM

PbLa(ZrTi)O; -8/65/35 Transparent ceramics, electrooptic shutters, EO goggles, etc. for high altitude flying pilots

LiNbO; Variant of perovskite: Optical modulators
LiTaO, Variant of perovskite: pyroelectric sensors
KNbO, Best second harmonic generator

Doped Rh: BaTiO;, KNbO;, Fe:LiNbO;
SrTi0;, {KTaO;)

Photorefractive materials
Tunable microwave devices

There are some other variants of the perovskite
structures with other special arrangements (Fig. 8) and
which have the limited number of compounds. LiNbO,
and LiTaO; and their solid solutions along with a few
substituents are the most important materials. Because
of the versatility of the perovskite structure in exhibit-

ing the vast range of conduction behaviors (as shown
below),

Insulator FE AFE Conductor Superconductor
SrTiO;  BaTiO; NaNbO; La(CrMn, Ni)O; YBCO, etc.




Table 8 Comparison of relaxor and normal ferroics

Property

Normal

Relaxor

Permittivity temperature dependence

Permittivity temperature and frequency
dependence e=¢(T, w)

Permittivity behavior
in paraelectric range (>T,)

Remanent polarization
Scattering of light
Diffraction of x-rays

Sharp 1st or 2nd order transition
about Curie temperature (T,)

Weak trequency dependence

Follow Curie-Weis law
Equation: 1/K=C/(T-T,)

Strong remanent polarization
Strong aniostropy (birefringent)

Line splitting owing to spontaneous
deformation from paraelectric
to terroelectric phase

Broad-diffuse phase transition e=¢(T)
about Curie maxima (T )

Strong trequency dependence

Follow Curie-Weis square law

Equation: 1/K=1/K , +HT- T, ) 2K, 8
Weak remanent polarization

Very weak anisotropy to light (pseudo-cubic)
No x-ray line splitting giving a pseudo-cubic
structure

the compounds of this tamily are the prime device mate-
rials in the field of electroceramics (Table 6). Some of
the practical uses of these simple ferroic perovskites and
their solid solutions are listed in Table 7.

3.1 Relaxors

A special family of substituted perovskites which have
extraordinarily high dielectric constants have been called
“relaxors.” From the crystal chemistry point of view the
perovskiie structure can accept a large number of ionic
substitutions to form new simple or complex compounds
as well as solid solutions amongst the various oxide or
complex oxide compositions (Fig. 9). In particular lead
based complex perovskites with the formula PbA’BO;,
PbB’B”0,, PbA'B’B”O. where A'=La¥*. etc.. B'=Fe?*,
Mg2+, Zn?+, In3+. Sc**. and B”=Nb*. Ta’*. W6+ result in
nanoscale ordered regions in a disordered matrix (Fig.
10). In some cases the material can be converted in to an
ordered state. Also the characteristics of the substitutions
are not limited to the ionic species listed above but these
are some which so far have been prepared. studied. and
used in a wide range ot applications. The degree of or-
dering in some of these materials can be adjusted by sim-
ple processing and thermal annealing approach whereas
in most materials the structure remains in the highly dis-
ordered state. These materials have some characteristics
which normal perovsktie ferroelectrics do not exhibit
(Fig. 11). Table 8 shows the comparison of relaxor and
normal ferroics.

All the unusual characteristics observed in these ma-
terials have been associated with the order-disorder be-
havior and the degree of order present in these materials.
Also perovskites (and some of the related tungsten
bronze structure materials) are the only materials so far
which have demonstrated this characteristic. Such ferro-
electric compositions are categorized as “relaxor ferro-
electrics” [55, 56]. Structurally most perovskite based re-
laxors. due to the presence of slight lattice distortion are
in the rhombohedral svmmetry. Relaxor materials have
shown great promise in most ferroelectric-related appli-
cation arenas (Table 9).

Relaxor
Perovskites

Complex Lead Perovskites

/ Ph( B,,,'B‘")O_, \

No B-Site Cation Long-Range B-Sitc Cavon
Order Present Order Present

/

Atomic Disorder ShorvIntermediate L.ong Coherence

Coherence Length Length
(¢~20-80A) (¢»1004)
Stoichiometric Non-Swichigmetric
(x = 1/2) (x = 2;%;\
/ v

“Normal® Ferruelectric
and Antiferroelectric

Normal Long Range Relaxor Ferroelectric

Ferroeleciric and Antiferroelectric

PbtFcaNby2)h
Ph(Fe1nTa,2)0y

Pb(Sc,;Ta))0;
Pb(Iny,;Nb;)Os

Pb(Sci2Tap)Or
Pb(In:Nby;)O:

L-0PBIME aND A )Ow0PBTIO;: x5037  Pb(Ni;aNby3)Ou Pb(Mg,2W )05
i1 Ph(ZnyaNbor)OuPTION 25011 Ph(MgsNby Oy Ph(CoizW2)0r
Pb(Zr,  Ti,)O4 Pb(ZniNb23)0y

Pb(SciNby2)0y

PbH(Cd 4Nbh33)O
(1-x)Ph(Mg;3Nb23)O0::0Ph Ti04 4037
-0Pb(Zn;Nb3)0 P TiO; x<0.11

Fig. 9 Various relaxors perovskite combinations and their classifi-
cation based on short and long range ordering (after Randall and
Bhalla)

3.2 Morphotropic phase boundary compositions

It is quite interesting to note that a further expansion of
the perovskite ferroelectrics list is possible by the route of
solid solution between various classes ot perovskite fer-
roelectric and relaxor (Table 10; {57, 58]). In most cases a
morphotropic phase boundary [59] (Fig. 12) occurs at
which point several ferroelectric properties change drasti-
cally in favor of device applications (Table 11; [56]).

The morphotropic phase boundary (MPB) represents
an abrupt structural change within a solid solution with
variation in composition but nearly independent of tem-
perature. Usually it occurs because of the instability of
one phase against the other at a critical composition
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where two phases are energetically very similar but elas-
tically different. It is noticed that the dielectric constant,
piezoelectric and electromechanical characteristics,
spontaneous polarization and pyroelectric behavior attain
maxima whereas the elastic constants tend to be softer in
the vicinity of the MPB. Because of such high property
coefficients and unique structural characteristics of MPB
compositions. a vast number of publications and patents
(Table 12) covering various device applications of this
class of ferroelectric have been added in the field of
electroceramics. Bhalla et al. [60] have recently com-
piled the vast literature on the structure property dia-
grams of the relaxor MPB systems. Figure 13 shows the
current trend and increased interest in the relaxor based
MPB systems [60].

3.3 Microwave dielectrics

Dielectric resonators are the prime components in vari-
ous communication and microwave systems as those
provide for very effective size reduction for microwave
components (size o< 1/./dielectric constant ycompared to
that for air filled cavities. In such applications, the mate-
rial should fulfill the following stringent requirements
(Table 13): (1) high dielectric constant, X (at microwave
frequencies): (2) minimum possible dielectric loss. tané;
(3) temperature stability of the dielectric properties; (4)

Table 9 Areas of applications for relaxor ferroelectrics and solid
solutions

Application:

Example:

Pyroelectrics
Capacitors/dielectrics

Electrostriction/actuators

Medical ultrasound/high
etficiency transducers

Piezoelectrics

Electrooptics

Pb(Sc, 3T, )0
(Bay 081y,40) TiO;

Pb(Mg,5Nb,;5)0;
(see patent list)

Pb(Mg, sNb,/3)04
Pb(Zn, ;Nboe)Os

3

Pb[(Mg,,3NbJ:,3){_xTix]O¢

Pb[(Zn,;Nb,3),.(Ti,]O;
Pb[(Sc,Nb, ), Ti,JO;

Pb(Zr, ,Ti,)O;
Pb{(Zn,3Nb,3), Ti JO;
Pb[(Sc 12aNby ) (Ti, JO;

(Pb,_Lay,)(Zr ,Ti,)O;

Table 10 Summary of impor-
tant relaxors based on MPB

systems (Bhalla et al.)

10: order, d: disorder, sro: short

range order

very low thermal expansion coefficients (which is relat-
ed to (3)).

In a high quality microwave dielectric material the re-
quirements (2), (3) and (4) should be as close to zero as
possible. To have such an ideal material available. is
highly improbable. but suitable materials can be de-

Fig. 10a. b Nanoscale ordered regions in a disordered matrix.
{(a) PbSc,,Ta,»,0; (Harmer. Bhaila): and (b) PbMg,;Nb.;04
(Randall et al.)

System:a

Example:

Antiferroelectric : proper ferroelectric

Relaxor : proper ferroelectric

Relaxor (short range order) : proper ferroelectric
Relaxor (order-disorder) : proper ferroelectric
Relaxor : antiferroelectric

Relaxor (short range order) : relaxor (order-disorder)

PbZrO; : PhTiO;

Pb(Zn|sNb,;3)0; : PhTIO;

Pb(Mg, sNb,1)O; : PbTiO;
Pb(S¢,sNb;1)05 : PETIO;
Pb(Zn,;Nb,;)0; : PAZ1O,
Pb(Mg,sNb-;3)0; : PbiSe,»Nb, )0,

Relaxor (0 — d) : relaxor (o-antiterroelectric — d-ferroetectric) Pb(Sc¢,Ta;,)0; : Pbiing.Nb,,.) O5

Relaxor (sro) : relaxor (o-antiferroelectric — d-ferroelectric)

Pb(Mg);3Nb3)0; : Pbiln,.aNb, 1) Oy
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Table 11 Commonly employed

perovskite end members for re-  Complex perovskites T.(°C) Behavior® Simple Perovskites T, (°C)  Behavior

laxors
Pb(Mg,3Nb4/3)04 -10 RFE PbTiO; 190 FE
Pb(Zn,;sNb,/3)04 140 RFE PbZrO; 230 AFE
Pb(Ni,,Nb,,)O; -120 RFE BaTO~ 130 FE
Pb(Fe,;,Nb,,)O; 110 FE SrTlO_. - PE

«FE: ferroelectric, AFE: anti- EEEE’?;/:A\:\V )i% gg iI;E

ferroelectric. RFE: relaxor- Pb(Nb W '7)0~ 17 AFE

terroelectric. PE: para-electric LCONLCI

Table 12 List of a few relaxor-

based compositions for MLC Composition EIA specification =~ Manufacturer Patents
PLZT-Ag X7R Sprague U.S. Pat. 4.027.209 (1973)
PMW-PT-ST X7R DuPont U.S. Pat. 4.048.546 (1973)
PFN-PFW Y5V NEC U.S. Pat. 4.078.938 (1978)
PFN-PFW-PZN Y5V NEC U.S. Pat. 4,236.928 (1980)
PEN-PMT - TDK U.S. Pat. 4,216.103 (1980)
PMN-PT Y5V TDK U.S. Pat. 4,265.668 (1981)
PMN-PEN YSV TDK U.S. Pat. 4,216.102 (1980)
PMN-PFN-PMW Y5V TDK U.S. Pat. 4.287.075 (1981)
PFW-PZ Z5U TDK U.S. Pat. 4,235.635 (1980)
PFW-PT-MN Zsu Hitachi U.S. Pat. 4.308.571 (1981)
PMN-PZT-PT Z5U Murata U.S. Pat. 4.339.544 (1982)
PFN-PFW-PbGe X7R - -
PFN-PFM-PNN Z5U,Y5V Ferro U.S. Pat. 4.379.319 (1983)
PMW-PT-PNN Z5U NEC U.S. Pat. 4.450.240 (1984)
PFN-BaCa(CuW)-PFW YSV Toshiba U.S. Pat. 4.544.644 (1985)
PMN-PZN Z5U STL U.K. Pat. 2.127.187A (1984)
PMN-PEN-PT Z5U STL U.K. Pat. 2,2126.575(1984)
PMN-PZN-PFN Z5U Matshshita Japan Pat. 59-107959 (1984)
PMN-PFW-PT - Matshshita Japan Pat. 59-203759 (1984)
PNN-PFN-PFW YSV Matshshita Japan Pat. 59-111201 (1984)
PZN-PT-ST - Toshiba -
PMN-PEN-PbGe Z5U Union Carbide U.S. Pat. 4.550.088 (1985)
PFN-PNN YSV - -
PFW-PFN - NTT -
PMN-PT-PNW Z5U Matshshita -
PMW-PT-PZ X7R NEC -
PZN-PMN-PT-BT-ST Z5U Toshiba Japan Pat. 61-155245 (1986)
PZN-PT-BT-ST X7R Toshiba Japan Pat. 61-250904 (1986)
PZN-PMN-BT Z5U, Y5S Toshiba -
PMN-PLZT Z5U MMC U.S. Pat. 4.716.134 (1987)
PMN-CT,ST.BT Z5y Matshshita Japan Pat. 62~115817 (1986)
PFW-PFN-PT Y5V ~ -
BT-PMN-PZN X7R, X7S Toshiba U.S. Pat. 4.767.732 (1988)
PMN-PS-PNW-Ca - - -
(base metal) Z5U Matsushita -
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Table 13 Mi ave dielec- 5 )
trzilcs ?a) ar:d ](cl:)r)o(‘yl“:l‘t/)?e l;ns‘::d g, Q (4 GHz) T fo(GHz)  Qxf(x10%) Refs!
4
on [64) Temperature coefficients
Ba,TiyO,, 40 9000 +2 4,5
(Zr,Sn)TiO; 34-37 9000 +/-20 6
(Sr.Ca)[(Li.Nb)Ti]O4 3846 3500 at 9 GHz +30/-70 7
BaTi,0, 38 8500 +15 4,58
(Ca,Sr)(Ba,Zr)O, 29-32  2500at 1l GHz  +/-350 9
MgTiO; 17 22000 at 7GHz 45 23, 24,
25
CaTiO; 170 1800 at 7 GHz +800
Oxf characteristics
MgTiO;-CaTiO; 21 8000 7 56 14
Ba(Sn,Mg,Ta)O, 24 43,000 10 430 15
Ba(Zn.Ta)O; 30 14,000 12 168 16,17
Ba(Zr,Zn.Ta)O; 30 10.000 10 100 17. 18
(Zr,SmTiOy 38 10.300 5 51 19, 20
) . .. Ba,TiyOs, 40 8000 4 32 21,22
snumber refers to that ot in BaO- PbO Nd,0,-TiO, 90 5000 1 5 19. 23

original paper

signed by using the simple guidelines of crystal chemis-
try as described in the following sections 5.1 and 6, also
in the paper by Guo et al. [61].

Several compounds such as TiO,, spinels and perovs-
kites (Table 13) have been examined for microwave dielec-
tric resonators but the perovskites provided the wide range
of suitable materials. possibility of tailoring the parameters
to meet the device requirements. In addition. several ap-
proaches like eutectics. composites (macro. micro and
nanoscale) [62. 63] and solid solutions have been made to
design optimum materials for specific applications.

While telecommunications are revolutionizing our life-
style, the demand for new microwave dielectrics with the
multifunctionality-feature is also increasing. The present
technology in addition to the above listed requirements. de-
mands tunable microwave dielectrics. To our surprise, so
far, it appears that it is the perovskite family which pro-
vides the best materials e.g.. SrTiO;, KTaO,. CaTiO;, and
several solid solutions e.g., (BaSnTiO;, (PbSnTiO; etc.
and their doped and modified compositions. for the fre-
quency and field agile microwave electronics.

4 Perovskites as superconductors

4.1 Conductors and superconductors

While for 30 years the perovskite structure dominate the
world of dielectrics. it was soon noted that a combination
of 4f ions in the A-site. and 3d ions in the B-site give rise
to reasonably conducting phases. at room temperature and
at very high temperatures. For example, LaCrO; was a typ-
ical candidate for MHD electrodes, Rao et al. [65] vigor-
ously followed up on cuprate conductors mcludmg

“BaCuO,” phases. But it was not their argument which led
to the first superconductive perovskite. In 1975, Sleight el
al. [66] developed the highest temperature oxide supercon-
ductor in a BaBiPbO, perovskite. In the late seventies
Gilbert [67] and Gilbert and Roy [68] performed the usual
substitutions in the structure to see if the T¢ could be

raised. All substitutions lowered the T¢. A self-imposed
constraint of not using Cu?*+ because of the variability of
valence states, had them avoid the winner. Bednorz and
Muller’s early work [69] was on the K,NiF, structure
and the first perovskite phase with T over 30K was
BaLaCuO, [70]. When James Ashburn [71] at the Univer-
sity of Alabama (Wu [72]) by sheer empirical mixing of
“rare earth” and Ba. Sr. and Cu oxides discovered the
“YBC" superconductor in a mixture of “green and black
phases” the authors did not immediately connect the pero-
vskite phase to the high T¢. In the event a highly defective
perovskite YBa,Cu,0,_ 5 was identified as the true high T¢
material. Since then some billions of dollars (literally) have
been spent in sheer empirical substitution of every easily
conceivable combination of ions — the best work following
well established crystal chemical principles in the perovs-
kite structure. It is unlikely that any structure will ever re-
ceive the same detailed chemical manipulation again. It is
significant to note that in this enormous international
search the principles of physics could contribute nothing.
The highest T materials at present are BiSCO and Hg-
HTSC and represent another intercalated family not much
unlike the Roddlesden-Popper phases.

4.2 Perovskite substrates for high-T superconductors

While the search for new superconductors by crystal
chemical manipulation was intense for a dozen years.
and relatively obvious substitutions increased the T¢
some 30 °C, the selection of useful substrate materials
for the deposition of high T superconductors (HTSC) is
of prime importance and is subjected to a number of
more difficult constraints, and has received much less at-
tention. In several microwave applications of the “ce-
ramic dielectric substrates,” important considerations
have been given to the (a) materials’ thermal properties
such as thermal expansion and thermal conductivity, and
(b) the electrical characteristics such as low dielectric
loss, dielectric constants and dielectric coefficient with
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Fig. 14 (a) Temperature scale
of substrates between their
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Table 14 Substrate parameters required for HTSC film applications

Multi-chip-modules (MCM)

Millimeter wave devices

Applications

Requirements

low crosstalk (thinner film)

Dielectric constant
d=1 um, x<10 is required

Dielectric loss
the conductor loss

Type of substrates
structure with HTSC films

Digital receivers, IR detectors, high performance computers

High speed, val/(x)!/2; satisfy characteristic impedance
1/Zo(W/d)(x)'72; high packing density (thinner fiim);

x=20 or less is acceptable, however, for film thickness
tand<10-3 to maintain the dielectric loss much lower than

Single crystal films (2 pm) in multi-layer integrated

Oscillators; frequency discriminators:
phase shitters; delay lines etc.

Narrow bandpass fiiters high Q):
low temperature coefficient of capacitance;
compact designs (moderate v values)

x = 20-25 desirable

Ultra low loss, tand< 10— (Q>10.000)

Single crystal substrates 3™ or 4" in diameter

temperature. The main heart of the selection criteria are
intended for the speed (in MCM devices) and the reduc-
tion of thermal effects on the signals. In case of the reso-
nators the values of the constants are adjusted with the
size of the required device. If we look for HTSC uses in
such applications. the additional requirement from the

substrates are also demanded. For example. additional
crystallographic matching parameters are required to de-
posit high quality oriented (preferably epitaxial) and
hence high J high temperature superconducting films on
the single crystal perovskite substrates. These parameters
are summarized in Table 14.




Table 15 Potential candidate materials for substrates for HTSC
(Guo et al.)

Substance @ 10 KHz, 90K
K D

LaAlO; 21.5 7.47x10-5
Ba(Mg,;Tay3)0; 3

hot-pressed ceramic 25.0 1.93x10-5

ceramic 24.7 <Ix10-5

crystal fiber 25.0*% <Ix10-5
(Ba(wSr(,_,)(Mnga:/_-,)O; 2604 234)(]04
(Bay ¢St 1)(Mg,3Ta/3)04 26.6 1.96x10~*
MgLaAl| Oy 14.0 1.51x10~
MgNdGaAl Oy, 15.6 1.75% 10~
CaGagAlOyy 209 3.20x10+
CaGa,;,0,y 9.4 1.81x10-
St(Al;5Nb)5)05 18.7 2.20x10~
St(Al,sNb,2)0; Sol-Gel 17.2 6.57x10~
0.7SAN:0.3LaAlO; 257 2.79x10+
0.7SAN:0.3NdGaO4 23.0 5.15x10~
St(Al»Ta ;)05 11.8 4.24x10-%
St(Al}2Ta,,)O; Sol-Gel 1.5 6.05x10~+
0.7SAT:0.3LaAlO, 21.7 7.47x10-3
0.7SAT:0.3NdGaOs 16.0 4.25x10~
1/3SAN:1/3SAT:1/3NdGa0; 223 5.11x10~
La(Mg-,:Ta,;3)0; 23.4 4.22x10-
La(Mg,,-Ti;;»)04 27.1 1.82x10-
La(Al, ;Mg 2 Ta,;,)0; 24.1 1.17x10~
YBa,Al TaO, 11.2 8.33x10~
KMgF: 5.8 1.65x10~

Numerous candidate materials have been suggested
for such purposes to achieve useful HTSC based devic-
es. The most widely used candidate has been LaAlO;.
The serious problem of ferroelastic twinning in this ma-
terial however, seriously affects the quality of HTSC
film and the device performance. An additional factor,
i.e.. thermal expansion. must also be considered rather
seriously in selection of the single crystal substrate ma-
terials for HTSC. In this case, the films are deposited
and oxidized at =500 °C and the devices operate at lig-
uid nitrogen temperatures. Therefore, for the lower ag-
ing effects and high performance from the device point
of view. thermal expansion matching over the tempera-
ture range from the deposition temperature to liguid ni-
trogen are highly recommended. These features are il-
lustrated in Fig. 14(a).

The goal has been to design and develop new highly
suitable substrates which are better than that of LaAlO,.
Thus the considerations for the selection was based on
the approach illustrated in Fig. 14(b) [73].

Investigations on the design and engineering of candi-
date substrate materials suitable for high T supercon-
ductor thin film deposition and application have yielded
several interesting new hosts such as Ba(Mg,;;Ta,3)04
(BMT). Sr(All/zTallz)‘: (SAT), Sr(Al”:Nbl/:)O] (SAN)
These complex perovskite phases and their associated
solid solutions provide new options for ultra low losses;
low permittivity substrates with close structural and ther-
mal matching to the high T oxide superconductors. In
this work it was necessary to develop a predictive capa-
bility for the dielectric constants of mixed oxide perovs-
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Fig. 15 (a) Dielectric constant vs. tolerance factor (Zumuhien);
{(b) Dielectric loss vs. tolerance factor (Zumuhlen): and (c) Transi-
tion temperature vs. tolerance factor

kites by extending Shannon’s approach. Our approach is
described later in Sect. 6.2 of this paper and some of the
potential candidates developed are listed in Table 15.

5 Some specific features

5.1 Revisiting the tolerance factor and its new
and added significance

The tolerance factor (T.F.), a simple geometrical number
which was worked out by Goldschmidt. appears now to
be a very useful figure. Recently, in trying to control the
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Fig. 16 T of MPB composi-
tions vs. tolerance factor

Fig. 17 (a) Temperature coefti-
cients vs. tolerance factor at
room temperature for some mi-
crowave dielectrics and (b) T,
vs. T for BNT compounds
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various device-oriented properties of the perovskite struc-
ture again and again useful correlations have been found
with this simple parameter. The T.F. shows how far from
ideal packing the ionic sizes can move and still be “toler-
ated” by the perovskite structure. It reflects the structural

distortion. force constants of binding, rotation and tilt of

the octahedrons, etc.. These in turn affect the dielectric
properties. transition temperature, temperature coefficient
of the dielectric constant of material. and even the dielec-
tric loss behavior in a perovskite dielectric.

For 1<1, the size of the unit cell is governed by the
B-site ion and as a result the A-site ions have too much
room for vibration. For t>1, just the opposite situation
occurs in the unit cell, i.e., in this case. B-site ions have
too much room to vibraté. The r=1 condition represents
the “close-packing” in the perovskite structure. It is im-
portant to mention here that all these calculations hold
only when the radii of the ions used for calculating “¢”
are taken constantly from within the same tables e.g..
Roy/Miiller, or Shannon/Prewitt, or Goldschmidt, or
Pauling. Therefore. various A- and B-site substitutions
may influence properties involving restoring forces.
bond strength, dipolar behavior, etc. Several properties
especially related to the dielectric, phase transition be-
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havior etc. in electronic materials correlate significantly
with this simple tolerance factor approach. A few exam-
ples [74-76] (without going into details) are illustrated
in Fig. 15(a), (b), and (¢).

Zumuhlen et al. [74] suggested that restoring force
constant of the lowest polar mode is highly influenced
by the values of tolerance factors and the binding energy
and consequently reflects on the magnitude of dielectric
constant of a compound.

Figure 15 shows the relation of dielectric constant and
transition temperature with tolerance factor in several
perovskite structures. Figure 16 further expands the plots
for the MPB composition materials to correlate the Tcs
of various compounds.

In Figure 17 there are plotted the temperature coeffi-
cients of a dielectric in relation to the tolerance factor.

As mentioned above, the tolerance factor may also
correlate well with the peak width and frequency of a
typical A|, mode in Raman scattering (Fig. 18). Such
features can subsequently be related back to the intrinsic
dielectric losses in the perovskite family compounds in
the microwave frequency region. The foregoing illus-
trates again the enormous value and power of the true
first principles approach in science!: relying on the facts
(empirical data) not the theories.

5.2 Quantum paraelectrics

Quantum paraelectric behavior is the tendency of materi-
als to exhibit a behavior that suggests an impending
phase transition at low temperatures. but the tempera-
tures are low enough to activate quantum effects in these
materials and thus the impending ferroelectric phase
transition may not be realized in these cases [77]. So far
the effect has been associated with only some perov-
skites. e.g.. SrTiO; [78], KTaO;, CaTiO; [79] and possi-
bly several solid solution (RE,Na)TiO;, where RE=La,
Nd. Sm. Gd [80. 81]. When a small amount of impurities
(a few ppm) are added. this class of perovskites shows a
typical ferroelectric-like behavior and are thus classitied
as incipient ferroelectrics.

Quantum paraelectrics by virtue of their tield tunabil-
ity, frequency agility and low loss tangent values are
promising candidates for applications in next generation
communication devices. Also these materials are ideal
for tunable microwave resonator and filter designs when
integrated with high T superconductor microwave de-
vices.

! Aristotle. in the Nicomachean Ethics [, vii. 20-22. clearly de-
fines first principles in science thus: “Nor again must we in ail
matters alike demand an explanation of the reason why things are
what they are; in some cases it is enough if the tact that they are so
is satisfactorily established. This is the case with first principles;
and the fact is the primary thing — it is a first principle. And prin-
ciples are studied — some by induction, others by perception. oth-
ers by some form of habituation. and aiso others otherwise: so we
must endeavour to arrive at the principles of each kind in their nat-
ural manner. and must also be careful to detine them correctly.”
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5.3 Unexpected application niches

5.3.] Giant magneroresistance
(GMR)/colossal magnetoresistance (CMR)

The phenomenon is recognized as a change in resistance
of a material by more than a factor of ten in the presence
of magnetic field. It is interesting to note that a large
number of compounds related to perovskite family
R, ,AMnO,,, where R refers to rare earth elements and
A reefers to alkaline-earth elements (Sr, Ca, etc.) are the
prime oxide compositions exhibiting giant magnetoresis-
tance/colossal magnetoresistance effect and metal:insula-
tor type transitions [82. 83]. Several compounds belong-
ing to both ABO; and K,NiF, structures exhibiting the
GMR etfect have been synthesized and studied in the
past decade, e.g.. La, Sr,MnO;, LaMnO:Ca, (La,Pr)
(Sr,Ca)MnO;, (La.Sr)Co0;, LaNiOs, etc.

GMR oxide compounds find tremendous applications
such as underwater sonar. high pressure pumps, active
vibration control. damage analysis and sensors related
area. There materials also have potential in high density
magnetic storage technologies.

5.3.2 Cazralvsis

Since the 1980s perovskites have appeared in catalysis
application [84. 85]. Mixed oxides of transition and rare-
earth metals possessing perovskite structure appear to be
suitable for such high-temperature processes as catalytic
combustion. methane reforming, ammonia oxidation,
sulfur dioxide reduction. etc., due to their well-known
thermal stability in a broad range of oxygen partial pres-
sures and resistance to catalytic poison [84. 85]. Recent-
ly the fact that perovskite can be both the substrate and
the wash-coat. and also the active element has led to new
advances by Isupova et al. [86].

Up to the present. catalytic properties of pure bulk pe-
rovskites or supported perovskites have been mainly
studied and reported [86—88]. Suitable systems are rather
limited but the content of the active component, and
chemical interaction between active component and sup-
port at enhanced temperatures often cause loss of activi-
ty and mechanical strength. At the same time, bulk cata-
lysts with homogeneous distribution of the structural ad-
ditives and/or promoters are known to be the most ther-
mally stable under real high-temperature conditions.
Moreover, catalysts with a high content of the active
component are more resistant to such catalytic poisons
such as Cl, F, S-containing compounds. To minimize the
pressure drop across the catalytic bed especially for gas
streams with high linear velocities honeycomb monoliths
are required (Fig. 19).

Pauli et al. [89. 90] developed the technology of pero-
vskite monolith honeycomb catalyst production. the
methods of preparation of highly dispersed. chemically
active powders with uniform phase composition and nar-
row partial size distribution. Two techniques: mechano-

Fig. 19 Typical shapes of monolithic perovskite catalysts

chemical activation (MA) of solid starting compounds in
high powered ball mills with a subsequent thermal treat-
ment {89, 90] and arc plasma thermolysis (APT) of the
mixed solutions of rare-earth and transition metals ni-
trates were both show to work [91].

5.3.3 Major materials of the Earth’s mantle

Speculation as to what the inner layers of the Earth are
made of are an intriguing aspect of high pressure crystal
chemistry. It is now a wide beliet that the major compo-
nent of the lower mantle of the earth may be a perov-
skite-(Mg,Fe)SiO, {92]. Several experimental data on
the conversion of ilmenite structure. MgSiOs, to pero-
vsktie at pressures ~250 kbars and temperature
~1000~1400 °C strongly supports the hypothesis. Figure
20(a) and (b) shows the ilmenite-perovskite stability
range in the case of MgSiO; [52], which predominantly
occurs as a substituted (Mg, ,A,)SiO; perovskite of the
earth mantle. The pressure and temperature range are in
the vicinity of the conditions existed at the mantle.

5.3.4 Ultrahigh melting point materials:
Ba(Mg,,;Tay;)0;

Ceramics  of the complex perovskite oxide,
Ba(Mg,/;Ta,3)0; which crystal chemically are also
analogues of PMN. have been studied extensively as po-
tential microwave dielectrics. We have shown [73] that
the BMT compound is one of the most refractory oxides
so far known to science. Its refractory characteristics
were not known till our attempts to grow the single crys-
tals of BMT from its melt using the laser heated pedestal
growth technique [93]. It grows congruently from the
melt in the temperature range of 2900-3100 °C. A typical
high temperature cubic perovskite phase was obtained at
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room temperature. in comparison to the hexagonal, or-
dered perovskite ceramics usually obtained via solid state
sintering. Vicker’s indentation hardness test suggests the
hardness of BMT single crystals are comparable to or
slightly harder than Al,O;. These findings are highly un-
expected. since the anisodesmicity caused by half-breed-
ing of a divalent (Mg2*) and pentavalent (Ta’*) would
have been expected to strongly lower the melting point.

6 Molecular engineering and design .
of new phases (compounds) with desired properties

It has been illustrated in earlier sections (5.1) that while
simple structural descriptions such as the tolerance factor
in a given perovskite compound can correlate and predict
various property characteristics. such as transition temper-
ature, temperature coefficient of dielectrics, dielectric loss.
etc., it is likely that several simple crystal chemical guide-
lines can guide us to design the new phases/compounds
with targeted electrical and mechanical properties within
the perovskite family of materials. In this context we will
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Fig. 21 AO(ABO;), structure - Ruddlesden and Popper phase
(Schlom et al.)

provide a few examples which are of high technical im-
portance and in which this approach has been exploited by
us to design unique perovskites with desired properties.

6.1 Ruddlesden-popper phases and molecular engineering

The K,NiF, structure in simple terms can be represented
as KF layers separating the corner shared perovskite
blocks. Ruddlesden and Popper [94,95] designed a series
of homologous compounds with the general formula
AO(ABO;) where AO represents the rock salt structure
layer separating the blocks of perovskite layers charac-
terized by n=1,2.3... co. Such phases exhibit properties
ranging from a typical insulator or ferroelectric to a con-
ductor or superconductor. As n increases. the phases tend
to be more perovskite in nature and finally reaches the
pure perovskite structure for n=eo (Fig. 21).
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Table 16 Some Ruddlesden and Popper type phases studied by
various researchers (Sharma et al.)

Compound Lattice type/symmetry

RE,CuQ, (RE = rare earth ) T, T, T”, T*

La,, Ni O;,,, (n=1.2.3) Tetragonal/monoclinic (n=1)
Orthorhombic (n=2, 3)

La,,,Co0,0;,., Orthorhombic (n=1, 3)
Pseudo monoclinic/tetragonal
Symmetry for n=1 also suggested

Sr341Ti,05,4, Tetragonal

St Fe 050y Tetragonal

St 1,03, Tetragonal

Sre1Cr,03p4y Tetragonal, 14 /acd (n=1)

Ste1 VaOsna Tetragonal

St Ru Os,y (n=1,2) Tetragonal

LaSr;Fe 0,5 Tetragonal

Ca,,,Mn_O4,,, [4,/acd (n=1)

A,Ln,Ti;0,, (A=Na. K) Tetragonal

Sr;MnM’O, (M’=Ru. Fe) Tetragonal

(A\A", M04,,; (n=1. 2. 3)
(A.A" = rare earth/alkaline
earth M=Cr, Al, Ni. Fe,

Tetragonal/orthorhombic

Mn. Ru. Ga)
Ln,Li, sAu, <O, Tetragonal
La,PdO, Tetragonal
Sr,RhO, 14, /acd
Ba,ZrS /Ba,HfS, I4/mmm
BsyZr;S ), Fmmm

Recently. with the popularity of reactive MBE, it is
now possible to engineer these complex phases in high
structural purity. Interesting electronic properties are en-
visaged from such materials. Schlom et al. [96, 97] have
synthesized (SrO)(SrTiO,) series and measured the tar-
geted dielectric constant of various single crystal phases
(Fig. 22). Rao et al. [98. 99] have synthesized success-
fully the (LaO)LaNiO;), compounds. Table 16 lists
some of the RP type phases studied by various workers.
Such molecularly engineered materials may find applica-
tions in catalysis. electrochemistry, proton exchange and
several other interesting fields [100].

6.2 Shannon’s approach to designing
microwave dielectrics

The macroscopic dielectric constant and the polarizabili-
ty of a molecule are known to be related through the
Clausius-Mosotti relation:

3vk—l

o= kT2

(3)
where oy, is the dielectric polarizability and V,, is the
molar volume in A3. While there has been no major
breakthroughs in local field calculations for complex
lonic solids. there has been a steadily increasing pool of
experimentally measured dielectric constants of sub-
stances of various compositions and structures. An Aris-
totelian first principles approach will continue to domi-
nate the high-science approach here. Dielectric polariz-
abilities and hence the dielectric constants of new mate-

o0 S°Ti0, §r,Ti,0, Sr,TiO,
"
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Fig. 22 Dielectric constant vs. AO(ABO;), structure series

(Schlom et al.)

Dielectric Properties: Theoretical Approach:
Ion Polarizability Additivity Model

( ref.: R.D. Shannon, J. Appl. Phys., 73(1), 348 (1993) )

L Database (129 Oxides and 25 Fluondes) I
3
Least Squares Refinement + Ciausius-Mosotti (C-M) Equation
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Fig. 23 Shannon’s crystal chemical approach to calculate dielec-
tric constant of materials

rials and compounds whose dielectric constants have not
been measured are potentially predictable by linear addi-
tion of the molecular polarizabilities of simpler sub-
stances (molecular polarizability additivity rule)
[101-103] or ion polarizabilities of individual ions (ion
polarizability additivity rule) [103, 104]. A review and
comments about the application of polarizability additi-
vity rules can be found in Shannon’s paper [105].

Thus the x of compositions developed by the crystal
chemical approach can be calculated by the method illus-
trated in Fig. 23. However, in the case of complex oxide
perovskites containing Ta’*, Nb5+ and rare earths, we
have found large discrepancies between calculated and
observed values. Guo et al. [106, 107] analyzed the ori-
gin of these discrepancies and expanded the Shannon
model for tantalates and niobates to correctly predict the
dielectric constants which agree well with the measured




25
Table 17 Measured and calcu- , ,
lated dielectric constants of Substance Symmetry Vin K'exp K'cac La (%)
some tailored compositions
(perovskites and complex Ba(Mg,3Tay;)03 Hexagonal 6859  24.60 2429 015
oxides) (Guo et al.) (Bag 4Sr52) (Mg, 3 Tay/3)05 Cubic 6748 2590 2174 211
(Bay 4Sry 1 )(Mg,;3Tay3)0;4 Cubic 67.84 25.30 23.48 0.88
CaNdAIO; Tetragonal 82.30 19.65,17.65 1834  -0.29
CaYAIOQ, Tetragonal 78.88 21.44,16.12 2244 1.97
LaAlO, Rhombohedral 54.40 21.90 22.39 -0.87
Nd,; 1657 61 AL 695 T2 3050 56.76 24.04 22.17 1.01
PAIO, Rhombohderal ~ 53.25  25.00 2599 044
Sr(Al sTay 5)O ordered Cubic 59.09 11.78 17.10 -7.76
Sr(AlysTay5)0; — 0.3 LaAlO;  Cubic 58.08  21.90 275  -0.50
Sr(Aly <Ta, )03 - 0.3 NdGaO;  Cubic 57.90 16.30 21.89 -4.59
SrLaAlQ, Tetragonal 89.15 16.81,20.02  18.77 0.61

values. Table 17 lists (along with some other complex
oxides) some examples of tailored perovskite composi-
tions and their measured and predicted (calculated) di-
electric constants. The agreement in values is remark-
able.

In addition, if the compositions are designed with the
appropriate tolerance tactor value, then engineered mate-
rials will also exhibit the low loss in the microwave fre-
quency range.

7 Summary

The history of the utilization of perovskite-structured
phases is an object lesson in the value of crystal chemis-
try. It is quite clear from the examples given or reterred
to in this article that the perovskite structure is an ex-
traordinarily versatile one. It provides an essential family
of materials for a wide variety of present day technolo-
gies and is likely to be an integral part of the future de-
velopments needed in high frequency communication
and several other integrated technologies. The diversity
of perovskite structure compounds which can be synthe-
sized. provides the extreme range of electrical, magnetic,
optical and mechanical properties over a wide tempera-
ture range. This could be a special boon to the integrated
technologies where compatibility of the structure of vari-
ous materials, with different functional properties is a
major concern. since the structural mismatch often leads
to various ageing, failure and impractical operating limi-
tations for devices. By using the vast crystal chemistry
resources and principles (e.g., ionic radii. valence. toler-
ance factor. etc.) innumerable perovskite compounds
with variety of properties can be designed and yet pro-
vide the structural identity to facilitate superior integrat-
ed devices. As mentioned in this article, several highly
technologically important properties from macro to
nanoscale have already been identified in this class of
materials. Perovskite structure compounds. no doubt. are
and will be an integral part of the important commercial
and strategic/special technologies of the future. As we
step into the future nanoscale technologies such as high
density packaging. low and ultra-low temperature and
HTSC based electronics, spintronics, high Q and com-

pact microwave components etc., the unique perovskite
structure has the potential to provide a wealth of new
compounds with unique properties. With the availability
of new nanoscale deposition and fabrication tools for
material preparation. a perovsktie material can be engi-
neered which can exhibit more than one desirable prop-
erty for new device concepts.
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Tetragonal-to-monoclinic phase transition in a ferroelectric
perovskite: The structure of PbZr, 5, Ti, 505

B. Noheda* and J. A. Gonzalo
Departamento de Fisica de Materiales, UAM, Cantoblanco, 28049 Madrid, Spain

L. E. Cross, R. Guo, and S.-E. Park
Materials Research Laboratory, The Pennsylvania State University, Pennsvlvania 16802-4800

D. E. Cox and G. Shirane
Deparment of Physics, Brookhaven National Laboratory, Upton, New York 11973-5000
{Received 11 October 1999; revised manuscript received 27 December 1999)

The perovskitelike ferroelectric system PbZr,_,Ti,O; (PZT) has a nearly vertical morphotropic phase
boundary {MPB) around x =0.45-0.50. Recent synchrotron x-ray powder diffraction measurements by Noheda
et al. [Appl. Phys. Lett. 74, 2059 (1999)] have revealed a monoclinic phase between the previously established
tetragonal and rhombohedral regions. In the present work we describe a Rietveld analysis of the detailed
structure of the tetragonal and monoclinic PZT phases on a sample with x=0.48 for which the lattice param-
eters are. respectively, a,=4.044 A, ¢,=4.138 A, at 325 K, and a,,=5.721 A. b,,=5.708 A, c,=4.138 A,
B=90.496°, at 20 K. In the tetragonal phase the shifts of the atoms along the polar [001] direction are similar
to those in PbTiO; but the refinement indicates that there are, in addition, local disordered shifts of the Pb
atoms of ~0.2 A perpendicular to the polar axis. The monoclinic structure can be viewed as a condensation
along one of the (110) directions of the local displacements present in the tetragonal phase. It equally well
corresponds to a freezing-out of the local displacements along one of the (100) directions recently reported by
Corker et al.[J. Phys.: Condens. Matter 10. 6251 (1998)] for rhombohedral PZT. The monoclinic structure
therefore provides a microscopic picture of the MPB region in which one of the **locally’’ monoclinic phases
in the “*average’  rhombohedral or tetragonal structures freezes out, and thus represents a bridge between these
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two phases.

I. INTRODUCTION

Perovskitelike oxides have been at the center of research
on ferroelectric and piezoelectric materials for the past fifty
years because of their simple cubic structure at high tempera-
tures and the variety of high symmetry phases with polar
states found at lower temperatures. Among these materials
the ferroelectric PbZr, _,Ti O3 (PZT) solid solutions have
attracted special attention since they exhibit an unusual
phase boundary which divides regions with rhombohedral
and tetragonal structures, called the morphotropic phase
boundary (MPB) by Jaffe et al' Materials in this region
exhibit a very high piezoelectric response, and it has been
conjectured that these two features are intrinsically related.
The simplicity of the perovskite structure is in part respon-
sible for the considerable progress made recently in the de-
termination of the basic structural properties and stability of
phases of some important perovskite oxides, based on ab
initio calculations (see. e.g.. Refs. 2-9). Recently, such cal-
culations have also been used to investigate solid solutions
and, in particular., PZT. where the effective Hamiltonian in-
cludes both structural and compositional degrees of
freedom.'%"1?

The PZT phase diagram of Jaffe et al.,! which covers only
temperatures above 300 K. has been accepted as the basic
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characterization of the PZT solid solution. The ferroelectric
region of the phase diagram consists mainly of two different
regions: the Zr-rich rhombohedral region, (F) that contains
two phases with space groups R3m and R3c. and the Ti-rich
tetragonal region (F7), with space group P4mm."> The two
regions are separated by a boundary that is nearly indepen-
dent of temperature. the MPB mentioned above, which lies at
a composition close to x=0.47. Many structural studies have
been reported around the MPB, since the early 1950’s, when
these solid solutions were first studied,''* since the high
piezoelectric figure of merit that makes PZT so extraordinary
is closely associated with this line.""'> The difficulty in ob-
taining good single crystals in this region, and the character-
istics of the boundary itself, make good compositional ho-
mogeneity essential if single phase ceramic materials are to
be obtained. Because of this, the MPB is frequently reported
as a region of phase coexistence whose width depends on the
sample processing conditions.!6~!?

Recently, another feature of the morphotropic phase
boundary has been revealed by the discovery of a ferroelec-
tric monoclinic phase (Fyy) in the Pb(Zr, - Ti,)O; ceramic
system.? From a synchrotron x-ray powder diffraction study
of a composition with x=0.48, a tetragonal-to-monoclinic
phase transition was discovered at ~300 K. The monoclinic

8687 ©2000 The American Physical Society
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FIG. 1. Preliminary modification of the PZT phase diagram. The
data of Jaffe er al. (Ref. 1) are plotted as open circles. The F~F,,
and P.-Fp transition temperatures for x=0.48 and x=0.50 are
plotted as solid symbols. The F;-F,, transition for x=0.50 is re-
ported in Ref. 22.

unit cell is such that a,, and b, lay along the tetragonal
[TT0] and [110] directions (a,~b,~a,\2), and c,, devi-
ates slightly from the [001] direction (c,,~c,).! The space
group is Cm, and the temperature dependence of the mono-
clinic angle B gives immediately the evolution of the order
parameter for the tetragonal-monoclinic (Fp-F,;) transition.
The polar axis of the monoclinic cell can in principle be
directed along any direction within the ac mirror plane, mak-
ing necessary a detailed structural study to determine its di-
rection.

In the present work we present such a detailed structure
determination of the monoclinic phase at 20 K and the te-
tragonal phase at 325 K in PZT with x=0.48. The results
show that the polarization in the monoclinic plane lies along
a direction between the pseudocubic [001]. and [111], di-
rections, corresponding to the first example of a species with
P“ P2"‘ P2 A tentative phase diagram is presented in Fig,
1, which includes data for the x=0.48 composition together
with those of the recently studied x=0.50 composition.?
The most striking finding, however, is that the monoclinic
cation displacements found here correspond to one of the
three locally disordered sites reported by Corker er al.? for
rhombohedral compositions in the region x=0.1-0.4, and
thus provide a microscopic model of the rhombohedral-to-
monoclinic phase transition. This, together with the fact that
the space group of the new phase, Cm, is a subgroup of both
P4mm and R3m, suggests that F, represents an intermedi-
ate phase connecting the well-known Fy and F PZT phases.

II. EXPERIMENTAL

A PZT sample with x=0.48 was prepared by conven-
tional solid-state reaction techniques using appropriate
amounts of reagent-grade powders of lead carbonate, zirco-

nium oxide, and titanium oxide, with chemical purities better
than 99.9%. Pellets were pressed and heated to 1250°C at a
ramp rate of 10 °C/min, held at this temperature in a covered
crucible for 2 h, and furnace cooled. During sintering,
PbZrO; was used as a lead source in the crucible to minimize
volatilization of lead.

High-resolution synchrotron x-ray powder diffraction
measurements were made at beam line X7A at the
Brookhaven National Synchrotron Light Source. In the first
set of measurements, an incident beam of wavelength 0.6896
A from a Ge(11 1) double-crystal monochromator was used
in combination with a Ge(220) crystal and scintillation de-
tector in the diffraction path. The resulting instrumental reso-
lution is about 0.01° on the 24 scale, an order of magnitude
better than that of a laboratory instrument. Data were col-
lected from a disk in symmetric flat-plate reflection geometry
over selected angular regions in the temperature range 20—
736 K. Coupled 6-2 6 scans were performed over selected
angular regions with a 2 § step interval of 0.01°. The sample
was rocked 1-2° during data collection to improve powder
averaging.

Measurements above room temperature were performed
with the disk mounted on a BN sample pedestal inside a
wire-wound BN tube furnace. The furnace temperature was
measured with a thermocouple mounted just below the ped-
estal and the temperature scale calibrated with a sample of
CaF,. The accuracy of the temperature in the furnace is es-
timated to be within 10 K, and the temperature stability
about 2 K. For low-temperature measurements, the pellet
was mounted on a Cu sample pedestal and loaded in a
closed-cycle He cryostat, which has an estimated tempera-
ture accuracy of 2 K and stability better than 0.1 K. The
diffracted intensities were normalized with respect to the in-
cident beam monitor.

For the second set of measurements aimed at the detailed
determination of the structure, a linear position-sensitive de-
tector was mounted on the 24 arm of the diffractometer in-
stead of the crystal analyzer, and a wavelength of 0.7062 A
was used. This configuration gives greatly enhanced count-
ing rates which make it feasible to collect accurate data from
very narrow-diameter capillary samples in Debye-Scherrer
geometry, with the advantage that systematic errors due to
preferred orientation or texture effects are largely eliminated.
A small piece of the sintered disk was carefully crushed and
sealed into a 0.2 mm diameter glass capillary. The latter was
loaded into a closed-cycle cryostat, and extended data sets
were collected at 20 and 325 K while the sample was rocked
over a 10° range. With this geometry the instrumental reso-
lution is about 0.03° on the 2 8 scale. Because lead is highly
absorbing, the data were corrected for absorption effects®*
based on an approximate value of ur= 1.4 determined from
the weight and dimensions of the sample.

ITI. PHASE TRANSITIONS

The evolution of the lattice parameters with temperature
was briefly summarized in Ref. 20, and a more complete
analysis is presented below. The results of the full structure
analysis are described later.

A transition from the cubic to the tetragonal phase was
observed at ~660 K, in agreement with the phase diagram
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FIG. 2. The Williamson-Hall plot for PZT (x=0.48) derived
from the measured diffraction peak widths in the cubic phase (T
=736 K). Particle size and microstrain are estimated from a linear
fit (solid line). The plot for the (111) reflection in the cubic phase
demonstrates the excellent quality of the ceramic sample (peak
width ~0.02°). The plot of Ad/d vs temperature is also shown as
an inset.

shown in Fig. 1. The measurements made on the pellet in the
cubic phase at 736 K demonstrate the excellent quality of the
sample, which exhibits diffraction peaks with full-widths at
half-maximum (FWHM) ranging from 0.01° to 0.03° as
shown for the (111) reflection plotted as the upper-right inset
in Fig. 2. The FWHM’s (I") for several peaks were deter-
mined from least-squares fits to a pseudo-Voigt function
with the appropriate corrections for asymmetry effects,” and
corrected for instrumental resolution. The corrected values
are shown in Fig. 2 in the form of a Williamson-Hall plot26

(3.1

where X is the wavelength and L is the mean crystallite size.
From the slope of a linear fit to the data, the distribution of d
spacings, Ad/d, is estimated to be ~3X 107, corresponding
to a compositional inhomogeneity Ax of less than £0.003.
From the intercept of the line on the ordinate axis the mean
crystallite size is estimated to be ~1 um.

A tetragonal-to-monoclinic phase transition in PZT with
x=0.48 was recently reported by Noheda er al.?® Additional
data have been obtained near the phase transition around 300
K which have allowed a better determination of the phase
transition to be made, as shown by the evolution of the lat-
tice parameters as a function of temperature in Fig. 3. The
tetragonal strain c,/a, increases as the temperature decreases
from the Curie point (T=660 K), to a value of 1.0247 at 300
K, below which peak splittings characteristic of a monoclinic
phase with a,,~b,~a,2,8#90°, are observed (Fig. 3). As
the temperature continues to decrease down to 20 K, a,,
(which is defined to lie along the [ T10] tetragonal direction)
increases very slightly, and b,, (which lies along the [110]
tetragonal direction) decreases. The ¢, lattice parameter

I' cos @=N/L+2(Ad/d)sin 6,

T(K)

FIG. 3. Lattice parameters versus temperature for PZT (x
=0.48) over the whole range of temperatures from 20 to 750 K
showing the evolution from the monoclinic phase to the cubic phase
via the tetragonal phase.

reaches a broad maximum value of 4.144 A between 240—
210 K and then reaches a shallow minimum value of 4.137 A
at 60 K. Over the same temperature region there is a striking
variation of Ad/d determined from Williamson-Hall plots at
various temperatures, as shown in the upper-left inset in Fig.
2. Ad/d increases rapidly as the temperature approaches the
Fr-Fy transition at 300 K, in a similar fashion to the tetrag-
onal strain, and then decreases rapidly below this tempera-
ture in the monoclinic region. Thus the microstrain respon-
sible for the large increase in Ad/d is an important feature of
the phase transition, which may be associated with the de-
velopment of local monoclinic order, and is very likely re-
sponsible for the large electromechanical response of PZT
close to the MPB.'

The deviation of the monoclinic angle 8 from 90° is an
order parameter of the Fy-F,, transition, and its evolution
with temperature is also depicted in Fig. 3. This phase tran-
sition presents a special problem due to the steepness of the
phase boundary (the MPB in Fig. 1). As shown in the previ-
ous section, the compositional fluctuations are quite small in
these ceramic samples (Ax= *+0.003) but, even in this case,
the nature of the MPB implies an associated temperature
uncertainty of AT= 100 K. There is, therefore, a rather wide
range of transition temperatures instead of a single well-
defined transition, so that the order parameter is smeared out
as a function of temperature around the phase change,
thereby concealing the nature of the transition.

Scans over the (220). region for several different tem-
peratures are plotted in Fig. 4, which shows the evolution of
phases from the cubic phase at 687 K (upper-left plot) to the
monoclinic phase at 20 K (lower-right plot), passing through
the tetragonal phase at intermediate temperatures. With de-
creasing temperature, the tetragonal phase appears at ~ 660
K and the development of the tetragonal distortion can be
observed on the left side of the figure from the splitting of
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FIG. 4. Temperature evolution of the pseudocubic (220) peak
from the cubic (top left) to the monoclinic (bottom right) phase.

the (202), and (220), reflections. On the right side of the
figure, the evolution of the monoclinic phase. which appears
below ~300 K, is shown by the splitting into the

(222),,. (222),,, (400),,. and (040),, monoclinic reflec-
tions. It is quite evident from Fig. 4 that the (202), peak is
much broader than the neighboring (220), peak, for example,
and this ‘“‘anisotropic’” peak broadening is a general feature
of the diffraction data for both phases. Another feature of the
patterns is the presence of additional diffuse scattering be-
tween neighboring peaks, which is particularly evident be-
tween tetragonal (00/) and (£00) pairs, and the correspond-
ing monoclinic (00!) and (hh0) pairs.

IV. STRUCTURE DETERMINATION

A detailed analysis of the 325 K tetragonal and 20 K
monoclinic structures of PbZr 5,Tig 4303 was carried out by
Rietveld refinement using the GSAS program package.?’ The
pseudo-Voigt peak shape function option was chosen® and
background was estimated by linear interpolation between
fixed values. An important feature of the refinements was the
need to allow for the anisotropic peak broadening mentioned
above. This was accomplished by the use of the recently
incorporated generalized model for anisotropic peak broad-
ening proposed by Stephens,?® which is based on a distribu-
tion of lattice parameters. It was also necessary to take into
account some additional diffuse scattering by modeling with
a second. cubic, phase with broad, predominately Gaussian,
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peaks. A similar strategy has been adopted by Muller et al.?’
in a recent study of PbHf 4Tig ¢O3. Although in principle this
could represent a fraction of untransformed cubic phase, we
suspect that the diffuse scattering is associated with locally
disordered regions in the vicinity of domain walls. The re-
finements were carried out with the atoms assigned fully ion-
ized scattering factors.

A. Tetragonal structure at 325 K

At 325 K the data show tetragonal symmetry similar to
that of PbTiOs. This tetragonal structure has the space group
P4mm with Pb in 1(a) sites at (0,0,z); Zr/Ti and O(1) in
1(b) sites at (1/2,1/2,z) and O(2) in 2(c) sites at (1/2, 0, z).
For the refinement we adopt the same convention as that
used in Refs. 30 and 31 for PbTiO;, with Pb fixed at (0,0,0).
However, instead of thinking in terms of shifts of the other
atoms with respect to this origin, it is more physically intui-
tive to consider displacements of Pb and Zr/Ti from the cen-
ter of the distorted oxygen cuboctahedra and octahedra, re-
spectively. We shall take this approach in the subsequent
discussion.

The refinement was first carried out with individual iso-
tropic (Ujg,) temperature factors assigned. Although a rea-
sonably satisfactory fit was obtained (Rp2=8.9%), U, for
O(1) was slightly negative and Ui, for Pb was very large,
0.026 A 2, much larger than Uj, for the other atoms. Simi-
larly high values for Pb(Uj,) in Pb-based perovskites are
well known in the literature, and are usually ascribed to local
disordered displacements, which may be either static or dy-
namic. Refinement with anisotropic temperature factors®?
(Uy; and Usz) assigned to Pb (Table I, model I) gave an
improved fit (Rp2=6.1%) with U, (=U,,) considerably
larger than U3 (0.032 and 0.013 A 2, respectively) corre-
sponding to large displacements perpendicular to the polar
[001] axis. A further refinement based on local displace-
ments of the Pb from the 1(a) site to the 4(d) sites at
(x,x,0), with isotropic temperature factors assigned to all the
atoms, gave a small improvement in the fit (R-2=6.0%)
with x=0.033. corresponding to local shifts along the (110)
axes, and a much more reasonable temperature factor (Table
I, model II). In order to check that high correlations between
the temperature factor and local displacements were not bi-
asing the result of this refinement, we have applied a com-
monly used procedure consisting of a series of refinements
based on model II in which Pb displacements along gllO}
were fixed but all the other parameters were varied.™* Fig-
ure 5 shows unambiguously that there is well-defined mini-
mum in the R factor for a displacement of about 0.19 A,
consistent with the result in Table I. A similar minimum was
obtained for shifts along (100) directions with a slightly
higher R factor. Thus, in addition to a shift of 0.48 A for Pb
along the polar [001] axis towards four of its O(2) neighbors,
similar to that in PbTiO3,%%3"% there is a strong indication of
substantial local shifts of ~0.2 A perpendicular to this axis.
The Zt/Ti displacement is 0.27 A along the polar axis, once
again similar to the Ti shift in PbTiO;. Attempts to model
local displacements along (110) directions for the Zr/Ti at-
oms were unsuccessful due to the large correlations between
these shifts and the temperature factor. Further attempts to
refine the z parameters of the Zr and Ti atoms independently,
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TABLE 1. Structure refinement results for tetragonal PbZr;s,Tig4305 at 325 K, space group P4mm,
lattice parameters a,=4.0460(1) A, c,=4.1394(1) A. Fractional occupancies N for all atoms taken as unity
except for Pb in model II, where N=0.25. Agreement factors, R,,,, Rr2. and x* are defined in Ref. 33.

Model | Model II
anisotropic lead temperature factors local (110) lead shifts

x oy z UA? x v z Uso (A?)

Pb 0 0 0 U,;=0.0319(4) 0.0328(5) 0.0328(5) 0 0.0127(4)
U33=0.0127(4)

Zr/Ti 05 05 0.4517(7) Ui, =0.0052(6) 0.5 0.5 0.4509(7) 0.0041(6)
O(1) 05 0.5 —0.1027(28) U,,=0.0061(34) 0.5 0.5 —0.1027(28) 0.0072(35)
o2 05 O 0.3785(24)  U,;,,=0.0198(30) 0.5 0 0.3786(24)  0.0197(30)
R, 4.00% 3.99%
Rp2 6.11% 6.04%
e 114 11.3

as Corker ez al. were able 1o do,? were likewise unsuccess-
ful, presumably because the scattering contrast for x rays is
much less than for neutrons.

From the values of the atomic coordinates listed in Table
I, it can be inferred that the oxygen octahedra are somewhat
more distorted than in PbTiO;, the O(1) atoms being dis-
placed 0.08 A towards the O(2) plane above. The cation
displacements are slightly larger than those recently reported
by Wilkinson et al.®" for samples close to the MPB contain-
ing a mixture of rhombohedral and tetragonal phases, and in
excellent agreement with the theoretical values obtained by
Bellaiche and Vanderbilt™ for PZT with x=0.50 from first
principles calculations. As far as we are aware no other
structural analysis of PZT compositions in the tetragonal re-
gion has been reported in the literature.

Selected bond distances for the two models are shown in
Table II. For model I, Zr/Ti has short and long bonds with
O(1) of 1.85 and 2.29 A, respectively, and four intermediate-
length O(2) bonds of 2.05 A. There are four intermediate-
length Pb-O(1) bonds of 2.89 A , four short Pb-O(2) bonds

T T
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FIG. 5. Agreement factor R, , as a function of Pb displacements
for refinements with fixed values of x along tetragonal (110) and
(100) directions as described in text. The well-defined minimum at
x~0.19 A confirms the result listed in Table | for model II.

of 2.56 A and four much larger Pb-O(2) distances of 3.27 A.
For model II, the Zr/Ti-O distances are the same, but the
Pb-O distances change significantly. A Pb atom in one of the
four equivalent (x,x,0) sites in Table I now has a highly
distorted coordination. consisting of two short and two inter-
mediate Pb-O(2) bonds of 2.46 and 2.67 A, and one slightly
longer Pb-O(1) bond of 2.71 A (Table II). The tendency of
Pb*2, which has a lone sp electron pair, to form short cova-
lent bonds with a few neighboring oxygens is well docu-
mented in the literature. ¥~

The observed and calculated diffraction profiles and the
difference plot are shown in Fig. 6 for a selected 2 8 range
between 7° and 34° (upper figure). The short vertical mark-
ers represent the calculated peak positions. The upper and
lower sets of markers correspond to the cubic and tetragonal
phases, respectively. We note that although agreement be-
tween the observed and the calculated profiles is consider-
ably better when the diffuse scattering is modeled with a
cubic phase, the refined values of the atomic coordinates are
not significantly affected by the inclusion of this phase. The
anisotropic peak broadening was found to be satisfactorily

TABLE II. Selected Zr/Ti-O and Pb-O bond lengths in the te-
tragonal and monoclinic structures. Models 1 and II refer to the
refinements with anisotropic temperature factors and local (110)
displacements for Pb, respectively (see Table I). The standard errors
in the bond lengths are ~0.01 A .

Bond lengths (&)

tetragonal monoclinic

model [ model II
Zr/Ti-O(1) 1.85x1 1.85x1 1.87x1
2.29%1 2.29X 1 2.28X%1
Zr/Ti-0(2) 2.05x4 2.05x4 2.13%X2
1.96x2
Pb-O(1) 2.89X4 2.90x2 2.90%2
271X1 2.60x 1
Pb-0O(2) 2.56X4 2.67X2 2.64X2
2.46X2 2.46X2
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FIG. 6. Observed and calculated diffraction profiles from the
Rietveld refinement of the tetragonal (top) and monoclinic (bottom)
phases of PZT (x=0.48) at 325 and 20 K, respectively. The differ-
ence plots are shown below, and the short vertical markers repre-
sent the peak positions (the upper set correspond to the cubic phase
as discussed in text). The insets in each figure highlight the differ-
ences between the tetragonal and the monoclinic phase for the
pseudocubic (110) reflection, and illustrate the high resolution
needed in order to characterize the monoclinic phase.

described by two of the four parameters in the generalized
model for tetragonal asymmetry. 28

B. Monoclinic structure at 20 K

As discussed above, the diffraction data at 20 K can be
indexed unambiguously on the basis of a monoclinic cell
with the space group Cm. In this case Pb, Zr/Ti, and O(1) are
in 2(a) sites at (x,0,z), and O(2) in 4(b) sites at (x,y,z).
Individual isotropic temperature factors were assigned, and
Pb was fixed at (0,0.0). For monoclinic symmetry, the gen-
eralized expression for anisotropic peak broadening contains
nine parameters. but when all of these were allowed to vary
the refinement was slightly unstable and did not completely
converge. After several tests in which some of the less sig-
nificant values were fixed at zero, satisfactory convergence
was obtained with three parameters ( R,,=0.036, x2=11.5).
During these tests, there was essentially no change in the
refined values of the atomic coordinates. A small improve-
ment in the fit was obtained when anisotropic temperature
factors were assigned to Pb (Rw[,=0.033,)(2=9.2). The final
results are listed in Table III, and the profile fit and differ-
ence plot are shown in the lower part of Fig. 6.

From an inspection of the results in Tables I and III, it can
be seen that the displacements of the Pb and Zr/Ti atoms
along [001] are very similar to those in the tetragonal phase
at 325 K, about 0.53 and 0.24 A, respectively. However, in
the monoclinic phase at 20 K, there are also significant shifts
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TABLE III. Structure refinement results for monoclinic
PbZry 5, Tig 4305 at 20 K, space group Cm, lattice parameters a,,
=5.72204(15) A, b,,=5.70957(14) A, c,=4.13651(14) A, /3

=90.498(1)°. Agreement factors R,;=3.26% Rp2=4. 36%, x*
=9.3.

Xm Ym Im Uisn(A 2)
Pb 0 0 0 0.0139*
Zr/Ti 0.5230(6) 0 0.4492(4) 0.0011(5)
o(1) 0.5515(23) 0 —-0.0994(24)  0.0035(28) -
0o(2) 0.2880(18)  0.2434(20) 0.3729(17) 0.0123(22)

For Pb, Uy, is the equivalent isotropic value calculated from the ‘
refined anisotropic values [U,;=0.0253(7) A 2,U,,=0.0106(6)
A% U3;=0.0059(3) A U,5=0.0052(4) A 2).

of these atoms along the monoclinic [ 100], i.e., pseudocubic
[110], towards their O(2) neighbors in  adjacent pseudocubic
(110) planes, of about 0.24 and 0.11 A, respectively, which
corresponds to a rotation of the polar axis from [001] to-
wards pseudocubic [111]. The Pb shifts are also qualitatively
consistent with the local shifts of Pb along the tetragonal
(1 10) axes inferred from the results of model II in Table I,
i.e., about 0.2 A. Thus it seems very plausible that the mono-
clinic phase results from the condensation of the local Pb
displacements in the tetragonal phase along one of the (110)
directions.

Some selected bond distances are listed in Table II. The
Zr/Ti-O(1) distances are much the same as in the tetragonal
structure. but the two sets of Zr/Ti-O(2) distances are signifi-
cantly different. 1.96 and 2.13 A, compared to the single set
at 2.04 A in the tetragonal structure. Except for a shortening
in the Pb-O(1) distance from 2.71 to 2.60 A. the Pb environ-
ment is quite similar to that in the tetragonal phase, with two
close O(2) neighbors at 2.46 A, and two at 2.64 A.

V. DISCUSSION

In the previous section, we have shown that the low-
temperature monoclinic structure of PbZry 5-Tip 403 is de-
rived from the tetragonal structure by shifts of the Pb and
Zr/Ti atoms along the tetragonal [110] axis. We attribute this
phase transition to the condensation of local (110) shifts of
Pb which are present in the tetragonal phase along one of the
four (110) directions. In the context of this monoclinic struc-
ture it is instructive to consider the structural model for
rhombohedral PZT composmons with x=0.08-0.38 recently
reported by Corker el al.®> on the basis of neutron powder
diffraction data collected at room temperature. In this study
and also an earlier study*? of a sample with x=0.1, it was
found that satisfactory refinements could only be achieved
with anisotropic temperature factors, and that the thermal
ellipsoid for Pb had the form of a disk perpendicular to the
pseudocubic [111] axis. This highly unrealistic situation led
them to propose a physically much more plausible model
mvolvmg local displacements for the Pb atoms of about 0.25
A perpendicular to the [111] axis and a much smaller and
more isotropic thermal ellipsoid was obtained. Evidence for
local shifts of Pb atoms in PZT ceramics has also been dem-
onstrated by g)alr-dlstrlbutlon function analysis by Teslic and
co-workers.’
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TABLE IV. Comparison of refined values of atomic coordinates in the monoclinic phase with the corre-
sponding values in the tetragonal and rhombohedral phases for both the “‘ideal’”” structures and those with

local shifts, as discussed in text.

tetragonal monoclinic rhombohedral (Ref. 43)
x=048,325 K x=048, 20K x=0.40, 295 K

ideal local shifts as refined local shifts ® ideal
XzuTi 0.500 0.530 0.523 0.520 0.540
Zzomi 0.451 0.451 0.449 0.420 0.460
Xom 0.500 0.530 0.551 0.547 0.567
o -0.103 ~0.103 —0.099 0.093 —0.053
Xoim 0.250 0.280 0.288 0.290 0.310
Yo 0.250 0.250 0.243 0.257 0.257
o 0.379 0.379 0.373 0.393 0.433
a,(A) 5.722 5.722 5.787
ba(A) 5.722 5.710 5.755
cm(A) 4.139 4,137 4.081
B(°) 90.0 90.50 90.45

*Tetragonal local shifts of (0.03,0.03,0).
"Hexagonal local shifts of (—0.02.0.02,0).

We now consider the refined values of the Pb atom posi-
tions with local displacements for rhombohedral PZT listed
in Table IV of Ref. 23. With the use of the appropriate trans-
formation matrices, it is straightforward to show that these
shifts correspond to displacements of 0.2-0.25 A along the
direction of the monoclinic [100] axis, similar to what is
actually observed for x=0.48. It thus seems equally plau-
sible that the monoclinic phase can also result from the con-
densation of local displacements perpendicular to the [111]
axis.

The monoclinic structure can thus be pictured as provid-
ing a ‘‘bridge’”’ between the rhombohedral and tetragonal
structures in the region of the MPB. This is illustrated in
Table IV, which compares the results for PZT with x=0.48
obtained in the present study with earlier results* for rhom-
bohedral PZT with x=0.40 expressed in terms of the mono-
clinic cell.* For x=0.48, the atomic coordinates for Zt/Tj,
0O(1) and O(2) are listed for the ‘‘ideal’’ tetragonal structure
(model I) and for a similar structure with local shifts of
(0.03,0.03,0) in the first two columns, and for the monoclinic
structure in the third column. The last two columns describe
the rhombohedral structure for x=0.40 assuming local shifts
of (—=0.02,0.02,0) along the hexagonal axes and the as-
refined ‘‘ideal’” structure, respectively. It is clear that the
condensation of these local shifts gives a very plausible de-
scription of the monoclinic structure in both cases. It is also
interesting to note the behavior of the corresponding lattice
parameters; metrically the monoclinic cell is very similar to
the tetragonal cell except for the monoclinic angle, which is
close to that of the rhombohedral cell.

Evidence for a tetragonal-to-monoclinic transition in the
ferroelectric material PbFe, sNby 505 has also been reported
by Bonny et al.®® from single crystal and synchrotron x-ray
powder diffraction measurements. The latter data show a
cubic-tetragonal transition at ~376 K, and a second transi-
tion at ~ 355 K. Although the resolution was not sufficient to
reveal any systematic splitting of the peaks, it was concluded
that the data were consistent with a very weak monoclinic

distortion of the pseudorhombohedral unit cell. In a recent
neutron and x-ray powder study, Lampis et al.* have shown
that Rietveld refinement gives better agreement for the
monoclinic structure at 80 and 250 K than for the rhombo-
hedral one. The resulting monoclinic distortion is very weak,
and the large thermal factor obtained for Pb is indicative of a
high degree of disorder.

The relationships between the PZT rhombohedral. tetrag-
onal and monoclinic structures are also shown schematically
in Fig. 7, in which the displacements of the Pb atom are
shown projected on the pseudocubic (110) mirror plane. The
four locally disordered {110) shifts postulated in the present
paper for the tetragonal phase are shown superimposed on
the [001] shift at the left [Fig. 7(a)] and the three locally
disordered (100) shifts proposed by Corker er al.?® for the
rhombohedral phase are shown superimposed on the [111]

c o

fily i

HILH Hi0, -3y {110)

Tetragonal Monoclinic Rhombohedral

(a) (b) (©)

FIG. 7. Schematic illustration of the tetragonal (a), monoclinic
{b), and rhombohedral (c) distortions of the perovskite unit cell
projected on the pseudocubic (110) plane. The solid circles repre-
sent the observed shifts with respect to the ideal cubic structure.
The light grey circles represent the four locally disordered (100)
shifts in the tetragonal structure (a) and the three locally disordered
shifts in the rhombohedral structure (c) described by Corker et al.
(Ref. 23). The heavy dashed arrows represent the freezing-out of
one of these shifts to give the monoclinic observed structure. Note
that the resultant shifts in the rhombohedral structure can be viewed
as a combination of a [111] shift with local (100) shifts. as indi-
cated by the light grey arrows.
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shift at the right [Fig. 7(c)]. It can be seen that both the
condensation of the [110] shift in the tetragonal phase and
the condensation of the [001] shift in the rhombohedral
phase leads to the observed monoclinic shift shown at the
center [Fig. 7(b)]. We note that although Corker ef al. dis-
cuss their results in terms of (100) shifts and a [111] shift
smaller than that predicted in the usual refinement procedure,
they can be equally well described by a combination of shifts
perpendicular to the [111] axis and the [111] shift actually
obtained in the refinement. as is evident from Fig. 7(c).

We conclude. therefore. that the F,, phase establishes a
connection between the PZT phases at both sides of the MPB
through the common symmetry element, the mirror plane,
and suggest that there is not really a morphotropic phase
boundary, but rather a ‘*morphotropic phase,”” connecting
the Fr and Fy phases of PZT. In the monoclinic phase the
difference vector between the positive and negative centers
of charge defines the polar axis, whose orientation, in con-
trast to the case of the Fr and Fj phases, cannot be deter-
mined on symmetry grounds alone. According to this, from
the results shown in Table III, the polar axis in the mono-
clinic phase is found to be tilted about 24° from the [001]
axis towards the [111] axis. This structure represents the first
example of a ferroelectric material with P13=P%;&Pf,
(P,.P,,P.) being the Cartesian components of the polariza-
tion vector. This class corresponds to the so-called
m3m(12)A2Fm type predicted by Shuvalov.*’ It is possible
that this new phase is one of the rare examples of a two-
dimensional ferroelectric*® in which the unit cell dipole mo-
ment switches within a plane containing the polar axis, upon
application of an electric field.

This F, phase has important implications; for example, it
might explain the well-known shifts of the anomalies of
many physical properties with respect to the MPB and thus
help in understanding the physical properties in this region,
of great interest from the applications point of view.' It has
been found that the maximum values of d3; for rhombohe-
dral PZT with x=0.40 are not obtained for samples polarized
along the [111] direction but along a direction close to the
perovskite [001] direction.* This points out the intrinsic im-
portance of the [001] direction in perovskites, whatever the
distortion present, and is consistent with Corker ef al.’s
model for the rhombohedral phase,”® and the idea of the
rhombohedral-tetragonal transition through a monoclinic
phase.

B. NOHEDA et al.
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It is also to be expected that other systems with morpho-
tropic phase boundaries between two nonsymmetry-related
phases (e.g., other perovskites or tungsten-bronze mixed sys-
tems) may show similar intermediate phases. In fact, an in-
dication of symmetry lowering at the MPB of the PZN-PT
system has been recently reported by Fujishiro et al.>® From
a different point of view, a monoclinic ferroelectric perov-
skite also represents a new challenge for first-principles theo-
rists, until now used to dealing only with tetragonal, rhom-
bohedral and orthorhombic perovskites.

A structural analysis of several other PZT compositions
with x=0.42-0.51 is currently in progress in order to deter-
mine the new PZT phase diagram more precisely. In the
preliminary version shown in Fig. 1 we have included data '
for a sample with x=0.50 made under slightly different
conditions™ at the Institute of Ceramic and Glass (ICG) in
Madrid, together with the data described in the present work
for a sample with x=0.48 synthesized in the Materials Re-
search Laboratory at the Pennsylvania State University
(PSU). As can be seen the results for these two compositions
show consistent behavior, and demonstrate that the Fy-Fr
phase boundary lies along the MPB of Jaffe et al. Prelimi-
nary results for a sample from PSU with x=0.47 show un-
equivocally that the monoclinic features are present at 300
K. However, measurements on an ICG sample with the same
nominal composition do not show monoclinicity unambigu-
ously, but instead a rather complex poorly defined region
from 300-400 K between the rhombohedral and tetragonal
phases.”? The extension of the monoclinic region and the
location of the Fgz-F, phase boundary are still somewhat
undefined, although it is clear that the monoclinic region has
a narrower composition range as the temperature increases.
The existence of a quadruple point in the PZT phase diagram
is an interesting possibility.
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Stability of the monoclinic phase in the ferroelectric perovskite PbZr;_ Ti, O;

B. Noheda,* D. E. Cox, and G. Shirane
Physics Department, Brookhaven National Laboratory, Upton, New York 11973

R. Guo, B. Jones, and L. E. Cross
Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802
(Received 9 June 2000; published 12 December 2000)

Recent structural studies of ferroelectric PbZr, _,Ti,0; (PZT) with x=0.48, have revealed a monoclinic
phase in the vicinity of the morphotropic phase boundary (MPB), previously regarded as the boundary sepa-
rating the rhombohedral and tetragonal regions of the PZT phase diagram. In the present paper, the stability
region of all three phases has been established from high-resolution synchrotron x-ray powder-diffraction
measurements on a series of highly homogeneous samples with 0.42<x<0.52. At 20 K, the monoclinic phase
is stable in the range 0.46<<x=0.51, and this range narrows as the temperature is increased. A first-order phase
transition from tetragonal to rhombohedral symmetry is observed only for x=0.45. The MPB, therefore,
corresponds not to the tetragonal-thombohedral phase boundary, but instead to the boundary between the
tetragonal and monoclinic phases for 0.46<x<0.51. This result provides important insight into the close
relationship between the monoclinic phase and the striking piezoelectric properties of PZT; in particular,
investigations of poled samples have shown that the monoclinic distortion is the origin of the unusually high

piezoelectric response of PZT.

DOI: 10.1103/PhysRevB.63.014103

L. INTRODUCTION

Exceptionally striking dielectric and piezoelectric proper-
ties are found in PbZr,_ Ti O; (PZT), the perovskite-type
oxide system that is the basis of practically all transducers
and other piezoelectric devices. This solid solution is cubic
at high temperatures but becomes slightly distorted at lower
temperatures, where it is ferroelectric. Except for a narrow
region close to PbZrO,, the ferroelectric phase is divided in
two regions of different symmetry, rhombohedral for Zr-rich
compositions and tetragonal for Ti-rich compositions. The
highest piezoelectric response in this system is found at the
boundary between these two phases, at x=0.47; the so-called
morphotropic phase boundary (MPB). The term ‘‘morpho-
tropic’’ was coined by Jaffe ef al.' and means literally ‘‘the
boundary between two forms.”” However, it is usually as-
sumed to mean nearly vertical, i.e., composition indepen-
dent. The PZT phase diagram for compositions around the
MPB is shown in Fig. 1, where the open circles represent the
data of Jaffe et al.,! which define the MPB above room tem-
perature. The sharpness of this line is such that a composi-
tion fluctuation of Ax=0.01 corresponds to a temperature
uncertainty of AT=90 K. Recently, high-resolution x-ray
~ diffraction measurements on extremely homogenous samples
" by Noheda et al. showed that an intermediate monoclinic
phase exists between the rhombohedral and tetragonal PZT
. phases. 2-4 The observation of this monoclinic phase in two
different compositions, x=0. 48%* and x=0.50,> has allowed
a preliminary modification of the phase diagram, as shown in
Fig. 1. Furthermore, the discovery of this phase around the
MPB in PZT answers many of the questions raised by pre-
vious inve:stigatorss‘10 about the nature of the MPB and the
underlying basis for the special physical properties of PZT in
this region of the phase diagram, especially in the context of
the coexistence of rhombohedral and tetragonal phases.

0163-1829/2000/63(1)/014103(9)/$15.00
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The monoclinic unit cell is doubled with respect to the
tetragonal one and has b as the unique axis. a,, and b,, are
directed along the pseudocubic [110] and [ 110] directions,
respectively, while ¢, is close to the tetragonal ¢ axis, along
[001], but tilted away from it such that the angle 8 between
a,, and c,, is slightly larger than 90°. This monoclinic phase
has unique characteristics in comparison to all other ferro-
electric perovskite phases. The polar axis is not determined
by symmetry and can be directed anywhere within the mono-
clinic ac plane; that is, the polar axis is allowed to rotate
within this plane. In the case of PZT, the pseudocubic [111]
and [001] directions are contained within the monoclinic
plane and the monoclinic polar axis is tilted away from the
polar axis of the tetragonal phase [001) towards that of the
rhombohedral phase [111].* As has already been pointed out
by other authors,~? the diffraction data show clearly that
the local structure of PZT differs from that of the average
one. A structure analysis of rhombohedral PZT by Corker
et al.”® indicated that the Pb and Zr/Ti cations in the Zr-rich
compositions are distributed among three locally disordered
sites with monoclinic symmetry (see the gray circles in the
top left plot of Fig. 1), resulting in average rhombohedral
symmetry (black circle in the top left plot of Fig. 1).* In a
similar structure analysis of tetragonal PZT close to the
MPB,* the diffraction data were shown to be consistent with
Pb and Zi/Ti cations distributed among four locally disor-
dered cation sites with monochmc symmetry, resulting in
average tetragonal symmetry.*

In recent years, the development of first-principles calcu-
lations applied to the study of ferroelectric perovskites has
contributed greatly to the understanding of the physical prop-
erties of these materials (see, e.g., Refs. 14—19). The incor-
poration of a compositional degree of freedom to allow for
the study of solid solutions has been an important advance,
which has opened up the possibility of investigating more

©2000 The American Physical Society
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FIG. 1. The lower part of the figure shows the PZT phase dia-
gram close to the MPB reported by Jaffe et al. (Ref. 1) (open sym-
bols), and the preliminary modification proposed in Ref. 3, includ-
ing the monoclinic phase. The solid symbols represent the observed
phase transitions for x=0.48 (Ref. 4) and x=0.50 (Ref. 3). The
upper part of the figure depicts the microscopic model proposed for
the rhombohedral and the monoclinic phases in Ref. 4 (see text).

complex ferroelectric materials such as PZT and related
systems.?>%¢ Very recently, Bellaiche et al?’ have suc-
ceeded in deriving the monoclinic phase of PZT from first-
principles calculations. These authors also show that the
value of the piezoelectric coefficient calculated, taking into
account rotation of the polarization vector in the monoclinic
plane, is in good agreement with the high values observed in
PZT.

In the present paper, the stability region of the monoclinic
phase in PZT is characterized by means of synchrotron x-ray
powder-diffraction measurements made on PZT composi-
tions at closely spaced intervals in the range x=0.42—0.52.
The monoclinic phase is observed at 20 K for 0.46<x
=<0.51, and this composition range narrows as the tempera-
ture increases. The transition temperature between the tetrag-
onal and monoclinic phases is very steep as a function of
composition and coincides with the previously mentioned
MPB of Jaffe et al.! above ambient temperature.

II. EXPERIMENT

PZT samples with x=0.42, 0.45, 0.46, 0.47, 0.50, 0.51,
and 0.52 were prepared by conventional solid-state reaction
techniques similar to those used previously for PZT with x
=0.48.* During the calcination, two steps were used. First,
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the desired solid solution was formed at 900 °C using the
appropriate amounts of reagent-grade powders of lead car-
bonate, zirconium oxide, and titanium oxide with chemical
purity better than 99.9%. Second, the formed product was
pulverized and allowed to reach homogeneity by heating for
6 h at 850°C (lower than the temperature at which PbO
evaporates). Pellets were then pressed using an organic
binder and, after burnout of the binder, heated to 1250 °C at

a ramp rate of 10 °C/min, held at this temperature in a cov-

ered crucible for 2 h, and cooled to room temperature. Dur-
ing sintering, PbZrO; was used as a lead source to maintain
a PbO-rich atmosphere.

Several sets of high-resolution synchrotron x-ray powder-
diffraction measurements were made on different occasions
at beam line X7A at the Brookhaven National Synchrotron
Light Source. Data were collected from the ceramic disks in
symmetric flat-plate reflection geometry using 6-26 scans
over selected angular regions in the temperature range 20—
750 K. The sample was rocked 1°~2° during data collec-
tion to improve powder averaging. In all these experiments a
Ge(111) double-crystal monochromator was used to provide
an incident beam with a wavelength close to 0.7 A . A
Ge(220) crystal analyzer and scintillation detector were
mounted in the diffracted beam, giving an instrumental reso-
lution of about 0.01° on the 2 # scale. As described in Ref. 4,
measurements above room temperature were performed with
the disk mounted inside a wire-wound BN tube furnace. The
accuracy of the temperature in the furnace is estimated to be
about 10 K. For low-temperature measurements, the pellet
was loaded in a closed-cycle He cryostat, which has an esti-
mated temperature accuracy of 2 K. With this type of dif-
fraction geometry, it is not always possible to eliminate pre-
ferred orientation and texture effects, but the peak positions,
on which the present results are based, are not affected.

In many cases the peak profiles were quite complex, ne-
cessitating a very detailed and careful peak-fitting analysis.
The peak positions were determined from least-squares fits
to the profile recorded for each of the selected regions. A
pseudo-Voigt peak shape function with an asymmetry cor-
rection was used,?® and factors such as anisotropic peak
widths, coexisting phases, and diffuse scattering between
peaks were taken into account. The lattice parameters of in-
dividual phases were obtained from fits to the observed peak
positions for several reflections. Because of the complicated
peak shapes, we found that the above procedure gave more
consistent results than standard profile-fitting programs.

Examples of selected regions of the diffraction patterns
for the three PZT phases, tetragonal (top), monoclinic (cen-
ter), and rhombohedral (bottom), around the morphotropic
phase boundary are shown in Fig. 2. The narrow width of the
peaks demonstrates the excellent quality of the ceramic
samples and allows the specific characteristics of each phase
to be clearly distinguished. In particular, the monoclinic
phase exhibits unique features that cannot be accounted for
by either of the other phases or a mixture of them. In the
monoclinic phase, the unit cell is doubled in volume with
respect to the tetragonal one, with a,, and b,, lying along the

tetragonal [110] and [110] directions, and c,y, tilted slightly
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FIG. 2. Pseudocubic (111), (200), and (220) reflections for PZT
with x=0.51 at 300 K (top), x=0.48 at 20 K (center), and x
=0.42 at 300 K (bottom), showing the distinctive features of the
tetragonal, monoclinic, and rhombohedral PZT phases, respectively.

away from the [001] direction. The monoclinic phase illus-
trated in this figure corresponds to the composition x=0.48
at 20 K, described in detail in Ref. 4, with a,,=5.721 A ,
b,=5708 A, c,,=4.138 A , and B=90.50°. The c/a value
in Fig. 2 (center) is defined as 2\/5(:,,,/ (a,+b,,), in order to
correspond to the c,/a, ratio in the tetragonal case (top).

ITI. PHASE TRANSITIONS

The evolution of the different structures as a function of
temperature has been determined for all the PZT samples in
the present study (x=0.42, 0.45, 0.46, 0.47, 0.51, and 0.52)
and combined with previous data obtained for x=0.48 and
x=0.50.2"* These results give a complete picture of the
phase transitions occurring around the morphotropic phase
boundary from 20 to 700 K. Three different low-temperature
phases, with rhombohedral, monoclinic, and tetragonal sym-
metry, are observed. An important result is that the MPB
defined by Jaffe et al.! is shown to correspond to the limit of
the monoclinic phase rather than that of the rhombohedral
phase and is a very robust line that is reproduced for all the
samples under investigation. Both the tetragonal-monoclinic
and the tetragonal-rhombohedral phase transitions will be de-
scribed in this section, as well as the rhombohedral-
rhombohedral phase transitions observed for x=0.42 at
lower temperatures.

PHYSICAL REVIEW B 63 014103

A. Tetragonal-monoclinic phase transition

The tetragonal phase in PZT is very similar to that of pure
PbTiO;.%~*! The effects of Zr substitution on the structure
of the tetragonal phase are basically two: first, as the Zr
content increases, the tetragonal strain c¢,/a, decreases, and,
second, the cubic-to-tetragonal phase transition evolves from
first order to second-order. Figure 3 (top) shows the lattice
parameters of PZT with x=0.51 as a function of tempera-
ture. The paraclectric-ferroelectric phase transition at T
=660 K is of second order, as expected,32 and the ferroelec-
tric phase is purely tetragonal down to 100 K. Below this
temperature, structural changes can be noticed; in particular,
the tetragonal (h0h), and (hhh), reflections broaden mark-
edly. This is apparent in the lower part of Fig. 3, where the
pseudocubic (220),, reflections are shown at high tempera-
ture (right), at an intermediate temperature (center), and at
low temperature (left). Based on a careful peak-fitting analy-
sis, the broadening at low temperatures of these reflections
can be attributed to two separated peaks, consistent with the
monoclinic symmetry observed in PZT with x=0.48,* also
illustrated in Fig. 2. However, the monoclinic distortion is
quite small, with a,,~b,, and B=90.2°. Similar behavior
was observed for a sample of PZT with x=0.50 (Ref. 3)
prepared under slightly different conditions, to be discussed
later. As seen from Fig. 3, the monoclinic angle S is small,
and the tetragonal-to-monoclinic transition temperature can
only be approximately defined at 77 =50 K. On the other
hand, data collected from PZT with x=0.52 show a well-
defined tetragonal phase down to 20 K.

The evolution of the lattice parameters with temperature
for PZT with x=0.46 is shown in Fig. 4 (top). The features
displayed by this composition are similar to those of PZT
with x=0.48.* A comparison with the latter data at low tem-
peratures shows that the monoclinic angle B is larger for x
=0.46 than for x=0.48. With decreasing x (Ti content), the
differences between a,, and b,, also increase, while the dif-
ference between a,, and c¢,, decreases, corresponding to the
evolution to a rhombohedral phase in which *°
am=bn=c,,*. The monoclinic phase is very well defined
at low temperatures, as shown by the pseudocubic (110),,
reflections plotted at the bottom left of Fig. 4. The evolution
of B—90° shows a transition to a tetragonal phase at T'r_,,
=450 K, in agreement with the MPB of Jaffe et al. How-
ever, the characteristic features of the tetragonal phase also
appear well below this temperature, and there is a wide re-
gion of phase coexistence between the tetragonal and mono-
clinic phases, as shown in the central plot at the bottom of
the figure. In this plot, the peak positions for the pseudocubic
(110),, reflections corresponding to the monoclinic and te-
tragonal phases are shown together with the experimental
data. From the observed data, a reliable peak-fitting analysis
can be carried out and the lattice parameters determined for
both phases in this region, as plotted as a function of tem-
perature at the top of Fig. 4. The measurements on PZT with
x=0.47 show similar behavior, but with a narrower coexist-
ence region (300 K <7<400 K). For this composition the
evolution of the order parameter, (8—90°), suggests a
tetragonal-to-monoclinic phase transition at Ty = 310 K,
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FIG. 3. (Color) Temperature evolution of the lattice parameters of PZT with x=0.51 from 20 K to 700 K, for the monoclinic, a,, by,
¢ and B; tetragonal, a, and c,; and cubic, a,., phases. The dashed region in the figure represents the uncertainty in the tetragonal-
monoclinic phase transition. At the bottom of the figure, the pseudocubic (220) reflection is plotted at 20 K (monoclinic), 480 K (tetragonal),
and 666 K (cubic) to illustrate the differences between the three phases.

very close to that observed for x=0.48, but the sample is not
fully tetragonal until the temperature is greater than 400 K,
corresponding to the MPB of Jaffe el al. for this composi-
tion. '

B. Tetragonal-rhombohedral phase transition

A similar analysis for PZT with x=045 yields com-
pletely different results, as shown by the evolution of the
(200), reflection in the lower part of Fig. 5. At low tem-
perature the sample is rhombohedral (left) and remains
rhombohedral up to T=500 K, while for T>550 K, this
composition is tetragonal. Some diffuse scattering is ob-
served between the tetragonal peaks, as shown in the bottom
right of Fig. 5. This feature is present in all compositions in

the study, as previously noted in Ref. 4, and is associated
with the existence of twin boundaries in the tetragonal ferro-
electric phase.>® From the evolution of the order parameter
(90°—a,), it is possible to determine that the tetragonal-
rhombohedral phase transition is complete at 77 z=580 K.
A coexistence region is observed in the interval 500 K <T
<580 K. In the central plot at the bottom of the figure, the
(200), reflection in this region is depicted together with the
calculated peak positions for both phases.

C. Low-temperature rhombohedral phase

The data obtained for the PZT sample with x=0.42 show
that this composition has rhombohedral symmetry all the
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monoclinic phase and dashed arrows in the tetragonal phase.

way down to 20 K from the Curie point at 7,=650 K. At 20
K, the thombohedral lattice parameters are a =4.0921 A and
a,=89.61°. With increasing temperature, the rhombohedral
angle «, increases gradually until the cubic phase is reached,
while a remains practically constant.

Two different thombohedral phases have been observed
in PZT: a high-temperature phase (Fpyr) and a low-
temperature rhombohedral phase (Fg LT))34, which have
space groups R3m and R3c, respectively. In the latter phase,
adjacent oxygen octahedra along the [111] polar axis are
rotated about this axis in opposite directions, so that the unit
cell is doubled with respect to the high-temperature

4.2 A ' ¥ I v ] ¥
PZT x=046  —o-a
/ —O0— at
ol [ : —0—g, 1
8
2 1) pt |
i / -O-—0
8 _—
§ | J
/ —— am/«l2
_._._._ c
0. m o
® B-90
0. N 1 1 " 1 N
0 200 400 600 800
T(K)
(1 IO)PC
200K monoclinic { 392 K ‘ monocl'.+ tetrag.{ 525 K' tet‘ragonal
158 160 15.8 {6.0 158 160
26(deg)

FIG. 4. (Color) Temperature evolution of the lattice parameters of PZT with x=0.46 from 20 K to 710 K, for the monoclinic, a,,, b, ,
¢, and B; tetragonal, a, and ¢, ; and cubic, a., phases. The dashed area in the figure represents the region of tetragonal and monoclinic
phase coexistence. At the bottom of the figure, the psendocubic (110) reflection is plotted at 200 K (monoclinic phase), 392 K (tetragonal-
monoclinic phase coexistence), and 525 K (tetragonal phase), where the calculated peak positions are indicated by solid arrows in the

phase.’>* The corresponding phase boundary was also de-
termined by Jaffe ez al.! in the region of the phase diagram
above room temperature. An extension of this boundary be-
low room temperature was reported in a neutron powder-
diffraction study by Amin ef al.,’” who investigated the su-
perlattice peaks from a sample with x=0.40 and found the
transition temperature to occur at about 250 K. In the present
work, we were also able to observe very weak superlattice
peaks from a composition with x=0.42 below room tem-
perature in the synchrotron x-ray patterns. The phase bound-
ary in this case was found to lie at approximately 175 K (see
Fig. 6).
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FIG. 5. (Color) Temperature evolution of the lattice parameters of PZT with x=0.45 from 20 K to 710 K, for the rhombohedral, a and
a,; tetragonal, a, and c, ; and cubic, a., phases. The dashed area in the figure represents the region of tetragonal and rhombohedral phase

coexistence. At the bottom of the figure, the pseudocubic (200) reflection is

plotted at 461 K (rhombohedral phase), 537 K (tetragonal-

rhombohedral phase coexistence), and 591 K (tetragonal phase), where the calculated peak positions are indicated by dashed arrows in the

thombohedral phase and solid arrows in the tetragonal phase.

We have also observed one very weak superlattice peak in
a recent neutron diffraction study of a sample with x=0.48
at 20 K. This peak can be indexed in terms of a monoclinic
cell with a doubled c axis, but the nature of the distortion and
any possible relationship with that in the low-temperature
rhombohedral phase has not yet been determined.

IV. DISCUSSION

The results presented above are summarized and com-
pared with previous data from x=0.48 and x=0.50 in Fig. 6,
which represents the new PZT phase diagram around the
MPB. The data obtained for the tetragonal-(monoclinic/

rhombohedral) transition temperatures for 0.45<x<0.51 are
very consistent and lie on a well-defined line, which repro-
duces the MPB of Jaffe er al.! above ambient temperature.
The boundary between the rthombohedral and monoclinic re-
gions is shown as a vertical line between 0.45<x<0.46,
since no evidence of a monoclinic-thombohedral phase tran-
sition has been observed. The lattice parameters at 20 and
300 K for the compositions under study are listed in Table I,
which also shows clearly the widening of the monoclinic
region at lower temperatures. Figure 7 shows the evolution
of the lattice parameters of the different phases as a function
of composition at 300 K, from the rhombohedral to the te-
tragonal PZT phases via the monoclinic phase. At the top of
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FIG. 6. New PZT phase diagram around the MPB. The solid
symbols are the results from the current work, together with those
in Ref. 3 (x=0.50) and Ref. 4 (x=0.48). Data from Jaffe et al.
(Ref. 1) and Amin et al. (Ref. 37) are represented by open circles.
The monoclinic region is shaded with diagonal lines. Horizontal
lines are superimposed in the region of tetragonal-monoclinic phase
coexistence. For x=0.45, the solid symbols represent the limits of
the tetragonal-rhombohedral coexistence region.

the figure, the unit-cell volume shows an essentially linear
behavior with composition in the range studied. The mono-
clinic angle B and lattice strain c/a at 300 K are also plotted
as a function of composition in Fig. 7, where the rhombohe-
dral cell with lattice parameters a and a, (see Table I) has
been expressed in terms of the monoclinic cell.*® ¢/a corre-
sponds to ¢, /a,, 2\/5cm/(am+b,,,), and 1, in the tetragonal,
monoclinic, and rhombohedral cases, respectively. 8 is 90°
for a tetragonal cell and is the monoclinic angle for the
monoclinic cell. The role of the monoclinic phase as a
‘‘bridge’’ between the tetragonal and rhombohedral phases

PHYSICAL REVIEW B 63 014103
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FIG. 7. The structural evolution with composition from the
rhombohedral to the tetragonal PZT phases, through the monoclinic
phase, as illustrated by the cell volume per formula unit, V (top), the
monoclinic angle B (center) (Ref. 38), and the lattice strain c/a
(bottom) for PZT with 0.42<x=<0.52 at 300 K. The cell volumes of
the samples in Ref. 3 are also plotted as open circles at the top of
the figure.

in PZT is clearly demonstrated in these plots. The mono-
clinic phase has also been observed by Raman scattering in a
very recent paper by Souza Filho ez al®®

The structural studies reported here, together with those in
Refs. 2—-4, comprise data from ten samples from two differ-
ent origins spanning the composition range 0.42<x<0.52.
Only one of these samples was inconsistent with the picture

TABLE I. Lattice parameters at 20 and 300 K for PZT, with x in the range 0.42-0.52. The symmetry S
of the unit cell, rhombohedral (R), monoclinic (M), or tetragonal (7) is indicated in each case. For thom-
bohedral symmetry a=b=c, and a, is the rhombohedral angle. In the monoclinic case, 8 is the monoclinic

angle. In the tetragonal case a=b=a,, and $=90°.

20K 300K
%Ti S a®) bA) cA o« BE) § ald) bA c@A) o) BO)
42 R 4078 89.61 R 4.084 89.68
45 R 4075 89.61 R 4079 89.69
46 M 5747 5721 4.104 90.62 M 5754 5731 4.103 90.47
47 M 5731 5713 4.123 9058 M 5720 5.715 4.142 90.22
48 M 5717 5703 4.143 90.53 T 4.041 4.140
50 M 5693 569 4.159 9035 T 4.032 4.147
51 M 5681 5.680 4.169 90.22 T 4.028 4.146
52 T 4.009 4.158 T 4030 4.145
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shown in Fig. 6, namely, PZT with x=0.47 described in Ref.
3. For this composition, it was found that the tetragonal
phase transformed to a rhombohedral phase at low tempera-
tures, while at intermediate temperatures, a poorly defined
region of coexisting phases was observed. On the other hand,
the data for the x=0.47 sample studied in the present work
shows, as described above, characteristics similar to those of
x=0.46 or x=0.48; in particular, the existence of a mono-
clinic phase at low temperatures and no traces of a rhombo-
hedral phase. It is noteworthy that an analysis of the peak
widths in the cubic phase shows clear differences in the mi-
crostructure of the two sets of samples. The microstrain
Ad/d, and crystallite size of the samples used in the present
study are estimated to be about 3X10™* and 1 um,
respectively.* A similar analysis for the x=0.47 sample de-
scribed in Ref. 3 yields values of 5X107* and 0.2 um,
respectively. One possible explanation is that because of the
smaller crystallite size in the ceramic samples in Ref. 3, the
inhomogeneous internal stress ‘‘prematurely’” induces the
tetragonal-rhombohedral phase transitions and inhibits the
formation of the intermediate monoclinic phase. With a
larger crystallite size, the internal strain is more easily
relieved, 04! presumably through the formation of non-180°
domains,*” and the monoclinic phase is stabilized.

It is interesting to address the question of why the mono-
clinic phase was not observed in any of the previous studies.
One important factor is the very superior resolution of syn-
chrotron powder-diffraction equipment compared to that of
laboratory equipment. A second is the presence of wide re-
gions of thombohedral-tetragonal phase coexistence in many
of these studies, due to compositional fluctuations and/or
small grain sizes,>*>~* which would obscure the evidence
for monoclinic symmetry. For samples prepared by conven-
tional “‘dry”” solid-state techniques, a much narrower range
of compositional fluctuations and large grain size can be
achieved by the use of a final heat treatment at 1250 °C, asin
the present case, or by the use of ‘‘semiwet’’ methods of
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synthesis and lower firing temperatures.*’~>° However, per-
haps the key element for clarifying the phase diagram is to
carry out the structural studies at low temperatures, as clearly
demonstrated in Fig. 6.

Very recently, experiments on poled samples by Guo
et al.>! have further underlined the crucial role of the mono-
clinic phase in PZT. These experiments have revealed that
poling induces the monoclinic distortion. The application of
an electric field causes the rotation of the polar axis and an
associated monoclinic distortion, which is retained after the
field is removed. These features are shown to be the origin of
the high piezoelectric response in PZT. It is observed that for
rhombohedral PZT close to the MPB, the region of stability
of the monoclinic phase increases after an electric field is
applied. The field-induced monoclinic phase is found to be
considerably wider on the Zr side of the phase diagram, at
room temperature, extending at least to a Ti content of x
=0.42. These experiments®’ validate the microscopic model
for the MPB proposed in Ref. 4; i.e., the application of a
field would favor one of the local sites, which corresponds
exactly to the observed monoclinic distortion (see the dashed
arrow in the top left plot of Fig. 1), and induces the mono-
clinic phase (see the top right plot in Fig. 1). Further studies
of the poled samples are in progress, and will be reported in
a subsequent publication.
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Origin of the high piezoelectric response in PbZr; ,Ti;O3

R. Guo!, L.E. Cross!, S-E. Park!, B. Noheda*2?=, D.E. Cox3, and G. Shirane3
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High resolution x-ray powder diffraction measurements on poled PbZr; Ti:O3 (PZT) ceramic
samples close to the rhombohedral-tetragonal phase boundary (the so-called morphotropic phase
boundary, MPB) have shown that for both rhombohedral and tetragonal compositions, the piezo-
electric elongation of the unit cell does not occur along the polar directions but along those directions
associated with the monoclinic distortion. This work provides the first direct evidence for the origin

of the very high piezoelectricity in PZT.

The ferroelectric PbZry_,Ti,O3 (PZT) system has
been extensively studied because of its interesting phys-
ical properties close to the morphotropic phase bound-
ary (MPB), the nearly vertical phase boundary between
the tetragonal and rhombohedral regions of the phase
diagram close to x= 0.30, where the material exhibits
outstanding electromechanical properties [1]. The ex-
istence of directional behavior for the dielectric and
piezoelectric response functions in the PZT system has
been predicted by Du et al. {2}, [3] from a phenomeno-
logical approach [4]. These authors showed that for
rhombohedral compositions the piezoelectric response
should be larger for crystals oriented along the {001}
direction than for those oriented along the [111] di-
rection. Experimental confirmation of this prediction
was obtained [5.6.7] for the related ferroelectric relaxor
system PbZn,;3Nbs,3-PbTiO3 (PZN-PT), which has a
rhombohedral-to-tetragonal MPB similar to that of PZT,
but it has not been possible to verify similar behavior in
PZT due to the lack of single crystals. Furthermore, ab
initio calculations based on the assumption of tetrago-
nal symmetry, that have been successful for calculating
the piezoelectric properties of pure PbTiO3 [8,9,10,11],
were unable to account for the much larger piezoelectric
response in PZT compositions close to the MPB. Thus,
it is clear that the current theoretical models lack some
ingredient which is crucial to understanding the striking
piezoelectric behavior of PZT.

The stable monoclinic phase recently discovered in
the ferroelectric PbZr; . Ti,O3 system (PZT) close to
the MPB [12], provides a new perspective to view
the rhombohedral-to-tetragonal phase transformation in
PZT and in other systems with similar phase boundaries
as PMN-PT and PZN-PT [13]. This phase plays a key
role in explaining the high piezolectric response in PZT
and, very likely, in other systems with similar MPBs. The
polar axis of this monoclinic phase is contained in the
(110) plane along a direction between that of the tetrag-
onal and rhombohedral polar axes [12]. An investigation
of several compositions around the MPB has suggested a
modification of the PZT phase diagram [1] as shown in
Fig. 1(top right) [13].
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FIG. 1. Schematic view of the PZT phase diagram in the
vicinity of the MPB showing the monoclinic region (top right).
A projection of the rhombohedral (top left), monoclinic (bot-
tom left) and tetragonal (bottom right) unit cells on the
pseudo-cubic (110) plane is sketched. The solid circles repre-
sent the observed lead shifts with respect to the ideal cubic
structure and the grey circles the locally-disordered shifts,
four in the tetragonal phase and three in the rhombohedral
phase. The heavy dashed arrows represent the freezing-out of
one of these shifts to give the observed long-range monoclinic
structure [13].

A local order different from the long-range order in the
rhombohedral and tetragonal phases has been proposed
from a detailed structural data analysis. Based on this,
a model has been constructed in which the monoclinic
distortion (Fig. 1, bottom-left) can be viewed as either
a condensation along one of the (110) directions of the
local displacements present in the tetragonal phase [13]
(Fig. 1 bottom-right), or as a condensation of the local
displacements along one of the (100} directions present in
the rhombohedral phase [14] (Fig. 1 top-left). The mon-
oclinic structure, therefore, represents a bridge between




these two phases and provides a microscopic picture of
the MPB region [13].

In the present work experimental evidence of an en-
hanced elongation along [001] for rhombohedral PZT and
along [101] for tetragonal PZT ceramic disks revealed
by high-resolution x-ray diffraction measurements during
and after the application of an electric field is presented.
This experiment was originally designed to address the
question whether poling in the MPB region would simply
change the domain population in the ferroelectric ma-
terial, or whether it would induce a permanent change
in the unit cell. As shown below, from measurements
of selected peaks in the diffraction patterns, a series of
changes in the peak profiles from the differently oriented
grains are revealed which provide key information about
the PZT problem.

PbZr, _TizO3 ceramic samples with x= 0.42, 0.45
and 0.48 were prepared by conventional solid-state re-
action techniques using high purity (better than 99.9%)
lead carbonate, zirconium oxide and titanium oxide as
starting compounds. Powders were calcined at 900°C for
six hours and recalcined as appropriate. After milling,
sieving, and the addition of the binder, the pellets were
formed by uniaxial cold pressing. After burnout of the
binder, the pellets were sintered at 1250°C in a covered
crucible for 2 hours. and furnace-cooled. During sinter-
ing, PbZrO3 was used as a lead source in the crucible
to minimize volatilization of lead. The sintered ceramic
samples of about 1 cm diameter were ground to give par-
allel plates of 1 mm thickness, and polished with 1 Lm
diamond paste to a smooth surface finish. To eliminate
strains caused by grinding and polishing, samples were
annealed in air at 350°C for five hours and then slow-
cooled. Silver electrodes were applied to both surfaces of
the annealed ceramic samples and air-dried. Disks of all
compositions were poled under a DC field of 20 kV /cm at
125°C for 10 minutes and then field-cooled to near room
temperature. The electrodes were then removed chem-
ically from the x= 0.42 and 0.48 samples. For the x=
0.45 sample (which had been ground to a smaller thick-
ness, about 0.3 mm ). the electrodes were retained, so that
diffraction measurements could be carried out under an
electric field.

Several sets of high-resolution synchrotron X-Tay pow-
der diffraction measurements were made at beam line
X7A at the Brookhaven National Synchrotron Light
Source. A Ge(111) double-crystal monochromator was
used in combination with a Ge(220) analyser, with a
wavelength of abour 0.8 & in each case. In this configu-
ration, the instrumental resolution, A24. is an order-of-
magnitude better than that of a conventional laboratory
instrument (better than 0.01° in the 26 region 0-30°).
The poled and unpoled pellets were mounted in sym-
metric reflection geometry and scans made over selected
peaks in the low-angle region of the pattern. It should
be noted that since lead is strongly absorbing, the pene-

tration depth below the surface of the pellet at 20 = 20°
is only about 2 ym. In the case of the x= 0.45 sample,
the diffraction measurements were carried out with an
electric field applied in-situ via the silver electrodes.
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FIG. 2. (Color) Comparison of (111), (200) and (220)
pseudo-cubic reflections for the x= 0.48 (tetragonal), and x=
0.42 (rhombohedral) PZT compositions before and after pol-
ing

Powder diffraction measurements on a flat plate in
symmetric reflection. in which both the incident and the
diffracted wave vectors are at the same angle, 6, with
the sample plate, ensures that the scattering vectors are
perpendicular to the sample surface. Thus only crys-
tallites with their scattering vector parallel to the ap-
plied electric field are sampled. Scans over selected re-
gions of the diffractogram, containing the (111}, (200)
and (220) pseudo-cubic reflections, are plotted in Fig.2
for poled and unpoled PZT samples with the composi-
tions x= 0.48 (top) and x= 0.42 (bottom), which are in
the tetragonal and rhombohedral region of the phase di-
agram, respectively. The diffraction profiles of the poled
and unpoled samples show very distinctive features. For
the tetragonal composition (top), the (200) pseudo-cubic
reflection (center) shows a large increase in the tetrag-
onal (002)/(200) intensity ratio after poling due to the
change in the domain population, which is also reflected
in the increased (202)/(220) intensity ratio in the right
side of the figure. In the rhombohedral composition with
x= 0.42 (bottom of Fig.2), the expected change in the
domain population can be observed from the change of
the intensity ratios of the rhombohedral (111) and (117)
reflections (left side ) and the (220) and (220) reflections




(right side).

In addition to the intensity changes, the diffraction
patterns of the poled samples show explicit changes in
the peak positions with respect to the unpoled samples,
corresponding to specific alterations in the unit cell di-
mensions. In the rhombohedral case (x= 0.42), the elec-
tric field produces no shift in the (111) peak position (see
bottom-left plot in Fig.2), indicating the absence of any
elongation along the polar directions after the applica-
tion of the field. In contrast, the poling does produce a
notable shift of the (001) reflections (center plot), which
corresponds to a very significant change of d-spacing,
with Ad/d = 0.32%, Ad/d being defined as (dp —d.)/du,
where d,, and d,, are the d-spacings of the poled and un-
poled samples, respectively. This provides experimental
confirmation of the behavior predicted by Du et al. [3] for
rhombohedral PZT, as mentioned above. The induced
change in the dimensions of the unit cell is also refiected
as a smaller shift in the (202) reflection (right side plot),
corresponding to a Ad/d along [101] of 0.12%.
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FIG. 3. (Color), (111}, (200) and (220) pseudocubic reflec-
tions for PZT with x= 0.45 measured on an unpoled sam-
ple (open circles) and on a similar sample after the applica-
tion and removal of a field of 59 kV/cm at room temperature
(solid circles) are plotted in the upper part of the figure. The
scattered intensity at 26 = 19.52° from the second sample
corresponds to the (111) reflection from the silver electrode.
Measurements on the latter sample under an electric field of
59 kV/cm applied in situ are plotted in the lower part of the

figure.

In the tetragonal case for x= 0.48 (top of Fig.2), there
is no peak shift observed along the polar [001] direction
(center plot), but the {202) and the (111) reflections ex-
hibit striking shifts (right and left sides, respectively).

Furthermore, this composition, which at room tempera~
ture is just at the monoclinic-tetragonal phase boundary,
shows, after poling, a clear tendency towards monoclinic
symmetry, in that the (111) and (202) reflections, already
noticeably broadened in the unpoled sample and indica-
tive of an incipient monoclinicity, are split after poling.
These data clearly demonstrate, therefore, that whereas
the changes induced in the unit cell after the application
of an electric field do not increase either the rhombo-
hedral or the tetragonal strains, a definite elongation is
induced along those directions associated with the mon-
oclinic distortion.

In addition to the measurements on the poled and un-
poled samples, diffraction measurements were performed
in situ on the rhombohedral PZT sample with x= 0.45 as
a function of applied electric field at room temperature.
The results are shown in Fig.3 where the (111), (200)
and (220) pseudo-cubic reflections are plotted with no
field applied (top) and with an applied field of 39 kV/cm
field (bottom). The top part of the figure also shows
data taken after removal of the field. As can be seen,
measurements with the field applied show no shift along
the polar [111] direction but, in contrast, there is a sub-
stantial shift along the [001] direction similar to that for
the poled sample with x= 0.42 shown in Fig. 2, proving
that the unit cell elongation induced by the application
of a field during the poling process corresponds to the
piezoelectric effect induced by the in-situ application of
a field. Comparison of the two sets of data for x= 0.45
before and after the application of the field shows that
the poling effect of the electric field at room temperature
is partially retained after the field is removed. although
the poling is not as pronounced as for the x= 0.42 sample
in Fig. 2.

A quantification of the induced microstrain along the
different directions has been made by measuring the peak
shifts under fields of 31 and 59 kV/cm. In Fig. 4, Ad/dis
plotted versus the applied field, E, for the (200} and (111)
reflections. These data show an approximately linear in-
crease in Ad/d for (200) with field, with Ad/d = 0.30%
at 59 kV/cm. corresponding to a piezoelectric coefficient
d3s~ 500 pm/V, but essentially no change in the d-
spacing for (111).

It is interesting to compare in Fig.4 the results of
dilatometric measurements of the macroscopic linear
elongation (Al/l) on the same pellet, which must also re-
flect the effects of domain reorientation. At higher fields,
this contribution diminishes and one could expect the
Al/l vs. E curve to fall off between those for the [100]
and [111] oriented grains, typical of the strain behaviour
of polycrystalline ceramics [15]. Although such a trend
is seen above 30 kV/cm, it is intriguing to note that be-
low this value, the macroscopic behavior is essentially the
same as the microscopic behavior for the (200) reflection.
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FIG. 4. Fractional change of d-spacing, Ad/d for PZT with
x= 0.45 from the rhombohedral (200) and (111) reflections
as a function of electric field (closed symbols). Dilatometric
measurements of the macroscopic Al/l for the same pellet are
also shown (open circles)

It is of interest to relate our observations to the more
conventional description of piezoelectric effects in ceram-
ics, in which the dielectric displacements would be at-
tributed to tilts of the polar axis. What we actually
observe in the diffraction experiment is an intrinsic mon-
oclinic deformation of the unit cell as a consequence of the
rotation of the polar axis in the monoclinic plane. How-
ever, large atomic displacements can only occur in om-
positions close to the MPB, and it is this feature which
accounts for the sharp peak in the piezoelectric d con-
stants for compositions close to 52:48 Zr/Ti [1].

We therefore conclude that the piezoelectric strain in
PZT close to the morphotropic phase boundary, which
produces such striking electromechanical properties, is
not along the polar directions but along those direc-
tions associated with the monoclinic distortion. This
work supports a model based on the existence of local
monoclinic shifts superimposed on the rhombohedral and
tetragonal displacements in PZT which has been pro-
posed from a detailed structural analysis of tetragonal
(13} and rhombohedral [14] PZT samples. Very recent
first-principles calculations by L. Bellaiche et al. [16] have
been able not only to reproduce the monoclinic phase but
also to explain the high piezoelectric coefficients by tak-
ing into account rotations in the monoclinic plane.

As demonstrated above, these high resolution powder
data provide key information to understanding the piezo-
electric effect in PZT. In particular, they allow an ac-
curate determination of the elongation of the unit cell
along the direction of the electric field, although they
give no information about the dimensional changes oc-
curring along the perpendicular directions, which would
give a more complete characterization of the new struc-
ture induced by the electric field. It is interesting to note
that in the case of the related ferroelectric system PZN-
PT, the availability of single crystals has allowed Durbin

et al. [7] to carry out diffraction experiments along simi-
lar lines at a laboratory x-ray source. Synchrotron x-ray
experiments by the present authors are currently being
undertaken on PZN-PT single crystals with Ti contents
of 4.5 and 8% under an electric field, and also on other
ceramic PZT samples. Preliminary results on samples
with x= 0.46 and 0.47, which are monoclinic at room
temperature, have already been obtained. In these cases,
the changes of the powder profiles induced by poling are
so drastic that further work is needed in order to achieve
a proper interpretation.
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Nonlinear properties of lead zirconate-titanate (PZT) piezoceramics are investigated using ultrasonic
second harmonic generation technique. When a sinusoidal ultrasonic wave of frequency w, is sent
into a nonlinear material, the second harmonic wave with frequency 2wy is generated. Through
measuring the absolute amplitude of the fundamental (wg) and of the second harmonic (2wo)
waves, the ultrasonic nonlinearity parameter 8 can be determined, which involves certain
combinations of the third-order elastic constants and piezoelectric coefficients. We report the
measured nonlinear parameters for four types of doped PZT ceramics, PZT-4, PZT-54, PZT-5H,
and PZT-5H HD, which are widely used in practice. We found that the nonlinear parameter is much
more sensitive than the linear parameter in responding to microstructural changes in piezoceramics.
It could be used to distinguish unpoled samples from depoled samples, which are undistinguishable
in terms of the linear parameters. © 2000 American Institute of Physics. [S0021-8979(01)02001-1]

1 DECEMBER 2000

1. INTRODUCTION

The lead zirconate—titanate (PZT) ceramics are widely
used in ultrasonic transducers, resonators, sensors, ultrasonic
motors, actuators, and many other electromechanical de-
vices. Although their linear material properties have been
well characterized, little has been reported on their nonlinear
elastic properties. The knowledge on the nonlinear elastic
properties of PZT materials is very important for devices
operating at high field levels, such as many increasingly
popular miniaturized piezoelectric devices, which are being
driven way out of the linear regime. Under high field, non-
linear effects will have strong impact on device operations
and must be taken into account, including frequency-
amplitude effect, acoustic power saturation, waveform dis-
tortion, and higher harmonic generation. These nonlinear ef-
fects can greatly degrade the performance of many
electromechanical devices if not being handled carefully. On
the other hand, nonlinear acoustic signal processing devices'
and ultrasonic imaging techniques can employ nonlinear ef-
fects as an advantage.

Literature concerning the nonlinear elastic properties of
PZT piezoceramics is scarce. Beige measured the nonlinear
elastic compliance s%;; and the nonlinear dielectric coeffi-
cient €15 as well as their temperature dependence for modi-
fied lead zirconate—titanate ceramics (type Piezolan S,, L,
T,), by means of resonance method.? It was found that the
nonlinear coefficients depend strongly on the microstructures
of the materials. Na and Breazeale reported the third-order
elastic constants c¥, and c33; of PZT ceramics types K1 and
S1 by means of ultrasonic second harmonic generation
technique.’ They reported that the nonlinear coefficients
could change several orders of magnitude when the tempera-
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ture varies from room temperature to temperatures above the
Curie temperature.

Our present work is devoted to study the nonlinear prop-
erties of the popular PZT ceramics, PZT-4, PZT-5A, conven-
tional PZT-5H (Valpey—Fisher, 75 South St. Hopkinton, MA
01748), and high density PZT-5H HD (Motorola) at room
temperature. By means of the ultrasonic second harmonic
generation technique, the third-order elastic constants e,
and c§’33 for poled samples and c;; for the unpoled and
depoled samples are measured. Distinctive nonlinear coeffi-
cients were found among these samples.

This article is structured as the following: In Sec. II, a
general description will be given to discuss the propagation
of ultrasonic waves in poled nonlinear piezoelectric ceram-

“ics; in Sec. III the experimental setup and method are de-

scribed; Sec. IV reports the experimental results together
with brief discussions; and Sec. V gives the summary and
conclusions.

il. ULTRASONIC SECOND HARMONIC GENERATION
IN A PIEZOELECTRIC MATERIAL

Although most materials are assumed to be linear, solid
materials are inherently nonlinear, and these nonlinearities
will cause anharmonic effects. It was found that ignoring
anharmonic terms of phonon vibrations could result in fail-
ure of the interpretation of many static and transport proper-
ties of solids, such as thermal expansion, temperature depen-
dence of elastic constants, and thermal conductivity.* Owing
to the anharmonicity, stored energy expansion of a piezo-
electric crystal in terms of the elastic strain and the electric
field will deviate from a parabolic formulation. Conse-
quently, linear piezoelectricity and elasticity must be modi-

© 2000 American Institute of Physics
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fied, particularly at high field and strain levels. When the
energy expansion includes cubic terms of the strain and elec-
tric field, bilinear constitutive relations, and bilinear elec-
troacoustic equations are obtained. For such a nonlinear me-
dium, if an initially sinusoidal ultrasonic wave of finite
amplitude propagates through it, the waveform will be dis-
torted and a second harmonic wave will be generated.

McMahon had discussed ultrasonic second harmonic
generation in piezoelectric crystals with 3m symmetry,® and
Nelson had provided a description for three-field interactions
in more general dielectric materials.® It can be verified that
the quasistatic bilinear electromechanical equations can be
written, in terms of the material coordinates, as:

poili=(Pi+PiY) ; (i,j=123), (1a)
Df+D%=0 (i,j=1.23). (1b)
Here the bilinear constitutive relations are

—pl pNL_ E
Pij=Py+ Pi=cijyur—ewEy

L E E E E
+ 2(Cijtimnt CikClimnt OimCrjkt OkmCiitm) Uk, 1m n

1
~(€kijmnT Oim€hnj)UmnEx— 1my;;EEy, (2b)

—plapNL_
Dy=Dy+Dy =€eyEr+ epimhrm+ 1 (eximij+ O1i€km;)
X ui,mui,j+ mkImnElum,n + eklmElEm . (Zd)

The relation of finite strain 7;; and particle displacement
gradient 7;;=3(u; j+u; ;+uy u; ;) is employed in deriving
the equations. In Egs. (1) and (2) the dot above a letter stands
for material time derivative, the indices after the comma in
the subscript stand for material spatial derivatives, &; ;j is the
Kronecker delta, P;; is the Piola—Chirhhoff stress tensor, D,
is material electric displacement, p, is the mass density of
the material in unstrained state, Cijil»> €ijk» and €;; are the
second-order elastic constants, piezoelectric coefficients and
dielectric constants, C;jkimn, €ijkim, and €;; are the third-
order elastic constants, nonlinear piezoelectric coefficients
and nonlinear dielectric constants, and m; jk1 are the electro-
striction constants.

Generally speaking, Eq. (1) can be solved subject to ap-
propriate boundary conditions for any wave propagation di-
rection in the crystal. Here we are only interested in those
pure-mode longitudinal waves, which we have also mea-
sured experimentally. These longitudinal waves will couple
to the piezoelectric effect if the particle displacement direc-
tion coincides with the polarization direction. For an aniso-
tropic crystal, the directions allowing pure mode longitudinal
wave to propagate are limited.” Poled PZT ceramics have a
conic ®m symmetry, which can be treated as 6mm symmetry
while deriving the differential equations. Pure longitudinal
modes exist in the X3 and X directions (X; is the poling
direction) for such systems.” The longitudinal wave propa-
gating along X, does not couple to the piezoelectric effect.
Hence, its nonlinear behavior can be described by the equa-
tions developed for the nonpiezoelectric solid medium.® The
longitudinal wave along the X direction is a piezoelectric
stiffened wave, and the piezoelectric and dielectric nonlin-
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earities will also contribute to the ultrasonic second har-
monic wave generation,® which results in effective nonlinear
constants as defined below.

For a pure-mode longitudinal wave along X3, Eq. (1)
can be simplified to:

Poli3=P333, (3a)
D;;3=0, (3b)
where

_E \, E Ey. 2
Py=chuz3—enki+ 3 (et 3esn)uss

— tmyuE;— (en+esn)ussks, (4a)
— 2
D3=enEy+eyus3t § €33E5+myEsus;
+ 7 (et esn)uls. (4b)

Substituting Eq. (4) into (3) yields

. _ E E E
Poti3=Cy3u3 33— ekt (ci3+ 3cy3)us us 33— myEsEy 5

—(es3+e3ss)(us3E; 3+ u3 1E3), (52)
€333t esus st €333E3E3 3+ myy(Es 3u3 3+ Ejus 33)
+(e33+ess3)uszus 33=0. (5b)

Because the nonlinear effect is generally much smaller com-
pared to the linear effect, it may be considered as a pertur-
bation to the linear effects and we can use the successive
approximation technique to solve Eq. (5). Let us assume

us= D+ N2+ (6a)
Ey= EQ+NED+ (6b)

where \ is a parameter less than one, which indicates the
order of magnitude of the successive terms in Eq. (6). The
terms higher than A2 are ignored since we only deal with the
quadratic nonlinearity and the third order nonlinear con-
stants. Substituting Eq. (6) into Eq. (5) and equating the
terms of the same order in A, we can obtain, respectively, the
equations for different orders of the successive approxima-
tions in Eq. (6). Among them the first order correction equa-
tion for a piezoelectric stiffened longitudinal wave can be
written as:

potis - Kpu{= (K3+3K)ulQul;. ™

Equation (7) has the same form as that of the nonpiezoelec-
tric longitudinal wave® except the second order coefficient
K, has been redefined as
e %3
K2=C§>3=C§3+ - (8)
€33

and the third order coefficient K is redefined as
3 2
e e e
=pD = E 3 33 33
Ky=c3=cipnt 5333( e_) - 3m33('e—) + 3e333(;—). )
33 33 3

Since the zeroth order equation is simply the linear pi-
ezoelectric stiffened wave equation, u has the general wave
solution:
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u§°)=.4| sin{wr—kz). (10)

Here z is the coordinate along the wave propagation direc-
tion. Substituting Eq. (10) into Eq. (7) leads to the second
harmonic solution:

ug')=A2c052(wt—kz)= L BK*z43 cos 2(wt—kz), (11)

which is the first order correction to the linear solution. The
solution (11) satisfies the boundary condition #$"=0 at z
=0. In Eqs. (10) and (11), 4, and 4, are amplitudes of the
fundamental and second harmonic waves, respectively, w is
the angular frequency, k= (w/v) is the wave number and v
is the wave velocity given by

v= \/I&, (12)
Po

B is the nonlinearity parameter defined as

3K,+K,
K,

It can be seen from Eq. (11) that the amplitude of the second
harmonic wave (degree of waveform distortion for the trav-
eling wave) is proportional to 8, which is directly related to
Gruneisen parameter of materials® and is a measure of the
material nonlinearity.

(13)

lil. EXPERIMENTAL DETERMINATION OF
NONLINEARITY PARAMETER B8

From Egq. (11), if the amplitudes of the fundamental and
the second harmonic waves 4, and A4, are known, the non-
linearity parameter B can be calculated from the formula:

8 4
ﬂ—;zlef, (14)

where L is the distance of wave propagation or sample
length. Once the 8 is determined, K5 can be calculated from
Eq. (13) since K, has been measured. Generally speaking,
K, and K, are associated with different combinations of the
second- and third-order elastic constants, respectively. For
different wave propagation directions in PZT materials, K,
and Kj are listed in Table I. Note: poled PZT ceramic has a
conic symmetry of oom, which is equivalent to a 6mm system
when calculating the independent elastic constants,” while
the unpoled and depoled PZT ceramic have isotropic sym-
metry so that K, and K5 in Table I are equal to ¢, and ¢y,
respectively.

TABLE L. Directions allowing pure mode longitudinal wave and the corre-
sponding second- and third-order elastic constants of materials with 6mm
and ©m symmetries.

X direction®

K parameters Z direction
D E
K, cg ck,
K; €333 cin

*For isotropic materials (e.g., unpoled and depoled PZT ceramics), there is
no difference between the elastic constants under constant electric displace-
ment D and constant electric field E, the superscript E is therefore ignored
in most literatures.
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Transmitting Transducer
Pulse Waveform Power (10 MHz)
Generator [~ | Generator Amplifier
PZT Sample
Chl. Cumrem Receiving |Transducer
{20MHz)
Computer Oscilloscope
2 Vol Pulse
/Receiver

FIG. 1. Experimental setup for the second harmonic measurements.

The determination of 8 by the second harmonic genera-
tion technique needs to measure the absolute amplitude of
the first and second harmonic waves. The existing absolute
amplitude measurement methods are: (1) capacitive
detector,® (2) contact transducer,’® and (3) optic
interferometer.!! PZT ceramics are fairly lossy materials due
to the existence of porosity. They exhibit large ultrasonic
attenuation at higher frequencies.'? On the other hand, using
lower working frequencies will result in an increase of the
sample size for obtaining a reasonable signal to noise ratio
since the amplitude of the second harmonic wave is propor-
tional to the propagation distance and the inverse of wave-
length square. Considering all these factors, the contact
transducer method was chosen for our experiments. Compar-
ing the capacitive detector and optic interferometer, the con-
tact transducer has higher sensitivity since a narrower band
receiver was used. In our experiments, either S or 10 MHz is
chosen as the fundamental frequency so that the correspond-
ing second harmonic frequency is either 10 or 20 MHz. The
experimental setup is schematically shown in Fig. 1. A tone-
burst signal from an arbitrary waveform generator (AWG
2021, Tektronix) is fed into a power amplifier (LogiMetrics).
The output of the amplifier is applied to the transmit trans-
ducer (5 or 10 MHz) and the acoustic wave arriving at the
end of the sample is detected by a receive transducer (10 or
20 MHz).

In order to obtain the absolute amplitude of the funda-
mental and second harmonic waves, the receive transducer
must be calibrated. We have followed the calibration prin-

Computer PZT Sample
Ch. 1 Current Lo , Lo SN
Oscilloscope Transducer
Ch. 2 Voltage Viy Vou _
Pulse/Receiver

FIG. 2. Illustration of the calibration procedure of the receive transducer by
the pulse-echo technique.
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FIG. 3. Typical response function of the receive transducer.

ciple described in Ref. 10. As shown in Fig. 2, before bond-
ing the transmit transducer to the sample, an electric pulse
from a DPR3S5 pulser/receiver is applied to the receive trans-
ducer. Then, the current I;,, voltage ¥, applied to the trans-
ducer as well as the current I, voltage ¥, from the first
back wall echo are recorded by a digital oscilloscope (Tek
TDS 460 A). The data are then transferred to a PC computer
where FFT of all four signals is performed. Finally, a so-
called response function H( @) of the receive transducer with
surface area g is obtained,

Voul(®)
I o)
szpvallom(“))l

Iin(w)( )"‘Vin(w)

|H(w)|= (15)

The acoustic wave amplitude can be simply calculated using
the response function multiplied by the output current:
[4(w)|=|H(o)|[Fou(w)]. (16)

A typical response function is shown in Fig. 3. The
transducer is a 36° Y cut LiNbO; disk with a diameter of 0.5”
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and nominal center frequency of 10 MHz. It is bonded to the
PZT samples by Salol. From the figure it is seen that the
receive transducer can respond to both the fundamental and
second harmonic waves. Thus, 4, and 4, can be measured at
the same time. In our experiments, the output current from
the receive transducer is recorded in the digital oscilloscope
and then transferred to the computer. Through FFT of the
waveform the electric current amplitudes corresponding to
the fundamental and second harmonic waves are obtained
and the 4, and 4, can be calculated using Eq. (16).

Since the H(w) was obtained at a given electric load,
during the nonlinear measurements, the DPR35 pulser/
receiver with power off is connected with the receiver trans-
ducer in order to keep the electric load of the transducer
unchanged from the calibration stage. The whole system is
carefully checked to exclude the nonlinearities that may
come from the system itself. The electric current probe used
in our experiment is the Tek P6022 with a sensitivity of 1
mV/mA and has a good linear response within the range of
the electric current in our experiments. We also checked the
system with an aluminum test sample to obtain a value of
B=3, which is consistent with those reported in Ref, 10 (8
=4.5 and B=5.1).

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

The ultrasonic nonlinearity parameter 8 and correspond-
ing third-order elastic constants jé;re measured for PZT-4,
PZT-5A, PZT-5H, and PZT-5H HD. The size and geometry
of the samples are listed in Table II.

Figure 4 gives the relation between the second harmonic
amplitude 4, and the square of the fundamental amplitude
A3 for one of the measurements. A good linear relation be-
tween 4, and A% was found, which is expected from Eq.
(11). From the slope of the straight line the 8 value can be
calculated since the length and sound velocity of the sample
as well as the wave frequency are known. The measured
results for the four types of PZT ceramics are also listed in
Table II.

TABLE II. Sample parameters and measured results for PZT-4, PZT-5A, PZT-5H HD, and PZT-5H. K, and K; correspond to different second- and

third-order elastic constants as defined in Table I.

PZT-4 PZT-5A PZT-5H HD PZT-5H

Sample Poled Unpoled Poled Unpoled Poled Depoled Poled Depoled
orientation Zcut Xcut isotropic Z cut X cut isotropic Z cut isotropic Z cut isotropic
shape cubic* cubic* cubic* cubic* cubic* cubic* plate® plate® cylinder cylinder®
p (kg/m®) 7600 7600 7600 7500 7500 7500 7800 7800 7500 7500
porosity 0.95 0.95 0.95 0.94 0.94 0.94 0.98 0.98 0.94 0.94
K¢ 14.7 13.2 13.2 14.1 1.7 1.7 17.1 135 134 10.6
B, 7 16.4 134 5.7 4.8 3 3.1 104 149 17.4
Be 7.03 19.5 16 5.1 4.5 29 32 8.3 15 18.3
K,.f° -14.7 -25.6 -21.6 -123 -9.1 -7 -104 —18.1 —-24 —21.6
K;*° -147 -29.7 —25.1 ~114 —838 -6.9 -10.6 -153 —24.1 —22.6

*Sample size is 2.54 cm cube.

bSample size is 2.54 cmX2.54 cmX0.64 cm.

Cylinder sample with 2.54 cm diameter and thickness 1.27 cm.
Unit: 10'° N/m?,

“Unit: 10*' N/m?,
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FIG. 4. Variation of the second harmonic amplitude vs the square of the
fundamental amplitude.

Without taking into account the ultrasonic attenuation,
the first-order approximation Eq. (7) leads to a secular solu-
tion, which states that the amplitude of the second harmonic
wave will linearly increase with the wave propagation dis-
tance as indicated by Eq. (11). Obviously, this solution can-
not be valid for arbitrary large amplitude of the second har-
monic wave. The attenuation of PZT materials used in our
experiment is fairly strong, which will reduce the amplitude
of the second harmonic wave as it propagates. When both the
nonlinearity and dissipation of the medium are simulta-
neously taken into account, it can be verified"? that the linear
accretion of the second harmonic wave with propagation dis-
tance only holds at the beginning stage of wave propagation.
The general equation for the second harmonic displacement
must be modified:

exp[ —2a(w)z]—exp[ — a(2w)z]
aRw)—2a(w)

“)=% Bk 4}

17

where a(w) and a(2w) are attenuation coefficients at w and
2w, respectively. Thus,

84, a(2w)—2a(w)
B= K4;? 1-exp{—[a(20)-2a(w)]L}’

where L is the sample length, 4] is the attenuated fundamen-
tal amplitude measured at z=L. For PZT ceramics, the at-
tenuation mainly comes from the scattering of ultrasonic
wave at grain boundaries. The frequency dependence of at-
tenuation can be obtained by using the ultrasonic spectros-
copy technique.'?

The diffraction effect associated with the finite size of
the transducers also needs to be considered. If 4, and 4, are
the ultrasonic wave amplitudes without and with correction
of the diffraction effect, respectively, it is known that they
obey the following relationship;'*

X cos 2(wt—kz),

(18)

Ac=Auq_l(wsz), (19)
where
g={[cos £~ Jo(&)+[sin £~J (O}, (20)
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&= wR?/vz, v is the wave velocity, R is the radius of the

transducer, and z is the propagation distance of ultrasonic

wave,'* which is the sample length L in our experiments.
Taking into account both the effects of attenuation and

.diffraction, the response function of the receive transducer

becomes
|H ()| =|H(w)|{exp[ - a(w)z]g(w,2)}'~. (21)

(Note: during calibration, z is twice of the sample length
because the reflected echoes were used.) Then, the corrected
acoustic wave amplitude is

Ac(w)=|Hc(w)“1(w)'-

In Table II, B, and K, are the nonlinearity parameter and
the K value, respectively, without the attenuation and dif-
fraction correction, while 8, and K, are the corresponding
values after the correction. One can see that the corrections
are not always significant due to the cancellation of the
above two effects.

Although PZT ceramics contain porosity, the 8 values in
the X, direction of poled PZT-4 and PZT-5A and PZT 5H
HD are comparable with that of typical single crystals,®
which agrees with the conclusion of Ref. 3. The porosity of
PZT materials measured in our experiment is also listed in
Table II. It was found that the poled high density PZT-5H
HD has the lowest porosity of only 2%. Its nonlinearity pa-
rameter 8 is the smallest among all of the Z-cut PZT ceram-
ics. The regular PZT-5H has 6% porosxty and its B value is
five times as large as that of the PZT-5H HD. Since the
chemical composition of PZT 5H and PZT SH HD are the
same, it seems that more porous material also has larger
nonlinearity. As pointed out by Donskoy et al. that the B8
values of some porous materials, such as rocks, could be as
large as 10°-10* (Ref. 15) compared to the B values of
single crystals in the range of 2— 14.8

On the other hand, different dopants in PZT ceramics
definitely have strong influence to the nonlinearity, which
can be seen from the B value of the PZT-4 and PZT-5A
ceramics. Although PZT-5A is more porous, its 8 value in
the X, direction is smaller than PZT-4, which also has much
stronger nonlinearity in the X, direction of poled and un-
poled samples.

For PZT-4 and PZT-5A we found that the sound velocity
in the X direction of a poled sample is the same as that of an
unpoled sample (isotropic). But the nonlinearity parameter 8
of an unpoled sample is a little less than the B value in the X
direction of a corresponding poled sample. This is to say that
the polarization process does not influence the linear proper-
ties of the material in the X, direction but the nonlinear
properties have noticeable change from the poling process.
This is indirect proof that that the poling process seems to
generate some degree of mechanical damage in the sample
due to the switching of domains.

In order to further investigate the influence of the poling
process to the nonlinearity parameter, the originally poled
PZT-5H HD and regular PZT-5H samples were thermally
depoled. The measured nonlinearity parameters for the de-
poled samples are also listed in Table II. It was observed that
the depoled samples have the same ultrasonic velocity as that

(22)
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of the velocity along the X direction of the poled samples
(the same as that of unpoled samples). However, as shown in
Table II, the nonlinearity parameter of the depoled samples
increased about three times compared to the poled samples
for PZT-5H HD. This means that the depoling process also
creates microstructural changes in the ceramic. It further re-
veals the fact that the nonlinear parameters are much more
sensitive to microstructural changes than the linear param-
eters. Specifically, we may use the nonlinearity parameter to
distinguish an unpoled sample from a depoled sample for the
PZT-5H HD. The same trend was also observed in the regu-
lar PZT-5H ceramic, but it is far less drastic than what oc-
curred in PZT-5H HD. This may be understood by the fact
that the regular PZT-5H already contains much higher poros-
ity and the depoling process does not create significant
change to its porous structure.

V. SUMMARY AND CONCLUSIONS

The nonlinear properties of lead zirconate—titanate pi-
ezoceramics PZT-4, PZT-5A, PZT-5H and PZT-5H HD have
been investigated by means of the ultrasonic second har-
monic generation method. In the X, direction, the ultrasonic
nonlinearity parameter B represents solely the elastic nonlin-
earity associated with ¢,;,, but in the piezoelectric stiffened
direction (X3 direction), the contributions of piezoelectric
and dielectric nonlinearities are also included in the ultra-
sonic nonlinearity parameter B, Therefore, only the effective
third-order elastic constant c5;; can be determined.

Due to different porosities and different dopants in these
PZT ceramics, the observed nonlinearity parameter 8 covers
a wide range from 3 to 19. For poled PZT ceramics, the 8
values in the X; direction are comparable to that of other
single crystals, but the nonlinearity in the X; direction is
higher than the typical value for single crystals. An impor-
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tant finding from our study is that the nonlinearity parameter
is much more sensitive to internal structural changes than the
linear parameters. We could use the nonlinearity parameter
to discriminate unpoled and depoled PZT samples because
the poling and depoling process both cause damages to the

microstructure inside the ceramics,'® which are invisible to
linear effects.
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Abstract. Pb(Mg, sNb,;)0;-PbTiO; (PMN-PT) ceramics with base compositions close to the morphotropic phase
boundary are potential materials for many applications such as transducers and actuators due to their high dielectric
constants and electromechanical coupling factors. However, their dielectrical and mechanical losses are too high
for high-power applications. In this paper, the dielectric and electromechanical properties of piezoelectric PMN-PT
ceramics were investigated in specimens containing various A-site and B-site substituents with the goal of develop-
" ing lower loss materials for wider applications. Emphasis was placed on various transition metal cation substituents
of both lower and higher valences. Mn substituent was found to be the most promising substituent investigated for
developing high power low loss piezoelectric PMN-PT ceramics. '

Keywords: PMN-PT, substituents, dielectric and electromechanical properties

I Introduction

Since the discovery of relaxor behavior in
Pb(Mg,sNb,,3)O; (PMN) by Smolenskii and Agra-
novskaya [1], many investigations of mixed B-site cat-
ion relaxor ferroelectrics, of the Pb(B1,3B2,;)0;-
type perovskites, have been performed, due to their ex-
cellent dielectric and electromechanical properties. A
characteristic feature of these materials is that they
possess B-site cation sublattices which are occupied
by ionic species. of various valencies. In the
stoichiometric case, charge compensation requires
that the average valence of the B-site be +4, however
in Pb(BI,;BIl,;3)O; this occurs by a mixture of higher
(>+4) and lower (<+4) valent cation species on the
octahedral B-site sublattice. In PMN, electron micros-
copy investigations by Chen and Harmer have shown
the presence of short-range B-site cation ordering [2].
The size of the short-range ordered regions was ob-
served to be ~30 to 50 Angstroms and were character-

ized by the presence of (1/21/21/2) superlattice reflec-
tions in the selected area electron diffraction patterns.
Investigations by Setter and Cross [3] have demon-
strated that the electrical properties of relaxor ferro-
electrics are influenced to a large degree by the man-
ner in which B-site cations (BI and BII ions) are
distributed amongst the B-site sublattices. Specimens
which were quenched and possessed very low B-site
cation ordering had relaxor ferroelectric characteris-
tics, whereas specimens which were annealed and pos-
sessed a high degree of B-site cation ordering had nor-
mal ferroelectric characteristics.

The structure of PMN is pseudo-cubic with an aver-
age space group symmetry of Pm3m at room tempera-
ture. The degree of short-range B-site cation ordering
in PMN is quite small [3], thus the relaxor characteris-
tics are pronounced, and the dominant electromechani-
cal coupling mechanism is electrostriction {4]. In crys-
talline solutions of (1-x)PMN-xPbTiO; (PMN-PT), a
piezoelectric state with a remanent polarization can be




14 Chen, Viehland and Uchino

achieved. The PMN-PT crystalline solid solution sys-
tem possesses a morphotropic phase boundary (MPB)
between pseudo-cubic and tetragonal ferroelectric
phases at about 30-35 at. % PT (T = 25°C) [5]. The di-
electric and piezoelectric constants for these PMN-PT
compositions (0.3 < x < 0.35) are significantly high,
as reported by many researchers such as Lejeune [6].
The high piezoelectric, dielectric, and electromechani-
cal coupling coefficients in the MPB compositions of
PMN-PT are very attractive for applications in
high-power transducer devices. However, one of the
limitations of PMN-PT in these applications is that the
mechanical quality factor Q,, is quite low, in addition
to the dielectric loss being quite high.

The purpose of this investigation was to study the
effect of various substituents on the properties of
PMN-PT ceramics. It was hoped that a trend in the
substituent types and classes might be identified, so
that a wider range of materials might be developed for
high power transducer applications. Both A-site and
B-site substituents, as well as higher and lower valent
substituents, have been investigated.

IL. Sample Preparation and Experimental
Procedure :

In order to eliminate the formation of a parasitic
pyrochlore phase (Pb;Nb,O,,), the columbite precur-
sor method proposed by Swartz and Shrout [7] was
used to prepare PMN-PT 65/35 ceramics. In the first
stage, MgO and Nb,Os were mixed in a stoichiometric
ratio, and a precursor columbite phase MgNb,0O; was
formed after calcination at 1200°C for 4hrs. (X-ray
diffraction patterns were then taken to check phase
formation). In the second stage, the precursor was

mixed in stoichiometric ratios with PbO and TiO2, To
insure proper mixing, both steric hinderenace and
electrostatic repulsion (pH adjustment by ammonia),
dispersion mechanisms were required to prepare a 30
vol.% slurry with de-ionized water. The slurry was vi-
bratory milled, then dried and calcined at 700°C for 4
hr. Calcined powders were examined by x-ray diffrac-
tion to insure phase purity. To control PbO volatility,
sintering was performed in a lead rich atmosphere by
placing a small amount of mixed powder of PbO and
Zr0, in a closed crucible. Sintering was performed at
1000-1200° C for 4 hours depending on the different
doping elements and concentration.

Specimens with both A-site and B-site substituents,

including higher valence and lower valence ones, were
fabricated. The various substituents investigated in-
clude La, Li, Na, K, Mn, In, Fe, Cu and Co. Specimens
with excess Mg and Nb were also fabricated for com-
parisons. For each composition, two batches were pre-
pared and at least three samples were made and mea-
sured from each batch. After sintering, the samples
were polished, and gold-sputtering was used for the
electrodes on both surfaces.

The dielectric properties were measured with a
computer controlled automated-measurement system
(HP4284A) from room temperature to 250°C for di-
electric measurement in an oven with temperature
controlling (FLUKES8840). The electromechanical
properties were determined with the resonance-
antiresonance method by measurement of the admit-
tance spectrum using a HP4194,

III. Results and Discussions

Table 1 summaries the dielectric and electromechani-
cal properties of PMN-PT 65/35 with 1 at.% of various
A-site substituents. Data taken from previous studies
of various substituents in PZT, and the radii of Pb(2+)
and Ti(4+), have also been included in this table [8].
La(3+) has previously been studied in PMN and
PMN-PT [9], as well as in PZT [10]. In La modified
PMN-PT, it was found that lead vacancies are not a fa-
vorable defect, unlike that in PZT [9]. PMN prefers to
restore the A/B ratio by precipitating out magnesium
niobate. Compensation is thus achieved by self-adjust-
ment of the Mg/Nb ratio.

The effects of Na and K substituents can be seen to
be almost the same in Table 1. Both substituents are
from the same element group (s-orbital with a 1+ va-
lance state) and substitute onto the A2+ (Pb) sites,
which are 12-fold coordinated. Hence, they effectively
act as acceptors. It is necessary to charge compensate
for a Na!* occupying a Pb2+ site. This was achieved
by reducing the Mg:Nb ratio. Consequently, these sub-
stituents should decrease the degree of short-range
B-site cation ordering, as previously reported by Chen
and Harmer [4]. Both of these substituents were found
to somewhat increase the mechanical quality factor
Qrirand reduce the piezoelectric constant, as shown in
Table 1. Temperature dependent dielectric constant
data are shown in Fig. 1 (b) for these composition.

Li‘is also from the same chemical group (s-orbital
with a 1+ valence state), yet the effect of Li on the di-
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Table 1. Electromechanical properties of 0.65PMN-0.35PT + 1 at.% A-site Doping.
Element La K Na Li
Substitute site A-site A-site A-site
Valency +3 +1 +1 +1
Behavior in ?ZT Donor-like Acceptor-like Accepror-like ?
Ionic radii (A) 1.20 1.52 1.16 0.90
Density (glcc) 7.95 8.10 8.02 7.81
Curie T (°C) 149.40 181.23 178.00 178.29
Dielectric constant

(1kHz) 3700 3990 4140 3260
Maximum dielectric

constant (1kHz) 16000 34800 34800 25600
Dielectric

loss (1kHz) 0.031 0.012 0.011 0.031
s(E (109 m2 0.015 0.013 0.014 0.020
k3 0.220 0.280 0.278 0.310
Qn 64 143 150 68

Used to adjust Curie Used to improve the electrical
temperature resistance, reduce the sintering

temperature and reduce the
temperature coefficient of
capacitance

Pb (+2) 1.330A, Ti (+4) 0.745A
A-site cation : 12-coordinated
B-site cation : 6-coordinated -

electric and electromechanical properties were signifi-
cantly different than those for Na and K, as can be seen
in Table 1. Li substitution also reduced the sharpness
of the temperature dependent dielectric constant, as
can be seen in Fig. 1. The ionic radius of Li is smaller
(0.90A) than that of either Na (1.16A) or K (1.52A).
However, according the - tolerance factor
r= (raq2-cNy * Toe-cNy)

V2(ra(5-cwy +ore-cny)
to go onto the B-sites.

Table 2 summarizes the properties of B-site sub-
stituents. Indium is the only non-transitional metal cat-
ion listed in this table. Indium substitution resulted in
the highest electromechanical coupling (0.36) and one
of the highest piezoelectric (571 pC/N) coefficients.
The ionic radius of In3 # is quite large (0.94). Interest-
ingly, Pb(In,;;Nb,,)O; exists a stable mixed B-site
cation perovskite, which is known to be a relaxor
antiferroelectric[11].

As shown in Table 2, four transition metal cations
were chosen as substituents. Interests were placed on
these substituents because transition metal cations
often have multiple valence states. For example, in the

, Li still is too large. for it

PZT system, Fe is known to increase gng\to more than
1000 [12). Analogously, it was hoped that'Fe-substitu-
ents might have a similar effect in PMN-PT, however
this was not the case. Fe-substituents were found not
to change the properties of PMN-PT significantly. In
PZT, all B-site cation sites are occupied by 4+ spe-
cies. Whereas, in PMN-PT, two distinct B-site cation
sublattices exist whose occupancies are composed of
multiple valent species, i.e., 2+ (Mg), 5+ (Nb), and
4+ (Ti). In consideration of the ionic size of Fe, it will
most probably substitute onto the Mg sites in
PMN-PT, rather than the Nb ones. If this is the case,
then Fe is either a 3+ (or 2+) species on a 2+ site. It
will then act either as an isovalent or as a donor-type
substituent, rather than an acceptor-type one as it does
in PZT. Consequently, the electromechanical proper-
ties of Fe-substituted PZT and PMN-PT will be differ-
ent. Fe-substituted PZT will be a “hard” piezoelectric,
whereas Fe-substituted PMN-PT will be a “soft” pi-
ezoelectric.

Similar arguments can also be used to understand
the effects of Co-substituents, which have a smaller
ionic radius than Fe. Again, based on the ionic radius
consideration, Co?* and/or Co3+ will most probably

7N
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Fig. 1. The temperature and frequency dependence(100, 1k, 10k, 100k from high to low) of dielectric constant of 0.65PMN-0.35PT + 1 ar.%
(a) pure and La, and Mn; (b) Li, Na, and K; (c) In, Mg and Nb; (d) Co and Cu.

substitute onto the Mg sites. Co also has an additional
valance state (+4) which has a smaller ionic radius
(0.67A). This valence state is not commeon, but it is ac-
cessible. Consequently, it may be possible for Co to go
onto the Nb site and behave as an acceptor. This would:
result in “harder” piezoelectric characteristics. Inter-
estingly, Co-substituent resulted in higher values of
0O,, (~152) and lower values of dielectric losses
(0.008) (0,~125), as can be seen in Table 2. But, yet,
Co did not result in any significant decrease in either
the piezoelectric or dielectric constants, as would be
expected of a “harder” piezoelectric response.

The ionic radius of copper is significantly larger
than that of the other substituents investigated. Inter-
estingly, Cu'* and Cu?+ are too small for the A-site,
but yet too big for the B-site. However, Cu3* is of the

right ionic size and maybe suitable for substitution
onto the Nb sites. If this were the case, then Cu sub-
stituents should act as an effective acceptor in
PMN-PT, making the piezoelectric characteristics
“harder”. Cu substituents resulted in a much lower
value of the dielectric loss (0.004, Q,~250). Interest-
ingly, its mechanical quality factor was not increased
dramatically, furthermore the piezoelectric constant
was significantly increased (~570 pC/N). Tempera-
ture dependent dielectric data (Fig. 1(d)) revealed a
decrease in the peak dielectric constant and a decrease
in the phase transition temperature.

Of all the substituents investigated in this study, Mn
was the only one which was found to impart “harder”
characteristics in both the dielectric and electrome-
chanical properties. As shown in Table 2, upon Mn




Table 2. Dielectric and electromechanical properties of 0.65PMN-0.35PT+1at.% B-site doping.
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Element Cu Co Mn Fe In
Substitute site B-site B-site B-site B-site B-site
Valency +1, +2 +2, +3° +2, +3, +4, +2,+3 +3
. ’ +7
Behavior in PZT Acceptor-like Acceptor-like Acceptor-like Acceptor-like Acceptor-like
Ionic radii(A) (+1)0.91 (+2,LS)0.79 (+2,LS)0.81 (+2,L8)0.75 0.94
(+2)0.87 (+2,RS)0.89 (+2,HS)0.97 (+2,HS)0.92
(+3.L5)0.69 (+3,L8)0.72 (+3,LS)0.69
(+3.RS)0.75 (+3,HS)0.79 (+3,HS)0.79
(+4)0.67
(+7)0.60
Density (g/cc) 8.04 7.45 7.67 7.70 172
Curie T(°C) 166.98 177.00 175.00 178.00 187.62
Dielectric constant (1kHz) 2500 3200 2100 3100 3140
Maximum dielectric constant ]

(1kHz) 23600 33600 21000 33000 33400
Dielectric loss (1kHz) 0.004 0.008 0.009 0.012 0.012
$1;E (10~°m/N) 0.012 0.013 0.011 0.015 0.018
k31 0.25 0.26 0.29 0.30 0.36
ds; (pC/N) 571 499 350 500 564
Qn 132 152 300 80 88

Can form PCN 1. Used as Can form Can form
similar reason PFN PIN
of Li.
2. Change the
age effect.
LS: Low spin

HS: High spin

modification, the piezoelectric constant, dielectric
constant and dielectric loss were all decreased, how-
ever the quality factor Q,, was increased significantly.
The coupling coefficient ky; was not significantly af-

" fected by Mn modification and had a constant value of
~0.3. Due to the many valent states available to Mn
(which range from +2 to +7), it is difficult to ascer-
tain based upon simple crystal symmetry arguments
which sites Mn most probably occupies. The data pre-
sented in Table 1 indicates that whichever site Mn
does occupy it is acting as a lower valent species on a
higher valent site. Furthermore, the changes in proper-
ties that occur upon Mn modification make the mate-
rial more suitable for high power transducer applica-
tions.

Beck et al. have previously investigated Mn-substi-
tuted PMN-PT [11]. They studied specimens modified
with 1 at.% Mn in a base composition of PMN-PT
95/5. This base composition has pronounced relaxor
ferroelectric behavior, however addition of 1 at.% re-
sulted in a conversion of the dielectric response into a

normal, non-dispersive ferroelectric [13]. Mn substitu-
tion has been found to induce unique changes not only
in PMN-PT, but also in BaTiO;. In BaTiO;, Mn sub-
stituents influence the orthorhombictetrahedral ferro-
electric transition {14]. It was conjectured that a mixed
Mn valent state (Mn3* and Mn2* coexisting) de-stabi- _
lizes the orthorhombic phase at a temperature T2'
Similarly, a combination of Mn** and Mn3+ was con-

rhombohedral phase at a temperature T3 for speci-
mens that had been treated under higher oxy gen partial
pressures during densification. Lattice distortion
caused by Mn ions appeared to be a factor in this case
[15].

Table 3 shows data for specimens prepared with ex-
cess Mg and Nb. Neither excess Mg nor excess Nb re-
sulted in any significant effects on the properties. Vari-
ations in the ratio of the octahedral site occupancies
within a single-phase would be equivalent to
aliovalent substituent modification. An excess of the
lower-valent constituent, i.e., Mg2* in PMN, would be

jectured to be responsible for the destabilization of the
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Table 3. Dielectric and electromechanical properties of 0.65PMN- 0.35PT with 1 at.% Mg or Nb excess.

Element - Nb - Mg
Substitute site B-site B-site Maximum dielectric
Valency . +5 +2 - . constant (1kHz) 33600 38100
Behavior in PZT Donor-like Acceptor-like Dielectric loss (1kHz) 0.024 0.020
Density (g/ce) 7.82 7.66 syiE (10-Sm¥/N) 0.020 0.019
Tonic radii(A) 0.64 0.72 ks 0.296 0.281
Curie T (°C) 185.90 189.00 ds3 (pC/N) 583 540
Dielectric Qn 75 78
constant (1kHz) ) 4050 3500 Form Sintering aid but
pyrochlore grain growth
0.08 —Li 0.08
0.07 —K 0.07
0.06 x Na 0.06
© 0.05 —1a © 0.05
g 004 | g 0.04
= 0.03 0.03
x|
0.02 | x 0.02
0.0l 3 0.01
0.00 ; 0.00
35 135 235 35 135 235
Temp °C) Temp (°C)
(a) (®
0.08
0.07 - Co
0.06 I —Cu
© 0.05 | .
o 0.04 ™ g
& .
0.03 X
0.02
0.01
0.00 _
35 135 235
Temp(°C)
©

Fig. 2. The temperature dependence of Tan d at 1kHz of 0.65PMN-0.35PT + 1 at.% (a) pure and La, and Mn; (b) Li, Na, and K; (c) In, Mg and
Nb; (d) Co and Cu. ’




the equivalent to lower valent substitution on a higher
valent site (effective acceptor). Whereas, an excess of
the higher-valent constituent, i.e., Nb5* in PMN,
would be the equivalent to a higher valent substitution
on a lower valent site (effective donor). However, we
found that control of the Mg/Nb stoichiometry is diffi-
cult to achieve in practice, in particular with respect to
changing the -electromechanical properties (i.e.,
“harder” and “softer”). Variations in the Mg/Nb ratio
tended to result in secondary phase formation in
PMN-PT, instead of inducing lattice vacancy forma-
tion. However, excess MgO can be seen in Table III to
increase the dielectric constant. This may be due to the
excess MgO reacting with pyrochlore on the grain
boundaries.

Temperature dependent dielectric loss data are
shown in Fig. 2 for the various specimens investigated
in this study. Specimens with excess Mg and those
modified with Na, In or K had significant losses at
high temperatures. This kind of loss usually is contrib-
uted by the conduction loss [15]. However, specimens
with Mn, Co, and Cu resulted in decreased dielectric
losses at all temperatures except near the Curie tem-
perature. In each case the dielectric loss factor had a
pronounced peak near the temperature of the dielectric
constant maximum. These results again indicate the
importance of transition metal cation modifications on

the properties of PMN-PT V.

IV. Summary

In this paper, MPB compositions of PMN-PT with
various substituents were studied. Unlike previous re-
sults for PZT, the effect of substituents on the mechan-
ical quality factor was quite small. However, Mn sub-
stituents were found to be unique. Mn substituents
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were found to reduce the total loss (including mechan-
ical and dielectric) while keeping the electromechani-
cal quality constant. These changes make PMN-PT
more suitable for high-power transducer. It appears
that Mn substituents behave as effective acceptors in
PMN-PT ceramics, resulting in “harder” piezoelectric
characteristics.
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The elastic nonlinearity of lanthanum-doped lead magnesium niobate—lead titanate electrostrictive
ceramic has been investigated by using ultrasonic second-harmonic generation technique and
field-induced strain measurement. A large ultrasonic nonlinearity parameter, 8=230, was observed
at room temperature, which is more than twice of the values for lead zirconate—lead titanate
piezoelectric ceramics. The third-order elastic constant c;,; has been calculated from the B value.
By introducing an effective nonlinearity parameter B, that includes both the intrinsic and the
electromechanical coupling generated elastic nonlinearities, the nonlinearity parameter can be
accurately characterized. The strong field dependence of the nonlinearity parameter shows excellent
potential for designing field tunable nonlinear devices using this material. © 2000 American

Institute of Physics. [S0003-6951(00)04335-7]

The solid solution PbyggsLag o;(Mgg3Nby Tig )O3 [La-
doped PMN-PT ] is a relaxor material, which has a giant
dielectric constant at room temperature and gives rise to
large field-induced strain through the electrostriction effect.
It was reported that a strain of 10™* could be obtained under
an electric field of less than 1 kV/cm.! The strong electros-
trictive properties of this material make it a good material for
transducers, sensors, and actuators.? This intrigued interest in
both the materials and physical communities to study its
elastic, dielectric, electrostrictive properties>* and electrome-
chanical coupling coefficients.’ In those studies, however,
linear elasticity of the material was assumed, although very
strong nonlinear behavior was observed under electric field.*
The assumption of linear elasticity is only conditionally valid
since solids are inherently nonlinear and the PMN-PT system
is inherently a strong nonlinear material.® The knowledge of
elastic nonlinearity is important in fundamental studies as
well as device designs. In the present letter we report the
measurement results on the elastic nonlinearity of PMN-PT
and their field dependence.

The lanthanum-doped PMN-PT ceramic was manufac-
tured by TRS Ceramics (State College, PA 16801) and the
measured sample is a cylinder with a diameter of 2.54 cm
and 2.16 cm long. The ultrasonic second-harmonic genera-
tion setup used in the experiment is shown in Fig. 1. A §
MHz toneburst signal from a function generator is amplified
by a power amplifier, then, applied to the transmitting trans-
ducer, which sends a finite amplitude acoustic wave into the

sample. When the ultrasonic wave arrives at the other end of .

the sample, its wave form is distorted due to the material
nonlinearity and the second-harmonic wave is generated.
The nonlinear ultrasonic phenomenon is originated from sev-
eral sources: nonlinearity of the interatomic forces, geometri-
cal nonlinearity, and nonlinear electromechanical coupling
effects. For a general dielectric, the dynamical process is

YElectronic mail: cao@math.psu.edu

0003-6951/2000/77(9)/1387/3/$17.00 1387

described by the nonlinear electroacoustic coupling equa-
tions in material reference frame.

pOﬁi= Tij,j’ (la)
Dk,l:=0: (i,j,k=l,2,3), (lb)
and the nonlinear constitutive relations are given by

_E L) E E E
Tij=cijktir~ exifExt 2(Cijktmnt OikCljmnt OimCujur

E
+ akmcijln)uk,lum,n— (ekijmn+ é‘imelxrxj)l‘m,rv“—:"l:

= imy;ELE), (2a)

1
Di=euE i+ egmtim™t 7(€kimijt Oti€im;) U1, miti j
+ mklmnElum,n +eymEIEn, (2b)

where pg is mass density in unstrained state, u is particle
displacement, D is material electric displacement, T is the
stress tensor, Cyjx, €;jx, and g;; are the second-order elastic
constants, piezoelectric coefficients, and dielectric constants,
respectively. The coefficients ¢;jximn, €ijrim, and &;;; are
tensor components of the third-order elastic constant, nonlin-
ear piezoelectric coefficient, and nonlinear dielectric con-
stant, respectively, and m;j;, are the electrostriction coeffi-
cients. The second harmonic generation is a special case of

Transmitling  transducer
Pulse Waveform Power (5 MHz)
Generator  [™ | Generator  §™ | Amplificr

Sample
Chl. Cusrent Receiving Fransducer
(10MHz)
Computer [~ Oscilloscope frmmmme
Pulse
/Receiver

FIG. 1. Experimental setup for measure the absolute amplitudes of the first
and second harmonic ultrasonic waves.
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TABLE L The ultrasonic nonlinearity parameter 8 and the third-order elas-
tic constant ¢y, of PbyggsLag g, (Mgg3Nby ¢Tig ,)O; ceramic.

B €1,(10"° N/m?)
30 14.1 —4653

c,,,(IO'o N/mz)

three—phonon interactions in solids, i.e., the self-interaction
of one fundamental phonon that generates another phonon
with twice of the frequency.” Because the amplitude of the
second harmonic is much smaller compared to the funda-
mental wave, only quadratic nonlinearity is considered in
Eqgs. (2a) and (2b).

Our second-harmonic generation measurements were
conducted at room temperature without bias field. In this
case, there is no electromechanical coupling to the funda-
mental acoustic wave but only electrostrictive coupling. The
ceramic sample can be treated as isotropic. For a longitudinal
wave propagating in an isotropic medium, the Egs. (1a)-(2b)
can be simplified as

potiy =Ty, &)
Tn=cnuupy+ 1Becy+ey)ul,. @)

This is a pure elastic nonlinear equation. The solution of Eq.
3) is

u,=A; sin(wt—kx)— %Bk’x,Afcosz(wt—kx), (5)

where 4, and 4, are the amplitudes of fundamental and
second-harmonic waves, respectively, k is the wave number,
w is the angular frequency, x is the distance in the wave
propagation direction, and B is the ultrasonic nonlinearity
parameter of the material defined as

_ 3epten

= (©)
cn
From Eq. (5), it is seen that B can be experimentally deter-

mined if the absolute amplitudes of 4, and 4, are known

8 4

where L is the sample length. In order to measure 4, and
4, the receiving transducer is calibrated by following the
calibration procedure given in Ref. 8. Once 8 is determined,
the third-order elastic constant ¢y, can be calculated by

cii==3+B)cy, 8

where the second-order elastic constant ¢y;=pgv? can be
determined by the material density p, and the longitudinal
wave velocity v.

The measured results are listed in Table I. It is seen that
the nonlinearity parameter 3 of La-doped PMN-PT is twice
as large as that of common single crystals (8=2-14)° and
normal ferroelectric lead zirconate-lead titanete (PZT) ce-
ramics (8=3-18).'%!

Usually, the electromechanical devices using electros-
trictive material as the active part are biased by an external
electric field. Under this situation there is an electromechani-
cal coupling nonlinearity in addition to the pure elastic non-
linearity mentioned above. Macroscopically, relaxor sys-
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FIG. 2. Strain-stress relation for lanthanum doped PMN-PT under different
bias field. The solid line is for the case without coupling nonlinearity.

tems, such as the PZN-PT system under study, have a center
of symmetry, therefore, the third order tensors coefficients
are all vanished and the constitutive equations for a biased
electrostrictive material can be expressed as

Ty=chu, + %(30fx1+cm)uix‘ gmy E2, ©

Dy=enE\+myEuy,, (10
and

E,=E0+E(x,t), ' (11)

where Eq and E(x,t) are applied bias and electrostrictively
generated internal electric fields, respectively. From equation
(1b), i.e., Dy =0, the electrostrictively generated fundamen-
tal electric field E(x,f)[ <E,] can be calculated as

myE,

E(x,t)~— -

u 1,1~ (12)
Substituting the result into Eq. (9), the nonlinear strain—
stress relation can be obtained as

m? E(z,

3 2

miEq 2

3011"'0111——82— Uy
1

T11=(C—u+ )ul,l'i'%

11
€y

Thus, one can define an effective nonlinearity parameter

__3entém (14)
¢ n
where
2 2
myEy
ey=cpt ,
11
3 -2
- _ miEp
cm=cm——/z7—-
&n

Using the measured values of m;=8.5X 107> F/m, &,
=2X10%g (£g=8.86X 10~ '2F/m), and c;,=14.1 N/m?, 12
we can calculate the effective nonlinearity parameter 8, and
the effective third order elastic constant &y, . Then, the non-
linear strain—stress relation for the PMNPT sample can be
calculated. Figure 2 shows a few curves for several values of
the bias field. The solid line is for the case of zero external
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FIG. 3. Relative deviation form linear strain—stress relation for lanthanum
doped PMN-PT under different bias field.

fields. We can see that the system is quite nonlinear. This
nonlinearity increases with bias field level and the adjustabil-
ity is fairly large. We show the relative change of the non-
linearity caused by the applied electric field in Fig. 3.

By defining an effective nonlinearity parameter, we have
also successfully quantified the relative change of the non-
linearity induced by the application of electric field. The
strong dependence of B, on the bias-electric field suggests a
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way to the control nonlinearity of PMN-PT, which may be
used to design field tunable nonlinear electroacoustic de-
vices.
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