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ABSTRACT

The research goals of this ONR spoasored University Research Initiative entitled “Materials for Adaptive
Structural Acoustics Control” relate directly to the sensing and actuating material which must be integrated o
function in adaptive control of acoustic structures. This report documents work in the second year of the program
and for convenience the activities are grouped under the headings General Summary Papers, Materials Studies,
Composite Sensors, Actuator Studies, Integration Issues, Processing Studies, and Thin Film Ferroelectrics.

‘The general papers cover a new comprehensive description of ferroelectric ceramics and their applications,
analysis of high temperature piczoelectric sensors and the possibie application of nonlinearity in enhancing the
“smartness” of ceramics and composites. Scale effects on ferroics are of increasing interest and the manner in which
nano-scale polar regions control the properties of relaxor ferroclectrics is again emphasized.

For material studies the detailed examination of the evolution of diffuse, then relaxor behavior in lanthanum
modified lead titanate has been completed. Interest in the soft PZTs, relaxor and phase switching materials
continues, with a new thrust developing towards a more complete description of domain walls and morphotropic
phase boundaries in perovskites. Materials issues in the wear out and fatigue effects in polarization switching
systems have been subjected to detailed evaluation and the precautions necessary to fabricate long lasting materials
which will stand 10° switches without any fatigue are delineated.

Seasor studies have continued to focus on flexiensional composites and have demonstrated both the very
high hydrostatic seasitivity and the amplified actuation response of this configuration. Integration of sensors with
the “moonie” actuators has been accomplished in individual cells. Actuator studies cover the gamut from highly
reproducible micro positioning using electrostrictive compositions to high strain polarization switching shape
memory ceramics capable of driving a Iatching relay device. Studies of the destruct mechanisms in practical MLA
systems complement the earfier materials work and show the importance of intemnal electrodes and consequent stress
concentrations for crack initiation. Integration studies have focused upon more detailed evaluation of 1:3, 2:2 and
tubular 1:3 composites and upon the influence of the polymer characteristic and of face plates and edge guards upon
seasing and actuation capabilities. In processing, the interest in dielectrophoretic forming of composites is
continuing and assembly of interesting 1:3 composites is demonstrated. Guidelines for the transducer application of
electrostrictive materials have been formulated and a useful classification scheme proposed. In fiber PZTS techniques
for fabricating thin (30 y) fibers are demonstrated, the first successful sechnique for poling fibers is described and it is
shown that properly poled fibers have electro-clastic characteristics similar to bulk material. Film papers are selected
to reflect the transducer capabilities of lead titanate and of phase switching lead zirconate titanate stannate
antiferroelectric compositions.
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ABSTRACT

The research goals of this ONR sponsored University Research Initiative entitled “Materials
for Adaptive Structural Acoustics Control” relate directly to the sensing and actuating material
which must be integrated to function in adaptive control of acoustic structures. This report
documents work in the second year of the program and for convenience the activities are grouped
under the headings General Summary Papers, Materials Studies, Composite Sensors, Actuator
Studies, Integration Issues, Processing Studies, and Thin Film Ferroelectrics.

The general papers cover a new comprehensive description of ferroelectric ceramics and
their applications, analysis of high temperature piezoelectric sensors and the possible application of
nonlinearity in enhancing the “smartness” of ceramics and composites. Scale effects on ferroics
are of increasing interest and the manner in which nano-scale polar regions control the pmpcmes of
relaxor ferroelectrics is again emphasized.

For material studies the detailed examination of the evolution of diffuse, then relaxor
behavior in lanthanum modified lead titanate has been completed. Interest in the soft PZTs, relaxor
and phase switching materials continues, with a new thrust developing towards a more complete
description of domain walls and morphotropic phase boundaries in perovskites. Materials issues
in the wear out and fatigue effects in polarization switching systems have been subjected to detailed
evaluation and the precautions necessary to fabricate long lasting materials which will stand 10°
switches without any fatigue are delineated.

Sensor studies have continued to focus on flextensional composites and have demonstrated
both the very high hydrostatic sensitivity and the amplified actuation response of this
configuration. Integration of sensors with the “moonie” actuators has been accomplished in
individual cells. Actuator studies cover the gamut from highly reproducible micro positioning
using electrostrictive compositions to high strain polarization switching shape memory ceramics
capable of driving a latching relay device. Studies of the destruct mechanisms in practical MLA
systems complement the earlier materials work and show the importance of intemal electrodes and
consequent stress concentrations for crack initiation. Integration studies have focused upon more
detailed evaluation of 1:3, 2:2 and tubular 1:3 composites and upon the influence of the polymer
characteristic and of face plates and edge guards upon sensing and actuation capabilities. In
processing, the interest in dielectrophoretic forming of composites is continuing and assembly of
interesting 1:3 composites is demonstrated. Guidelines for the transducer application of
electrostrictive materials have been formulated and a useful classification scheme proposed. In
fiber PZTs techniques for fabricating thin (30 p) fibers are demonstrated, the first successful
technique for poling fibers is described and it is shown that properly poled fibers have electro-
elastic characteristics similar to bulk material. Film papers are selected to reflect the transducer




capabilities of lead titanate and of phase switching lead zirconate titanate stannate antiferroelectric
compositions.

INTRODUCTION

This report summarizes work carried out in the Materials Research Laboratory of The
Pennsylvania State University during the second year of an ONR sponsored University Research
Initiative (URI) entitled “Materials for Adaptive Structural Acoustic Control.” The program has a
proposed five year duration and is being carried out largely in five sections each reporting to a

senior faculty member.
These sections are:
Materials Studies - A. S. Bhalla
Composite Sensors R. E. Newnham
Actuator Studies K. Uchino
Integration Issues J. Dougherty
Processing Studies T. R. Shrout

There is of course a necessary and highly desirable overlap between many of these topic
areas, the reciprocity of the piezoelectric effect which is at the base of many of our studies ensure
that most acutators can also be used as excellent sensors. The composite approaches for which the
laboratory is quite renowned fuzzy the edges of the integration issues and in fact most faculty
practice in more than one topic area.

Following precedent established over more then seventeen earlier annual reports, this
document presents a very brief narrative summary of the work which has been accomplished
making reference for backup to the fifty-two published studies from the group which are included
as the technical appendices which form the bulk of the report.

In this respect, for convenience in reference, the papers are grouped under the following
topic headings.

GENERAL SUMMARY PAPERS
MATERIALS STUDIES
COMPOSITE SENSORS
ACTUATOR STUDIES
INTEGRATION ISSUES
PROCESSING STUDIES

7. THIN FILM FERROELECTRICS

In general discussion, a new generalization of the broad panoply of applications for
ferroelectrics has been given, highlighting the mechanisms which contribute the important
responses. A balanced analysis of high temperature stress/strain sensors is presented, and the

AN o o
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manner in which nonlinearity may enhance the “smartness” inherent in ferroelectric electroceramics
and composites are emphasized. Scale effects are clearly becoming of increasing interest and the
manner in which self assembling nanoscale heterogeneity on an coherent crystal lattice influences
the phase behavior in relaxor ferroelectrics is again emphasized.

For materials studies interest in the soft PZTs and relaxor ferroelectrics continues, but a
new developing thrast focuses upon a more complete theoretical description of domain walls and
morphotropic phase boundaries. This is in preparation for the more complete experimental
information which should come available from studies of domain walls and phase boundaries with
the new coherent source TEM machines now coming into use. In considering wear out and fatigue
mechanism in charge switching systems it is important to separate material issues from the ancillary
problems imposed in the fabrication of practical actuators. A sequence of the papers presented
wraps up a very comprehensive evaluation of phenomena contributing to polarization switching
fatigue in PZT and PLZT ceramics. It is intriguing to see that from grain grown PLZTs it has been
possible to extract some of the first single crystal data in this system. One notes also that the
continuing refinement of approaches, highlights new experimental needs, such as refinement of the
d33 meter to provide phase information and the full complex d* constants.

For sensing and some actuation functions, the emphasis of the program has continued on
the flextensional moonie systems. The patent has now been issued for this technology. The first
integration of the moonie into a composite sensing and actuation couple is demonstrated and the
ability to control vibration explored. Several more sophisticated systems which seek to exploit
nonlinear propertics for very smart composite behavior have also been reported.

In actuation, the strong electrostriction in the relaxor ferroelectric families provides highly
reproducible strain which can be exploited in a wide family of micropositioners. The application of
more conventional piczoelectric actuators in smart systems and adaptive structures is discussed and
the limiting destruct mechanisms for the practical multilayer co-fired devices explored. Clear
evidence of the cracking which occurs at high strain levels is obtained from simultaneous optical
studies. The basic characteristics of phase switching shape memory ceramics are discussed and
their application to a bistable latching relay structure examined. .

For applications where a very limited temperature range can be tolerated the extremely high
induced piczoelectric effects near the Curie temperature show very interesting application
possibilities.

The complexities of integration, as exemplified by the piezoceramic polymer composites,
have been explored using examples in 2:2 connectivity, classic 1:3 composite and a new family of
tubular type 1:3 systems. For the tubular geometry significant advantage can be obtained by
control of tube diameter and wall thickness. Economical modes for fabricating these structures are
being actively explored with FMI and with Material Systems Inc. A detailed study of the P(VDF-




TrFe) copolymer system initiated under funding from Sykes Associates has now been completed
and a model proposed which is in good agreement with the experimental results.

Processing related problems in co-fired multilayer actuators (MLAs) are discussed, and a
newer configuration using interdigitated internal electrodes is highlighted. This configuration
permits the fabrication of larger actuators with longer throws. The capability of electrophoretic and
dielectrophoretic forces in permitting the intelligent assembly of pseudo 1:3 composites is
examined and the rheological effects in high K suspensions explored. Criteria for selecting relaxor
ferroelectric composition for transducer applications have also been formalized. Lead zirconate
titantate fibers are of interest for many type of ‘smart’ structure, techniques for fabricating fibers
are discussed and the first demonstration of poling and piezoelectric response have been effected.

In related thin film work, the nature and origin of the strong orientation effects in sol-gel
lead titanate thin films has been explained. Using the sol-gel method thin films of PSnZT
compositions have been fabricated and the phase switching behavior from antiferroelectric to
ferroelecric states under electric fields evident in the bulk ceramics has been confirmed for the film
system.

1.0 GENERAL SUMMARY PAPERS

Increasing interest in the topic of high temperature vibration sensing is reflected in the
balanced discussion in Appendix 1. Commercially available techniques are first reviewed
concentrating on sensors with operating temperatures in excess of 650°C. New piezoelectric
options are underscored in the layer structure and complex pyrochlore ferroelectrics which have
T¢ > 1000°C and in new AIN thin film sensors which are piezoactive above 1150°C. In the series
Materials Science and Technology, Vol. II, K. Uchino provides a comprehensive discussion of the
fundamentals of ferroelectricity and a broad ranging discussion of the applications of ferroelectric
ceramics to capacitor dielectrics, pyroelectric devices, piezoelectric sensors and actuators, electro-
optic and PTC systems (Appendix 2). The topic of “smart” materials was covered in Volume 18 of
the MRS Bulletin with the introduction discussing development in the field from smart, to very
smart towards Intelligent Materials discussed by the guest editor R. E. Newnham (Appendix 3).
The whole area of size effects in ferroic materials is of increasing interest, stimulated by the very
fine scale microstructures which appear in thin film systems. Appendix 4 discusses scale effects
reaching into the nanometer region and their importance for the control of nonlinear phenomena. A
more detailed discussion of the unusual self-assembling self-limiting nanoscale heterogeneity
which develops on the coherent crystal lattice of the relaxor ferroelectrics is given in Appendix 5.
Lead magnesium niobate is the classic example exhibiting unusual glass like dielectric properties as
the polar nanostructure attendant in limited ordering of the B site cations freezes in.
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2.0 MATERIALS STUDIES

Examination of the properties of lanthanum modified lead titanate continues the interest in
nanoscale sub-structures with evidence of a texturing in the domain structure of the ferroelectric
phase as the system evolves toward diffuse then relaxor behavior with increasing lanthanum
concentration (Appendix 6). A more comprehensive report will be given in the 1994 annual report
as Dr. G. Rossetti writes up his excellent thesis work on the PLT system. Appendices 7-10 cover
the initiation of more systematic in depth theoretical studies of two of the most important problems
in piezoelectric ceramics, namely intrinsic boundary conditions on the co-existence of ferroelectric
phases at the Morphotropic Phase Boundary (MPB) in PZT (Appendix 7), and that of the detailed
description of domain walls by continuum theory (Appendix 9) and the light which this can throw
upon the fundamentally important gradient terms in the Landau Ginsburg Devonshire Theory
(Appendix 8). These approaches are particularly timely as the new coherent source Transmission
Electron Microscopes promises a cornucopia of new data on internal fields in ferroics (Appendix
10).

New experimental information regarding domain wall contributions to dielectric and
piezoelectric response are presented in Appendices 11-13. Since wall motion can produce no
volumetric change at low field levels a separation between intrinsic and extrinsic (domain)
contribution to response can be effected by considering the temperature dependence of hydrostatic
versus linear piezoelectric responses. Using this method it is shown (Appendix 11) that domains
make the major contribution to response in both doped and undoped PZTs at the 52:48 Zr:Ti ratio.
The use of acoustic emission and concurrent current pulse measurement to separate domain
switching and micro-cracking which can occur in the poling process is discussed in Appendix 12.
An extension of current phenomenological theory to explore nonlinearities in response associated
with domain wall motion is described in Appendix 13. New measurements of nonlinearity in PZT
and PLZT compositions are used to support the theoretical conclusions. Full detail of earlier
studies on fatigue effects associated with polarization switching in PZT and PLZT compositions
are given in Appendices 14-20. These studies focus on material problems associated with
electroding, grain size effects, composition and temperature influences, the effects of porosity and
the vital importance of full density, electrodes and electroding methods, and field induced stress
concentration.

It is shown that with proper precautions in these areas it is possible to achieve zero fatigue
after ~109 cycles of field application. In PLZT at the 8:65:35 composition grain grown ceramics
with single grains in the range 50-100 i meter diameter, supplied from the Shanghai Institute of
Ceramics have been used to measure the anisotropy of the single crystal dielectric response
(Appendix 21). Using a highly simplified model a qualitative evaluation of the extrinsic domain
contribution to d33 has also been given (Appendix 22).
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For a number of polymer and composite piezoelectrics it is clear that all material constants
are complex. In Appendix 23 a modification to the Berlincourt d33 meter is described which phase
locks the charge detector to the AC force generator. In the phase locked mode the meter will
measure d33 values down to 1 pC/N and phase angle to 0.05°.

3.0 COMPOSITE SENSORS

Sensor studies have focused upon the flextensional “moonie” type systems. A copy of
United States Patent 5,276,657 detailing the several claims for the origination of this concept by
Newnham, Xu, and Yoshikawa is given in Appendix 24 which covers mostly the actuation
function. The design of the moonie type structure for a range of both sensing and actuation
functions is discussed in Appendix 25. Resonant frequencies and finite element analysis of the
stress distribution are considered and factors which affect the integration of both sensing and
actuation in the same package are discussed. This theme is further developed in Appendix 26
which considers explicitly a vibration control element using a moonie actuator and separate
piezoceramic sensor. The device has a dynamic range from 100 Hz to 2,500 Hz and is capable of
sensing and suppressing small ~ 1um displacements at small force levels. T%i- topic is developed
further in Appendix 27 which also considers multiple stacked flextensional structures.

The topic of composite multilayer piezoelectric:piezomagnetic structure is considered
theoretically in Appendix 28 and expressions derived for the effective magneto-electric coupling in
such structures are derived. Examples of electroceramic materials and composite structures which
qualify for the adjective ‘smart’ are discussed in Appendix 29.

The final moonie flextensional paper (Appendix 30) discusses in more detail the design of
highly reliable units using finite element methods to model shape, material and geometrical
contributions to the response.

4.0 ACTUATOR STUDIES

The relaxor ferroelectric nanocomposites discussed in Appendix 5 are materials which have
useful and important applications in actuator studies discussed in Appendix 31. The absence of
classical stable domain structures in these materials leads to highly reproducible anhysteritic strain
response for micro-positioning and optical applications. A more general discussion of
conventional piezoelectric actuators and the very wide range of material systems and modes of
operation is given in Appendix 32. Shape memory and semiconductor derived monomorphs are
discussed along with more conventional piezoelectric stacked elements. A problem in the stacked
actuators made by the co-fire process concerns the stress concentration at electrodes which
terminate within the ceramic. In Append’~ 33 the problem in graphically illustrated by optical
obeervation of the cracks which initiate in the regions of tensile stress at these electrode edges. The
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whole range of ceramic actuators is reviewed in Appendix 34 with examples of a wide range of
practical capabilities for both simple and mechanical amplifier configurations.

The topics of actuation in smart systems is taken up briefly in Appendix 35 which is the
outline of a paper presented at ADPA/AIAA/ASME/SPIE. Appendix 36 takes up in more detail the
mechanical damage mechanisms which limit the performance of co-fired multilayer actuators and
discusses an interesting acoustic emission test for diagnosing wear out in actuators used in highly
critical applications like precision machining. It is interesting that the phase switching
antiferroelectric PZT compositions show shape memory behavior and of particular importance as
shown in Appendix 37 is the fact that shape recovery can be activated electrically without '
energetically extravagant heating and cooling required in the metallic shape memory syste
Appendix 37 discusses the phenomena in PZSnT and its application to a simple latching relay.
Smart control of actuators is discussed in Appendix 38, and the very high values which can be
achieved in compositions close to the ferroelectric Curie point in some solid solution systems is
determined in Appendix 39.

5.0 INTEGRATION ISSUES

A much more detailed analysis of the piezoceramic:polymer composite in 2:2 connectivity is
given in Appendix 40. The theoretical study shows that major stress transfer takes place near the
surface so that it may be desirable to have a stiffer polymer in this location. Work on the 1:3
polymer ceramic composites has been going forward with FMI (Appendix 41) who have facilities
for assembling these tubular systems. The results of analysis confirm the advantage of this tubular
configuration and the very high values of d, which can be achieved. The laboratory has been
involved in a comprehensive experimental study of the piezoelectric PVDF copolymer (vinylidene
fluoride:trifluoroethylene 75:25) and has demonstrated the complex nature of elastic, dielectric and
piczoelectric constants. To explain the different observed dispersion regimes a two phase
composite model is proposed (Appendix 42) and numerical calculations from the model are shown
to be in good agreement with experiment.

In the final paper in this section (Appendix 43) the effects of surface face plates and edge
strips on the hydrostatic response of 1:3 composite panels are considered. It is shown that the
carlier shear-coupling model provides good guidelines for the design and permits the optimization
of geometry and material properties.

6.0 PROCESSING STUDIES

For co-fired multilayer piezoelectric actuators it is essential to consider the processing
parameters along with the design of the system (Appendix 44). For the very thin layer low voltage
structures, stress concentrations at the electrode edges limit application of the simple MLC design
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and it is necessary to go to slits or gaps in these locations to relieve stress. Full plate through
electrodes can only be accomplished for thicker layers and suffer also from the problems of silver
migration. A new type of interdigitated longitudinal mode which can use d33 is discussed and the
performance achieved does permit longer actuators with larger throw. Manipulation of the
microstructure in polymer/ceramic 0:3 composites using dielectrophoretic orientation and chaining
techniques is discussed in Appendix 45. The paper highlights the use of in situ dielectric
measurement to determine alignment, batch uniformity and as a general quality control technique.

Electrostriction in relaxor ferroelectric systems occurs with a number of distinct “flavors.”
Appendix 46 suggests a useful classification which separates the families into four major
categories. There is a growing interest in the possible advantages of PZT fibers for both passive
and active smart systems in vibration control. Techniques for the fabrication by sol-gel methods,
the poling and testing of very fine fibers are discussed in Appendix 47. It is gratifying to note that
even at 30 u meter diameter the properties are similar to those of an equivalent bulk PZT. The
properties of electrorheological fluids using fine BaTiO3 powders in silicone oil are discussed in
Appendix 48. Under 60 Hz AC fields strong fibril formation was observed optically and turbulent
flow was not observed for fields up to more than 20 Kv/cm. The characteristics observed in yield
stress suggest a dominant dipole:dipole interaction in chain formation. More details of the
application and versatility of the dielectrophoretic assembly method are given in Appendix 49
which discusses pseudo 1:3 composite assemble and the conditions required for optimum
alignment.

7.0 THIN FILMS FERROELECTRICS

Following earlier established practice, thin film studies which we believe are relevant to the
objectives of this program are appended. Conditions which influence the orientation of sol-gel
formed lead titanate films used for high frequency transduction are discussed in Appendix 50. Itis
shown that both the nature of the sol and the type and condition of the substrate can have a marked
influence upon the nature and the degree of film orientation.

The phase switching high zirconia PSnZT composition are of strong interest in bulk form
for high strain actuation. In Appendix 51 it is demonstrated that thin films in the same composition
family can be fabricated by sol-gel spin on techniques. The films also exhibit phase switching
under high electric field with fast switchover times (~300 n sec) and high induced elastic strain
(~0.16%).

For all perovskite type thin films, and for films like the YBCO superconductors which are
in closely similar structure types, substrates with appropriate matching crystallographic structure
and unit cell dimensions are of major importance. An example of the materials of interest is
Ba(Mg1/3Ta2/3)03 (Appendix 52), a cubic perovskite which is shown to have exceedingly low
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microwave dielectric loss. The laboratory has an extensive ONR/ARPA sponsored program on
substrate materials which will be of interest to both ferroelectric and superconductor film
fabricators.

8.0 HONORS AND AWARDS

Over the year 1993 the Ferroelectric Group in MRL has continued to receive excellent
recognition from both Domestic and International Societies. In May 1993 Professor R. E.
Newnham was awarded the Humboldt Research Award which will support his stay at the Max
Plank Institute in Stuttgart during early 1994. Professor L. E. Cross and Dr. A. S. Bhalla were
recipients of the Edward C. Henry Award from the Electronics Divisions of the American Ceramic
Society. The award for the best paper in electroceramics published in the Journal over the period
1989-1993 and was for their paper with T. Takanaka and K. Sakata on “Dielectric Piezoelectric
and Pyroelectric Properties of Lead Zirconate:Lead Zinc Niobate Ceramics.”

The group has continued to be very active in the organization of both National and
International Meetings. For IMF8 L. E. Cross was Vice Chairman, and orchestrated industrial
support, S. J. Jang and R. E. Newnham were responsible for the Proceedings.

For ISAF9 which will be at Penn State in August 1994 A. S. Bhalla is General Chair. Dr.
Bhalla was also responsible for ACerS Symposia on Materials for Smart/Intelligent Systems and
for Ferroelectric Thin Films at the Fall 1993 PAC RIM Meeting in Hawaii.

9.0 APPRENTICE PROGRAM
The 1993 ONR Apprentices were:

Liza Rivera A senior from State College High School. Her work was in the area of
electrophoresis and dielectrophoretic assembly of composites.

Maria Teresa Defesdini Maria was a graduating senior from Col. Senora Merced High School in
Puerto Rico. Her studies were focused on the processing and
fabrication of relaxor ferroelectric materials with a range of
compositions directly relevant to work on the URI program.
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GRADUATING STUDENTS ON THE PROGRAM

Gearge A, Rossetti, Ir,, PhD, Solid State Science, “Structural and Thermodynamic Investigation

of the Ferroelectric Phase Transition in Lanthana-Substituted Lead Titanate,” May 1993
(Abstract included as Appendix 53).

Jaiyn Chen, PhD, Electrical Engineering, “Electrical and Electromechanical Properties of

Ferroelectric Thin Films for Microelectromechanical Applications,” August 1993 (Abstract
included at Appendix 54). Only the electromechanical measurement part of this work was
supported on URI funding.

WMS,SOMSM%M,%D&W,%WMWMM

11.0

10.

S

of Lead Zirconate-Lead Zinc Niobate-Lead Titanate Ceramics,” October 1993 (Abstract
included as Appendix S5).

PAPERS PUBLISHED IN REFERRED JOURNAL

Tumner, R. C., P. A, Fuierer, R. E. Newnham, and T. R. Materials for Hi Temperature
Acoustic and Vibration Sensors: A Review. Applied Acoustics 41:1-26 (1993).

Uchino, K. Ferroelectric Ceramics. Materials Science and Technology, Edited by R.W.
Cahn, P. Haasen, E.J. Kramer, Vol. I, VCH 1994,

Newnham, R. E. Smart, Very Smart and Intelligent Materials, MRS Bulletin XVIII(4),
24-26 (April 1993).

Rossetti, G. A., Jr., W. Cao, and C. A. Randall. Microstructural Characterization and
Diffuse Phase Transition Behavior of Lanthanum Modified Lead Titanate. Ferroelectrics:

Proceedings of IMF8, Gaithersburg, Maryland (August 1993).

Cao, W. and L. E. Cross. Distribution Function of Coexisting Phases in a Complete Solid
Solution System. J. Appl. Phys. 73(7), 3250 (1993).

Cao, W. Polarization Gradient Coefficients and the Dispersion Surface of the Soft Mode in
Perovskite Ferroelectrics. J. Phys. Soc. Jpn. 63, 827 (1994).

Cao, W. and L. E. Cross. Nonlinear and Nonlocal Continaum Theory on Domain Walls
iln”W. Ferroelectrics: Proceedings of IMF8, Gaithersburg, Maryland (August
).

Cao, W. and C. Randall. Th on the Fringe Patterns in the Study of Ferroelectric
Domain Walls Using Blecmﬁmy. Sohj State Comm. 86, 435-439 (1993).
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11.0 PAPERS PUBLISHED IN REFERRED JOURNAL (continued)
11,

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Zhanlgn Q. M., H. Wang, N. Kim, and L. E. Cross. Direct Evaluation of Domain Walls
trinsic Contributions to the Dielectric and Piezoelectric Constants and Their
‘(liegggrmm Dependence in Lead Zirconate Titanate Ceramics. J. Appl. Phys. 75 (1), 454

Subbarao, E. C., V. Srikanth, W. Cao, and L. E. Cross. Domain Switching and
mg dunng Poling of Lead Zirconate Titanate Ceramics. Ferroelectrics 145,

Li, S., W. Cao, R. E. Newnham, and L. E. Cross. Electromechanical Nonlinearity of
E;no;l;g;ﬁc Ceramic and Related non 180° Domain Wall Motion. Ferroelectrics 139, 25-
Q1 .

Jiang, Q., W. Cao, and L. E. Cross. Electrical Fatigue in Lead Zirconate Titanate
Ceramics. J. Am. Ceram. Soc. 77(1), 211-215 (1994).

Jiang, Q. and L. E. Cross. Effect of Porosity on Electrical Fatigue Behavior in PLZT and
PZT Ceramics. J. Mat. Sci. 28, 4536-4543 (1993).

Jiang, Q., E. C. Subbarao, and L. E. Cross. Effects of Electrodes and Electroding
Methods on Fatigue Behavior in Ferroclectric Materials. Ferroelectrics: Proceedings of
IMF8, Gaithersburg, Maryland (August 1993).

Jiang, Q., E. C. Subbarao, and L. E. Cross. Fatigue in PLZT: Acoustic Emission as a
Discriminator Between Microcracking and Domain Switching. Ferroelectrics: Proceedings
of IMF8, Gaithersburg, Maryland (August 1993).

Li, S, A. S. Bhalla, R. E. Newnham, and L. E. Cross. Quantitative Evaluation of
thnnsnc Contnbuuon to Piezoelectric Constant d33 in Ferroelectric PZT Ceramics.
Materials Letters 17, 21-26 (1993)

Wang, H., Q. Zhang, and L. E. Cross. A High Sensitivity Phase Sensitive d33 Meter for
L1281h8,5.’o l(’i%lecm Constant Mecasurement. Jpn. J. Appl. Phys. 32(Pt. 2; No. 9A),

Onitsuka, K., A. Dogan, J. A. Tressler, Q. C. Xu, S. Yoshikawa, and R. E. Newnham.
Mmmccunwwmnsduw ~The Moonie. Ferroelectrics: IMF8, Gaithersburg,
Maryland (August 1

Tressler, J. F,, Q. C. Xu, S. Yoshikawa, K. Uchino, and R. E. Newnham. Composite
FlexmmalThnsdnwforSennngandAcmmng.Feuoelecmcs IMF8, Gaithersburg,

Maryland (August 1993).

Newnham, R. E,, A. Dogan, Q. C. Xu, K. Onitsuka, J. Tressler, and S. Yoshikawa.
Flextensional "Moonie" Actuators. 1993 Ultrasonics Symp. Proc., Baltimore,
Maryland; Vol. 2, pp. 509-514 (1993).

Harshe, G., J. P. Dougherty, and R. E. Newnham. Theoretical Modeling of Multilayer
anmelecuiccompomm. Int. J. of Appl. Mag. in Mtls. 4, 145-159 (1993).
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24.

23.

26.

217.

28.

29.
30.

32.

33.

34,

35.

36.

37.

12.0

Newnham, R. E. and G. R. Ruschau. Electromechanical Properties of Smart Materials.
J. Intelligent Mtls. Systems and Structures 4, 289 (1993).

Onituka, K., A. Dogan, Q. Xu, S. Yoskikawa, and R. E. Newnham. Design Optimization
for Metal-Ceramic Composite Actuator, “Moonies.” Ferroelectrics: IMF%, Gaithersburg,
Maryland (August 1993).

Uchino, K. Relaxor Ferroelectric Devices. Ferroelectrics: Proceedings IMFS8,
Gaithersburg, Maryland (August 1993).

Uchino, K. Recent Development of Piezoelectric Actuators for Adaptive Structures. 3rd
International Conference on Adaptive Structures (1991).

Furuta, A. and K. Uchino. Dynamic Observation of Crack Propagation in Piezoelectric
Multilayer Actuators. J. Am. Ceram. Soc. 76(6), 1615 (1993).

Uchino, K. Ceramic Actuators Principles and Applications. MRS Bull. (April 1993).

Uchino, K. Applications of Piezoelectric Ceramics in Smart Actuator Systems.
ADPA/AIAA/ASME/SPIE Cont. on Active Mtls. (1992).

Furuta, A., K. Y. Oh, and K. Uchino. Shape Memory Ceramics and Their Application to
Latching Relays. Sensors and Materials 3, 205 (1992).

Wang, H., Zhang, and L. E. Cross. Piczoclectric Relaxation of P(VDF-TrFE)
Copolymers. Ferroelectrics: IMF8, Gaithersburg, Maryland (August 1993).

Miller, D., C. A. Randall, A. S. Bhalla, R. E. Newnham, and J. Adair. Electrorheological
Properties of BaTiO3 Suspensions. Ferroelectric Letters 18, 141-151 (1993).

Udayakumar, K. R, S. B. Krupanidhi, K. Kushida, and L. E. Cross. Origina of
8n9;gt)anon in Sol-Gel-Derived Titanate Films. J. Am. Ceram. Soc. 76, 1345

Brooks, K. G., J. Chen, K. R. Udayakumar, and L. E. Cross. Electric Field Forced
%aslesg;v:(tfghag) in La Modified Lead Zirconate Titanate Stannate Films. J. Appl. Phys.

Sheen, J., R. Guo, A. S. Bhalla, and L. E. Cross. Measurements of Dielectric Constant
and Quah;yg;actor of Ba(Mg1/3Ta2/3) O3 at X Band Frequencies. Ferroelectric Letters
16, 33 (1993).

INVITED PRESENTATIONS AT NATIONAL
AND INTERNATIONAL MEETINGS

Cross, L. E., High Strain Actuators and Agile Transducers, SPIE Mtg. Smart Structures
and Materials, Albuquerque, New Mexico (January 31, 1993).

Cross, L. E., Relaxor Ferroelectrics: Current Problems and Opportunities for New Work,

ONR Workshop on Fundamental Experiments in Ferroelectrics, Williamsburg, Virginia
(February 7, 1993).
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12.0 INVITED PRESENTATIONS AT NATIONAL

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

AND INTERNATIONAL MEETINGS (continued)

Cross, L. E., Applications of Ferroelectric Thin Films to Microelectromechanical (MEMS)
Systems, Prospector V Conference, Park City, Utah (March 22, 1993).

Cross, L. E., Ferroelectric Materials and Devices Current Issues and Future Prospects,
MRS Spring Meetmg, San Francisco, California (April 12, 1993).

Cross, L. E., MEMS Systems Based On Ferroelectric Films, Am. Ceram. Soc. 95th
Annual Mrg., Cincinnati, Ohio (April 18-22, 1993).

Cross, L. E., Relaxor Ferroelectrics: An Overview, IMF8, Gaithersburg, Maryland
(August 8, 1993).

Cross, L. E., Electronic Ceramics: New Actuators and Transducers, Ist Okinaga
Symposiwm, Ikabakura, Tokyo, Japan (August 29, 1993).

Cross, L. E., Relaxor Ferroelectrics: Self Assembling Nanocomposites, /MRS, Tokyo,
Japan (August 31, 1993).

Cross, L. E., Shape Memory in High Strain Polarization Switching Ferroelectric
Actuators, [UMRS-ICA Conference, Wuhan, China (September 6, 1993).

Cross, L. E., Recent Developments in Piezoelectric and Electrostrictive Sensors and
Actuators, Am. Ceram. Soc. PAC RIM Meeting, Oahu, Hawaii (November 7, 1993).

Cross, L. E., Shape Memory Ceramics: Status and Potential, Sixth US:Japan Seminar on
Dielectric and Piezoelectric Ceramics, Lahaina, Hawaii (November 11, 1993).

Newnham, R. E,, Structure-Property Relationships in Act ator Materials, Annual meeting
of the American Cu'umc Society, Cincinnati, Ohio (4/19-21/93).

Newnham, R. E., Structure-Property Relations in Actuator Materials, Seminar at the
Industrial Technology Research Institute, Hsinchu, Taiwan (4/30/93).

Newnham, R. E., Ceramic Sensors and Actuators - Smart Materials, Material Research
iety of Taiwan, Keynote address at annual meeting of Chinese Society of Materials
Science, National Chiao-Tung University, Hsinchu, Taiwan, Republic of China (5/1/93).

Newnham, R. E., Electrostrictive Materials, Seminar at the National Tsing Hua University,
Hsinchu, Taiwan, Republic of China (5/3/93).

Newnham, R. E., Composite Electroceramics, seminar at the National Cheng-Kung
University, Tainan, Taiwan, Republic of China (5/5/93).

Bhalla, A. S., Ferroelectric Fiber Devices for Holographic Image Storage, IMF8,
Gaithersburg, Maryland (August 8, 1993).

1119%.‘)‘0' K., Relaxor Ferroelectric Devices, IMF8, Gaithersburg, Maryland (August 8-13,

Uchino, K., Photostriction and Its Applications, Am. Ceram. Soc. PAC RIM Meeting,
Oashu, Hawaii (November 7-10, 1993).
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20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

AND INTERNATIONAL MEETINGS (continued)

Uchino, K., Optical Domain Studies, ONR Transducer Materials Review, State College,
Pennsylvania (April 6-8, 1993).

Yoshikawa, S. and K. Uchino., Recent Development of Multilayer Actuators—-Review of
Materials and Structures, 95th Annual Meeting of the American Ceramic Society,
Cincinnati, Ohio (April 19-21, 1993).

Randall, C. A,, C. P. Bowen, T. R. Shrout,‘and A. S. Bhalla. Smart Processing of
Composite Materials by Electric Fields, Am. Ceram. Soc. PAC RIM Meeting, Oahu,
Hawaii (November 7, 1993).

Uchino, K., Photo Striction and Its Applications, Am. Ceram. Soc. PAC RIM Meeting,
Qahu, Hawaii (November 7, 1993).

Krupanidhi, S. B., H. Hu, and G. Fox, Study of DC Conduction Mechanisms in
Ferroelectric Ph(ZrTi)O3 and (PbLa) TiO3 Thin Films, Sixth US:Japan Seminar on
Dielectric and Piezoelectric Ceramics, Lahaina, Hawaii (November 11, 1993).

Dougherty, J. P. and R. Bacsa, Synthesis of BaTiO3 Films on Titanium, Sixth US.Japan
Seminar on Dielectric and Piezoelectric Ceramics, Lahaina, Hawaii (November 11, 1993).

Trolier-McKinstry, Susan, Microstructure Property Relations in Ferroelectric Films, Sixth
ngS {%n Seminar on Dielectric and Piezoelectric Ceramics, Lahaina, Hawaii (November
’ ).

Uchino, K., M. Mulvihill, Ki Young Oh, R. Brodeur, and L. E. Cross, Optical Studies of
Domains in Ferroelectric Actuators, Sixth US:Japan Seminar on Dielectric and Piezoelectric
Ceramics, Lahaina, Hawaii (November 11, 1993).

Randall, C. A., R. P. Brodeur, S. J. Jang, and T. R. Shrout, Classification of
Electrostrictive-Based Materials for Transducers, Sixth US:Japan Seminar on Dielectric and
Piezoelectric Ceramics, Lahaina, Hawaii (November 11, 1993).

Randall, C. A., C. P. Bowen, T. R. Shrout, A. S. Bhalla, and R. E. Newnham,
Dielectrophoresis: A Means to Assemble Novel Electroceramic Composites, Sixth US .Japan
Seminar on Dielectric and Piezoelectric Ceramics, Lahaina, Hawaii (November 11, 1993).

Guo, R., Electro-optic ies of Ferroelectric Lead Barium Niobate (PBN) Single
Crystals, Sixth US:Japan Seminar on Dielectric and Piezoelectric Ceramics, Lahaina,
Hawaii (November 11, 1993).

Bhalla, A. S., New Pyro-optic Technique for Imacging Long Wave IR Radiation, Sixth
UlS:Japan993 Seminar on Dielectric and Piezoelectric Ceramics, Lahaina, Hawaii (November
11, 1993).

Cgo.W.andL.EGoss,PhaseCoeﬁsmnceumeM«phouopicPhaseBonm%ymuad

Zirconate Titanate, Sixth US:Japan Seminar on Dielectric and Piezoelectric Ceramics,
Lahaina, Hawaii (November 11, 1993).
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33.

34.

35.

36.

37.

38.

39.
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INVITED PRESENTATIONS AT NATIONAL
AND INTERNATIONAL MEETINGS (continued)

Yoshikawa, S., U. Selvaraj, P. Moses, and T. R. Shrout, Pb(ZrTi)O3(PZT) Fibers:
Formation and Property Measurement Methods, Sixth US:Japan Seminar on Dielecrric and
Piezoelectric Ceramics, Lahaina, Hawaii (November 11, 1993),

Cao, Wenwu, The Importance of Conventional and Holographic Electron Microscopy in the
Fundament Understanding of Ferroelectrics, The Second Williamsburg Workshop on
fgg;mlemal Experiments in Ferroelectrics (MIT/ONR), Williamsburg, Virginia (February

Bhalla, A. S., Photorefractive Fibers for Optical Holographic Storage, Gordon Conference-
Optical Processing and Holography (June 28-July 2, 1993).

Bhalla, A. S., Photorefractive Materials: Sensors and Storage Devices, SPIE Meeting-
Pghggarefraction Materials: Effects and Applications, San Diego, California (July 11-14,
1993).

Bhalla, A. S., Morphotropic Phase Boundaries and Relaxor Ferroelectrics, Workshop on
Optical Materials, Tokyo, Japan (July 21, 1993).

Bhalla, A. S., Single Crystal Fibers for Sensors and Optoelectronic Applications,
International Meeting on Actuator/Sensors, Japan (July 23, 1993).

Bhalla, A. S., Applications of Morphotropic Phase Boundary Compositions, /UMRS-
International Meeting on Advanced Materials: Relaxor Ferroelectrics, Japan (August 31-
September 3, 1993).

INVITED PAPERS PRESENTED AT UNIVERSITY, GOVERNMENT, AND
INDUSTRIAL LABORATORIES

. Newnham, R. E,, Recent Trends in Multilayer Technology, Seminar at Vistatech Corp.,

San Diego, CA (5/13/93).

Newnham, R. E., Smart Ceramics, Seminar at Engineering College, University of
California, Irvine, CA (5/14/93).

. Newnham, R. E,, S. Krupanidhi, and A. Trolier-McKinstry, Two-day short course at U.S.

Army Research Laboratory, Electronics Technology and Power Sources Directorate, Fort
Monmouth, NJ (5/17-28/93).

Newnham, R. E., Smart Ceramics, Lecture at the Ceramic Science and Technology
Workshop supported by the U.S. Office of Naval Research European Office, Technical
%og:;c;il of Turkey and the Middle East Technical University, In Ankara, Turkey (7/21-

(I?’ewnh;x)n. R. E., Composite Electroceramics, Raychem Corporation Seminar, Chicago, IL

Shrout, T., Processing of Ferroelectric and Related Materials, Cabot Co., Boyertown, PA
(A }&9?);1;\9';‘? Co., Jacksonville, FL, (October 1992); and Harris Co., Dundalk,
y .
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

23.

INDUSTRIAL LABORATORIES (continued)

Shrout, T., Non-Linear Dielectrics, Hughes Aircraft Co., Los Angeles, CA (September
1993) and General Electric Co., Schenectady, NY (May 1993).

Shrout, T., Real Time Sintering Observations of 2LTICC Substrate and Conductor
Materials, Heraeus Co., Konshohocken, PA (April 1993).

Shrout, T., Lead Based Pb(B1B2)O3 Relaxors vs BaTiO3 Relaxors for Multilayer
Capacitors, Storage Tek and AKZO-Amp.

Uchino, K., Piezoelectric/Electrostrictive Actuators - Tutorial Lecture, Third Smart
Actuator Symp., State College, Pennsylvania (October 22-23, 1992).

Uchino, K., “Fabrication Processes and Actuator Characteristics: Introduction,” Fourth
Smart Actuator Symp., State College, Pennsylvania (January 21-22, 1993).

Uchino, K., Electrodes for Ceramic Actuators, Fourth Smart Actuator Symp., State
Coliege, Pennsylvania (January 21-22, 1993).

Uchino, K., Fabrication of Multilayer Piezoelectric Actuators, Fourth Smart Actuator
Symp., State College, Pennsylvania (January 21-22, 1993).

'Newnham. R. E., Electro Sensors and Actuators, Matsushita Central Research and

Development Laboratory, Osaka, Japan (12/7/92).

Newnham, R. E., Electroceramic Sensors and Actuators, NEC Research and Development
Laboratory, Kawasaki City, Japan (12/8/92).

Newnham, R. E., Electroceramic Composite Transducers, Toshiba Ceramics Research
Laboratory, Hadano, Japan (12/9/92).

Newnham, R. E., Structure-Property Relations in Composite Electroceramics, Materials
Science Dept. Seminar, Shonan Institute of Technology, Fujisawa, Japan (12/11/92).

Newnham, R. E., Structure-Property Relationships in High-Permittivity Ceramics, Murata
Manufacturing Company Research Laboratories, Kyoto, Japan (12/12/92).

Newnham, R. E., Electrostriction, Seminar ar the Army Electronics Laboratory, Fort
Monmouth, New Jersey (2/16/93).

Newnham, R. E,, Piezoelectric and Electrostrictive Materials, Seminar at the Metals and
Ceramics Division of Oak Ridge National Laboratory, Oak Ridge, TN (4/15/93).

Newnham, R. E., Smart Ceramics, ASM Symposiwn on “Smart Materials and Structures,”
Oak Ridge National Laboratory Seminar, Oak Ridge, TN (4/16/93). :

Cao, Wenwu, Composite Electroceramics, Fall Meeting of the Center for Dielectric Studies,
“tate College, Pennsylvania (September 22, 1993).

Cao, Wenwu, Statics and Dynamics of Ferroic Microstructures, Department of Physics,
Peansyivania State University, Solid State Seminar (September 13, 1993).
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24.

235.
26.

27.

28.

29.

14.0

INDUSTRIAL LABORATORIES (continued)

Bhalla, A. S., Single Crystal Fibers for Sensors, International Center of Actuator/Sensors,
Penn State (January 22, 1993).

Bhalla, A. S., Electronic Materials, Seminar at Cornell University (April 29, 1993).

Bhalla, A. S., Pyro-optic Materials & IR Detectors, Invited speaker/co-organizer, Special
Army Workshop on Uncooled IR-Detectors, Minneapolis, Minnesota (June 3, 1993).

Bhalla, A. S., AFM Studies of Ferroelastic Domains, Army Workshop—Atomic Force
Microscopy, Matik, Maine (June 8, 1993).

Bhalla, A. S., Low and High k Materials, Murata, Japan (September 4, 1993).
Bhalla, A. S., AFM Studies of Ferroelectric Crystals, Invited Seminar, University of Puerto
Rico (September 12, 1993).

CONTRIBUTED PAPERS AT NATIONAL
AND INTERNATIONAL MEETINGS

. Newnham, R. E., Structure Property Relationships in Composite Electroceramics,

American Society for Composite Materials, Pennsylvania State University, University Park,
October 13-15, 1992).

Aburatani, H., S. Harada, A. Furuta, Y. Fuda, and K. Uchino, Destruction Mechanisms of
Multilayer Piezoelectric Actuators, Ultrasonic Electronics Symp., Yokohama, Japan

(December 7-9, 1993).

95th Annual Meeting of the American Ceramic Society, Cincinnati, Ohio
(April 19-21, 1993).

10.

. Subbarao, E. C W. Cao, and V. Srikanth, Thermal Stress Driven Tetragonal-Monoclinic
Transition in Zirconia.

. Uchino, K and R. E. Newnham, Composite Flextensional Transducers for Sensing and

Actuation.

. Dogai, A, Q. C. Xu, S. Yoshikawa, K. Uchmo, and R. E. Newnham, High

Displacement Ceramic Composite Actuators “Moonies.”

Meyer, R. J., M. Blaskiewicz, D. Smith, Q. C. Xu, U. Sclveraj, and R. E. Newnham,
Metal-Ceramic Composites for Sensors and Actuators.

Onitsuka, K., A. Dogan, J. F. Tressler, Q. . Xu, S. Yoshikawa, K. Uchino, and R. E.
Newnham, Design Optimization for Metal Ceramic Composite Actuators.

Dogan, A., S. Sentz, S. Yoshikawa, Q. C. Xu, B. R. Tittman, K. Uchino, and R. E.
Newnham, Bondmg in Metal-Ceramic Composite Actuators.

Chu, S. Y., K. Uchino, and Z. Ye, Photostriction Effect in Doped PLZT Ceramics.
Troiler-McKinstry, S., Microstructure-Property Relations in Ferroelectric Thin Films.
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95th

11.
12.

13.

14,

15.

16.

17.

18.

19.
20.

AND INTERNATIONAL MEETINGS (continued)

Annual Meeting of the American Ceramic Society, Cincinnati, Ohio
(April 19-21, 1993).

Uchino, K., Novel Ceramic Actuator Materials.

Mulvihull, M. L., L. E. Cross, and K. Uchino, Low Temperature Domain Observation of
Relaxor Ferroelectric Domains.

Oh, K. Y., K. Uchino, and L. E. Cross, Dynamical Observation of Domain Motion in
Ferroelectric Polycrystalline Ceramics.

Gibbons, R. J., S. Troiler-McKinstry, J. Chen, and L. E. Cross, Electrical and Optical
Studies of Fatigue in Ferroelectric Thin Films.

Fielding, J. P., S. J. Jang, T. R. Shrout, Electrostrictive Materials for Transducer
Applications.

Bowen, C. P., A. S. Bhalla, R. E. Newnham, and C. A. Randall, Dielectrophoretic
Assembly ofCerannc/Polymcr Composite Materials.

Lee, N. Y., N. Usuki, K. Uchino, and Y. Ito, Pb/Ti Ratio in RF Magnetron Sputtered
PbTiO3 Films.

Brodeur, R. P., C. O. Ruud, and K. Uchino, Non Uniform Induced Strain in
Seuncondwnnglmdlnmmate-Basedecs.

Aburatani, H. and K. Uchino, Destruction Mechanism of Multilayer Ceramic Actuators.
Ye, Z,, S. Y. Chu, C. Gu, and K. Uchino, Spacial Light Modulator Using Photostrictive

International Meeting on Ferroelectrics (IMF 8), NIST, Gaithersburg, Maryland

21.

22.

23.

24.

25.
26.

(August 8, 1993).

Dogan, A, Q. C. Xu, K. Onitsuka, S. Yoshikawa, K. Uchino, and R. E. Newnham,
}hglu-Dlsplaoemen Composite Actuators (Moonies).

Onitsuka, K., A. Dogan, Q. C. Xu, S. Yoshikawa, and R. E. Newnham, Design
OptmnmforMetal Composite Actuator “Moonie.”

Tressler, J. F., Q. C. Xu, S. Yoshikawa, K. Uchino, and R. E. Newnham, Composite
Flextensional Transducers for Sensing and Actuating.

Xu, Q. C., A Poling Technical for Piezoelectric Fibers and Fiber Property
O g

Trolier-McKinstry, S., Spectroscopic Ellipsometric Studies of Ferroelectric Thin Films.
Bhalla, A. S., G. Raina, and S. K. Sharma,AtomlcForceMlcroscope(A'IM) Study of
Feroelectric Domains.
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14.0 CONTRIBUTED PAPERS AT NATIONAL
AND INTERNATIONAL MEETINGS (continued)

International Meeting on Ferroelectrics (IMF 8), NIST, Gaithersburg, Maryland
(August 8, 1993).

27. Cao, W., Domains As Nonlinear and Nonlocal Excitations.

28. Mathur, S. C, D. C. Dube, D. S. Rawat, and A. S. Bhalla, Microwave AC Conductivity
and Dielectric Permittivity of TGS Doped with Urea.

29. Alberta, E, A. S. Bhalla, and T. Takenaka, Complex Piezoelectric Elastic and Dielectrics
Cocfficient of Lead Zirconate Based Ceramics Under Electric Bias.

30. Mathur, S. C.,, D. C. Dube, U. Sinha, H. Yadav, and A. S. Bhalla, Dielectric Properties
of PbBiSrCaCuO Ceramics in Normal and Superconductivity States.

31. Guo, R, A. S. Bhalla, L. E. Cross, and R. Roy, Candidate Materials for High T,
Supetconductor Substrates.

32. Mathur, S. C, D. C. Dube, U. Sinha, and A. S. Bhalla, Microstructure and
Superconductivity in BiPbSrCaCuO Oxide Ceramics.

33. Jiang, Q. Y., E. C. Subbarao, and L. E. Cross. *-atigue in PLZT: Acoustic Emission as a
Discriminator Between MaocmcksandDommthps

34. Jiang, Q. Y. and L. E. Cross, Effects of Electrode Materials and Electroding Methods on
Fatigue and Behavior in Ferroelectric Materials.

35. Kumar, U,, S. F. Wang, U. Sclvaraj, and J. P. Dougherty, Densification and Dielectric
Pmpemes of Hydrothermal BaTiO3 with Bi2O3.

36. Povoa, J. M., R. Guo, and A. S. Bhalla, Low Temperature Diclectric Relaxation
Phenomena in Relaxor Ferroelectric Strontium Barium Niobate Single Giystal.

37. Rossetti, G. A., C. A. Randall, and W. Cao, Microstructural Characteristics of Perovskite
Ferroelectrics with Diffuse Phase Transitions.

38. Wang, H., Q. M. Zhang, and L. E. Cross, Characteristics of Complex Piezoelectric d
Cocéuen‘ ts of PVDF Copolymer.

39. Wang, S. F,, U. Kumar, Y. S. Chou, P. Marsh, and H. Kunkel, Effect of Preparation
Parameters on the Induced Piezoelectric and Mechanical Properties of 0.90 PMN 0.10 PT
Ceramics.

40. Guo, R. and A. S. Bhalla, Crystal Fibers of Eulectic Compositions, Am. Ceram. Soc.
PAC RIM, Oahu, Hawaii (November 7, 1993).

41. Cao, Wenwu, Theoretical Study on Domain Walls in BaTiO3, American Physical Society
March Meeting, Seattle, Washington (1993).
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Newnham, R. E. and T. R. Shrout, Electronic Ceramics, Kirk-Othmer Encyclopedia
(Concise Edition) John Wiley and Sons, New York (1992).

Troiler-McKinstry, S., P. Chindaudom, K. Vedam, and R. E. Newnham, Characterization
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Materials for High Temperature Acoustic and
Vibration Sensors: A Review

R. C. Turner, P. A. Fuierer, R. E. Newnham & T. R. Shrout

The Materials Research Laboratory, The Pennsylvania State University,
University Park, Pennsylvania 16802, USA

ABSTRACT

The industrial and scientific commumities have expressed a real need for
the capability of presswre, acoustic, and vibration sensing ar elevated

piezoclectric approach offers several advansages, including design cost and
simplicity. Therefore, the bulk of this review concentrates on piezoelectric
maserials, both those that are aiready available commercially, and those that
are presemtly wunder developmens. The new materials include perovskite
layer structwre ferroelectric ceramics, which possess the highest known
Cirie temperanwes and thin film AIN, which has been reported to be
piezoactive at 1150°C.

1 INTRODUCTION

High-temperature electronics is an area of research offering interesting
materials and design chalienges and one of significant industrial importance.
The major impetus for the development of high-temperature electronic
materials, devices, circuits, and systems can be credited to the energy crisis
of 1974, when a commitment was made to the development of national
energy resources by geothermal exploration.! At that time, geothermal
and oil-well logging industries voiced their need for sensors and electronic

1
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systems with higher operational temperatures for deep drilling in the
earth’s crust. The economic importance of world energy independence
and reduced waste provided additional incentive for their development.

The acrospace and aircraft industries have especially difficult high-
temperature requirements. With space and weight at a premium, engine
designers and builders find it difficult to protect semsitive electronic
systems in a cool, remote place. Electronic controls are to be placed
directly inside jet engines because of reliability and noise requirements, so
sensors need to be built that can withstand temperatures of 500-1000°C
while allowing mission lifetimes up to 100 000 h.

In automotive electronics, the number of sensors and actuators continues
to increase each year. Ceramic and semiconductor sensors which record
temperature, oxygen pressure, and preignition knock are used in conjunction
with microprocessor-based coatrols to improve the efficiency and reliability
of internal combustion engines.? Further efficiency can be realized by
operating combustion engines at higher temperatures. Research on the
use of ceramic components in a diesel engine has led to higher operating
Wmmammmﬁddﬁumcyupwﬁ%,
along with a notable reduction in exhaust pollution.’ Higher operating
temperatures do, however, place additional requirements on the sensors.
Environments of 150°C with repeated temperature cycles are at preseat
in the future.

Until the present, there has not been a review of the types of sensors
commercially available for high-temperature acoustic sensing applications.
The purpose of this paper is to provide such a review. Included in the
discussion are the commercially available high-temperature piezoelectric
materials used in many of the sensors described. In addition, new
advances in materials that may permit the design of sensors which can
operate at temperatures well above those currently available will be
presented.

2 ACOUSTIC MEASUREMENT TECHNIQUES
AND APPLICATIONS

Critical parameters for acoustic and vibration sensors invoive the measure-
ment of dynamic pressure pulses, vibrations (relative and absolute), acoustic
emissions, strains, and the dynamic proximity of machine components.
An example of a dynamic pulse is the rapid increase in pressure upon
npﬁﬂonoftheair—fuelm:emthecyhndmofmmemaleombm
engine. The timing and the shape of the puise have a large effect upon
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engine efficiency. Transducers fitted into the cylinder head have been
used for monitoring combustion pressure to optimize ignition timing.*

Dynamic monitoring is also employed in such machines as aircraft
eagines, gas turbines, and power generators, all of which have high speed
rotors. Sensors strategically mounted on the machine detect destructive
conditions of imbalance, or unequal loading of the rotor, enabling the
possibility of corrective measures to be implemented. The sensors convert
the associated mechanical energy of the vibration to electrical energy
which can then be amplified and monitored. Computer coupling, allows
real-time status reports of the condition of the machine while providing a
comparison with an operating norm.

Non-destructive testing (NDT) is another widely used application of
acoustic seasors that involves either passive sensing of ‘acoustic emissions’,
or active ‘ultrasonic testing’ techniques. An application of the first method
nvolves affixing a number of acoustic sensors in strategic locations on the
wall of a vessel, such as a chemical storage tank, pressurizing the vessel
to create strains, and examining the acoustic emissions which result from the
Kaiser effect.’ Cracks and poor joints can then be detected and logged so
that repairs can be made. This method has also been successfully applied
in the inspection of the fuselage of large aircraft to detect cracks resulting
from fatigue. The uitrasonic method of NDT incorporates a transducer
to generate an acoustic signal at ultrasonic frequencies that is transmitted
through the test specimen. When the acoustic wave reaches an interface
of the sample it is reflected back to the transmitter/sensor which, there-
fore, acts as a transceiver. If, however, the wave impinges upon a flaw, a
portion of the wave is reflected and thus reaches the seasor ahead of the
original wave. This, then, becomes a valuable tool for locating defects
within a structure.® Figure 1 is a simple illustration of the technique.
Acoustic sensors aiso find use in the hostile environments of deep oil
wells for seismic data logging, and in nuclear power plants to monitor
the condition of heat exchange pumps and pipes.’

An indirect way of sensing vibration is by measuring capacitive
changes in an air gap. An air gap sensor placed in close proximity to a
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Fig. 1. Detaction of & faw in & solid by
ultrasonic testing (NDT).
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TABLE 1
Acoustic and Vibration Measurement: Industrial Applications

Acrospace Measure rotational speed of jet turbine rotors
Space vehicle acceleration
Trajectory monitor
In-flight vibration monitor
Nozzie pressure
NDT test of air frames
Automotive Kaock sensor
Fluid level sensor
Crash test
Vibration control

high-speed rotor will detect dynamic changes in the spacing between the
two which, in effect, is an indicator of an imbalance condition or some
other malfunction. This type of sensor has found wide acceptance in
hydroelectric power plants.®

Examples of pressure, acoustic and vibration measurement techniques
described above serve to illustrate the wide variety of possible applica-
tions. Additional applications are listed by industry in Table 1. These are
routinely empioyed in the range of —~55°C to 125°C, however, several
devices are needed to operate in much harsher thermal conditions. Sensor
designs and their respective temperature limitations are described in the
following section.
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3 SENSOR DESIGNS

Listed in Table 2 are current commercial sensor designs. They include
piezoelectric discs or plates, accelerometers, strain gauges, proximity sensors,
fiber-optic sensors, and systems incorporating buffer rod extensions. Brief
descriptions of these devices are as follows.

3.1 Simple disc

The most basic sensor incorporates a simple disc, or other simple shape,
composed of a piezoelectric ceramic, which is attached directly to the wall
or frame of an engineering structure, embedded in a recess, or mounted in
a replaceable fixture. Figure 2 is a schematic construction of a piezoelectric
knock sensor using a bending mode resonance to detect vibrations. The
piezoelectric element ‘generates’ a voltage in response to stresses caused
by the acoustic energy impinging upon it. The magnitude of the voitage
generated is directly related to the product of the applied stress and the
piezoelectric voltage or ‘g’ constant of the material. The electrical signal
is then amplified and fed to a microprocessor in the control system. This
arrangement is capable of extremely high sensitivity on the order of pico
(10-7) strains. It is also seif-generating, rugged, low-cost, and simple. The
temperature limitations of these sensors arise from the loss of piezoelectric
properties that occur as the material approaches its transition (Curie)
temperature 7, a topic which will be discussed later. For lead zirconate-
titanate, (commonly called PZT), the most widely used piezoelectric
ceramic material, the maximum use temperature is ~200°C. Other tempera-
ture limitations result from the failure of the adhesives used to mount the
disk, and melting of the solder used to attach the leads.

3.2 Buffer rod extensions

For many high-temperature applications, buffer rod extensions are utilized
to transmit and receive acoustic signals from very hot aress, effectively

Fig. 2 Two methods of mounting s piczobender used in sutomotive knock seasors.’
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isolating temperature-sensitive transducers from hostile environments. The
rod serves as an acoustic wave guide to couple the hot test specimen with
the sensitive piezoelectric transducer. The rods are generally constructed
of stainless-stee]l and are cooled with water or air to prevent damage to
the transducers. This arrangement permits the use of a conventional
piezoelectric material, which would otherwise lose its piezoelectric properties
st high temperatures. This technique is widely used on NDT probes in
the metals industry to detect cracks and other defect in hot steel blooms
and pipes at temperatures in thenaghborhood of 1100°C."° A similar

application employs hollow ‘buffer pipes’ to couple dynamic pressure

sensors with jet and rocket engines.
3.3 Accelerometers

Accelerometers most often use a piezoelectric as the internal sensing
element. The various designs exploit different mechanisms to translate
mechanical energy to a measurable response, but all operate based on
Newton’s second law:

F=ma

The accelerometer shown in Fig. 3 differs from the simple disk piezoelectric
sensor in that a seismic mass (m) is attached to the piezoelectric element
and the assembly is hermetically sealed in a protective case.!! As a response
to acceleration (g), the mass imparts a force (F) on the element, which
in turn generates a voltage in proportion to the magnitude of the stress.
Depending upon the sensitivity and temperature range required for the
Mmﬁmmﬁmmmmm
materials. Commercial accelerometers using lithium niobate (LiNbO,)
single crystal elements are rated for continuous use up to 650°C.1%*

Fig. 3. Cross-section of a tubular accelerometer element.”
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Accelerometers based on magnetic induction, employ a permanent
magnet as the seismic mass and a field coil for the active element. The mass
is partially restrained by a spring, but when the mass is accelerated, it
moves relative to the coil, thus inducing an electromotive force. As with
the case of piezoelectric types, the resulting electric signal must be amplified
and filtered before it is fed to the instrumentation. The upper temperature
limit of this type of device is determined by the Curie temperature of the
permmenlt‘mgnet. Commercial units are rated for temperatures as high
as 480°C.

3.4 Strain gauges

Figure 4(a) is an illustration of a bonded metallic foil strain gauge.'*
Resistive strain gauges involve a change in electrical resistance (AR) resulting
from the mechanical strain (AL/L) of the sample to which the gauge is
bonded. The sensitivity is determined by the gauge factor (GF):

GF ALL
With a typical gauge factor of 2, and a nominal resistance R = 100 {,
these gauges require an ohmmeter with very high sensitivity to measure
the AR accompanying a strain of 1 X 10¢. A more accurate way of
measuring small changes in resistance incorporates a Wheatstone bridge
as shown in Fig. 4(b).

To compensate for the nonlinear character of the thermal coefficients
of expansion of the alloys used, an unstrained reference gauge is installed
in an adjacent bridge arm. This second gauge is subjected to the same
temperature as the first, thereby effecting electrical cancellation of the ap-
parent strain. Commercial metal gauges are typically limited in tempera-
ture range to about 300°C; however PtW wire gauges are available for

Test Mot

posmenanas
1t 1

' ]
2
1P " 3

, Neference Mar?

() ®)

Fig. 4 Booded grid resistance gauges including () the measurement and reference
components, and (b) Wheatstone bridge circuit for measuring strain.'$
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use up to 850°C,'¢ and other exotic metals such as PdCr are being stud-
ied for use up to 1000°C."”

Metal strain gauges are simple in design, low-cost, and can detect
static strains. Even using the Wheatstone bridge configuration, however,
strain sensitivity is low compared with piezoelectric transducers.

3.5 Proximity sensors

Proximity sensors are often used to monitor the degree of rotation of the
armatures of electric generators as well as the clearance between the
armature and the stator. This serves as an indirect method of measuring
vibration if an unbalanced condition exists. The two types of proximity
sensors available commercially are (i) air gap capacitors, and (ii) eddy
surrent detectors. Both types require electronic conditioners to supply
an imput signal, and processors to analyze the signals modified by the
Sensors.

(i) An example of an air gap capacitor is illustrated in Fig. 5. In
this application on an electric power generator, the armature serves
as one plate of the capacitor while the other plate is an integral
part of the sensor and air is the dielectric. The plates are main-
tained at a close proximity with one another so that a small
change in spacing results in significant changes in capacitance. The
change in capacitance can then be detected by the control circuitry
and acted upon accordingly. The detection of variations in air gap
as small as one micron are possible in installations on hydroelectric
power generators. At present, commercial units are constructed of
fibreglass composites for use at temperatures up to 150°C,)? but
it seems reasonable that units could be constructed from more

refractory materials for higher temperature applications.

Preprocessing

Fig. 5. Air gap seasors mounted on an AC generator.”
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(ii) The second kind of proximity sensor is the eddy current type. It
determines the relative position of a rotating shaft by detecting
changes in magnetic field between the sensor and the target shaft.
The eddy current sensor operates in a manner similar to that of an
electrical transformer. The sensing coil resembles the primary winding,
and the small eddy current loops induced in the target by the variable
magnetic field of the sensing coil act like the secondary windings.
The small eddy currents cause a change in phase and amplitude of the
sensing coil signal. The target material must therefore be metallic.
The sensing coil is mounted near the rotating shaft or moving
component of a machine with lead cables attached to the exterior
ead. Commercial models are currently rated for use up to 450°C.1
The temperature limitation is primarily due to the
coefficient of resistance of the wire used to wind the probe coil.”

3.6 Fiber optic sensor interferometers

Fiber optic sensor (FOS) interferometers or phase seasors are used to
detect small strains, (in the order of 10~) or vibrations in a sample without
making physical contact. This capability allows measurements to be
made inside a hostile environment, such as a furnace. A simplified
schematic of a system is shown in Fig. 6. There are several different
designs, but all are based on measuring a phase change in the transmitted
light signal resulting from a change in length of the optical fiber. Optical
fibers are typically SiO, glass; however, fibers of more heat-resistant
materials such as sapphire (Al,O,) are commercially available. Along
with the fiber, a large number of additional components, such as a laser
source, phase demodulator, filters, and microprocessors, etc., are needed
for these systems. High cost, complexity and sensitivity to variations in
temperature are disadvantages of this approach.

Vibration Region Fiier  Detector
Laser | i L Lene
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In summary, with respect to the operational parameters listed in Table
2, piezoelectric trandusers offer many advantages over the other types of
acoustic sensors. Specifically, their compliment of sensitivity, stability
over a wide temperature range, and simple design offers the lowest cost
approach. Polycrystalline ceramics are often the material of choice
because they can be readily manufactured into a variety of configurations.
Therefore, the remainder of this paper concentrates on high-temperature
piezoelectric materials, with a review of those currently available, and a
discussion of future prospects.

4 PIEZOELECTRIC CERAMICS

4.1 Plezoelectricity

The phenomenon of piezoelectricity was first reported in 1880 by Pierre
and Jacques Curie. Since that time, a number of crystalline materials
have been found to exhibit piezoelectric activity, although only a few are
of practical concern. The common feature of all piezoelectric crystals is
that they have no center of symmetry along the piezoelectric axes. Ferro-
electric ceramics possess a multitude of individual dipole domains which
are distributed throughout the body in various crystallographic orienta-
tions, resulting, in a net dipole moment of zero. In a process, called poling,
a relatively large electric field is applied through the body causing a
common alignment of a large portion of the dipoles, thus rendering the
material piezoelectric. These crystals develop an electric field when sub-
jected to an applied stress (sensor), or conversely, exhibit a mechanical
deformation with the application of an electric field (actuator). Since the
details of piezoelectricity are covered in a number of excellent texts and
mﬁerﬁd&,themderkadﬁadmcomﬂttbmforfunberinfom
tion.

4.2 Electromechanical properties

In order to describe the electromechanical properties of piezoelectric
materials, a large number of interrelated coefficients are used, many of
which have been standardized by the IEEE.2® However, with regards to
high-temperature materials, only the most important coefficients and
properties will be presented in this section. (Note: where subscripts are
used with coeflicients, the first number refers to the axis of polarization,
and the second refers to the axis of applied stress, or applied field.)
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4.2.]1 Ferroelectric Curie temperature

Most of the piezoelectric materials described in this paper are ferroelectric
and capable of being polarized, with the polarization resulting from the
asymmetry of its crystal structure. When the crystal is heated, its internal
kinetic energy increases. At a certain temperature, called the Curie
temperature (7,), the crystal changes to a structure of a higher symmetry, the
alignment of the dipoles is lost and all piezoelectric activity disappears.
Upon cooling, the dipoles do not realign unless they are subjected to a
strong electric field. Other consequences of increasing temperature are
changes in the values of electromechanical coefficients, which become
more pronounced as the T, is neared. This can be particularly important
in applications where the electrical properties of the sensor are closely
matched to the instrumentation. In addition, dipoles that were polar
oriented have a tendency to reverse back to their original position thus
degrading the piezoelectric effect in a process known as ‘thermally
activated aging’. Generally, a maximum operating temperature of one-
half the T, is considered safe.

4.2.2 Resistivity and the RC time constant

High electrical resistivity is necessary so that a large field can be applied
during poling without breakdown or excessive charge leakage. High
insulation resistance ‘R’ is also required during operation of the device.
The transducer must not only develop a charge for an applied stress or
strain, but must also maintain the charge for a time long enough to be
detected by the electronic system. The leagth of time the charge is main-
tained is proportional to the RC time constant (resistance X capacitance).
The minimum useful frequency of a sensor, known as the lower limiting
frequency (/11), is inversely proportional to the time constant:

1

f 27wRC
where C is the device capacitance.

Below f;;, the charge will drain off before it is detected because of con-
duction in the sensor. With low f;; the dynamic bandwidth can be ex-
tended to sonic frequencies, and thus, a large RC constant is desirable
for many applications.

4.2.3 Piezoelectric constants

The piezo strain ‘d’ constant gives the ratio of the strain developed in the
specimen to the electric field applied at the electrodes, and conversely,
the ratio of short circuit charge, per electrode area, to the applied stress.
The stress can be applied to the body in different modes as illustrated in
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...................

—
d # = Poling direction
Ve Ovipwt vakage
b. SHEAR MOOE g = Vo

. L ’ = . ; v."‘ .

Fig. 7. (a) Thickness, (b) shear, and (c) lateral mode piezoeloctric sensors. P indicates
the poling direction. The output voltage (V) is proportional to the applied force (F) and
piezoelectric voltage coefficient (g of the material

Fig. 7. The piezoelectric voltage ‘g’ constant gives the ratio of the field
developed to the stress applied, and conversely, the ratio of strain to the
applied charge to the electrode area. The ‘g’ constant is related to the ‘d’
constant by the permittivity, K&,

g:.i
Ks,
Incompanngthepropemesofhxgh-tunperamrepmodectmmtemls,
the ‘g’ constant tends to be the more meaningful coefficient.

4.2.4 Mechanical Q

The mechanical Q expresses the ratio of strain in phase with stress to
strain out of phase with stress in the vibrating element, or in other words,
the relative amount of input electrical energy that is converted to
mechanical energy as opposed to that which is lost as heat. Piezoelectric
materials with high ‘Q.’ factors are characterized by having narrow
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resonant peaks, whereas, those with low ‘Q,’ factors have broader band-
widths.

4.2.5 Sensitivity

For a given stress applied to the device, the output voltage generated by
the piezoelectric ‘generator’ should be sufficiently high to be detected
above background noise. The most sensitive devices produce the greatest
output per unit of stress. Unfortunately, for high- temperature sensors,
ferroelectric materials exhibit a considerable increase in permittivity, with
mcnasmg wmpenmre a condition which effectively reduces the voltage
constant ‘g’. Every pmoelecmc material reaches some temperature at
which its voltage constant ‘g* and resistivity are diminished to the point
where the output becomes undetectable. In practice, the relatively small
output signals generated by high temperature accelerometers necessitate
the use of electronic charge amplifiers for enhancement, but there is a
practical limit to how small a signal that can be accurately detected.

5 COMMERCIAL PIEZOELECTRIC CERAMICS

Table 3 lists typical piezoelectric ceramic materials found in commercial
accelerometers and vibration sensors, along with reported room temperature
properties. 2® Owing to the lack of reliable published high-temperature
data available for this work, samples were obtained, their electrical
properties were measured at elevated temperatures, and the data reported
in Table 4.3 In addition, the resistivity of each material was measured
over a wide range of temperatures as shown in Fig. 8.3%*% Good
agreement was found with values reported in the literature (as shown in
Fig. 8).

A brief description of each of these piezoelectric materials, or related
compositional families, is presented in this section.With the exception of
quartz, all are ferroelectric.

8.1 Quartz

Quartz (SiO,) is one of the earliest piezoelectric materials used in electronic
devices. Originally, natural quartz crystals wese used, but now have been
widely replaced by hydrothermally-grown synthetic quartz. Because of its
low mechanical loss (high Q,), narrow bandwidth, and highly temperature-
stable resonant frequency, quartz is the material of choice for timing
standards and monolithic filters in communication equipment. However,
as seen in Table 3, the piezo ‘d’ coefficient is relatively small and thus
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Fig. 8. Temperature dependence of resistivity for piszoelectric ceramics: ‘soft’ load zir-
couats titanate (PZT), barium-doped lsad metaniobate (BPN), sodium bismuth titanate
(NBIT), load titanate (PT), lithium niobate (LN), and perovskile layer structure stron-
tinm niobste tantalate (SNST). Solid lines represent data taken from literature, while
dashed lines repressat data measured from commercial materisls for this work. All are
polycrystaliine ceramics except single crystal LN.

the amount of electric charge that can be generated is low. Although
piezoelectric a-quartz has a transition temperature of 573°C, its use
temperature is normally lLimited t6 350°C. Above that temperature the
ayﬁdmammwmm;mmm
properties.

52 Lead zircomsate titanate

Lead zirconate titanate (Pb(ZrTi)O(PZT)) has the perovskite structure
and is a solid solution of tetragonal PbTiOy(PT) and orthorhombic
PbZrOy(PZ). mofﬂ:ehrpnmnberofpohnuuondnechom
available, compositions near the morphotropic phase boundary at
approximately 53:47 PZ to PT are easily poled to high remanent
polarization and exhibit extremely high values of electromechanical
wnplm;mmmpemmty Because of its superior
piezoelectric properties and higher operating temperature, PZT has
largely replaced barium titanate (BT)—T, ~ 130°C, the first widely used
ferroelectric, in all but the lowest cost commercial products. Useful varia-
mmpuwdmmheohtamdbywmpmonﬂadd:m
memmmonmmuwmmmm
hm(mmmomxwmmm
Although its electrical resistivity and RC time constant remain quite high




18 R C. Turner et al

up to a T, of 360°C (Table 4 and Fig. 8), its use is kept well under 200°C
because of its tendency to age very rapidly, leading to depoling.!!

5.3 Lead titanate

Lead titanate (PbTiOy(PT)) the solid solution end member of PZT family,
has a T, of about 490°C. As in the case of PZT, a large number of modifica-
tions have been developed to optimize specific electrical and mechanical
characteristics. Many commercial compositions of PT are doped with
samarium or calcium for use in hydrophones, but this has the effect of
lowering the T, to around 240°C. Compositions, doped with other
clements, have T values near 490°C and have found applications in
knock sensors for automobile engines. The higher operating temperature
of PT allows it to be mounted closer to the combustion chamber, thus
giving a faster response time as compared to PZT.¢ The data presented in
Tables 3 and 4 and Fig. § reflects the latter composition. Evaluation at
400°C has shown it to have a resistivity of only about 10° )-cm. Such a
low value would adversely affect the RC time constant.

5.4 Lead metaniobate

Lead metaniobate (PbNb,O{PN)) belongs to the tungsten-bronze family.
Because of its low O, (wide bandwidth) and relatively high dy, to dy,
ratio (high degree of anisotropy), PN finds its greatest use in transducers
in NDT and medical diagnostic imaging. Commercial PN compositions are
modified to enhance specific electrical characteristics but at the expease of
the T.. A commonly used composition contains about 10% Ba(BPN) and
has a T, of about 400°C. Although BPN is reported to resist depoling up
to its T,, limitations are imposed by its high conductivity above 300°C.»
Figure 8 reveals that BPN exhibits the lowest resistivity of the materials
tested. Other problems associated with this material are its high level of
porosity and relatively low mechanical strength

5.5 Bismuth titanate

Bismuth titanate (BiTi,0,,) is the titular compound of bismuth layer
structure ferroelectrics (BLSF). Modification by one or more of a
large number of other elements, to enhance dielectric and piezoelectric
properties, is also common. A member of the family, reported to have
favorable piezoelectric properties, high resistivity and high T, (>600°C),
is NagsBiysTi,0,5, (NBT). Commercially available,? it is used in accelero-
meters operated at temperatures up to 400°C.* The strongest mode of
vibration in NBT is the [33) mode but dyy and g;; are somewhat lower
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than many of the perovskite ferroelectrics previously discussed (see Table 3).
Nevertheless, the high T, and high resistivity make NBT an attractive,
moderately hngh-temperature piezoelectric.

Although not commercially available, other complex variations of
BLSF compounds have been reported to have Curie temperatures of
over 800°C. Representative of this group is Bi;TiNbO, for which room
temperature values of dyy, and g;, were reported to be near those of
NBT.” To date, little else has been reported about other properties,
particularly at high temperature.

Unlike previously mentioned ferroelectric ceramics, BLSF materials
can be made with grains having a plate-like structure. In ceramics
formed and fired by conventional processes, these grains are oriented in a
more or less random fashion, which leaves only a limited number of crys-
tallographic orientation directions available for polarization due to the
low symmetry of the structure. The achievement of an optimum
degree of remnant polarization in polycrystalline ceramics necessitates
the use of some mechanism to provide grain orientation. By employing
hot forging techniques, researchers have prepared samples of several
BLSF family members which display a high degree of texturing. The
textured samples exhibited a twofold increase in coupling coefficient k;,
and piezoelectric constant dy, over those from conventional sintering.”

5.6 Lithium niobate

Lithisen niobate (LINDO(LLN)) has the corundum structure and a reported
Curie point near 1150°C. Single crystals are grown from a melt using the
Czochralski technique. Single crystals are preferred because of the higher
piezoactivity, as well as difficulties encountered in conventional sintering
of the polycrystalline form. As with polycrystalline ferroelectrics, single
crystals of LINbO, exhibit a multidomain structure, and must be polarized.
This is accomplished by applying relatively small electric field (1 V/em
DC) at a temperature just below the T, thus converting the structure to
single domain. The polarized crystal is then sliced along the desired axis
indicated for the application, and the faces polished.® For accelerometers,
electrodes are usually applied parallel to the poling axis to take advantage
of the greater value of the d;s piezoelectric constant and to eliminate
pyroelectric effects The voltage output of LN (g5 = 91 X 10° VawN) is
significantly larger than those of the other piezoelectric materials listed in
Table 3 due to the inherently low dielectric constant. Seasitivity remains
high up to 400°C (Table 4) but resistivity is the limiting factor for use
above 650°C (Fig. 8).

The tantalum analog, LiTaO,, exhibits many of the same characteristics
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of LiNbO,; however, the 7. (720°C) and piezoelectric constants are
somewhat lower, thus offers no apparent advantage for high-temperature
acoustic sensors.

6 NEW HIGH-TEMPERATURE PIEZOELECTRIC MATERIALS

In general, the ferroelectric ceramics discussed thus far are limited to
temperatures of approximately 7./2. Therefore, applications requiring yet
higher temperatures than those just presented, require other materials
such as ferroelectrics with higher Curie temperatures, oriented polar non-
ferroelectric materials, non-polar piezoelectric single crystals, or piezo-
electric thin films. Several novel materials currently under investigation
are presented below.

6.1 Perovskite layer structure (PLS) ferroelectrics

PLS ferroelectrics have the general formula A;B,0, and possess an
anisotropic layered structure similar to the BLSF family. Single crystals
of the two most recognized compounds, Sr,Nb,0, and La,Ti,0,, possess
the highest known ferroelectric Curie temperatures, 1342°C and 1500°C
respectively. ®4 Thus, PLS ferroelectrics have been proposed for use in
transducers with high operating temperatures and good thermal stability.
Unfortunately, the cost of growing good-quality single crystals is high due
to the high melting points of these compounds (which is considerably
higher than that of LiINDO,).

In a manner similar to that used for BLSF compounds, previously de-
scribed, hot-forging was used to synthesize PLS compounds. The resulting
samples, shown in Fig. 9, were found to exhibit near theoretical density and
high degree of orientation, and polarizability.®*' The use of solid solutions
with Sr,Ta,0,(T, = ~107°C), to adjust T, of the parent compound to
<900°C, aided poling and the subsequent piezoactivity. One compound,
Sr,(NbysT2,,),05, had a T, of 820°C and demonstrated the ability to
mstdepolmgatempemumsashmnstismc The electromechanical
properties for Sr(NbysTa,5),0, are listed in Table 4. Although the room
temperature d-coefficient is low (dy = 2-6 X 10~2 C/N), a value similar to
that of quartz, the piezoelectric voltage constant at 400°C is significant
(g2 = 6-3 X 10 VawN). From Fig. 8 is is also seen that the hot-forged
PLS ceramics have the highest resistivity at elevated temperatures of any
of the materials tested. By using compositions of Sr(Nb,_Ta,,),0, with
a higher Nb content, the T, can be increased to 1200°C with no loss of
resistivity. Eﬂ'ortstoopumzetheeomponuonmdpromgvanabla
are currently under way and may lead to improved properties.
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Fig. 9. Micrographs of hot forged Ls,Ti,0; ceramic. The plane perpendicular to the
forging axis (FA) is shown in (s). The plane parallel to FA is shown in (b).

6.2 Polar giass ceramics

A cdassification of piezoelectric materials, totally diffrent from any
previously discussed, exists in the form of polar glass ceramics. These non-
ferroelectric compounds require single crystal growth or polar texturing
for piezoactivity. One successful technique for obtaining oriented grains is
the texturing of microscopic recrystallized polar crystals in an amorphous
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glassy matrix. Using a controlled thermal gradient technique, the polar
material Ba,TiSi;O, (fresonite) was recrystallized from a glass of the
composition 2BaO 3Si0,TiO, resulting microstructure that contained
polar oriented grains. With room temperature values of dj, and g,; were
7 X 1072 C/.4 and 88 X 10~ Vm/N respectively, and relatively low density
(401 g/cm’), these composite materials may be of interest for hydro-
phone applications.®

It has been suggested that polar glass ceramics may also be useful
for high temperature piezoelectric devices. Since they are polar, but
not ferroelectric, poling is unnecessary and, consequently, there is no
problem with depoling or aging effects. Foreseen problems do exist,
though, including softening of the glassy phase and possible ferroelastic
phase transitions that would restrict the high-temperature capabilities.
Further evaluation of the electrical properties, including resistivity
at high temperatures, is needed before these materials can be commer-
cialized.

6.3 AN thin fiims

In recent years, numerous studies have been made of the piezoelectric
properties of thin films of several materials, including the ferroelectrics
previously discussed.? Thin films of non-ferroelectric materials are
also of great interest, including aluminium nitride (AIN). Because of
its exceptionally high thermal conductivity and dielectric breakdown
strength, polycrystalline (AIN) is an important ceramic material used in
substrates for hybrid microelectronics, but in the bulk form exhibits no
. piezoelectric activity. However, when properly orieated on a compatible
substrate, AIN thin films exhibit piezoelectric properties which have been
studied for their potential use as pressure transducers, speakers, and
SAW devices.4

Of most interest for this report are the high-temperature piezoelectric
properties of AIN thin films. A recent paper® reported that an AIN SAW
device deposited on a fused quartz substrate, operating at 60-100 MHz,
exhibited piezoelectric responses at temperatures up to 1150°C. Other
reports on chemical vapor deposited (MOCVD) AIN thin films have
shown room temperature dy, values of 5-5 X 102 Vm/N (about the
same as LINDO,) and a dielectric constant Ky, of 12.% Tsubouchi and
Mikosheba®” reported room temperature resistivity values of 10'¢ Q-cm, a
value higher than any other piezoelectric material discussed in this paper.
With this combination of very high temperature operation, high resistivity,
and reasonable piezoelectric coefficients, it scems that AIN thin films
warrant further investigation.
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7 SUMMARY

High-temperature technology is of major importance for chemical
and material processing, automotive, aerospace, and power generating
industries to name just a few. For many, the primary benefit of operating
at higher temperatures is the direct cost savings associated with increased
efficiency in fuel conversion. In a related matter, the development of
advanced structural materials such as silicon nitride and carbon—-carbon
composites promotes a need for high-temperature electronic materials
to monitor processing of these systems. This is exemplified by the receat
organization of the First International High Temperature Electronus
Conference by Sandia National Laboratory and Wright Laboratory.*
Along with semiconductor, capacitor, magnetic, and packaging materials,
electromechanical transducing materials are required to sense strains,
vibrations, and noise under severe thermal conditions. Of the several
different types of acoustic and strain sensors investigated, including
accelerometers, strain gauge, air gap, eddy current, buffer rod, and fiber
optic, piezoelectric types offer the best candidates when one considers
sengitivity, cost, and design.

Figure 10 summarizes the maximum use temperature of widely com-
mercial piezoelectric materials and the projected values of two experimental
ones. If an operating temperature of 400°C or greater is required, the
number of available sensor materials is clearly limited. If an operating

1400

Maximum Use Temp.(C)
g

or mmmn BT N PLS AN
Piszoelectric Ceramic
Fig. 10. Approximate maximum temperature of operation for piezoelectric ceramics.
Most are estimated by combined consideration of the ferroelectric Curie temperature,
sensitivity, and measured electrical resistivity. Others are known with & higher degree of
certainty such as barium titapate (BT) limited by its T, of 125°C, lead zirconate titanate
(PZT) known to experience accelerated depoling at 200°C and quartz (SiO,) with a
maximum use temperature of 350°C.
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temperature 750°C is chosen, there is no commercial material available.
It is reasonable to assume that there now exists a need for vibration
sensors that can function at 750°C, or even at 1000°C, and that the need
will be even more pressing in the future. The design of such sensors
presents a great challenge and will require the development of new
materials and novel processing techniques.

This paper has discussed two options for very high temperature piezo-
electric materials. The first was the family of PLS ferroelectrics, with the
highest known 7T, (some greater than 1500°C), The second was non-
ferroelectric AIN thin film with a reported operating temperature of
1150°C. New ferroelectric compounds, also with very high T, have been
predicted based on the Abrahams-Kurtz-Jameson relationship and an
extensive inorganic crystal structure database.’ This study, and other
computerassstedstudaofmnals,maywelhdennfythenmmem-
tion of high-temperature vibration sensor materials.
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deuterated triglycine sulphate
grain boundary layer
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‘office automation

(Pb,La)(Zr, Ti)O,

lead magnesium niobate

positive temperature coefficient

positive temperature coefficient of resistivity
polyvinylidene fluoride

lead zirconate titanate

revolutions per minute

surface acoustic wave

video tape recorder




m

12.1 General View of Ferroelectrics

12.1.1 Crystal Structure
and Ferroelectricity

In so-called dielectric materials, the con-
stituent atoms are considered to be ionized
to a certain degree and are either positively
or negatively charged. In such ionic crys-
tals, when an electric field is applied,
cations are attracted to the cathode and
anions to the anode due to electrostatic
interaction. The electron clouds also de-
form, causing electric dipoles. This phe-
nomenon is called the electric polarization
of the dielectrics, and the polarization is
expressed quantitatively as the sum of the
electric dipoles per unit volume (C/m?).
Figure 12-1 shows schematically the origin
of the electric polarization. There are three
kinds; electron, ion and dipole reorienta-
tion-related polarizations.

Compared with vacuum capacitors, di-
electric capacitors can store more electric
charge due to the dielectric polarization P
as shown in Fig. 12-2. The physical quan-
tity corresponding to the stored electric
charge per unit area is called the electric
displacement D, and is related to the elec-
tric field by the following expression:
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Here, ¢, is the vacuum permittivity
(=8.854 x 10~ *2F/m), ¢ is the material’s
relative permittivity (also simply called
permittivity or dielectric constant, and in
general it is a tensor).

Depending on the crystal structure, in
some crystal lattices, the centers of the pos-
itive and negative charges do not coincide
even without the application of external
electric field. In this case, it is said that
there exists spontaneous polarization in the
crystal, and, especially when the polariza-
tion of the dielectric can be altered by an
electric field, it is called ferroelectric.

Not every dielectric can be a ferroelec-
tric. Crystals can be classified into 32 point
groups according to their crystallographic
symmetry, and these point groups can be
divided largely into two classes, one with a
center of symmetry and the other without.
There are 21 point groups which do not
have a center of symmetry. In crystals be-
longing to 20 of these point groups [except
for the point group (432)}, positive and neg-
ative charges appear on surfaces when
stresses are applied. These materials are
known as piezoelectrics. Pyroelectricity is
the phenomenon in which, because of the
temperature dependence of the sponta-
neous polarization, as the temperature of

D=¢oE+P=¢eyE (12-1)  the crystal is changed, electric charges cor-
E=0 ! E ——D
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Figure 12-2. Electric charge accumulation in a dielec-
tric capacitor.

responding to the change of the sponta-
neous polarization appear on the surface of
the crystal. Among the pyroelectric crys-
tals, those whose spontaneous polarization
can be reversed by an electric field (not
exceeding the breakdown limit of the crys-
tal) are called ferroelectrics. There is some
ambiguity in this definition. In order to
establish ferroelectricity, it is necessary to

terial and experimentally ascertain the po-
larization reversal. Table 12-1 shows the
classification of the point groups.

12.1.2 Origin of Spontaneous Polarization

Why is it that crystals which, from a
consideration of the elastic energy, should
be stable by being non-polar, still experi-
ence the shifting of cations and anions and
become spontaneously polarized? The rea-
son is briefly explained below. For simplic-
ity, let us assume that dipole moments re-
sult from the displacement of one kind of
ion A (electric charge g) relative to the crys-
tal lattice. Consider the case in which the
polarization is caused by all the A ions
being displaced equally in a lattice. 1t fol-
lows that, on any individual A ion, there
exists a local field from the surrounding
polarization P, even if there is no external
field. The concept of the local field is shown
schematically in Fig. 12-3. It can be shown
that: :

apply an electric field on a pyroelectricma-  E* = [y/(3¢,)} P (12-2)
Table 12-1. Crystallographic classification with respect to crystal centrosymmetry and polarity.*
Polar- | Centro- | Number Crystal class
ity sym- of point
metry | groups | Cubic Hexagonal Tetragonal Rhombo- Ortho- Mono- Tri-
hedrasl rhombic dlinic clinic
Non- |O 11 m3m m3 6/mmm 6/m 4/mmm 4m 3Im 3 mmm 2/m T
polar | (11) 0, .. Da Ca Da Ca Dy Cy Dy, Cau G
22)
432 622 422
" (/] 23 D, 8 D, q 32 222
Tm T m C,, m s, D, D,
X T, D,, D,,
@1
Polar _ 2
®yro) 10 6mm 6 4mm 4 3m 3 2wm C, 1
(10) Ceo C Ce C. C,, Cy C, m C,
Ce

* Piezoelectric crystals are those in the area enclosed by the thick line.
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Figure 12-3. Concept of the local field. E'*
is given by

3P -r)r,—r}
E™=Ey+T (B-r)r, ’iPa.
i dneyr}

This is the driving force of the ion shift.
Here 7 is called the Lorentz factor. For an
isotropic and a cubic system, it is known
that y = 1 (Kittel, 1966). ¢, is the permittiv-
ity in vacuum and is equal to 8.854 x 1012
F/m. If the ionic polarizability of ion A is a,
then the dipole moment of the unit cell of
this crystal is:

r=[xy/(36)] P (12-3)
The energy of this dipole moment (dipole-
dipole coupling) is

Wap = — i+ E% = — [ay*/9 s3] P (124)
Per unit volume, it is:

W= Nwyy = —[Nar? /O] P* (12-5)
On the other hand, when the A ions are
displaced from their nonpolar equilibrium
positions, the elastic energy also increases.
If the displacement is &, and the force con-
stants k and k', then the increase of the

elastic energy per unit volume can be ex-
pressed as:
W = N(g.z + §-‘) (12-6)

Here, k' (> 0) is the higher-order force con-
stant. It should be noted that in pyroelec-

trics, k' plays an important role in deter-
mining the magnitude of the dipole mo-
ment. By rewriting Eq. (12-6) using:

P = N qu (q is the electric charge) (12-7)

Combining with Eq.(12-5), the total en-
ergy can be expressed as follows (see
Fig. 12-4):

Wiy = Wy + Woaa = (12-8)
k Nay? K
‘(2qu" 9e2 )P+4N3q‘P‘

From this, one can see that if the coefficient
of the harmonic term of the elastic energy
is equal or greater than the coefficient of
the dipole-dipole coupling, then P =0, i.c.,
the A ions are stable and remain at their
non-polar equilibrium positions. Other-
wise, a shift from the equilibrium position
{P* =[2Nay*/(9s3)—k/(N ¢)/IK/(N> q*)]}
is stable. In the perovskite-type crystal
structure (as in barium titanmate) as de-
scribed in the mext section, it is thought
that because of the occurrence of a larger
Lorentz factor y (= 10) (Kinase et al., 1969)
than found for other crystal structures,
spontaneous polarization can occur more
casily.
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Figure 12-4. Energy explanation of the origin of
spontaneous polarization.

(a) Dipole interaction
Wy, = — [Nay?*/(9ed)) P2

(b) Elastic energy

W, X piy K _p
oas = +
“2Ng  aNg

(c) Total energy

Wy = Wy + Wo,

12.1.3 Origin of Field Induced Strain
With the application of an electric field,

the dielectric material inevitably induces

strain or crystal deformation. There are

r

two types of strain (defined by the ratio
AL/L: the amount of deformation with re-
spect to the original length) that may be
induced by an electric field depending on
the nature of the interaction “springs” be-
tween the ions which is, in turn, determined
by the crystal structure (Uchino et al,
1983). As shown in Fig. 12-5a, in crystals
where there is no centrosymmetry, strain,
x, is generated in proportion to the electric
field E. This is the converse piezoelectric
effect, and the tensor quantity, d, defined
by the relationship

x=dE (12-9)

is referred to as the piezoelectric coefficient.
On the other hand, in centrosymmetric
crystals, as shown in Fig. 12-5b, the expan-
sion and contraction of the “spring” are
such that the net response is nearly zero.
However, the anharmonic nature of the
“spring” mc-on will still bring about a
small induced strain that is proportional to
the square of the electric field E. This is
referred to as the electrostriction effect
which is expressed in terms of the strain, x,
the applied electric field, E, and the elec-
trostriction coefficient, M, as:

x=ME? (12-10)

The system pictured in Fig. 12-5a also
possesses a spontaneous bias of electrical
charge, or a spontaneous polarization.
When a large reverse bias electric field is
applied to a crystal that has a spontaneous
polarization in a particular polar direction,
a transition “phase” is formed which is an-
other stable crystal state in which the rela-
tive positions of the ions are reversed (in
terms of an untwinned single crystal, this is
equivalent to rotating the crystal 180°
about an axis perpendicular to its polar
axis). This transition, referred to as polar-
ization reversal, also causes a remarkable
change in strain. This particular class of
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(b) Blectrostricion

Figwre 12-5. Diagrammatic explanation of the origins of piezoelectric strain (a) and electrostriction (b).

substances are referred to as ferroelectrics,
as mentioned in Sec.12.1.1. Generally,
what is actually observed as a field-induced
strain, is a complicated combination of the
three basic effects just described.

1214 Electrooptic Effect

Since light is an alternating electromag-
netic wave with electric and magnetic field
directions crossing each other, it induces
electric polarization in a dielectric crystal
and the light itself is influenced by the crys-
tal. The alternating frequency of the light is
so high (= 10!% Hz) that only the elec-
" tronic polarization should follow the field
change, and the relative permittivity of the
crystal is small, not exceeding 10. The per-
mittivity ¢ at this high frequency is related
to the refractive index n by the following
equation:

e=n? (12-11)

_

When an external electric field is applied
to the crystal, ion shift is induced, deform-
ing the shape of the electron cioud, and
consequently the refractive index is
changed. This phenomenon is called the
electrooptic effect.

Generally, refractive indices are sym-
metrical 2-R tensor quantities and repre-
sented by using a refractive indicatrix
(Eq. 12-12), where n,, n, and n, are princi-
pal refractive indices.

x? 22
7+§+7=1

(12-12)
ny n2 N

With the application of an electric field,
the change in refractive index is given by an
expansion expression:

1/niy(E) — 1/n{;(0) =

=YrpE+31Y0yuEE;  (12-13)
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Here r,;, is a primary electrooptic coeffi-
cient (Pockel's effect) and g, is a sec-
ondary coefficient (Kerr effect).

Considering a paraelectric phase of a
perovskite crystal (m3m) as an example,
the Kerr coefficients are represented in the
following matrix:

B g1 912 G12 O
g12 911 G12 O

g12 912 91 O
0 0 0 ge

0 0 0 O
0o 0 0 ©0

-

oM OO0 OO
oo Ooo0o

s

Then, the refractive indicatrix under the
electric field applied along z-direction can
be expressed as:

x2 +y? +
n3 (1 —(n3/2)g,, EX
2

2
T R0 — 02 EF

When light is transmitted along the y-di-
rection, the phase retardation I, between

an ordinary and an extraordinary light is
given by:

1 (12-19)

2nn) Y,

2
L= T 7(912 - 911)1'("';') (12-15)

m

d is the electrode gap and L is the optical
path length (see Fig. 12-6). Putting a crys-
tal between crossed polarizers arranged at
the 45° direction with respect to z-axis, the
output light intensity can be modulated as
a function of applied voltage in the follow-
ing way:

I = I,sin? (%) = %Io(l ~cosl) (12-16)
This is the principle of a light shutter/
valve, and the voltage required for the first
intensity maximum (i.e., I, = =) is essential
and called the half-wavelength voitage.

12.1.5 Example of a Ferroelectric

A typical ceramic ferroelectric is barium
titanate, which is used here as an example
to illustrate some properties of the fer-
roelectrics.

As shown in Fig. 12-7, BaTiO, has a
perovskite crystal structure. (See also
Chap. 1, Secs. 1.3.3 and 1.6.2 of this Vol-
ume for a more complete description of the
crystal structures of perovskites.) In the
high-temperature paraelectric phase (non-
polar phase) there is no spontaneous polar-
ization (the symmetry is O, ~ m3m). Below
the transition temperature T called the

Figure 12-6. Optical phase
retardation through an
electrooptic crystal. Notice
the crossed polarizer con-
figuration.
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Curie temperature (about 120°C), spon-
taneous polarization occurs, and the crys-
tal structure becomes slightly elongated,
that is, tetragonal (C,, — 4mm). Figure 12-8
shows schematically the temperature de-
pendence of the spontaneous polarization
P, and permittivity e. P, decreases with in-
creasing temperature and vanishes at the
Curie point, while ¢ tends to diverge near
Tc. Also, the reciprocal permittivity 1/e is
known to be linear with respect to the tem-
perature in a wide range in the paraelectric
phase (so-called Curie—Weiss law),

e=C/T~-T,) (12-17)

Here C is the Curie— Weiss constant and T,
the Curie—Weiss temperature. T, is slightly

lower than exact transition temperature

Te.

It is also known that the spontaneous
polarization P, and the spontaneous strain
x, follow the relationship:

x, = QP? (12-18)

x, decreases almost linearly with increasing
temperature. In the case ~f BaTiO,, in the
ferroelectric phase, it cxhibits the piezo-
electric effect, while in the paraelectric
phase, it is non-piezoelectric and exhibits
the electrostrictive effect.

T. : Cunie temperature
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Figure 12-7. Structure of BaTiO,.

12.1.6 Applications of Ferroelectrics

Ferroelectric materials, especially poly-
crystalline ceramics, are very promising for
varieties of application fields such as high-
permittivity capacitors, pyroelectric sen-
sors, piezoelectric/electrostrictive transduc-
ers, electrooptic devices and PTC therm-
istors.

For capacitor dielectrics, the peak di-
electric constant around the tranmsition
(Curie) temperature is utilized, while the
strong temperature dependence of the
spontaneous polarization below T is ap-
plied for pyroelectric sensors. Piezoelectric
materials are applicable in sensors and ac-
tuators. Pressure and acceleration sensors

Figure 12-8. Temperature dependence of the sponta-
neous polarization P, and permittivity &
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are now commercially available in addi-
tion to conventional piezo-vibrators. Pre-
cision positioners and pulse drive linear
motors have already been installed in pre-
cision lathe machines, semiconductor man-
ufacturing apparatus and OA equipment
etc. Recent topical development is found in
ultrasonic motors. Electrooptic materials
will become future key components in dis-
plays and optical-communication systems.
For thermistor applications, semiconduc-
tive ferroelectric ceramics with a positive
temperature coefficient (PTC) of resistivity
due to a junction effect have been devel-
oped from barium-titanate-based materi-
als. :

12.2 High-Permittivity Dielectrics

12.2.1 Relaxor Ferroelectrics

There are two classes of ceramic ca-
pacitors: one is used for the thermal
compensation of electrical circuits, using
a TiO,-based material, and the other
is a high-permittivity capacitor with
BaTiO;- or Pb(Zr, Ti)O,-based materials.
Recently relaxor ferroelectrics such as
Pb(Mg,,3Nb,/3)0; and Pb(Zn, ,Nb,,,)0,
have been developed for very compact chip
capacitors.

The reasons why these complex per-
ovskites have been investigated intensively
for capacitor applications are: (1) their very
high permittivity, and (2) their tempera-
ture-insensitive characteristics (i.e., diffuse
phase transition) in comparison with the
normal perovskite solid solutions.

An intuitive crystallographic model has
been proposed to explain the high permit-
tivity of the disordered perovskites (Uchino,
1980). Figures 12-9a and 12-9b show the
ordered and disordered structures for an

A(B,;;By,,)O, perovskite crystal. As-

suming a rigid-ion model, a large “rattling”
space is expected for the smaller B ions in
the disordered structure because the large
B ions prop open the lattice framework.
Much less “rattling™ space is expected in
the ordered arrangement where neighbor-
ing atoms collapse systematically around
the small B ions.

When an electric field is applied to a
disordered perovskite, the B ions with a
large rattling space can shift easily without
distorting the oxygen framework. A larger
polarization can be expected per unit mag-
nitude of electric field. In other words,
larger dielectric constants and larger Curie-
Weiss constants. On the other hand, in or-
dered perovskites with a very small rattling
space, the B ions cannot move easily with-
out distorting the octahedron. A smaller
permittivity and Curie—Weiss constant are
expected.

The reason why the phase transition be-
comes diffuse in the relaxor ferroelectrics
has not yet been clarified, although the
“microscopic composition fluctuation”
model is the most widely accepted (Kanzig,
1951; Rolov, 1963, Uchino etal., 1981).
Considering the Kdnzig region (the mini-
mum size region in order to cause a coop-
erative phenomenon, ferroelectricity) to be
in the range of 100-1000A, disordered
perovskites such as Pb(Mg, ,3Nb;,3)O, re-
veal a local fluctuation of"the distribution

A(B,;,3By,3)O, type perovskite: (a) ordered structure
with a small rattling space and (b) disordered struc-
ture with a large rattling space (O = B, and o = B,).

e —————————————————————————————
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of Mg?* and Nb** ions. Figure 12-10
shows a computer simulation of the com-
wsition ﬂmﬁon in tm A(Bl‘,znullz)03'
type crystal calculated for various degrees
of the ionic ordering. The fluctuation of the
ByB, fraction x obeys a Gaussian error
distribution. H. B. Krause reported ob-
serving the short-range ionic ordering of
Pb(Mg,,3Nb,,3)O, by electron micros-
copy (Krause et al., 1979). The high-resolu-
tion image in Fig. 12-11 reveals somewhat

ordered (ion-ordered) islands in the range
of 20-50 A, each of which may have a
slightly different transition temperature.
Another significant characteristic of
these “relaxor” ferroelectrics is dielectric
relaxation (frequency dependence of per-
mittivity) from which their name origi-
nates. Temperature dependence of the per-
mittivity in Pb(Mg,,3Nb,,3)O, is plotted
in Fig 12-12 for various measuring fre-
quencies (Smolensky et al., 1961). With in-
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Figure 12-11. High resolution electron-microscope
image of the Pb(Mg,,;Nb,,,)O, single crystal ((110)
plaxe). Note ion-ordered islands in the range cf 20—
50 A.

Tempecahsre (°C)
Figure 12-12, Temperature dependence of the per-
mittivity and tan é in Pb(Mg,,3Nb,,5)O, for the var-
ious measuring frequencies (kHz): (1) 0.4, (2) 1, (3) 45,
(4) 430, (5) 1500, (6) 4500.

creasing measuring frequency, the permit-
tivity in the low-temperature (ferroelectric)
phase decreases and the peak temperature
shifts towards the higher frequency; this
contrasts with normal ferroelectrics such as
BaTiO, where the peak temperature hardly
changes with frequency. This is probably
caused by shallow multipotential-wells in a
locally distorted perovskite cell due to the
disordered ionic arrangement (Skanavi-
type dielectric relaxation) (Skanavi et al.,
1958), in addition to a ferroelectric phase
transition phenomenon.

12.2.2 Multilayered Capacitors (MLC)

Multilayer structures have been devel-
oped as part of capacitor manufacturing
aimed at the integration of electrical circuit
components. Figure 12-13 schematically
shows a multilayer capacitor chip. Thin
sheets made by the tape casting technique,
starting from a slurry of the dielectric pow-
der and organic solvents, are coated with
Pt or Ag-Pd paste to form electrodes, then
several tens of sheets are stacked together
and sintered. Finally, external electrodes,
used to connect the chip with the circuit,
are painted on.

RN

7

'L

<ture of a multilayer capacitor chip.

Figwre 12-




12.3 Pyroelectric Devices

123.1 Temperature/Infrared-Light Sensors

Practical applications of the pyroelectric
effect in temperature sensors and infrared-
light detectors have gradually been pro-
moted, providing, together with uses in
piezoelectric resonators, of the commercial
market for dielectric ceramics.

The merits of pyrosensors compared to
other infrared-sensor materials such as
semiconductors are summarized as fol-
lows:

(a) Wide range of response frequency

(b) Use at room temperature

(¢) Quick response in comparison with
other temperature sensors

(d) High-grade quality (optical-grade ho-
mogeneity etc.) of ceramic pyrosensors
is unnecessary.

The principle on which the pyroelectric
effect is based is the measurement of the
charge generation associated with the
spontaneous polarization change with
temperature: (12-19)
Jj = OR/ot = (OR/0T)(0T/0t) = p(@ * /-

Here, p is denoted as a pyroelectric . oeffi-
cient. Two typical electrode arrangements
for pyrosensors are illustrated in Fig. 12-14:
(a) face electrodes with the polarization di-
rection parallel to the infrared irradiation,

Figure 12-14. Typical geometric configurations for
pyroelectric detectors: (a) face electrodes; (b) edge
electrodes.

and (b) edge electrodes with the polariza-
tion direction perpendicular to the irradia-
tion. The former type has higher efficiency,
but requires a sophisticated fabrication
process of transparent uniform electrodes
for infrared light.

The pyroelectric sensor is a device trans-
ducing optical/thermal energy to electrical
energy, and its efficiency or figure of merit
is evaluated in several ways; p, p/c, or
plc,¢) (c,: specific heat). This is because
the temperature change of the sample is
larger for the smaller ¢, material under
constant heating, and the voltage gener-
ated by a certain amount of pyrocharge
becomes larger for the smaller & (permittiv-
ity) material.

Table 12-2 lists the figures of merit of
several pyroelectric materials.

Improvement of the characteristics has
been attempted by using composites of

Table 12-2. Room-temperature properties of various pyroelectric detector materials and some “figures of merit”

for their detector operation.
Material [ &/sq s ple, PAc,®)
@Cem~3K"™Y) Jem~?K"Y) @AecmW™}) (Vam~2J7})

TGS 30 L) 1-7 17-8 4000
LiTaO, 19 46 3-19 6-0 1470
s‘"’uuszzo. w m 2 ¢ 3‘ 25 * 6 720
PLZT (6/80/20) 76 1000 2-57 29-9 340
PVF, 3 11 2:4 1-3 1290
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pyro-ceramics and polymers (Bhalla et al.,
1981). In addition to the primary pyroelec-
tric effect, a,secondary effect is superim-
posed, i.c., the stress due to the thermal
expansion d difference between the ceramic
and polymer generates electric charge
through the piezoelectric effect.

Figure 12-15 shows a typical structure of
a polymer used in pyroelectric infrared sen-
sors. In practical usage, a pyro-sensor re-
quires an infrared-light (thermal-ray) chop-

Cushion ring
Silicon window

| Pyem e
i 1983 |

PRy

HL2Y

— b

Figure 12-15. A polymer-based pyroelectric infrared
sensor.

per, because the electrical signal can be
detected only at the transient stage of light
illumination or shut ofl. An electromag-
netic motor was conventionally used as a
light-chopper mechanism, and recently a
piezoelectric bimorph chopper has been
developed by Y. Kuwano et al. (Shibata
et al., 1985), which prompted miniaturiza-
tion of the pyrosensors (Fig. 12-16).

12.3.2 Infrared Image Sensors

In Fig. 12-17 the visualization of a ther-
mal-distribution image is exemplified by a
pyro-vidicon tube (Taylor et al., 1973). The
light emitted from an object is filtered with
a germanium lens producing an infrared
beam which is focused onto the pyroelec-
tric target through an optical chopper. The
temperature distribution of the object is
represented on the target as a voltage dis-
tribution. This is monitored from the back
surface of the target by electron-beam
scanning using a conventional TV tube.

One of disadvantages of the pyro-vid-
icon is the degradation of the image over a
long period of usage due to thermal diffu-
sion on the target. Pedder et al. proposed a
segmented target design in order to solve
the diffusion problem (Warner et al., 1981).
Figure 12-18 shows the microscopic struc-

Figure 12-16, Swing-type
pyroelectric temperature
e080T.
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ture of a D-TGS (deuterated triglycine sul-
phate, (ND,CD,COOD),D,S0O,) target,
and Fig. 12-19 is an example of a picture
taken in darkness.

12.4 Piezoelectric Devices

124.1 Piezoelectric Materiaks

In the early 1950s, barium titanate
(BaTiO,) began to be utilized in Langevin-
type piezoelectric vibrators. Later, at the
National Bureau of Standards (NBS) in the
USA (now NIST), PZT (PbZr, Ti)O,) was
found to exhibit piezoelectric constants
twice as large as those of BaTiO, around
the morphotropic phase boundary between
the thombohedral-tetragonal phases (Fig.
12-20); (Jaffe et al, 1955). Subsequently,
PZT modified by doping, and a ternary
solid solution with a different perovskite
have been intensively investigated. Exam-

Focus and
Targst Mesh Wall anode scan coils
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Figere 12-17. Pyro-vidicon tube (a) and
its equivalent circuit (b).

ples of these ternary compositions are;
Pb(Mg,;sNb,;3)0,, Pb(Mn,;3Sb,,,)0,,
Pb(Co,;3Nb,,3)0;, Pb(Mn,;;Nb,,3)0;,
Pb(Ni,;sNb,;;3)0;,  Pb(Sb,;Sn,,,)0,,
Pb(Co,,W,,2)0,, Pb(Mg,,,W,,,)0,.

Figure 12-18. Infrared image target with divided fine
segments (19 um width, 16 um depth, 25 um pitch).
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Piezoelectric data for PZT ceramics are
summarized in Table 12-3.

In polycrystalline piezoelectric ceramics,
a poling process (applying a strong DC
electric field) is required to rearrange the
spontaneous polarization. After being
poled, the ceramic can exhibit the piezo-
electric effect just as single crystals do
(Fig. 12-21).

Piezoelectricity is also found in poly-
mers (Kawai, 1969). Figure 12-22 shows an
example polyvinylidenefluoride (PVDF).

1600 T 0.40
!
;_ mL 1 L -10.30 %
A o <
& | H
g‘ 800 Ilj o °\° 4020 3
gm- f \0%0-10.103
020 40 6 8 100 PbzO,
POTIO, 100 80 60 40 20 o
Composition (mol %]
Figure 12-19. Images taken by a pyro-vidicon on a Figure 12-20. Permittivity and the planar coupling
dark night. factor in PbZrO,-PbTiO, ceramics.

X
4 3
5

2 E .
Figure 12-21. lllustration
of the strain change associ-
ated with the domain re-
versal in a ferroelectric ce-
ramic.




Piezoelectric polymers have the following

characteristics:

(a) small piezoelectric d constants (for ac-

tuators) and large g constants (for sen-

sors):

(b) Lightweight and high elasticity, lead-
ing to good acoustic impedance match-
ing to water or the human body.

(c) Low mechanical quality factor Qy, giv-
ing a wide frequency band resonance.

12.4 Piezoelectric Devices

[CH, CF,

Figure 12-22. Structure of polyvinylidene difluoride
(PVDFY); O: fluorine, @: carbon, @: hydrogen.

Table 12-3. Electromechanical parameters in PZT-PMN ceramics.*

PCM-SA PCM-33 PCM-4B PCM-67 PCM-80
Electro-
mechanical
coupling factors
k, 0.65 0.65 0.70 0.32 0.58
ky, 0.38 0.39 0.43 0.19 0.35
kys 0.71 0.74 0.72 0.48 0.69
kys 0.70 0.63 0.37 0.64
k, 0.50 0.50 0.50 0.40 047
Piezoelectric
constants
dy, ~186 x107'? =263 x10~'* =247 x107!? —42 x107'? —122 x10°':
dys 375 x10°!2 575 x10°'2 490 x107'3 109 x107%3 273 x10°'?
d,s 579 x10°12 599 x10°'2 131 x10"'* 412 x10°':
951 —123x10"3 —-84x1072 —-11.8x10™?3 -77x10"} -11.3x10"*
93 -257x1073 184 %1073 206x1073 19.8x10°? 25.5%10°°
91s 339x10°3 29.7x10°3 24.7x1073 319x10°°
Permittivity
33/80 1710 3530 2380 620 1210
el /80 1830 2740 2280 600 1460
Loss tangent D 1.50 230 1.40 0.64 0.64
Elastic constants '
1/sf, 6.2x10'° 6.9 x 10'° 6.3 x 10'° 11.0x 10*° 3.8 x10'°
1/s3, 5.5x10'° 5.2x10'° 5.1 x10'® 10.8 x 10*° 6.8 x 10'°
1/s%, 20x 10'° 2.2x10%° 4.2x10'° 3.1 x 10'°
Density ¢ 11 17 78 17 79
Mechanical
quality factor Q,, 60 50 64 3130 2080
Curie
temperature (°C) 326 182 264 340 283

* Elastic constant 1/s: N/m?; piezoelectric constants d: m/V, g: V - m/N; loss tangent D: %; deasity ¢: 10° kg'm’.
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Recent development in the field of com- Next, let us introduce an electromechan-
posites of piezoceramics and polymers is  ical coupling factor k, which corresponds to
remarkable (Klicker, 1981), superior piezo-  the efficiency of an electro-mechanical
electric response being achieved while still  transducer. The interna! energy of a
maintaining the mechanical flexibility of  piezoelectric vibrator is given by summa-
the polymers. tion of the mechanical energy Uy, (= | x dX)

and the electrical energy Ug (= [ DAE). U
is calculated as follows, when linear rela-

1242 Plezoclectric Resonance tions Eqs. (12-20) and (12-21) are applica-
When an electric field is applied to a  ble:
piezoclectric material, deformation (AL)or  y =y, + U, = (12-22)

strain (AL/L) arises. When the field is alter- 1 1

nating, mechanical vibration is caused, and =1 1

if the drive frequency is adjusted to a me- (2 ES'E’X’ Xi+3 .; : duiEw X')
chanical resonance frequency of the device, 1 1

large resonating strain is generated. This + (— Ydu XE.+z T €L E, E,,,)
phenomenon can be understood as a strain 233 2im

magnification due to accumulating input  The s and ¢ terms represent purely me-
energy, and is called piezoelectric reso-  chanical and electrical energies (U,,, and
nance. The piezoelectric resonance is very Ugg), respectively, and the d term denotes

useful for realizing energy trap devices, ac-  the energy transducer from electrical to
tuators etc. The theoretical treatment isde-  mechanical energy or vice versa through

scribed in the following. the piezoelectric effect. The coupling factor
If the applied electric field and the gener- & is defined by:

ated stress are not large, the stress x and

the dielectric displacement D can be repre- ¢ = Une/s/ Usou * Uee (12-23)

sented by the following equation: The k value varies with the vibrational

x =sEX, +d,E, mode (even in the same ceramic sample),

.. and can have a positive or negative value
(hj=1,2,...,6; mk=1,23) (12-20) (see Table 12-4).

D,=d, X+ ¢eX,E, (12-21) Let us consider the transverse mechani-

cal vibration of a piezo-ceramic plate as

These arc called piezoelectric equations. o,y in Fig 12-23. If the polarization is

The numbers of independent parameters
for a lowest symmetry trigonal crystal are
21 for sf;, 18 for d,,, and 6 for &¥,. The z
number of independent parameters de- ‘
creases with increasing crystallographic
symmetry. Concerning the polycrystalline -
ceramics, the poled axis is usually denoted e w
as the z-axis and the ceramic is isotropic b
with respect to this z-axis (point group I o P, !

C .., (com)). The number of non-zero ma- \Q

trix elements is 10 (sf;, 532, 5T3, 555, 586, Figwee 12-23. Transverse vibration in a rectangular
dy,, dy,, dys, £, and £33) plate.
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Table 12-4. Several shapes of the resonator and their electromechanical coupling factors.
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NZRT T A)

ey

in the z-direction and the x-y planes are the

planes of the electrodes, the extentional vi-

bration in the x-direction is represented by

the following dynamic equation:

(0%u/0r?) = F = (30X ,,/0x) + (0X,,/0y) +
+ (0X,5/02), (12-29)

Coupling Elastic conditions Shape of the  Definition
facton resopator
ks, X, 20, X;=X,=0 3 1 dy,
x,#0,x,%0,x, %0
k” xl-xl-o.x’*o 3 d;)
K= 405,40 & 7=
k, X, =X, %0, X, =0 ) 2
X, =X3%0, x,%0 e RLRN
k, X, =X,%#0,X,%0 T3 a
X1 X3=0,xy3%0 ks .C?;
ki, X, =X,40, X;%0 /3 k,— Aky,
X=X 40, xy =0 S-Afi-,
k'Jl X.#o.xz#O.X,-O 13‘ k)l 140
xl+0,x,-0.x,¢0 ‘_k;l I_-;
k3 X, %0, X,;=0,X,%0 2z ky, = Bk,
X, %0, x,%0 x,=0 1 ﬁ
k’lni XI#O.Xz#O.,Xs#O 1 —Ak,,)’
3 1 —k3; = (k; = Bkyy)
1
kss X,%0,X;=0,X,40 3 kys ~ Bky,
R Ve
kye= ks X mXymXy=0, X, %0 dys
xymx,mx, =0, x %0 —X‘E
4-___[2_’.{l_ 3-_.‘_{!_.

u is the displacement of the small volume
clement in the ceramic plate in the x-direc-
tion. The relations between stress, electric
field (only E, exists) and the induced strain

are given by:

Xy =58 X, +552 X, + 513 X3 +dy, E,
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Xy =SE2 X, + 55, X, + 55, X, +dy, E,
X3 =i Xy + st X, + 55, X5 +dys E,
Yy

Xe =554 Xaof (12-25)
Xsm=SeXs
Xxe = 2(st, — 512) X

When the plate is very long and thin, X,
and X, may be set equal to zero through
the plate. Since shear stress will not be gen-

erated by the electric field E,, Eq. (12-25) is
reduced to:

X, =x,/st) — (d3,/s1)) E, (12-26)
Introducing Eq.(12-26) into Eq. (12-24),

and allowing for x, = 0u/0x and OE,/0x =0 -

(due to the equal poter:-ial on each elec-
trode), leads to a harmonic vibration equa-
tion:

— wlost, u=0%ufox? (12-27)

w is the angular frequency of the drive field,
and g is the density. Substituting a general
solution u = u, (x)e¢/*' + u,(x)e"’*"' into
Eq. (12-26), and with the boundary condi-
tion X, = 0at x = 0 and L (sample length),
the following solution can be obtained:

OufOx = x, = d,, E, [sinw(L — x)/v +
+ sin (w x/v)}/sin (w L/v) (12-28)

Here, v is the sound velocity in the piezoce-
ramics and is given by

v = I/Ja_sf—l (12-29)

When the specimen is utilized as an elec-
trical component such as a filter or a vi-
brator, the electrical impedance [(applied
voltage/induced current) ratio] plays an
important role. The current flow into the
specimen is described by the surface charge
increment, i.e., 0D,/0t, and the total cur-
rent is given by:

L

: 2
isjwwgb,dxsjwwz[(a‘;, - ‘:——,::‘)E, +

dy,
- dx
= ]

Using Eq. (12-28), the admittance for the
mechanically free sample is calculated as:

i
;-—V=-E’—;= (12-31)
=jwstw ; di_ tan [w L/(2 v))

e ef$sE,\ wL/2v)

w is the width, L the length, ¢ the thickness
of the sample, and V'is the applied voltage.
ei§ is the permittivity in a longitudinally
clamped sample, and is given by:

£55 = 5§3 - (dgl/sfl) (12-32)

The piezoelectric resonance is achieved
where the admittance becomes infinite or
the impedance is zero. The resonance fre-
quency fp is calculated from Eq.(12-31),
and the fundamental frequency is given by:

Ju=v/2L)=1/2L/est,) (12-33)

On the other hand, the antiresonance state
is generated for zero admittance or infinite
impedance:

(12-34)
wALcotwAL - _ dgl = — k%l
20 2v - 3‘3’53{1 l—kgl

The final transformation is provided by the
definition:

ks, = %d,, E:Xx/('% sfx X3 5';3 E})=
= dy,/\/5Ti 65, (12-35)

The resonance and antiresonance states
are described by the following intui-
tive model. In a high electromechanical
coupling material with k=1, the reso-
nance or antiresonance states appear
fortan{wL/(2v)] =00 or 0, i, w L/(2v) =
(m — 1/2) = or m = (m: integer), respectively.
The strain amplitude x, distribution for
ecach state [calculated using Eq. (12-28)] is

(12-30)
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Resonance Antiresonance
Low coupling High coupling
m=ai m=1
(=——=—"" s El —= 1
m=2 m=2 Figure 12-24. Strain gener-
N\ ation in the resonant or

= =x= F==r=f O==r=3

antiresonant state.

illustrated in Fig. 12-24. In the resonance
state, large strain amplitudes and large ca-
pacitance changes are induced, and the
current can easily flow into the device. On
the contrary, at the antiresonance, the
strain induced in the device compensates in
total, not causing the capacitance change,
and the current can not flow easily into the
sample.

In the usual case, where ky; =~ 0.3, the
antiresonance state varies from the above-
mentioned mode and becomes closer to the
resonance mode. The low-coupling mate-
rial exhibits an antiresonance mode where
capacitance change due to the size change
is compensated completely by the current
required to charge up the static capaci-
tance.

In general, the sound velocity v of the
specimen is first obtained from the reso-
nance frequency f;, then the electrome-
chanical coupling factor k,, is calculated
from the v value and the antiresonance fre-
quency f, using Eq. (12-34). Especially in
low-coupling piezoelectric materials, the
following approximate equation is avail-
able:

2
ksl = kK3 = T Of/f) (Of = fa= )
(12-36)
124.3 Piezoelectric Transformers

One of the very basic applications of
piezoelectric ceramics is a gas igniter. The

very high voltage generated in a piezoelec-
tric ceramic under applied mechanical
stress can cause sparking and ignite the gas
(Fig. 12-25). There are two means to apply
the mechanical force; sudden application
and continuous increase.

When input and output terminals are
fabricated on a piezo-device and input/out-
put voltage is changed through the vibra-
tion energy transfer, the device is called a
piezoelectric transformer. Proposed by
C. A. Rosen et al. (Rosen, 1957), there have
been a variety of such transformers investi-
gated: Fig. 12-26 shows a fundamental
structure where two di’/erently-poled parts
coexist in one piezoelectric plate. A stand-
ing wave with a wavelength equal to the
sample length is generated, a half wave-
length portion of the wave existing on both

(®) 18 ®)
16
14
F
| g
10
1 é
Electrode 4
2
0 20 Y40 "0
Time [us]

Figwre 12-25. (a) Gas igniter and (b) output voltage.
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! Piezosiectric transformer r-."".‘."..:
vm' ' E.L < §
) l v...tg]' 3

| ®) bemened

Figure 12-26. Piezoelectric transformer.

the input (/,) and output (I,) parts of the
sample. The voltage rise ratio r is given for
the unloaded condition by Eq. (12-37). The
r ratio is increased with an increase of (I,/t).

4 l, 2 Ssa/sfl
1{2 k3] 33Q t l + '__3‘3’3/ E“

Piezoelectric transformers were previ-
ously used in color TVs because of their
compact size in comparison with the con-
ventional electromagnetic coil-type trans-
formers.

(12-37)

12.4.4 Piezoelectric Vibrators

In the use of mechanical vibration
devices such as filters or oscillators, the size
and shape of a device is very important,
and both the vibration mode and the ce-
ramic material must be considered. The res-
onance frequency of the bending mode in a
cm-size sample ranges from 100-1000 Hz,
which is much lower than that of the thick-
ness mode (100 kHz). For these vibrator
applications the piezo-ceramic should have
a high mechanical quality factor (Q,,) rather
than a large piezoelectric coefficient d; i.c.,
hard-type piezoelectric ceramics are prefer-
able.

For speakers or buzzers, audible for hu-
mans, devices with a rather low resonance
frequency are used (kHz range): Examples

are a bimorph consisting of two piezo-ce-
ramic plates bonded together, and a piezo-
electric fork consisting of a piezo-device
and a metal fork. A piezoelectric buzzer is
shown in Fig. 12-27, which has merits such
as high electric power efliciency, compact
size and long life.

12.4.5 Ultrasonic Transducers

Ultrasonic waves are now used in vari-
ous fields. The sound source is made of
piezoelectric ceramics as well as of magne-
tostrictive materials. Piezoceramics are
generally superior in efficiency and in size
to magnetostrictive materials. Especially
hard-type piezoelectric materials with a
high Q,, are preferable. A liquid medium is
usually used for sound energy transfer. Ul-
trasonic washers and ultrasonic micro-
phones for short-distance remote control
are widely used in factories, and ultrasonic
scanning detectors are useful in medical
electronics.

12.4.6 Surface Acoustic Wave Devices

Surface acoustic wave (SAW) filters have
been widely used for the intermediate fre-
quency image transfer signal in color TVs,
because of their excellent time delay char-
acteristics. The fundamental structure of
the SAW filter is illustrated in Fig. 12-28,
where a pair of interdigital electrodes are
fabricated on the piezoelectric crystal. A

Elastic vibrator
{

Figwre 12-27. Piezoelectric buzzer.




Figure 12-28. Fundamental structure of a SAW filter.

surface wave generated at the input-side
electrode is transferred and picked up at
the output-side as an electric signal. The
device is very useful as a high-frequency
filter.

There are four materials at present used
for SAW devices, Pb(Zr,Ti)O, (PZT)-
based ceramics, ZnO thin films, LiNbO,
and LiTaO, single crystals, whose charac-
teristics are summarized in Table 12-5. A
small temperature coefficient of the fre-
quency is preferable, which is determined
by the summation of the temperature coef-
ficient of the sound velocity and the ther-
mal expansion coefficient of the ceramic.

When a polycrystalline material is used,
it must be pore-free and homogeneous.
Samples must be highly reproducible, and
require advanced fine ceramic preparation
technology.

12.4.7 Piezoelectric Actuators

In recent years, the need for new displace-
ment elements, in particular, in such fields
as optics, precision machinery and small
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motors, has been rapidly increasing. The
requirements for the processing accuracy
of optical devices such as lasers and cam-
eras, along with the positioning accuracy
required in the processing of semiconduc-
tor chips are now typically of the order of
micron and submicron levels. The need for
a reliable micro-scale positioner has moti-
vated a new surge of activity in the devel-
opment of ceramic actuators which oper-
ate on the principle of electric-field-induced
strain.

For actuator applications, large electric
fields (= 1 kV/mm) are applied to the ma-
terial, thereby generating large stresses
(= 10 MPa) and strains (Al/l ~ 1073).
Therefore, in addition to an adequate elec-
trostrictive response, electrical insulation
strength and mechanical toughness are
necessary material characteristics.

Lead zirconate titanate (PZT)-based ce-
ramics are currently the primary mate-
rials for piezoelectric applications (Furuta
et al., 1986). The (Pb, La)(Zr, Ti)O, (PLZT)
(7/62/38) compound is one such material.
The strain curves for this composition are
shown in Fig. 12-29a. When the applied
electric field is small, the induced strain is
nearly proportional to the electric field. As
the field becomes larger (i.e., greater than
about 100 V/mm), however, the strain
curve deviates from this linear trend and a
significant hysteresis is exhibited due to
polarization reversal. This limits the use of

Table 12-S. Characteristics of SAW filter substrate materials.

LiTaO, LiNbO, PZT* Zn0
(X-112°Y) (128°Y)
SAW velocity (m/s) 3295 3960 2430 3150
Coupling factor (k?, %) 0.7 6.0 29 0.6
Temperature coeflicient of frequency (ppm/~C) -3 -78 -17 -15
Permittivity (s, 419 672 350 8.84
Curie point (T, °C) 618 1210 300 1200

* Pb(Mn,;;Nb,,3)0, -PbZ1O;-PbTiO,.
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the material in actuator applications that
require a linear, non-hysteresis response.
Previously, electrostriction, a second-or-
der phenomenon of electromechanical cou-
pling, was considered to be a negligible ef-
fect and, therefore, was not studied from a
practical point of view. Recent research
and development on PMN {[lead magne-
sium niobate, Pb(Mg,,;Nb,,3)O,}-based
ceramics (Cross et al., 1980), however, have
kindled new interest in the use of such elec-
trostrictive materials in this area. PMN-
based ceramics exhibit significant strains
up to 0.1% (i.e., a 1 cm sample can elongate

by as much as 10 um). Another attractive
feature of these materials is the near ab-
sence of hysteresis (Fig. 12-29b).
Piezoelectric/electrostrictive actuators
may be classified into two categories based
on the type of driving field applied to the
device and the nature of the strain induced
by that field (Fig. 12-30): (1) Rigid displace-
ment devices for which the strain is in-
duced unidirectionally by an applied DC
field, and (2) resonating strain devices for
which the mechanical resonance is excited
by an AC field. The first can be further
divided into two categories: (1) Servo dis-

D':"W Name Material
U Dﬂv‘ng method
E| Bias field x .
Servo drive E, Servo displacement  Electrostrictive
S materials
Rigid / ol— olac L (PMN-based)
displacement ‘ E, E
\ E | E,, Puise field x
OOt deive .2 ON
l I l l 7" Pulse drive motor  Soft plezoelectric
0 t OFF S (PZT-based)
E Strain x
Sinusoidal fleld
Resonating . Ultrasonic motor  Hard piezosiectric
displacement- Allernating drive materials
0 0

NN
Time ¢

Figure 12-30. Classification of piezoelectric/electrostrictive actuators; E: electric field, x: strain.
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placement transducers controlled by a feed-
back system through a position-detection
signal, and (2) pulse-drive motors that op-
erate in a simple ON/OFF switching mode
(Uchino, 1986). Very recently, an actuator
referred to as a flight actuator has been
proposed which hits a steel ball strongly by
means of an ON/OFF piezoelectric unit
similar to that found in a pinball machine
(Ota et al., 1985).

The material requirements for the three
classes of devices are somewhat different
and hence, certain compounds will be bet-
ter suited to particular applications. The
ultrasonic motor, for instance, requires al-
most the conventional hard-type piezo-
electric with a high mechanical Q. The ser-
vodisplacement transducer suffers most
from strain hysteresis and, therefore, a
PMN electrostrictor is used for this device.
The pulse-drive motor requires a low-per-
mittivity material aiming at a quick re-
sponse rather than a small hysteresis so
that soft-PZT piezoelectrics are most suit-
able for this application.

In the sections to follow. three typical
application examples will be taken up for
examination and discussion.

12.4.7.1 Deformable Mirrors

In the field of optical information pro-
cessing, deformable mirrors have been pro-
posed to control the phase of the incident
light wave. The deformable mirror can be
made more convex Or concave as neces-
sary. This type of mirror, which finds appli-
cation as an accessory device on observa-
tory telescopes, effectively corrects for
image distortions resulting from fluctuat-
ing airflow.

An example of a deformable mirror is a
multilayered two-dimensional bimorph
type like that shown in Fig. 12-31 (Sato
et al., 1982). The operation of this mirror is
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similar in principle to a “bi-metal” device
which consists of two metal plates, with
different thermal expansion coeflicients,
bonded together. The plates will bend with
a change in temperature. When three lay-
ers of thin electrostrictive ceramic (PMN)
plates are bonded to the elastic plate of a
glass mirror, the mirror surface is de-
formed in various ways corresponding to
the strain induced in the PMN-Jayer. The
nature of the deformation is determined by
the electrode configuration and the distri-
bution of the applied electric field. Trial
units have been designed such that the first
layer, with a uniform electrode pattern,
produces a spherical deformation (i.e., refo-
cusing), while the second layer with an elec-
trode pattern of six minute divisions cor-
rects for coma aberration.

12.4.7.2 Impact Dot-Matrix Printers

Among the various types of printing
devices currently in use, dot-matrix print-
ers are routinely employed. Each character
formed by such a printer is initially com-
posed of a 9 x 9 dot matrix. A printing rib-
bon is subsequently impacted by a multi-
wire array. A sketch of the printer appears
in Fig. 12-32a (Yano et al., 1984).

The basic actuator assumes a multilayer
configuration in which roughly 100 thin
piezoelectric ceramic sheets are stacked.
The advantages of using a multilayer-type
actuator for this particular application in-
clude a low driving voltage, large displace-
ment, and a high electromechanical con-
version efficiency. This actuator is installed
in a specially designed displacement mag-
nification unit (Fig. 12-32b) to drive the
top printer pins. This unique magnification
unit is based on a monolithic hinge lever
with a magnification of 30 and realizes an
amplified displacement of 300 ym and an
energy transfer ecfficiency greater than
50%.




coma sherralion
Calxexy?
+ C.(x>+xy?)

Figure 12-31. (a) Structure of a muiti-
layer bimorph deformable mirror. (b) The
actual control of wavefront.

The merits of the piezoelectric impact
printer compared with th» conventional
electromagnetic type are: (1) higher print-
ing speed by an order of magnitude, (2)
lower energy consumption by an order of
magnitude, and (3) reduced printing noise
since a complete sound shield may be em-
ployed with the heatless drive.

124.7.3 Ultrasonic Motors

Efforts have been made to develop hig-
power ultrasonic vibrators as replacements
for conventional electromagnetic motors.
Two actuators, in particular, are currently
being investigated for this application: A

vibratory-coupler type and a surface-wave
type (Akiyama, 1986).

The basic design of the vibratory coupler
is pictured in Fig. 12-33. The Langevin-
type piezoelectric vibrator generates a flat-
elliptical movement at the tip of the vibra-
tory piece. When contacting a rotor at a
slight angle, the vibratory piece generates a
rotational torque.

This simple design, however, has seversl
drawbacks. Defacement of the rotor
caused by mechanical friction at the con-
tact point and lack of control in both the
clockwise and counter-clockwise direc-
tions are two of the most serious problems
associated with this unit. The problem of
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Leover 3
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Figure 12-32. (a) Structure of printer head and (b) differential type piezoelectric printer head element.

Figure 12-33. Basic structure of a vibratory coupler-
type ultrasonic motor.

friction is alleviated by securely pressure-
fitting the vibratory reed and rotor to-
gether in order to restrict, as much as pos-
sible, sliding during operation. The model
picture in Fig. 12-34 is one such modified
unit (Kumada, 1985). At a rotational speed
of 600 rpm, this motor has performance
characteristics that surpass normal electro-
magnetic motors with a rotational torque
of 13kgl-cm (~1.3 Nm) and an energy
conversion efficiency of 80%.

The other type of motor utilizes surface
wave vibrations. The operating principle of

Figwe 12-34. Ultrasonic motor using a
torsion coupler (a) and rough sketch of
the torsion vibration coupler (b).
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Figure 12-35. Operating principle of a surface wave
linear motor (transverse propagating wave being ex-
cited on an elastic body).

this device is illustrated in Fig. 12-35. By
means of the traveling elastic wave induced
by the piezoelectric, a slider in contact with
the “rippled” surface of the elastic body is
driven in the direction indicated. Both lin-
ear and rotational-type motors of this type
are possible. The structure of a surface-
wave rotational-type motor is pictured in
Fig. 12-36. Although the energy transfor-
mation efficiency (30%) and rotational
torque (0.5 kgf - cm) of the surface wave
device are rather low as compared to the
vibratory-coupler type, its merit lies in its

[P

ability to rotate in both directions and its
thin design which makes it suitable for in-
stallation in video (VTR) or movie cameras
as an automatic focusing device.

12.5 Electrooptic Devices

In the 1960s the nonlinear polarizability
of ferroelectrics was discovered and vari-
ous electrooptic and optical parametric
devices have been investigated. However,
problems still remaining are the difficulty
of preparing high-grade optically-homoge-
neous single crystals, and the correspond-
ingly high cost for a given level of perfor-
mance.

12.5.1 Transparent Electrooptic Ceramics

Even with a polycrystalline microstruc-
ture, a ferroelectric ceramic can exhibit the
electrooptic effect if it is sintered to a pore-
free state to make it transparent. The best-
known material is the (Pb,La)(Zr, Ti)O,
system (PLZT), which has good transpar-
ency in a wavelength range from visual to
infrared, and exhibits an optical anisotropy

Figure 12-36. Structura) example of a
surface wave rotational motor.
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Figure 12-37. Relation between PLZT composition
and structure and electrooptic application.

under applied electric voltage. Displays
and light valves are promising applica-
tions. Figure 12-37 shows the phase dia-
gram of the (Pb, _.La,)(Zr,_,Ti), _,, O,
system and the corresponding possible ap-
plications.

The PLZT solid solution exhibits both
the Pockels’ and Kerr electrooptic effects,
depending on the composition. Some ex-
amples are shown in Fig. 12-38. The elec-
trooptic coefficients of the PLZT sys-
tem are much larger than the values in
conventional crystals such as LiNbO,
and (Sr,Ba)Nb,O, (SBN) (see Table 12-6),
which means that the voltage required for
the electrooptic shutter is much less in the
PLZT
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Figure 12-38. Polarization P and birefringence An as
a function of electric field E in PLZT ceramics.

12.5.2 Bulk Electrooptic Devices

PLZT eye glasses for stereo TV have
been fabricated using the light shutter
function (Kumada et al., 1977). Lenses con-
sist of a pair of optically isotropic PLZT
(9/65/35) discs sandwiched by two crossed
polarizers. When zero voltage is applied on
the electrode, the light will not be trans-
mitted. The transmitted light intensity in-

Table 12-6. Pockels’ (1st) and Kerr (2nd) electrooptic coefficients for various materials.

Materials r(x10"°m/V)
ist electrooptic coefficient , LiNbO, 0.17
Ba (Ko oNag ,)Nb,O, 4 0.52
KH,PO, 0.52
(Sto sBag ¢JNb,O4 2.10
PLZT 8/65/35 (GS = 10 um) 523
PLZT 8/65/35 (GS = 3 um) 6.12
R(x10"'*m¥/V})
2nd electrooptic coefficicat KTag ¢sNbg 350, 5.30
PLZT 9/65/35 (GS = 2 um) 9.12
PLZT 10/65/35 (GS = 2 um) 107
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creases with increasing applied voltage,
and reaches a maximum when the phase
difference (retardation) of 180° is induced
in the PLZT disc. The voltage required for
the maximum intensity is denoted as a
half-wavelength voltage.

The stereo TV image of an object is
taken by two video cameras corresponding
to the two eyes and the signal from each
camera is mixed alternately to make a
frame for the right- and left eyes. When
viewing, the right and left PLZT shutters
are triggered synchronously for each image
frame, resulting in a stereo image.

Recent progress with high-definition
TVs is remarkable, and several systems
have been proposed. One of the promising
devices is a projection-type TV utilizing
two-dimensional PLZT displays (Ohmura,
1989). Electrooptic characteristics in PLZT
ceramics are generally much superior in
response speed and contrast ratio to those
in liquid crystals. Moreover, the durability
of ceramics under strong light illumination
is excellent. However, the most significant
problems in PLZT devices, which have
prohibited their actual commercialization,
are the high driving voltage and the cost.
Therefore the development of a simple,
mass-production process and the design of
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Figure 12-39. Newly developed design of a 2-dimen-
sional display.

electrode configurations with a narrow gap
are the key factors for PLZT displays.

A recently developed design for a 2-di-
mensional display as shown in Fig. 12-39
presents a very bright image with no cross-
talk-related problems and is easy to pro-
duce. The fabrication process of the 2-di-
mensional PLZT light valve array is
outlined in Fig. 12-40. Wet-chemically pre-
pared (coprecipitated) PLZT 9/65/35 pow-
ders were mixed with organic solvent and
binder and formed into a green sheet. The
sheets were printed with electrodes and
then laminated and sintered in an atmo-
sphere with a controlled oxygen content. A
transmittance of 62% could be obtained
by atmosphere-controlled sintering, com-
paring well with a value of 63% for the
ideal sample prepared by hot-pressing. Fi-
nally, the external connecting electrodes
were applied to make vertical and horizon-
tal addressing possibie.

The construction of the PLZT color im-
age projector is shown in Fig. 12-41. Three
light fluxes, red, green and blue, are ob-
tained by separating light from a xenon
lamp with dichroic mirrors, and passing
cach through identical PLZT shutter.
Then, the fluxes are superimposed to make
a color image.

1253 Waveguide Modulators

Light waveguides can be fabricated by
depositing a high-refractive-index layer on
a substrate. The principle of the waveguide
is shown schematically in Fig. 12-42. Nb-
diffused LiNbO, single crystals are com-
monly used; Fig. 12-43a and 12-43b show
typical planar- and ridge-type electrooptic
waveguides (Kaminow, 1975). The trans-
mitted light intensity is easily modulated
by applying a relatively low voltage. Phase
modulation by 1 radian can be achieved by
applying a voltage of 0.3 V with power
consumption of several yW/MHz
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Figure 12-42. Diagrams of (a) slab and
(b) graded-index waveguides. The wave-
functions for the TE, and TE, modes
are shown in the refractive-index profiles.

12.6 Positive Temperature
Coefficient (PTC) Materials

12.6.1 The PTC Phenomenon

When barium titanate (BaTiO,) is doped
with a low concentration of lanthanide
ions (0.3 at.%) the ceramic becomes semi-

conductive with a resistivity in the range of

10-10% Q - cm. Moreover, the resistivity is

Figure 1243. Electrooptic waveguides. (a) Planar-type
and (b) ridge-type.

drastically increased by 3-S5 orders of
magnitude with increasing temperature
around the Curie point. This phenomenon
was discovered in 1954, and denoted as the
PTC (positive temperature coefficient of
resistivity) effect, since then it has been in-
vestigated intensively by many researchers
(Andrich, 1965; Heywang, 1964).

The PTC dopant is an ionic species with
a larger ionic valence such as La, Sm, Ce or
Gd, and replaces the Ba ions and Nb, Ta,
Bi in the Ti sites. Since the temperature at
which the resistivity anomaly occurs is
closely related with the Curie point, the
temperature coefficient can easily be de-
signed by choosing the solid solution on
the basis of BaTiO,. Fig. 12-44 shows
some varieties of the PTCR curves.

The theory for the PTC effect has not
been established completely. The most ac-
ceptable model is illustrated in Fig. 12-45,
which was initially proposed by H. Hey-
wang et al. (Heywang, 1964). When the two
semiconductive (n-type) ceramic particles
are in contact through a grain boundary,
an electron energy barrier (Schottky barrier)
1s generated and the barrier height is given
by the following equation:

¢ =€ N.2/(2 &g SNd) (12‘38)

N; is the concentration of donor atoms
and N, is the surface density of negatively
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Figure 12-44. Resistivity vs. temperature behavior of
PTCR BaTiO, ceramics. Modifiers and additive con-
centrations are indicated.

charged acceptors (here assumed to be
confined to the surface due to Ba vacan-
cies). Note that the permittivity & obeys the
Curie-Weiss law (Eq. (12-39)) above T,
and that the low resistance at T is thus
accounted for by the lowering of the poten-
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tial barrier due to the increase in permittiv-
ity as the temperature falls to T¢.

e=CAT - T,) (12-39)

Below T the permittivity falls, but the
spontaneous polarization appears and
controls the electron concentration to re-
duce the barrier height. This keeps the re-
sistivity in a rather low range.

12.6.2 PTC Thermistors

PTC thermistors are applicable not only
for temperature-change detection but also
for active current controllers. The thermis-
tor, when self-heated, causes a decrease in
the current owing to the drastic increase of
resistivity. Practical applications are found
in over-current/voltage protectors, starting
switches for motors and automatic demag-
netization circuits for color TVs.

“Ceramic heaters™ have also besn widely
commercialized in panel heaters, electronic
thermos bottles and hair dryers.

12.6.3 Grain Boundary Layer Capacitors

When a semiconductive BaTiO, ceramic
is oxidized to make a resistive surface layer.
it can be used as a high-capacitance con-
denser. The capacitance is adjustable in the
range of 0.4-0.5 pF/cm?.

Figure 12-45. Energy-level diagram near
a grain boundary of the PTCR BaTiO,.
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Figure 12-46. Model of the grain boundary layer
condensers.

A new type of grain boundary layer
(GBL) condensers has been developed by
using electrically resistive grain boundaries.
The model is illustrated in Fig. 12-46. (See
also Chap. 14 of this Volume for a more
detailed analysis of grain boundary semi-
conducting effects.) In practice, CeO, or
Bi,0; is coated on a semiconductive ce-
ramic and diffused into the grain bound-
aries by thermal treatment so as to make
the boundary layer highly-resistive. The re-
sistive grain boundary layers of 1 um
thickness are fully connected in the ceram-
ics with grains of 10 um in size. This type
exhibit excellent frequency characteristics
and can be used as wide-band pass con-
densers up to several GHz

12.7 Conclusions

We have described the fundamentals and
applications of ferroelectrics, including:
high-permittivity dielectrics
pyroelectric devices
piezoelectric devices
electrooptic devices
PTC materials
From a viewpoint of commercialization,
capacitor dielectrics account for most of

e ———————————————————————————

the sales at present, and piezoelectric vi-
brators such as buzzers and speakers hold
the second position. The sales concerned
with the other applications are negligibly
small.

What does the future hold for ferroelec-
tric devices? Ferroelectrics can be utilized
in various devices but until now have failed
to reach commercialization in most cases.
In the light sensor, for example, semicon-
ductive materials are superior to ferroclec-
trics in response speed and sensitivity.
Magnetic devices are much more popular
in the memory field, and liquid crystals are
typically used for optical displays. Fer-
roelectric devices often fail to be deveioped
in the cases where competitive materials
exist. Therefore, it can be said that fer-
roelectrics are strong candidates for appli-
cation only in those ficlds where no viable
alternative materials exists. It is the author’s
opinion that the following will be promis-
ing areas:

clectromechanical devices (piezoelectric ac-
tuators, uiltrasonic motors)

thin-film hybrid sensors (pyro-, pressure,
acceleration sensors)

electrooptic devices (light waveguides, thin-
film hybrid displays)

12.8 Appendix 1:
Tensor Representation

of Physical Properties
12.8.1 Tensor Representation

Let us first consider an example of ten-
sor conductivity. The conductivity is de-
fined so as to correlate an applied electric
field E and the induced current density j as
follows:

j=cE (A1)
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Since both the electric field and the cur-
rent density are first rank tensors (i.c., vec-
tor) quantities, the conductivity should
have a second rank tensor representation
(i.e., with two suflixes); this is described as

1 Oy 0y Oy E,
J2 =l 0n 03 o33 E; (A2)
3 031 O3 O3y E,

or

ji=§°’qu (A3)

A third-rank tensor is exemplified by
piezoelectric coefficients, providing a rela-
tion between the applied field and the in-
duced strain x:

x=dE (Ad)

Since the E and x are first-rank and sec-
ond-rank tensors, respectively, the d should
have a third-rank tensor form represented
as

Xjk = ; dij Eq (AS)

The d tensor is composed of three layers
of the symmetrical matrices.

dlll dllz dll3
istlayer (i=1) | d,5y dy2; dy33
d132 d133

dyss
dy12 dags
d2; dyy; ) (A6)
dy3z djss

dy12 dyys\
dyzz dya

4332 d333

d211
2nd layer (i = 2) { d,,,
331

d3ll
3rd layer (i = 3) | ds,,
d33,

Generally speaking, if two physical prop-

erties are represented using tensors of p--

rank and g-rank, the quantity which com-
bines the two properties in a linear relation
is also represented by a tensor of (p +.9)-
rank.

12.8.2 Crystal Symmetry and Tensor Form

When we measure a physical property
along two different directions, the two val-
ues measured must be equal if these two
directions are crystallographically equiva-
lent to each other. This consideration
sometimes reduces the number of the inde-
pendent tensor components representing
the above property.

Let us again take conductivity as an ex-
ample of a second-rank tensor. If the cur-
rent density j in an (x, y, z) coordinate sys-
tem is described in an (x', ', Z') system as j’,
jand j' are related using a unitary matrix '
as follows:

J1 a;; Gy; a3 J1
Jal=laa a2 ay )| jz (A7)
J3 a3, Q32 a3 Ja

The electric field is transformed in the same
way:

E) 8y @12 Qa3 E,
E; )=]a; a; aj E, (A8)
E; @3y Q33 Q33 E,

or

! A unitary matrix without an imaginary part has the
following relation:

-1
81, Gy 4y ay,; 8y ay,
@3, 83, Gy =\ a,; a; 4y
dy, Gy; Gy @13 @33 Gy

For centro-symmetry, the transformation matrix is
written as

-1 0 O
0-1 0
0 0-1

and for rotation about a principal axis,

cos® sin@ O
~sin® cos8 O
0 o 1
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Then, we can calculate the corresponding
o’ tensor defined by

. ,
N Ey
ja)=o| Es
@ ’
J3 E;
, ' ’
011 Oy 0y ay, Qay; Qa,;
’ ’ ’ -
021 032 O3 J=| 821 G2 Q433 ],
? ’ !
O3y 032 O3y Q3 Q32 Gy
Oy1 Oy2 Oj3)\ (411 G2 @y
*{ 021 022 Oa3 a,, 4, as;
O3y O3 033 ay3 Q33 Qa;;

(Al1)
(A12)

(A10)

g;; = .Z'auanau

When the crystal has a 2-fold axis along
the z-axis, the conductivity tensor should
have the same components for the trans-
formation of

-1 00
0-10
0O 01

From the condition

(au 0,2 a,,) (—1 0 0)
O3y O3 O3 |= 0-1 0}
O3y O33 O3, 0 0 1
("u O3 013)(—1 0 O) )
‘1 621 037 034 0 -1 0)(A13)
O3y 033 Oj, 0 0 1

we can induce the relations:
033 =0y3=03;=0,33=0

0‘1,022,033 *0 (A14)

C12 =02

It is very important to note that most of the
physical constants have a symmetric ten-
sor form (the proof involves thermody-
namical considerations and is beyond the
scope of this article).

As far as a third-rank tensor such as
piezoelectric tensor is concerned, the trans-
formation on change of the coordinate sys-
tem is represented as

;u = 'Z auajmandlm (A15)

When the crystal has a 4-fold axis along
the z-axis, the transformation matrix is
given by

010
-1 00
0 01

In consideration of the tensor symmetry
with m and n such as d,,; =d,,, and
d,,; = d,3, (each matrix of the ith layer of
the d tensor is symmetrical), we can obtain
the relations:

d:u =d222 =d,, =d121 = dzu
=d;y, =dy;=dyy = dy3,
=dy 3 =d;3 = d;az = dazs

=djy33=d3y; =dy;, =0

(A16)

dys3 +0
dyyy =d3;;
dyy3=dy3; =dy3=dy;;
dizy=d 33 = —dy 3= —dy3
ist layer
(0 0 du,)

0 0 dya3

dys; dyay 0
2nd layer

0 0 —d,2;

( 0 0 d,,,) (A17)

—dy33 dyyy O

" 3rd layer

dy,, 0 O
0 dy, 0
0 0 dj,
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12.8.3 Reduction of the Tensor
(Matrix Notation)

A general third-rank tensor has 3° = 27
independent components. Since d,; is
symmetrical in j and k some of the coeffi-
cients can be eliminated, leaving 18 inde-
pendent d, ;,; it also facilitates the use of
the matrix notation.

So far all the equations have been devel-
oped in full tensor notation. But when cal-
culating actual properties, it is advanta-
geous to reduce the number of suffixes as
much as possible. This is done by defining
new symbols, for instance, d,; =d,,, and
d, = 2d,,5: The second and third suffixes
in the full tensor notation are replaced by
a single suffix 1 to 6 in matrix notation, as
follows:

tensor

notation 11 22 33 23,32 31,13 1221
matrix

notation 1 2 3 4 5 6

In terms of these new symbols the array
(A 6) is rewritten as:

(A18)

The last two suffixes in the tensor notation
correspond to those of the strain compo-
nents; therefore, for consistency, we make

the following change in the notation for the
strain components (A19)

Xy Xp2 X3y Xy Jz'xs %x,
1

X12 X322 X3 )| 3%Xe X2 3X4
1 1

X311 X23 X33 3Xs 3Xe Xy

The reason for the 1 s in the substitution
(A 19) is due to the cancellation with is in
(A 18). Then, we have (A 20)

x1=ZdijEi (i=1,2.3;j=1'2,---,6)

or

X3 dy; dy;, dy, E,
X3l diy dy; djy, (Ez) (A21)

E,

Lx° dis dis dse

Concerning the stress components, the {s
are unnecessary. (A22)

Xu X X, X, X¢ X;
X2 X2 X )l X X, X,
X X5 X;, Xs X, X,

The matrix notation has the advantage
of compactness over the tensor notation,
and it makes it easy to display the coeffi-
cients on a plane diagram. However, it
must be remembered that in spite of their
form, the d;;s do not transform like the
components of a second-rank tensor.

An example of a piezoelectric matrix for
the point group 4 is written as

0 0 0 dy dys O
0 0 0 dy —dy 0) (A}
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12.9 Appendix 2:
Phenomenology of Ferroelectricity

12.9.1 Landsau Theory
of the Phase Transition

A thermodynamical theory explaining
the behavior of a ferroelectric crystal can
be obtained by considering the form of the
expansion of the energy as a function of the
polarization P. We assume that the
Landau free energy F in one dimension

should be represented formally as:
(A24)

F(P,T)=3aP?+ipP* + Ly Po + ...

The coefficients «, B, y depend on the tem-
perature in general. Note that the series
does not contain terms in odd powers of P
because the free energy of the crystal will
not change by the polarization reversal
(P — — P). The phenomenological formu-
lation should be applied for all the temper-
ature range through paraelectric and fer-
roelectric states.

The equilibrium polarization in an elec-
tric field E satisfies:
%;=E=«P+BP3+)!P’
To obtain the ferroelectric state, the coefli-
cient of the term in P2 must be negative, in
which the polarized state is stable, while in
a paraelectric state it must be positive pass-
ing through zero at some temperature T,
(Curie-Weiss temperature):

a = (T = To)/leo - C) (A26)

C is taken as a positive constant and T, is
equal to or lower than the actual transition
temperature T¢ (Curie temperature). The
variation of a with temperature is ex-
plained microscopically by thermal expan-
sion and other effects of anharmonic lattice
interactions.

(A25)

12.9.1.1 Second-Order Transition

When f is positive, the y is often ne-
glected because nothing special is added by
this term. The polarization for zero applied
field (A 27) is obtained from (A 25) so that
cither P =0 or P2 = (T, — T)/(B &, C).

T—To
& C

P+BP*=0 (A27)
For T > T,, the unique solution P = Q is

obtained. For T < T, the minimum of the

Landau free energy is obtained at:

P =/(T, - T)/(Be, C) (A28)

The phase transition occurs at T, = T;, and
the polarization goes continuously to zero
at this temperature; this is called a second-
order transition.

Relative permittivity ¢ is calculated as:

1/e = £o/(OP/OE) =¢ey(a + 3PP (A29)
* Then,
_JCAT-T) (T>To)
°- {C/IZ(To -1 (< AP

Figure 12-A1 shows the variations of P
and ¢ with temperature. It is notable that
the permittivity becomes infinite at the
transition temperature. Triglycine sulphate
is an example exhibiting the second-order
transition.

12.9.1.2 First-Order Transition

When B is negative in Eq. (A24) and y is
taken positive, the transition becomes first
order. The equilibrium condition for E=0
(A 31) leads to either P =0 or (A 32).
(T-Ty)

—_— P2+yP’=0
8oc Pl+ﬂ! +YO

4(T-Ty)
S RN e

(A32)

(A31)
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Figure 12-A 1. Second-order transition in a ferroelec-
tric.

The transition temperature T is obtained
from the condition that the free energies of
the paraelectric and ferroelectric phases
are equal: ie., F =0, or:

T-To

1 1
P +iﬁﬂz+3ylz‘—0 (A33)
Therefore:
3
Te=To+ 32626 Ch) (A34)

Note that the Curie Temperature T is
slightly higher than the Curie—Weiss tem-
perature T,, and that the discrete jump of
the P, appears at T.. Also, the permittivity
exhibits a finite maximum at T, for a
first-order transition (Fig. 12-A 2). Barium
titanate is a good example.

12.9.2 Phenomenology of Electrostriction
Let us assume that the elastic Gibbs en-
ergy should be expanded in a one-dimen-
sional form: (A35)
G,(P.X,T)=LaP? +ipP* +1yP° -
~4sX2- QP X, [a= (T~ To)(e, C))

P, X, T are polarization, stress and temper-
. ature, respectively, and s and Q are called

Figure 12-A 2. First-order transition in a ferroelec-
tric.

the elastic compliance and the electrostric-
tive coefficient. Note that the piezoelectric
coupling term P X is omitted and the elec-
trostrictive coupling term P2 X is intro-
duced when the paraelectric phase has cen-
trosymmetry (non-piezoelectric). This leads
to Eq. (A 36) and (A 37).

E=(0G,/0P)=aP+ P> +yP° -
-20PX (A 36)
x=—(0G,/0X)=sX + QP2 (A37)

129.2.1 Casel: X=0

When an external stress is zero, the fol-
lowing equations are derived:

E=aP+pP+yP° (A38)
x=QP (A39)
1/ege=a+3BP2+5yP* (A 40)

If the external electric field is equal to zero
(E = 0), two different states are derived;
P=0and P> =(/p*—-4ay— P2y

(1) Paraeclectric phase: R =0 or P=¢,cE
(under small E)

Permittivity:

e = C/(T — Ty) (Curie~Weiss law) (A41)
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Electrostriction:

x=Q¢le? E? (A42)
(I1) Ferroelectric phase:
P=(/p*~4ay-P)/2y)or P=PR+eocE
(under small E)

x=QR+eeE)=QR +
+26)cQPE+ Qeie? E? (A43)

Spontaneous strain:

x, = QR? (Ad4)

Piezoelectric constant:

d=2¢yeQP (A45)

Piezoelectricity is equivalent to the elec-
trostrictive phenomenon biased by the
spontaneous polarization. Temperature
dependence of the spontaneous strain and

the piezoelectric constant is plotted in
Fig. 12-A3.

Tc Temperature
(Curle Temp.)

Figure 12-A 3. Temperature dependence of sponta-
neous strain and piezoelectric constant.

129.22 CaselIl: X % 0

When a hydrostatic pressure p (X = — p)
is applied, the inverse permittivity is

Therefore, the pressure dependence of the
Curie- Weiss temperature T, or the transi-
tion temperature T is derived as follows:

(0To/0p) = (0T/Op) = —2Q¢, C  (A48)

In general, the ferroelectric Curie tempera-
ture is decreased with increasing hydro-
static pressure.
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Smart, Very Smart,
and Intelligent
Materials

Robert E. Newnham, Guest Editor

——

One of the qualities that distinguishes
living systems from inanimate matter is
the ability to adapt to changes in the envi-
ronment. Smart materials have the ability to
perfornt both sensing and actuating func-
tions and are, therefore, capable of imitat-
ing this rudimentary aspect of life. Poled
piezoelectric ceramics, for instance, are ca-
pable of acting as both sensor and actu-
ator. External forces are detected through
the direct piezoelectric effect, and a re-
sponse is elicited through the converse
piezoelectric effect, in which a voltage of
suitable phase, frequency, and amplitude
is applied to the same ceramic.

In this special issue, emphasis is placed
on actuators, with articles on piezoelec-
tric, electrostrictive, magnetostrictive, and
shape memory materials. This is not to say
that sensor materials are any less impor-
tant; it is simply a matter of space. i
fiber semc;r‘s?' chemical sensors, thermis-
tors, micromachined semiconductors, and
other smart materials deserve special is-
sues of their own.

Smart materials can be conveniently
subdivided into passively smart materials
that respond to external change without
assistance, and actively smart materials
that utilize a feedback loop enahling them
to buth recognize the change and initiate
an appropriate response through an ac-
tuator circuit.

Zinc oxide varistors are passively smart
materials capable of self-protection against
high voltage breakdown. When struck by
lightning, the ceramic varistor loses most
of its electrical resistance, and the current
is bypassed to ground. The resistance
change is reversible, and acts as a standby

Varistors abo have
a self-repair mechanism through which
the highly nonlinear IV relationship can
be restored by repeated voltage pulses.

Actively smart materials include
vibration-damping systems for outer-space
platforms and electrically-controlled auto-

mobile suspension systems. Piezoelectric
video tape head positioners operate on a
similar principle. The positioners contain
a bilaminate bender made from tape-cast
PZT ceramic with a segmented electrode
pattern dividing the sensing and actuat-
ing functions of the positioner. Signals ap-
pearing across the sensing electrode are
analyzed and processed in the feedback
circuit, resulting in a voltage across the
positioning electrodes. This causes the
cantilevered bimorph to bend, following
the video tape track path.

These two examples illustrate how
smart materials operate. Both sensing and
actuating functions are involved in their
performance-but are they really smart?
Webster's Dictionary gives several defini-
tions for the word “smart,” including
“alert, clever, capable,” “stylish,” and “to
feel mental distress or irritation.” All three
definitions are a iate for the cur-
rently fashionable subject “smart mate-
rials.” are” " but are, in some
cases, “clever,” it does cause some of
us “mental distress” to think that a ceramic
might somehow possess intelligence, even
in form.

How smart is “smart?” There are many
words in the English language denoting
various levels of intelligence. ing at
the bottom, an intelligence scale might
look like this: stupid - ignorant - trivial -
sensible - smart - clever - intelligent - wise.
Many modern-day materials have ‘l;een
cleverly desi to perform useful func-
timsandwep:l:,itmtous,mmed
in calling them “"smart.” They are decid-
edly better than “sensible” materials, but
calling them “intelligent” seems rather

and self-serving.

A number of research groups are looking
for ways to raise the level of "intelligence”
in materials by integrating the sensing and
actuating functions with information pro-
cessing systems, memories and learning
mechanisms, power suppties, and various

forms of self-protection. In a crude way,
these materials mimic the brain, metabo-
lism, and protective reflex reactions of the
human body that augment muscle motion
and the five senses.

Materials with a built-in learning func-
tion are smarter than those without. A
very smart material senses a change in the
environment and resporuls by altering one
or more of its property coefficients. In this
way, it can tune its sensing and actuating
capabilities in time or space to optimize
behavior. With the help of a feedback
system, a very smart material becomes
smarter with age. The distinction between
smart and very smart materials is essen.
tially one between linear and nonlinear
properties. The physical properties of
nonlinear materials can be adjusted by bias
fields or forces to control response.

The tunable transducer developed in
our laboratory illustrates the concept of a
very smart material. Two of the important
properties of the ultrasonic transducers
used in biomedical scanners and in nonde-
structive testing are the resonant f
and the electromechanical coupling coeffi-
cient. The resonant frequency is controlled
by the elastic constants of the transducer,
and the electromechanical coupling coeffi-
cient by its piezoelectric constants. Tun-
able transducers are made by sandwiching
together two highly nonlinear materials:
rubber and relaxor ferroelectric ceramics.
Rubber, like most elastomers, is elastically
nonlinear. In its unstressed compliant state,
the molecules are coiled and tangled, but
under stress, the molecules align and the
material stiffens noticeably. Relaxor fer-
roelectrics, such as lead magnesium nio-
bate, are electrically nonlinear, and exhibit
huge electrostriction effects. Under elec-
tric bias, the piezoelectric coefficient in-
creases dramatically from zero to a value
far higher tha:» lead zirconate titanate.
Both the resonaat frequency and electro-
mechanical coupling coefficient can be
tuned when electric fields and mechanical
stress are applied simultaneously.

Integration and miniaturization of elec-
troceramic sensors and actuators is an
ongoing process in the automotive and
consumer electronics areas. Today's mid-
range vehicles have about 50 sensors and
actuators, and even more sophisticated
functional materials are under develop-
ment for exhaust gas monitoring, active
suspensions, and integrated traffic guid-
ance syst;rxn\“s. Multilayer packages con-
taining si processing layers made up
of low-permittivity dielectrics and printed
metal interconnections are in widespread

ion. Further i 1on with imbed-
ded resistors and capacitors is under devel-
opment and it seems likely that intelligent
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svstems will make use of this processing
technology. Tape casting and screen print-
ing are the processes used most often, and
varistors, chemical sensors, thermistors,
and piezoelectric transducers can all be
fabricated in this way, opening up the pos-
sibility of multicomponent multifunction
ceramics with both sensor and actuator
capabilities. Silicon chips can be mounted

on these multifunctional packages to pro-
vide all or part of the control network.
The next logical step is to combine the
sensor and actuator functions with the
control system. This can be done by de-
positing electroceramic coatings on inte-
grated circuit silicon chips—currently an
active area for materials research. In the
near future, when the information pro-

cessing system, feedback circuitry, and
power supply are integrated with the sen-
sors and actuators, we will then perhaps
be justified in calling our materials intclli-
gent. The next goal will be to develop wise
materials, that make the correct moral
decision! 8]
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SIZE EFFECTS AND NONLINEAR PHENOMENA
IN FERROIC CERAMICS

R E. Newnham, Materials Research Laboratory, Pennsylvania State University,
University Park, PA 16802, USA

ABSTRACT :

Recent developments in the field of electroceramic nanocomposites are
described, placing particular emphasis on the role of the ferroic materials now
utilized as soft ferrite transformers, barlum titanate multilayer capacitors, toughened
zirconia engine parts, lead zirconate-titanate transducers, and doped barium titanate
PTC thermistors. The effect of nano-scale on both the material property coeflicients
of these systems and on their phase transitions is also discussed.

The concept of a fully tunable transducer is developed as an example of a
nonlinear material whose sensing and actuating functions can be tuned to optimize
behavior. By constructing the composite transducer from an elastically nonlinear
material (rubber) and an electrically nonlinear material (relaxor ferroelectric), most
of its key properties can be adjusted over wide ranges by applytng DC bias fields or
mechanical prestress. These properties include resonant frequency, acoustic and
electric impedance, damping factors, and electromechanical coupling coeficients.

The origins of nonlinear properties are considered briefly using electrostriction
as an example. The nonlinearitics often involve phase transformations and size-
dependent phenomena on the nanometer scale.

INTRODUCTION

Ferroic crystals have movable domain walls which tmpart useful properties to a
number of electroceramic materials. The properties of these materials are usually
largest near the phase transformation temperature where the ferroic domatin structure
is destabllized as the crystalline structure alters to a high-temperature, high-
symmetry form. It is for this reason that the dielectric permittivity of ferroelectric
capacitors is the largest near the Curte temperature, and the magnetic susceptibility of
ferrite transformers peaks near Te. PTC thermistors and toughened zirconia engine
parts also exhibit ferroic behavior (Table 1),




Table 1: Primary and Secondary Ferroic Crystals (1)

Ferromagnetism Iron (Fe)

Ferroelectricity Barium Titanate (BaTiO3)
Ferroelasticity Zirconia (ZrOg)
Ferroelastoelectricity Ammonium Chloride (NH¢CI)
Ferromagnetoelectricity Chromium Oxide (Cra0O3)
Ferromagnetoelasticity lron Carbonate (FeCO3)
Ferrobielasticity Quartz (S103)
Ferrobimagnetism Nickel Oxide (N1O)
Ferrobielectricity Strontium Titanate (SrTiO3)

Ferroelastic solids have domains which differ in spontaneous strain. The domain
walls separating these domains can be shifted with mechanical stress, leading to
hysteresis between stress and strain. Analogous behavior between the polarization
and the electric field is observed in ferroelectric crystals, and between magnetization
and magnetic field in ferromagnetic materials.

In addition to the three types of primary ferroics. there are stx types of
secondaries which also have movable domain walls. Some, like ferromagnetoelectric
chromium oxide, require that two fields (E and H) be applied simultaneously, while
others such as ferrobielastic quartz, are higher order primary effects in which the
energy difference between domain states is proportional to the square of the applied
stress.

PARTICLE SIZE EFFECTS

It is anticipated that many ferroic materials undergo changes in the phase
transformations as the particle size is reduced. While ferromagnetic materials are
stil] by far the best studied, new experimental evidence is accumulating that small
ferroelastic, ferroelectric and secondary ferroic particles will show simflar behavior.

When prepared as large grain size ceramics (typically microns or larger),
ferroelectric and ferromagnetic oxides exhibit complex domain structures, often with
several different types of domain walls. As the grain size is reduced, however, the
surface area grows in comparison with volume and & becomes increasingly difficult to
recover the wall energy from the volume term. Consequently, the number of domains
decreases as first one and then the other types of walls are eliminated. The transition
from polydomain to single domain behavior is well-documented in a number of
ferromagnets, occurring near 30 nm for many spherical metallic particles. For
example, pure fron suspended in mercury shows a critical size for conversion to stngle
domain behavior at ~23 nm and Feg 4Coo.¢ & critical size of ~28 nm (2). This is in good
agreement with calculstions by Kittel, who suggested a 20 nm minimum size for the
appearance of ferromagnetism in particles (3). Results for acicular agglomerates of y-
Feg03 particles separated by non-magnetic grain boundaries are also consistent with
these estimates; Berkowitz et al. (4) report that the stable single domain range at room

is centered at ~40 nm.

Studies on BaTiO3 ceramics (which contain ferroelectric 180° walls and 90° walls
which are both ferroelectric and ferroelastic) also show fewer 90° domatus in small-
grained than are observed for large grain sizes (5-7). An intermediate
centered at & grain size of 0.7 mm, with an increased density of small 90° domains has
2lso been reported by Arit et al. (8.9). Explanation for the changes in the equilibrium
number of domains as a function of gratn size (and in particular the effect of this on




A e b i

the dielectric properties) is complicated by the fact that in a ceramic where individual
grains do not possess cubic symmetry, each grain is subjected to a complex set of
stresses which arise when the body is cooled through the transition temperature after
firing (7). Because 90° walls are ferroelastic as well as ferroelectric, large stresses
should be expected to greatly affect the number and type of domains.

For free BaTiO3 powders, however, the boundary conditions on each particle are
much simpler than those existing in a ceramic. Consequently, the changes in
properties as the particle size is decreased are expected to follow the magnetic analog
more closely. As far as we are aware, however, critical sizes for the disappearance of
90° domains and the transition to single domain in unconstrained ferroelectric
powders have not been reported in the literature.

At still smaller sizes, ferroic particies undergo a phase change to the high
temperature symmetry group and sometimes show the enhanced responsiveness
characteristic of a superparamagnetic, superparaelectric, or superparaelastic solid.
For example, fron exhibits superparamagnetic behavior at particle sizes near 7 nm,
(2), yFeq0s at about 30 nm (4) and BaFe2.2xTixCoxO) g at 15 - 35 nm depending on the
stoichiometry and the degree of particle shape anisotropy (10). This state is
characterized by a zero net magnetization, the disappearance of a magnetic hysteresis
Joop, and extremely high magnetic susceptibilities. These properties can be explained
by assuming that the sample behaves as an unmagnetized but highly orientable single
domain. Fine particle magnets are used in high frequency transformers where eddy
current losses are a problem. ,

Although the transitions from polydomain to 180° domains and thence to single
domain are not well documented for ferroelectrics, an electric analog to
superparamagnetism may be found in the family of relaxor ferroelectrics (11).
Compositions tncluding many of the A(B'} /2.B"1/2)0s and A(B'a2/3.8"1 /)O3 perovakites
exhibit microdomains (typically 20 - in size) of 1:1 ordering on the P sublattice
dispersed in a disordered matrix (12,13). It has been suggested that as & r~ ilt of this
local nonstoichiometry the spontaneous polarization in these materials is also
disordered on a very fine scale (14). Thus a lead magnesium niobate ceramic can be
regarded as a collection of disordered, but highly orientable, dipoles. The result, much
like the case of superparamagnetism, is a high dielectric permittivity over a broad
temperature range even though the net spontaneous polarization is zero.

Once the ordered microdomains fn a relaxor grow beyond & certain size, however,
the material reverts to ordinary ferroelectric (or antiferroelectric) behavior with a
well defined transition temperature and a non-dispersive dielectric response. For lead
indium niobate the critical domain size at which antiferroelectric ordering appears is
80 nm (12). This size may also serve as a guideline for the dimension at which a

ferroelectric particle might be expected to show superparaelectric behavior.

As yet, direct observations of superparaelectric behavior in particulate
ferroelectrics has not been documented. Recently, however, many investigators have
attempted to determine the critical size for reversion to the high temperature
prototype symmetsy. Their resuilts indicate that unconstrained BaTiOs particles show
the transition to cubic at room temperature near 12004 (15,16) whereas PbTIOs is
stable in the tetragonal form to ~20 nm (17-18). However, it should be noted that & is
possible to shift the observed critical size with changes in the preparation. Residual
strain in particular has been shown to drastically aflect the properties of BaTiOg (19,
20). Thus #t is not surprising that milled BaTiO3 powders with an average radius of ~10
nm have been shown to possess permanent dipole moments (21).

Sacgusa et al. examined the solid solution between BaTiO3 and PbTIOs to
determine the critical size for stabilization of the cubic phase at room temperature as a
function of composition. Assuming that crystallinity and stoichiometry were

" maintained for the smallest sizes, their data suggests that the critical size is not a

linear function of composition. Thus, at a 1:1 Ba:T! ratio, the ferroelectric phase was
stable at least to 40 nm (16). It would be tremendously interesting to follow the
magnitude of the polarization as a functi i of temperature in such powders to see how




its magnitude is affected by the particle size. As rescarch of this type is pursued., it may
be possible that a transition to superparaelectric behavior will be observed at stll
smaller sizes,

We are not aware of any reports in the literature on superparaclasticity in
ceramic compositions. However, this fleld is potentially interesting as it holds the
promise of imparting large elastic compliance to ceramics and other brittle materials.

Because ferromagnetism is a cooperative phenomenon, ft s intuitively appealing
to suppose that the system will be forced to revert to paramagnetic at some size at
which there are simply too few atoms to sustain the cooperative interactions. Thus, at
still smaller sizes, approaching atomic dimensions, superparamagnetism reverts to
ordinary paramagnetism in which the magnetic susceptibility follows a Curie law
with temperature. Analogous behavior is not documented for ferroelectric or
ferroelastic solids.

In summary, then, we expect four regions in the size dependence of ferroic
properties (Fig. 1). In large crystallites, multidomain effects accompanied by
hysterests take place. Reductions in size lead to single domain particles, and at yet
smaller sizes to destabliized ferroics with large property coefficients, and finally to
normal behavior as the particle size approaches the atomic acale. Similar transitions
with size are expected in secondary ferroics.
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Figure 1. Transitions in ferroic behavior as a function of size

SMART AND VERY SMART MATERIALS

Much of the recent interest in nanoscale size effects stems from the destre to
build "smart materials" for intelligent systems, utilizing nonlinear physical
phenomena. The words “smart materials® have different meanings for different
people, and can be smart in efther a passive sense or an active sense.
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Ceramic varistors and PTC (22) are passively smart materials.
When struck by lightning or otherwise subjected to high voitage, a zinc oxide varistor
loses its electrical resistance and the current fs bypassed to ground. The resistance
change is reversible and acts as a stand-by protection phenomenon. Barium titanate




PTC thermistors show a large increase in electrical resistance at the ferroelectric
phase transformation near 130°C. The jump in resistance enables the thermistor to
arvest current surges. again acting as a protection element. The R{V) behavior of the
varistor and the R(T) behavior of the PTC thermistor are both highly nonlinear effects
which act as standby protection phenomena. and make the ceramics smart tn a
passive mode.

A smart ceramic can also be defined with reference to sensing and actuating
funcuom in analogy to the humnbodv uman.cmm&xnm.uhmmm

aemot and an acuutor Bumpleo lnclude vibrauon damping ayltum for space
structures and energy-saving windows for homes and factories. The new
electronically-controlled automobile suspension systems using piezoelectric cennnc
sensors and actuators constitutes an actively smart material.
Bybuﬂdln(lnaleamlngtunctbn.thedeﬂnlﬁoncanbemendedtolhw

tmmmammmmmmnsmumemdmtoopummbehm The
distinction between smart and very smart materials is essentially ane between linear
and nonlinear properties. The physical properties of nonlinear materials can be
adjusted by bias fields or forces to control response.

TUNABLE TRANSDUCER

To {llustrate the concept of a very smart material, we describe the tunable
transducer recently developed in our laboratory (24). Electromechanical transducers
are used as fish finders, gas igniters, ink jets, micropositioners, biomedical scanners,

transformers and fiiters, accelerometers, and motors.

Four important properties of a transducer are the resonant frequency f, the
acoustic impedance Z, the mechanical damping coeflicient Q. the electromechanical
coupling factor k, and the electrical impedance Zg. The resonant frequency and
acoustic impedance are controlled by the elastic constants and density, as discussed tn
the next section. The mechanical Q is governed by the damping coefficient and is
tmportant because it controls “ringing” in the transducer. Electromechanical coupling
coeflicients are controlled by the piezoclectric coefficient which, in turn, can be
controlled and fine-tuned using relaxor ferroelectrics with large electrostrictive
effects. The dielectric "constant” of relaxor ferroelectrics depends markedly on DC
bias fields, allowing the electrical impedance to be tuned over a wide range as well. In
the following sections we describe the nature of nonlinearity and how it controls the
properties of a tunable transducer.

-

ELASTIC NONLINEARITY: TUNING THE RESONANT FREQUENCY
Informstion s transmitted on electromagnetic waves in two ways: ampilitude
modulation (AM) and frequency modulation (FM). There are a number of advantages
to FM signal processing, especially where lower noise levels are tmportant.
to-noise ratios are also important in the ultrasonic systems used tn
biomedical and nondestructive testing systems, but FM-modulation is difficult
mmwmmmbymmmmwm
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Neither c, t, or the density p can be tuned significantly in most materials, but rubber is
an exception. To tune the resonant frequency of a piezoelectric tranasducer, we have
wmm:m«nemmdmmmmmmm




Rubber s a highly nonlinear elastic medium. In the unstreased compliant state,
the molecules are cotled and tangled. but under stress the molecules align and the
material stiffens noticeably. Experiments carried out on rubber-metal laminates
demonstrate the size of the nonlinearity. Young's modulus (E = 1/81111) was measured
for a multilayer laminate consisting of alternating steel shim and soft rubber layers
each 0.1 mm thick. Under compressive stresses of 200 MN/m?, the stiffness is
quadrupled from about 600 to 2400 MN/m2. The resonant frequency f is therefore
double, and can be modulated by applied stress (28).

Rubber, like most elastomers, is not piezoelectric. To take advantage of the
clastic nonlinearity, it is therefore necessary to construct a composite transducer
consisting of a plezoelectric ceramic (PZT) transducer, thin rubber layers, and metal
head and tail masses, all held together by a stress bolt.

The resonant frequency and mechanical Q of such a triple sandwich structure
was measured as a function of stress bias. Stresses ranged from 20 to 100 MPa in the
experiments. Under these conditions the radial resonant frequency changed from 19
to 37 kHz, approximately doubling in frequency as predicted from the elastic

. At the same time the mechanical Q increases fiuen about 11 to 34 as the
rubber stiffens under stress (25).

The changes in resonance and Q can be modeled with an equivalent circuit in
which the compliance of the thin, rubber layers are represented as capacitors coupling
together the larger masses (represented as inductors) of the PZT transducer and the
metal head and tafl masses. Under low stress bias, the rubber is very compliant and
effectively isolates the PZT transducer from the head and taill masses. At very high
stress, the rubber stiffens and tightly couples the metal end pieces to the resonating
PZT ceramic. For intermediate stresses the rubber acts as an impedance transformer
giving parallel resonance of the PZT - rubber - metal -radiation load.

It is interesting to compare the change in frequency of the tunable transducer
with the transceiver systems used in the biological world. The bicsonar system of the
flying bat is similar in frequency and tunability to our tunable transducer. The bat
emits chirps at 30 kHz and listens for the return signal to locate flying tnsects. To help
it differentiate the return signal from the outgoing chirp, and to help in timing the
echo, the bat puts an FM signature on the pulse. This causes the resonant frequency to
decrease from 30 to 20 kHz near the end of each chirp. Retumn signals from the tnsect
target are detected in the ears of the bat where neural cavities tuned to this frequency
range measure the time delay and flutter needed to locate and identify ts prey.
Extension of the bat bicsonar principle to automotive, industrial, medical and
entertainment systems is readily apperent.

PIEZOELECTRIC NONLINEARITY: TUNING THE ELECTROMECHANICAL COUPLING
COEFFICIENT

The difference between a smart and a very smart material can be fllustrated with
plezoelectric and eclectrostrictive ceramics. PZT (lead szirconste titanate) io a
plesoelectric ceramic in which the ferroelectric domains are aligned in a poling field.
Strain is linearly proportional to electric field in a piezoelectric material which
means that the piezoelectric coefficient is a constant and cannot be electrically tuned
with a bias field. Nevertheless it is a smart material because it can be used both as a
sensor and an actuator.

PMN (lead magnestum niobate) is not piezoelectric at room temperature because
its Curie temperature lies near O’C. Because of the proximity of the ferroelectric phase
transformation, and because of its diffuse nature, PMN ceramics exhibit very large
electrostrictive effects. The nature of this large nonlinear relationship between strain
and electric field, and of its underlying atomistic origin, has already been discuseed tn
terms of & nancscale ordering phenomenon (26).

Electromechanical strains comparable to PZT can be obtained with
electrostrictive ceramics like PMN, and without the troubling hysteretic behavior




shown by PZT under high ficlds. The nonlinear relation between strain and electric
field tn electrostrictive transducers can be used to tune the piezoelectric coeflicient and
the dielectric constant.

The piezoelectric 433 coefficient ts the slope of the strain-electric fleld curve
when strain is measured in the same direction as the applied field. Its value for Pb
(Mgo.3Nb0.6T10.1) O3 ceramics is zero at zero field and increases to a maximum value
of 1300 pC/N {about twice as large as PZT) under a bias field of 3.7 kV/cm (27).

This means that the electromechanical coupling coefficient can be tuned over a
very wide range, changing the transducer from inactive to extremely active. The
dielectric constant also depends on DC bias. The polarization saturates under high
fields causing decreases of 100% or more tn the capacitance. In this way the electrical
tmpedance can be controlled as well.

ORIGINS OF NONLINEARITY

What do nonlincar materials have in common? The passively-smart PTC
thermistor and ZnO varistor described earlier have grain boundaries a few nm thick.
These insulating barriers that can be obliterated by the polarization charge
accompanying a ferroelectric phase transformation, or, in the case of the varistor, the
insulating boundaries 8o thin they can be penetrated by quantum mechanical
tunneling.

Small size is also key factor in the nonlinear behavior of semiconductors. The
thin gate region in a transistor allows charge carriers to diffuse unimpeded.
The p-region in an n-p-n transistor is thin compared to the diffusion length in single
crystal silicon. Stmilar size-related phenomena are observed in quantum well
structures made from GaAs and Ga}.xAlyAs. Planar structures with nm-thick layers
show channeling behavior of hot electrons in clear viclation of Ohm's law. Current -
voltage relationships are highly nonlinear in many submicron semiconductor
structures. Ohm's law is a statistical law which relies upon the assumption that the
charge carriers make a sufficiently large number of collisions to enable them to reach
a terminal velocity characteristic of the material. When the size of the conduction
path is sufficiently small, comapared to the mean free path between collisions, the
statistical assumption breaks down, and Ohm's law is violated.

Nonlinear behavior is also obeerved in thin film insulators where even a modest
voltage of 1-10 volts can result in huge electric fields of 100 MV/m or more. This
means that thin film dielectrics experience a far larger field than do normal
msulators, and causing the polarization to saturate and electric permitivity to decline.
Because of the high fields, electric breakdown becomes a greater hazard, but this is
partly counteracted by an increase in breakdown strength with decreasing thickness.
This comes about because the electrode equipotential surfaces on a thin fikm dielectric
are extremely close together, thereby eliminating the asperities that lead to field
concentration and breakdown.

The influence of nanometer-acale domains on the properties of relaxor
ferroelectrics has already been made plain. Here the critical size parameter is the size
of the polariaation fluctuations artsing from thermal motions near the broad
ferroelectric phase transformation tn PMN and similar axides. The ordering of Mg
and Nb ions tn the octahedral site of the PMN structure results in a chemically

large clectric permittivities and large electrostrictive effects found in relaxor
ferroelectrics.

The tmportance of nanometer-scale fluctuations and the instabilities associated
with phase transformations is also apparent in the nonlinear elasticity of rubber and
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other polymeric materials. The thermally-assisted movement of the randomly
oriented polymer chains under tensional stress results in large compliance
coeflicients, but rubber gradually stiffens as the chains align with the stress into
pseudo-crystalline regions. The increase in stiffiness with stress gives rise to sizeable
third order elastic constants in many amorphous polymers. The effect depends
markedly on temperature. On cooling, to lower temperatures rubber and other
amorphous polymers transform from a compliant rubber-like material to a brittle
glass-like phase which s of little use in noniinear devices.

Nonlinear behavior is also observed in magnetic and optical systems.
Superparamagnetic behavior. analogous to the superparaelectric behavior of relaxor
ferroelectrics, is found in spin glasses, fine powder magnets. and magnetic cluster
materials. As in PMN, the magnetic dipoles are strongly coupled to one another in
nanometer-size complexes, but are not strongly coupled to the lattice.
Superparamagnetic solids display nonlinear magnetic susceptibilitics and unusual
"AE” effects in which Young's modulus E can be controlled by magnetic field. The effect
is especially large in metallic glasses made from Fe-Si-B-C alloys. The cluster size in
spin glasees is in the nanometer range like those in PMN. -

Lead lanthanum zirconate titanate (PLZT) perovskites can be prepared as
transparent ceramics for electrooptic modulators. Quadratic nonlinear optic
behavior are observed in pseudocubic regions of the phase diagram which show
relaxor-like properties.

In summary, the nonlinear properties of materials are often associated with
nanometer-scale structure and diffuse phase transformations. Under these
circumstances the structure is poised on the verge of an instablity and responds
readily to external influences such as electric or magnetic fields, or mechanical stress.

The ready response of nonlinear ceramics allows the properties to be tuned in
space or time to optimize the behavior of the sensor-actuator systems referred to by
some as “very smart ceramics.”
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RELAXOR FERROELECTRICS: USEFUL ELECTRONIC NANOCOMPOSITE
STRUCTURES

L. ERIC CROSS
Materials Research Laboratory, The Pennsylvania State University, University Park, PA
16802-4800 USA.

Abstract The paper will discuss the current status of understanding of the ferroelectric
relaxors which are a sub group of the larger family of ferroelectrics with diffuse phase
transitions. In the lead magnesium niobate (PMN) and lead scandium tantalate (PST)
systems limited B site cation ordering appears to break the long range translational
symmetry giving rise to the glass like behavior associated with the freeze out of polar
fluctuations. In PMN and PST of major interest is the extent to which the spin glass
models can describe the full range of elasto dielectric properties.

In the lead lanthanum zirconate titanate (PLZT) family the symmetry breaking
phenomenon is not so clear and new work on the break up of conventional ferroclectricity
in the lead lanthanum titanate (PLT) system will be discussed. A wide range of tungsten
bronze family materials also exhibit relaxor ferroelectric behavior with unusual freezing
behavior and switching capability.

In practical application the use of relaxor compositions in capacitor and
electrostrictive actuator systems will be highlighted. New used in surface deformable
mirrors and in a tilt mirror corrector for the Hubble Space Telescope will be presented.

INTRODUCTION

It is perhaps useful to begin the discussion of the interesting sub group of relaxor
ferroelectrics by considering in a more general way the nature of the Curie point transition which
heralds the onset of proper ferroelectric behavior. In figure 1a is illustrated first the behavior in a
rather perfect single crystal which goes through an abrupt second order phase transition into the
ferroelectric phase. Above T, the permittivity follows a Curie Weiss law el = C(T - Te)1, at T
there is an abrupt but continuous onset of spontaneous polarization which evolves into the domain
structure of the ferroelectric form. In some crystals the transition at T¢ is first order, there is a
finite maximum of € at T¢ and the Curic Weiss temperature 0 in the relation € = C(T - 6)-1 occurs
some degrees below T, e.g. 11°C in BaTiO3. Again there is an abrupt loss of polarization at T
now in a discontinuous step but Emax and Ps — O occur at the same temperature T.

For many practical applications it is desired to use the very large property maxima in the
vicinity of the ferroelectric phase transition, to move the transition into the temperature range of
interest and to broaden and diffuse the very large sharp peak values. In solid solution systems this
is accomplished by trimming the mean composition to move the Curie point and at the same time




making the sample (often a ceramic) deliberately inhomogeneous. In these diffuse transition
systems the dielectric maximum is now much ‘rounder’ and polarization persists for a short range
of temperature above Tm (figure 1b). Almost all practical ZSU and Y5V capacitor dielectrics use
such diffuse transitions.

In the relaxor ferroelectrics, three features of the diclectric response are qualitatively
different. The transition is clearly diffuse and rounded, but the response is now markedly
dispersive below Ty, and Ty, is a function of frequency (figure 1c). The response at weak fields
above Ty, is no longer Curie Weiss. In the polarization the RMS value persists to temperature (Tp)
200 to 300°C above Ty, but the mean polarization P decays to zero at a temperature Tg which is
well below Ty,

The weak field dielectric behavior for a typical relaxor ferroelectric in the perovskite
structure family, lead magnesium niobate, is shown in more detail in figure 2a, taken from the
pioneer work of Smolensky,! the dispersion over the frequency range 10 Hz to 107 Hz is clearly
evident. That the material is ferroelectric is evident from figure 2b which traces the evolution of
diclectric hysteresis under high field as a function of temperature. Unlike the sharp transition
materials there are not abrupt changes and non linearity persists to temperature well above Tp,.
Perhaps the most puzzling feature is the absence of evidence for any macroscopic phase change
below Ty, cither in the X-rays spectra, or the optical birefringence (figure 2c), yet clearly
spontaneous polarization is impossible in cubic symmetry.

The original explanation offered by Bokov and Mylnikova? for this behavior was that the
diffuseness was again due to heterogeneity, giving a range of Curie points, but that now the scale
was very small and therefore below the resolution of X-ray and optical probes (figure 3a).
Considering this model of nano-scale polar regions, it appeared probable to us that since the energy
barriers to reorientation in any ferroelectric are linearly related to the volume, at these very fine
scales the electrocrystalline anisotropy energy AHr might become comparable to kT leading to
super-paraclectric behavior at higher temperature.
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FIGURE 1  Types of Ferroelectric Phase Transitions
(@ Sim;t:lde proper ferroelectric:shape second order phase change in highly perfect single
crystal.
(b) Diffuse phase transition associated with macroscopic heterogeneity as in practical
capacitor dielectrics.
(c) Relaxor ferroelectric defining Tpy(w), Tp, TF.
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A range of perovskite structure compounds with complex composition and a number of
Tungsten bronze structure materials (Table I) show relaxor ferroelectric behavior. In perovskites
the behavior occurs dominantly in lead based compositions and in both perovskites and bronzes
there is always more than one type of ion occupying crystallographically equivalent sites.

For this brief review we will discuss first the origin of the symmetry breaking which
occurs in the pre-cursors chemistry of these systems. It is reasonably well understood in
A(B1B2)O3 compositions but is less clear in the PLZT's and bronze family materials. Then the
deztail of the dielectric response which points towards a spin glass model for the freeze out of polar
fluctuations as the origin of the dispersion will be considered. “¥e then touch on some new
evidence for unusual relaxor behavior in the low temperature polar phase of the tungsten bronze
systems.




TABLE1 Systems Which Exhibit Relaxor Ferroelectric Behavior
PEROVSKITES OF COMPLEX COMPOSITIONS

B-site Lead magnesium niobate (PMN) PbMg1/3Nby/303
complex Lead scandium tantalate (PST) PbSc12Ta 203

Lead zinc niobate (PZN) PbZn1aNby 203

Lead indium niobate (PIN) PblnjpNb; 203
A-site Lead lanthanum zirconate titanate (PLZT)  Pb)xLa3TiOs3

Lead lanthanum titanate (PLT) Pb.xLa23TiO3
Both sites Potassium lead zinc niobate K1/3Pb2/3Zn20Nb7903
complex

- TUNGSTEN BRONZE STRUCTURE COMPOSITIONS

Strontium barium niobate (SBN) Sr1.xBaxNbOg
Lead barium niobate (PBN) Pb;.xBaxNbyOg
PERCURSON CHEMISTRY

In the lead based perovskite A(B1B2)O3 relaxors it is clear from very extensive TEM
studies3:4.5 that in Pb(Mg1/3Nby/3)03 the origin of the nanoscale heterogeneity is in a strictly
limited 1:1 non stoichiometric ordering of the Mg and Nb. A crude two dimensional picture is
given in figure 4a showing the scale of the region’s which are of the order S n meters. The dark
field TEM image confirming the ordering and the scale is shown in figure 4b.

This 1:1 ordering must give rise to a significant charge imbalance and it has been
suggestedo that the developing electric field limits the scale. In PbSci/;Ta1203 the ordering which
is again 1:1 may be carried through to a highly ordered form by controlled thermal annealing,
recovering full translational symmetry.? It is important to note that the nano scale ordered PST
exhibits relaxor behavior whilst the highly ordered crystal shows a first order ferroelectric phase
change. )

Our picture of relaxor behavior in the A(B1B2)O3 systems is suggested schematically in
figure 5. Either complete disorder, or full loﬁg range order appears to give rise to normal
ferroelectric behavior. 1t is the limited nano-scale ordering which appears to favor the development
of small scale polar regions. The fascinating feature in the PMN type compounds is that the non
stoichiometry inherent in the ordering process appears to make it a self limiting nano-composite
which cannot be changed by
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annealing. It should be emphasized that this is a most unusual nano-composite as the oxygen
lattice is continuous and coherent through both ordered and disordered regions.

In the mixed A site relaxors such as the PLZTs with compositions along the 65:35 Zr:Ti
mole ratio and Lanthanum concentration of more than 2 mole% (figure 6) the dielectric response is
similar in many respects to the PMN systein, however the symmetry breaking nanostructure is not
so clear. Very careful TEM studies have revealed direct evidence of nano scale polar regions at
low temperature3 but the precursor chemistry which forces their formation is not yet clear. Very
recently Rossetti? has explored the Lead lanthanum titanate system with high resolution X-ray
techniques. It is clear that quite low levels of Lanthanum concentration rapidly reduce the strongly
first order nature of the pure PbTiO3 Curie point transition and begin to lead to a sub domain
modaulation of the magnitude of Pg in the domain, although there is no strong evidence for ordering
of the lanthanum or the associated lead site vacancies at the higher concentrations. The necessary
high defzct concentration in the PLZT does however lead to an aging phenomenon!0 which
modifies the relaxation response markedly making longer time measurements of response

impossible to interpret unequivocally.
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FIGURE 6(a) PLZT phase diagram showing the trace of the x:65:35 compositions studied.
(b)  Evidence of the separation of Ty, and Tg in these relaxor compositions.




In the tungsten bronze family, Barium strontium niobate Ba,Sr;.xNb2Og is a prototypic
relaxor here the structure is much more complex than the perovskite and more open. Again it is
built on comer linked oxygen octahedra, but the sheet normal to the ¢ axis of the tetragonal
paraclectric form figure 7 is markedly crumpled. Here Nb ions occupy the centers of the oxygen
octahedra, Ba ions the larger 5 fold channels and strontium are distributed between 4 fold and 5
fold channels. X-ray studies using the Rietveld method!! suggest that Ba is always in the 5 fold
channel but that annealing can change the Sr occupancy between 4 fold and S fold sites. Changing
Sr occupancy has a marked effect upon the dielectric peak position Ty, and it is suggested that
variations in distribution throughout the crystal may be responsible for a wide distribution of local
Curie points. It is interesting to note that the relaxation phenomenon becomes steadily stronger
with increasing Sr concentration.

Much more work is however needed to pin down the symmetry breaking nonstructures in
both the PLZT's and the bronze compositions.

Ferrvelectrio Tungsten Bronze Crystallographic
Structure

AN} o] 'y

FIGURE7 Projection of the Tungsten Bronze ferroclectric structure normal to the 4 fold ¢ axis
showing the sites for cation occupancy.




ELASTOQ-DIELECTRIC RESPONSE

Earlier studies have shown that the relaxor ferroelectric retain large values of RMS
polarization to temperature some 100s of degrees above the diclectric maximum. In PMN, PLZT
and SBN types measurement of lattice strain (thermal expansion) and optical refractive
index12.13,14 show very good agreement in the prediction of the decay of RMS polization. The
question as to whether the residual polarization is static or dynamic has been more difficult to
decide. Measurement of electrostriction in SBN above Ty, strongly suggested the dynamical
model, 15 but it is only very recently that careful neutron spectroscopy has completely confirmed
the super-paraelectric behavior at higher temperature in PMN.

———— .

PMN-10£T AGE FREE

sctivation seorgy of 0.0407 oY,
k(T-Tg pro-cxpovcutial factor of 1042 1z
froczing toupotaturo of 291 K.

(©)

o Vougel-Fulcher type freezing of polar fluctuations.

FIGURES (a, b) Evidence for a glass like freezing of the dielectric | ¢ in PMN:PT solid
solution lead in to Vogel:Fulcher type behavior with g temperature Tk,
(c) Field cooled poled sample show “thawing” temperature Tg.




A key feature of the dielectric response is the strong dispersion in the weak field
permittivity. Studies by Vichland et al'6 have shown that the frequency/temperature characteristics
are nicely described by the Vogel:Fulcher relation (figure 8a) and that the freezing temperature Tg
deduced from this relation agrees closely with the thawing temperature where remanent polarization
is lost on heating a field cooled sample (figure 8b). Vogel:Fulcher suggests a slowing down and
freezing into a glass like ensemble of nano-domains, such a behavior would also suggest that the
weakly cooperating nano-polar regions should begin to deparnt markedly from Debye like response
towards a very long flat tail upon an €!! corresponding to the freezing process and this is indeed
observed (figure 9).17

For any precise dielectric studies it is essential to recognize and eliminate the aging process.
As discussed earlier it is impossible to eliminate defects which couple to the polarization system in
PLZT, since the La3+ doping necessitates that the sample have equivalent lead vacancies. In
Pb(Mg1/3Nb2/3)O3 however the crystal is a compound, and if it is made with care from very high
purity starting materials, macroscopic stoichiometry can be preserved in a fully stuffed structure.
For this type of material aging can be eliminated (figure 10a), and the phenomenon can be
reintroduced by a low level MnO doping. Figure 10b shows a MnO doped sample which has been
aged at room temperature (20°C) then cooled to low temperature and reheated. Note the manner in
which the relaxor response has been eliminated for all temperatures above the aging temperature,
but is reintroduced at lower temperature. A full explanation is given in references 18 and 19 but is
beyond the scope of this review. The data are emphasized however as it is clearly essential to
‘uncouple’ aging if time dependent properties of the relaxor are to be studied without gross
perturbation. R

FIGURE9  Glass like behavior of dielectric susceptibility x11.
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FIGURE 10 (a) “Clean” PMN:PT sample showing the absence of aging in €! after 1,000 hours at
room temperature.
(b) Aging behavior in PMN:PT reintroduced by low lever doping with MnO.

FIGURE 11(a) Structure of nano-scale polar domains revealed in PLZT at the 8.2:65:35
composition by dark field TEM.
(b) Modification
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To explore the high field response it is necessary to tum to the PLZTs and to take care to
always study freshly de-aged samples. For an 8:2:70:30 PLZT composition Randall?0 has imaged
using TEM the nano domain structure at low temperature (figure 11a) and by using charging from
the beam current the evolution of nano-domains towards more normal continuous ferroelectric
domains (figure 11b). Consequences of the application of static fields to PLZT samples which
have been cooled in the zero field state have been explored by Yao Xi et al.2! Typical curves of
switch over to a macro polar state on heating under bias are shown in figure 12a,b. If the system
behaves as a spin glass the switch over should be modeled by the deAlmeida-Thouless relation22
and data taken from the measurements of Yao Xi et al are modeled in this manner in figures 13.23

In deducing the RMS polarization it was tacitly assumed that the polarization related
electrostriction constants Q; 1, Q)2 are independent of temperature in fact his has been proven by
direct measurement (figure 14).24 Clearly then in this circumstance one must expect that all the
dielectric (Polarization) behavior will be reflected into the elastic response. The close relation
between elastic and diclectric responses is evident in figure 15. For the high field response, it is to
be expected that the high polarization values which can be induced anhysterically near Ty, will give
rise to large elastic strains. Values of x33 the strain in the field direction for a PMN:PT solid
solution are shown in figure 16. The slope of this curve at any point is the effective d constant
(d33) which goes to very large values at relatively modest E fields.25

— .(b) -

FIGURE 12 (a,b) Polarization and depolarization of PLZT 8:65:35 under field cooled and zero
field cooled conditions as determined by integration of the pyroelectric
response.
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FIGURE 15 (a) Elastic stiffness and damping in ceramic PMN:10 PT. .
(b) Comparison to dielectric softening associated with micro-polar behavior.
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FIGURE 16 Strain vs. Field curve for PMN:10 PT illustrating the large values of induced
piezoelectric d33 under DC field control.

JUNGSTEN BRONZE STRUCTURF RELAXOR FERROELECTRICS

In the solid solution syst-m Sr Nb2Og:BaNbyOg the end member compositions are not in
the bronze structure, however in the range between Srp gBag 2Nb2O0g and Srp 3Bag 7NbyOg stable
SBN bronzes form.26 Across this range the prototypic structure is tetragonal and for fields in the
001 (c) axis direction the characteristics are these of a relaxor ferroelectric with polarization along
(001). Both optical?” and elastic28 studies confirm that large values of RMS polarization persist to
temperatures well above Ty, and there is clear evidence of ferroelectric behavior at low
temperature.? Dispersion near Ty, becomes steadily more pronounced in compositions with
increasing Strontium content.30 For the congruently melting Srp gBag 4NbyOg excellent quality
single crystals have been grown3! and the crystal is widely used in photorefractive applications.32

The bronze system Lead barium niobate Pby.xBaxNb2Og (PBN) is of special interest as in
the vicinity of the Pbg gBag 4Nb20Og composition there is a pseudo morphotropic phase boundary
between orthrhombic and tetragonal ferroelectric forms (figure 17).33 For the tetragonal form at
the 57:43 composition the permittivity for ficlds along (001) shows a transition with only very
weak dispersion and large thermal hysteresis (figure 18a), however for ficlds along (100) there is
now a pronounced dispersion at lower temperature (figure 18b).

In compositions on the orthorhombic side of the MPB again the upper transition exhibited
for fields along 100 is reasonably sharp, however, now there is a lower temperature relaxation for
field in the 001 c axis direction. There are no evidences of phase transitions in either crystal in the

14




Temperature (t)

00 .02 04 06 0.8
POND2O6 % of Ba BaNb206

FIGURE 17 Phase diagram for the lead niobate:barium niobate system (PBN) showing the
pseudo-morphotorpic phase boundary near the 60:40 composition.

region of the dispersion, but cooling the crystal under a poling field orthogonal to the main
polarization direction produces a clear remanence of order less than 1/20% of the major
polarization. 34 1t is interesting to note that for compositions close to the MPB large orthogonal
electric fields will switch the major component of P changing the symmetry from tetragonal to
orthorhombic or vice versa. With symmetry change the lower frequency dispersion also changes
axial direction always appearing normal to the major component of P.

Clearly at low temperature, the field forced symmetry must be truly monoclinic in each
case, as the Py is tilted away from the primary axis (4 fold or 2 fold). Our suggestion is that in
cach case the micro polar regions which make up the mean polarization have Ps vectors which are
slightly tilted away from the major axis. At the higher temperature transitions the energy barriers
against polarization inversion are large and the dispersion weak, however the tilts perpendicular to
P are random and dynamical, freezing out at the lower temperature dispersion. Crudely the
energies envisaged are shown schematically for the “orthorhombic” and “tetragonal” macro
symmetries in figure 19. The situation could be envisaged as that of a spin glass with two freezing
temperatures for the orthogonal components of P. Magnetic systems which exhibit such
phenomena have been studies.35
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JHEORETICAL UNDERSTANDING

The relaxor ferroelectrics in the oxygen octahedron families are very complex solids so that it is
certainly not surprising that in spite of some thirty years of continuous effort there is no
comprehensive quantitative theory. It does appear that there is reasonably general agreement of the
superparaelectric character at temperaiures will above Ty, but the detail of the kinetics of these
regions and their mutual interaction as the temperature decreases is not clear.

An appealing simple model from A. Bell at EPFL36 treats the micro region as a simple
Devonshire ferroelectric, to calculate the activation energy AH as a function of size (assuming a
simple spherical region). The distribution of activation energies then comes from a specific
distribution of sizes, however to get good agreement with experiment (figure 20) it is still
necessary to put in weak interaction between regions.

In a more general vein, Viehland et al have pointed up the many behavior features of the
relaxors which suggest spin glass like features. Table II list many of these features, the small Y
suggests a yes to the nature of the common feature in each case.

An alternative model which can again explain quatitatively most features of the relaxor
appeals to random electric fields associated with the composition fluctuations as the origin of the
break up of normal domain structure and the tremendous slowing down of the dynamics in PMN.
For large non zero electric fields, it becomes difficult to explain the aging phenomena which occur
in PLZT and in suitably doped PMN. For such crystals aging under a field as little as 3KV/cm is
sufficient to wipe out the relaxation at room temperature and to lead to a poled ferroelectric
structure on cooling under short circuit conditions. Evidently the kinetics is very sensitive to small
fields generated by defect dipole systems. Perhaps a way out of this dilemma would be the
suggestion that the random field is of elastic rather than electric origin.

Recent measurements of the poling of zero field cooled PMN does suggest37 the presence
of barkhausen pulses which could occur from the switching of ferroelectric micro-domains in
concert with the random field model however it is not clear whether these measurements were
carried out on aging free material.

In summary, many features of the chemo-clasto-dielectric behavior of relaxors are
becoming more clear, even though there is not yet a comprehensive qualitative theory to explain the
responses.
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TABLE Il Comparative list of physical properties of relaxors to spin and orientational glasses.

PROPEATY SPIN GLASS

Dispersion of Susceptibility
Dispersion of Tmax
Freezing Temperature (T)
Imaginary Component Frequency Independent below Tt
Strong Nonlinear Response
Maximum Nonlinearities near Tt
Frustration
Susceptibifity “Miffuse”

Deviations trom Curie-Waeiss Behavios
Analysis of Deviation for Local Order Parameter
Broadening of Relaxation Time Distribution on Cooling
Hystaresls, irreversibility, and Remanence below Ti
Local polarization or magnetization
Local correiations between moments
Long range ordering in the Fleid Cooled State
Lack of anisotropy in the Zero Field Cooled State
De-Almedia Thouless Analysis

Polarization or Magnetization Viscosity

-<-<<-<-<-<-<-<-<-<-<-<-<-<-<-<-<-<-<§

€ <€ < < < < < < <€ < < =< <X < < < < =< <

Chemical or Structural inhomogenaeity
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PRACTICAL APPLICATION

One may judge the most likely areas of application for the relaxor ferroelectrics by
considering the very unusual property combinations afforded in these systems. Table IlI outlines
these properties. The very high dielectric permittivity is properly exploited in new multilayer
ceramic capacitors. The very strong electrostrictive response does not depend on a domain
contribution to the strain and is thus very largely reversible, a vital feature for precise actuators
which cannot be servo controlled. The slope of the electrostrictive response as a function of field
is the piezoelectric constant and d33 values much larger than those in conventional PZTs can be
achieved under modest fields, giving a whole new family of potential agile transducers for sensing
and actuation. Similarly under DC bias exceedingly large pyroelectric coefficients can be induced
so for the bolometric long wavelength IR sensing and imaging the relaxors are of major interest.

In the following brief description we confine attention to just the capacitor and actuator
potential. For capacitor dielectrics, three features of the lead based relaxors are exceedingly
attractive.

TABLEIII  Relaxor Properties which are of Interest for Practical Application.

PROPERTIES OF INTEREST

» HIGH DIELECTRIC PERMITTIVITY.
Multilayer Ceramic Capacitors.
Co-Fires with Copper Electrodes.

« VERY STRONG ELECTROSTRICTION.
Multilayer Electrostrictive Actuators.
Optical Telescope Adaptive Optics: Hubble Corrector.

+ SWITCHABLE PIEZOELECTRIC RESPONSE.
Agile Transducers for Electromedical Applications.

* SWITCHABLE STRONG PYROELECTRICITY.
Long Wavelength Infra-red Pyroelectric Imaging Systems.

The dielectric permittivity for a typical PMN:10 PT relaxor (figure 20a) is significantly
higher than equivalent Y5V type modified BaTiO3 compositions. The loss level is also higher
(figure 20b), but decays rapidly under bias field where MLC type capacitors are largely used. The
bias behavior is also most attractive as the material retains high permittivity to higher fields than the
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FIGURE 20 (a) Diclectric permittivity as function of temperature and frequency in relaxor
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(b) Dielectric loss in PMN:PT compared to the loss in pure BatiO3.
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FIGURE 21 Diclectric saturation in the relaxor composition as compared to a BaTiO3 based
dielectric of similar permittivity.

conventional BaTiO3 based materials (figure 21) and also the RC time constant is longer for the full
range of working temperatures (figures 22). A further signal advantage for the tape case
monomlitic MLC structures is that the PMN type compositions can be co-fired with copper
electrodes which is impossible with the BaTiO3 based systems.
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FIGURE 22 RC time constant as a function of temperature for the relaxor as compared to the
BaTiO3 based diclectric.

1t is thus not surprising that the World’s major capacitor companies are exploring a very
wide range of these lead based relaxor compositions (Table IV).

In actuator application, the cardinal advantage of the PMN based relaxors is the very low
hysteresis which can be obtained in the strain:voltage characteristic (figures 23a) in comparison to
comparable soft PZT systems (figures 23b). A summary table fo commercial actuator performance
between PMN and PZT compositions is given in Table V. It is natural then to expect that
electrostrictive relaxor actuators will be of most value where precise positioning is required and
servo feedback control is not realizable. Such situations occur in a number of optical systems.
One such system of very high visibility is a corrector for the troubled Hubble Space Telescope.
This device is a tilt mirror (figure 24) which can be fully controlled from the ground by three PMN
actuators. The function of a mirror is to permit precise alignment of a new optical train in the wide
field camera which will contain elements configured to fully correct for the original improper figure
of the primary mirror. The actuators are small multilayer PMN:PT stacks, figure 25

shows the dimension in comparison with the smallest American coin, the dime. The tilt mirror is
just one of a range of optical components which begin to incorporate PMN active control and field
in clearly ripe form any new products using these precise electro mechanical control elements.
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TABLE1V
Composition families and associated companies involved in the application of relaxor type
dielectrics to multilayer capacitors (Survey by the Penn State Dielectric Center).

Commonly Employed Perovskite End Members for Relaxor-Based

Complcex Simple
Perovskites *+*Tc(O) ++Behavior Peroviskites  T¢(°C) Behavior
(PMN] -10 Relaxor-FE PbTiO3 490 FE
{PZN] 140 Relaxor-FE PbZsO3 230 AF
(PNN] -120 Relaxor-Fe BaTiO3 - Para
{PFN] 110 Normal-FE SITiO3
[PFW] 95 Relaxor-FE
PMW] 38 AF
[PNW] 17 AF
+ Transilion emperatures for relaxors are averages or at 1 kHz.
++ FE-Ferroelectric, AF-Antiferroclectric, Para-Paraclectric.
[PMN]: Pb(Mg1/3Nb2/3)03 [PFW): Pi(Fe2/3W1/3)03
(PZN]): Pb(Zn}/3Nb2/3)03 [PMW]: Pb(Mg12W1/2)03
[PNN}: Pb(Ni1/3Nby/3)03 [PNW]: Pb(Ni12W1/2)03
[PFN): Pb(Fe1/2Nb1/2)03

Composition Families for Relaxor-Based MLCs

EIA Temp Manufacturer

Composition Specification (Assignee) Patents and Refs,
PLZT-Ag X7R Sprague U.S. Pat. 4,027,209 (1973) Ref. 9
MPW-PT-ST X7R DuPont U.S. Pat. 4,048,546 (1973)
PFN-PFW YSV NEC U.S. Pat. 4,078,938 (1978)
PFN-PFW-PZN Y5V NEC U.S. Pat. 4,236,928 (1980)
PFN-PMT - TDK U.S. Pat. 4,216,103 (1980)
PMN-PT Y5V TDK U.S. Pat. 4,265,668 (1981)
PMN-PFN YSV TDK U.S. Pat. 4,216,102 (1980)
PMN-PFN-PMW YSV TDK U.S. Pat. 4,287,075 (1981)
PFW-PZ 25U TDK U.S. Pat. 4,235,635 (1980)
PFW-PT-MN Z5U Hitachi U.S. Pat. 4,308,571 (1981)
PMN-PZN-PT 5U Murata U.S. Pat. 4,339,544 (1982)
PFN-PFW-PbGe (MSC) X7R Ref. 10
PFN-PFM-PNN Z5U,YSV Fermo U.S. Pat. 4,379,319 (1983)
PMW-PT-PNN Z5U NEC U.S. Pat. 4,450,240 (1984) Ref. 11
PFN-BaCa(CuW)-PFW YSV Toshiba U.S. Pat. 4,544,644 (1985) Ref. 12
PMN-PZN yAN) STL UK. Pat. 2,127,187A (1984)
PMN-PFN-PT 25U STL UK. Pat. 2,126,575 (1984)
PMN-PZN-PFN Al Maisushita  Japan Pat. 59-107959 (1984)
PMN-PFW-PT - Matsushita  Japan Pat 59-203759 (1984)
PNN-PFN-PFW YSV Matsushita  Japan Pat. 59-111201 (1984)
PZN-PT-ST - Toshiba Ref. 13
PMN-PFEN-PbGe 5U Union Carbide U.S. Pat. 4,550,088 (1985)
PFN-PNN YSV Ref. 14
PFW-PFN (MSC) NIT Refs. 15-17
PMN-PT-PNW sU Matsushita  Ref. 18
PMW-PT-PZ X7R NEC Ref. 19
PZN-PMN-PT-BT_ST 25U Toshiba Japan Pat. 61-155245 (1986)
PZN-PT-BT-ST X7R Toshiba Japan Pat. 61-250904 (1986)
PZN-PMN-BT YSU, YSS Toshiba Ref. 20
PMN-PLZT Z5u MMC U.S. Pat. 4,716,134 (1987)
PMN-CT, ST, BT 25U Matsushita  Japan Pat. 62-115817 (1986)
PFW-PFN-PT YSV Ref. 21
PT-PMN-PZN (MSC) X7R, X7S Toshiba U.S. Pat. 4,767, 732 (1988)
PMN-PS-PNW-Ca (Base Metal) 25U Matsushita  Refs. 22-23
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multilayer actuator.

(b) Strongly hysteritic response of a comparable multilayer soft PZT piezoelectric
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23

}




TABLE V Comparison of the salient features of the relaxor based actuator as
compared to the more conventional soft PLZT system.

Comparative Parameters of Piezoelectric vs Electrostrictive Stacks
(Both 20mm long, 6mm diam, 150 V Rated)

Parameter Condition Electro Piezo Units
Capacitance 25°C 4 1 u-F
Diss. Factor 25°C 8 3 %
Frequency Lose <10% strain 100 1000 Hz
Force Lose <10% strain 700 450 Newtons
Extension at 150 VDC 16.5 15 Microns
Hysteresis 25°C <2 >15 %
Creep After 24 hours <2 =5 %
Temp Range Keep 75% strain +20 0-100 *C
TCE 25-125°C <1 1.6 ppm/°C
Youngs Modulus 25°C 16 4 106 PSI
Response Time 25°C <100 <5 p-sec

JFPL WF/PC-2 ARTICULATING‘ FOLD MIRROR

(AFM)
BEZEL A
RETAINERS BEZEL
LIGHTWEIGHTED
_mnnon\ C
TIE BAR . .
FLEXURES PIN

.....

LSRR § IE]

(MIRROR - N\OJ
NOTSHOWN) ] ,

SEC. A-A

FIGURE 24 Plan and elevation views of the JPL Articulated fold mirror driven by PMN:PT
actuators (Corrector to be flown December 1993).
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PT actuator as compared to an American dime coil.

FIGURE 25  Scale of the multilayer PMN:
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MICROSTRUCTURAL CHARACTERISTICS AND DIFFUSE PHASE
TRANSITION BEHAVIOR OF LANTHANUM-MODIFIED LEAD TITANATE

G. A. ROSSETTL, IR*, W. CAO, ANDC.A RANDALL

Materials Rescarch Laboratory qumusuuumty
*mmuwwwmwmw
MMMMMWQy.MMMM

Absixact The introduction of structural disorder into perovskite forvoelectrics leads
10 the obaervation of diffuse phase transition behavior. In this paper, the
microstructural characteristics and phase transition behavior of lanthanum-
modified Jead titanate are discussed. 1t is shown that the diffuse nature of the
transition is connected with the appesrance of ferroslectric domain structures
exhibiting sexture on the mesoecopic ( = 10 nem) length scale. The theoretical
teplications of these results are briefly discussed.

Diffuse phase transitions tn perovskite ferroelectrics occur as a consequence of
some level of structural disorder that breaks the translational invariance of the
Iattice. The type of diffuse transition cbeerved depends both on the nature and scale
of the structural disorder. Gmpurities, point defects. extended defects. tncomplete or
. inhomogeneous cation ordering. macroscopic fluctuations in chemical
composition, core/shell structures ete. can all lead to smearing of the ferroelectric
phase transition. mmmdmmmmmam
ferroelectric properties i each particular case. however, may be very different. In
chemically complex compounds and solid solutions, several types of structural
* disorder are ofien present simuitansously. To establish structure-property
relations in these materials therefore requires characterization at all the relevant
length scales, including the macroscopic (crystal symmetry, chemical homogeneity,
core/shell structures), the microscopic (ferroclectsic domatn structures, extended
defects), the mesoscopic (cation order domains, texture within ferroelectric
domains ), and the atomic (point defect chemistry, local environment).

For fervosiectrics such as Janthanmum-modified Jead strconate-titanate (PLZT),
the structural disorder asiees a3 a consequencs of the complex defoct chemistry
associated with the aliovalent A-site substitution of lanthanum!. Ketser, Lansink
and Burggraaf® have shown that the nature of the ferroelectric transition n
ceramic specinens of the end member Pb;.qyleyTIOs (PLT) changes smoothly from
thet expected o s sharp first-order phase changeto that of a diffuse transition as
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the lanthanum concentration is increased. Figure 1 shows that, when characterized
by the exponent yin the generalizsed Curie-Weiss law. the anomalous dielectric
behavior onsets at y « 0.03 and becomes typical of diffuse transitions (L e. y= 2)
when y > 0.23. Although the numerical values of ydepend somewhat on the lead
elitmination factor (a) as well as on the grain size, the general trend towards
nereasingly diffuse behavior with lanthanum substitution s intrinsic. .

In urder to better understand how structural disorder evolves and relates to the
dielectric properties tn PLT, we have recently undertaken transmission electron
microscopy (TEM) and powder x-ray/neutron studies. the details of which are
reported elsewhered-5, In this paper. we draw on these results and speculate on some
‘posaible interconmections between the microstructure, dielectric properties, and the
phase transition behavior.

RESULTS AND DISCUSSION

High resolution X-ray diffraction studies* of sol-gel derived powders have shown
that the addition of lanthanum to Jead titanate results tn broadened diffraction
profiles showing & marked proflle asymmetry. The degree of asymmetry can be
quanttfied by fitting the profiles to split Pearson distributions®. The split Pearson
function gives two values for the full width at half maxtmum, 8L and pH, which are
characteristic of the peak shape on the low and high angle sides of the peak
maxtmum, respectively. Figure 2 shows that both the peak asymmetry and the
peak breadth renormalize as 2 function of lanthanum concentration. The
asymmetry (0H/pL) changes markedly between y = 0 and y = 0.01, but then decreases
and becomes constant for samples with y > 0.05. At the same time, the profile
breadth decreases. Mumwmum&am.m
crystal tetragonality (c/a) begins to deviate from the linear composition dependence
a8 expected based on Vegard's law. These cbservations cannot be easily explained by
macroscopic variations tn chemical composition, nor by particie size effects.
Ahematively, recent TEM studies® (Figure 3) reveal that the development of
sub-domain texture tn PLT matesials closely paraliels the changes obeerved both tn
the X-ray studies and m the dielectric behavior. For samples with y < 0.08. no sub-
" domain texture is observed, and the transttion behavior is sharp. For samples with
y 2 0.05, sub-domain texture becomes apparent. and increases in degree with
lanthanum concentration. As the sub-domatn texture becomes more pronounced,
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Figure 1.
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anomalous. For compositions with y > 0.25. the microstructure degenerates into a
cross-hatched or tweed texture. For these compositions, the dielectric behavior ts
typical of that for diffuse phase tranaitions. Note that these textures disappear on
heating above the transition temperature. and so cannot be identified with
exsolution lamellae.

The tweed structures cbeerved for the higher lanthanum concentrations would
appear to be precursors for the mottled and pootly defined vestiges of sub-domain
texture as obeerved for PLZT?. The Zr-rich PLZT compositions exhibit strongly
frequency-disperstve diffuse transitions similar to those of the complex B-site
perovakites such as PbMg) /sNbz/sOs (PMN) and related compounds. In the later
case. however. it i3 the cation order domains persisting on a =10 nm Jength scale
that lead to the breakdown of the ferroelectric domain structure®-10, The similarity
in mesoscopic domain texture of the PLZT and PMN type matertalsl!-13 g
mtriguing. since at the atomic level, the origin of the structural disorder tn these
two materials is very different.

With regard to the nature of the phase transition in PLT. the first-order
character also follows the changes tn structural propersties as revealed in the X-ray
data. The development of a Landau-Devonshire!4 formulation for the phase
transition tn PLT requtres the expansion coeflicients to depend on spatial
'm.wmmﬁadmnbumﬁmmmmm. As a
MACTOSCOPIC average, one expects that the first-order discontinuity of the transition
will be drastically reduced as the transition becomes diffused. The Landau theory 15
valid. however, only when the sub-domain modulations are weak. otherwise the
gradient related (Ginsburg) terms must be tncluded. Using the methodology
described previously!S, the coefficients tn the Landau-Devonshire expansion were
estimated for composttions with y < 0.05, where judging from Figure 3, this
condition is approximately satisfied. As shown in Figure 4. the coeflicient of the
Quartic term n the elastic Gibbs function (a)1X) tncreases rapidly toward zero
betwoen y = 0 and y = 0.0]1 but then changes at & much lower rate. This increase
reflects the apparent loss tn the first-order character of the transition as the
structure relaxes to the defects and the Jong range order §s disrupted. The coeflicient
of the stxth-rank termi aleo renormalises, bt to a much Jesser extent. Large changes
tn the coefficient of the quartic term were also cbeerved for PLZT composttions!S,

For the compositions with y > 0.08, the Ginsburg terms must be included in
the formalism. The iclusion of the gradient energy can describe both the domains
and therr modulations. Periodic domain . structures can be excited for a finke
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system due (o the competition between nonlinearity and nonlocality. Modulated
structures and tweed textures can be described in terms of crest riding
periodons!7:18, However, the modulated structures such as those tn Figure 3¢ do not
seem to follow the expected temperature variation pattern of the crest riding
periodon excitations. which are unstable and can survive only in a finite
temperature range near the transition. One possible explanation could involve an
interaction of the defects with the periodons. These excitations might be stabiltred
by the lanthanum/vacancies ff the defects are appropriately aligned. The
alignment can be driven, on the other hand. by the ficld gradient created at the walls
of the periodons. Consistent with this notion. the modulations have preferred
orjentstions (although not perfect). and are nearly periodic. as shown in Figure 3.
Further studies will be required to confirm this picture.

At the higher lanthanum concentrations {y > 0.28) the microstructure breaks
down cn still finer scales and more degenerate states are created. This will
effectively tncrease the diclectric response of the system. as cbserved. For these
materials. however, arguments based on the continuum theory as summarized
above may not be used because the density representation (both tn terms of energy
and polarization) is no longer valid. Instead, discrete models must be developed.

‘The results described above can be represented schematically as shown in
Figure 5, where the cbserved relstionships between the fi'st-order character of the
transition, the crystal tetragonality, the sub-domain texture, and the dielectric
properties are shown. Here #t ts worth mentioning that. tn the Landau-Devonshire
formalism. close inter-relationships exist between the curvature of the energy
surface. the order of the transition, and the symmetry of the ferroelectric phase. In
this connection, # s of mterest to consider how the scenario depicted in Figure S
may change as streonium, which Jowers the tetragonality of the system and further
fiattens the energy surface, is added (o the system. Based on t™¢ above discussion.
we might expect that lanthanum will become mare effective at breaking down the
domain structure as the rhombobedral side of the PLZT diagram s approached,
muammdmmmmmum
‘dielectric vesponse even at modest lanthanum concentrations.

mmaWM'mmmm
lanthemmsn-modified lead titanate has been correiated with the appearance of
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domain structures exhibiting texture on & nanometer scale. It was suggested that
this type of mesoscopic sub-domain texture is a common feature of ferroelectrics
showing diffuse/frequency dispersive transitions. The theoretical tmplications of
the relationships existing between the curvature of the energy surface, the order of
the transition. the symmetry of the ferroelectric phase, the development of the sub-
domain texture, and the resulting dielectric properties were discussed.

This work was supported by contracts administered through the Office of Naval
Research. The authors are grateful to Professor L. E. Cross for his support of. and
interest tn, this study. Thanks also to Mr. N. Kim for fabricating the ceramic
specimens used in the TEM studies.
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Distribution functions of coexisting phases in a complete solid

solution system
Wenwu Cao and L. Eric Cross

" Materials Research Laboratory, The Pennsyivania State University, University Park, Pennsylvanio 16802
{Received 18 June 1992; accepted for publication 8 December 1992)

In the phase diagram of a binary system one often encounters a compositional region in which
two phases coexist. A common practice is to use the Lever Rule to describe the distributions of
the two coexisting phases. However, if the binary system is a complete solid solution system, the
Lever Rule cannot be used. A new type of distribution has been derived for a solid solution
system without solubility gap. Application of the theory to pure and modified lead-zirconate-
lead-titanate (PZT) systems shows excellent agreement with the experimental data. Several
disputed facts about PZT are alsc explained satisfactorily.

I. INTRODUCTION

A general phase diagram of a binary system A-B is
given in Fig. 1(a). There is one liquid phase L and two
solid solutions a and y. A and B are completely miscible in
the liquid phase, but in the solid phase there is a solubility
gap in which the two solid solutions a and y coexist. At
temperature T, for any composition x inside the solubility
gap. g <x <h, the molar percentages f,, and /|, of the two
coexisting phases are governed by the Lever Rule,

fa:fr=;l-':§r
f¢+fr= i

The two special points g and & on the isothermal tieline at
T =T, represent the boundaries of the solubility gap. The
corresponding free-energy versus composition plot is
shown in Fig. 1(b). One can see that the two boundary
compositions g and /& are located at the common tangent
points of the two free energies for the a and y phases. For
compositions falling inside this solubility gap. two-phase
mixtures will be formed consisting of g and /41 compositions,
with the ratio of the two phases obeying the Lever Rule
[Eq. (1))

Figure 1(c) is another type of phase diagram for an
A-B binary compound. Looking at the subsolidus region
we have three solid solutions, B, a, and ¥. This is a com-
plete solid solution system, viz., no miscibility gaps and no
solubility gaps; however, there is a structural phase transi-
tion from B to ecither a or y phase depending on the com-
position of the solid solution. The well-known lead zir-
conate titanate (PZT) and its derivatives are examples of
this situation. For this system, the free energies of a and B
phases are monotonic functions of composition. Because
there are no chemical decompositions in the complete solid
solution system, for simplicity we only consider the relative
stability of the a and B phases. We know that in this sys-
tem, the difference of the two low-temperature phases is
characterized by the polarization which is the primary or-
der parameter in the paraelectric-ferroelectric phase tran-
sition; hence, to analyze the relative stability we only need
to kncv the free energy associated with the polarization.
Using Landau-Devonshire type phenomenological theory,

)
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the compositional dependence of the free energies associ-
ated with the polarization for the a and S phases may be
drawn as in Fig. 1(d) at T',.' One can see from Fig. 1(d)
that the coexistence of the a and y phases should be al-
lowed only for one composition k, but not for a finite com-
positional region according 10 thermodynamics.

To some extent, Fig. 1(d) may be deceiving at first
glance, because if the composition is taken as an indepen-
dent variable, the transition from a to y is obviously first
order and the transition hysteresis with respect to the
change of composition will result in a coexistence region.
Ia fact, this is one of the explanations given for the coex-
istence region found in the PZT system.? Unfortunately,
the composition cannot be changed in the subsolidus tem-
peraty:e region. Once a compound is formed at much
higher temperature ( > 800 °C), the composition variable is
frozen in the subsolidus region. The polarization related
free energy for each phase at T, [Fig. 1(d)] is obtained
independently for each composition from the correspond-
ing prototype phase following the change of temperature.
Therefore, in order to study this problem we must look at
the temperature-induced phase transition from 5 to a and
Btoy.

From Fig. 1(d) we can see that both free energies for
the a and y phases are monotonic functions of composi-
tion, and there is one crossover point k which is termed the
morphotropic phase boundary (MPB). From energy min-
imization principles only one phase is stable in the low-
temperature region for any given composition, which is to
say that at T, the B phase will be transformed into either
the a or y phase depending on the composition of the solid
solution. However, when the transition temperature is res-
sonably high and the phase transition from 8 to a or y is of
second order, thermal energy could induce some amount of
the second metastable phase at the transition, especially
when the difference of the free energies of the two low-
temperature phases is small, such as for those compositions
near the MPB {[see Fig. 1(d)]. It is our opinion that the
phase coexistence observed in the PZT system near the
MPB is the result of a frozen-in second metastable phase as
elaborated below.

One must note that the phase mixing is completely
different in the cases of Figs. 1(a) and 1(c). In the former
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FREE ENERGY (T=T,)

FREE ENERGY (T-T,)

F1Q. 1. Phase disgram for a binary A-B system. (a) Solid solutions a and
Y coexist inside the solubility gap in the subsolidus region. (b) The free
energies of a and y phases vs composition st temperature T,. The two
tangent points correspund (o the edge compositions of the solubility gap.
(c) Phase diagram for a complete solid solution system. The nearly ver-
tical line that divides the a and y phase is the morphotropic phase bound-
ary. (d) The change of the free encrgy related 10 the polarization with
respect {0 composition at temperature T, for both the a and y phases in
the complete solid solution system described in (c).

we mix two phases of different structures and of different
chemical compositions but in the latter we mix two differ-
ent structures of the same chemical composition. Because
of the different chemical compositions in the former case,
the conservation of matter leads to the Lever Rule. But for
the case in Fig. 1(c), the distribution functions cannot be
obtained straightforwardly because the condition of iden-
tical chemical composition invalidates the arguments used
to derive the Lever Rule.

A new approach has been proposed to calcuiate the
partitioning of the rhombohedral and tetragonal phases at
the MPB when the structural phase transition from S to a
or 7 is of second order.’ Here we will try to extend that
model to address the phase coexistence near the MPB in a
complete solid solution system by. incorporating classical
statistics. This proposed theory is applicable to the PZT
system because the paraelectric-ferroelectric phase transi-
tions for PZT solid solutions of composition near the MPB
are indeed second order.*

i. THEORY

For simplicity, we will study a statistical ensemble of
independent particles, for example, a ceramic powder sys-
tem or even (to first-order spproximation) a ceramic sys-
tem (an ensemble of grains) may be considered to be such
ensembles. For each particle, we assume it is a single-phase
system both before and after the phase transition. In what
follows we will calculate the probabilities of one of the
particles transforming from the high-temperature phase 8
into one of the low-temperature phases a or y, and use
these probability functions as the new distribution func-
tions for the statistical ensemble with compositions near
the MPB.
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FIG. 2. llustration of two-dimensional square-rectangular and square-
oblique structural phase transitions in a complete solid solution AC-BC.
(a), (b), and (c) are the lattice structures for the parselectric square,
ferroelectric rectangular, and ferroelectric oblique phases, respectively;
(d) is the corresponding phase diagram.

In order to visualize the concept let us look at a hy-
pothesized 2D problem of a complete solid solution system
AC-BC. The high-temperature phase is a nonferroelectric
square phase as shown in Fig. 2(a) and the two low-
temperature phases are rectangular and oblique ferroelec-
tric phases as shown in Figs. 2(b) and 2(c), respectively.
The phase diagram in the subsolidus region is given in Fig.
2(d). For convenience we call the siarting point of the
morphotropic phase boundary the *“‘eutectoid point.”

Assuming that the phase transition from the square
phase to either the oblique or rectangular phase s second
order near the eutectoid point, strong thermal fluctuations
will occur near the transition temperature T Sufficiently
below T, the system will be frozen into one of the low-
temperature phases. In a way we are desaling with a
“quenching™ problem from the fluctuating state to a ferro-
electric state. Hence, the probabilities of transforming from
the square 1o the rectangular or oblique phases are prede-
termined in the fluctuating state. This situation is depicted
in Fig. 3. The profile of the fluctuating state near 7, and
the final low-temperature states are shown in Figs. 3(a)
and 3(b), respectively, in the order parameter space. The

’ %
o 1 o
° °
P‘ '.
o o
° $ °
(a) (

FIG. ). (a) Thermal Auctuation profile at the eutectoid point in the order

parameter space for the two-dimensional problem described in Fig. 2. (b)
Degenerate low-temperature states for the marphotropic phase bouadary
composition: (@) rectanguler phase; (O) oblique phsse.
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thicker line in Fig. 3(a) illustrates the profile for the case
of square-rectangular transition [near the BC end of the
compaosition region in Fig. 2(d)] and the thinner line is for
the case of square-oblique transition {near the AC end of
the composition region in Fig. 2(d)]. In the compositional
region near the eutectoid point, the profile of the fluctua-
tion will look like the outer rim of the pattern in Fig. 3(a).

There is a link between the situations described in Figs.

3(a) and 3(b), which becomes apparent if we assume that

the thermal fluctuations have no orientational preference.
In other words, although the magnitude of the fluctuation
is regulated by the potential well, the orientation probabil-
ity of thermally induced instant polarization P,, should
have no directional preference. Thus the probability of at-
taining a particular low-temperature state in Fig. 3(b) on
cooling from the fluctuating state [Fig. 3(a)] is propor-
tional to the effective angle that state corresponds to in the
fluctuating state. A polygon may be constructed to calcu-
late the effective angle of each low-temperature state in the
2D problem where each edge of the polygon subtends an
effective angle for each of the low temperature states. An
important task is to define the boundaries between these
effective angles. A method for defining the boundary has
been given when the low-temperature states are degener-
ate.? Considering the picture in Fig. 3(a), if P, is oriented
inside a particular angular region while being frozen into
the low-temperature phase, the final state should be one of
the states in Fig. 3(b) whose polarization has the smallest
angle with P,,. Therefore, the probability of becoming one
of the states in Fig. 3(b) on cooling from the fluctuating
state is equal to a corresponding effective angle in Fig. 3(a)
divided by 2r—the normalization constant. A

This concept can be easily generalized to a three-
dimensional case, for which the probability of attaining a
low-temperature state when frozen from the fluctuating
state is proportional to a corresponding effective solid an-
gle divided by 4x. For the three-dimensional case, a poly-
hedron may be constructed in the order parameter space to
calculate these effective solid angles; it has been named the
“probability polyhedron.*”

FIG. 4. Solid angle subtended by a right-angle surface JABC with re-
spect to the poiat O.
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The solid angle calculations may be carried out on the
surface of the polyhedron. Utilizing the relatively high
symmetry of the problem, we only need to derive a general
formula for the solid angle subtended by a right triangle
surface as shown in Fig. 4; the solid angle is given by

Qg _JJ‘ ads
ABC= Gz;_—aqm. (2)
<JABC

where ds is the area element on the surface of <1 ABC and
p is the distance of this area element from point A. The
integration may be conveniently carried out using cylindri-
cal coordinates

b pdp
Tl 372

Qoasc=ady o (Pr¥aD)

h/cos by Po—arccos (h/p)pdp
+a L (az+pz).v1

T | 1—-2 cos? ¢g— (h/a)?
3)

=¢o—z—§“°‘“‘ l+(h/a)1

For the study of the coexistence of nondegenerate

A

FIG. S. Probability polyhedron for complete solid solution systems
with coexisting rhombohedral and tetragonal phases, such as PZT, with
the parameter & in the ranges (s) 1-v3<8<1—(2/V]) and (b)
1= (V) <6<i=(I/V]).

\N
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states, we use the (ollowing arguments to define the bound-
aries between different effective solid angles in the fuctu-
ating states.

(i) At T, the thermal energy is of the order of kT _, so
that there are probabilities for the non-lowest-energy states
to be occupied; this probability is proportional to
exp{— (G, —G)/kT ), where G, and G are the {ree ener-
gies of the ith low-temperature state and the ground (low-
est free energy) state, respectively. Here we have assumed
that configurational tunneling near T _is allowed to achieve
global equilibrium, because the system is very “soft” near
Tt"

(ii) The solid angle €, subtended by a given surface
area with respect to a fixed point in space is inversely pro-
portional to the square of the distance r, between this sur-
face and that point.

Since the solid angle ), is equivalent to the probability
of attaining the ith low-temperature state, using the argu-
ments (i) and (ii) above we may assume the following
relationship between the distance variable 7; and the free
energies:

1 G—-G, 4
r« Exexp( kT, ) (4)
It can be proved that only one parameter § is needed to

J

6 (
= arcsin
T

Bl2(1-8) - 3]

Jr= [BO-8) -1

6 . 2 1
;amn(2+[,ﬁ(l—8)-l]’)' I-vs <6<l—75.

Sr=1~-fr.

At the MPB we have Gr=Gy or 6=0, g0 that the
probability ratio for a particle of the cubic phase to trans-
form into the rhombohedral and tetragonal phases be-
comes

fr_w—6arcsin[ (3— {3)/6)
Jr Garcsin[(3— {3)/6)

When we have an ensemble of the particles, such as a
powder ceramic system, Eq. (9) represents the molar ratio
of thle two low-temperature phases at the MPB composi-
tion.

1.45. 9

1l. COMPARISON WITH EXPERIMENTS

Because the difference of the two free-energy densities
is small near the MPB we may write it as a series expansion
of the composition about the MPB composition xo,

1
&r—8r=, (Gg—Gr)= 3 a(x=xp)",

(10)
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calculate a binary system, such as the PZ1 system, where
8 is the relative distance,

6=

rr—1rp G‘—'Gr) (5)

P =1 —exp(—_—sz,

Gy and G are the [ree energies of the rhombohedral and
tetragonal phases, respectively.

The probability polyhedron for the PZT system is
given in Figs. 5(a) and 5(b). One must note that the
representative surfaces for the rhombohedral and tetra-
gonal phases change their shape for §> 1 —(2/v3) and &
< 1= (2/v3). When ry>v3ry, the six representative sur-
faces for the tetragonal phase will meet each other to form
a cube, which implies that only a tetragonal phase can be
formed. Vice versa, when rg < (1/v3)r; the representative
surfaces of the rhombohedral phase will form a closed oc-
tahedron so that only a rhombohedral phase can be
formed. This restricts the § values in the following range:

1- B<s<1=(1/ ). (6)

For 6 values out of this range, the low-temperature phase
will be single phase.

Using the formula Eq. (3) the distribution functions
S and fp in terms of this single parameter § can be ob-
tained for the polyhedron in Figs. 5(a) and 5(b):

2 .

)

(8)

r

where v is the volume of the individual element in a sta-
tistical ensemble and x, is the composition at which the
free energies of the two low-temperature phases become
equal. Looking at Fig. 1(d) one finds that Eq. (10) may be
well represented by a linear function near x,

Br—gr=a({x—x,). (1)

Using this relation and Eqs. (5) and (6) we can derive the
width of the coexistence region Ax,

Ax=(2kT/|a;|v)In 3. (12)

An important conclusion can be drawn from Eq. (12):
The width and the boundary compositions of the coexist-
ence region are not well defined in a complete solid solu-
tion system, they depend on the volume v of the statistical
clements. This fact marks the physical difference between
the phase coexistence inside a solubility gap and near the
MPB of a complete solid solution system [see Figs. 1(a)
and 1(c)]. A corollary from this conclusion is that the
coexistence region will be infinitely sharp for a single-
crystal system, but for a small-grain system the coexistence
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FIG. 6. Molar fractions f, and f, of the rhombohedral and
tetragonal phases inside the coesistence compmitional region for
0.1Pbp K 1(Zny,1Nb,,1 )0y 4 (0.9 — x) POZ1O,-3PHTIO, solid solution.
The squares and circles are experimental data from Ref. S; the solid
curves were ftted using the Lever Rule, and the dotted curves were fitted
using the current theory.

region will become considerably wider. For a fixed volume,
if the free-energy difference of the two low-temperature
phases changes drastically away from the MPB, i.c., |a,|
is large, there should be a very narrow coexistence region,
otherwise the coexistence region could be wide.

Substituting Eq. (13) into Eq. (11) we can rewrite Eq.
(5) in the following form:

6=1—exp|(x—xp)in 3/Ax]. (13)

The parameters x, and Ax may be fitted from experimental
data using Eqs. (13) and (7) [or Eq. (8)]. Two examples
are given below to demonstrate the procedures.

It is known from experience that the coexistence region
in the pure PZT system is very narrow because the grain
growth is difficult to control. Therefore, due to the limita-
tions of x-ray resolution it is difficult to obtain a reliable
molar ratio of the rhombohedral and tetragonal phases
from x-ray-difiraction measurements. However, when
small amounts of dopants are added to the PZT system
(within the limit of not destroying the solid solution char-
acteristic), the coexistence region usually becomes wider
and the x-ray-diffraction peaks become relatively easier to
separate from each other.

We have found two sets of experimental data in
the literature. The data points in th 6 were mea-
sured by Hanh, Uchino, and Nomura® on the complete
solid solution system O. ll’b”KoJ(Zn',,me)O;.”-
(0.9—-x)PbZrO;-xPbTiO,. (Note that the compositional
variable x refers (o the mole percent of PbZrO; in Ref. §
but refers to the mole percent of PbTiO, in this article; all
data points have been converted accordingly.) The squares
and circles are the molar fractions of the rhombohedral
and tetragonal phases, respectively. The authors of Ref. S
have fitted their experimental data to the Lever Rule,
which is shown in Fig. 6 as the solid curves. The two edge
compositions are x,=0.45 and x,=0.57. Although it ap-
pears that the fitting is reasonably good for these limited
data points, the kinks at x, and x, are in contradiction with
the nature of a complete solid solution system. As men-
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FIG. 7. Experimental data (the squares and circles) of Ari-Gur and
Benguigui (Ref. 6) on the PZT system and the fitted curves using the
current theory.

tioned above, the two edge compositions in the Lever Rule
actually define a solubility gap, and one cannot explain the
physical meaning of these two edge compositions for a
complete solid solution system. The dotted curves are fitted
using the theory presented in this article, and the two fitted
parameters are x,=0.5027 and Ax=0.2066. We can see
that the fittings are surprisingly good. More important, the
kinks have been smoothed out, which is more consistent
with the nature of the complete solid solution systems.

In comparison the width of the coexisting region ob-
tained from the current theory, Ax=0.2066, is wider than
that given by the Lever Rule, x;—x,=0.12. Both theories
agree reasonably well if the second phase has more than
20%, but they deviate severely from each other near the
edges of the coexistence region. In practice, the long tails in
our theory may be difficult to observe because of the lim-
ited resolution of conventional x-ray techniques. For this
reason we give a useful relation to estimate the width pa-
rameter Ax,

)

Ax==18.87 (x,,—x0), (14)
where ) is the MPB composition at which f:/7r=60:40,
and x,, is the equal {raction composition at which f: /7
=50:50. These two compositions can be easily obtained
from experiments and are indicated in Fig. 6.

Unlike the Lever Rule, the distribution functions, Eqs.
(7) and (8), are asymmetric with respect to the equal
fraction composition x,,, and one may notice this point by
looking at the dotted curves in Fig. 6. This asymmetric
feature has been verified by experiments in other systems,
for example, the experimental results of Ari-Gur and Ben-
guigui® for the PZT solid solution system (Fig. 7). One can
clearly see this asymmetry from their data. Although it
seems that some errors might have occurred in their ex-
periments because the MPB composition has been shifted
further to the rhombohedral side (which might be caused
by the presence of impurities in their chemicals), the data
can still be well fitted using Eqs. (7) and (8). The two
fitted parameters are xo=0.4212 and Ax=0.2554.
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V. SUMMARY AND CONCLUSIONS

The distribution functions have been derived for the
coexisting phases near the morphotropic phase boundary
in a complete binary solid solution system. It is shown that
the phase coexistence near the MPB in a complete solid
solution is different from the phase coexistence inside a
solubility gap. The latter has two special compositions x,
and x, specifying the edges of a solubility gap, and the
distribution inside the gap can be described by the Lever
Rule. While for the former, only the MPB composition xq
is well defined, the width of the coexisting region is in-
versely proportional to the volume of individual element in
a statistical ensemble.

Explicitly, we can see the difference between the two
theories through the following example. Assume we have a
binary system AC-BC and assume they form solid solu-
tions a and B for A- and B-rich compounds, respectively.
Then, for any given composition x inside the coexistence
region of @ and B we have the two theories describe the
following situations:

(a) Lever Rule:
XAC+(1-x)BC=/,A, B,_, C (a structure)
+/pA1,B)_,,C (B structure),
(b) Present theory:
XAC+ (1-x)BC=f,A,B,_,C (a structure)
+fpA:B;_,C (B structure).

The Lever Rule specifies a solubility gap from x, to x,, and
the two coexisting phases have different chemical compo-
sitions as shown on the right-hand side (rhs) of the first
equation, while the current theory deals with the structural
phase mixing with the same chemical composition as indi-
cated on the rhs of the second equation. It is our belief that
the observed coexisting phases in a complete solid solution
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system actually consist of a second metastable structure
that was frozen in at the paraelectric-ferroelectric phase
transition.

Compared to the Lever Rule, the current theory does
not give those kinks in the distribution functions, therefore
it is more consistent with the nature of a complete solid
solution system (no solubility gap). The distribution func-
tions [Eqgs. (7) and (8)] are asymmetric with respect to the
middle point x,, which is another major difference from
the Lever Rule. Experimental results show that this asym-
metry indeed exists {see Figs. 6 and 7). In addition to the
surprisingly good agreement between the theory and the
available experimental data, the current theory also pro-
vides a reasonable explanation to the controversy regarding
the width of the coexistence region in the PZT system,
which has been an issue of debate since the appearance of
PZT. We conclude that a well-defined width cannot exist
in a complete solid solution system because Ax is inversely
proportional to the volume of the element in a given sta-
tistical ensemble, such as the grain size in a ceramic. Since
the grain size depends strongly on the ceramic processing
procedures, it is no surprise to see those reported experi-
mental discrepancies regarding the width of the coexist-
ence region.
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Polarization Gradient Coefficients and the Dispersion Surface of the Soft Mode

in Perovskite Ferroelectrics

Wenwu Cao
Materials Research Laboratory, The Pennsylvania State University, University Park,
Pennsylvania 16802

Abstract

The gradient coefficients in the Landau-Ginzburg theory are crucial for quantitative
description of domain walls in ferroelectrics. The magnitude of these gradient coefficients are a
measure of nonlocal coupling strength of the polarization. In this paper, we intend to explain the
physical meaning of these gradient coefficients in terms of lattice dynamics and give some
:e_laﬁonships between these gradient coefficients and the dispersion surface of the soft mode. The
iﬁpﬁcaﬁonsforthesmdyofovadampedsoﬁmodesmalsodiscussed.

PACS Numbers: 64.60.-i, 63.20.Dj, 64.90.+b




L. Introduction

Many ferroelectric materials have perovskite structure with a cubic symmerry in the
paraelectric phase. The symmetry of the low temperature ferroelectric phase can be tetragonal,
rhombohedral or orthorhombic. Ferroelectric phases usually have more than one variants and
these variants may coherently coexist within the symmetry frame of the parent phase, forming the
so called twin structures. It is shown that these twin structures can be well described by Landau-
Ginzburg (LG) type models.!2 All the expansion coefficients in the Landau theory correspond to
certain macroscopic physical quantities and can be obtained experimentally. However, the
physical meaning of the gradient coefficients, which regulate the domain wall formation and
control the domain wall width in the twin structures, still needs 1. be specified.

A paraclectric-ferroelectric phase transition is characterized by a softening of a transverse
optic mode at the Brillouin zone center due to the cancelation of the long range Coulomb forces
and the short range repulsive forces.3 The soft mode is stabilized above the phase transition
temperature by the anharmonic interactions whose strength weakens as the temperature decreases.
Using mean field theary, one can still formally retain the terminology of normal modes if the
"soft mode" frequency is assigned to be temperatu-s dependent.

Close to the phase transition temperature, the dominant contribution in the lattice
Hamitonian is from the soft mode. Therefore, one may simply study the soft mode behavior to
characterize the phase transition near Tc. For an inhomogeneous system, the spatial variation of
the order parameter must be considered. This is done by adding an energy term induced by the
order parameter gradients. Because the inclusion of both nonlinear and nonlocal terms in the
energy expansion, one may expect to obtain large amplitude soliton-like solutions which can
describe the domain walls (the transition region between coberent twin structures).456 The
physical meaning of these gradient coefficients can be seen from the study of small amplitude
oscillations for which the nonlocal coupling can be treated s perturbations.57 We will show in




this paper how these polarization gradients can be derived from a simplified lattice dynamical
model.

Since polarization is the density of dipoles per unit volume, it is proportional to the
magnitude of the associated optical mode. As will be shown in the third section of this paper that
the lattice potential for a given optical mode can be written in terms of the polarization vector.
Therefore, the Landau-Ginzburg potential can be directly used in the lattice dynamical calculations
in the small representation of the soft mode.

1. Gradient Coefficients and Dispersion Surface of the Soft Mode
From soft mode theory, the potential energy for a cubic systern may be expanded in terms
of the eigenvector of the soft mode3
G =5 (uf +uj +u}) M
where x is related to the temperature dependent soft mode frequency, K o (T-T¢), and u; (i =
1,2,3) are the components of the eigenvector of the soft mode. For the ferroelectric phase
msmon u is a relative displacement field.
| If u is inhomogeneous, we must include the gradient energy in the energy expansion. For
cubic symmetry the gradient energy may be written as follows,

Gy = %‘- (W,1 +u85 +18 3 ) +512 (1,1 U2 2 + Uy U3 +Uz2U33 )
4288 (w12 +upa? + (w13 #0302 +(wa3 +32) @
Assuming the effective mass for the mode is M then the equations of motion become
M ity + xug - 813 up,11 - 812 (U221 + u3.31) - 84a (1,22 +u2,12 + 0133 +u3,13) =0, (3a)
Miig + xu2 - 811 1222 - 812 (1,12 + u3,32 ) - Bua (U121 +u2,11 + U233+ u323) =0,  (3b)
M i3 + xu3 - 811 u3,33 - 512 (1,13 + 12,23 ) - 8us (U131 +u3,11 + U232 +u322) = 0, (3¢)
Eq.(3a-c) have plane wave solution of the form
u =Uexp[j (ot -kex)] @




Substituting eq. (4) into egs. (3a-c) gives the eigenvalue problem

Mo U= D(k) U (5)
where D(k) is the dynamical matrix
Kk+811k3+844(K3+k3) dizky ka d12k ks
D(k) Si2ki kr x+8) 1k3+8aa(k}+i3) d12kz k3 ©)
S12k; k3 d12k2 k3 K+811k3+844(K3+K3)

If the depolarization field is inciuded, the equations of motion (3a-c) will contain one more
term representing this contribution, which will split the longitudinal and transverse optical
modes.89 The depolarization field is given by

Pek) k
E®k)=-5"%XL
(k) % 12 -

memmmemhaMm&mdwmemPthmm
10 the relative displacement field u. Adding eq. (7) to the r.h.s. of eq. (3a-c) leads to the
dynamical matrix for a given k. In what follows, we will treat three k-values in the three principle
directions of the k-space.
A k=[k0,0].

Define Pi=Z e u;, where Z is a constant which nas a unit of inverse volume and e is the
electron charge unit. The meanigng of Z will be clear from later derivations. For this k value, the
dynamical matrix can be simplified to the following form

x+A + 81k? 0 0
Dk 0 x+844 k2 0 (®
0 0 x+544 k2
where A is a constant defined by
A =(l/eg) (Ze)? )




From Eq. (8) one can easily derive the dispersion relations for the longitudinal (o ) and

transverse ((T) modes respectively:
Q{:#(uz\wum (10a)
”%‘isli(“ 8ea k2) (10b)

=K
B. k Q.[l.l.ol

The electrostatic force from the depolarization field is now given by

Z_s_gig_l:zzu.l. o =281y 0 ap

K+AR+ Bu+du) K2 A2 +8,2kY 2 0
Dad  AZ+GDKR  x+AR+ Gii+iu) K2 0 (12)
) 0 0 K+ 844 k2
and the dispersion relations are
wf '#[K+A+-21(811+812+8“)k2] (13a)
of, = Ux+ 1 Bu B2+ 8u) 1) (13b)
of, =[x+ 8uk?] (130)

Here the two ‘ransverse modes are not degenerate.
=K
C. k 3 n1,1)].

£ (Pl; 220 PO 1, L AEEED 1 gy e
€0




and the dynamical matrix becomes

K+A/3 +(811/3+2 844/3) k2 A3 + (5123) k? A3 +(8,2/3) k?
D(k) A3 +(812/3) k2 K+A/3 +(811/3+2 §44/3) k2 A3 +(8;23) k2 (15)
A3 +(8123) k? A3 + (812/3) k? K+A/3 +(811/3+2 844/3) k2

The dispersion relations are therefore given by

ﬂhz.'#[K+A+%(5n+25u+25«)k2] (16a)
of =de [+ L@ -Br2+28u)12 ) (16b)

Note that the dispersion relations derived above are for the cubic phase near k=0 but not for

the low temperature ferroelectric phase.

~ Taking the limit k — 0 in the dispersion relations derived above, one finds that the
coefficient x / M becomes the soft transverse mode frequency square,

Lim m%- x/M an

The longitudinal mode will not become soft at T = T because of the depolarization field
contribution A,
. .J-
i MO a8

The simplest model to calculate these coefficients in terms of microscopic quantities is to
study the k =0 mode for a biatomic system using rigid ion model, in which the soft mode
represeats the relative displacement field, the mass is the relative mass, and the polarization is
equal to the ionic charge times the relative displacement then devided by the unit cell volume.




However, in the perovskite structure there are three different types of ions, hence, a more realistic
model would be a three body system model. In what follows we will use a one dimensional rigid
ion model for BaTiO3 as an example to illustrate the relationship between the coefficients in Eq.
(1) and the microscopic quantities.

According to the structural work of Shirane et al, !0 the soft optical mode in BaTiO3 consists
of the relative motion of Titanium, Barium and Oxygen (Fig. 1a). Because the center of mass and
the center of charge for each type of ions coincide, we can effectively treat this system as a three-
body system in the lattice dynamical calculations. For convenience the ion groups are labeled as
follows (see Fig. 1b): Ba---1; Ti--- 2; and 3 0 --3.

The potential energy represents the k = 0 mode for this three-body system is

@ = 3L (x1 - x)? + 22 (x2 - xo)? (19)
In order to derive the equations of motion one should also consider the Lorentz field, which leads
to the following differential equations:

m &) =-%x) (X1-xz)+-3tml’ (20 a)
my X2 =-K; (x2-X1)- Kz(xz-xs)+-3t€h" (20b)
msﬁs'-ﬁz(X3-Xz)+-3t-q$P (20¢)
q1+q2+q3 =0 (21)
P=(qix;+q2x2 + q3x3)/a3 (22)

where a, is the lattice constant, q1, q2, q3 are the charges of the three ion groups, P is the
larizati
For convenience let us introduce two new variables
U.XI°XB; V-X2°X3.

Using egs. (21) and (22), and the new variables u and v the equations of motion (20a-c) can be
simplified to become




imau+bv (23a)
V=cu+dv (23b)

wherek
--X . 9 1 Nt
a m; +3eoa%(ml+ n )
ba-(.‘.‘l-l‘.l.)..._ﬂ&_(ﬂl....m&)
my m° 3g a3 M1 My
c=£1.+_£.l__(.qz_+gl_+_%.)
m  3g,a3 M m3
d,-(ﬁi‘sz +Ky, 92 (92, qtqR,
m m’ 3ga M 2m3

Eqgs (23a,b) have the harmonic oscillator solution

u = ug exp(jox) . (24)
v = v exp( jax) (25)
and the eigenfrequency @ is given by-

af=d(-a-dtv/(a+df-4(ad-b0)] a6

In any given mode the relative displacement u and v are proportional to each other. For the
coordinate system in Fig. 1, u and v always have the same sign. Assuming one of the modes,
forenmplem,bemmsoﬁubwwmpaaumducmthedmoﬁhewupﬁngmm
between different ions, then, their magnitudes have the following relationship:

vonils(d-a-a-«/(a-l-d)ttt(ad-bc))uo @n
From Eqgs. (21) and (22) the polarization P is given by

P=@u+qv)¥l={q+52(d-a+V@+d%-4(ad-c))]u/ad (28)
Therefore, in this mode
Ze-[q,+-29%(d-a'+«/(a+d)7-4(ad-bc))]Ia% (29)

The value of P can be obtained from pyroelectric measurements and ¥ may be calculated from




X-ray diffractions of the low and high temperature phases, hence, Ze can also be obtained
experimentally.
Since v and P are linearly proportional to u, we could simplify the problem by constructing

a new single variable potential G= (x/2) u2 which gives rise to the following equation of motion.

ii=au+bv
=é-[-(a+d)-1/(a+dg)i-4(ad-bc) lu

=X
MY (30)

where x has the dimension of force constant and M has the dimension of mass according to the
definition of a, b, ¢ and d. For a three dimensional system, the constructed potential which leads
to Eq.(30) will have the same form as Eq. (1) according to symmetry. Because i is also
proportional to the polarization P [eq. (28)], we may also write down the constructed potential in
terms of the polarization vector P, which becomes the Landau potential for a ferroelectric system
G= (02) P2, a = x/ (Z e)2.

For longitudinal vibrations, we have to add the depolarization field (- P/eo) to the equation
of motion Eq.(20 a -c), which will add a positive contribution to the eigenfrequency preventing it
to become soft like the transverse mode. Formally, the relationship between wy, and wr may be

written as

oﬁ-m}--&ﬁ- (30)
where A is a positive constant reflecting the contribution of the depolarization field.
IV. Summary and conclusions

It is shown that the polarization gradient coefficients in the Landau-Ginzburg theory can be

directly related to the dispersion surface of the soft mode. Therefore, their physical meaning
becomes appareat. The correspondence between the Landau theory and the lattice dynamic
potential was illustrated through a simple one dimensional rigid ion model for BaTiO3 at k=0.
Since the polarization and the relative displacement field have a linear relationship, the polarization




coefficients in the Landau-Ginzburg theory may be calculated from the measured dispersion
curves near the soft mode. For cubic symmetry there are only three independent gradient
coefficients, the dispersion anisotropy of the soft mode can be determined through measurements
along the three principal directions. These gradient coefficients in principle can be obtained
through inelastic neutron scattering experiments. However, in many cases these dispersion curves
are very difficult to measure because of the high transition temperature. To my knowledge, a
complete set of the dispersion relations do not exist in the literatures for the known ferroelectric
materials. One of the intentions of this paper is to re-emphasize the importance to measure these
dispersion curves which can be used for the stdy of domain walls i:s ferroelectrics.

An interesting point should be also mentioned is the possibility of obtaining the dispersion
surface of the soft mode through direct measurements on the domain wall profiles(11): because the
gradient coefficients can be extracted from fitting the measured polarization profiles to the soliton-
like solutions of nonlinear nonlocal continuous medium theory.(26) This could be very useful to
study the dispersion surface of the over damped soft mode, such as in BaTiO3, which can not be
obtained through inelastic neutron scantering.
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Figure Captions

Figure 1. (a) Nlustration of the ionic displacements in BaTiO3 from ref, 10.
(b) One dimensional model for the soft mode.
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NONLINEAR AND NONLOCAL CONTINUUM THEORY ON
DOMAIN WALLS IN FERROELECTRICS

WENWU CAO AND L. E. CROSS
Materials Research Laboratory, The Pennsylvania State University,
University Park, PA 16802

Abstract The domain structures in ferroelectrics can be described by a
Landau-Ginzburg type theory with the twin and twin band (domain) structures
being nonlinear and nonlocal excitations of the ferroelectric phase. The
polarization gradients in the theory reflect the degree of nonlocal coupling
along different crystallographic orientations. These gradient parameters can be
obtained either from the dispersion surface of the soft mode or through fitting
the polarization profile measured by the holographic electron microscopy.

INTRODUCTION

The understanding of domain structures is essential for the design and applications of
ferroelectrics. It has been long recognized thax the piczoelectric and dielectric properties
of ferroelectric ceramics are mainly determined by the behavior of domain structures.
The formation of domains in ferroelectrics is due to the existence of milti-variants in th:c
ferroelectric phase. Atomic coherency is usually maintained across the domain
boundaries, which make it possible to switch domain orientations from one to the other
using external (either mechanical or electrical) fields. This switching gives rise to the so
called extrinsic contributions to the materials properties. The formation of domaia walls
in ferroelectrics may be treated in terms of solitory wave excitations in a nonlinear and
nonlocal system. Single kink-like and periodic solitory wav. soiutions for the twin and
periodic domain structures can be derived using the continuum theory.!-4 Since all the
expansion coefficients in the Landau-Devonshire model can be expressed in terms of
measurable macroscopic quantities, the continuum theory can give quantitative
description of the domain wall properties, including the profile of polarization across the
domain wall, domain wall width, energy stored in the muti-doman structure, and the
stress build up at the domain wall region, once the polarization gradient coefficients are
obtained.




THE MODEL
The Landau-Devonshire type phenomenological theory for ferroelectrics has been
developed for the ferroelectric phase transition.5:6.7 For a cubic system, such as
perovskite ferroelectrics, the elastic Gibbs free energy can be expressed in the following
form:
G=Gp + Ge} + G )
Gp=A (P 2+ P22+P32 )+ B (P14 + P24 + P3%) + C (P16 + P26 + P36 )
+D (plz p22 + p22 932 + p12 p32) +E( Pl4 p22 + plz p24 + p24 p32 +p22 p34
+P32 P14+ P12 P3*) + H P12 P2 P32 ()
Gei=- %1 ( X112+ X222 +X332 ) - s12 ( X11X22 + X22X33 + X11X33)

- 48 (X122 + X132 +X23?) 3

Gc = Qi1 (X11 P12 +X22 P22 +X33 P32) + Q12 [ X11 (P22 + P32 ) + X2 (P2 +
P32 ) + X33 (P12 + P22 )] + Q44 ( X12 P1 P2 + X13 P; P3 + X23 P2 P3)
@
where A, B, C, D, E, H are the linear and nonlinear dielectric constants, s;; are the
elastic compliance coefficients, Qj; are the electrostriction constants, P; and Xj; are the
components of polarization and stress, respectively. All the coefficients are assumed to
be independent of temperature except A which is a linearly function of T,
A=0(T-Top . )
In a homogeneous system, a paraclectric-ferroelectric phase transition occurs at Tc.
Under stress free condition, the phase transition temperature Tc and the spontaneous
polarization P, at the transition can be derived by minimizing Eq. (1),

T, =To+—B )
c =70 4Ca
-B
2 .22
PP= g Y

One of the low temperature ferroelectric phases is the tetragonal phase. There are six

energetically degenerate variants in the tetragonal phase: (+ Pg, 0,0), (0, £ P, 0) and
(0, 0, + P;), where P; is the spontaneous polarization given by

- 2.
Ps=“,, B+‘I3Bcg3 AC ®

These energetically degenerate variants can coexist in the ferroelectric phase to form the
twin structures. Electron microscopy reveals that the ionic coherency is maintained
across domain walls, but domain walls are not atomically sharp. Domain wall width is
determined by the nonlocal coupling strength of the ferroelectric system.




Since the nonlinearity has been included in the model [see Eqs. (1)-(4)], if we add
the contributions of nonlocal coupling, then from soliton theory, we may expect solitory
wave excitations in the ferroelectric phase. These excitations are in deed found and they
represent the ferroelectric domain walls.

For a perovskite system, the symmetry of the high temperature phase is cubic,
therefore, the Gibbs energy representing the nonlocal coupling can be written as
follows:2

1
Gg=7g11 (P112+P222*P332) + g12 (P1,1 P22 * P11 P33+ P22 P33)
1
+7 844 [ (P12 +P2,1)2 + (P13 + P31)2+ (P23 + P32)?) 9)

here the indices after the comma represent derivatives with respect to space variable
along that axis. Upon the minimization of the total free energy of the system Egs. (1)
and (9), one can obtain the solutions for the domain walls.2

90° DOMAIN WALLS

There are two types of domain walls in the tetragonal ferroelectrics. One is the 180°
domain wall which divides a twin domain with identical strain but opposite polarization,
and the other is the 90° domain wall which divides two domains whose polarization and
spontaneous strain are nearly 90° from each other. Solutions for the 180° domain walls
can be easily obtained since the problem is one-dimensional.2 Here we only solve the
problem of 90° domain walls for which the problem can be rendered to quasi-one-

From transmission electron microscopy studies, domain walls tend to broaden or
bent near the surface, however, inside the sample they have well defined wall-like

f110]  %g[010]
A A

Po'\\ > s[100)

x4[100]

FIGURE 1. A tetragonal twin structure and the coordinate system used in this paper.




structure with translational symmetry parallel to the wall plane. Therefore, while dealing
with a <110>-type domain walls in tetragonal ferroelectrics we can rotate the xj, x2
coordinates about the x3 coordinate by 45° so that the properties of the domain walls
only depend on one space variable (s-coordinate as indicated in Fig. 1) only.

In the new coordinate system the equilibrium conditions are governed by the
following equations:2

-‘139—]-99=o, (ij=s,1,3)

an BPiJ aPi (10)

Xjjj =0, ' (ij=s,1,3) 68))
and we also need the elastic compatibility relations

€ikl €jmn XInkm =0 (ijklmn =s, 1, 3) (12)

to insure the elastic continuity since in our model the domain walls are intrinsic
excitations, no defects are created in the domain wall region. x), is the component of
elastic strain tensor and €y is the Levi-Civita density.
Eqs (11) and (12) has three nontrivial solutions:
Xr3=0 (13)

2 (s11s s%:){[ 12Qi12 -511(Q11+Q12)IPE [ 2512Q12 -511(Q11+Q12-Qas)]P?
11985~
-[2512Q12 -811(Q11+Q12+Q44)]P?} (14)

X3y=——L——{ [Siz(Qu'Ple) ~2545Q12JP3 -[ 512(Q11+Q12+Qua) ~255Q12]P?

2(s11555-572)
~[512(Qu1+Qi12-Qas) ~251sQu2] P} (15)
where
ssFé'(sl l+512+%1)-

It can be casily verified that the two stress components X,y and X33 are nonzero only in
the vicinity of the domain wall. These nonzero stress components near the domain wall
region is the cause of the faster etching rate which makes the domain walls visible
through chemical etching technique.

In order to see the general trend of the variation of polarization profile without
specifying the coefficients to a particular system, we normalize the polarization and the
space variable s into dimensionless forms by the following substitutions:

PFVT?E fr=Pcfr Po=y-3c fi=Fch (16a,b)
rt 1mcSaSon =
4 Ac

where




Gss=%(gl 1+812+2844), Grs=%'(gl 1-812)s
and define the dimensionless temperature as

T T-TQ
“Tc-To

(18)

then the equilibrium condition Eq. (10) can be written in the following form for a 90°

twin structure,
a f, ge= T, f+ byf3+ c £+ dfi+ (8 - %d) B2+ (4 - %d) £.£4
%fr. ge= T B+ befP+ cff2 + dff+ 8 - 75“) 32+ (4 - %d) f, 1}

where the coefficients are given by

(l+]/ 1- 3-'_t)
=1- 4 __((Qu+Qi2- Q44)[2512Q12-511(Q114+Q12)]
3(s1 1S,,-S%2)B
. +2Q12[812(Q11+Q12)-2545Q12] }

(1+ 14)

{ 2
3(51183,-8?2)B (Q11+Q12+Qu4)[2512Q12-511(Q11+Q12)]

+2Q12(512(Q11+Q12)-2545Q121}

be= 2- R L ((Q11+Q12-Qua)[2512Qi12-511(Q11+Q12-Qua)]
B 2B(sy 18,,-8%2)

+2Q120812(Q114+Q12-Qa4)-254Q12]}

by=-2- %ZB(s ls R {(Q11+Q12+Qua)[2512Q12-511(Q11+Q12+Qu4)]
119gg"

+2Q120812(Q1, +Q12+Qus)-2555Q121 }

c=-6+24 —1 {(Q11+ Qi2- Qua)[2812Q12- 511(Q11+Q12+Qu4)]

B 2B(sy155%)
+2Q120512(Q11+Q12+Q44)-2555Q121 }

d=3(1+8)
RESULTS AND DISCUSSIONS

(19)
(20)

21)

(22)

(23)

(24)

(25)

(26)
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Using the normalized equations, we can study the influence of different parameters to
the polarization profile and obtain a conceptual understanding on the nature of the
polarization variation in the domain wall region. Fig. 2 shows the variation of the
polarization components with the parameter a across a 90° domain wall. One can see
that the domain wall becomes wider as a increases. In real dimensions, because the
scaling factor of the space variables, ¥, is directly related to the product Gss*Gys [see

€q.(17)], domain wall becomes wider as the gradient coefficients become larger.

FIGURE 2. Variation of polarization components fs and fy induced by the change of
parameter g across a 90° domain wall. The gradient parameter a determines the width
of the domain wall.

1.5k
.4.3-2-121 2 3 4

FIGURE 3. Variation of polarization components fs and fr with temperature T across

2 90° domain wall. The asymptotic values of the polarization components increase




FIGURE 4. Variation of polarization components fs and fy induced by the change of
parameter d across a 90° domain wall. The nonlinear parameter d influences the
magnitude of the polarization variation in the domain wall region.
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FIGURE 5. (a) Polarization components f] and f2 across a 90° domain wall, and (b)
Ilustration of the variations of the polarization vector and the unite cell distortion
across a 90° domain wall.




Fig. 3 shows the variation of the polarization with temperature t. The asymptotic
values of the magnitude of the polarization components increase and the domain wall
thickness decreases as the temperature is lowered. The temperature dependence is strong
near the transition and gradually becomes insensitive when the temperature is far below
T,. Fig. 4 shows the variation of the polarization components fs and f; induced by the
change of parameter d. We can see that the magnitude of f; is very sensitive to d while
the domain wall thickness is relative insensitive to d. We can also calculate the
polarization components f; and f2 in the original coordinates. One example is given in
Fig. 5 (a) for a set of chosen parameters. The corresponding unit cell distortion and the
polarization variation across the domain wall are illustrated in Fig. 5(b). The polarization
vector rotates gradually from one orientation into the other accompanied also by a
change of the magnitude.

All properties of the domain walls can be quantitatively calculated using this
model once the expansion coefficients are known. As we have mentioned above that the
polarization gradient cocfficients are most crucial for the study of domain walls, which
may be derived from the ieasurements on the dispersion surface of the soft mode.8.9 In
general, inelastic neutron scattering to probe the soft mode may be difficult due to the
relatively high transition temperature in many systems of interest and in some cases, the
soft mode is over damped. An alternative way to obtain these coefficients would be to
probe the polarization profile across the domain wall and then fitting the unknown
coefficients using the differential equations (19) and (20). The recently emerged new
technique, electron holography, may offer an option to this end.10.11
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The realization of electron holography provides a new powerful tool to probe the
subtle and local changes of electric and magnetic fields inside a crystal structure
through the phase variation of electron wave function. For a ferroelectric system the
interference fringe patterns across a domain wall are very strongly affected by the
presence of surface charge compensations. If the compensation is incomplete, a residue
depolarization field will be present in the direction parallel to the electron beam, which

can induce kink-like fringe bending.

Earlier reported holographic images of

ferroelectric domain walls revealed an asymmetry fringe bending. This behavior is
explained through phase shifts induced by both the depolarization field and the strain

field.

1 - Introduction

Electron bologphy provides us with a new
maethodology for the study of electric and magnetic
field variations at the atomic scale.! In the past
few yenrs, the eleciron holography inchniqun han
its power in the study of magnetic
domain walls, p-n junctions, and fluxons in
superconducting materials.3-7 Recently, this
method has been introduced into the study of
ferroelectric materials, with particular interest to
ferroelectric domain walls and defect ts.8
The kink-like phase change profile in the
interference fringes qualitatively agree with the
continuum theoretical descriptions of ferroelectric
domain wall profiles.?.10 However, quantitative
agresment has not been obtained and the
ezperimental results are not consistently
. In this paper, a ical analysis
is carried out, which intends to provide some
basics for future studies on ferroelectric domain
walls using

electron holography.
Due to the existence of free charges, the study

of polarization related electric field variations is
much more complicated than the study of
magnetic fleld varistion wusi electron

holography. The density of these charges

nﬂaﬁu; of polarization across a domain
beundary ene must separate different charge
sources.

2 - Electron holography

The fundamental :tincip:

in
holography is the inte coherent
-ulyllo’anu. Tonmdnpmﬁmﬂmhg

electron

435

transmission of high energy electrons through a
thin foil sample can be treated as a one-
dimensional problem. Define z to be the alectron
traveling direction, then the phase change in the
electron wave function due to the existence of an
electric potential V(xo ¥,, 2 ) is given by

O(x..y.)-ul (v (1-Y0eyed) 0,
A z §))

where A is the electron wave length, x, and y,
define the point on the sample foil, ¥ is the
electron energy and V(x,y,, 2 ) represents the
electric potential produced by the object. When the
electron energy, I, is much greater than the
magnitude (V(xy yo z )imax of the potential
barrier, the phase shift of the slectron wave can be
simplified asil.12

(xe.Y0) --u‘;- V(xe.Yo. 7) dz

2)
Since the energy of the electron beam is very large,
~ 200 keV, Eq. (2) is usually suffcient to calculate
the phage change.
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3 - Theary

From electrodynamics we know that the
macroscopic electric field B, polarization P, and
the electric displacement D, are all interrelated by
the following equation,

DsgE+P 3)

Generally speaking, polarization P depends on
local electric field which is different from the
macroscopic electric field E. A ferroelectric
system has a number of additionsl considerations
owing to the spontaneous polarization and
boun conditions. Two extreme cases are
shown below to illustrate this situation. For
simplicity we assume the spontaneous
polarization, P,, is perpendicular to the sample
plane.

The oi E:tauinwhcntheum le surfaces
docuad ¢

are and the two electrodes were short
circuited during the development of the
rnm Flnrtnﬁon. For this system we have
condition E = 0, g0 that

Since Pyon is the surface "bound charge” density
‘and - De*n equals the surface “free charge”
density, the polarization is completely
the generated free charges. The

system is in equilibrium and has a fully developed
t the whole
constant,

spontaneous polarisation

:
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charge compensation in a non-electroded sample
is & relaxation process, the rate can be very slow
as the equilibrium is approached. In addition,
since most of the ferroelectrics are alse improper
ferroelastic, a small level of the depolarization
field could be sustained through elastic distortion
of the structure. In other words, the system is
sometimes not fully compensated, at least in a
finite time pericd. This situation can also happen
in an already compensated system through the
change of temperature (pyroelectric sffect) or
mechanical stress (piezoelectric effect).

The depolarization field in the partially
compensated system can be expressed as

Eu-(Py-DVegu- (10 WP,/ g ® .

Here we have defined a compensation factor n =
D/P, (in our problem the vectors D and P, are in
the same direction ) which is less or equal to
unity, 0 < 1 < 1. The compensation factor n
depends strongly on tem ture, stress, and also
wm&mmutﬂmzq.(ﬁ)hmmﬂ
n <1, .ndpmporﬁon-ltothopohﬂuﬁou.:‘:;
may use holographic electron microscopy to s
the variation of polarization inside a twin domain
structure, through the residue field and the
associated phase shift. The basic requirement is
that n changes slowly with time.
The associated spontaneous polarization
profiles can be determined using Landau-
theory. As an example, in a 180° twin

= 1 and Eq. (§) reduces to a hyperbolic tangent

function®

P=Pytanh x) @)
From Eqs. (2), (6), and (7) or (8), one can calculate
the phase profile acroes a domain wall:

{ .(1-:\)::”
AL e ®)

.Heore x, defines the coordinate on the sample

surface and the phase refarence is chosen at the
domain wall center. Since ﬁmtho are
on,

antisymmetric.
Most ferroeslectrics are also improper
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Fig. 1. The polarization profiles for the Fig. 2. Variation of the total phase shift profile

polarization components perpenticular and with respect to the ratio a = | Aggl/I | of

parallel to the domain wall in a 80° twin o 8¢

tructure. contributions from Type I and Type IL
ferroelastics, i.e., the strain is the secondary order domain walls. The profile of this component is

eter and eouplod to the polarizations; hump-like as illustrated in Fig. 1. Also, because
:lrl::itlho in the domain wall region. the strong polarization gradient at the domain
The rolationlhip b.iween the spontanecus wall region, charge defects and vacancies tend to
polarization P and the spontaneous strain S can be b.tnppodbythdomdnwalll.tbuo?nt" charge

written as: defects can also contribute to the type II fringes as
summariged in Table 1.
S=QuPP (ijkl=123) (10) In general, the fringe patterns observed across

whn%hthdmtncﬁonmum:.m tnol-mn.utht ru;'l’:-ntﬁ-lm

train defined patterns non-symmetric. example,

vl eymmatry ans boaslary coudisene” For  besuming the polarization s given by E3. (@), the

the 180° ferroelectric twin discussed above t.ho ﬁ' t:::‘oﬂd“i:‘ r'i':"é“lhfg fm 1:;0%0‘ :;
10,13 us . & ] .

strain variation in the domain wall region is ot type I ile and the dashed lines

ASy =Qum (P2 - P(x) an represent type 1I profile, a = | Aggl/! A:t..l is the

Dutothoqmmicmd (11), the phase versus
profile reflecting the strain v?ma?.'n will be phase

Table 1
Shape Symmetry ~ Source of Contribution
Type 1 —— Antisymmetric P:llalﬁnﬁmplnlhlhdonﬁn
: w
8, tri Polarization perpendicular to
Type 1 yrmetne domain wall; point charge
defectis; strain varistion across

the domain wall
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Fig. 3. Comparison of the theory with the
experimental data of ref. 8. The circles are the
experimental data, the thin line is the fitting to
a simple hyperbolic tangent and the thick line
was obtained using Eq. (12).

A0(xM{oa] = ahn 354 ) + 0 ( 1- mnh? 35 )) + 8
§ S a2

where x4 and P are respectively the horizontal and
vertical deviations of the domain wall center from
the reference center used in the experiment. A
different characteristic length &, for the type II
fringe is introduced, which may not be the same
as &. Fig. 3 shows the comparison between the
fitting of ref. 8 (thin line) and the fitting using Eq.
(12) [thick line]. One can see that the current
fitting is quite satisfactory with the following
fitting parameters: x4 =-0.285 §; a = - 0.323; §; =
0.31 % and P = - 0.1285. Here we like to emphasize
that the functional form for the first order phase
trangition in BaTiO3 would be more appropriate to
use eq. (7) instead of eq. (8) if the constant A can be
determined.

Fig. 4. Calculated fringes across 2 domain wall
for different a assuming { 4¢..! = x/2.
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Fig. 6. Calculated fringes across a domain wall
for different a agsuming! A¢g! = x/2,

Figures 4 and 5 show some of the expected
fringe patterns across a ferroelectric domain wall
using the current analysis. The fringes in Fig. 4
were calculated by assuming | A¢.! = x/2 while
the fringes in Fig. 5 were caiculated by assuming
| Apg! = x/2. One can see the nature of the fringes
changes from type I to type Il as the parameter a
increases from O to o.

4 - Conclusions

As the electron holography technique is very
sensitive to the local electric potential variations,
the incompletely compensated depolarization field
in domain wall regions can be measured. The
fringe patum:r can be d'iinctly correlated to the
space profile of polarization veriation in a twin
structure. The sample should not be aleciroded
and the electron energy must be very high. Fora
compensated sample, one may vary the
temperature to destroy the charge balance and
make the domain wall visible through the electron
phase shift. In general, the fringe bending
observed is a mixture of type I and type II, one
must separate the two types of contributions in
order to extract useful information from electron
hologrrphy. Eqgs. () and (12) can be used to fit the
fringe patterns across a 180° and s non-180°
domain wall, respectively.
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Direct evaluation of domain-wall and intrinsic contributions
to the dielectric and piezoelectric response and their temperature
dependence on lead zirconate-titanate ceramics

Q. M. Zhang, H. Wang, N. Kim, and L. E. Cross

Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802
(Received 12 July 1993; accepted for publication 17 September 1993)

By making use of the fact that domain-wall motions do not produce volumetric changes, an
cxperimental method is introduced to directly and quantitatively determine the domain-wall and
intrinsic contributions to the piezoclectric and dielectric responscs of a ferroelectric material.
Utilizing this methad, the contributions from the domain walls and intrinsic part as well as their
temperature dependence for Jead zirconate-titanate (PZT) 52/48 and PZT-500 ceramiics are
cvaluated. The data show that at temperatures below 300 K, the large change in the dielectric and
piczoclectric constants with temperature is due to the change in the domain-wall activities in the
materials. The results confirm that most of the dielectric and piezoelectric responses at room
temperature for the materials studied is from the domain-wall contributions. The data also
indicate that in PZT-500, both 180" wall and non-180° walls are possibly active under a weak

cxternal driving ficld.

1. INTRODUCTION

For most lerroelectric materials, the existence of
domain structures or domain walls makes a significant in-
fluence on the material propertics. For example, in lead
zirconate-titanate (PZT) solid solution system, the mate-
rial propertics can be modified over a wide range by using
different dopants or by different processing conditions.'
Such changes in the material properties are believed to be
the result of changes in the domain-wall response in the
materials.>! From the Landau-Devonshire phenomenolog-
ical theory, it has been proposed that for PZT at compo-
sitions near the morphotropic phase boundary, the
domain-wall contribution accounts for more than half of
the room-temiperature  dielectric  and  piezoelectric
responses.

In the literature, the material properties from a single-
domain matcrial are denoted as the intrinsic properties (or
volume contribution) of the material, while the contribu-
tions from the other parts of the material, mainly from
domain walls, are lumped as extrinsic properties of the
material. Under this convention, the dielectric constant €,
piczoelectric constant d, al elastic compliance s, can be
writicn as a summation of two terms,’

€=€x-1 €y
d':dcx" e (0

$=Scx+ Sim

where the subscripts ¢x and in denote the extrinsic and
intrinsic contributions, respectively.

To understand how domain structures and domain-
wall mations arc influcnced by different processing concdi-
tions and dopants so that the material properties can be
better tnilored, one needs 1o quantitatively describe the
changes of €5 €ias dexs ine Sexs Sin With the processing
conditions and dopants. That is, to distinguish the intrin-
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sic and extrinsic contributions from the experimental data
which usually contain both parts. Currently, two methods
are commonly used in separating the extrinsic properties
and intrinsic propertics in ceramics: One is based on the
frequency dispersion characteristics of the dielectric con-
stant and the cther is based on the properties measured
at near 0 K temperature.*%® Since dielectric dispersion
only describes the diel~tric property of a material, it can-
nol provide information on the piezoelectric responses
from different parts and the difference between [80°
damain-wall respouse and non-180° domain-wall response.
While the resulis derived from the second method are only
related Lo the material properties at near 0 K and may not
be directly related to the material properties at higher tem-
peratures.

In this article, we introduce a new experimental mcth-
odology which can directly and guantitatively determine
the domain-wall and intrinsic contributions to the material
properties and their temperature dependence. Using this
method, the piezoclectric and dielectric respounses from
both the intrinsic and domain-wall contributions were in-
vestigated for both doped and pure PZT ceramics near the
morphotropic phase boundary in the temperature range
from 10 to 300 K. The basic principle of this method is that
in contrast to the intrinsic response where any polarization
change will be accompanied by a change in the unit-cell
volume, the polarization change induced by domain-wall
motion will not cause volume chaunges. As a consequence,
the domain-wall motion will not contribute to the hydro-
static response of a material and the change in the piezo-
electric hydrostatic coeflicient dj, will not Le related to the
response from domain walls; thercfore, d,, provides a very
sensitive nieans (o separate the intrinsic and extrinsic ma-
terial responses. By combining these results with the data
measured near 0 K, we can get the temperature depen-
deuce of the extrinsic response and intrinsic response of
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these PZT samples. In addition, making use of both dielec-
tric and piezoelectric responses, one is able to gain infor-
mation on the change of domain-wall responses of 180
type and non-180° type as the proccssing conditions or
dopants are varied.

Il. EXPERIMENTS

The piczoelectric constants d,; and d},, dielectric con-
stant €;3, and remanent polarization P, were characterized
for pure PZT at the composition near the morphotropic
phase boundary (PZT 52/48), and a soft PZT in the tem-
perature range from 10 to 300 K. The PZT 52/48 ceramic
samples were made through the standard solid-state
processing.’ The samples were poled at an electric field of
50 kV/cm and a temperature of 375 K for 5 min. All the
samples were aged for more than 1 week at room temper-
ature before any measurement. The soft PZT ceramic sam-
ples (PZT-500) were purchased from Piezo Kinetics, Inc.
(Bellefonte, PA 16823) and were poled by the manufac-
turer.

The piezoelectric constants dy; and d;, were acquired
through the resonance technique using a HP impedance
analyzer (HI’ 4194A) for bar-shaped samples and the res-
onance frequencies were around 150 k1iz. These constants
were also measured at room temperalure by a laser
dilatometer.'® The results from the two measurements
were in good agreement. The temperature regulation for
the resonance experiment was provided by a helium closed-
cycle refrigerator (APD Cryogenics, Model HC-2).

The dielectric constant measurement was carried out
using a HP multifrequency RLC meter (HP 4274A) and
the temperature dependence of the remanent polarization
P, was obtained by combining the data acquired using the
Byer-Roundy technique and from polarization hysteresis
loop measurements. Since the ferroelectric-paraelectric
transition temperature (Curie temperature) flor these sam-
ples is far above the upper operation temperature for the
setup which is at 500 K, the Byer-Roundy technique can-
not provide the absolute value of the remanent polarization
of the samples. To establish the absolute scale of the rem-
anent polarization, the polarization hysteresis loop was
measured at room temperature using a molified Sayer-
Tower circuit. A homemade temperature chamber was
used to regulate the temperature for the polarization mea-
surement. The temperature range of the measurement was
from 100 10 470 K for PZT-500 and 100 to 340 K for PZT
52/48. In all experiments, the sample thickness was about
1 mm and the sample area was about 5 S mm?. The elec-
trodes were made by sputtering gokl on both surfaces of
the samples.

iil. RESULTS AND DISCUSSION

A. Temperature dependence of the plezoelectric
constants

Shown in Figs. 1(a) and 1(b) is the temperature de-
pendence of the piezoelectric constants dy; and dy, for PZT
52/48 and PZT-500 samples, respectively. For PZT 52/48,
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FIG. 1. The temperature dependence of piezoelectsic constants dy;, dy,,
and d, for (a) PZT 52/48 and (b) PZT-500 ceramics.

as the temperature increases from 10 K to room tempera-
ture (300 K), d,; increases about two and a half times
(from about 105 to 245 pC/N). In the same temperature
range, —dj, has about a threefold increase (from about 40
toll4 pC/N). From the relation d‘=d”+2d;|. d,,can be
determined in the same temperature range and clearly, un-
like d3y and dy;, d, does not increase with temperature.
Instead, from low temperature (0 room temperature, d,
exhibits a slight decrease from about 24 to 20 pC/N, which
is shown in Fig. 1(a). The data for d) in Fig. 1(a) also
shows larger scattering than those of d,; and d,. This
understandable since both dy; and dy; arc inuch larger than
d), any small data scatlering in dy; and d;, will induce a
relative large scattering in d, when it is obtained by the
difference between d; and dy;. In spite of that, the data
clearly shows that d,, has & much smaller temperature vari-
ation compared with both ds; and dj,.

Similarly, for PZT-500, in the temperature range from
15 K to room temperature, d;; increases [rom about 132 to
360 pC/N and —d,, from 54 10 170 pC/N, while d, stays
alimost a constant around 23 pC/N in the same lempera-
ture range, as shown in Fig. 2. By relating this behavior to
the discussions above, one can immediately draw the con-
clusion that in both pure and doped PZT ceramics, the
large change in the piezoclectric activity (dy; and dy;) in
this temperature range is caused by the extrinsic contribu-
tion, most likely by the non-180° domain-wall motions.

B. Temperature dependence of the dielectric
constant and remanent polarization

In Fig. 2, the temperature dependence of €;; for both
PZT 52/48 and PZT-500 is plotted from 15 to 300 K. For

Zhang ot al. 455




1500} PZT-500 ..‘/.’
.,mooo ° pr 5248 ]
500 p
o ad A A 1 A A
] 50 100 150 200 250 300 350

T (K)

F1G. 2. T he dielectric constant €, for PZT-500 (@) and PZT 52/48 (O)
poled samples measared at | kllz.

PZT 52/48, cxcept for a broad anomialy at a temperature
near 260 K, €y, shows a large increase, from about 370 at
15 K to ncar 1200 at roomn temperature, which is a more
than threefold increase. For PZT-500, €,, is 375 at 15 K
and increases to 1800 at room temperature. Therclore, the
dielectiic constants of the two PZT materials are alinost
the same at temperalures ncar 0 K. This is consistent with
an earlier experimental result in which all the dielectric
constants measured from PZTs with different dopants con-
verged {0 a common value as the temperature approached
10 0 K.? In contrast, at a temperature ucar 0 K, the piczo-
electric constants for the iwo materials are not the same,
which is probably caused by different degree of poling and
different distribution of polarization about the poling di-
rection in the matcrials. As is shown later, the remanent
polarization of PZT-500 is higher than that of PZT 52/48.
Apparently, dopants in PZT-500 facilitate the domain-wall
movement and increase the degree of poling.

The piczoelectric response in a single-domain material
can be viewxl as polarization-biased electrostriction.
Hence, the intrinsic piezoelectric and dielectric response
are related through the electrostrictive coeflicient ¢;; and
the remanent polarization P,,'!

dyy=2enesQul’,, (2a)

dy=2€36aQ021", (2b)
and '

dy=2ex36O0,, (2c)

where ¢, is the vacuum permittivity. These relations are
derived from single-domain materials and should be valid
for ceramics where the quantities in Eq. (2) are the aver-
aged ones. Although the piezoelectric constants d;, vary
widely as the composition or temperature changes, the
polarization-related electrostrictive coeflicients Q,; hardly
change with compasition and (emperature in PZT
ceramics.! Therefore, ouce the temperature dependence of
P, is determined, the temperature dependence of the intrin-
sic dielectric response can be evaluated through Eq. (2c).
Similarly, d;; and dy, from the intrinsic contribution can
also be determined from Eqs. (2a) and (2b).
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FIG. 3. The remanent polarization for PZT-500 and PZT 52/48 as a
function of temperature. The curves at temperatures below 100 K are
calculated from the fitting (o the higher-temperature data.

For the two PZTs, the remanent polarization P, as a
fuiiction of temperature is shown in Fig. 3. Since the lowest
temperature measured for the P, was at 100 K, the data
were fitted using a polynomial and the low-temperature (0
K) P, was extrapolated from the fitting. As can be seen
from Fig. 3, the P, is a smooth function of temperature and
from the theoretical consideration, one does not expect any
irregular changes in P, as the temperature is lowered,
which justifies the extrapolation.*!! At tempcratures near
and’ above room temperature, there is a small irregular
change in the P, for PZT 52/48. This is likely caused by the
internal stress field in the material, which increasingly re-
aligns the domain as the temperature is raised. Hence, for
PZT 52/48 the higher-temperature data are not ploited
here.

C. Discussion

From the results presented in Secs. 111 A, and 111 B,
the temperature depeudence of the piczoelectric and dielec-
tric constants from both the intrinsic and domain-wall con-
tributions can be determined. Assuming at 0 K, d; and €33
are from (he intrinsic contribution, @y,, Q,, and Q, for the
PZT ceramics are calculated using Eq. (2), and the results
(listed in Table 1) are close to those of an earlier experi-
mental result.* In the calculation, the data of d;; and €, at
0 K are extrapolated from the higher-temperature data and
are very cluse to those measured at 15 K. Making use of
Eq. (2), the temperature dependence of the dieleciric con-
stant €33 and piezoelectric constants dy; and dy; from the
intrinsic contribution are calculated and they are shown in
Figs. 4 and 5 for the dielectric constant and the piezoelec-
tric constants, respectively. In all these calculations we as-

?

TABLE 1. The electrostrictive coeflicients for PZT-500 and PZT 52/48
ceramics used in this experiment.

Q) (m'C*) Qy (m'CYH Qi (m'CY)
PZ7-500 0.0091 0.0503 ~0.0207
PZT 32/48 0.012 0.046 0017
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hat the electrostrictive coefficients Q,; were inde-
of temperature. Clearly, in the temperature range
there is very little increase in the intrinsic dielec-
vity. For PZT 52/48, it stays at about 350 in this
ture range and for PZT-500, it increases slightly
nperature from 350 at O K to 430 at 300 K. This is
mnt with the experimental results from Bottger and
1d from Kersten and Schmidt® on PZT ceramics, in
the low-frequency dielectric constant €;; showed a
hange with temperature, while at frequencies above
lectric relaxation peak (near 1 GHz) ¢;; was nearly
lant of about 400 at temperatures below 300 K for
i2/48. Since the diclectric relaxation at frequency
GHz is believed to be due to the relaxation from
n walls, at frequencies above that one expects that
mmain-wall contribution will dic out and the major
bution to the dielectric response will only be the in-
: part. In addition, €;; value of about 400 is almost
me as what we observed here at temperatures near 0
rerefore, in spite of different techniques used, the two
f measurements yield almost the identical results. Be-
that, the dielectric constants measured from single-
al samples of PZT also stayed almost constant at low
eratures."?
“he results presented here provide direct evidence that
om temperature, domain walls make major contribu-
. to the dielectric and piezoelectric responses of PZT
wrials. This is consistent with the theoretical prediction
g Landau-Devonshire theory.* At room temperature
intrinsic dielectric and piezoelectric contributions are
than 25% and about 37% of the total responses for
2-500, and 30% and { for PZT 52/48.

o 2 A e A e 2

“2 0O S0 100 150 200 250 300 350
1400 Y r—————————
150} ©® '.-" :

o S0 100 150 200 250 300 350
TX

FIQ. 4. The calculated intrinsic (O) and extrinsic (B) dielectric con-
stant for (a) PZT-500 and (b) PZT 52/48. For the comparison, the total
dislectric constant (@) measured is also presented. )
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In PZT, there exist two groups of domain walls: 180"
wall and non-180° wall. A major difference between these
two groups of walls is that 180" walls are not ferroelastic
active, while non-180" walls are ferroclastic active. As a
result, 180" wall motion will affect only the dielectric prop-
erty and non-180° wall will affect both dielectric and piezo-
electric properties. Hence, when one discusses domain-wall
contributions to the material responses, it is important to
know which kind of wall is active under weak driving field
because by enhancing only the non-180" wall activity one
can greatly improve the electromechanical coupling factor
of the material, and on the other hand, by enhancing only
the 180° wall activity, the dielectric response of the mate-
rial can be improved significantly without introducing
large dielectric losses, which are mostly caused by non-180°
wall motions.'* Currently, it seems to be widely believed
that for PZT and other ferroelectrics with perovskite struc-
ture, under weak external driving fields, the major part of
the domain-wall response is from non-180" walls and 180°
walls are almost idle. The reason is that 180° wall width is
much narrower (probably on the order of one unit cell) in
comparison with non-180" walls,'*'* which implies that
there is a much steeper potential well for 180° walls; there-
fore, a weak external field may not be able to induce sub-
stantial changes in the 180" wall structure. Experimentally,
there was no direct evidence to prove or disprove this;
however, the results presented here may not be consistent
with the idea that 180" walls in PZT ceramics are idle.
From the results presented above, at room temperature,
the extrinsic contribution to the dielectric constant is larger
than that to the piezoelectric constant for PZT-500, while

dys » -dy, (PCN)

0 SO 100 150 200 250 300 350
T(K)

FIG. 5. The calculated intrinsic and extrinsic piczoelectric comstants
for (s) PZT-500, and (b) PZT 52/48: open circles are intrinsic d),,
solid circles intrinsic dy;, open squares extrinsic d;;, and solid squares
extrinsic d;,.
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FIG. 6. The calculated extrinsic piezoelectric and dielectric constants for
(a) PZT-300 and (b) PZT $2/48; solid circles are extrinsic d);. open
circles extrinsic &y

for PZT 52/48 they are almost the same (the ratio d3y/dy
and €33/€3;). That is, increased domain-wall activities in
PZT-500 raise the diclectric constant more than the piezo-
electric constant. The large increase in d,, is apparently
due to the increased activity in non-180° walls in PZT-500;
however, the disproportionate incresse in €,, may reflect
the fact that there are substantial increases in the 180° wall
activity, too. In addition, as illustrated in Fig. 6, the ex-
trinsic piczoelectric and dielectric contributions show a
similar temperature dependence for both PZT-500 and
PZT 52/48; however the ratio of d,, to €,, (d,,/€,,) for the
two materials is quite different. At room temperature, this
ratio is 0.2 pC/N for PZT 52/48 and less than 0.15 pC/N
for PZT-500. In other words, on average, corresponding to
the same polarization change, the domain-wall motions
will produce much less piezoelectric response in PZT-500
thnmPZ‘l‘SZ/“emthonghtbepolmglenlmPZT
500 is higher. From the analysis by Haun,* Arit, Deder-
ichs, and Herbiet,'® Zhang e7 al'? and the earlier experi-
mental results, which showed that as the poling level
increases this ratio should incresse if there are only non-
180" doomain walls active, the phenomenon observed here
strongly suggests that there is a substantial increase in 180°
wall activity in PZT-500, which raises the dielectric con-
stant of the material while keeping the piezoelectric con-
stant unchanged; therefore, both the non-180° wall and
180" wall should be active in PZT-500.

We would like to emphasize that the notion introduced
here that the domain-wall motions do not contribute to the
volume change may not be applicable when the wall mo-
tions are related to the polarization switch, which may
introduce significant local stress and result in some volume
change. This kind of volume change may provide informa-

458 J. Appl. Phys., Vol. 78, No. 1, 1 Januery 1994

tion on the local stress distribution and themselve:
detailed studies. In addition, for ceramic materis
exist pores which could change the local stress pal
cause volume changes as the wall moves. How
well-fabricated materials, this probability is very s
should not significantly alter the conclusions pre
this article. The consistency between the results

earlier experimental resulits confirms this point.

IV. SUMMARY

In this article, we presented a new exp
method, based on the notion that domain-wall
induced by weak external fields will not contrib:
hydrostatic piczoelectric response, to directly ev:
intrinsic and domain-wall contributions in a pic
ceramic sample. Using this method, the domain
intrinsic contributions to the piezoelectric and
responses and their temperature dependence
52/48 and PZT-500 ceramics are evaluated di
quantitatively. The data show that at temperati
300 K the large change in the dielectric and pi
properties with temperature is from the domain
tribution. The results confirm that most of die
piezoelectric responses at room temperature for
rials studied are from the domaisn-wall contribc
data also show that in PZT-500, both 180" wal
180" wall are most likely active under weak ext
ing fields.

The experimental methods presented in this
be extended to & wide range of materials and
temperature range to stwdy how various extern
ters change the extrinsic and intrinsic contrit
their temperature-dependence behavior. In ¢
with the analysis similar to that employed b
co-workers'® and the information of the polar
tribution in a material, one can quantitatively
how the 180" wall and non-180" wall activitie:
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DOMAIN SWITCHING AND MICROCRACKING
DURING POLING OF LEAD ZIRCONATE
TITANATE CERAMICS
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Materials Research Laboratory, The Pennsylvania State University,
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The application of a DC electric field (poling) to a ferroelectric lead zirconate titanate (PZT) ceramic
aligns domains in the field direction. The non 180°-domain switches involve mechanical deformations,
which are detected as acoustic emission signals. Concurrent with AE signals, electrical current pulses
arise from domain reorientations. When the poling field is large and domain switches are extensive,
the resulting deformations, under the constraint of neighboring domains or grains, may exceed the
clastic limit and cause microcracking. The onset and propagation of microcracking during poling of
PZT is signalled by the appearance of continuous AE signals, unaccompanicd by current pulses, in
contrast 1o intermittent AE signals accompanied by corresponding current pulses during domain switch-
ing. The onsct and extent of microcracking established by this method is confirmed by scanning electron
micrographs and decrease in the value of piczoelectric coefficient (dy,) and mechanical quality factor
(Qwu)- The amplitude of AE signals due 1o domain switches are spread widely, while that of AE signals
caused by microcracking occur in & narrow range around 50 db.

Keywords: Acoustic emission, PZT, domain switching, microcracking

INTRODUCTION 1

The polar direction of ferroelectric crystals can be changed by an applied electric
field. Due to the existence of many variants in the low temperature ferroelectric
phase, a ceramic (polycrystalline) sample contains many randomly oriented regions
of uniform polarization, called domains, upon transforming from the high tem-
perature non-ferroelectric (paraelectric) phase, thus eliminating net polarization.!
For many practical applications such as a piezoelectric device, the ceramic must
be poled (i.c., subjected to a DC electric field) to align the polar axes as fully as
possible in the field direction so that the ceramic acquires a net (non-zero) polar-
ization. The fact that only partial alignment of domains is possible in a ceramic is
reflected in the rounded D-E hysteresis loop compared tc a square loop of a
ferroelectric single crystal, and in a spontaneous polarization (P,) value of about
8 pC/cm? for a ceramic versus 26 wC/cm? for a single crystal of BaTiO,.!
Associated with the spontaneous polarization (P,), there is a spontaneous strain
(e,), which is proportional to P?. This strain is a consequence of the fact that the
polar axis is elongated compared to other crystallographic axes. When the ferro-
electric domain switches by 180°, there is no strain change and hence does not
affect its neighbors. On the other band, domain reorientations by 90° cause max-

{Permancat address: Tata Research Development & Design Center, 1 Mangaldas Road, Pune 411001,
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imum strain change, leading to intergranular stresses (Figure 1). Thus, domain
switching during the poling process proceeds to minimize the total energy and
accommodate the elastic deformation. For example, only 12% of the domains
switch by 90° upon application of an electric field to ceramic BaTiO, and half of
them revert back on removal of the field.2> This constraint by surrounding grains
does not affect domain switches by 180°, since no strain is involved in this case.

Extensive studies on BaTiO, single crystals have shown -7 that the domain
switching is a nucleation and growth process. It starts with a wedge shaped domain
of the new polarization state, proceed with a fast forward growth .ate and slow
sidewise growth rate, finally the wedge taking the shape of a stripe a' 10ss the grain
or crystal. Ultimately the two 180° domain walls move sidewise to widen the new
polar region to complete the switching process.

Lead zirconate titanate (PZT) is a solid solution of ferroelectric lead titanate
(PbTiO,) and antiferroelectric lead zirconate (PbZrO;). A composition at 48%
PbTiO,—52% PbZrO, exhibits a morphotropic phase boundary (MPB), separating
a tetragonal PbTiO,-rich and a rhombohedral PbZrO,-rich ferroelectric phases.
Many properties (dielectric constant, piezoelectric coefficients, etc.) peak at this

Random orientation of Partially aligned
domains before poling after poling

FIGURE | Schematic of domain structure of a ferroelectric ceramic before and after poling.
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FIGURE 2 Schematic of experimental arrangement used for simultaneous detection of acoustic emis-
sion and current pulses during poling of a ferroelectric ceramic.

T r —r———
(a)
i
O 4800
L e IIL" T™T7T
E(KV/em)—e=8 18 283341 4549 83 41 2850
Curreat pulses [N I B B AR EXIN ]
 aeoco
4
z
oO 200 400 600 800 1000 1200
Time (sec)

FIGURE 3 Acoustic emission count rate (2) and total AE counts (b) as a PZT ceramic (sample C)
is poled to successively higher fields. The current pulses were observed at times indicated by triangles
in this and succeeding figures (4 and 5). ,

TABLE |
Microcracking and electrical properties of poled PZT
Sample Exwatof Poliag sad Micrococking 433 [o V]
aor2emN
C Poled but 8o cuset of microctacking 333 )
ss Poled Uil microcracking berely starss 3s0 6s
B Poled dil microcracking starts 200 49

B Poled till extensive microcracking ocoured 119
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FIGURE 4 Similar data as in Figure 3 but for another sampie B, poled till microcracking just starts.

composition, presumably due to the increase in the number of energetically de-
generate states which makes the switching of domains easier under the influence
of an electric field.* The higher Curie temperature (360°C vs 120°C), remanent
polarization (47 vs 8 pC/cm?) and piezoelectric coefficients make PZT far superior
to BaTiO, for piezoelectric applications. In fact, PZT is the leading electrome-
chanical transducer material for over a quarter century and therefore is chosen for
the present study.

The effect of electric field on the extent of domain reorientations in PZT is
somewhat different in the tetragonal and rhombohedral phase regions. In tetragonal
PZT, it is estimated that 66§% of all dipoles instead of the initial 16§% become
aligned within the sextant around the poling direction.® On the other hand, dipoles
switch by 71°, 109° and 180° in the rhombohedral phase. For PZT modified by
Nb** ion addition, it is suggested that 74% of the dipoles are present in the octant
around the policy direction.® The larger P, value and the higher degree of domain
orientation in PZT make the remanent polarization of PZT substantially higher
than that of BaTiO;. The improvement in planar coupling coefficient (k,) of PZT
as a function of poling conditions (field, time and temperature) has been studied
by Chiang et al.'®

As already pointed out, the non-180° domain switches involve strain changes
and hence demand the coordination of neighbor domains. The microdeformations
arising from the domain wall movements, though small in magnitude, are detectable
by sensitive acoustic emission methods.*-!2 The poling effects on acoustic velocity
and attenuation in poled and unpoled PZT ceramics were studied as a function of
temperature and frequency.'* Application of a large electric field (or mechanical
stress) can lead to microcracking, due to internal stresses.’* Electrically induced
microcracking in PZT has been shown to be dependent on grain size and

jty10:14.16-19 and js detected by microscopy® and dielectric measurements.
The external parameters influencing the extent of microcracking are the poling
conditions (field, time and temperature).'®?' Microcracking results in a deterio-
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FIGURE 6 Same as in Figure 5 for sample E but the electric ficld is retained for extensive micro-
cracking to occur, as indicated by continuous AE counts.

ration of electrical and mechanical properties of the ceramic?! -2 and hence should
be minimized if not eliminated. Uchino ef al. have studied AE signals in piezoe-
lectric and electrostrictive actuators subjected to bipolar and unipolar electric fields
and also after repeated cycles of thermal shocking.? They found that the unipolar
field does not iead to acoustic emission, unless the samples have suffered mechanical
damage as by thermal shocking.

The acoustic emission technique has recently been applied to the study of domain
switching, as well as the occurrence and recombination of microcracks in ferro-
electric PbTiO, ceramics as it is heated and cooled.®

From the above discussion it is clear that poling is a critical process for achieving
optimum piezoelectric properties of a ferroelectric ceramic. The domain reorien-
tations which give rise to enhanced piezoelectric behavior alsc give rise to me-
chanical stresses, which can lead to microcracking, if the induced stresses exceed
the elastic limit of the material. Therefore poling should be carried out to obtain
maximum domain reorientation, but without the onset of the microcracking pro--
cess, provided there is a simple, reliable means to distinguish the two deformation

processes. .

The purpose of the present study is to delineate the microdeformations accom-
panying domain switching from those due to microcracking during poling of PZT
ceramics, as a contribution toward a better understanding and optimization of the
poling process. Simultaneous detection of acoustic emission and electrical current
pulses were employed in the study and the results are substantiated by scanning
electron micrographs and electrical property measurements.

EXPERIMENTAL

Ceramic lead zirconate titanate (PZT) compotition (52% PbZrO,, 48% PbTIO,)
at the morphotropic phase boundary (MPB) was prepared by conventional method.
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sintered; (b) poled, but not micro-
poled and extensively micro-

Stoichiometric proportions of reagent grade oxides (PbO from Hammond Lead
Products, Potterstown, Pennsylvania, ZrO, from Harshaw Chemical Co., Cleve-

land, Ohio, and TiO, from J. T. Baker Chemical Co., Phillipsburg, New Jersey)
were mixed in a polyethylene bottle for 12 hours using ethyl alcohol as wetting
agent and 1" diameter zirconia balls as grinding media. Excess lead oxide (0.5 wt%)

FIGURE 7 Scanming clectron micrographs of PZT ceramic (a) as
cracked (sample C); (c) poled till microcracking started (sample B); (d)

cracked (sample E).
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Number of Hits

[+] 20 40 60 80 (00
Amplitude (¢b)

FIGURE 8 Number of AE hits vs amplitude for samples with (a) only domain reorientations (sample
C), (b) both domaia reorientations and initial microcracking (sample B) and (c) extensive mi~r~cracking
(sample E). Note the scale change for (c) from (a) and (b).

was added to compensate for lead loss during caicination. The milled powder was
dried at 80°C for 24 hours and calcined at 900°C for 24 hours. X-ray diffraction
examination confirmed the formation of the perovskite phase. After mixing with
2% polyvinyl alcohol binder, the powder was pressed into pellets at 105 MPa. The
binder was removed by heating at 350°C for three hours and 550°C for three hours.
The pellets were sintered at 1250°C for five hours in closed crucibles in PbO
atmosphere, at a rate of 5°C/min during heating and 3°C/min during cooling.
Sintered PZT ceramic discs were polished to obtain two parallel faces, which
were then electroded with sputtered gold. The electroded disc is located in a suitable
holder and immersed in a silicone oil bath at S0°C. High DC field is applied in a
stepwise fashion from a power supply (Tred COR-A-TROL), while an alumina
rod serving as a wave guide rests on the ceramic disc. A transducer is mounted at
the other end of the wave guide. Acoustic emission signals are collected, filtered
and analyzed by appropriate electronic circuitry and displayed as counts or count
rate as a function of time (Locan 320 System from Physical Acoustics Corp.). The
schematic of the experimental arrangement is shown in Figure 2. A microammeter
is placed in the voltage input lead of the poling circuit, to detect current pulses
arising from domain switching, superimposed on leakage current.
Aftervmommgesofpolmg the samples were examined for piezoelectric
coefficient, dy,, using a Berlincourt dy; meter, for mechanical quality factor, Q,,
using IRE standard method, and for microstructure and microcracks from scanning

electron micrographs.
RESULTS AND DISCUSSION

A PZT ceramic sample (C) was poled in successive steps of increasing DC field at
intervals of 100 sec, while acoustic e. “ission signals and current puises were recorded
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(Figure 3). No AE signals were detected until a poling field of 41 kv/cm was applied
(though a few current pulses were observed as soon as poling field = 16 kv/icm was
applied). The current pulses (2-12 mA) were superimposed on a steady leakage
current of 0.5 to 3 mA. It can be seen that a substantial number of AE signals
occur as soon as the poling field is increased, though a smaller number of AE
counts were recorded at irregular time intervals during the application of a fixed
poling field, in agreement with carlier reports.!? Everytime AE counts occurred,
there were accompanying current pulses. Evidently both the AE and current puises
arise from domain reorientations. After 800 sec, the field was reduced in steps to
zero at 1200 sec. While no AE counts were detected till the applied field was
dropped to zero, AE counts were indeed recorded nearly 60 sec after removal of
the field and these AE events may reflect domain reversals. The piezoelectric
coefficient, d,;, of this sample was 333 = 7 x 10-'2 C/N. The scanning electron
micrograph of this sample [Figure 7(b)] is similar to that of a virgin sample |Figure
7(a)] and does not show clear microcracking, though grain boundaries become
more obvious. The sample has a mechanical quality factory (Q,,) of 89 (Table I).

An example of a sample (B) which was subjected to a stepwise increase of the
poling field till microcracking just starts, as evidenced by continuous AE counts
instead of intermittent AE signals, is shown in Figure 4. The field was quickly
reduced to zero soon after the appearance of continuous AE counts. While current
pulses were observed corresponding to the intermittent AE signals, no current
puises were observed during the continuous occurrence of AE counts. The d, value
- of this sample is lower at ~200 x 10~'2 C/N and the scanning electron micrograph
does not show any significant microcracking [Figure 7(c)].

These results were confirmed with another PZT ceramic sample (SS) which shows
a large number of AE counts as soon as a poling field of 8 kv/cm is applied (poling
temperature S0°C), but no further AE counts till the field applied was 25 kv/cm
at 300 sec (Figure S). There were intermittent AE signals as the poling field was
increased step\me from 25 kv/cm to about 37 kv/cm at 600 sec [Figures 5(c) and
(d)}. In this regime AE counts were invariably accompanied by curreat pulses up
to 60 mA. As soon as continuous AE counts started appearing at about 620 sec,
the poling ficld was turned off. The AE counts continued which may indicate
domain reversals [Figures 5(¢) and (f)]. Since the microcracking process was quickly
interrupted, the dy; was nearly unaffected (350).

The stepwise poling of another sample (E) was continued beyond the occurrence
of intermittent AE signals accompanied by associated current pulses (of up to ~40
mA) to the regime where AE counts occur continuously but no current pulses are
detected (Figure 6). We believe that the onset of continuous AE counts must signify
the beginning of microcracking due to excessive mechanical stresses generated by
extensive domain switching. ‘l‘hepohngﬁeldmredwedtomout@secbut
AE counts persisted for sometime (at least up to 640 sec) suggesting further mi-
crocracking or propagation of cracks till adequate stress relief is attained. Due to
the extensive microcracking, the d; value (119 x 10~'2 C/N) and Q,, were severely
affected (Table 1). The scanning electron micrograph of this sample [Figure 7(d)]
shows extensive intergranular cracking.

The threshold amplitude for the AE experiments was set at 45 db. The distri-
bution of the magnitude of the detected AE signals for three samples is given in
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Figure 8. 1t can be seen that the number of hits increases and the amplitude spread
decreases as the extent of microcracking changes from none to minor to extensive.
When acoustic emission signals arise from domain reorientations, their amplitude
reflects a wide range of accompanying microdeformations, depending upon the
original domain orientations and the magnitude of the poling field [Figure 8(a)].
On the other hand, the initiation and propagation of microcracking is driven by
stress concentrations in the ceramic and the corresponding AE signals occur in a
narrow amplitude range [Figure 8(c)]. The case where domain reorientations and
initial microcracking occur simultaneously represents an intermediate situation [Fig-
ure 8(b)]. This is in agreement with the observation of Pan and Cao,"* who state
that the AE signal amplitude is maximal at the polarization switching and minimal
when the poling is established. Iwasaki and Izumi'! also find that the peak of AE
counts occurs at lower amplitude range and the spread of amplitude narrow as the
poling field is increased.

CONCLUSIONS

Application of a DC field to ferroelectric ceramics (poling) causes domain re-
orientations in the field direction. All but the 180° domain switches involve di-
mensional changes leading to mechanical stresses due to the constraint of the
neighboring grains in a ceramic. When the stresses exceed the bonding strength
between grains, the ceramic suffers microcracking, resulting in deterioration of
electrical (dy,, X, e, etc.) and mechanical (Q,,, strength, etc.) properties. The
present study established that concurrent AE counts and current pulses are ob-
served when domain switches take place during poling. The onset and progress of
microcracking is signalled by continuous AE counts but no accompanying curreat
pulses. The delineation of domain switching from microcracking by this approach
is corroborated by changes in electrical and mechanical properties and scanning
electron micrographs and constitutes a simple, reliable, non-destructive in-situ
means to control the poling process to achieve optimum piezoelectric properties
in a ferroelectric ceramic.

ACKNOWLEDGEMENT
‘The authors are grateful to the Office of Naval Research for financisl support.

REFERENCES

1. F. Jona and G. Shirane, Ferroelectric Crystals, McMillan, New York (1962).

2. E. C. Subberso, M. C. McQuarric snd W. R. Buessem, J. Appl. Phys., 28, 1194 (1957).
3. H. G. Bactwald, Phys. Rev., 188, 480 (1957).

4. R. C. Miller snd A. Savage, Phys. Rev., 112, 755 (1958).

5. W.J. Merz, J. Appl. Phys., 27, 938 (1956).

6. B. A. Little, Phys. Rev., 98, 978 (1955).

7. R. C. Bradt and G. S. Aneell, J. Am. Ceram. Soc., 52, 192 (1969).

8. B. Jafie, W. R. Cook, Jr. and H. Jaffe, Piezoelectric Ceramics, Academic Press, New York (1971).
9. D. Besrlincourt sad H. H. A. Krueger, J. Appl. Phys., 30, 1804 (1959).

10. S. S. Chiang, R. M. Fulrath and J. A. Pask, J. Am. Ceram. Soc., 64, C-141 (1981).




| T s T

SWITCHING AND MICROCRACKING OF PZT DURING POLING 28]

11. H. Iwasaki and M. lzumi, Ferroelectrics, 37, 563 (1961).

12. C. S. Wang, X. X. Yi, G. C. Xu, X. G. Zhu and J. P. Zhou, Appl. Acoustics, p. 39 (1984) in

13. W. Pan aad H. Cao, Ferroelectrics, 139, 119 (1992).

M. C. K. Jen, C. J. Chung, G. Shapiro, J. R.-Moachalin, P. Langlois and J. F. Bussiere, J. Am.
Cerem. Soc., M, C-256 (1987).

15. R. C. Pohanka, R. W. Rice and B. E. Wnlket. Jr.,J. Am. Ceram. Soc., 59, 71 (1976).

16. H. T. Chung, B. C. Shin and H. G. .J. Am. Ceram. Soc., 72, 327 (1989).

17. C. 1. Cheon, §. J. Kin and H.f Ku:lndf;ermkc;_na 118, 35 (1991)

18. F. Kroupa, K. Nejexchieb, ). Rataj erroelectrics, 100, 281 (1989).

19. B. C. Shin and H. G. Kim, Ferroelectrics, 100, 209 (1989).

20. F. Kroupa, K. Nejezechich and 1. Saxi, Ferroelectrics, 88, 123 (1988).

21. H. T. Chung and H. G. Kim, Ferroelectrics, 76, 327 (1987).

22. K. Nejezchieb, F. Kroupa, M. Boudys and J. Zeleaka, Ferroelectrics 81, 339 (1988).

23. S. W. Freiman, Proc. Sixth IEEE Ind. Symp. on Applications o}'Fenodmria Lehigh Uaiv.,
Bethichem, p. 367 (1986).

24. K. Uchino, T. Hirose and A. M. Varaprasad, Japen J. Appl. Phys., 36, Suppl. 26-2, 167 (1987).

25. V. Srikanth and E. C. Subbarso, Acs. Metall. Mater., 48, 1091 (1992)




