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ABS.TRACT

This report documents work carried out in the Materials Research Laboratory of the I
Pennsylvania State University over the second year of a three year program on "Piezoelectric

and Electrostrictive Materials for Transducer Applications" sponsored under grant No.

N00014-89-J-1689 from the Office of Naval Research. I
Highlights of the year's activity include: Participation of a number of senior faculty in

program to better define the role of ferroelectrics in "smart materials" and the manner in which 3
these developing interests will impact the needs for transducers as both actuators and sensors.

New progress has been made with the flextensional (moonie) type structures and with the

evolution of the 1 : 3 composites towards commercial development as large area actuators.

The year has seen major advance in the understanding of the relaxor type ferroelectrics 3
which are most useful as dielectrics and electrostrictors. It has become clear that the original

superparaelectric model is only a first approximation valid for the very high temperature

behaviour and that in fact both the Lead magnesium niobate and the PZT materials are close

analogues of the magnetic spin glasses. Interaction between the polar micro-regions leads to a

Vogel-Fulcher like slowing down and freezing, and provides understanding of the micros to

macrodomain transitions, the hysteretic behaviour and the coupled elastic responses.

An essential component of the program is the excellent capability in synthesis and

processing which has been developed to provide the many new compositions and controlled

microstructures which are essential for the proper understanding of the properties.

The report gives a brief narrative description of the researches which are more fully

documented in the published papers of the technical appendices. I
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This report documents work carried out in the Materials Research Laboratory of the
Pennsylvania State University over the second year of a three year program on "Piezoelectric
and Electrostrictive Materials for Transducer Applications" sponsored under grant No.
N00014-89-J-1689 from the Office of Naval Research.

Highlights of the year's activity include: Participation of a number of senior faculty in
program to better define the role of ferroelectrics in "smart materials" and the manner in which
these developing interests will impact the needs for transducers as both actuators and sensors.
New progress has been made with the flextensional (moonie) type structures and with the

evolution of the 1 : 3 composites towards commercial development as large area actuators.

The year has seen major advance in the understanding of the relaxor type ferroelectrics
which are most useful as dielectrics and electrostrictors. It has become clear that the original

superparaelectric model is only a first approximation valid for the very high temperature
behaviour and that in fact both the Lead magnesium niobate and the PZT materials are close
analogues of the magnetic spin glasses. Interaction between the polar micro-regions leads to a
Vogel-Fulcher like slowing down and freezing, and provides understanding of the micros to
macrodomain transitions, the hysteretic behaviour and the coupled elastic responses.

An essential component of the program is the excellent capability in synthesis and
processing which has been developed to provide the many new compositions and controlled
microstructures which are essential for the proper understanding of the properties.

The report gives a brief narrative description of the researches which are more fully
documented in the published papers of the technical appendices.



INTRODUCTION

This report documents work carried out in the Materials Research Iabouatoxy of The
Pennsylvania State University over the second year of a three year program on "Piezoelectric

and Electrostrictive Materials for Transducer Applications" sponsored under grant No.

N00014-89-J-1689 from the Office of Naval Research. The topics under study build on and

expand work carried on over the first year of the contract. In general the emphasis is being

moved slowly from our earlier concern with large area sensors towards problems associated

with materials for the actuator components, a response to the developing Navy interest in
tsmart' materials and systems which is currently most limited by the actuator comnonent.

For reporting purposed, the activities are grouped under the following major headings.

1. GENERAL SUMMARY PAPERS
2. SMART MATERIALS

3. COMPOSITE MATERIALS

4. THEORETICAL STUDIES
5. ELECTROSTRICTION/RELAXOR FERROELECTRICS

6. OPTICAL STUDIES
7. PREPARATIVE STUDIES

8. MISCELLANEOUS PAPERS

Highlights of the years activities include the participation of a number of the faculty in

attempts to better define the role of ferroelectrics in 'smart' materials and structures and the

manner in which these developments will impact the needs for sensors and actuators for both

military and civilian systems. For the composite piezoelectrics, further development of the

stress transfering "moonie" structures has induced three companies to begin commercial

development. The 1:3 composites are now being produced in larger area sections through a

cooperative program with Fiber Materials Inc. who have the ultraloom equipment for

automated assembly. As expected, the large area 1:3 polymer: PZT composites show excellent

properties for large area actuators with coupling coefficients KT - 70% giving -50% electrical

to mechanical energy conversion.

The year has seen a major burst of activity on the Electrostrictive/Relaxor ferroelectric

systems with new work on preparation and fabrication micostructure and nanostructure. A

2
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crucial advance in understanding has come from the application of the magnetic spin glassIformalism to the relaxors both in PMN:Fr and in the PLZT families of compositions.

Optical studies which further help to define the polarization mechanisms in the relaxor
ferroelecics have been included for completeness.

In this program, as we have often reiterated, an essential component which undergirds
all of the property studies is the fine work on preparation of both existing and new
electroceramic compositions. This year the group has been making excellent use of reactive
calcination as a technique for the economical development of ultrafine powders in both PZT
and PMN families.

Following well established precedent this report summarizes in a brief narrative form
the most important developments during the year connecting this narrative to an extensive set of
appendices which document the work more fully in the form of papers published throughout

I the year.

1.0 GENERAL SUMMARY PAPERS
Professors R.E. Newnham and W. Huebner provided an excellent review article for the

Journal of the American Ceramic Society (Appendix 1) summarizing the current status across
the whole family of Electroceramic materials and devices. The article reviews capacitors,

thermistors, varistors and other ceramic components, stressing the trend towards integrated
systems. Sensors, actuators and smart systems are discussed and the trends towards
miniaturization considered.

In a review article presented at the Joint US:JAPAN meeting on Adaptive Structures
L.E. Cross (Appendix 2) discussed the status of high strain polarization controlled actuators.

The paper summarizes the driving need to consider phase and domain change systems and
discusses polarization control, switching speed and fatigue effects in these very high strain

systems.

3



Exciting analogies between Composites and Crystal structures are drawn in a review
for the Journal of Applied Crystallography (Appendix 3) by R.E.Newnham and S. Trolier-
McKinstry. It is fascinating to see how some behaviours transpose almost exactly whilst in
others, such as the ability to control scale in the composite there are no direct crystallographic
equivalences through of course the symmetry properties are retained.

2.0 SMART MATERIALS

A theme which is certain to be recurring in this program on transducer materials is the
developing need for electrically controllable shape and compliance for the actuator functions in
smart elastic systems. In appendix 4, R.E. Newnham and G. R. Ruschau discuss smart
electroceramics underscoring the new possibilities which sensor, control and actuation provide
when incorporated in a smart material or system. The paper ranges over a very wide spectrum
of applications and forms a very useful introduction to the concepts.

A more specialized family of 'smart' materials are discussed in appendix 5, namely
those in which non linearity can be used to tune the response. Examples are taken in the
PZT:Soft rubber 2:2 composites where the non linear elasticity of the rubber is used to tune the
piezoelectric resonance frequency and in the PMN:PT family where electric field control of the

nano-to-macrodomain transition can be used to control both magnitude and sign of the
piezoelectric response. Appendix 6 discusses in some detail the complex panoply of
polarization processes which contribute to the piezoelectric properties of the PZTs and the
electrostrictive properties in the PMN family.

The important characteristics of the PLSnZT family of high strain polarization

controlled actuators are summarized appendix 7.

3.0 COMPOSITE MATERIALS
A summary of the current status of the "moonie" flextensional type transducer is given

in appendix 8. The finite element code ANSYS version 4.3 has been used to model the stress
distribution in both metal and ceramic for the device under hydrostatic pressure. The model
highlights the efficacy of the stress transfer and shows clearly the importance of the DC stress

bias which is induced by the simple method of fabrication. The results show that
dhgh - 50,000 M2/N is achievable with a permittivity still in the range of 1,500.

4



A most useful discussion of the hydrophone figure of merit for a range of single phase
and composite materials is given in Appendix 9. The conclusions come down heavily in

favour of the composite systems which provide large gh thickness product, and the possibility

to tailor out pyroelectric noise. The fabrication of 0:3 type composites using paint technology

is discussed in appendix 10, and an unusual type of 0:3 composite PbTiO3: glass ceramic is

described in appendix 11.

The possibility of using particle:polymer composites in a completely different way to

control acoustic impedance and attenuation for the backing layers of transducers is considered

in appendix 12. The paper makes a systematic analysis of the factors which affect acoustic
characteristics and makes recommendations for the phases and configurations required.

Another different type of use for the PZT:polymer composites is discussed in appendix

13 which examines the possibility for passive damping by resistive dissipation of the electric

signal of the vibrating system. The discussion highlights the importance of high piezoelectric

coupling for effective attenuation.

4.0 THEORETICAL STUDIES
In appendix 14, earlier work which calculated the temperature dependence of

electrostriction in the perovskite SrTiO3 using anharmonic perturbation theory has been

finalized. The calculations based on an anharmonic shell model which wag used earlier to
calculate the coefficients of the static crystal in shown to give good agreement with the

observed temperature characteristics.

In simple Devonshire phenomenological theory, the weak first order phase change in

BaTiO3 is shown to arise through electrostrictive coupling Appendix 15 musters the

appropriate experimental information from the literature to demonstrate that the much stronger

first order phase change at Tc in KNbO 3 also occurs through the same coupling.

A second application of the Devonshire phenomenology is made to lead titanate in

appendix 16 which demonstrates good agreement with the observed shift of Tc with pressure,

and explores the effects of pressure on polarization, dielectric and piezoelectric constants.

During a leave of absence taken at Mitsubishi Kasei Corporation, G.A. Rossetti carried

out an interesting study extending the PZT phenomenology developed by Haun et al (see ONR
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annual report for 1989) along the Pbl-x Lax (Zr0.65 Ti0 .5).x/ 4 - 03 line into the PZT phase
diagram. In appendix 17 it is shown that in the X = 0 to 0.04 region the results are consistent

with the existence of a local RMS polarization which persists up to 360C ependent of the
composition (x). Polarization and relative phase stabilities were in good agreement with

experiment at low temperature, but at higher temperature relaxor character becomes it

suggesting that polar regions below 5-15nm in diameter became unstable against thermal

motion.

5.0 ELECTROSTRICTION/RELAXOR FERROELECTRICS

A general revue of the properties of relaxor ferroelectrics has been given in appendix 18
which highlights their exceptionally large dielectric response that makes them particularly

useful for MLC capacitors, electrostrictive actuators, agile transducers and electro-optic light
valves. Discussions of the underlaying "fosil" chemistry which gives rise to the dispersive

relaxor behaviour is summarized in three papers, appendices 19, 20, 21. It is demonstrated in
appendix 19 that in PMN and a range of PMN:PT solid solutions ordering of the Mg:Nb
cations on the B site of the ABO3 structure occurs but that the ordered regions are strictly
limited in extent. In appendix 20 it is suggested that this local non stoichiometric ordering

gives rise to very local polar regions which are unstable against thermal disordering at higher
temperatures, and a number of relaxor compositions are analyzed to highlight the correlation

between local ordering and the dispersive dielectric behaviour. Normal ferroelectric or

aniferroelectric behaviour is shown to occur in either totally disordered or in fully long range

ordered systems. This argument is further developed in the paper presented in appendix 21
which gives more detail of the arguments and the TEM studies upon which they are based.

Important additional experimental information for the dielectric response of the
PMN:PT family is given in appendix 22 which delineates new microwave measurements on

these ceramics. The extreme shifting of the dielectric maximum under 10 GHZ excitation is

startling but most important for later predictive studies.

Perhaps the most important progress to date in the understanding of relaxor behaviour

is given in the sequence of papers presented in appendices 23-30. These studies show step by
step in a systematic manner that both the PMN and the PLUT based relaxor compositions have

all the expected characteristics of a dielectric spin glass. In appendix 23 the polar glassy model

is applied to analyze the frequency dependence of the dielectric maximum which is shown to

follow the Vogeh Fulcher relation well known in magnetic spin glasses. The freezing of the
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I

fluctuation component of polarization is attributed to a coupling between the nano scale polar

Iregions.
The electric field behaviour of the response is analyzed in appendix 24. Small electric

I fields were found to destabilize the local cluster formation in the glassy state enhancing the
kinetics of polarization fluctuation. Larger biases appear to destroy the local fields formingIclusters, destroying the dipole glass character and leading to long range order. Weak field
dielectric response is analyzed in more detail in appendix 25 which explores the distribution of
relaxation times and the marked broadening of this distribution near the freezing temperature of
the glass. To explore the relaxor behaviour in the PLZTs at the 65:35 Zr:Ti ratio the build up
of macroscopic polarization on warming the glassy state from low temperature under DC bias
was explored (appendix 26). As expected the temperature of the maximum pyroelectric
charging current decreases with increasing bias and can be modelled using the de AlmeidaIThouless relation to predict an average local moment of 3.1lO 27cm. For PMN, the quasi static
hysteresis and the characteristic change from square loop to slim loop behaviour have been
modeled using a modified Neel equation for the magnetization of a superparamagnet (appendix
28). A temperature dependent internal dipole field was introduced to approximate the cluster

g interactions.

Finally the anelastic relaxation and its correlation with the internal strain behaviour has
I been explored in both PMN (appendix 29) and in PLZT (appendix 30). Both internal and

macro-strain in the PMN can be explained through the electrostrictive strains associated with
I local and global polarizations. In the PLZTs, the effects are a little more complicated due to a

ferroelastic contribution from the oxygen octahedron tilts which occur in addition to the
electrostrictive deformations.

We believe that the overwhelming balance of evidence now confims that the relaxor
ferroelectrics are the dielectric analogue of the magnetic spin glasses. In some senses however
the properties are much more interesting, because of the strong electrostrictive couplings in all

dielectric systems.

The phenomenological description of these properties is now almost complete, what
remains is the correlation of the local polarizations with the fosil chemistry and their relation to
local and more global chemical ordering (Appendix 30).
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Experimental studies of the interesting solid solution system between lead scandium
tantalate and lead titanate are discussed in appendix 31. The occrrence of a near m MUhoaic

phase boundary between rhombohedral and tetragonal ferroelectric forms is shown to occur at

between 60 and 55 Vol % PST. In the rhombohedral phase a wide range of dielectric

responses between diffuse relaxor and sharp ferroelectric response is observed with increasing

PT content with very large Kms - 33,000.

In the PMN:PT family, single crystals have been grown using flux methods (appendix

32). Compositions between 0.7PMN:0.3PT and 0.6PMN:0.4PT exhibit a phase change form

rhombohedral to tetragonal symmetry. Relaxation behaviour again decreases with increasing
PT content and dielectric maxima up to 60,000 are evident for fields in both 100 and 111

directions. Poled crystals show very high piezoelectric constants with d33 values up to

1,500 pC/N.

Hot pressing was used to prepare transparent samples in the composition fields

PMN:PT and PST (appendix 33). The objective of these studies was to produce transparent

samples of high density and to explore the effects of a range of preparative conditions and heat

treatments on dielectric and optical properties. Optical properties of the 0.9PMN:0.lPT

composition are presented in appendix 34. The optical dispersion is well described by a single

term Sellmeier equation, and the onset of micro-polar regions at 390*C is evidenced in the

temperature dependence of the refractive index.

A most useful study of the hydrostatic piezoelectric behaviour in electric field biased
PMN:PT is given in appendix 34. It is shown that very large values of d33, d31 and dh occur

under quite low driving fields in the 0.9PMN:0.1PT compositions.

It must be noted that the dij h 2zi Qji Pi and that even the qualitative from of dh is not
given by dh = 23 P3 QO. A clear indication of the relaxation component of the polarizability.

6.0 OPTICAL STUDIES/

The optical studies of the relaxor ferroelectrics have been carried out largely on our
DARPA funded nanocomposite program and are included here for completeness.

The quadratic electro-optic constants R33 and 933 have been measured for

0.9PMN:0.IPT and 0.93PMN:0.07PT compositions (appendix 35). Both R and g constants
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increase with FT concentration. A more detailed account of the optical behaviour for these hot
pressed compositions is give in appendix 36 which delineates index dispersion, temperature

dependence of index and the transverse electo-optic data.

I In an interesting study of the optical second harmonic behaviour of BaTiO3 single

crystals and powders at temperatures embracing the Curie Point (Tc) appendix 36. It is evident
Ithat a small SHG signal persists after heating the samples through T¢. In the Remeika grown

crystal the signal above Tc can be reduced below noise by annealing but in high purity fiber

Icrystals and in high purity powders higher temperature (T > 250C) may be required. In the

Remeika crystal it is likely that the defect dipole structure responsible for aging stabilizes the

polarization above Tc until the defects are randomized by the thermal treatment. For the higher

purity crystals and powders the origin of the acentricity above Tc is not clear.

I 7.0 PREPARATIVE STUDIES

A careful study of the effects of processing upon the behaviour of relaxor ferroelectric

I ceramics in the PMN:PT family is discussed in appendix 37. The grain size dependence of the

dielectric properties is shown to be dominated by a grain boundary (extrinsic) impedance due to

Ia very thin amorphous layer at the boundary. Evidence is also adduced for an intrinsic grain

size dependence which becomes important for fine grain ceramics and may be critical in thin

films. Studies on Sm, Gd and Bd doped PbTiO3 ceramics (appendix 38) have focused on the

ionic size effects of the dopants to show that the very large anisotropy in the 10% Sm

composition (kp/kt) can not be duplicated in the size equivalent Gd:Nd combination.

Techniques for forming thin PMN:PT films by sol-gel methods are discussed in

I appendix 39. Highly (I) oriented films with more that 95% perovskite structure have been

formed.

I A more comprehensive study of grain and particle size effects on the pure PMN relaxor

is given in appendix 39.

Reactive calcination was used to prepare ultra fine 70 nanometer particulates which

I were densified by uniaxial hot pressing to form materials with grain size in the range 0.3 to 6 t

meters.

I
I
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From dielectric spectroscopy on both ceramics and 0:3 polymer ceramic compostes it

was concluded that an intrinsic low permittivity surface region (K - 300) better describes the
behaviour than the conventional extrinsic boundary phase model at the smaller grain sizes.

The columbite precursor method was used to produce Lanthanum modified PMN:Vr
compositions close to the morphotropic phase boundary (appendix 40). The lanthanum
addition appears to refine the grain structure (< 1 pn) giving high dielectric constant

Ks - 5,000 and d33 - 500 pC/N.

Attempts to produce highly ordered Lead and Barium Indium Niobates and Tantalates
(PIN, BIN and BT) as low loss antiferroelectrics were frustrated (appendix 41) by the

appearance of the pyrochlore phase for all conditions of annealing which were explored.

The concepts associated with the preparation of fine powders of the lead based
perovskites by using the very large volumetric expansion which occurs on clacination is
explored in appendices 42, 43, 44 and 45. Conditions to achieve the optimum states of soft
agglomeration are discussed in appendix 42. The application of the method to forming
powders from fine grained (I - 2 gim) dense PZT ceramics with properties equivalent to

normal large, grain materials are discussed in 43. Application to a wider range of PbTiO 3,
PbZrO3, PZT and PMN compositions is discussed in 44 and the benefits which can be derived

from the low sintering temperatures for these highly reactive powders are explored. In
appendix 45, the possible application of the large volumetric expansion to the production of

highly porous ceramics which can now be fabricated without a fugitive binder phase are

examined.

8.0 MISCELLANEOUS STUDIES

Faculty and Students partially supported on this program have been associated with a

number of ferroelectric developments which are reported here.

Exploratory studies have been accomplished to develop a laser heated pedestal growth

technique for single crystal fibers (Appendix 46). The original system at Bell Communication
Red Bank was improved and an updated system build in MRL. A number of perovskite,

pyrochlore tungsten bronze and fresnoite structure ferroelectrics and polar crystal have been

grown as single crystal fibers.
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Studies of the incommensurate phase in fresnoite (Ba2TiSi208) are described in

appendix 47, and the unusual low temperature phase transition in the germanium analogue

Ba2TiGe20 is suggested to be a lock-in transition (Appendix 48). The elastic anomaly which
accompanies the ',c.imensu change in fisnoite is examined in appendix 49. Pyroelectric

Iand dielectric properties of the crystal hemicmorphite Zn2Si2O7 (OH)2H20 (appendix 50)

show that this material is highly pyroelectric (-45 pC/m2*C) at room temperature with low

Idielectric constant and very weak piezoelectricity, suggesting that it may be a most useful

pyroelectric crystal
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ELECTROCERAMICS
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W. HUEBNER

Materials Research Laboratory
The Pennsylvania State University

University Park, Pennsylvania

IAbstract
Structure-property relationships in electronic ceramic materials are reviewed
to provide insight into the behavior of capacitors, thermistors, varistors, and
other electroceramic components. Rapid progress in the integration and
miniaturization of ceramic components has led to the development of multi.
purpose electronic packages containing complex three-dimensional circuitry.
At the same time, a wide variety of smart sensors, transducers, and actuators

are being constructed using composite materials to concentrate fields and forces.
At present, the processing methods make use of tape casting and thick film
techniques, but several upset technologies loom on the horizon. During the years
ahead, electroceramic devices can be expected to follow in the footsteps of
semiconductor technology as the component sizes drop below 1 pm, and
nanocomposite devices become a reality.

I 1 ELECTROCERAMICS MARKET
The multibillion dollar electroceramics market (Fig. 1) includes Mn-Zn

ferrites, PZT transducers, BaTiO3 multilayer capacitors, ZnO varistors,
AlOj packages, and SiO2 optical fibers. Roughly speaking, the market is
divided into six equal parts (Japan Electronics Almanac, 1986). Rapidly
developing technologies can be identified within each market segment:
tellurium oxide coatings for video disks, barium hexaferrites for perpen-
dicular recording silver and cooper electrode systems for multilayer
capacitors, buriei resistors and capacitors in ceramic packages, catalytic
coatings for chemical sensors, and PZT piezoelectric motors. As in allI

I
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Fig. I Electroceramics market.

rapidly evolving fields of science and engineering, there is a sense of
excitement as a number of different technologies come together in a
synergistic manner.

2 CERAMIC SENSORS

The most economical and most widely used sensors are ceramic bodies.'
To illustrate structure-property relationships in ceramic sensors, six types
of sensors will be described-three chemical sensors and three thermistors.
The sensors make use of a variety ofelectrical phenomena sensitive to small
changes in chemical composition or temperature

2.1 Oxygen Sensors

Superionic conductors are used to determine the air/fuel mixture in
automobile engines.' One surface of the conductor is in contact with exhaust
gas through a porous electrode (Fig. 2), while the opposite surface is in con-
tact with air. The diffusion of oxygen ions through the solid electrolyte
causes a voltage to appear between the electrodes. Heating the sensor raises
the conductivity level. Monitoring the composition of the air/fuel mixture
results in greater fuel efficiency and reduced air pollution.

Stabilized zirconia is the most widely used ionic conductor for oxygen
sensors. Partial substitution of Mg2 +, Ca 2 +, or y + for zirconium stabilizes
the cubic fluorite structure with a sizable concentration of oxygen vacan-
cies. An oxygen vacancy is created for every zirconium replaced by
magnesium, as indicated by the structural formula (Zr1 -.MgAO2-EO,).
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I Fig. 2 (a) Automotive exhaust sensor using stabilized ZrO2 as an
ionic conductor. (b) Improved fuel efficiency is obtained by monitor-

ing the sensor voltage and adjusting the air/fuel mixture
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Fig. 3 Stabilized zirconia is an excellent ionic conductor because
of a high concentration of oxygen vacancies and the close proximity
of anion sites.

Magnesium replaces zirconium in the cubic cation sites of the fluorite struc-
tw'e (Fig. 3), with oxygen vacancies compensating for the lower cation
charge. In the fluorite structure, the cations form a face-centered cubic
lattice, and the anions have a simple cubic arrangement. The anion sites
are veiy close to one another (- 2.5 A) making it easy for oxygens to jump
to an adjacent empty site. This promotes ionic conductivity in fluorite-family
oxides with defect structures, making them useful as oxygen sensors.3

2.2 Hunidity Sensors
Humidity sensors are used in microwave ovens and for electronic spark

timing in automobile engines. The surface resistance changes by several
orders of magnitude with humidity (Fig. 4). Metal oxide substrates of
MgCr 20 4-TiO2 with high surface area and salt-impregnated coatings are
especially sensitive to small changes in humidity.4 The physical mechanism
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Fig. 4 Electrical resistance of an oxide humidity sensor.4

of surface conduction involves the adsorption of water vapor followed by
dissociation into hydronium and hych-oxyl ions:

2H 20 - (H30) + + (OH)

Conduction takes place by means of the Grotthuss chain reaction, in which
protons are transferred from one water molecule to the next in the
physisorbed water layer on the surface of the oxide, effectively passing along
a hydronium ion in the direction of the current.

The process is illustrated in Fig. 5. As reported recently, hydroxyapatite
ceramics make particularly effective humidity sensors because of the
attractive forces between surface hydroxyl groups and adjacent water
molecules. The chemisorbed layer is surmounted by a physisorbed layer in
which conduction takes place At high humidity levels, a deeper, more fluid-
like surfacelayer is formed and the conduction mechanism changes.

I
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Fig. 5 Pictorial view of the surface structure of a hydroxyapatite

humidity sensa-. Conduction takes place via a Grotthuss chain
reaction in the adsorbed water layers.

2.3 pH Sensors

Oxide pH sensors are made fromsemiconducting transition-metal oxides
such as RuO2 and h-Oij Both compounds are isostructurl with rutile (Fig.
6a). When protons approach the surface of the oxide, a chemical reaction
takes place. Two protons combine with a surface oxygen to form a water
molecule. The reaction is accompanied by valence changes of the ruthenium
ions to maintain charge neutrality. Electrons liberated from the metal ions
complete the reaction and cause a current to flow in the solid. The resulting
voltage depends on the hydrogen ion concentration (Fig. 6b).

The three chemical sensors described above all involve ion motion, but
in a different way. Bulk ionic conduction occurs in the zirconia oxygen sensor,
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Fig. 6 (a) Transition metal oxides are used as pH seqsors in which
protons react with surface oxygens to form water molecules. The reac-
tion is accompanied by valence changes and current flow in the solid.
(b) The resulting electric voltage is proportional, to pH.'

whereas suface ionic conduction takes place in a humidity sensor In the
pH sensor, a chemical reaction takes place at the surface between protons
and oxygen ions.

In the next section, three temperature sensors are discussed, again with
three different structure-property relationships, but this time the sensing
involves electron motion rather than ion motion.
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Fig. 7 Typically, the electrical resistance of thermistors change by
several orders of magnitude with temperature. In negative
temperature coefficient thermistors, the resistance decreases steadily
with increasing temperature, but sudden changes at phase transi-
tions are involved in positive temperature coefficient and critical
temperature thermistors.

3 THERMISTORS

Three types of ceramic themistors are in widespread use-critical
temperature thermistors, negative temperature coefficient (NTC) ther-
mistors, and positive temperature coefficient (PTC) thermistors. Typical
resistance changes with temperature are illustrated in Fig. 7.

3.1 Critical Temperature Thermistors

Vanadium dioxide is often used in critcal temperature thermistors. Below
80 0C, V0 2 is a semiconductor with a negative temperature coefficient of
resistance. Above 80 00 it exhibits metallic behavior with a great increase
in conductivity (typically two orders of magnitude) and very little change
with temperature. The critical temperature of 80 0C can be modified
somewhat by changes in chemical composition.

The V4  ion in V0 2 has a peculiar electron coiiguration with one 3d
electron outside a closed shell. In the low-temperature state, adjacent V4

ions form electron pair bonds, giving rise to a band gap and semiconductor

• mm mmmmm •mm• m •mm
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Fig. 8 Structural changes take place in the V0 2 ceramics used as
critical temperature thermistors. At the metal semiconductor tran-
sition, the resistance changes by several orders of magnitude and the
bond lengths change At high temperature, the metal-like structure
is isomorphous with tetragonal rutile, but changes to the semicon-
ducting monoclinic state below 80 0C.

I
behavior. A phase transition takes place at 80 C, in which the 3d electrons
are liberated from the pair bonds and are free to conduct electricity. Changes
in the crystal structure (Fig. 8) accompany the phase transformation. The
rutile-like structure found at high temperatures transforms to a distorted
monoclinic form below 80 C. The formation of electron pair bonds is
reflected in the interatomic distances. In the rutile structure, the
V' + - V" ' distance across shared octahedral edges is 2.9 A. Below the
transition, half are 2.7 A and half are 3.1 A. This distortion in structures
locks the electrons into localized states, creating a band gap and semicon-

I ducting behavior.

I
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3.2 Negative Temperature Coefficient Thermistors

Electrical resistance decreases exponentially with increasing
temperature in an negative temperature coefficient thermistor. Unlike
critical temperature thermistors, there is no phase transition involved. Most
negative temperature coefficient thermistors are composed of doped
transition-metal oxides.6 Typical of these controlled valency semiconductors
are Fe2O3:Ti and NiO:Li. Reacting Fe20 3 with TiO2 in air yields:

(1 - x)Fe2O3 + xTiOz -+ Fe2-zFe T&

This is an n-type semiconductor in which electrons are transferred between
iron atoms of different valence.

Fe +e' - Fe2 +

The electron concentration and electrical resistivity are controlled by the
titanium content; p-type negative temperature coefficient thermistors are
made from nickel oxide doped with lithium.

(1 - x)NiO + x LizO -* Nil-2 xNi L+2 0
2

The hole conduction process involves charge transfer between divalent and
trivalent nickel ions:

Ni2 + " + ho - Ni'

Doped nickel oxide has the rocksalt structure (Fig. 9a), with lithium
partially replacing nickel in the cation sites. Ionic radii for Ni2 + (0.84 A),
Ni3' (0.74 A), and Li + (0.88 A) all favor octahedral coordination with
oxygen. As shown in Fig. 9b, resistivity decreases with increasing lithium
content. Color is another indication of increased conductivity. The green
color of pure nickel oxide deepens to black with increased doping.

For semiconducting compositions near Nio.,sLio.o5O, the band gap is
about 0.15 eV. The physical origin of this band gap is attributed to the
attractive forces between Li + dopant ions and the compensating Ni +
ions. Charge is neutralized best when these ions are next nearest
neighbors (Fig. 9a). Polarization of the surrounding structure also con-
tributes to the band gap energy.

Electrical conductivity is proportional to the charge carrier concentra-
tion n, the charge of each carrier q, and the mobility i:

a= n p

In thermistor materials, the temperature dependence of the conductivity

I
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Fig. 9 Nickel-doped oxide thermistor. (a) -The crystal consists of
Nif+ , Ni34 , and Li * ions in a rocksalt-like solid solution. (b) Room-
temperature electrical resistivity decreases with increasing lithium
content.

is of great importance. Both n and p depend on temperature. For a
semiconductor, the carrier concentration varies exponentially with
temperature, n = exp(-E/kT), where E is the energy required to liberate
charge carriers. The temperature dependence of the mobility depends on
its physical origin. For most scattering processes, mobility follows an inverse
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Fig. 10 Dependence of resistance on temperature for typical
negative temperature coefficient thermistors. R decreases by about
4% for each degree increase in temperature.

power law (A T - b), in which mobility decreases with increasing
temperature because of atomic thermal vibration. A different temperature
dependence is found for hopping processes. Here the mobility depends on
thermal excitation and increases exponentially with temperature,

= -exp(E '/kT). Summing up, the temperature dependence of the electrical
conductivity is:

a(T) = T-be - (E+E'ykT = T-be- E ' /kT

Because exponentials tend to dominate, the electrical resistance of a
negative temperature coefficient thermistor can be described by:

R = Ae~rr

For typical thermistors (Fig. 10), R lies in the range 1 to 104 0, and B is 2000
to 6000 K. The temperature coefficient a describes the percentage change
in resistance with increasing temperature:

1 dR ... 1 d Aerrn -
fR dT R dT

If j3 = 3600 K and T = 273 K, a is approximately 4%/OC. I
I
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Negative temperature coefficient thermistors are used in flow meters, in
which the velocity is measured by monitoring the temperature difference
between two thermistors. A heater positioned between the two thermistors
provides the temperature difference Thermistors are also used as inrush
limiters to protect diodes, fuses, switches, and light bulbs. The sudden surge
of current that occurs when a light bulb is turned on often ruptures the bulb
filament. With an negative temperature coefficient thermistor in series Aith
the bulb, the energy of the initial surge is dissipated as heat in the thermistor.

3.3 Positive Temperature Coefficient Thermistors
Positive temperature coefficient thermistors differ from negative

temperature coefficient thermistors in several important respects. The
resistance of a positive temperature coefficient thermistor increases with
temperature, but only over a limited temperature range near a phase tran-
sition. The resistance change is very large at this temperature because of
grain boundary effects.'

Barium titanate ceramics are widely used in positive temperature co-
efficient thermistors. When doped with donor ions such as La3 + or Ce3

(for Ba 2 ) or Nb5  (for Ti4  ), the resistivity material shows a pronounced
positive temperature coefficient effect (Fig. 11a). This low-resistivity
material shows a pronounced positive temperature coefficient effect (Fig.
11b) if fired in air. Only normal negative temperature coefficient behavior
is observed in ceramics prepared in a reducing atmosphere.

Explanation of the positive temperature coefficient effect rests upon
understanding the defect structure. When sintered at high temperature,
lanthanum-doped BaTiO becomes an n-type semiconductor:

12+ T3 + 0r:3r2-

Bal-.LaATiO = Ba ,La+T I -Ti, 03

with conduction taking place via transfer of electrons between titanium ions
as Ti4 

+ + e- - Ti3 +. Thus, the barium titanate grains in the ceramic are
conducting and remain conducting on cooling to room temperature

SHowever, the grain boundary region changes during cooling. Oxygen is
adsorbed on the surface of the ceramic and diffuses to grain boundary sites,
altering the defect structure along the grain boundaries. The added oxygen
ions attract electrons from nearby Ti3 + ions, thereby creating an insulating
barrier between grains. Ify excess oxygen ions are added per formula unit,
the grain boundary region can be described as follows:

Achaltati of (Thedfec pi-T- y) +isY

A schematic ilustration of the defect perovskite structure is shown in Fig, 12.
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Fig. 11 (a)Resistivity of cerium-doped barium titanate,
Bal -.Ce.Ti03, plotted as a function of composition. (b) Resistivity of
three cerium-doped barium titanate ceramics measured as a func.
tion of temperature. A large positive temperature control anomalyI
occurs near the Curie temperature.

The net result of this process is that the ceramic consists ofsemiconducting
grains separated by thin insulating grain boundaries. The electricalI
resistance of the ceramic is inversely proportional to grain size because
smaller grains mean more insulating grain boundaries and therefore higher
resistance
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Fig. 12 Schematic view of the Bal -La.TiO3 structure near the sur-
face of a grain boundary. Atmospheric oxygen dissociates and diffuses
rapidly along a grain boundary where the atoms attract electrons
and form insulating barriers.

To explain the positive temperature coefficient effect, it is necessary to

consider the ferroelectric phase transition in BaTi0 3 and its effect on theIinsulating barriers between grains! Barium titanate is cubic and para-
electric above 130 0C, its Curie temperature. Below this temperature, the
perovskite structure distorts to a tetragonal ferroelectric state in which a
large spontaneous polarization P, develops on the (001) faces. The dielec-
tric constant reaches a maximum at T, and then falls off in the high-

I temperature paraelectric state following a Curie-Weiss law:

K- = C forT > T,I T-T

The Curie constant, C, is about l0 *C.
The positive temperature coefficient anomaly in doped BaTiO 3 occurs at

temperatures near Tc and is strongly affected by the appearance of ferro-
electricity. Both the spontaneous polarization and the Curie-Weiss law play
an important role in the positive temperature coefficient effect.

At room temperature, the resistance of a positive temperature coefficient
thermistor is low, because the electron charge trapped in grain boundary
regions is partially neutralized by spontaneous polarization. Wherever the
domain structure is advantageously positioned, positive polarization charge
will cancel the negatively charged barriers between conductive grains,

I thereby establishing low resistance paths across the ceramic (Fig. 13a).

Icos
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Fig. 13 (a) At temperatures below T,, spontaneous polarization
charges neutralize the potential energy barriers, creating low
resistance paths through the ceramic. (b) Above T,, the dielectric con-
stant decreases causing the electrical resistance to increase.

Above T,, the spontaneous polarization disappears and the resistivity
increases, giving rise to the positive temperature coefficient effect. At frst,
the increase is very slow because of the high dielectric constant at the Curie
point. The barrier height is inversely proportional to the dielectric constant
of the surrounding medium; a highly polarizable medium shields the

I
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charges trapped at the grain boundary, reducing the height of the barrier
and the electrical resistance. As the temperature increases further above
TC, the dielectric constant K decreases rapidly in accordance with the Curie-
Weiss law. Decreases in K cause rapid increases in the barrier between
grains and an increase in the electric resistance. Eventually, the resistance
increase levels off as the decrease in dielectric constant slows and the normal
negative temperature coefficient effect of the semiconducting grains takes
over (Fig. 13b).

Positive temperature coefficient thermistors are used as protection against
overvoltage and short circuits. When connected in series with the load, a
positive temperature coefficient thermistor limits the current to safe levels.
Large currents cause the temperature of the thermistor to rise into the
positive temperature coefficient range, thereby raising the resistance and
lowering the current. Additional applications include liquid level indicators
and thermostat control elements.

To summarize, the ceramic sensors described above make use of six
different structure-property relations. The humidity sensor involves ionic
conduction on surfaces with proton hopping between absorbed water
molecules, whereas the zirconia oxygen sensor involves bulk ionic conduc-
tion through grains. In metal-oxide pH sensors, a chemical reaction takes
place at the surface with protons reacting with surface oxygen atoms.

The three types of temperature sensors discussed in the last section make
use of electronic phenomena in ceramics. Critical temperature thermistors
employ a structural phase transformation in which the bulk electronic
condition changes from metallic to semiconducting. A phase transforma-
tion is also involved in positive temperature coefficient thermistors, but
grain boundaries are important here Schottky barriers between the con-
ducting ceramic grains are neutralized by the spontaneous polarization
associated with the ferroelectric phase transition in BaTiO3. This is a much
more complicated conduction phenomenon than that in an negative tem-
perature coefficient thermistor. Bulk electronic conduction controls the
resistivity of the transition metal oxides used in negative temperature co-
efficient thermistors.

4 METAL OXIDE VARISTORS
Varistors are ceramic semiconductors with a nonlinear current-voltage

relationship (Fig. 14). At low voltages, the varistor behaves like a negative
temperature coefficient thermistor with small temperature-dependent cur-
rents. At a certain critical breakdown voltage V, howeve; the resistance
suddenly diminishes and cunents increase dramatically. The phenomenon
differs from normal electric breakdown in that the I-V characteristic is

I
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Fig. 14 Typical I-V relation for a ZnO varistor. The current increases
very rapidly at the breakdown voltage Ve.
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Fig. 15 Unit cell of the hexagonal ZnO structure used in varistors
Lattice parameters are a x 3.24, c - 5.19 A.
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Fig. 16 (a) Schottky barrier caused by a double depletion layer in a
ZnO varistor. Band bending is caused by donor electrons from the

zinc oxide grains filling traps in the thin bismuth oxide-rich layer
between grains. (b) At low voltages, conduction takes place by
thermal activation, but at (c) the breakdown voltage tunneling
begins, causing a very large increase in current.

I
reversible and controllable by the ceramic microstructure. Like the positive

I temperature coefficient thermistor, the electrical properties are goverr',d

primarily by thin insulating barriers at the grain boundaries. In the case

of varistors, however, electron tunneling is involved.9

I
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Fig. 17 Varistors are used to protect electrical contacts and loads
against inductive surges.

Most varistors are made from zinc oxide with additives of several percent.
ZnO has the hexagonal wurtzite structure (Fig. 15) with tetraheral, Zn - 0
bonds of 1.97 A. A typical commercial composition for varistors is:

(100 - x) ZnO + .- (Bi 20 3 + 2Sb20 3 + C0203 + MnO2 + Cr 20 3)

6
where x is the mole percent additives. Excellent varistor action is obtained
for compositions with -- * .,ie range of 3 to 10%. The phase relations are
rather complex, b'ut when fired at 1350 °C, there are only two important
phases. The varistor microstructure consists of doped ZnO grains separated
by doped Bi20 3 grain boundary regions. TEM micrographs show that the
bismuth oxide layer is extremely thin (< 30 A) in many places. This plays
an important role in the conduction process.

Electrically, the ceramic varistor consists of conducting ZnO grains with
resistivities near 1 0-cm, separated by insulating Bi20 3-rich grain boun-
daries. The grains are n-type and the boundaries p-type. Electrons near the
boundaries are trapped in the intergranular Bi20 3-rich regions leaving
ionized donors on both sides of the boundary. The result is a symmetric
Schottky barrier about 0.8 eV in height (Fig. 16a).

The nonlinear I-V characteristic (Fig. 14) of a varistor can be explained a
in terms of the Schottky barrier model. At low voltages, in the prebreakdown
region, charge carriers surmount the Schottky barrier by thermal activa-
tion (Fig. 16b), giving rise to small temperature-dependent currents. As the
applied voltage approaches V,, the breakdown voltage, tunneling from the
.filled states in the intergranular region begins (Fig. 16c). Further increases
in voltage resuit in very large current flows through tunneling. I

Metal oxide ceramic varistors are used to protect circuit elements against
inductive surges, which often damage contacts, relays, and rectifiers. By con-
necting the varistor in parallel with the circuit element (Fig. 17), any voltage
spikes greater than Va cause currents to flow through the varistor rather
than the circuit element. Zinc oxide varistors have proved especially useful
as lightning arrestors. 0

I
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Fig. 18 (alResistivityofthe newly discovered 1-2-3 cuprate ceramics.
(b) The structure contains many missing oxygen atoms in the Cu-O-
Cu chains along the top edge of the unit cell. 3

5 SUPERCONDUCTING CERAMICS
Until 3 years ago, it was taken for granted that superconducting transition

temperatures were limited to 25 K. However, with the discovery of
lanthanum strontium cuprate," the temperature doubled, and doubled
again with YBa 2Cu 30 7, the so-called 1-2-3 compound. 2 The triple perov-
skite unit cell (Fig. 18) contains seven oxygen and two empty oxygen sites.13

The mechanism of superconductivity in the copper oxide family is not well
understood. In the theory put forward for metallic superconductors, an
electron moving through the lattice attracts or repels ions, causing them
to vibrate. This quantum of vibrational energy (phonon) represents an
attractive folce to another electron with opposite magnetic spin and momen-
tum in such a way that the two move in synchronized motion. The paired
electrons may be far apart and separated by other particles, but they are
indirectly linked, as if by a spring. Each and every motion, even a collision
with the lattice, is cancelled by the partner's movement. Moreover, such
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Cooper pairs travel in concert with other pairs so that conduction electrons
move together with remarkable orderliness.

The phonon links between electrons are so tenuous that they remain in-
tact only at very low temperatures. Even a little heat is sufficient to over-
come the phonon attraction and destabilize the superconducting state. The
Bardeen-Cooper-Schieffer (BCS) theory predicts an upper limit to the
strength of the interaction with a T, of 30 to 40 K. This suggests that there
must be another coupling mechanism in the high T, copper oxides. Atten-
tion is presently focused on the copper-oxygen planes and chains found in
all high T, ceramics. Most of the theories formulated during the past year
involve the peculiar bonding between copper and oxygen atoms. Normally,
copper has a valence of+ 1 or +2 in minerals and oxide ceramics, but in the
superconductors its valence exceeds two. Alternatively, an unusual valence
of- 1 can be assigned to some of the oxygen ions. The presence of "excess"
oxygen is crucial to the existence of superconductivity.

Three alternative mechanisms have been propounded to explain the
coupling of Cooper pairs in superconducting cuprates. Closely related to the
BCS theory is an excitonic model in which electron-hole pairs (excitons) per-
form the same function as phonons in superconducting metals. Another
BCS-like model involves magnetic interactions as a coupling mechanism.
Ferromagnetic regions with an antiferromagnetic matrix are responsible
for the attractive forces between electrons. A third theory postulates the
importance of resonating domain walls, which are common in high T
ceramics. At the present time, theory seems to be of little value in guiding
experimentalists.

Ceramic and thin-film specimens both exhibit superconductivity above
liquid air temperatures, opening up a large number of possible
applications-frictionless generators, motors and high-speed trains,
levitating toys and gimmicks, electronic Josephson junctions and
resistanceless interconnects, large magnetic fields for NMR medical
diagnosis, nuclear accelerators and hydrogen fusion, power transmission
lines and closed loop energy storage for load leveling, and radiation detec-
tors for astronomy, oil exploration, and brain wave research. The feasibility
of many applications rests upon improvements in the critical current den-
sity. Ways must be found for stabilizing the superconducting phase under
high magnetic fields and electric currents. Several interesting composite
structures are under investigation.

Although ceramic superconductors have captured the imagination of
thousands of scientists, this work is outside the mainstream of electro-
ceramics. Until a major market is demonstrated, it will remain a curiosity.
The main thrust in electroceramics research is not in the discovery of new
materials, but in the miniaturization and integration of existing
components.
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6 FERROELECTRIC CERAMICS

Multilayer capacitors make use of ferroelectric oxides such as barium
titanate.14 Ferroelectric oxides with the perovskite, tungsten bronze,
pyrochlore, and bismuth titanate layer structures all have high dielectric
constants and high refractive indices, and all contain corner-linked

I octahedral networks of Ti' ', Nb- +, or other d* ions. These transition metal
elements are the highly polarizable "active" ions promoting ferroelectricity
and the high permittivities required for capacitors.

With reference to the periodic system of elements, there are two major
groups of active ions, and both are near electronic "crossover" points where
different types of atomic orbitals are comparable in energy and where hybrid
bond formation is prevalent. The first group typified by Ti , Nb' +, and W6

are d0 ions octahedrally coordinated to oxygen. For Ti4  , the electronic
crossover involves the 3d, 4s, and 4p orbitals, which combine with the a- and
7r-orbitals of its six 02- neighbors to form a number of molecular orbitals
for the (TiO 8 - complex. The bond energy of the complex can be lowered
by distorting the octahedron to a lower symmetry. This leads to dipole
moments, ferroelectricity, and large dielectric constants.

A second group of active elements contributing to polar distortions in
ceramic dielectrics is the lone-pair ions having two electrons outside a closed
shell in an asymmetric hybrid orbital. Among oxides, the most important
of these lone-pair ions are Pb2 + and Bi3 +, which are involved in a number
of ferroelectrics (PbTiO 3, Bi 4Ti 3O 1 2 , PbNb 2O() with high Curie
temperatures. In many of these compounds, Pb2 + and Bi3" are in pyramidal
coordination with oxygen and therefore contribute to the spontaneous
polarization.

1 6.1 BaTiO3 Capacitors

Many capacitor formulations are based on BaTiO3, one of a number of fer-
roelectric substances crystallizing with the perovskite structure. Barium
atonis are located at the corners of the unit cell and oxygens at the face
centers (Fig. 19). Both barium and oxygen ions have radii of about 1.4 A,
and together they make up a face-centered cubic array having a lattice
parameter near 4 A. Octahedrally coordinated titanum ions located at the

I center of the cubic perovskite cell are the active ions in promoting ferro-
electricity. The low-lying d-orbitals of titanium lead to accentric atomic
arrangements and large electric polarizability;

On cooling from high temperature, the crystal structure of BaTiO3
undergoes three ferroelectric phase transitions. All three are displacive in
nature with atomic movements of 0.1 A or less. The point symmetry
changes from cubic m3m to tetragonal 4ram at the Curie temperature of

I
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130 *C. The tetragonal state with its spontaneous polarization along [001]
persists down to 0 °C, where it transforms to orthorhombic (mm2 symmetry)
as P. shifts to a [110] direction. On further cooling, the orthorhombic state

j transforms to rhombohedral (3m) near -90 0C. The structural changes are
illustrated in Fig. 19. A peak in the dielectric constant occurs at each of the
phase transitions (Fig. 19). In regard to capacitors, it is extremely impor-

I tant that the dielectric constant be high over a wide temperature range The
presence of the two lower ferroelectric transformations ensures that the
dielectric constant remains high below the Curie temperature Note in Fig.
19 that the dielectric constant along the a-axis is larger than that along
the polar c-axis. The instability of the structure makes it easy to tilt the spon-
taneous polarization vector with a transverse electric field.

Because barium titanate is by far the most popular compound for
multilayer ceramic capacitors, there have been many studies of its solid solu-

j tions. Substitutions for Ba 2 + or Ti4" are used to raise the permittivity,
flatten its temperature dependence, and lower the losses. Subrtituting a
divalent cation for barium in BaTiO 3 modifies the transition temperatures.
The three most commonly used "Curie Point Shifters" are Pb2 -, Sr2 ", and
Ca2 +. Modest amounts of Pb + raise To, Sr2  lowers To, and Ca 2 + has little
effect. Divalent Pb is one of the very few additions that increases the tran-

I sition temperature; the tetragonal pyramidal coordination favored by Pb2

stabilizes the tetragonal phase with respect to the adjacent cubic and
orthorhombic phases. All three Curie point shifters destabilize the
orthorhombic and rhombohedral phases of BaTiO 3 as the lower two transi-
tion temperatures drop when increasing amounts of Pb2 , Sr2 ", or Ca 2 + are
added. The opposite effect is achieved by replacing titanium with larger
tetravalent ions.

A pinching together of the phase transitions occurs when titanium is
replaced with larger tetravalent ions. Typical of this type of behavior are
the BaTil-.ZrO 3 solid solutions. With increasing zirconium content, the
Curie temperature drops while the lower two transition temperatures are
raised, thus causing the three transition temperatures to converge near
x = 0.1 andT, = 50 *C. As a consequence, the three peaks in the dielectric
constant merge to give an immense peak of about K = 8000.

6.2 Domain Walls and Dielectric Loss

Domain walls are an important source of dielectric loss for temperatures
below T,." Under applied electric fields, domain wall motion takes place,
dissipating energy. A number of different types of walls are found in BaTiO3,
with varying wall mobilities. Ttragonal BaTiO has 180 0 walls, and both
charged and uncharged 90 * walls. Charged walls are important only in
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Fig. 20 Temperature dependence of the electrical loss, tanb. At high
temperatures, the losses are caused by conduction, whereas domain
walls are responsible at low temperatures.

conducting BaTiO3 where currents can flow, neutralizing the charge The
1800 walls are generally more mobile than 900 walls because of the
mechanical strain associated with 90 0 walls.

In general, the electrical loss of ferroelectric ceramics displays three iden-
tifiable temperature ranges (Fig. 20). Below T, the losses are moderately
high and are caused by domain walls. The magnitude of tan6 increases rapid-
ly with the applied field, but does not depend strongly on frequency.

The second temperature range-typically extending 100 to 200 0 C above
the Curie temperature-has very low dielectric loss. Above T,, there are no
domains to cause dielectric loss, and the temperature is too low for ap-
preciable conductivity loss, At high temperatures, the loss due to conduc-
tivity becomes important, causing tanb to increase rapidly with
temperature. Conduction losses are inversely proportional to the measure-
ment frequency.

Acceptor dopants such as K or Fe3 + create oxygen vacancies in BaTiO3:

(Ba_ -K,)Ti(O3-,m,20/,' 2)

and

Ba(Ti,_FeO(O3-Vn20,2)
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Oxygen vacancies exert a much greater influence on the dielectric loss
than barium or titanium vacancies. The way in which oxygen vacancies
affect tan6 depends on temperature and the dominant loss mechanism.
Below T, where domain wall losses predominate, oxygen vacancies lower
tanb. The explanation of why donors and acceptors affect the dissipation
factor differently involves the pinning of domain walls. Donor-doped perov-
skite ferroelectrics have lossy hysteresis loops and considerable domain wall
motion, whereas acceptor-doped perovskites do not.

The reason domain walls are pinned more effectively in acceptor-doped
perovskites is illustrated by the crystal structure Oxygen vacancies diffuse
much faster than cation vacancies because of the proximity of oxygen-sites.
The distance between nearest neighbor oxygens is only 2.8 A compared to
4 A for the shortest Ti-Ti or Ba-Ba interatomic distance

Defect dipoles in acceptor-doped BaTiO3 consisting of paired iron atoms
and oxygen vacancies realign more easily than the corresponding dipoles
in donor-doped material. Thus, the defect dipoles in acceptor-doped BaTiOj
align with the spontaneous polarization of the domain structure to pin
domain walls, thereby lowering the dissipation factor in the low-
temperature region below Tc.

6.3 Conduction Losses and Degradation

Oxygen vacancies are also important in the high-temperature region. The
rapid increase of dissipation factor is caused by free carrier conductivity,
and the concentration of free carriers depends on doping and temperature.
The loss factor (tan6) is inversely proportional to frequency in this
temperature range.

Based on a number of experiments, the following picture has been
developed for the DC degradation process in barium titanate ceramics.
Polycrystalline titanates are appreciably reduced at the temperatures used
in firing ceramic capacitors. On cooling, rapid reoxidation occurs above 1100
°C, but effectively stops at some temperature between 600 and 900 *C. As
a consequence, the outside of the sample and, to some extent, the outside
of each grain is well oxidized, but the interior of the grains remains oxygen
deficient. Oxygen vacancies carry an effective charge of +2e, which is
neutralized by 3d electrons on the titanium atoms, forming two Ti3 ions
for every oxygen vacancy. At low temperatures, the oxygen vacancies and
Ti + ions are bound by a small energy of 0.1 to 0.2 eV, sufficiently large that
only a few of the defects are separated. Electrons associated with the
unattached Ti' ions are responsible for conduction, making use of the nar-
row 3d conduction band. Alternatively, the conduction process can be
described as electron hopping via Ti - Ti + e- transfer. Unattached
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oxygen vacancies also contribute to the conductivity, but their mobility is
much smaller than that of electrons. Neutralized bound defects do not par-
ticipate directly in the conduction process, but experience a torque tending
to align the dipole moment with the applied field. This in tun creates dielec-
tric polarization and dielectric loss. Oxygen vacancies are also important
in the AC degradation of BaTiO 3 ceramics. Electrostrictive pumping of the
oxygen vacancies to the grain boundary has been proposed as a mechanism.

Trivalent manganese plays an important role in a number of capacitor
compositions by lowering conduction losses. Mn3  has the 3d4 electron con-
figuration and is widely known as a Jahn-Teller ion. It seems likely that
the large tetragonal distortions associated with Jahn-Teller ions are effec-
tive in anchoring oxygen vacancies.

6.4 Relaxor Ferroelectrics

Ordered perovskites generally have low dielectric constants because the
linkage between "active" ions is severed. In disordered structures such as
the relaxor ferroelectrics, the dielectric constant can be extremely large,
making them useful as capacitor dielectrics. The monolithic Pb-based com-
positions under development in Japan" are excellent examples. Not only
do the Pb(Feo.sNbo.s)0 3 -Pb(Feo.67Wo. 33),03 ceramics have dielectric constants
in excess of 15,000, but they can be sintered in air at 850 °C with silver
electrodes.

Relaxor ferroelectrics are characterized by temperature-sensitive micro-
domains resulting from the many different "active" ion linkages in the
disordered octahedral framework. Each (NbO6)-octahedron may be bonded
to anywhere from zero to six other (NbO6)-octahedra. Connections between
these octahedra are assumed to be essential to ferroelectricity and high K
values. As temperature decreases from the high-temperature paraelectric
state, these microdomains gradually coalesce to macrodomains giving rise
to a diffuse phase transformation. These polarization fluctuations are also
dependent on bias field and neasurement frequency. The dielectric constant
drops rapidly with frequency (hence the name "relaxor"), because it takes
time for the polarization fluctuations to respond. Direct current bias fields
favor coalescence, having the same effect as lowering the temperature

Relaxor behavior is very common among Pb-based perovskites, suggesting
that Pb2 

+ and its "lone-pair" electrons play a role in the microdomain
process, possibly by adjusting the orientation of the lone-pair. Multilayer
relaxor fei-roelectrics are used as micropositioners as well as capacitos. The
electrostrictive distortions are highly reproducible and have found
widespread use in active optic systems. 7
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Fig. 21 (a) Binary phase diagram of the lead zirconate-lead titanate
ceramics used in transducers. (b) Large piezoelectric coefficients are
obtained for poled ceramics with compositions near the morphotropic
phase boundary.

6.5 Piezoelectric Transducers
I Piezoelectric transducers convert mechanical etnergy to electrical energy

(the direct piezoelectric effect), or electrical energy to mechanical energy
(the converse piezoelectric effect). " Ferroelectric ceramics such as lead
zirconate titanate become piezoelectric when electrically poled. Poling is
carried out under intense electric fields at temperatures just below the
ferroelectric Curie point where the domains tire most easily aligped.

The phase diagram of the PbZrOj-PbTiO (PZT) system is shown in Fig.21(a).
A complete solid solution forms at high temperature, with Zr and Ti
randomly distributed over the octahedral sites of the cubic perovskite

structure. On cooling, the structure undergoes a displacive phase

I
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Fig. 22 (a) Poled piezoelectric ceramics have a symmetry imposed
by the electric field vector. This symmetry determines the form of
the piezoelectric tensor, which is referred to the axial system shown
in (b).

transformation into a distorted perovskite structure. Titanium-rich com-

positions favor a tetragonal modification with sizable elongation along [001]
and a large spontaneous polarization in the same direction. There are six
equivalent polar axes in the tetragonal state corresponding to the [100],
(1001, [010], [010], [001], and [001 directions of the cubic paraelectric state.
A rhombohedral ferroelectric state is favored for zirconium-rich composi-
tions. Here, the distortion and polarization are along [111] directions, giving
rise to eight possible domain states: [1ii], [111], [111], [111], 11111, [111)
[1111, and [1111.

The compositions that pole best lie near the morphotropic boundary be-
tween the rhombohedral and tetragonal ferroelectric phases. For these
compositions, there are fourteen possible poling directions over a very wide
temperature range. This explains why the piezoelectric coefficients are
largest near the morphotropic boundary (Fig. 21b).

Morphotropic boundaries are relatively common in Pb-based perovskites,
more so than in other perovskite phase diagrams. In solid solutions based
on BaTiO3 , a different sequence of phase transformations appears. On
cooling from high temperatures, the cubic phase undergoes transformations
to tetragonal, orthorhombic, and rhombohedral. The intervening orthor-
horribic phase makes it impossible for the tetragonal phase to transform to
rhombohedral. Thus, there is no morphotropic phase boundary in BaTiO 3-
based ceramics.

It appears that morphotropic boundaries occur in PbTiO3-based systems
because of the supression of the orthorhombic phase. The Pb2 + ion plays
a major role in the supression. Because of its lone-pair 6S2 electron configura-
tion, Pb2 favors pyramidal bonding. In the tetragonal and rhombohedral

al I I I I I I I II
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perovskites, such bonding occurs, but not in the orthorhombic ferroelectric
form. Here, Pb2 + is forced to move directly toward a neighboring oxygen
ion, an extremely unfavorable coordination."

Poled ceramic transducers have conical symmetry (point group Co m), the
symmetry of a polar vector. By convention, the x3 axis is chosen along the
polar axis with the orthogonal x, and x2 axes perpendicular to X3 (Fig. 22).
The piezoelectric coefficients relate polarization to mechanical stress. P1,
P2, and P3 are the components of the stress-induced polarization along axes
Xi, X2, and X3. In matrix notation, stress components al, a2, and a3 are the
applied tensile stresses parallel to xi, x2, and X3. Shear stresses about x1,
X2, and x3 are designated a4, as, and a6, respectively.

For poled ferroelectric ceramics, conical symmetry dictates that all
piezoelectric coefficients are zero except d31 = d32, d33 , and d15 = d24. The
direct piezoelectric effect can therefore be described by the following matrix
expression:

ffi 0 0 0 0 dis 0 02

0 0 d, 5 0 0 a2

P3 did1d 0 07(70

multiplying out:

Pi = disor5
P2 = disa4
P3 = d3A(ai + i) + d33or3

Thus, polarization along x, can only be generated by shear stresses about
x2. For hydrostatic pressure p, a, i 2 = a(7 = -p, and a4 = 05 a6 0. The
resulting polarization appears along x3: P3 = (2d3l + d33 X-p).

Molecular mechanisms for piezoelectric coefficients d33, d3 l, and dis are
illustrated and explained in Fig. 23. For PZT compositions near the mor-
photropic boundary, d33 = 400 pC/N, d3 l =_ -170, and d1s =_ 500. The
magnitudes depend markedly on dopants and defect structure because of
their influence on domain wall motion.

Donor ions create Pb vacancies in the PZT structure As an example, when
Nb5 + is substituted for Ti 4 *, vacancies in the lead-site results:

(Pb1 -X/2R, 2) (Ti1  +-YZryNb,)0 3

Donor doping is not effective in pinning domain walls. Pinning is believed
to result from the alignment ot'defect dipoles with the spontaneous polariza-
tion within a domain. The defect dipoles come from the negatively charged
Pb-vacancies paired with dopant Nb5 + ions. Because the defect dipoles are
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Fig. 23 (a) Tetragonal PbTiO3 is noncentrosymmetric with the
titanium ion displaced from the center of the unit cell. (b) When a
tensile stress is applied parallel to x3, the Ti' ion displaces further
in its off-center position, creating a positive polarization in this
direction: P3 = d33 o3. (c) If the stress is applied along x I, the dipole
moment of the unit cell is diminished, and a negative polarization
appears. Hence, d3 l is negative, whereas d33 is positive. (d) For a shear
stress about X2, the dipole moment is tippcd, producing polarization
in the x, direction, P1 = d1 sus.

formed at high temperature, the dipoles are not aligned with P initially
because the spontaneous polarization is zero in the cubic paraelectric state.
Alignment can only take place below the Curie temperature ( - 350 °C for
PZT) where diffusion rates are low Such is the case for donor-doped PZT,
a so-called "soft" PZT. In a soft PZT, domain wall motion contributes to the
size of the dielectric and piezoelectric coefficients. Hence, soft PZT
transducers are used as hydrhophones and ultrasonic detectors where high
sensitivity to weak signals is needed. Conversely, however, soft PZT ceramics
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are easily depoled because the domain walls are not pinned. For this reason,
soft PZT ceramics are not used for sonar transmitters or spark generators.2

Acceptor doping with lower valent ions such as K * (for Ba2 2) or Fe + (for
Ti4 + ) is employed to produce "hard" PZT. Oxygen vacancies are generated
by acceptor doping:

(bi-xJ(Ti i- yZrYNbJ)03-X/26J/

Domain walls are pinned in a hard PZT because the defect dipoles are able
to align in accordance with the domain structure. Dipoles consisting of
oxygen vacancies and associated dopant ions are able to re-orient easier in
a hard PZT. The explanation lies in the ease with which oxygen vacancies
diffuse at temperatures below T.

Examination of the perovskite structure makes it clear why oxygen vacan-
cies diffuse faster than cation vacancies. Cations are completely surrounded
by oxygens and are separated from the nearest cation site by an entire unit
cell ( - 4 A), making diffusion very difficult. Oxygen sites, on the other hand,
are adjacent to one anothei; only 2.8 A apart. Hence, oxygens can easily
move into nearby oxygen vacancies, realigning defect dipoles and pinning
domain walls.

7 MAGNETISM IN OXIDES

Magnetic ordering occurs when the transition-metal atoms are nearest
neighbors (metals) or next-nearest neighbors (simple compounds).2' Among
oxides and fluorides, antiferromagnetism is much more common than fer-
romagnetism or ferrimagnetism due to the superexchange interaction.
Direct exchange seldom occurs in such materials, because the transition-
metal ions are not in direct contact, but interact via an intermediate anion.
Superexchange is a strong interaction, leading to magnetic transition
temperatures comparable to that of metals. Ferromagnetic ordering in Fe
occurs at 1040 K, antiferromagnetism in a-Fe2O3 at 950 K, and fer-
rimagnetism in magnetite at 860 K.

In the superexchange interaction, two metal atoms M and MA on opposite
sides of an oxygen ion interact through a p-orbital of oxygen (Fig. 24).
Transition-metal ions with less than half full d-shells will be considered first.
Because the oxygen ion is not fully ionized, its outer electrons spend time
on the neighboring transition-metal ions. When it enters the d-shell of a
transition-ion whose d-orbitals are less than half full, the oxygen electron
spin is parallel to those of the metal ion, in accordance with Hund's rule.
Meanwhile, the other electron in the same oxygen p-orbital is on the opposite
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Fig. 24 The 180 ° superexchange interaction when the transition

metal 3d shell is (a) less than half full and (b) half or more than halffull.

side of the oxygen ion because of the coulomb repulsion between two elec-
trons in the same p-orbital. While there, thesecond electron (whose spin
is antiparallel to the first electron because of the Pauli exclusion principle)
also interacts with transition metal ions, and its spin will again be parallel
to that of the metal ion if its d-shell is less than half full. The anti-
ferromagnetic superexchange thus arises from the alignment as shown in
Fig. 24: the first metal atom accepts an electron with parallel spin from an
oxygen neighbor; the spins of the two electrons in the same oxygen p-orbital
are antiparallel; and the second electron spends part of its time in parallel
alignment with the d-electrons of the second metal ion.

A similar situation occurs when the d-electron shell of the transition metal
ion is more than half full, again resulting in antiferromagnetic super-
exchange (Fig. 24). The oxygen electrons enter the metal atom d-shell anti-
parallel to the net spin, but because the same thing happens to the other
electron, the interaction remains antiferromagnetic. Superexchange is
strongest when the angle M1 -O-M2 is 180 *, allowing maximum overlap of
the p-orbital with the two metal ions. The interaction weakens as the angle
approaches 90 0, even though the metal-metal distance may be shorter.

Long-range magnetic order disappears at high temperatures because of
thermal disorder. The transition temperature is called the Curie point (T)
in a ferromagnet or ferrimagnet, and the Neel point (TN) in an antifer-
romagnet. T, and TN depend strongly on transition-metal concentration,
as expected. The general trend is indicated by the transition temperatures
for the following Fe3  compounds, which are arranged in order of decreasing
iron content: (a-Fe203 (958 K), I-FeOj (743 K), Fe2MgO4
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Fig. 25 Oxygen nearest neighbors in the spinel structure. Superex-
change coupling between the tetrahedral and octahedral sites is
especially strong.

(653 K), Y3FesO12 (563 K), FeF3 (394 K), FeC13 (10 K), Fe2Te0 6 (219 K), YFeO 3
(643 K), FePO4 (25 K), Fe3(PO4)2"4H 20 (15 K), FeNI-h(SO 4)2"12H 20 (< 1 K).
Magnetic interactions weaken with increasing dilution, although some
noticeable irregularities occur in the list. The transition temperature of
FeC13 is surprisingly low, whereas that of YFeO 3 is rather high. These excep-
tions illustrate the influence of crystal structure on the exchange inter-
actions. Ferric chloride has a layer structure with the sequence
- Cl-Fe--Cl-Cl-Fe-Cl-. Neither direct nor superexchange interactions
are possible between layers, hence TN is very low. In YFeO6, the arrangement
of iron and oxygen are nearly ideal for 180 0 superexchange. The compound
crystallizes in the perovskite structure with interconnected
-O-Fe-O-Fe-O- chains in all three directions.

7.1 Spinel Ferrites
Most magnetic ceramics make use of trivalent iron, Fe3 +, with its five un-

paired electrons. To take advantage of the large magnetic moment, it is
necessary to couple the spins through superexchange. In ferrites with the
spinel structure, there is a strong antiferromagnetic superexchange coupl-
ing between the tetrahedral and octahedral sites. Each oxygen in the spinel
structure is bonded to one tetrahedral cation and three octahedral cations
(Fig. 25). The tetrahedral ion-oxygen-octahedral cation linkage subtends
an angle of 125 * at the oxygen ion, which is large enough to make use of
a 2p orbital in a strong superexchange interaction.

The complexity of the spinel structure is also important; there are twice
as many octahedral as tetrahed-al metal ions in spinel, and this leads to
magnetic imbalance and a net magnetization. This is why magnetite (Fe3 0 4,
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Fig. 26 Addition of zinc raises the magnetization of ferrites.

spinel structure) is ferrimagnetic, whereas hematite (OXezO,, corundum
structure) and wustite (FeO, rocksalt structure) are antiferromagnetic.

7.2 Magnetization

In the spinel ferrites, the spontaneous magnetization is equal to the
difference between the sublattice magnetizations associated with the
octahedral and tetrahedral sites. By judicious choice of ions, the difference
can be made quite large and leads to an unusual situation in which adding
a nonmagnetic ion increases the magnetization. This type of substitution
is used to maximize the rei nent magnetization of ferrites.

Zinc ferrite (ZnFe20 4) is a normal spinel, whereas most other spinel fer-
rites have the inverse structure. In a normal spinel, divalent cations occupy
the tetrahedral sites, in contrast to inverse spinels where the tetrahedral
sites are filled with trivalent cations. NiFe20 4 is an inverse spinel. In the
nickel zinc ferrite solid solution (Nil-.Zn.Fe204) as x is increased, Zn +

replaces Fe + in the tetrahedral sites, and Fe" fills the octahedral sites
emptied by Ni2  . Divalent zinc has no unpaired electrons, divalent nickel
has two, and trivalent iron five. The net magnetization of nickel zinc fer-
rite is proportional to 5(1 + x) + 2(1 - x) - 0(x) - 5(1 - x) = 2 + 8x.

I
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Fig. 27 Addition of zinc lowers the Curie point of magnetic ferrites.

Calculated magnetic moments for several of the zinc ferrite solid solutions
are compared with experimental in Fig. 26. As predicted, the magnetiza-
tions rise with increasing zinc content until there are so few Fe3 + ions
remaining in tetrahedral sites that the superexchange coupling between
tetrahedral and octahedral sites breaks down. As a result, the Curie
temperatures decline rapidly with increasing zinc content, eventually
dropping below room temperature (Fig. 27). The ferrite changes from
ferrimagnetic to paramagnetic as the composition nears pure zinc ferrite.
The most useful compositions are those near x = 0.5 where the magnetiza-
tion is at a maximum.

7.3 Soft Ferrites
Soft ferrites are noted for their high magnetic permeability and high elec-

trical resistivity.22 Eddy current losses are of great importance, and
compared to metals, the high resistivity of ferrites greatly reduces loss at
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Fig. 28 Permeability spectrum for Ni-Zn ferrites.6

high frequencies. Applications for soft ferrites include inductors,
transformers, antenna rods, loading coils, deflection yokes, choke coils,
recording heads, and magnetic amplifiers.

Manganese zinc ferrite and nickel zinc ferrite are the most widely used
of the soft ferrites. Mn-Zn ferrite has the highest saturation magnetization
of any ferrite and is a good soft magnetic core material, but Ni-Zn ferrite
is superior at high frequencies because of its higher electrical resistivity
and lower resonance losses.

The property of greatest interest in soft ferrites is the initial permeability
ji and its frequency dependence. Permeability is a complex quantity,
I = I' - i1", with the niagnetic loss factor defined as tanb = L"/"I'.
Engineers often use tanb/14' as a figure of merit in comparing different
ferrites at low frequencies. The-lowest (best) figures of merit are obtained
for Mn-Zn ferrites and for Ni-Zn ferrites at high frequencies. The crossover
frequency is approximately 1 MHz.

Figure 28 shows frequency spectrum for several Ni-Zn ferrites. The
permeability spectrum is characterized by a broad loss peak at f, associated
with domain wall losses. Note that ferrites with the high permeability have
the worst frequency dependence; the product ;'f, is appioximately constant
(Snoek's Law).
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Fig. 29 Constant permeability contours in the Mn-Zn-Fe ferrite
system. Maximum permeability occurs near the point of zero
magnetostriction and zero anisotropy.

7.4 Anisotropy, Magnetostriction, and Mn-Zn Ferrites

To maximize the permeability of a soft ferrite, it is necessary to eliminate
restraints on domain wall motion. Crystal anisotropy and magnetostriction
are two restraints that can be greatly reduced through control of chemical
composition and microstructure. Mn-Zn ferrites are intrinsically soft
because of their low anisotropy fields. Mn 2 + and Fe3 + have half-filled 3d
shells and Zn" + has a completely filled shell. All three ions are spherically
symmetric with little preference in spin orientation.

The anisotropy field affects both the rotational and domain wall contribu-
tions to the permeability. Because the spins in a low anisotropy ceramic are
easily deflected by an applied field the rotational permeability is greatly
enhanced. Domain wall motion is also enhanced because of the nature of
domain walls. Within the walls, spin orientations differ markedly in orien-
tation from the easy axis directions. Thus, wall energy and the ease with
which walls can be created or displaced is influenced strongly by the

anisotropy field.

Magnetostriction
The change in shape of a magnetic specimen during the magnetization

process is called magnetostriction. Domain wall motion is responsible for
most of the strain. Strain measurements are made on unmagnetized
specimens with randomized domain structure. When a field is applied, the
specimen changes shape, and eventually both the magnetization and the
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strain reach saturation values at very large fields. For ferrites, the satura-
tion strain X ranges from 10- 6 to 10 - . Small values of X are essential in
a soft ferrite, because strain mismatch impedes domain wall motion and
magnetization rotation.

Magnetostrictive coefficients have been measured for a number of ferrites
including the manganese zinc ferrites shown in Fig 29. Adding a few percent
Fe2 + reduces X to zero, and it also decreases the anisotropy coefficient Ki.

Mn-Zn Ferrites

Compositions near the intersection of the X, = 0 and K1 = 0 lines are
especially interesting. Magnetic permeabilities as large as 40,000 are
measured near the point where magnetostrictive and anisotropy effects are
absent. Domain wall and rotational contributions to the permeability are
both enhanced at this composition.

In ceramic ferrites, a microstructure consisting of large, defect-free
crystallites favors domain wall mobility and high magnetic permeability.23

Domain wall movements are suppressed in the fine-grained ferrites used
in permanent magnets and in high-frequency applications. Small grain
microstructures and low porosity are also required for microwave ferrites
to eliminate unwanted spin waves.

The distribution of pores in the microstructure is important. Tiny pores
distributed uniformly throughout the grains are obtained in ferrites slightly
deficient in oxygen. The pores pin domain walls and lower the magnetic
permeability. A different pore structure is obtained in ferrites that are
deficient in cations. In this case, the pores are swept together at the grain
boundaries during sintering, leaving behind relatively perfect crystallites.
Very high permeabilities can then be achieved provided the grain size is
large' 3  I

Microstructure also controls magnetic losses. Substituting Fe 2 1 in Mn-Zn
ferrites raises the permeability, but it also lowers the electrical resistivity
as the extra electron hops easily between iron atoms: Fe2  - Fe3 e-. The
increased conductivity leads to eddy current losses, which can be controlled
by a small amount of silica to the starting material. During the sintering
operation, silica forms a grain boundary phase that raises the resistance I
and eliminates eddy currents. This results in a decrease in the electrical
loss tanb and an increase in the figure f merit, Wtanb.

Eddy currents are the most important source of loss at low frequencies 1
(kHz range), but ferrimagnetic resonance and domain wall damping are the
controlling mechanisms in the MHz range Mn-Zn ferrites are not used at
these frequencies because the Larmor precession frequency is too low. Ni-Zn
ferrites have stronger internal fields and higher resonant frequencies



I
Electroceramics I-000I

BI - - - -

Normal magnetization

IIM

I Fig. 30 Hysteresis in magnetic ceramics.

(10 to 1000 MHz). This lowers resonance losses in the 1 to 10 MHz range.

Eddy current losses are also small because of the higher resistivity of the
Ni-Zn compositions, although the permeability IL' is somewhat smaller.

Domain wall damping contributes to loss at frequencies just below
resonance. 7b limit this factor, it is necessary to minimize wall displacements
by making the grain size very small. Hot pressing procedures or the addi-
tion of grain-growth inhibitors keep the grain size small and lower losses.

I Small grain size is also an advantage in microwave ferrites, which operate
in the GHz range When operated at high power levels, parametric excita-
tion of spin waves becomes the dominant loss mechanism. Reductions in
grain size to below 2 tfm increases the power-handling capability by several
orders of magnitude

1 7.5 Permanent Magnets

Hard magnets are characterized by high coercive field strength and high
remanent magnetization.2' The (BH).W energy product (Fig. 30) is used as
a measure of magnetic "hardness" Proessing methods to maximize the BH

product are magnetic annealing and the texturing of crXstallites by magnetic

pressing. Precipitation hardening, superlattice formation, and work harden-
ing also increase the coercive field by restricting domain wall movement.
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C aXis lv*-eal. The arrows indicate the spin orientations. The ver-
tical lines are axes of threefold symmetry and the cross denotes a
center of symmetry. All layers containing barium are mirror planes
and are denoted by m. This structured consists of spinel-like blocks
separated by the layers containing barium. The asterisk indicates

a rotation of a block by 180* about the c-axis. 6

Some oxide magnets utilize particles small enough to have a single
domain structure. The OP (oxide powder) magnet with a composition
300Fe2O4rFe 3 O4 invented 50 years ago has large magnetocrystalline
anisotropy and large magnetostrictive coefficients as well as small particle
size. Overfiring can cause grain growth, resulting in a reduced coercive field.

One of the most widely used permanent magnet materials is barium
ferrite, a ferrimagnetic oxide with the magnetoplumbite structure. The
large Ba2 + ions form a close-packed array with the 0' anions in a mixed

sequence of hexagonal and cubic close-packing. Trivalent ir-on ions occupy

_ __ . . .) .
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Table 1. Properties of Ferrite Permanent Magnets

Material B,, W/m H10'Alm BH/... J/m'

BaFe, 2019
Isotropic ................. 0.22 0.148 4.0
Oriented (high B,) ......... 0.384 0.160 14.0
Oriented (high H) ......... 0.32 0.204 10.4
Rubber bonded ............ 0.22 0.118 4.4

SrFei2O,
Oriented (high B) ......... 0.40 0.176 14.8
Oriented (high He) ......... 0.355 0.252 12.0

OP Magnet
Coo.7sFeo.zsFe204 . . . . . . . . . . 0.25 0.052 4.8I Source: Ref 24

three types of sites within the magnetoplumbite structure: octahedral,
tetrahedral, and an unusual five-coordinated trigonal bipyramid site.

Magnetic interactions between the iron ions take place via the same
-Fe-O-Fe- superexchange mechanism found in spinel ferrites. Four of
the twelve irons in BaFe1209 align opposite to the other eight, giving a net
saturation magnetization of (8 - 4)5 = 20 JLB per formula unit. Spin1alignments for the various magnetic ions in the unit cell are shown in Fig.
31, illustrating the similarity to the spinel structure. The saturation
magnetization is also similar to the spinel ferrites, but the crystalline
anisotropy is much larger because of the lower symmetry. In BaFe20 19, the
Fe3 * spins are locked tightiy to the [0011 direction giving a high anisotropy
coefficient.

Compared to the best metallic permanent magnets, the ferrite magnets
are characterized by a high coercive field (H,) and low residual magneticI induction (B). The origin of the high coercive field is the high
magnetocrystalline anisotropy, which locks the spins into the c-axis orien-
tation. Representative properties for the OP magnet, and for barium and
strontium hexaferrite, are listed in Thble 1. The ferrites are best used in ap-
plications that take advantage of the high Hc values, such as DC motors,
holding devices, and magnetic separators. Flexible rubber-bonded ferites
are used as stators and as magnetic latching devices.

1 7.6 Preparation and Applications
Barium ferrites are generally made by calcining BaCO3 with Fe203 toIform BaFe2Oz. The oxide is then ground to micron-size powder, compacted

in a die, and sintered at 1200 to 1300 °C to about 95% theoretical density.I
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To obtain grain alignment with a three-fold improvement in properties, the
powder is pressed in the presence of a magnetic field before sintering.
Barium ferrite has a plate-like morphology with the easy axis ofmagnetiza-
tion perpendicular to the hexagonal plates. The combined action of parallel
stress and magnetic field during the forming operation produces a highly
oriented grain structure with spins parallel to the magnetic field. To obtain
a high remanent magnetization, it is important to avoid grain growth during
sintering. Silicate additions are used as grain growth inhibitors.

The uses for permanent magnets are surprisingly numerous and fre-
quently go unnoticed. Among the applications are telephones, electric
clocks, televisions, radios, hearing aids, watt-meters, phonographs, and
thermostats. Portable appliances such as the electric knife, automobile
accessories, and the electric toothbrush use low voltage DC motors with per-
manent magnets. In industry, they are used in magnetic separators,
microwave systems, magnetic chucks, and computers,

The design of a permanent magnet is as important as the choice of
materials. Through improved materials and computer-aided design, the per-
formance of permanent magnets has often surpassed electromagnets in
lower cost and volumetric efficiency. The performance is governed by the
demagnetization curve, the nature of the magnetic circuit, and the dimen-
sions of the magnet.

The basic function of a permanent magnet is to generate a useful magnetic
field in an air gap. In a well-designed circuit, the field is concentrated across
the gap with the aid of soft magnet pathways for the flux.

The applications for permanent magnets can be subdivided into static and
dynamic functions. Static functions include separators, latches, compasses,
and chucks where the magnet gives a mechanical force, and magnetrons
and beam focussing devices in which the magnet controls an electron beam.
Dynamic devices generally involve electric to mechanical energy conver-
sion. Examples are microphones, phonograph pickups, telephone bells, and I
loudspeakers. I
8 SUMMARY

In this brief review, many interesting topics in electroceramics have been
omitted or given only cursory attention. More complete discussions can be
found in Ref 25 and 26. An overview of structure-property relationships in
electroceramics is given in Fig. 32, which illustrates the various atomistic
mechanisms utilized in ceramic circuit components. Multilayer capacitors,
piezoelectric transducers, and positive temperature coefficient thermistors
make use of the properties of ferroelectric perovskites with their high
dielectric permittivity, large piezoelectric coefficients, and anomalous
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Fig. 32 Overview of the various atomistic mechanisms involved in

electroceramic components.

electric conductivity. Similar domain phenomena are observed in fer-
rimagnetic oxide ceramics such as NiFe20 4. Hard and soft ferrites are
analogous to hard and soft PZT and have found substantial markets in
magnetic tape and electric motors.

Several kinds of mechanisms are operative in thermistors and other

ceramics used as sensors. Most are based on changes in electrical resistivi-
ty, but the causes are different. The critical temperature thermistor involves
a semiconductor-metal phase transition. Negative temperature coefficient
thermistors make use of the semiconducting properties of doped transition-
metal oxides. Ionic conductivity is used in oxygen sensors and batteries.
Stabilized zirconia is an excellent anion conductor, and #-alumina is one
of the best cation conductors.

Humidity sensors make use of surface conduction. Adsorbed water
molecules dissociate in hydroxyl in hydronium ions, which alter the elec-
trical resistivity.

Grain boundary phenomena are involved in boundary layer capacitors,
varistorr, and positive temperature coefficient thermistors. The formationI
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of thin insulating layers between conducting grains is crucial to the opera-
tion of all three electroceramic components. Lastly, the importance ofelec-
troceramic insulators and substrates should not be overlooked. Here, one
strives to eliminate most of the interesting effects described above, but this
is not always easy.
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ABSTRACT

The simple phenomenological relation which relates elastic and
dielectric properties in an insulating crystalline dielectric
takes the form

xij = SijklXkl - bmijPm - QmnijPmPn
(1)

where xij is the induced elastic strain
Xkl the imposed elastic stress
PmPn are components of the electric polarization
Sijkl the elastic compliance tensor
bmij the piezoelectric tensor in polarization

notation
Qmnij the electrostriction tensor in polarization

notation

and the Einstein summation convention is assumed.

Consideration of the values of b and Q for a very wide range of
highly polarizable solids shows that for field levels limited
by dielectric breakdown in bulk materials, the polarizations
which can be induced are such that the strain is limited to the
order of 10-3 .

On the other hand, in several ferroelectric crystals, values of
spontaneous polarization occur which induce strain levels up to
0.13; i.e., 13%. Thus, for the electrical control of large
strains (>10 -3 ) in bulk materials, it is logical to consider
mechanisms which would utilize the very large spontaneous
strains. It may be noted that the oxide ferroelectrics in
which these large strains often occur are brittle solids so
that fracture mechanics would suggest that the solid should
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break at these higher strain levels due to stress
concentration. It must be remembered however, from equation
(1), that the strain can be induced by polarization at zer
stress level so that if polarization is homogeneous stress will
be all the time zero.

In this talk a number of techniques to exploit spontaneous
strain which have been explored in the Materials Research
Laboratory (MRL) at Penn State for high strain systems will be

discussed.

For the lead lanthanum zirconate titante (PLZT) family of
ceramics, compositions can be chosen in which it is possible to
switch under electric field from a random nanopolar state of
cubic symmetry to a highly strained macropolar state. In these
materials strains up to 0.5% can be induced and controlled by
the polarization state.

In lead zirconate stannate titanate (PZSnT) ceramics, composi-
tions can be chosen which are poised on the phase boundary
between antiferroelectric and ferroelectric states. For a
range of compositions and temperatures the ferroelectric state
can be induced by electric field resulting in a very large
volume expansion. In this system we have demonstrated ceramics
which will switch strains up to 0.8%.

Both for the PLZT and the PZSnT systems the phase switching can
be very fast in both forward and backward directions so that
state change is accomplished in less than ig second.

For more specialized applications single crystals of BaTiO3 can
be used at the first order paraelectric ferroelectric phase
transition to control strains up to 0.6%. Domain changes in
these crystals can be used to generate shape change exceeding
1% and unusual domain controlled bimorph configurations are
possible. Large polarization switching in ferroelectric
ceramics can often lead to fatigue effects on repeated exercise
of the actuator, and techniques to modify and control fatigue
will be discussed.

In ferroelectric thin films, electrical breakdown strength is
improved over bulk materials by more than an order of
magnitude. Piezoelectric and electrostrictive constants
however remain comparable to bulk ceramics so that very large
strains and high energy densities can now be induced directly.
Present results using very thin sol-gel derived lead zirconate
titante (PZT) films will be briefly discussed.

INTRODUCTION

To describe the electro-elastic interactions in insulating
crystalline dielectric materials it is customary to use the
phenomenological equations involving the piezoelectric and
electrostrictive deformations induced by electric fields in the
form



xiJ - SijklXkl + dmijEm + gmnijEmEn (1)

where xij are components of the induced strain
Xij components of the applied electric field
EmEn components of the applied electric field
Sijkl the elastic compliance tensor
dmij the piezoelectric tensor
gmnij the electrostriction tensor.

In simple linear dielectrics, alternative forms may be written
transposing stress and strain, polarization and field and all
constants are related by simple transformations. For the non-
linear ferroelectric related dielectrics which are essential
for achieving high strain behaviour the relation between E and
P is highly nonlinear, often hysteretic and the "constants"
dmij and gmnij are strong functions of both field and
temperature. In such materials systems it is simpler to
describe the elasto-dielectric behaviour using

Xij - SijklXkl - bmijPm - QmnijPmPn (2)

where Pm, Pn are components of electric polarization
bmij the piezoelectric tensor now in polarization

notation
Qmnij the electrostriction tensor again in

polarization form.

In both equations (1) and (2) the Einstein summation convention
is assumed. For (2) however, the coefficients b and Q are now
found to be largely independent of temperature and to have
similar values in the same structure families.

For bulk samples, the polarization levels which can be induced
by realizable electric fields below dielectric breakdown are
such that even in very high permittivity ferroelectric or para-
electric dielectrics the constants b and Q do not permit the
induction of strains much above 3-10 -4 . In ferroelectric
crystals however, spontaneous polarizations occur which are
order of magnitude larger and in some cases induce strains
-1-5.10-1.

In looking for new electro-elastic actuators which can control
strains much larger than conventional piezoelectric and elec-
trostrictive ceramics it is then natural to look for materials
in which P8 the spontaneous polarization can be controlled.
Two basically different types have been explored in this study.

1. Systems which may be switched from a macroscopically
nonpolar to a macroscopically polar state taking the
system from P = 0 to P - Pa.

2. Systems in which the polarization may be manifest in
more than one orientation (ferroelectrics) and where
the polar domain structure may be altered by an
electric field with corresponding major modification
to the strain state.
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In both cases it may be noted that enhanced strain is obtained
by moving to a highly nonlinear possibly hysteretic behaviour.
This paper will however be concerned primarily with the phase
change systems.

A third alternative briefly considered here depends upon the
fact that recently it has become possible to fabricate
perovskite type ferroelectric oxides in thin film form. In
these films, as in other organic and inorganic dielectrics, the
electric breakdown field is vastly improved over that of the
bulk ceramic (-l Mv/cm as compared to 100 kV/cm in bulk
ceramics) leading to the possibility of very large strains,
high energy densities and quasi-linear operation in these thin
film systems.

PHASE SWITCHING SYSTEMS

INTRODUCTION

Three types of phase switching systems have been extensively
studied. In the PLZT family of relaxor ferroelectrics (1],
compositions can be found which switch from a macroscopically
cubic nano-polar state into a strongly polar rhombohedral state
(2]. The onset of polarization is accompanied by longitudinal
strains up to 0.5% with the highest strains occuring for
compositions close to the Morphotropic phase boundary between
rhombohedral and tetragonal symmetry macro states. Studies in
MRL on this system will be briefly summarized and new data
presented on the fatigue behaviour under repeated cycling. Amore complete account is given in (3].

For certain compositions in the lead lanthanum zirconate stan-
nate titanate family of ceramics compositions can be chosen
which are in an antiferroelectric state at room temperature but
are very close in free energy to a strongly polar ferroelectric
state so that antiferroelectric to ferroelectric switching can
be achieved under high electric fields. The switching is
accompanied by a major volume expansion in the lattice and the
resulting strain can be controlled by controlling the volume
fraction switched into the polar state by limiting the charge
which flows. The work will be briefly summarized here a more
detailed account is given in [4].

In highly specialized compact systems such as those used to
control the surface profile of infra-red surface deformable
mirrors, the high strain actuation which can be achieved in

single crystal systems is of interest and data will be
presented for phase switching in single crystal BaTi0 3 at
temperatures just above Tc.

MICRO-MACRODOMAIN SWITCHING IN LEAD LANTHANUM ZIRCONATE
TITANATE (PLZTO CERAMMICS

The composition of PLZT explored in this study are identified
in the phase diagram of figure 1. Composition are believed to
conform to the formula Pbl-3x/2Lax(ZryTi 2)03, though they are
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Figure 1 Phase diagram of PUZT system (after Haertling and
Land) with the marks of the selected compositions.

batched with excess lead oxide to promote densification.
Following convention the description is simplified to the form
100x/100y/lOOz so that for example PbO.88LaO.08(2rO.65TiO. 35)03
is described as an 8/65/35 PLZT. For these studies the La203
was in the range 4-8 mole% and the Zr/Ti ratio was adjusted to
keep the composition close to the morphotropic phase boundary
between rhombohedral and tetragonal macro symmetries.

Composition were prepared both by conventional ceramic process-
ing and by uniaxial hot pressing to achieve a range of grain
size and of pore structures in the ceramic. For studied of
initial dielectric elastic and electrostrive response micro-
structure and density were not critical. However in fatigue
behavior, that is in the loss of properties on repeated cycling
these parameters were most important. Typical weak field di-
electric response as function of temperature is shown in figure
2, demonstrating the expected increase in dispersion and
relaxor ferroelectric behaviour with increasing La content.
High field behavior for all compositions is hysteretic, figure
3a and accompanying longitudinal strains are shown in 3b.
Parameters of interest for the whole range of compositions are
summarized in Table I. Maximum strain achieved in this family
was 0.54% and it may be noted that all members can sustain a
remanant strain which is under polarization control. Figure 4
gives typical values of remanence in a 7/65/35 composition.

Switching studies have shown that switching times of under i
sec can be achieved at high fields and that aging of the
remanent strain is comparable to aging of the fully poled
state.

Cyclic switching between states will be essential for practical
actuator use so that studies of property degradation as a
function of the number of cycles switched (fatigue) are most
important. Initial data on fatigue under repeated cycling.were
very disappointing typical response for a 7/68/32 composition
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ELEC RIC FIELD INDUCED STRAIN IN PLZT
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Figure 3 (B): The longitudinal strain-electric field
hysteresis loop for the MPB compositions:
(a) 4/576/43, (b) 6/60/40, (c) 7/62.5/37.5 and
(d) 8/65/35.

TABLE I

FIELD INDUCED STRAIN AND RELATED DIELECTRIC DATA

(c""p. T- ("(.) K_ 1':, Er (kvlcm) Pf (uc/cm.) g.00 "- %,(IU
"1  

I./g,

9/67/13 W IIM11l 5.0 2.6 21 O5N 2. 0 0 I
x/e ,5" Ilni I 113511 AMV 36 .41 0.2 2.3 0.32

19/61/37 114 111101 4 111 4? 21 0,76 1.9 0.32
7/63/)S 140 I5UMM .1 6 W 4.5 2144 I 1 I 0.7
7/62-3/37.3' IMP IMWO 21R S 27.2 1.2 3.7 4164
7/N./al 172 11KUU .140) 6.3 26.2 1.2 iN 0.4
7/511/42 IN 1731) 2MM) 11 22 1.1 ..2 0.39
7/1%/44 l1M) 17211 220 10 22 1.94 2.3 0.4
6/62/31 16 M1UD 21iU 5 Mi 1.45 4.1 0.58
f/N/r 214 1101JU 24W 56 -U.5 1.S 4.7 U.57
6/54/42 7.45 29 1.32 3.9 U.53
5/0I/411 2.11 MI'Nl 1MMU 6.2 32 0.79 4.2 . 53
/I.1.41L" 1#.41 4 1.24 4.5 0.59

5/ %/44 H.5 32.1 1.6 5.4 0.56
4/57/4.1' 7.47 35.2 I.26 .1.10 11A
4/51/45 III 2 1 1 21 2.9 0.55
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Figure 4 The remanent transverse strain as a function of
remanent polarization for PLZT 7.5/65/35 Ceramic.

is given in figure 5 showing severe fatigue starting at -104

cycles. Several different types of surface treatment modified
but did not significantly improve response. Additional
experiments (5) have proven however that this premature failure
is a surface phenomenon and is traceable to debonding of thegold electrodes used. This field assisted debonding appears
associated with traces of organic contamination on the surface
and can only be relieved by high temperature annealing
immediately before electrode deposition. For a hot pressed
7/65/32 sample subjected to this pre-anneal before electroding,
no fatigue at all is evident up to 109 cycles with initial andfinal hysteresis loops superposing exactly and there is nochange in strain behavior (figure 6).

In the same composition made by conventional ceramic
processing, subjected to the same electrode treatment fatigue
is again evident, now however as a volume controlled
phenomenon. Other tests in the hot pressed 7/65/35 also show
fatigue re-appearing in grain grown material (grain size -30p
meters).

I For the 8.4/65/35 fatigue appears very different. Even in the
best hot pressed ceramic fatigue appears associated with inter-
nal micro-cracks which are visible in the body of the
dielectric and appear to originate at field concentrations near
the electroded edges (figure 7).

The reason for this behaviour is not simply the strain level,since 8/65/35 has lower electrostriction than the 7/68/32composition which shows no evidence of cracking at similar

density, grain size and electrode configuration.

I
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Figure 5 Premature fatigue in a PLZT 7/68/32 showing the
effect of different surface treatments, when the
gold sputtered electrode is applied after
conventional cleaning using organic solvents. The
fatigue is associated with field assisted electrode
debonding.
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Figure 7 Fatigue to failure in PLZT 8.4/65/35. Mechanism
involves the formulation of micro-cracks which lead
to macroscopic rupture.

TABLE 11

CHEMICAL COMPOSITIONS AND THE REFERENCE NUMBERS

No. Comiposition

s (pbn..,Lanmu)(Zr"%.Tin,,,.Sn.%slot

6 (P~q 3Am(Zr,,0Tkj, Sn.1 , )0.
7 (Pb.,LA4*1 )t(fn..Tin,uSfl.,, 0

9 (P%.,.,L.,HZr,...T.,S%29)0,
10 (Pbh., Lanni) (Zro* Ti I SM2 , l0t

I I (Fb,,,,., m)(ZOMTs,.Sfl.,,.)0)
12 (P%, La,)(Z..Ti,. S.,.,)O,
13 (Pb@..tLoom) ICZt, ,,Ti, ,,,S%. -:9)0
14 (Pb.., La,,)(Zr ,Ti .S,%,



The studies to date on these PLZTs suggest that switching
fatigue depends upon the complex interplay of a number of
variables including electrode interface properties, microstruc-
ture including grain size, density and flaw population and
probably also upon the nature of the electro-dielectric
interaction in the particular composition. It is however most
encouraging to have the demonstration that fatigue can be
completely eliminated under certain circumstances.

ANTIFERROELECTRIC: FERROELECTRIC SWITCHING IN MODIFIED LEAD
ZIRCONATE STANNATE TITANATE COMPOSITIONS

Studies in the Materials Research Laboratory at Penn State have
focused upon antiferroelectric compositions in the family
(Pb0 .97Lao.02) (ZrTiSn)03 in which the Zr:Ti:Sn ratios are
adjusted to explore the phase boundary with the ferroelectric
rhombohedral form. The compositions studied are tabulated in
Table 2 and the position in the phase diagram illustrated in
figure 8. Samples were in all cases prepared by conventional
ceramic processing from reagent grade oxides.

Typical hysteresis and longitudinal strain curves taken on
sample 4 (Table 2) are shown in figure 9 and the parameters for
all samples studied are summarized in Table 3. Evidently
maximum strains up to 0.87% are possible in the higher zirconia
compositions and fortunately this is combined with a lower
switching field.

An important consideration for the practical utility of these
materials is the speed with which the field forced phase change
can be accomplished both in the forward AF-4F and in the back-
ward F-4AF transitions. Pulse field studies have shown that
forward switching is fast, figure 10 gives data for composition
5 which is quiet typical. Clearly switching can be
accomplished in times -1/3g sec at realizable field. Backward
switching when the field is simply reduced to zero is slightly
longer, and depends on the degree of original forward poling.
But even for very high forward fields (figure 11) the back
switching is accomplished is under 2.5g sec. Thus for most
types of AF-F actuators the speed will be set by the
propagation of the strain wave and not by the polarization
process.

Fatigue in the cyclic switching is illustrated for composition
6, the maximum strain material in figure 12. In spite of the
fact that the ceramic is not near theoretical density the
polished sample only shows less than 10% change in switched
polarization after 5.107 cycles a very encouraging result.
However much more work is needed to define and control the
fatigue processes in these ceramics.

SINGLE CRYSTAL SYSTEMS

Early studies of BaTiO 3 single crystals have shown that the
phase change at Tc(1350C) in first order, and that for a range
of temperature above Tc, the spontaneous polarization Ps may be
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Figure 8 Antiferroelectric tetragonal compositions selected
for study and their dielectric hysteresis loops.
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Figure 9 Typical polarization and strain hysteresis loops
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TABLE III

SWITCHING DATA FOR DIFFERENT COMPOSITIONS

(a) Group 1 compositions

P EA-F Ea
No. (uC/cm2) (kV/cm) (kV/cm) xl(ind)

5 30 30 35 0.18%
13 28 30 43 0.45%
10 36 28 60 0.5%
9 36 24 60 0.59%
7 36 22 58 0.52%
6 40 21 46 0.87%

(b) Group 2 compositions

14 31 44 56 0.35%
12 32 49 59 0.42%
8 30.5 52 68 0.37%
4 43 50 75 0.55%

11 33 45 60 0.45%

3.0 , * ,

(A)'. g . V,

2.0 b. Ea5 kV/cm
b.~ E"_5kVc

1.0 G. -i5 kV/cm

-2 2 4 6 8
Tim (#Ls)

! " B)2.0

50 so TO so
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Figure 11 (a) Backward switching current under different dc
poling fields and (b) backward switching time as a
function of dc poling field for composition No. 4.
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Figure 12 Fatigue in Antiferroelectric Ferroelectric switching
for several high strain compositions.

reintroduced by a realizable electric field [6]. The behaviourcan be predicted quantitatively on the basis of Devonshire's
Phenomenological theory.

For BaTiO3 the Q matrix is well known and the Qijkl are onlyweak functions of temperature, thus it is possible to predictdirectly the levels of strain which should be achievable as afunction of temperature and field above To.

Using a Remeika grown crystal the polarization and strain as afunction of temperature are shown in figure 13a, b. The
maximum strain achievable occurs just above Tc and is oforder)0.35%. For crystals with low densities of 900 doubletwins, there is no evidence of fatigue after many hours ofswitching at 20 Hz, in crystals electroded with In-Ga
electrodes.

Larger strains can be induced below Tc in crystals which
contain 90* twins, but for most samples the strain is notcompletely reproducible. Attempts to measure the strain changeassociated with the field forced phase change from orthorhombicto tetragonal state at temperatures below 00C were frustrated
by the high density of twins in the low temperature state.
FERROELECTRIC THIN FILMS

Over the last three years, there has been increasing interestin the properties of thin films of PZT and PLZT, deposited onbuffered silicon wafers, for use in nonvolative semiconductor
memory (6].
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The important feature for this work is that it has proven
relatively easy to generate fully ferroelectric films which
show 'normal' dielectric hysteresis by a range of different low
temperature deposition and annealing techniques.

For sol-gel spun on films of PZT 52/48 ranging in thickness
from 0.16 to 0.55g meters, the dielectric response at low
fields and the ferroelectric remanent polarization are shown in
figure 14a, b. Clearly for such films one must expect that the
electrostriction constant Q11 will not be strongly perturbed
and thus that the films should be strongly piezoelectric.
Measurements in our laboratory confirm the linear dependence of
film thickness upon applied field figure 15, and show a
piezoelectric constant d33 - 220 pC/N almost identical to that
of the bulk. Similarly measurements on a monomorph configura-
tion in which the film is deposited on a thin silicon wafer
yield values for d31 - 89 pC/N again in good agreement with the
bulk.

A fascinating facet of the behaviour of PZT in thin film form
is the escalation of the dielectric strength which occurs at
these submicron dimensions so that EB - 1.2 MV/cm as compared
to -80 Kv/cm in bulk ceramic. Clearly, if the piezoelectric
constant does not decrease dramatically at high field levels
above the 105 V/cm which has been measured, the direct effect
should induce strains of order 10-2 at 500 KV/cm.

The high piezoelectric coupling, taken together with the high
field capability of the PZT provides very high energy density
in the films and the possibility to induce large surface
deformations in a monomorph configuration without being in
resonance. For such a system then it is possible to develop a
traveling surface flexure wave; in a very fine scale structure
and thus to generate a micro-minature travelling wave flexure
motor. The system which was chosen for initial experimentation
is illustrated in figure 16 and has been shown to be capable of
spinning a small sub millimeter plattern at -120 rpm.

CONCLUSIONS

Phase change systems involving micro to macrodomain switching
in PLZT and antiferroelectric to ferroelectric switching in
PLSnZT compositions have been shown to give rise to
polarization controlled deformations up to 0.85%. Both systems
suffer from fatigue effects which reduce polarization and
strain levels on repeated switching, but there is strong
evidence that the fatigue is not necessarily intrinsic and that
at least in the PLZT system switching which is completely free
from fatigue can be achieved.

In both ceramic systems, the high strains are accompanied by
nonlinear hysteritic behaviour. For certain applications this
hysteresis can be beneficial in that it would permit a large
bank of actuators to be set up to prescribed strain states
using pulses from a single power supply. For both systems
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Figure 15 Elastic strain x33 as a function of applied field inPZT 52/42. In a film of 0.5;L meter thickness on
silicon.

polarization switching is very fast so that the actuator can be
set up in sub microsecond periods.

For special applications it may be advantageous to explorephase switching in single crystal ferroelectrics and the strain
effects in BaTiO 3 are used for illustration. Strain levels upto 0.35% are achievable near 135*C in this system and no doubtsimilar performance near room temperature could be achieved inKTN single crystals of suitable composition.

Ferroelectric films of PZT are shown to have piezoelectric
properties close to those of the bulk ceramic, but also to havemuch higher dielectric strength. The combination suggests thepossibility of piezoelectrically controlled strains up to 1%and the high energy densities in the films have already been
exploited in an ultra miniature travelling flexure wave
piezoelectric motor.
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Figure 16 Electrode pattern for a flexure wave motor using PZT
on a silicon nitride diaphragm.
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Abstract more coefficients which are each present in both

This paper is a review of the symmetry and connec- phases (Newnham, 1985, 1986, 1988). Examples of

tivity of composite materials with particular sum properties include the dielectric constant, ther-

emphasis on the effect that these have on composite mal expansion coefficient, thermal conductivity and

properties. Analogies are drawn between composites the elastic constants (Hale, 1976). Two extremes for

and crystal structures to demonstrate the similarities sum properties can be visualized - one in which the

between microscopic and macroscopic connectivity, phases are aligned parallel to the probing field and

A notation for composite transitions which can be the other in which they are perpendicular (see Fig.

used to describe changes in symmetry and connec- I). Mathematically, these limits are described by the

tivity is also presented. series and parallel models familiar from elementary
expressions for circuit resistance or capacitance.
Although these expressions are useful bounds on

Introduction sum properties, in general such simplistic mixing

Composite materials are interesting for the wide rules are poor approximations for experimental data

variety of properties which can be achieved through if the two phases have widely different properties.

control of connectivity and symmetry. Most However, if additional information regarding the

frequently, as engineers design components for new composite microstructure is available, considerably

applications, it is these variables, connectivity and more-accurate descriptions of the composite property

symmetry, which are manipulated to optimize coefficients can be derived (Benveniste & Aboudi,

behavior. However, with the range of applications 1982; Ashton, Halpin & Petit, 1969; Milton, 1981,
for composites expanding from macroscopic 1982; Veldkamp, 1979).

eoctmacro c A product property, however, relies on a reaction
electronic or structural components to microwave to a stimulus in one phase exciting a response in a
(Guiresecond phase, and it is this response, rather than the
the scale of a composite has also emerged as a
critical factor in determining the macroscopic original reaction, which is measured. One of the

properties. As the natural limit of composite scaling classic examples of this is the magnetoelectric effect
roeriesds to unit-cell dimensions, it is interesting observed in dense mixtures of aligned BaTiO andcorresponds th e ime , it as inter- cobalt titanium ferrite grains (van den Boomgaard,

to reexamine the symmetry, connectivity and proper- Terrell, Born & Giller, 1974; van Run, Terreli &

ties of composites as they relate to conventional

crystallography.
250.00 - -

Sum, product and combination properties

A composite property coefficient can arise in one of 200.0,

three ways: as a sum of the corresponding coefficients F71
in the individual phases (properly weighted for so.00 parallel
volume fraction and orientation), as a product of two *seresj

or more different properties, each of which is present
in only one phase, or as a combination of two or 100.00

0.00 0.20 0.40 0.60 0.00 1.00

Editorial note:. This invited paper is one or a series of com- volume fraction
prehensive Lead Articles which the Editors invite from time to
time on subjects considered to be timely for such treatment. Fig. I. Series and parallel mixing rules for two-phase composites.
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448 CRYSTALS AND COMPOSITES

Scholing, 1974). When exposed to a magnetic field, point group is essential to understanding the
the ferrite grains deform due to magnetostriction. property anisotropy.
This shape change is passed along to the ferroelec- There are some composites (notably some lami-
tric, which in turn produces a measurable electrical nates, cross-plys and perforated or extruded materi-
polarization. Here it is easily seen that the combined als) which possess crystallographic symmetry on a
property, magnetoelectricity, cannot (as would be the macroscopic scale, but for others, one of the Curie
case for a sum property) be written as a sum of the limiting groups is more descriptive. The following
magnetoelectric effects of the two phases, as, indeed, examples serve to illustrate different types of symme-
neither one of the components is magnetoelectric, try and their application to property determination:

The third type of property, the combination Laminated composites made from glass-fiber-
property, can be illustrated by ultrasonic wave velo- reinforced epoxy are good examples of composite
city. For a long thin rod, the velocity of a wave materials that conform to crystallographic symmetry.
propagating along the length is v = (E/p)f 5 where E In a unidirectional laminate, glass fibers are aligned
is Young's modulus and p the density. If such a rod parallel to one another, such that the laminate has
is formed from a compliant matrix material rein- orthorhombic symmetry (crystallographic point
forced with stiff parallel fibers, the ultrasonic velocity group mmm). Mirror planes are oriented perpendicu-
varies widely depending on whether the fibers are lar to the laminate normal and perpendicular to an
oriented parallel or perpendicular to the length of the axis formed by the intersection of the two other
rod (Ross & Sierakowski, 1975). The distinguishing mirrors. Consequently, the physical properties of a
feature which makes this a combination rather than unidirectional laminate must include the symmetry
a sum property is that v,, the velocity for waves elements of the point group mmrn. As such a lami-
travelling transverse to the fibers, is less than the nate is heated, it will change shape due to thermal
wave velocity for either of the components. Clearly, expansion. And, since glass has a lower thermal
such a coefficient could not result from a weighted expansion and greater stiffness than the polymer, less
sum of the two individual wave velocities. Rather, expansion will take place parallel to the fiber axis.
the slowness of this wave is due to the fact that the The laminate will therefore expand anisotropically
density and stiffness vary differently with the volume but it will not change its symmetry, i.e. the heated
fraction. It is this difference in mixing rules for the laminate continues to conform to point group mmm.
two properties which causes the combination As a somewhat more complex illustration, con-
property v, to lie outside the range of the end mem- sider the case of cross-ply laminates made up of two
bers. The longitudinal wave, VL, however, behaves unidirectional laminates bonded together with the
more normally. In this case the stiffness and the fiber axes at 900. Such a laminate belongs to the
density follow the same mixing rule and the values tetragonal point group 42 m. Laminated composites
for rj. lie within those of the end members. Another with ± 0 angle-ply alignment exhibit an ortho-
remarkable example of combination properties is rhombic symmetry which is consistent with point
found in the thermal and ultrasonic behavior of silica group 222 characteristics. Here again, although con-
aerogels (Gronauer & Fricke, 1986; Buttner & siderable deformation takes place on heating, the
Fricke, 1985). It has been shown that in a highly composite retains a shape compatible with its crystal-
porous aerogel (< 10% solid phase) the ultrasonic lographic symmetry (see Fig. 2).
wave speed can drop as low as - 120 ms - ', Other types of symmetry elements can also be
considerably below the speed of sound in either air introduced during processing. For example, when a
or dense SiO, (Gronauer & Fricke, 1986). Moreover, plasticized ceramic slip is extruded [as is the case for
if this material is evacuated, the thermal conduc- the honeycomb ceramics used as catalyst supports
tivity falls below that of non-convecting air (Buttner (Lachman, Bagley & Lewis 1981)], a large number of
& Fricke, 1985). Clearly, combination properties different symmetries can be incorporated by suitably
offer tremendous opportunities in the engineering of altering the die. By filling the extruded form with a
composites. second phase, composites with interesting and useful

symmetries can be produced. Lead zirconate titanate
Composite symmetry (PZT) honeycomb ceramics prepared in this way

have been transformed into piezoelectric transducers
In attempting to describe the anisotropic properties by electroding and poling. The net symmetry of the
of a composite, it rapidly becomes apparent that honeycomb transducers depends on both the symme-
fundamental to any account of composite properties try of the honeycomb and on the poling direction.
is a dt cription of composite symmetry. Neumann's For a square honeycomb pattern, the symmetry of
law states that the symmetry of any physical the unpoled ceramic tetragonal (4/nmImm) with a four-
property of a material must include the symmetry of fold axis parallel to the extrusion direction. When
its point group, so determination of the composite poled parallel to the same direction (Shrout, Bowen
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& Schulze, 1980) the symmetry decreases to 4 Mn. The piezoelectric properties and symmetry of
Transversely poled composites filled with epoxy natural composites such as wood and bone, however,
(point group ram2) are especially sensitive to hydro- conform to texture symmetries. For texture symme-
static pressure waves (Safari, Halliyal, Newnham & try groups which do not belong to the 32 crystallo-
Lachman, 1982). graphic point groups, one of the Curie groups co oo n,

oo o, o/mm, o in, oo/rn, o 2 or co is more appro-
A ,priate. This can be illustrated by considering polar

---- - glass ceramics with conical symmetry (Gardopee,
*, KAss Newnham & Bhalla, 1981). A glass can be crystal-

lized under a strong temperature gradient such thatll/l[iJ Ir polar crystals grow like icicles into the interior from
the surface. Certain glass-ceramic systems, such as
Ba 2TiSi20 8 and Li2Si2O 5, show sizable pyroelectric

(a) (and piezoelectric effects when prepared in this
manner. Polar glass ceramics belong to the Curie
point group orn, the point group of a polar vector.
As the glass is crystallized in a temperature gradient,
its symmetry changes from spherical (co oom) to
conical (oom), the same symmetry that is found in a
poled ferroelectric ceramic.

Recent work on the patterning of composites by
the introduction of a fugitive ink, which is then
burned out during firing, leaving controlled voids

(c) (d) (Kahn, 1985; Kahn, Rice & Shadwell, 1986;
Utsumi, Shimada, Ikeda & Takamizawa, 1986;

*0 ANG.E-PLY LAMINATE Utsumi, Tsuzuki, Suga & Takamizawa, 1986) or
through chemical etching (Shiosaki & Kawabata,

1/ 1986; Shiosaki, Tanizawa, Kamei & Kawabata, 1983;
Trolier, Xu & Newnham, 1987, 1988), has greatly

IST ND increased the possibilities for inducing desired sym-
LAVER LAYER metries in composites. The thickness mode trans-

ducer shown in Fig. 3, for example, has been etched
with a spiral Ircnch to clininal Ihe appearance of

(e) - unwanted lateral and coupled modes which would
otherwise interfere with the thickness resonance.
Unpoled, this device has the symmetry co/m, a Curie
group which is difficult to induce by conventional
processing. With application of a poling field
(symmetry orn) the correct designation becomes o.

To describe magnetic fields and magnetic proper-
ties it is necessary to introduce the black-and-white

222 SYMMETRY TWISIED CURVATURE
ON HEATING

Fig. 2. Changes in laminate shape on heating. (a) Unidirectional ' ' 57
laminate consisting of parallel glass fibers in an epoxy material. .. - ( C "}
(b) The orthorhombic mnim symmetry of the composite is .....

maintained on heating. (c) Cross-ply laminate containing - '--.- :. --
orthogonal fibers in adjacent layers. (d) Double curvature - -

occurs on heating, consistent with 42m symmetry. (e) ±e -..-
angle-ply laminate with 222 symmetry. (/) Twisted curvature
develops when the temperature is raised. Fig. 3. Spiral etch transducer with symmetry.
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Table I. Number of independent property coefficients for nonmagnetic and magnetic Curie groups

Curie group Pyroelectricity Permittivity Piezoelectricity Elastic compliance Optical activity
(Type of tensor) Polar Ist rank Polar 2nd rank Polar 3rd rank Polar 4th rank Axial 2nd rank

W mml' 0 I 0 2 0
aacl' 0 I 0 2 1
n /nun l' 0 2 0 5 0

60/ml' 0 2 0 5 0
Ml' I 2 3 5 0

6021' 0 2 ! 5 2
01' I 2 4 5 2

Magnetic Curie Magnetic
group Pyrogmagnetism susceptibility Magnetoelectricity Piezomagnetism
(Type of tensor) Axial Ist rank Polar 2nd rank Axial 3rd rank Axial 4th rank

6o OD I 0 I 0 0
W Wm' 0 I 0 0
00 0 I 0 0
0/mm' 9 2 I 1
W /mm I 2 0 3
W/m'n 0 2 I 0
W Im"nl' 0 2 2 0
0/n I 2 I 4
W0 /M' 0 2 3 0
com 0 2 I I
0m " 1 2 2 3
602 0 2 2 1
602' I 2 I 3
60 I 2 3 4

Curie groups. Magnetic fields are represented by connectivity. The connectivity of any phase is defined
axial vectors with the symmetry o/nm'. The symbol as the number of dimensions in which the com-
in' indicates that the mirror planes parallel to the ponent is self-connected. As a matter of convention,
magnetic field are accompanied by time reversal, active phases are listed first, followed by inactive and

The magnetoelectric composite mentioned earlier then inert phases. Thus a typical polycrystalline
is an excellent example of the importance of symme- material densified by liquid-phase sintering might be
try in composite materials, in combining a magnet- designated as a two-phase 0-3 composite to show the
ized ceramic (symmetry group -Imnm) with a polar grain and grain-boundary connectivities. Similarly, a
ceramic (symmetry - ni I') the symmetry of the corn- nearly dense ceramic with isolated trapped pores
posite is obtained by retaining the symmetry would be considered a 3-0 composite (Fig. 4). Elabo-
elements common to both groups: cm'. rating the possibilities for two phases leads to sixteen

An interesting feature of this symmetry description different connectivities: 0-0, 1-0, 2-0, 3-0, I-I, 2-1,
is its effect on physical properties. As stated earlier, 3-1, 2-2, 3-2, 3-3, 0-1, 0-2, 0-3, 1-2, 1-3, 2-3, the
the symmetry of any physical property of a material first ten of which are geometrically distinct
must include the symmetry elements of the point (Newnham, Skinner & Cross, 1978) (Fig. 5). As the
group. A full listing of the independent property number of phases increases, the following criteria are
coefficients possible for tensors of rank 1-4 is given used to determine the order of components (Pilgrim,
in Table I. As can be seen there, although the Newnham & Rohifing, 1987):
symmetry of a magnetized ceramic and a poled 1. unique desired property (property possessed by
ferroelectric both forbid the occurrence of magneto- only one phase);
electricity, their combined symmetry (-o m') allows it. 2. desired property coefficient in a shared
Thus, by incorporating materials of suitable symme- property;
try into a composite, new and interesting properties 3. tensor order of coefficient or property;
can be engineered. Full accounts of symmetry and its 4. volume fraction;
effect on properties can be found in books by Shub- 5. weight fraction;
nikov & Koptsik (1974) and Nye (1985). 6. formula weight or repeat unit weight.

The connectivity of a composite frequently gives
considerable insight into its physical properties.

Composite connectivity From the natural world, wood is an example of a

One classification scheme which has proven instruc- complex composite composed of a highly polymer-
tive in the study of composites has been that of ized carbohydrate (50-60% of which is cellulose),
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lignin, gums, resins and ash. As the tree grows, these direction, by up to two orders of magnitude (Ginie-
materials form a tubular structure (Fig. 6) with the wicz, 1985).
cellulose chains aligned along the tubes. Since the
connectivity of the cellulose largely determines the
mechanical properties, it is not surprising that the Connectivity in crystas and composites
linear thermal expansion cuefficient of wood is mark- One way to emphasize the correlation between a
edly lower in the longitudinal direction (i.e. along the composite's symmetry and connectivity and its
chains) than it is normal to them (Weatherwax & properties is to regard macroscopic composites as
Stamm, 1946). natural extensions in scale of certain crystal struc-

To capitalize on effects like this, when composites tures. Thus, for example, the highly anisotropic
are engineered, the connectivity is often the means bonding in graphite produces a layer structure (Fig.
through which the property coefficients of the active
phase are effectively modified to enhance those of the
composite. For example, in hydrophones used as
underwater pressure sensors, the hydrostatic piezo-
electric strain coefficient, dh (defined as d33 + 2d3  .
where 3 is the polar axis), is related to the overall U, , ,
device sensitivity. For most of the ferroelectrics used
in such transducer applications, however, d31  -,Id 33,resulting in a very low dh coefficient. By properly 0-0 1-0 2-0 3-0

interrupting the continuity of the ferroelectric phase
in the transverse direction, changing the ratio of d3  .
to d33, it has been possible to raise the hydrophone /" L_ L A I
figure of merit: = (dh)2/K33Ei

ghdh----(d")21g330b .] t [ :.: : . ,

where g. = hydrostatic piezoelectric voltage coeffi-
cient and K33- dielectric constant along the polar 1-, 2-1 3-1 2-2

3-2 3-2 3-3 3-3

Fig. 5. The ten geometrically distinct connectivity patterns (after
Newnham et al.- 1978).

(a)

(b)

Fig. 4. Schematic illustrating the difference between 0-3 and 3-0 Radial
connectivities. (a) represents a liquid-phase sintered material
where the grains have been completely isolated by the grain Haight of tree
boundaries giving 0-3 connectivity. In (b) the situation has been
reversed so that the active phase is connected in three dimen-
sions while the pores are isola..cd (3-0 connectivity). Fig. 6. The microstructure of wood showing the cellulose tubes.
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7a) which is a clear prototype for lamellar compo- electric chains are clearly separated in the crystal
sites. Hexagonal boron nitride (which crystallizes in structure itself, leading to a much larger piezoelectric
a structure similar to graphite) has the same two- coefficient along the chains than perpendicular to
dimensional connectivity in the strong bonding. The them (Hellwege & Hellwege, 1982). Although SbSI is
resulting gnisotropy of thermal conductivity makes not a composite, it can be regarded as a prototype
this material attractive in applications like heat for one if the space between the chains is considered
shielding (Newnham, 1975) where it is imperative a three-dimensionally connected 'phase'. This serves
that any heat generated be conducted rapidly away as a good model for the 1-3 biomedical transducers
in two dimensions without penetrating through the (Gururaja, Schulze, Cross & Newnham, 1985;
third. This is comparable to some of the macroscopic Gururaja, Schulze, Cross, Newnham, Auld & Wang,
2-2 composites proposed as multilayer ceramic pack- 1985; Takeuchi & Nakaya, 1986; Nakaya, Takeuchi
ages for Si chips (Fig. 7b). Here again it is important & Katakura, 1987; Takeuchi, Nakaya & Katakura,
that the heat generated by the integrated circuits not 1984; Smith, 1986) in which the ferroelectric active
be permitted to reach the signal carrying layers phase is decoupled in the lateral dimensions by
where requirements for low dielectric constant man- dicing a ferroelectric block and backfilling with a
date the use of porous materials (which are in gen- polymer (Fig. 8b). By artificially producing an SbSI-
eral poor thermal conductors). If the heat does reach like structure in this manner, researchers have been
those layers, it dissipates slowly, leading to degra- able to reduce coupling to lateral resonances which
dation of the circuit performance as the chips over- would otherwise decrease the resolution available
heat. To prevent these problems, a layer of high from the imaging device (Takeuchi & Nakaya, 1986;
thermal conductivity could be incorporated into the Nakaya, Takeuchi & Katakura, 1987; Takeuchi,
design to expedite the transfer of heat to regions Nakaya A. Katakura, 1984; Smith, 1986).
where it can be removed more efficiently. Anot,,. elegant example of composite symmetry

As a second example of this principle, consider the mimicking crystal symmetry is that of the double
structure of SbSI (shown in Fig. 8a). Here the ferro- diamond phase shown by phase-separating polymers

through a narrow range of volume fractions
(Thomas, Alward, Kinning, Martin, Handlin & Fet-
ters, 1986; Thomas, Anderson, Henkee & Hoffman,
1988; Hasegawa, Tanaka, Yamasaki & Hashimoto,
1987). Films cast from a mixture of starblock or
linear diblock polystyrene-polyisoprene copolymer
units dissolved in toluene spontaneously self-

-4W
Sullur

(a)

(a)

rQS~qmS

(b) (b)

Fig. 7. (a) The crystal structure of graphite showing the layers due Fig. 8. (a) The crystal structure of SbSl showing the ferroelectric
to the anisotropy in bonding. (b) A proposed package for Si chains. (b) A 1-3 composite transducer used for medical
chips with a diamond layer incorporated to remove heat. imaging.
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assemble into configurations with a minimum of showing connectivity transformations as a function
surface separating the two phases. For polystyrene of both filler volume fraction and temperature is the
volume fractions between -27 and 38%, the family of carbon-black-loaded polyethylene thermis-
polyisoprene assumes two interpenetrating diamond tors. As the volume fraction of filler is increased,
lattices with the polystyrene serving to fill the space isolated carbon particles link up and form chains
between them. As shown in Fig. 9, this is analogous through the matrix, transforming the composite from
to the double diamond structure formed by Cu2O. 0-3 to 3-3 connectivity. The substantial decrease in
The properties of the phase-separated polymer reflect the resistivity of the composite accompanying the
the transitions in connectivity as the volume fraction formation of continuous conductor chains can be
of polystyrene is varied. Thus, as might be expected, described by percolation theory (Aharoni, 1972;
the room-temperature storage modulus of the com- Bueche, 1978). Use of these composites as thermis-
posite jumps by a factor of ten at the transition to tors requires that, for a given volume fraction filler,
the 3-3 connected double diamond structure from the resistivity change as a function of temperature. In
the 3-1 cylinder morphology, the case of the carbon-loaded polyethylenes, the PTC

(positive temperature coefficient of resistance) effect
Connectivity transitions is due to the large volume increase accompanying the

crystalline-amorphous transition of polyethylene at
One aspect which makes composites interesting to -400 K. This forces the conducting particles apart,
study is that, unlike in a crystal where the connec- leading to a reversion to 0-3 connectivity for the
tivity is determined by the structure, in ccmposites composite and a sudden rise in resistivity.
the connectivity can be altered continuously through
changes in the volume fraction of components, the
relative size scale of the phases, and in some cases
through applied 'forces' like temperature or pressure. A third interesting phenomenon found in compbsites
Transitions in connectivity due to any of these which lacks an apparent counterpart in crystals
factors can cause significant property changes and arises when another component is added to the
indeed, in some cases, serve as the basis for compo- above-mentioned thermistor to improve the high-
site sensing devices. An example of a composite temperature mechanical stability. This second filler

[originally mullite or alumina (Rohlfing, 1987)] has a
much larger grain size than the carbon particles so
that it serves as a framework for the composite at
higher temperatures, preventing slumping of the
polyethylene. Although it is still acceptable to term
this a 0-0-3 composite, a far better description
would be 3(0-3)-0 in which the carbon-polyethylene
is written as a quasi-composite isotropic on the scale
of the mullite (Pilgrim, Newnham & Rohlfing, 1987;
Rohlfing, 1987).

Additional protection against the effects of
extreme temperature excursions in composite ther-
mistors is possible if the third phase is able to store

(a) heat below the slumping temperature of the carbon-
polyethylene matrix. Pentaerythritol, C(CH 2OH),

40 for example, has a solid-state phase transition at
453 K. When this material is used as the second filler,
heat is absorbed at the transition, and the tempera-
ture is stabilized below that where the matrix
deforms irreversibly (Brodeur). Moreover, because it
is much larger in size than the graphite particles, the
pentaerythritol also serves to stabilize mechanically
the quasi-composite inatrix, as did the mullite in the
previous example.

This type of scaling can be especially important
when analyzing a composite's properties as a func-

(b) tion of the wavelength of an exciting field. Often, the
Fig. 9. (a) The double diamond phase shown by phase separating whole point of making a composite is to modify the

polymers. (b) Cu2O structure, properties of one phase with that of the other. If the
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wavelength of the interrogating field is too small, F to signify the ferroelectric transition. Thus, the
however, it encounters only one phase at a time, cubic-tetragonal phase change in barium titanate
rather than the desired 'average' of the phases. Scale would be written as m31n F 4mm.
is critical in the 1-3 composites used to generate and It should be noted that Aizu's notation deals with
receive ultrasound for biomedical imaging (Fig. 8). thermodynamically well defined states. Thus, the
In addition to the desired thickness resonance, such initial and final states are independent of the path
systems also undergo lateral running resonances. If taken to reach them (i.e. whether the material
the periodicity of the pattern is too coarse, these becomes ferroelectric due to a decrease in tempera-
lateral resonances move to lower frequencies where ture or under the influence of an applied electric
they may interfere with the purity of the thickness field) and the transitions are reversible. Transitions
vibration (Smith, 1986). This, in turn, results in in composites, however, are often not strictly state
spurious signals and a loss in resolution of the changes. Moreover, because composites are not com-
diagnostic image. Consequently, to ensure that the positionally homogeneous, it is inappropriate to
composite can be treated as a homogeneous medium equate transformations in multiphase materials with
vibrating only in the thickness direction, the compo- true phase transitions in single-phase materials. For
site scale must be fine enough to drive the additional example, the change from a 3-3 to a 0-3 composite
modes above the thickness resonance. As a second (Fig. 10) in the case of a metal-loaded polymer could
example, consider the composites used in optical be caused by an increase in temperature, a decrease
components. Here, the optical properties of the in pressure (P), or the presence of some chemical (C)
matrix and hence the propagation of an electromag- which swells the matrix phase. Although the net
netic wave can be tailored with a filler that is smaller result in each caw. is a 0- 3 insulating phase. there arc
than the wavelength of light. When, however, the some fundamental differences between the final
heterogeneities approach the wavelength in size, they 'states' in each case. For this reason, rather than
begin to scatter light rather than modulate it (Egan separating the initial and final symmetries with an
& Aspnes, 1982). The whole process is analogous to indication of a 'state' change like Aizu's F, it is better
the scattering of X-rays by crystals. to delineate the transition by the force which is

Similar effects are also noticeable in measuring the responsible for it. The advantage of a nomenclature
fracture toughness of composites (even when the two of this type is its broad applicability; transitions
components are grain and grain boundary in a caused by processing can be described in the same
'single-phase' material) where, depending on the size manner as true state changes. Thus, in a single-phase
of the crack induced, the measured fracture material like a random array of ferroelectric grains,
toughness changes (Mussler, Swain & Claussen, the transition caused by poling would be written as
1982). One explanation for this is that large cracks
encounter both the matrix and the filler, leading to
high fracture toughnesses. Small cracks, on the other
hand, might lie entirely within the matrix phase,
where there is no mechanism for increasing the
toughness, so that the measured fracture toughness is
lower even though the material itself is unchanged.
For maximum toughness, then, the second phase
must be regularly encountered on the scale of the
crack. Consequently, in fabricating a composite it is
essential to ensure that the scale of the components is
acceptable with respect to the probing 'field'.

Transitions in composites

Regarding the connectivity of a composite as linked
to the composite's 'state', one can define a notation
for connectivity transformations analogous to that
developed by Aizu (1965, 1966) for ferroic phase

transitions. In Aizu's notation, the transition to a
ferroelectric phase caused by any 'force', such as a
change in temperature (7) or applied electric field (b)
(E), can be described by listing the prototype synmme- Fig. 10. A schematic or percolation in a two phase composite

try and the final symmetry, separating them with an showing the transition from 3-3 to 0-3 connectivity.

, ! I I III
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oo corn E orn, where the superscript s denotes a would be described by cc orn 3-0 W' ,/nn' 3-0,
symmetry change. Similarly, heating a-quartz above and poling of a liquid-phase sintered ferroelectric
846 K leads to a displacive phase transition to the 6 would be co orn 0-3 E' corn 0-3.
form which can be described as 32 T' 622. In a Finally, V20 3-1oaded thermistors (Moffatt, Runt,
composite, however, both the symmetry and the Safari & Newnham, 1986) demonstrate the notation
connectivity should be defined, so the poling of a 0-3 for phase-property changes alone. In this material,
composite of ferroelectric gains in a polymer matrix the phase transition at 150 K from monoclinic to
would be written 0o or 0-3 E' con 0-3. rhombohedral of the filler is accompanied by a

In general, it can be seen that there are several change from semiconducting to metallic conduction.
types of transitions which can take place in compo- Although this entails changes in the symmetry of the
sites: transitions in the properties of a single phase, filler phase and the properties of the composite, the
transitions which involve changes in connectivity overall composite symmetry remains unaltered.
only, those which involve only a symmetry change Consequently, this transition is written as w0 00rn

(i.e. an alignment of symmetry elements already 3-3 TP 00 00 n 3-3. The difference between the
present in one of the phases as shown above for the high- and low-temperature states is that at lower
poling example), and those which involve a simul- temperatures both phases are inert so that the
taneous change of two or more of these. As it is higher-volume-fraction polyethylene matrix is writ-
unlikely that one variable alone could force concur- ten first and at higher temperatures the filler is
rent changes in the symmetry and connectivity, it is written first as it has become an active phase
important to distinguish between the forces respon- (Pilgrim, Newnham & Rohlfing, 1987).
sible for the different changes. This can be done by The notation is equally applicable to more com-
denoting FP as the force responsible for changes in a plex or to sequential transitions. To return to the
phase's properties, F' as the force causing composite case of conductor-loaded insulators, changes in the
symmetry transitions and Fc as the connectivity- connectivity due to different forces would be notated
changing force. This is similar to the notation pro- as w0 orn 3-3 7' -o ar 0-3 for thermistors (Aharoni,
posed by Pilgrim, Newnham & Rohlfing (1987) 1972; Bueche, 1978; Rohlfing, 1987; Moffatt el al.,
except that forces changing composite symmetry are 1986) w0 00m 0-3 P 00 om 3-3 for piezoresistive
also included here. pressure sensors (Carmona, Canet & Delhaes, 1987;

As an example of the application of this notation Yoshikawa, Ota, Newnham & Amin, 1990) and
to connectivity changes, consider the 0-3 material -0 orn 3-3 C o orn 0-3 for some chemical sensors
used as a piezoresistive pressure sensor. Here an (Lundberg & Sundqvist, 1986). In the more-
epoxy is used as a matrix for powders of Sb-doped complicated three-phase thermistors employed
Sn0 2 or graphite. When pressure is applied, the by Brodeur (private communication), as the tem-
conducting particles are forced into electrical con- perature is raised from absolute zero, the transitions
tact, causing a sharp drop in resistivity. This transi- in connectivity can be written as
tion would be written by w0 orn 0-3 PC -0o orn 3-3. A
somewhat more complex example of connectivity
change is given by a system composed of an organic where the last transition denotes the change of
solvent, a surfactant (didodecyldimethylammonium pentaerythritol from a passive to an active phase
bromide) and water (Hoffmann & Ebert, 1988). In the [i.e. the transition is written as
diphasic system formed without water, the surfactant Q(C-M)-P 4 Q(C-M)-P := P-Q(C-M).
appears in rodlike micelles which can link up into a
three-dimensional network through the organic sol- Q = quasi-composite notation, C = conductor, M =
vent. As water is added, it is solubilized in the micelle matrix polyethylene, P = pentaerythritol].
interiors, resulting in a 1-3 water-surfactant connec- Finally, the poling of a 0-3(0-3) composite com-
tivity. (Water is regarded as an active phase here prised of small particulate carbon and larger grains
because it conducts electrically.) When the water of PZT in an epoxy matrix would be written as
concentration is raised beyond a certain limit, the -0 orn 0-3(0-3) PCE corn 0-3(3-3) Pc -rn 0-3(0-3)
rods break down into globules, imprisoning the H20 (where the second transition describes the return to
at globule centers. As a consequence, the conductor ambient pressure) (Sa-gong, Safari, Jang &
networks are destroyed, and the resistivity rises. The Newnham, 1985; Sa-gong, Safari & Newnham,
overall conductivity transition would then be written 1986).
as oo wim 3(1-3)-3 C' 00 -i 0(0-3)-3 where C de-
notes the compositional change.

Alignable polycrystalline ceramics provide
excellent examples of transitions in symmetry alone. Some fundamental aspects of composite symmetry
Hence, magnetization of a porous y-Fe20 3 film and connectivity and their relation to composite
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properties have been reviewed. Connectivity of comn- HOFFMANN, H. & ERmT, G. (1988). Angew. Chem. Int. Ed.
posites is shown, for several configurations, to be a EngI. 27. 902-912.
natural extension from well known crystal structures. KAHN, M. (1985). J. Am. Ceramn. Soc. 68, 623-628.
The concept of composite scale and its effect on KAHN, M., RICE, Rt. W. & SHADwELL, D. (1986). Ady.
properties is summarized. Cferam. Maie. 1, 556 . .& ,f.N.(98)

A notation for transitions in composites based on Bull. Am. Ceram. Soc. 60, 202-205.
Aizu's formulation for ferroelectrics and expanded LUNDBERG, B. & sUNDvis, B. (1986). J. App!. Phys. 60,
from Pilgrim's nomenclature is also presented. Three 1074-1079.
major types of transitions are identified: those which MILTON, G. W. (1981). Phys. Rev. Left. 46, 542-545.
involve changes in the properties of a phase, those MILTON, G. W. (1982). J. Mech. Phys. Solids, 30.,177-191.
which alter the symmetry of the composite, and MOFFATT. D., RUNT, J., SAFARI, A. & NEwNH~mi R. E.
those which modify the composite connectivity. The (1986). Proc. Sixth IEEE Int. Symp. on Applications of
transition is then identified by listing the prototype Ferroelectrics, 1986, pp. 673-676.

symtyand connectivity, the driving force for MUSSLER, B., SWAIN, M. V. & CLAussEN, N. (1982). A. Am.
se tryhne(oaedt dniyte yeo hne Ceram. Soc. 65, pp. 566-572.

eac chng (ntaed o denif th tpe f hane) NAKAYA, C., TAKEUCH, H. & KATAKURA, K. (1987).
and the final symmetry and connectivity. This pro- Ultrason. Technol. pp. 109-I116.
cess can be repeated for successive transformations. NEwNHAM, ft. E. (1975). Structure-Property Relations,
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"Smart" materials have the ability to L Introduction
perform both sensing and actuating IT HAS been said that life itself is motion,
functions. Passively smart materials from the single cell to the most com-
respond to external change In a useful plex organism: a human being. This
manner without assistance, whereas motion, in the form of mobility, change,
actively smart materials have a feed- and adaptation, is what elevates living
back loop which allows them to both beings above the lifeless forms.' This
recognize the change and initiate an concept of creating a higher form of
appropriate responrse through an ac- materials and structures by providing
tuator circuit. Many smart materials the necessary life functions of sensing,
are analogous to biological systems: actuating, control, and intelligence to
piezoelectric hydrophones are similar those materials is the motivation for
in mechanism to the "ears* by which studying "smart" materials.
a fish senses vibrations. Piezoelec- Smart materials are part of smart
trics with electromechanical coupling, systems -functional materials for a va-
shape-memory materials that can *re- riety of engineering applications. Smart
member" their original shape, electro- medical systems treat diabetes with
rheological fluids with adjustable blood sugar sensors and insulin deliv-
viscosities, and chemical sensors ery pumps. Smart airplane wings
which act as synthetic equivalents to achieve greater fuel efficiency by al-
the human nose are examples of tering their shape in response to air
smart electroceramics. "Very smart" pressure and flying speed. Smart toi-
materials, in addition to sensing and lets analyze urine as an early warning
actuating, have the ability to 'learn" system for health problems. Smart
by altering their property coefficients structures in outer space incorporate
in response to the environment. Inte- vibration cancellation systems that
gration of these different technologies compensate for the absence of gravity
into compact, multifunction packages and prevent metal fatigue. Smart toys,
is the ultimate goal of research in the such as "Altered Beast." awaken from
area of smart materials. [Key words: the dead and learn to survive in the
electroceramics, sensors, actuators, hostile environment of a different age.
memory, transducers.) Smart houses have electrochromic

windows that control the flow of heat
and light in response to weather
changes and human activity. Smart
tennis rackets have raped internal ad-
justments for oi*,rhead smashes and
delicate drop shots Smart muscle im-

S M Wlserhorn-contribuing edito plants are made from rubbery gels that
respond to electric fields, and smart

Manuscript No. 197030 Receied December 17 dental braces are made from shape-
1ggo. approvd January 4. 1991 memory alloys. Smart hulls and propUl-

Presented in part at the Second Internetional sion systems for navy ships and
Science and Technology Congress d the A nr- submarines detect flow noise, remove
can Ceramic Socily Orlando. FL, Nov 13. IM turbulence, and prevent detection.
(Symposium on Composites. (inviled) Paper
No t17SI-90C) Smart water purification systems

,Mnr, Anerican Ceramic Socty sense and remove noxious pollutants.
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A number of smart systems have al- den changes in its surroundings. The
ready been developed for automobiles, crack-arresting mechanisms in par-
but there are many more to come. In a tially stabilized zirconia are a good ex-
recent newspaper cartoon, Blondie and ample. Here the tetragonal-onoclinic
Dagwood encountered a smart auto- phase change accompanied by ferro-
mobile that drives itself back to the elastic twin wall motion are the standby
finance company when the owner phenomena capable of generating
misses a payment! compressive stresses at the crack tip.

In this feature paper the idea of In a similar way, toughness can be im-
"smartness" in a material is discussed, proved by fiber pullout or by multiple
with a number of examples involving crack branching as in the structural
electroceramic components. Some of composites used in aircraft, or in
these smart ceramics are in production, machinable glass-ceramics.
whereas others have great potential Ceramic varistors and positive tem-
but are thus far limited to laboratory perature coefficient (PTC) thermistors
investigations, are also passively smart materials.

To begin our discussion, we first de- When struck by high-voltage lightning,
fine "smart" to set the limits for classi- a zinc oxide varistor loses most of its
fying smart materials, electrical resistance and the current is

bypassed to ground. The resistance
II. How Smart Is Smart? change is reversible and acts as a

The short answer is "not very." Web- standby protection phenomenon. A
ster's dictionary gives several defini- varistor also has a self-repair mecha-
tions for the word "smart," including nism in which its highly nonlinear
"alert, clever, capable," "stylish," and current-voltage (I-V) relationship can
"to feel mental distress or irritation." be restored by repeated application of

Table I. Some Attributes of All three definitions are appropriate for voltage pulses. Barium titanate PTC
Passive Smartness the currently fashionable subject, "smart thermistors show a very large increase

Selectivity materials." They are stylish, they are- in electrical resistance at the ferroelec-Self-diagnosis in some cases-clever, and it does tric phase transformation near 1300C.
Self-tuning cause some of us mental distress to The jump in resistance enables the
Sensitivity think that a ceramic might somehow thermistor to arrest current surges,

Shapeability possess intelligence, even in rudimen- again acting as a protection element.
Self-recovery tary form. The voltage-dependent resistance
Simplicity There are many words in the English (R(V)) behavior of the varistor and
Self-repair language denoting various degrees of the temperature-dependent resistance
Stability and multistability intelligence. Beginning at the bottom, (R(T)) behavior of the PTC thermistor
Standby phenomena an intelligence scale might look like are both highly nonlinear effects which
Switchability this: stupid-dumb-foolish-trivial- act as standby protection phenomena,

sensible-smart=clever-intelligent- and make the ceramics smart in a

wise. Many modern-day materials have passive mode.
been cleverly designed to perform use- Healing mechanisms for electric
ful functions, and, it seems to us any- breakdown are present in both electro-
way, we are justified in calling them lytic and polymer capacitors, enabling
smart. They are decidedly better than them to store as much charge as high-
"sensible" materials, but calling them permittivity ceramic capacitors. In
"intelligent" seems rather presumptu- electrolytic capacitors, the thin insulat-
ous and self-serving. Perhaps in the ing layer of alumina is restored through
future-when we are able to integrate chemical reaction with the liquid elec-
information, processing, and feedback trolyte Polymer capacitors restore high
circuitry into our sensor and actuator resistance by evaporating the elec-
materials-we will be justified in calling trode near the breakdown path.
our materials intelligent. As pointed out Smart composites have been used
later, such a time is not far off. to solve thermal problems as well.

To clarify the concept of smart ma- Some rather sophisticated composites
terials, we describe a few examples of made from tungsten, silver, carbon, ce-
passive and active smartness. ramic, and steel are used as rocket

nozzles where the temperatures are
Il. Passive Smartness very high and dimensional tolerances

A passively smart material has the are critical. Inside the nozzle is an in-
ability to respond to environmental ferno of hot corrosive gas capable of
conditions in a useful manner. A pas- destroying most materials in a traction
sively smart material differs from an of a second, creating severe propul-
actively smart material in that the for- sion problems.
mer has no external fields or forces The nozzle insert is made of porous
or feedback systems to enhance its tungsten infiltrated with silver which is
behavior. The "S" words in Table I sum- very ductile and transmits heat better
marize some of the meanings of pas- than tungsten. This protects the tung-
sive smartness. Many passively smart sten from thermal stress at tempera-
materials incorporate self-repair mech- tures below 600"C where it is brittle. I
anisms or standby phenomena which When impregnated with silver, tungsten

. enable the material to withstand sud- can be machined and is noticeably
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lighter. Silver melts and then vaporizes
as the nozzle heats up. The heat of va-
porization prevents the tungsten from Hl
heating too rapidly, and then the silver Metal
vapor enters the gas stream where it ball
reduces the convective heat-transfer es with
coeffIicient. esnosand

As the temperature of the porous
tungsten rises, heat is transported to actuators

the graphite layer which gets stronger
as it is heated. Graphite does not re-
sist erosion very well but its high
thermal conductivity and specific heat _______"___

make it an excellent heat sink. Behind
the graphite is a layer of refractory ce-
ramic which acts as a thermal insulator
to protect the outer steel shell which Upward spiral
provides structural strength. Eventually,
the ceramic layer overheats, begins to Fig. 1. Piezoelectric Pachinko machine. Smart material is a PZT sensor-actuator
conduct heat, and the shell softens stack with a feedback network.
and melts away. The multiphase rocket
nozzle is a smart composite that per- sponse. It is both a sensor and an
forms a number of thermomechanical actuator. Examples of actively smart
functions in a highly imaginative fash- materials include vibration-damping
ion, and enables tungsten to survive systems for outer-space platforms and
above its melting point for a short pe- electrically controlled automobile sus-
riod of time. pension systems using piezoelectric

A simpler idea in heat dissipation is ceramic sensors and actuators.
that of the thermal delay composite The piezoelectric Pachinko machine
PTC thermistor. Composite thermis- illustrates the principle of an actively
tors, unlike barium titanate thermistors, smart material. Pachinko parlors with
undergo no ferroelectric phase transi- hundreds of vertical pinball machines
tion. They consist of an inert conductive are very popular in Japan. The piezo-
filler, such as carbon black or vanadium electric Pachinko game constructed
oxide, loaded into a semicrystalline by engineers at Nippon Denso (Kariya,
polymer (e.g., poly(ethylene)) to form a Japan) is made from lead zirconate
low-resistivity composite. When the titanate (PZT) multilayer stacks which
melting point of the polymer is reached, act as both sensors and actuators.
the percolation pathways are disrupted When a ball falls on the stack, the
and the composite exhibits a huge in- force of impact generates a piezoelec-
crease in electrical resistance. How- tric voltage. Acting through a feedback
ever, further heating beyond the melting system, the voltage pulse triggers a re- S.u , g

point causes severe degradation of the sponse from the actuator stack. The 1 ao"w-

composite PTC thermistor. stack expands rapidly throwing the ball W

Incorporating a third phase into the out of the hole, and the ball moves up *

composite, one with heat-storage capa- a spiral ramp during a sequence of
bilities, provides a protection mecha- such events. Eventually, it falls into a ._,
nism for the device. Certain organic hole and begins the spiral climb all
materials display solid-solid endother- over again (see Fig. 1).
mic phase transformation at low tem- The video tape head positioner de-
peratures and can be easily dispersed veloped by Piezoelectric Products, Inc. Fig. 2. Video tape head positioner made
in the PTC thermistors. Degradation (Metuchen, NJ), operates on a similar from PZT bimorph with sensor- and acuator-
caused by overheating can be avoided principle. A bilaminate bender made divided electrodes.
by using a second filler whose solid- from tape-cast PZT ceramic has a
solid transition is slightly greater than segmented electrode pattern dividing
the melting temperature of the polymer. the sensing and actuating functions of
Pentaerythritol, with a phase transition the positioner. The voltage across the
at -185*C, is an effective second filler sensing electrode is processed through
for carbon black-poly(ethylene) (Tmn= the feedback system resulting in a
130"C) thermistors. The thermal delay voltage across the positioning elec-
in pentaerythritol-doped thermistors trodes. This causes the cantilevered bi-
has been documented for both exter- morph to bend, following the video
nally heated and internally (joule) tape track path. Articulated sensing
heated thermistors.2  and positioning electrodes near the

tape head help keep the head perpen-
IV. ActIve Smartnes dicular to the track. The automatic

A smart ceramic can also be defined scan tracking system operates at
with reference to sensing and actuat- 450 Hz (Fig. 2).
ing functions, in analogy to the human These two examples illustrate how
body. A smart ceramic senses a an actively smart ceramic operates.
change in the environment, and using Both sensing and actuating functions
a feedback system, makes a useful re- are involved in its performance, and al-
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though the Japanese scientists have pliant rubber. This can be done while
a somewhat different perspective on retaining great strength under static
smart or intelligent materials (see loading, making the smart material es-
Panel I), the end results of efforts in pecially attractive for vibration control.
this area are very similar. If the phase of the feedback voltage

is adjusted to cause the responder to
V. Rubberlike Ceramics contract rather than expand in length,

Every baseball player knows the im- the smart material mimics a very soft.
portance of "soft hands." In catching a compliant substance. This reduces the
baseball, it is important to withdraw force on the sensors and partially
the hands slightly on making contact eliminates the reflected signal. The re-
with the ball. This reduces the momen- duction in output signal of the upper sen-
tum of the ball gradually and creates a sor is a measure of the effectiveness of
soft landing. Soft landings are achieved the feedback system. As shown in

Driver on ceramics in the same way, making Fig. 4, the compliance of the actuator-
stack them feel as soft as rubber, sensor composite is reduced by a fac-

To test the concept, controlled tor of 6 compared with rubber.'
Pressure sensor compliance experiments have been

Rub r gasket conducted using PZT sensors and Vt. Modulated Suspension
actuators.' In the test setup (Fig. 3), Systems

Feedback one actuator is used as the external The automobile industry is a very

amplifier driver, and the other as the responder.
Sandwiched between the two actuatorn which smar com-

"Compliant stacks are two sensors and a layer of posites and sensors are already widely

Frame/ responder rubber. The upper actuator is driven at componerts can be found in today's
stack a frequency of 100 Hz and the vibra- high-tech autos, ranging from the air-

FIg. 3. Tesi experiment for evaluating tons are monitord with the upper fuel oxygen sensors used in mostsmart maTlperi methcntle ompevluatne sensor. The pressure wave emanating autos to the more exotic piezoelectric
smart materials with controlled compliance, from the driver passes through the raindrop sensor, which automatically

upper sensor and the rubber separator sens or, o maically

and impinges on the lower sensor. The senses the amount of rain falling and

resulting signal is amplified using a low- adjusts the windshield wipers to the

noise amplifier and fed back through a optimum speed.5
phase amiftertthe lower actuator to Controlled compliance with piezo-
phase shifter tophealowerInctuatorxt electric ceramics is used in Toyota's
control the compliance. In this exam- piezoTEMS (Toyota Electronic Modu-
pie, the pressure sensor, rubber gas- lated Suspension), a system which has
ket responder stack, and feedback been developed to improve the driv-
amplifier together form what could be ability and stability of the automobile,
termed a smart unit. and at the same time enhance pas-

A smart sensor-actuator system can senger comfort.6 The TEMS is bas-
mimic a very stiff solid or a very corn- cally a road stability sensor and shock

adjustor, which detects bumps, dips,
rough pavement, and sudden lurches
by the vehicle, then rapidly adjusts the
shock absorbers to apply a softer or
firmer damping force, depending on
what is necessary to minimize discom-
fort while maintaining control of the
vehicle. The shock absorbers are
continuously readjusted as the road
conditions change so that rocking or
wobbling on soft shocks is eliminated.

A cross-section view of the shock
absorber is shown in Fig. 5. The toad
surface sensor consists of a five-layer
piezoelectric sensor mounted on the
piston rod of the shock absorber.
When a bump in the road is encoun-
tered, the resulting stress applied to
the sensor produces a voltage which is
fed into an electronic control unit that
amplifies the signal and supplies a

Ceramics and composites which fall into the category of "smart" ma- high voltage to the piezoelectric actua-
terials, clockwise from top- rubber-encased piezoelectric cable; tun- tor. The 88-layer PZT actuator pro-
able transducer consisting of PZT disks and a rubber-metal laminate duces a 50-Mm displacement on the oil
between brass plates; PLZT helix with shape-memory capabilities; system which is hydraulically enlarged
stress-transforming piezoelectric "moonie" composite (imbedded in to 2 mm, enough to change the damp-
resin); 1-3 PZT rod-epoxy resin hydrophone composite: and con- ing force from firm to soft; the entire
duclive composile chemical sensor elements (Photograph by process takes only about 20 ms (not
Joseph Kearns, Materials Research Laboratory Pennsylvania State even enough time to slafti on the
University) brakes). Also figured into the actuator

output are the vehicle speed and the
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driver's preference for a generally softer Although shape-memory alloys are
(American) or firier (European) ride. mote of a solutiof looking lor a pub-

Alternatively, it is possible to damp lem, it has been suggested that tran-
stresses and vibrations without the sient and steady-state vibration control
need for a sensor-actuator feedback can be accomplished with hybrid struc-
loop; materials which can perform this tures in which the shape-memory alloy
function are called passive damping is embedded inside the material.'3
materials. In a piezoelectric passive Some ceramic materials also pos-
damper, a piezoelectric ceramic is sess a sizeable shape-memory effect:
connected in parallel with a properly of particular interest are materials
matched resistor. The external stress which are simultaneously ferroelectric
creates a polarization in the piezoelec- and ferroelastic. Their ferroelasticity
tric, which induces a current in the re- ensures that recoverable spontaneous
sistor, leading to energy dissipation. A strain is available for contributing to 1.0
high piezoelectric coupling coefficient the shape-memory effect, and the
is required to induce the maximum ferroelectricity implies that their spon-
voltage and energy dissipation.7  taneous strain can be manipulated not 0.8 No feedbac

only by mechanical forces but also by -
VII. Actuator Materials electric fields.

There are many approaches to Shape memory has been demon- .0s

controlling vibration and structural de- strated in lead lanthanum zirconate ti-
formation. Actuation strain can be con- tanate (PLZT) ceramics. PLZT is an 0
trolled by piezoelectric materials, 8  important ferroelectric-ferroelastic be-
electrostrictive materials,9 magneto- cause of the tremendous potential for 0.2
strictive materials,'" shape-memory applications due to the formation of _thfeedack

metal alloys," and thermally control- microdomains smaller than the wave-
lable materials.1 Using a system with length of light. In one experiment, a 0-

distributed actuators, it is possible to 6.5/65/35 PLZT helix was heated 0 100 200

design structures with intrinsic vibration to 200C, well above the transition Frequency (Hz)

and shape-control capabilities. Among temperature for recovery (TF(= T,)), Fig. 4. Reduced subsonic reflectance
the most important actuator materials mechanically loaded, then cooled to from smart piezoceramic.

are shape-memory metals and ce- 38°C (well below TF)-the "brittle" PLZT
ramics. The shape-memory effect is helix was deformed by 30% after the
exhibited by alloys which undergo load was removed. Upon heating to
thermoelastic martensite transforma- 180'C (above TF), the helix transformed
tions. This is a first-order displacive back to its original shape, dramatically
transformation in which a body- demonstrating the shape-memory
centered cubic metal transforms effect in brittle ceramics.'4

by shear on cooling to a marten- Researchers at Sophia University in
sitic phase. When deformed in the Tokyo have created a multilayer shape-
martensitic low-temperature phase, memory actuator with a (Pb,Nb)-
shape-memory alloys recover this de- (ZrSnTi)0 3 ceramic. Twenty rectangu-
formation and return to the original lar plates of the ceramic are stacked in
shape when heated to a temperature a multilayer ceramic capacitor-type
where the martensite reverts back (MLCC) structure; the magnitude of the P- rod
to the parent body-centered cubic strains (3 to 4 gm) that are induced
structure. Unlike most ferroelectric and are small by comparison to most Road surace
ferromagnetic transitions, the shape- shape-memory alloys but are 3 times sor
memory transformation has a large larger than the strains produced using
hysteresis which can be troublesome conventional piezoelectric actuators. In Piezoelectric
in practice. this case, a ferroelectric to antifer- actuator

Alloys exhibiting the shape-memory roelectric phase change is responsible Subsidiary
effect fall into two general classes: for the shape change.'5  flow channel
non-ferrous and ferrous. Non-ferrous / Magnification
shape-memory alloys currently in com- VIII. Electrorheologlcal Fluids chamber
mercial use are Ni-Ti, Cu-Zn-Al, and One of the criteria which separates
Cu-Ni-Al. Ferrous shape-memory al- smart materials from very smart or
toys under development include Fe-Pt, intelligent materials is the ability of valve
Fe-Ni-C, and Fe-Ni-Co-Ti. the material to not only sense a

Non-ferrous shape-memory alloys of change and actuate a response, but Fig. 5. Cross section of the principal por-
Ni-Ti alloy (Nitinol) have been devel- to automatically modify one or more of tion of the shock absorber.6
oped by Goodyear Aerospace Cor- its property coefficients during the
poration (Akron, OH) for spacecraft sensing-actuating process. In effect,
antennae." A wire hemisphere of the this type of material not only warns the
material is crumpled into a tight ball, user of a change in its environmental
less than 5 cm across. When heated conditions and responds to it, but can,
above 77*C, the ball opens up into its in addition, adjust itself to compensate
original shape-a fully formed antenna. for future change.
Although it has been seldom used in Electrorheological (ER) fluids* and
service, this antenna demonstrates the their magnetic analog, ferrofluids," are
magnitude of deformation and reforma- an example of materials that have
tion possible in shape-memory alloys, great potential for use in smart ma-



468 Journal of the American Ceramic Society-Newnham and Ruachau Vol. 74, No.

terials and systems. ER fluids are typi- bility. Figure 6 shows the microstruct
cally suspensions of fine particles in a of an ER fluid before and after the ap-
liquid medium; the viscosity of the sus- plication of an electric field.
pension can be changed dramatically ER fluids represent an advanc
by applying an electrical field. The class of composite materials wit
electric field causes alignment of the self-tuning properties that will find
particles in fibrillike branches in the di- considerable use in vibration control
rection of the applied field. The align- applications. In addition, the compati
ment disappears when the electric field bility of this technology with moder
is removed, thus creating the desired solid-state electronics makes it an at-
property of complete cyclic reproduci- tractive component for integration into

JAA

- * i . .- "*

• ' • . . ', o -

Ainn pm00 gim

Fig. 6. Optical micrograph of a dispersion of fine particles in ER I1w (r~ with no field applied and (B) with an applied direct current bias.
(Photograph courtesy of Dr. C. A. Randall, Materials Research LaL oratory, Pennzylvania State University)

Panel 1. The Concept of Intelligent Materials- A Japanese Perspective

The development of intelligentEniom ta
materials according to the Japa- nIro nmeta I
nese is a result of understandingImatEomynelinc
the relationship between intelligence Resource from the

fo thhuastnpitinel-Conservation Reliability human
gence inherent in materials, and in- sr tadon
telligence at the most primitive Uredlser Others
levels in materials, as illustrated.
above .3 Intelligence from the human Human efforts I Manifestation
standpoint is a relative concept, and research I of intelligence
based on the value of a material ~
and its utility In relation to all as-
pects of society- environmental Self-assembly Self-repair Intelligenceimpact, economy, resource conser-
vation, reliability, etc. Intelligence in- Seligns i A tonyi inherentiin
herent in materials includes those Learning Others materils

material properties which may or Basic atomistic Built-in software
may not have yet been discovered and molecular systems in materials
by humans, regardless of their im- behavior
pact on society; these properties
are independent of their evaluation
and utilization by man. The primitive
functions of intelligence are elemen- Snd Intelligence at
tary functions of sensing, process- Sensing the most
ing and effecting (actuating), all of primitive levels
which must work systematically to-
gether to create an Intelligent mate- ProcessingIntel
rial. Interestingly enouh, for every
bit of intelligence inherent in inor- Schematic representation of intelligent materials. Ability of humans to produce intelligent ma-
ganic materials, there is a biological terials is simply a matter of recognizing the intelligence that already exists in materials. It is
analog. through the recognition of the intelligence inherent in materials that we will be able to develop

a fundamental understanding of the primitive functions of intelligence, and it is at this level
that the origins of all the puzzling problems confronting man can be solved.

ingandeffctig (atuaing, al ofpriitie lvel
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Panel It. The Repiamlneform Process-Replicating Nature

Despite the sophistication of exhibit anisotropy as well, ranging allowed to harden; the calcium car-
modern technology, it often seems from a 3-1 type connectivity with bonate coral skeleton is leached
that mankind lags behind Mother nearly parallel tubes to highly iso- away with hydrochloric acid, leaving
Nature in producing high-precision, tropic 3-3 structures. These tea- a solid wax negative of the structure.
carefully structured materials. Coral tures in coral make it an attractive To make tranducers, this negative is
skeletons are characterized by (i) a template for making composite bio- then reinvested with a lead zirconate
narrow pore-size distribution, (ii) a materials and transducers. titanate (PZT) slip by vacuum im-
pore volume approximately equal to A method called the replamine- pregnation. When the wax negative
the solid-phase volume, and form process' has been developed is burned off at 300°C, a coral-type
(iii) complete pore interconnectivity for reproducing the microstructure PZT structure is left. This can be
making every pore accessible from of coral in metals, ceramics, and sintered with only minimal (-13%)
all other pores. The diameter of the polymers. In the replamineform proc- linear shrinkage, producing a robust
pores/channels varies from species ess, a piece of coral is vacuum- PZT skeleton.
to species, and some types of coral impregnated with wax which is Further processing of the skele-

ton for transducer applications con-
sists of backfilling the PZT with a
highly flexible elastomer material,
such as silicone rubber. After poling
the PZT, the composite can be
crushed to yield a highly flexible
transducer with low permittivity. or
maintained as a rigid solid to be
used as a low-density, high-coupling
resonator.

21

Another similar but simpler
method of producing porous PZT
involves mixing plastic spheres with
PZT powder2 then carefully sinter-
ing the mixture; this is commonly
referred to as the BURPS (burned-
out plastic spheres) process. The
sintered PZT skeletons can be
backfilled with elastomer to pro-
duce the same types ot composites

SEM micrograph of wax-impregnated coral. Both the pillars of coral as with the replamineform process,
(light sections) and pore channels (dark areas) are connected in only with controllable variations on
three dimensions. the 50/50 PZT/polymer ratio.

multifunction, self-contained smart ma- eral neuromasts made up of gelatinous
terial packages. cupulae resembling pimples in shape

(Fig. 7). Within each cupula are a num-
IX, Blommetlcs-Flsh Ears ber of fibers that vibrate as the fish

The word "biomimetic" is not found swims through the water and that act
in most dictionaries; therefore, it needs as sensors for flow noise. The hairlike
to be defined. It comes from the Greek fibers are extremely thin in diameter,
words "bios," meaning "life," and ranging from 0.5 to 10 Asm. When
"mimetikos," meaning "to imitate." stimulated by turbulence, the motion of
Biomimetic means to imitate life, or to the hairs produces changes in the
use the biological world as a source of synapses which are in turn connected
ideas for device concepts. to the nerve fiber. The electric signal

Fish and the other inhabitants of the originates from impedance changes in

underwater world have some interest- cell walls which modulate the flow of
ing ways of talking and listening which K ions. The lateral line is especially
have been copied using piezoelectric sensitive to low-frequency fluid motion
ceramics. Our first composite trans- parallel to the length of the fish. In the
ducer is copied from coral using a 50-Hz range, threshold signals are ob-
lost-wax process (see Panel II). served for displacements as small as

For most fish, the principal sensors 30 nm! m"
are the lateral line and the inner ear The 1-3 composite hydrophones de-
coupled to the swim bladder. The pul- scribed later are patterned after the
sating swim bladder also acts as a hair-filled cupulae of the lateral line.
voice, as do chattering teeth in certain Thin PZT fibers embedded in polymer
fish species. provide excellent electromechanical

The lateral line runs from the head coupling to a liquid medium and can be
to the tail of the fish and resembles a used as both sensors and actuators.
towed array with sensing organs
(stitches) spaced at intervals along the X. Dr. Dolittle and Fish Talk
nerve fiber. Each stitch contains sev- Among the most popular children's

I



470 Journal of the American Ceramic Socidy-Newnahm and Ruschau Vol. 74, No. 3

books of all time are the Doctor ing breeding season, and appear to
Dolittle books written by lugh Lofting. use coded repetition rates to commu-
Doctor Dolittle could talk to the ani- nicate. Our ability to "farm the oceans"

mals. He started with "Pig" and went could be greatly enhanced by learning
on to "Duck" and "Cow" and eventually how to talk with fish and control their
mastered 498 languages. There is a movements and feeding habits. An ex-
marvelous scene in the movie where ample of fish talk is shown in Fig. 8.
young Tommy Stebbins meets Dr. Although they do not possess a
Dolittle in his laboratory: larynx, many species of fish produce

. But the most remarkable thing in high-pitched sound by grinding their
" the room was the Doctor himself. In teeth, but the vibration of the swim

some ways, John Dolittle looked bladder wall provides the greatest
very much like an ordinary doctor. repertoire of noises or calls. The croak-
He wore a white medical coat and ers of Chesapeake Bay make tapping
was using a stethoscope. But, the noises like a woodpecker, by contract-
stethoscope was attached only to ing their drumming muscles attached
his right ear, and his patient seemed to the swim bladder, and the twilight
to be a goldfish in a bowl! choruses of sea robins caused great

Tommy watched in amazement as confusion among the operators of anti-
the Doctor blew bubbles into the fish submarine echo-location devices dur-

S ,. .. bowl throu.uh a rubber tube. Between ing World War 11.24

...... bursts of bubbles he pressed the
stethoscope against the bowl and Xl. Inner Ears and Swim Bladders
listened intently. Then he actually The nature of sound transmission in
dipped his left ear in the water! water has had a great influence on the

"Blllrrp " said Dr. Dolittle, forgetting evolution of hearing in fish. Sound. es-
1 ,about the tube. "Tommy! How good pecially low-frequency sound, travels

to see you! I'm so busy learning faster and farther in water than in air.
Goldfish that I didn't hear you come "Near-field" sound consists of small
in. Most exciting this goldfish Ian- fluid motions or vibrations and are char-
guage. But very difficult-and quite acterized by a displacement direction.
damp." They are detected by the inner ear or

Fig. 7. "Hearing" organs in fish. Lateral line In recent years, great advances have by the lateral line. The hydrostatic
is a series of "stitches." each composed of been made in recording and under- component or "far-field" sound is de-
nerve fibers enclosed in gelat'nous cupulae.6  standing fish talk, largely because of tected best through the swim bladder.

the development of improved hydro- The inner ear is made up of inertia-
phone arrays and high-speed spec- sensing chambers resembling ac-
trum analyses. Sound functions in a celerometers. Within each chamber is
variety of ways for fish, both in offense a dense ear stone (otolith) which
and in defense, for warning and intimi- vibrates in a near-field sound wave
dation. Many fish speak differently dur- (Fig. 9(A)). The inertia of the ear stone

causes it to lag behind the motion of
the fish, and to push against hair cells
which line the chamber (sacculus). On
bending, the hair cellular membranes

deform, stimulating neural transmis-
sions to the brain. Connections to the
swim bladder improve the sensitivity to

... far-field sound (Fig. 9(B)).The primary function of the gas-filled

swim bladder is to provide buoyancy,
to but it is also used for sound and pres-

sure reception and in some species is
equipped with drumming muscles for

rcu sound production (see Fig. 8).SI ,V e -,,,vy nrnts The flexible swim bladder responds
, l,,-,, ,..,,iI.I,- ,, to hydrostatic pressure waves by
S..changing volume. Fish with swim blad-

ders can perceive relative pressure
" changes equivalent to less than 0.5%

.. - -. of the ambient hydrostatic pressure.
Direct or indirect linkages from the

-- swim bladder to the inner ear promote
the hearing sensation. Fish with no
connections perceive low-frequency

Fig. S. Sound spectrum of the Atlantic cod. The cod speaks in a sound (less than 500 Hz), whereas
series of loud. low-frequency grunts peaking at 500 Hz. with a dura- those with good connections have an
tion of about 2 s, and repeated three or four times to intimidate upper frequency response of 5000 Hz.
intruders and stimulate females. Grunts. growls, and thumps origi- As might be expected, the swim
nate from a well-developed swim bladder with many muscle-cov- Ad is reuced thepth.
ed bladder is reduced in size with depthand loses much of its sensitivity as

a sensor.
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XIL Hydrophone Materials emphasis on the synthesis of new ma-
The knowledge which comes from terials and too little emphasis on new

the understanding of "fish talk" can and unique designs for old materials.
be directly applied to research in ma- A composite design with 1-3 conec-
terials destined to someday "sleep with tivity is similar in design to the hair-
the fishes." Hydrophones are under- filled gelatinous cupula with thin PZT
water listening devices made from rods embedded in a polymer matrix.
piezoelectric materials which respond (For a discussion of composites in
to hydrostatic pressure waves. Among general, see Panel Ill.) The 1-3 piezo-
the applications for hydrophones are composites have excellent sensitivity
sonar systems for submarines, off- to pressure waves in water.25

2 6 The
shore oil platforms, geophysical large d3 value is maintained because
prospecting equipment, fish finders, the parallel connection results in stress
and earthquake monitors. transfer from polymer to piezoceramic,

As the earth's population continues whereas the d , value is destroyed be- Fluid Dense ear stone
to increase, the human race must con- cause of series connection in the lat- ololit,)
tinue to search for new and efficient eral dimension where the mechanical
sources of food and nutrition. The load is absorbed by the polymer and
world's oceans may provide a solution not transferred to the PZT rogs. Finally, s l l

to this problem, not only through fish e3 is minimized because of the large sacculus lined wi
farming but through the use of new volume of Iow-E 33 polymer present.
and varied saltwater vegetation that Figure 10 shows the results of the high
could provide an abundant source of dhg, possible, particularly when very
food, especially for third-world countries thin rods are used. A
in which poor soil and harsh climates Another piezoelectric hydrophone
prohibit conventional farming. Smart composite maximizes d, by simply
hydrophone transceivers could receive redirecting the applied stresses using
and transmit fish talk and monitor the specially shaped electrodes.27 These
growth of underwater vegetation, are flextensional transducers which

The figure of merit for hydrophone mimic the motions of the swim bladder.
materials is the product of the hydro- Shallow air spaces are positioned un-
static piezoelectric. charge coefficient der the metal electrodes while the PZT bladder
(d,,) and the piezoelectric voltage coef- ceramic plays the role of the muscle
ficient (g,,). Although good piezoelec- lining the swim bladder. The geom-
tric materials such as PZT have high etry of these composites, known as
d3 and d 3, piezoelectric coupling coef- "moonies" because of the crescent-
ficients, the d, value is only about shaped cavities, is shown in Fig. 11. B
45 pC/N because d3 and d3, are op- When subjected to a hydrostatic stress
posite in sign, and dh=d33+2d3l. dggh due to waves, the thick metallic elec- Fig. 9. Structure of the inner ear of a

is also inversely related to the dielec- trodes convert a portion of the z-direc- fish, characterized by separate mechanisms
tric permittivity (e33), so that low dielec- tion stress into large radial and for(A) near-field and (B) far-field sensitivities.

tric constants are desirable as well. tangential stresses of opposite signs.
Rather than abandon PZT in search The result is that d 31 changes from

of the ultimate hydrophone material, we negative to positive, so that its contri-
can avoid the problem of the search bution now adds to d 33 rather than
by clever (=smart?) engineering of ex- subtracting from it. The dtglh of these
isting materials. Too often in the field composites is approximately 250 times
of materials research we put too much that of pure PZT.

4000-

Thin rods give good
stress transfer

E 3000
16 C600

2000 / 11 mm

400 lrn 7 mm. B rass

b ,840, 7mm2m
- 1000 ; S mm t120 to 250 gmr

Solid PZ-" 1.1 mm

T- 1 1.2mmP
0 20 40 60

PZT (vol%) Stress transforming composite

Fig. 10. Figure of merit for 1-3 PZT ceramic-polymer hydrophone Fig. 11. Geometry of the "moonie" composite, designed to redirect
composites, comparing rods of different thickness with solid PZT. s  applied stresses. Design is fashioned after the fish swim bladder

and functions in a flextensional mode.
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XIIL Underwater Actuation layer devices. Several of these

Using composite designs similar to are ideally suited to smart ceramics

the PZT fiber and moonie designs, with sensor-feedback-responder com-

several interesting underwater actua- bination. Ink jets could be used to

tors are being tested. A major goal is ply microbubbles to dampen subla

the elimination of turbulence and flow disturbances. or polymer molecules to

noise to achieve streamline flow. The replenish a surface coating. Bursting i

following techniques have been sug- controlled in a similar way by inlecti

gested to alter skin friction:U polymer pressure pulses into the fluid strea

additions, microbubbles, compliant with a piezopump.

walls, bursting, coatings, spot forcing, Compliant walls would be flexibl
riblets, convex curvature, and outer- surface coating, repositioned wit

Panel IlL Ten Commandments of Functional Composites

Composite materials may be de- case. ducting phases can have several

fined as two or more dissimilar ma- (4) Concentrated field and force kinds of transport paths, both sin-

terials combined to optimize the patterns are possible with carefully gle phase and mixed, depending on

properties of the composite. Some selected connectivities. Using inter- percolation limits and volume frac-

of the principal ideas governing the nal electrodes, electrostrictive ce- tions. Carbon-PZT-polymer com-

properties of composites are as ramics are capable of producing posites can be poled because

follows:a strains comparable to the best polychromatic percolation estab-

(1) Sum properties involve the piezoelectrics. Stress concentration lishes flux continuity through

averaging of similar properties in the is achieved by combining stiff and ferroelectric grains. The SiC-BeO
component phases, with the mixing compliant phases in parallel. A num- composites under development as
rules bounded by the series and ber of different structural engineering substrate ceramics are another ex-

parallel models. For a simple sum designs are based on this principle, ample. These diphasic ceramics are

property such as the dielectric con- (5) Periodicity and scale are im- excellent thermal conductors and
stant, the dielectric constant of the portant factors when composites poor electrical conductors at one
composite lies between those of the are to be used at high frequencies and the same time. A thin layer of
individual phases. This is not true where resonance and interference BeO-rich carbide separates the SiC
for combination properties based effects occur. When the wavelengths grains, insulating them from one an-
on two or more properties. Acoustic are on the same scale as the com- other electrically, but providing a

velocity depends on stiffness and ponent dimension, the composite no good acoustic impedance match
density, and, since the mixing rules longer behaves like a uniform solid, ensuring phonon conduction.
for these two properties are often The colorful interference phenomena (9) Coupled phase transforma-
different, the acoustic velocity of a observed in opal and feldspar miner- tions in polyphasic solids introduce
composite is sometimes smaller als are interesting examples of natu- additional possibilities. Recently dis-
than those of its constituent phases. ral composites. Acoustic analogs covered NTC-PTC composites made

(2) Product properties are even occur in the lead zirconate titanate from V20 3 powder and embedded in
more complex because three prop- (PZT)-polymer composites used as poly(ethylene) combine matrix and
erties are involved: different proper- biomedical transducers. filler materials with complementary
ties in the two constituents combine (6) Symmetry governs the physi- properties. At low temperatures the
to yield a third property in the com- cal properties of composites just as V20 3 particles are in a semiconduct-
posite. In a magnetoelectric com- it does in single crystals. The Curie ing state and in intimate contact
posite, for instance, the piezoelectric principle of symmetry superposition with one another. On passing
effect in barium titanate acts on the and Neumann's law can be general- through a semiconductor-metal
magnetostrictive effect of cobalt fer- ized to cover fine-scale composites, transition, the electrical conductivity
rite to produce a composite mag- thereby elucidating the nature of increases by 5 orders of magnitude.
netoelectric effect. their tensor properties. As in the Further heating brings the polymer

(3) Connectivity patterns are a case of magnetoelectric comprosites, to a phase transformation, causing
key feature of composite electro- sometimes the composite belongs a rapid expansion in volume, and
ceramics. The self-connectiveness to a symmetry group which is lower pulling the V20 3 particles apart. As
of the phases determines whether than any of its constituent phases. a consequence the electrical con-
series or parallel models apply, Unexpected product properties oc- ductivity decreases dramatically by
and thereby minimize or maximize cur under such circumstances. 8 orders of magnitude.
the properties of the composite. (7) Interfacial effects can lead to (10) Porosity and inner surfaces
The three-dimensional nature of the interesting barrier phenomena in play a special role in many electro-
connectivity patterns makes it pos- composites. ZnO-Bi 2O 3 varistors ceramic composites used as sen-
sible to minimize some tensor corn- and carbon-polymer positive tem- sors. Humidity sensors made from
ponents while maximizing others. perature coefficient thermistors are A120 3 and LiF have high inner sur-
Piezoelectric composites made from important examples of Schottky face area because of thermally in-
parallel ferroelectric fibers have large barrier effects. Barrier layer capaci- duced fracture. The high surface
d3 values and small d31 values. In tors made from conducting grains area and hygroscopic nature of the
general, X-Y connectivity refers to separated by thin insulating grain salt result in excellent moisture sen-
one phase self-connected in X di- boundaries are another example. sitivity of the electrical resistance.
mensions, the other phase self-con- (8) Polychromatic percolation is Chemical sensors based on similar
nected in Y dimensions. Designation an interesting concept which has principles can be constructed in a
ot the X phase and Y phase is arbi- yet to be fully explored. Composites similar manner.
trary, but must be defined in each fabricated from two or more con-

a
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piezoelectric or electrostrictive actua- electrical impedance to be tuned over
tors to smooth out the flow pattern a wide range as well. In the following
and eliminate flow noise. Spot forcing sections we describe the nature of
can be accomplished by localized nonlinearity and how it controls the
heating beneath the surface. In this properties of a tunable transducer.
case the responding actuator is a pat-
terned composite resistor. XV. Elastic Nonlinearity. Tuning

The remaining methods of reducing the Resonant Frequency
drag are mainly passive in nature, al- Information is transmitted via electro-
though they could be combined with a magnetic waves in two ways: ampli-
compliant wall. Semipermeable water- tude modulation (AM) and frequency
absorbing coatings prevent pressure modulation (FM). There are a number
buildup, allowing molecular interchange of advantages to FM signal process-
between the fluid and wall. Riblets and ing, especially where lower noise levels
convex curvature also act to stream- are important. Atmospheric static is
line flow, as do the streamlined outer- considerably lower in FM radio than in
layer devices called OLDs. Carefully AM radio.
designed geometries like this can be Signal-to-noise ratios are also impor-
built into smart ceramics. tant in the ultrasonic systems used in

biomedical and nondestructive testing
XIV. Very Smart Composites: systems, but FM is difficult because Panel IV.

The Tunable Transducer resonant frequencies are controlled by Imoltlant Characteristic of an
By building-in a learning function, the stiffness (c) and (transducer) dimen- Electromechanical Transducer

definition of a smart material can be sions (t). Neither stiffness, dimensions,
extended to a higher level of intelli- nor the density (p) can be tuned sig- The fundamental resonant fre-
gence: A very smart material senses a nificantly in ceramics and most other quency (f, of the thickness mode is
change in the environment and re- materials, but they can be tuned in
sponds by changing one or more of its rubber. To tune the resonant frequency 1
property coefficients. Such a material of a piezoelectric transducer, we de- f2tV'-"
can tune its sensor and actuator func- signed and built a composite trans-
tions in time and space to optimize ducer incorporating thin rubber layers where t is the thickness dimension,
future behavior. With the help a feed- exhibiting nonlinear elasticity.3 c the elastic stiffness, and p the
back system, a very smart material be- Rubber is a highly nonlinear elastic density.
comes smarter with age, something medium. In the unstressed compliant The acoustic impedance (ZA) is
even human beings strive for. The dis- state, the molecules are coiled and
tinction between smart and very smart tangled, but under stress the mole- IZAI= '/
materials is essentially one between cules align and the material stiffens
linear and nonlinear properties. The noticeably (Fig. 12). Experiments con- The mechanical Q is
physical properties of nonlinear materi- ducted on rubber-mstal laminates Q vlAa
als can be adjusted by bias fields or demonstrate the size of the nonlinear-
forces to control response. ity. Young's modulus (E= 1/s li) was where A, is the acoustic wavelength

To illustrate the concept of a very measured for a multilayer laminate and a the damping coefficient.
smart material, we describe the tun- consisting of alternating steel shim The electromechanical coupling
able transducer recently developed and soft rubber layers each 0.1 mm coefficient (k) is
in our laboratory. Electromechanical thick. Under compressive stresses of
transducers are used as fish finders, 200 MPa, the stiffness is quadrupled k=d VcA3
gas igniters, ink jets, micropositioners, from about 600 to 2400 MPa.31' The
biomedical scanners, piezoelectric resonant frequency (f,) is therefore where d is the piezoelectric charge
transformers and filters, accelerome- doubled, and can be modulated by coefficient and e the electric
ters, and motors, applied stress. permittivity.

Fro! frrff rirl i ,rrif,' rhrf'. 'ol a tr:wr'. Plit,to'r Ih"'; rr',';1 r:l'.trrr,:r'. rifi The ol ctri.al imprnld rice (7 .) is
-Pr1 "t ;.r, 1)* "., f = .11 . , / of.l , .1, 1r• I, .. , 0t

+  
1:'L ' '  .

acuustic imiipedaiice (ZA), rili lcallial elastic iutiliieaity, it is tieieluiei lie-l

damping coefficient (0). electrome- essary to construct a composite trans-
chanical coupling factor (k), and elec- ducer consisting of a piezoelectric and A the electrode area.
trical impedance (ZE). The resonant ceramic (PZT) transducer, thin rubber
frequency and acoustic impedance layers, and metal head and tail
are controlled by the elastic constants masses, all held together by a stress
and density, as discussed in the next bolt.
section. The mechanical 0 is governed The resonant frequency and me-
by the damping coefficient (a) and is chanical 0 of such a sandwich struc-
important because it controls "ringing" ture was measured as a function of
in the transducer. Definitions of the co- stress bias (Fig. 13). Stresses ranged
efficients are given in Panel IV. Elec- from 20 to 100 MPa in the experiments.
tromechanical coupling coefficients Under these conditions the radial reso-
are controlled by the piezoelectric coef- nant frequency changed from 19 to
ficient which, in turn, can be controlled 27 kHz, increasing in frequency by ap-
and fine-tuned using relaxor ferroelec- proximately 50% as predicted from the
trics with large electrostrictive effects. elastic nonlinearity. At the same time
The dielectric "constant" of relaxor the mechanical 0 increased from
ferroelectrics depends markedly on about 11 to 34 as the rubber stiffened
direct-current bias fields, allowing the under stress.
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The changes in resonance and 0 XVL Plkz@WCbtrl
can be modeled with an equivalent Tuning the Elseebongwo nl
circuit in which the compliance of the Coupung CoefflCm
thin, rubber layers is represented as The difference between a smart
capacitors coupling together the larger a very smart material can be illustrat
masses (represented as inductors) of with piezoelectric and electrostrictive
the PZT transducer and the metal ceramics. PZT is a piezoelectric ce-
head and tail masses. Under low ramic in which the ferroelectric d
stress bias, the rubber is very compli- mains have been aligned in a ve
ant and effectively isolates the PZT large poling field. Strain is linear
transducer from the head and tail proportional to the electric field in a
masses. At very high stress, the rubber fully poled piezoelectric material
stiffens and tightly couples the metal means that the piezoelectric coeffici
end pieces to the resonating PZT ce- is a constant and cannot be electr -
ramic. For intermediate stresses the cally tuned with a bias field. Neverthe-
rubber acts as an impedance trans- less it is a smart material because
former giving parallel resonance of the can be used both as a sensor and
PZT-rubber-metal-radiation load. actuator.

Continuing the biomimetic theme, it Lead magnesium niobate (PMN) is
is interesting to compare the change in not piezoelectric at room temperat
frequency of the tunable transducer because its Curie temperature is
with the transceiver systems used in 0°C. Because of the proximity
the biological world. The biosonar sys- the ferroelectric phase transformation,
tem of the flying bat is similar in fre- however, and because of their diff
quency and tunability to our tunable nature, PMN ceramics exhibit ve
transducer. The bat emits chirps at large electrostrictive effects. The
30 kHz and listens for the return signal ture of this large nonlinear relationship
to locate flying insects. To help it dif- between strain and electric field, a
ferentiate the return signal from the of its underlying atomistic origin,
outgoing chirp, and to help in timing be described later.
the echo, the bat puts an FM signature Electromechanical strains com-
on the pulse. This causes the reso- parable to PZT can be obtained wi
nant frequency to decrease from 30 to electrostrictive ceramics similar 1
20 kHz near the end of each chirp. Re- PMN, and without the troubling hy
turn signals from the insect target are teretic behavior shown by PZT under
detected in the ears of the bat where high fields. The nonlinear relation
neural cavities tuned to this frequency tween strain and electric fiel in e
range measure the time delay and flut- trostrictive transducers can be used
ter needed to locate and identify its tune the piezoelectric coefficient and
prey. Extension of the bat biosonar the dielectric constant.
principle to automotive, industrial, The piezoelectric d33 coefficient i
medical, and entertainment systems is the slope of the strain-electric fiel
underway. curve when strain is measured in the

same direction as the applied field. It
value for Pb(Mgo 3Nbo6Tio,)0 3 ceramic
is zero at zero field and increases to
maximum value of 1300 pC/N (about

14 3 times larger than PZT) under a bia

12 .- -... . . field of 3.7 k/cm (Fig. 14).
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Ig. 12. Stress/strain behavior of rubber. Elasticity is highly non- FI% 1& Stress dependence of resonant frequency and mechanical

linear in rubbef which is extremely compliant under small stresses,
but stiffens noticeably when the rubber molecules align under large
stresses.



Marh 1991 Smart Eccroceramica 475

This means that the electromechani- in huge electric fields of 100 MV/m or
cal coupling coefficient can be tuned more. This means that thin-film dielec-
over a very wide range, changing the trics experience a far larger field than
transducer from inactive to extremely do normal insulators, causing the po-
active. The dielectric constant also de- larization to saturate and electric per-
pends on direct-current bias. The po- mittivity to decline. Because of the
larization saturates under high fields high fields, electric breakdown be-
causing decreases of 100% or more in comes a greater hazard, but this is
the capacitance. In this way the elec- partly counteracted by an increase in
trical impedance can be controlled breakdown strength with decreasing
as well. thickness. This comes about because

Electrostrictive transducers have the electrode equipotential surfaces on
already been used in a number of ap- a thin-film dielectric are extremely
plications including adaptive optic sys- close together, thereby eliminating the
tems, scanning tunneling microscopes, asperities that lead to field concentra-
and precision micropositioners.9  tion and breakdown.

To summarize, two types of nonlin- The influence of nanometer-scale
earity are utilized in the fully tunable domains on the properties of relaxor
transducer: elastic nonlinearity and ferroelectrics has already been illus-
piezoelectric nonlinearity. By incor- trated with PMN ceramics (Fig. 14).
porating thin rubber layers in an Here the critical size parameter is the
electrostrictive transducer, several im- size of the polarization fluctuations
portant properties can be optimized arising from thermal motions near the
with bias fields and bias stresses. broad ferroelectric phase transfor-
Electromechanical coupling coeffi- mation in PMN and similar oxides. The
cients and electric impedance are ordering of magnesium and niobium
tuned with electric field, and mechani- ions in the octahedral site of the Ptl
cal damping, resonant frequency, and structure results in a chemically inho-
acoustic impedance with stress bias. mogeneous structure on a nanometer

scale, and this, in turn, influences the
XVIL Origins of Nonlinrmdty size of the polarization fluctuations.

What do nonlinear materials have in Tightly coupled dipoles within each
common? The passively smart PTC niobium-rich portion of this self-assem-
thermistor and ZnO varistor have grain bling nanocomposite behave like a
boundaries a few nanometers thick, superparaelectric solid. The dipoles are
insulating barriers that can be ob- strongly coupled to one another but
literated by the polarization charge ac- not to the crystal lattice, and thus they
companying a ferroelectric phase reorient together under the influence
transformation, or, in the case of the of temperature of electric field. This
varistor, insulating boundaries so thin in turn causes the large electric per-
that they can be penetrated by quan- mittivities and large electrostrictive
tum mechanical tunneling, effects found in relaxor ferroelectrics.

Small size is also a key factor in the The importance of nanometer-scale
nonlinear behavior of semiconductors. fluctuations and the instabilities asso-
The thin gate region in a transistor ciated with phase transformations is
allows charge carriers to diffuse
through unimpeded. The p region in an
n-p--n transistor is thin compared with
the electron diffusion length in single-t 12
crystal silicon. Similar size-related
phenomena are observed in quantum
well structures made from GaAs and 10
Ga,_,AIAs, where planar structures --
with nanometer-thick layers show -

channeling behavior of hot electrons in (19 rAN -n PT
clear violation of Ohm's law I-V rela- Pb("'.J 0 3 rJbhObTiOl)0 3

tionships are highly nonlinear in many
submicrometer semiconductor struc-
tures. Ohm's la is a statistical law ,
which relies upon the assumption that
the charge carriers make a sufficiently , I q n pC:- - ,'---rr- rh(7 : T .03
large number of collisions to enable all 3 v/ r :
them to reach a terminal velocity char-
acteristic of the material. When the
size of the conduction is sufficiently 10 '0 10 20
small, compared with the mean free Electnc ield (kV/cm)
path btween collisions, the statistical "
assumption breaks down, and Ohm's Fig. 14 Strains developed in lead magnesium niobate (PMN) ce-
law is violated. ramics. Electromechanical cotling coefficient of PMN can be

Nonlinear behavior is also observed tuned over a wide range with a direct current bias field.3
in thin-film insulators where even a
modest voltage of 1 to 10 V can result
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also apparent in the nonlinear elasticity by Corning. Inc. (Corning, NY). ro-
of rubber and other polymeric ma- searchers in 196 4 .3 This glass darkens
terials. The thermally assisted move- when exposed to sunlight, then reverts
ment of the randomly oriented polymer to the transparent state indoors. The
chains under tensional stress results in effect is accomplished by incorporat-
large compliance coefficients, but rub- ing very fine crystallites of silver
ber gradually stiffens as the chains chloride into an appropriate glass
align with the stress into pseudocrys- composition. The incident ultraviolet
talline regions. The increase in stiff- radiation causes reduction of Ag to
ness with stress gives rise to sizeable Ag0. resulting in trapped electrons and
third-order elastic constants in many holes. The Ago atoms cluster together,
amorphous polymers. The effect de- blocking the incident light and causing
pends markedly on temperature. On the darkening effect when the ultravio-
cooling to lower temperatures, rubber let radiation is removed, the Ago re-
and other amorphous polymers trans- verts to Ag*, an energetically favorable
form from a compliant rubberlike ma- reaction in the absence of the radia-
terial to a brittle glasslike phase which tion. The clusters then disperse and
is of little use in nonlinear devices, fading occurs.'

Nonlinear behavior is also observed In summary, the nonlinear properties
in magnetic and optical systems. of electroceramics are often associ-
Superparamagnetic behavior, analo- ated with nanometer-scale structure
gous to the superparaelectric behavior and diffuse phase transformations.
of relaxor ferroelectrics, is found in Under these circumstances the struc-
spin glasses, fine powder magnets, ture is poised on the verge of an insta-
and magnetic cluster materials. As in bility and responds readily to external
PMN, the magnetic dipoles are strongly influences such as electric or magnetic
coupled to one another in nanometer- fields, or mechanical stress.
sized complexes, but are not strongly The ready response of nonlinear ce-
coupled to the lattice. Superparamag- ramics allows the properties to be
netic solids display nonlinear magnetic tuned in space or time to optimize
susceptibilities and unusual AE effects the behavior of the sensor-actuator
in which Young's modulus (E) can be systems.
controlled by a magnetic field. The ef-
fect is especially large in metallic XVIIl. Smart Electroceramic
glasses made from Fe-Si-B-C alloys. Packages
The cluster size in spin glasses is in Up to this point, our discussion has
the nanometer range similar to those focused primarily on piezoelectric
in PMN. transducers in which the sensing and

PLZT perovskites can be prepared actuating functions are electrome-
as transparent ceramics for electro- chanical in nature. But the idea of a
optic modulators. Quadratic nonlinear smart material is much more general
optic behavior is observed in pseudo- than that. There are many types of
cubic regions of the phase diagram sensors and many types of actuators,
which show relaxor-IlKe properties. and many different feedback circuits.

A well-known example of a commer- A few of the possible combinations are
cial application of nonlinear behavior is shown in Fig. 15.
the photochromic glass used in oph- Many of these sensors and actua-
thalnic lenses for protecting the eyes tors can be fabricated in the form of
from ultraviolet radiation, discovered multilayer ceramic packages. Until re-

cently multilayer packages consisted
of low-permittivity dielectric layers with

I metal circuitry printed on each layer
Acoustic wave and interconnected through metallized
Chemical concentration via holes between layers. Buried ca-

E Light pulse pacitors and resistors have now beennMicrowave signal
TerMiperature change [> F added to the three-dimensional pack-
Nuclear radation e ages, and other components will followI shortly. Smart sensors, adaptive actua-

0 b tors, and display panels, with thermis-
a tors and varistors to guard against

M Mechanical motion c current and voltage overloads, are next
Fluid flow I k in line for development.3M
Magnetic fieldChemical nio XIX. Chemical Sensors

Electric current i

color change The electrochemical response to a
cnange in environment is another
material characteristic which, when

Fi15 Scheatic of some possibilities for smart electroceramic properly interpreted, can elevate the
packages. Smart devimcs bring together a number ol sensor-actue- material to those of other smart ma-
tor combinations. terials. One of the smartest and most

durable sensors in the human body
is the nose, which can easily detect
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minute amounts of foreign substances process since it is intimately connected
and, by feeding this information to the to the sensing mechanism. This is a
brain, determine the identity of the un- perfect example of self-recovery in a
seen substance, even in a mixture of smart sensor.
components. Although the need for ar- Semiconducting metal oxides, par-
tificial human noses is hardly pressing, ticularly SnO2 , are known to undergo a
the need to identify the presence of remarkable decrease in electrical
potentially harmful or toxic substances resistivity in the presence of certain
is a real one, especially in this age of chemical species, usually those asso-
environmental awareness. ciated with oxygen deficiencies or ex-

A chemical sensor may be loosely cess electrons at the surface. Often,
defined as any material (or system) merely knowing exactly what to look
which responds to a change in its for is all that is necessary to develop
chemical environment. The important a smart sensor from a semiconduct-
characteristics of a sensor are its ing oxide.
sensitivity (ability to detect species A good example of this type of
present in small quantities), selectivity thinking is the so-called sushi sensor,
(ability to distinguish between two designed to monitor the freshness
similar chemical species), specificity of fish. The basic component of fish
(ability to measure the same unique flesh is adenosine triphosphate (ATP),
property for any species), and repro- which decomposes into inosine and
ducibility (ability to obtain high accu- hypoxanthine when the fish dies. The
racy consistently and repeatedly). The percentage of these decomposition
development of useful solid-state products in ATP is expressed by a
chemical sensors is a great challenge freshness factor K. K values can be
to materials scientists. A particularly obtained by quantitative analysis of
attractive material property to monitor the decomposition process, but this
for chemical sensors is the electri- requires considerable effort and time.
cal conductivity because of the tre- Instead, the gaseous components of
mendous scale associated with this the decomposition reaction, trimethyl-
property: more than 24 orders of mag- amine (TMA) and dimethylamine (DMA)
nitude (excluding superconductors) can be monitored by a solid-state
separate the best insulators (inert poly- ruthenium-doped TiO2 sensor,3 pic-
mers, quartz) from the best conduc- tured in Fig. 16(A). Ruthenium aids in
tors (metals-silver, copper, and gold). catalyzing the decomposition of DMA

In chemical sensors, the ability of and TMA gases, as well as acting as
the sensor to lid itself of the contami- an electron acceptor in the space
nation after exposure is a common charge region at the surface of the
problem-as a result, many must be semiconductor. The resistance of the
considered disposable, one-time-use sensor, R, can then be related directly
devices. For example, humidity detec- to the K value, as shown graphically in
tion by porous ZnO is'a well-known Fig. 16(B).
phenomena, but the self-recovery Conductive polymers can be quite
mechanism in ZnO is quite poor. The smart as well. Poly(pyrrole) and
resistance of a ZnO sensor decreases poly(vinylpyridine) change conductivity
with water adsorption, but removal of by absorbing and dissociating certain
the water is very slow at room tem- organics, which results in high ionic
perature. Thus the measured resistivity conductivity.
may not indicate the correct humidity Conducting composites, consisting
level because of the large hysteresis of an inert conductive filler in an insu-
observed in the humidity-resistivity lating polymer matrix, may be used as
characteristic. To obtain accurate re- chemical sensors as well.-m If in the ini-
suits, the ZnO sensor must be regener-
ated to reactivate the absorption sites.

A somewhat smarter humidity sen--_________
sor with a self-recovery mechanism 10
has been developed from a two-phase Alumina
composite of a p-type semiconductor Heater tube

(e.g., CuO, NiO) and an n-type semi- -o9l-
conductor (ZnO). The amount of water 0-Gold .7ctrodes

adsorption near the p-n heterocontact 40 ,
changes with humidity, and electron
holes are ejected from the po-type 20-
semiconductor into the adsorbed water
molecules, giving rise to protons in the 0 o- 7

water phase. The positive charge is lib- 0 10 2o 3D
erated at the n-type surface, and, as a Sensor material Fish storage time (h)
consequence, the water is electrolyzed.
Consequently, during the I-V measure- Fig. 16 Fish freshness sensor, showing (A) a diagram of the device and (B) the response of
ments the regeneration process is ini- the sensor element.a
tiated by the applied voltage, and
continues to work during the sensing
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tial state a polymer is loaded with con- XX. Futum Do@v Wmt
ductive filler beyond the percolation Integration and miniaturization of
threshold, it will have a low resistivity electroceramic sensors and actuators
close to that of the pure filler material, is an ongoing process in the automo-
All polymers will expend in the pres- tive and consumer electronics areas.
ence of the proper chemical solvent; Multilayer packages containing signal-
thus, it the correct polymer is chosen processing layers made up of low-per-
for the matrix, the conductor-loaded mittivity dielectrics and printed metal
polymer will expand in the presence of interconnections are in widespread
a given chemical vapor, disrupting per- production. Further integration with
colation and increasing the resistance embedded resistors and capacitors
to the level of the pure polymer (see are under development, and its seems
Fig. 17). likely that intelligent systems will make

The large number of available poly- use of the same processing technol-
mers with a wide range of solubilities ogy Tape casting and screen printing
in different solvents made this an open- are used most often. Varistors, chemi-
ended field for the discovery of new, cal sensors, thermistors, and piezoelec-
selective chemical sensors. Correct tric transducers can all be fabricated
choice of the conductive filler material in this way, opening up the possibility
increases the sensitivity while reducing of multicomponent, multifunction ce-
the power consumption, making it ramics with both sensor and actuator
possible to develop compact battery- capabilities. Silicon chips can be
operated sensors for applications such mounted on these multifunctional
as alcohol "breathalyzer" sensors, leak packages to provide all or part of the
detectors for fuel storage tanks, and control network. Processing is a major
natural-gas leak detectors for the home. challenge because of the high firing

The next level of integration for com- temperatures of most ceramics, typi-
posite sensors is not difficult to imag- cally in the range 8000 to 1500°C. Dif-
ine: it is the combination of chemically ferences in densification shrinkage and

active filler (e.g., SnO2) and/or a chemi- thermal contraction, with adverse
cally active polymer (e.g., poly(pyrrole)) chemical reactions between the electro-
into a conductive composite which can ceramic phases, create formidable
change resistivity by either an intrinsic problems. Nevertheless, the rewards for
filler reaction, an intrinsic change in the such an achievement are substantial.
polymer, or an extrinsic change due to An all-ceramic, multifunction package
percolation disruption upon swelling, would be small, robust, inexpensive,
Combining the sensor with an actuator and sufficiently refractory to withstand
circuit (i.e., on a silicon chip) would elevated temperatures.
produce a self-contained, smart sensor Electrodes are both a problem and a
package. Actuation might involve re- challenge. At present, precious metals
moving spoiled food from a conveyor such as palladium and platinum are
belt, or perhaps identifying the pres- used in multilayer ceramic compo-
ence of a noxious gas with a color nents, greatly adding to the cost of the
change or an alarm buzzer. As with device. Copper and nickel electrodes
most smart materials, none of these require that the ceramic be fired in a
ideas are especially new: it is only the reducing atmosphere, which may re-
idea of incorporating these functions duce the electroceramic layers and ad-
inside the material that is new. versely affect the electrical properties.

Copper and silver have high electrical
conductivity but the melting points
(-1000C) require lower firing tempera-

Unswollen Swollen tures and make it necessary to alter
swA the ceramic compositions and fabrica-

tion procedures. Some headway has
been made on this problem, but further
work is needed. One interesting ap-
proach to the problem is ceramic elec-
trodes. There are a number of ceramic
phases with excellent conductivity
which could be used, including the
copper oxide superconductors. In actu-
ator devices, there are some special
advantages in having electrodes and1000 108 , --- piezoceramics with matched elastic

Conductive Polymer properties. U
filler Composites are another approach to

making sensor-actuator combinations.
Fig. 17, Schematic at composite chemical sensor response. These can be formed at lower tempera-

tures using low-firing ceramics and I
high-temperature polymers such as l
polyimides. Sol-gel and chemical
precipitation methods are helpful in
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TUNABLE TRANSDUCERS:
NONLINEAR PHENOMENA IN ELECTROCERAMICS

Robert E. Newnham
Materials Research Laboratory
Pennsylvania State UniversityI University Park, PA 1602

ABSTRACT

The concept of a fully tunable transducer is developed as an example of a
very smart 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
applying DC bias fields or mechanical prestress. These properties include
resonant frequency, acoustic and electric impedance, damping factors, and
electromechanical coupling coefficients.

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

INTRODUCTION

Much of the recent interest in nonlinear phenomena stems from the desire
to build "smart materials" for intelligent systems. The words "smart materials"
have different meanings for different people, and can be smart in either a passive
sense or an active sense. Passively smart materials incorporate self-repair
mechanisms or stand-by phenomena which enable the naterial to withstand
sudden changes in the surroundings.

Ceramic varistors and PTC thermistors are passively smart materials.
When struck by lightning or otherwise subjected to high voltage, a zinc oxide
varistor loses its electrical resistance and the current is 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

I the ferroelectric phase transformation near 130*C. The jump in resistance enables
the thermistor to arrest current surges, again acting as a protection element. The

3
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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 in a passive mode.

A smart ceramic can also be defined with reference to sensing and
actuating functions, in analogy to the human body. A smart ceramic senses a
change in the environment, and using a feedback system. makes a useful
response. It is both a sensor and an acutator. Examples include vibration
damping systems for space structures and energy-saving windows for homes and
factories. The new electronically-controlled automobile suspension systems
using piezoelectric ceramic sensors and actuators constitutes an actively smart
material.

By building in a learning function, the definition can be extended to a
higher level of intelligence: A very smart ceraijic senses a change in the
environment and responds by changing one or more of its property coefficients.
Such a material can tune its sensor and actuator functions in time and space to
optimize behavior. The distinction between smart and very smart materials is
essentially one 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 illustrate the concept of a very smart material, we describe the tunable
transducer recently developed in our laboratory. Electromechanical transducers
are used as fish finders, gas igniters, ink jets, micropositioners, biomedical
scanners, piezoelectric transformers and filters, accelerometers, and motors.

Four important properties of a transducer are the resonant frequency f, the
acoustic impedance ZA, the mechanical damping coefficient Q, the
electromechanical coupling factor k, and the electrical impedance ZE. The
resonant frequency and acoustic impedance are controlled by the elastic constants
and density, as discussed in the next section. The mechanical Q is governed by
the damping coefficient (tan 8) and is important because it controls "ringing" in
the transducer. Electromechanical coupling coefficients are controlled by the
piezoelectric 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

Informaticn is transmitted on electromagnetic waves in two ways:
ainplitude modulation (AM) and frequency modulation (FM). There are a number
of advantages to FM signal processing, especially where lower noise levels are
important.
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Signal-to-noise ratios are also important in the ultrasonic systems used in
biomedical and nondestructive testing systems, but FM-modulation is difficult
because resonant frequencies are controlled by stiffness (c) and sample
dimensions (t):

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
transducer, we have designed and built a composite transducer incorporating thinrubber layers exhibiting nonlinear elasticity.

IRubber is a highly nonlinear elastic medium. In the unstressed
compliant state, the molecules are coiled 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 = I/sll I 1) 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 2 , the stiffness is quadrupled from about 600
to 2400 MN/m 2 . The resonant frequency f is therefore double, and can be
modulated by applied stress.

Rubber, like most elastomers, is not piezoelectric. To take advantage of
the elastic nonlinearity, it is therefore necessary to construct a composite
transducer consisting of a piezoelectric 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 nonlinearity. At the same time the mechanical Q
increases from about 11 to 34 as the rubber stiffens under stress.

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 tail masses. Under low stress bias, the
rubber is very compliant and effectively isolates the .ZT transducer from the head
and tail 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
biosonar system of the flying bat is similar in frequency and tunability to our
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tunable transducer. The bat emits chirps at 30 kilz and listens for the return
signal to locate flying insects. 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. Return signals from the insect 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 its prey. Extension of the bat
biosonar principle to automotive, industrial, medical and entertainment systems is
obvious.

PIEZOELECTRIC NONLINEARITY: TUNING THE
ELECTROMECHANICAL COUPLING COEFFICIENT

The difference between a smart and a very smart material can be
illustrated with piezoelectric and electrostrictive ceramics. PZT (lead zirconate
titanate) is a piezoelectric 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 magnesium niobate) is not piezoelectric at room temperature
because its Curie temperature lies near OC. 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, will be described later.

Electromechanical strains comparable to PZT can be obtained with
electrostrictive ceramics like PMN, and without the troubling hysteretic behavior
shown by PZT under high fields. The nonlinear relation between strain and
electric field in electrostrictive transducers can be used to tune the piezoelectric
coefficient and the dielectric constant.

The piezoelectric d33 coefficient is the slope of the strain-electric field
curve when strain is measured in the same direction as the applied field. Its value
for Pb (MgO. 3Nbo. 6Tio 1) 03 ceramics is zero at zero field and increases to a
maximum value of 1300 pC/N (about three times hlger than PZT) under a bias
field of 3.7 kV/cm.

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 in the capacitance. In this way the
electrical impedance can be controlled as well.

I
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Electrostrictive transducers have already been used in a number of
applications including adaptive optic systems, scanning tunneling microscopes,
and precision micropositioners.

To summarize, two types of nonlinearity are utilized in the fully tunable
transducer: elastic nonlinearity and piezoelectric nonlinearity. By incorporating
thin rubber layers in an electrostrictive transducer several important properties can
be optimized with bias fields and bias stresses. Electromechanical coupling
coefficients and electric impedance are tuned with electric field, and mechanical
damping, resonant frequency, and acoustic impedance with stress bias.

RELAXOR FERROELECTRICS

In the three remaining sections we consider the atomistic origin of
nonlinear behavior in ceramics. The magnesium - niobium distribution in PMN
ceramics have been studied by transmission electron microscopy. Images formed
from superlattice reflections show that the size of the regions with 1:1 ordering is
approximately 3 nm (=30A). The ordered regions are small islands separated by
narrow walls of niobium - rich PMN.

A simple energy argument explains the scale of the ordered regions.
The chemical formula of PMN can be divided into 1:1 ordered regions with
niobium-rich coatings as follows:

Pb3MgNb2 0 9 = (Pb2MgNbO 6)- + (PbNbO3)+

assuming all ions have their usual valence states, the ordered regions will be
negatively charged and the coatings positive. The ordering must therefore be on a
very fine scale in order to minimize coulomb energy.

A cubes model is adopted to estimate the size of ordered islands. Let
each island be a cube n unit cells on edge. Then there will be n3/2 Mg atoms and
n3/2 Nb atoms within the island. This means that n3/2 Nb atoms are excluded
from the island because the Mg:Nb ration is 1:1 in the ordered island and 1:2 in
the chemical formula. We assume the excluded niobiums form a thin monolayer
coating on the cubes then n3/2 = 3n 2, where 3n 2 is the number of surface atoms
per cube, neglecting edges and corners. By keeping the coating as thin as
possible, charge is neutralized on a local scale, and electrostatic energy is
minimized.

Solving the equation gives n=6, or 24A, surprisingly close to the 30A
observed by TEM. It is also interesting to compare this result with the behavior
observed of small ferroelectric particles. X-ray studies of very fine-grained
PbTiO3 show that the polar tetragonal phase becomes unstable below about
200A, the so-called ferroelectric - superparaelectric transformation. Relaxor
ferroelectrics like PMN exhibit many of the characteristics of superparaelectric
solids where the dipole moments are strongly coupled to one another, but not to a
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crystallographic axis. The coupled electric dipoles oscillate in orientation and
respond readily to applied fields giving rise to large dielectric constants and
massive electrostriction coefficients.

SEVEN MISCONCEPTIONS ABOUT ELECTROSTRICTION

Perhaps the best way to describe the basic features of nonlinear physical
properties is to first dispel some of the common misconceptions. Some of the
key ideas are described in this section using electrostriction as an example.

Misconception #1: Electrostrictive strain is proportional to the square of the
electric field.

When an electric field E is applied to an insulator it develops a polarization
P and a strain F. In tensor notation the strain can be written as a power series in E
or in P.

(1) .j = dijkEk + Mijkl EkEI + ....

(2) eij = dijkPk + Qijkl PkPI + ....

The first term in both equations represents piezoelectricity, the second
electrostriction. Piezoelectricity is a third rank tensor property found only in
noncentrosymmetric materials. It is absent in most ceramic materials, but
electrostriction is not. The electrostriction coefficients Miiid or ijkld constitute a
fourth rank tensor which, like the elastic constants, are found in all materials,
regardless of symmetry. In the discussion which follows, we deal with
centrosymmetric media for which the piezoelectric coefficients are zero.

Returning to equations (1) and (2), which of these equations is the correct
way to describe electrostriction, or can both be used? For normal low permittivity
materials, the polarization P is proportional to the applied electric field E, and
therefore both expressions are correct, but for high permittivity solids only one is
correct. Under high fields, the polarization saturates in high permittivity
materials, especially in ferroelectric ceramics just above Tc, the Curie temperature.
In capacitor dielectrics, it is not unusual to observe a decrease in dielectric
constant of 100% under high electric fields. In this situation P is not proportional
to E, and therefore electrostrictive strain cannot be proportional to both E2 and P2.

When strain is plotted as a function of electric field for PMN-PT, a
typical electrostrictive transducer ceramic, it is not proportional to E2 except for
small fields where the shape is parabolic. When plotted as function P2, a straight
line is obtained for the e(P2) relationship. Therefore the correct way to formulate
electrostriction is
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(3) e= QijklPkPI (ij, k, 1 = 1,2,3)

The Mijkl coefficients in eq. (1) are not good constants except in linear dielectrics.

It is instructive to convert the fourth rank tensor coefficients to the more
manageable matrix form

(4) e = QijPj2  (ij = 1-6)

When written out in full for cubic point group m3m, this becomes

El Q11 Q12 Q12 0 0 0 p1
2

E2 Q12 Q11 QI20 0 0 p2
2

(5) E3 Q12 Q12 QII 0 0 0 p 3
2

0 0 0 Q44 0 0 P2P3

C5 0 0 0 0 Q44 0 P3P1

0 0 0 0 0 Q441 PIP2

In this expression e1, e2 and e3 represent tensile strains along the [100], [010],
and [001] axes, respectively. r4, E5 and e6 are shear strains about the same three
axes.

To understand the structure-property relationship underlying
electrostriction, it is helpful to visualize the atomistic meaning of coefficients Q 11,
Q12, and Q44. The high temperature structure of PbTiO 3 is pictured in Fig. 1 a.
Lead ions are located at the comers of the cubic unit cell, titanium ions at the
body-centered position, and oxygens at the face-center positions.

When an electric field is applied along [100], polarization component PI
develops along the same axis. This in turn causes the unit cell to elongate by an
amount Aa, and the resulting tensile strain is el - Aa/a. Electrostrictive

coefficient QI1 is equal to EI/Pl 2 . The drawing ip Fig. lb makes it clear why
electrostrictive strain is proportional to electric polarization rather than electric
field. Polarization and strain are both controlled by atomic displacement.

The atonistic meaning Of Q12 and Q44 are pictured in figs. I c and I d,

respectively.

I
I



Pb 0 '-~--
ItP

CUBIC % 2. 0,P

PEROVSKITE CL~:~
(a) (b)

jmAO. -

(c) (d M

Fig. 1 Electrostriction in cubic pervoskite showing the physical origin of
coefficients Qi , Q12, and Q44.!

46



Misconception #2. Large voltages are required to observe electrostriction.

This misconception arises from the fact that historically, the first
electroceramics were high voltage insulators made from low permittivity oxides
such as porcelain, glass, steatite, and alumina. To prevent breakdown, the
insulators were fabricated in large sizes, typically with 1-10 cm separation
between electrodes. Under these conditions the voltages required to induce
measurable electrostriction are huge, but the picture has changed in the last
decade.

Two factors have made the difference: sma'ler electrode separation and
higher permittivity. The introduction of thin and thick film technology, together
with tape-casting, has reduced the thickness of the dielectric constants to less than
50 gtm with corresponding increases in the electric field levels. Fields of
megavolts/meter are common under these circumstances. At the same time, new
ferroelectric ceramics with dielectric constants in excess of 10,000 have raised the
polarization levels to new heights, further contributing to electrostriction strain.
As a result, strains of 10-3 to 10-2 are observed with relatively modest voltages.

Misconception #3 Electrostriction coefficients are about the same size for all
materials.

Misconception #4 Electrostriction coefficients are largest in ferroelectric solids
with high dielectric constants.

Q I I coefficients measured for normal oxides are several orders of
magnitude or more larger than those of ferroelectrics.

QI I (m4/C2)
Silica +12.8
Barium Titanate +0.11
Lead Magnesium Niobate +0.009

Misconception #5 Materials with large electrostrictive coefficients produce the
biggest strains.

The Q coefficients are largest for non-ferroelectrics but relaxor
ferroelectrics like PMN have the largest strains. The following table lists typical
values of the electrostriction coefficients Q, the dielectric constant K, and
electrostrictive strain E computed for a field of I MV/m.

Q K
non-ferroelectric -10 -10 -10-7

normal ferroelectric -10-1 -103 -10-5
relaxor fenroelectric 10-2 -104 -10 4
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Note that the product QK-100 m4/C2 is approximately a constant for all
three classes. To see why this is so, consider the following argument based on
the atomistic models in Fig 1.

Under the action of an applied electric field, the cations and anions in a
crystal structure are displaced in opposite directions by an amount Ar. It is this
displacement which is responsible for electric polarization (P), the dielectric
constant K, and the electrostrictive strain e. To a first approximation, all three are
proportional to Ar. The electrostriction coefficient 0 is therefore proportional to
l/K:

0 =E (Ar) - 1
F? (Ar) 2  Ar K

This means then, that QK is approximately constant, as indicated earlier.
Materials with high permittivity have small electrostriction coefficients but large
electrostrictive strain.

Misconception #6. Unlike piezoelectricity there is no converse electrostriction
effect.

In the direct piezoelectric effect an applied mechanical stress crkl produces
an electric polarization Pi = dijk Okl. The converse effect relates mechanical
strain to applied electric field, eij = dij Ek. The piezoelectric coefficients dijk are
identical in the direct and converse effect because both originate from the same
term in the fill energy function:

F =... . + dijk Pi Gjk + .. I

Electrostriction and its converse effects arise from the free energy term

F = . . .. + (2ijkl Pi Pj Oki + ....-

Taking the partial derivatives in different order leads to three equivalent
effects. The first is the normal electrostriction effect, the variation of strain with
polarization:

P d. a P dl. ijkI

The second is the stress dependence of the dielectric stiffness Oij, better known as
the reciprocal electric susceptibility:
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The third effect is the polarization dependence of the piezoelectric voltage
coefficient gjkl:

a.f dR j jk

Thus there are wg converse effects for electrostriction, and there are three ways
of evaluating the electrostrictive coefficients.

The three effects are used in three different applications: (1) the
electrostrictive micropositioner, (2) a capacitive stress gauge, and (3) a field-
tunable piezoelectric transducer.

Misconception #7 Thermal expansion effects make electrostrictive
micropositoners and stress gauges impractical.

This is true for normal oxide insulators but not for relaxor ferroelectrics.
For a normal oxide such as silica, the electrostrictive coefficient Q-10m2/C2 , the
dielectric constant K-10, and the thermal expansion coefficient a-10 5 K-1 . For
such a material the strain produced by an electric field of 1 MV/m is about 10-7 ,

which is equivalent to a temperature change of only 10-2 degrees. This would
pose severe problems in an actuator or micropositioner, but the situation is quite
different for a ferroelectric.

For PMN, Q - 10-2, K - 104 and a - 10-6 K - 1. Therefore the
electrostrictive strain for a field of 1 MN/m is about 10-3 which is equivalent to a
temperature rise of 10000! Relaxor ferroelectrics sometimes have an abnormally
low thermal expansion coefficient near the diffuse phase transformation where the
dielectric constant and the electrostrictive strain are unusually large.
Micropositioners made from ferroelectric ceramics are not troubled by small
variations in temperature.

ORIGINS OF NONLINEARITY

What do nonlinear materials have in common? The passively-smart PTC
thermistor and ZnO varistor have grain boundaries a few nm thick, insulating
barriers that can be obliterated by the polarization charge accompanying a
ferroelectric phase transformation, or, in the case of the varistor, insulating
boundaries so thin they can be penetrated by quantum mechanical tunneling.
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Small size is also key factor in the nonlinear behavior of semiconductors.
The thin gate region in a transistor allows charge carriers to diffuse through
unimpeded. The p-region in an n-p-n transistor is thin compared to the diffusion
length in single crystal silicon. Similar size-related phenomena are observed in
quantum well structures made from GaAs and Gal.xAlxAs. Planar structures
with nm-thick layers show channeling behavior of hot electrons in clear violation
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 is sufficiently small, compared to the mean free
path between collisions, the statistical assumption I reaks down, and Ohm's law
is violated.

Nonlinear behavior is also observed 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 insulators, 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 film dielectric are extremely close together, thereby eliminating
the asperities that lead to field concentration and breakdown.

The influence of nanometer-scale domains on the properties of relaxor
ferroelectrics has already been made plain. Here the critical size parameter is the
size of the polarization fluctuations arising from thermal motions near the brood
ferroelectric phase transformation in PMN and similar oxides. The ordering of
Mg and Nb ions in the octahedral site of the PMN structure results in a chemical
inhomogeneous structure on a nm-scale, and this, i, turn, influences the size of
the polarization fluctuations. Tightly coupled dipole. within each Nb-rich portion
of this self-assembling nanocomposite behave like a superparaelectric solid. The
dipoles are strongly coupled to one another but not to the crystal lattice, and thus
they reorient together under the influence of temperature or electric field. this in
turn causes the large electric permittivities and large electrostrictive effects found
in relaxor ferroelectrics.

The importance of nanometer-scale fluctuations and the instabilities
associated with phase transformations is also apparent in the nonlinear elasticity
of rubber and other polymeric materials. The thermally-assisted movement of the
randomly oriented polymer chains under tensional stress results in large
compliance coefficients, but rubber gradually stiffens as the chains align with the
stress into pseudo-crystalline regions. The increase in stiffness 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 is of little use in nonlinear devices.
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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 susceptibilities 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 glasses is in the nanometer range like those in
PMN.

Lead lanthanum zirconate titanate (PLZI) 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 electroceramics are often
associated with nanometer-scale structure and diffuse phase transformations.
Under these circumstances the structure is poised t n the verge of an instability
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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DISCUSSION

P. Davies: Concerning the relaxor ferroelectric with cation ordering in the nanodomains,
the charge imbalance between the ordered and disordered regions bothers me a little bit.
Are we sure there are no oxygen deficiencies in these domains? Why are the ordered
domains stable?

R. Newnham: Well, that's a good question. If you examine various ordered
configurations, say by model-building, you find the one-to-one pattern goes together very
nicely because there are six unit cells around each perovskite unit cell, making it easy to
pair things off. If you try, two-to-one ordering corresponding to the overall composition,
you find it is necessary to position niobium ions in neighboring octahedral sites. This
violates Paulings electrostatic valence rule and leads to charge imbalance on the atomic
scale.

What I'm pointing out is that if you look at other possible ordering schemes there are
problems with them, too, so it comes down to which is least unfavorable.

P. Davies: Are we sure there are no oxygen deficiencies in the domains?

R. Newnham: Well, I'll let Prof. Smyth comment on that, but I can tell you that these
relaxors are excellent insulators which will withstand very high voltages, and I think if
there were a lot of oxygen vacancies which were present we would be seeing conduction
and degradation phenomena which are not observed.

D. Smyth: Well, that's a question of continuity. You might have some motion within
the domain, but whether it would transport throughout the entire system, I don't know.
I don't think we have any direct evidence on that because it is difficult to probe these
very small areas.

D. Kolar: What is the effect of grain size?

R. Newnhiam: The samples we have prepared have normal grain sizes on the micron
scale. There have been studies of small grain sizes in ferroelectric ceramics and studies
of nanocomposite materials showing transitions from the multidomain regime, to single
domain, and to the superparaelectric regime. You have to ask in what temperature range
and in which size regime are you operating. In the high temperature regime, the
electrostrictive material behaves like a normal paraelectric, then on cooling, there is a
broad diffuse phase region with relaxor phenomena, and then at low temperatures it is a
normal ferroelectric with normal domain structure. Then PMN behaves pretty much like
other ferroelectrics, but it is this broad diffuse range which comes about because of
nanometer scale structure, and which we think is analogous to similar phenomena
observed when ferroelectrics are prepared in very small particle sizes. This is what is
often called superparaelectricity with very large dielectric constants and very large
electrostrictive effects.
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ABSTRACT

The piezoelectric and electrostrictive effects in ferroelectric ceramics are reviewed with an
emphasis on those properties that are relevant for applications in actuators. Various
contributions to the piezoelectric effect in ferroelectric ceramics, especially lead zirconate
titanate ceramics, are discussed in some detail. Relaxor ferroelectrics such as lead magnesium
niobate are shown to be a unique family of materials with very attractive electrostrictive effects
as well as piezoelectric properties. Finally, several actuator systems that employ piezoelectric
end electrostrictive ceramics are briefly discussed.

INTRODUCTION

Piezoelectric and electrostrictive materials are a natural choice for precision displacement
transducers or actuators. They utilize the strain induced by an electric field, an external
parameter which can be easily controlled. Achievable strains are on the order of I0-4 -10- 3

for realizable fields (-H06 V/m). which for samples with dimensions on the order of I cm.
translates into 10 gm displacements. At the same time, the expected accuracy may be as good
as 0.01 gm. This, together with high speeds (I - 10 ts), low power requirements, relatively
hiuh generative forces and possibility of miniaturization makes electrostrictive and piezoelectric
actuators far superior to the conventional electromagnetic methods as well as to the newer
types of actuators that are controlled by temperature (shape memory effect) or magnetic field
(magnetostrictive effect) (22).

Formally, the relationship between the induced strain and electric field is simple, even in
highly anisotropic piezoelectric and electrostrictive materials. The coupling coefficients
(piezoelectric and electrostrictive coefficients), however, depend on the impurities present in
the material, on the preparation procedure, on the size and frequency of applied electric and
mechanical fields, on the temperature, and on aging time. Thus, a materials engineer has a
challenging task when designing a material which will deliver the reproducible displacements
required by the new generation of ultraprecise actuators. This paper deals with some of the
properties of piezoelectric and electrostrictive ceramics that are important in the successful
performance of an actuator assemblage.

FUNDAMENTAL RELATIONS

IPiezoelectric Effect
Piezoelectricity describes the first order (linear) coupling between dielectric and elastic

phenomena. For an anisotropic, homogeneous solid, under isothermal conditions and
neglecting the magnetic field effects, the components of the elastic strain tensor xij are given
by he following relation (16):

.Iij = S-ijkl Xk + dijk + higher order terms (1)

where Xk1 and Ek are the components of the stress tensor and the electric field vector,
respectively. The Aikj coefficients are the components of the elastic compliance' tensorImeasured at constant electric field. The components diik of the piezoelectric tensor define the
linear electromechanical coupling. In the first approximation, all the higher order terms in Eq.
(i) are considered to be negligible. If a static electric field is applied to a piezoelectric material

taisfetochange isshape. teoalsrsXiszero adEq. (1 eueox ij =d I j kEj.
The piezoelectric term thus relates the mechanical strain developed in a material as a
consequence of the electric field applied to the material. For this reason d is called the
piezoelectric strain coefficient and the effect is known as the converse piezoelectric effect.Alternatively, for a linear. anisotropic, homogeneous, polarizable solid the components of the
dielectric displacement vector D, are given by the relation:

I D, = dij k X/ + e'~j Ej + higher order telms (2)

where Lejj are the components of the dielectric permittivity tensor measured at constant
stress. As before, the higher order terms are neglected. If an elastic field (stress) is applied to
a piezoelectric material that is short-circuited. the total electric field across the material is zero.
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and Eq. (2) becomes D i = dijkXik. In this case, the piezoelectric term relates the charge
developed on the material's surfice upon application of stress. The d coefficient is now
called the piezoelectric charge coefficient and the corresponding electromechanical coupling is
known as the direct piezoelectric effect. It can be shown that the components of the
piezoelectric tensors for the direct and converse effects are equivalent. In matrix form one
can write dconverse = (ddirect) t where t denotes the transpose matrix.

The piezoelectric coupling between the elastic and dielectric parameters of a material can
be readily introduced using the thermodynamic approach. One can arbitrarily choose a set of
the independent variables in the appropriate thermodynamic potential to derive the so-called
constitutive piezoelectric equations. In addition to Eqs. (1) and (2). the other three sets of
constitutive equations are (3)

X= cEx -eE (3a)
D = ex + eE (3b)
X = cx - htD (4a)
E = -h/x + AXD (4b)
x =sDX +g D (5a)
E =-gX +IJXD (5b)

In these equations the indices for the tensorial components are dropped for simplicity. The
piezoelectric tensors e, g and h are respectively known as the stress (or charge), voltage (or
strain) and stress (or voltage) piezoelectric coefficients. c is the elastic stiffness tensor, and the
superscript denotes whether it is measured at constant field E or constant displacement D. PD
is the elastic compliance at constant electric displacement. The difference between the two
types of coefficients will be discussed in a subsequent section. ex is the dielectric permittivity
at constant strain. At and Ix are the dielectric impermittivities at constant strain and constant
stress, respectively. Matrices of the dielectric impermittivity tensors are defined as x = ()-I I
and OX= (X )I. Relationships between the four piezoelectric coefficients are as follows:

dijk = eilm$ sJnjk = jki (6a) I
e ijk = dijltc Imjk hIjexil (6b)
8ijk = di1j 'ji = hitmS lnjk (6C)
hjk = ej &fii, = gigmcD jf (6d)

The choice of which of Eqs. (I)- (5) is to be used in the particular problem depends on
the elastic and electric boundary conditions. Furthermore, the constitutive equations may be
derived for isothermal or adiabatic conditions. For nonpolar materials, the isothermal and
adiabatic coefficients are equal. For the polar materials ( pyroelectric and ferroelectric) the
difference between the isothermal and adiabatic coefficients is usually negligible (3).

Symmetry Arguments
Because of the symmetry of the stress and strain tensors the third rank tensor of the

piezoelectric coefficients diik (as well as e.g and h) is also symmetrical in indicesj and k. This
leaves only 18 independent piezoelectric coefficients. To convert the tensor coefficients to
matrix form. the pair of indicesjk is replaced with a single index m =1,2.3 if j=k and jj= 11.
22. or 33. respectively. If jck then jk = 23 or 32, 13 or 31 and 12 or 21 is replaced with n? =
4.5.6. respectively. In matrix notation (16). dj. are written as djj = dim when m = 1,2,3
and dIA = I/2di... when m = 4,5,6. Hence, the direct and converse piezoelectric effects may be
written in the following matrix form:

D i = dim, Xm (7a)
XmI = djim Ei  (7b)

where a corresponding reduction is made in the subscripts of the components of the stress and
strain tensors (16).



Neumann's principle states that the symmetry elements of a physical property of a crystal
must include the symmetry elements of the point group of the crystal (16). The principle can
be extended to include not only the 32 crystallographic point groups but also the Curie point
groups which contain the infinite symmetry axes (19). The most important consequence of
Neumann's principle is that certain physical properties may be absent in a material because of
its symmetry. Thus, in the eleven centrosymmetric point groups and in point group 432 all
the components of the piezoelectric tensor (and all odd-rank tensors) are equal to zero. The
remaining 20 point groups are potentially piezoelectric. Neumann's principle, however, gives
only necessary conditions for a material to exhibit the piezoelectric effect. Whether a material
that belongs to one of the piezoelectric point groups exhibits measureable piezoelectricity has to
be verified experimentally.

Of the 20 piezoelectric point groups, 10 are polar. These are 1, m, 2, mm2, 3, 3m, 4.
4mm, 6, and 6mm. Crystals that belong to these point groups possess spontaneous electrical
polarization Ps and exhibit a pyroelectric effect. If there is more than one equilibrium direction
along which the vector of the spontaneous polarization may be oriented the material is also
ferroelectric, provided that switching between states can be achieved by a realizable electric
field.

Among the polycrystalline materials only ferroelectric materials and polar glass ceramics
show piezoelectricity. The polycrystalline materials with a random orientation of grains
belong to the Curie point group ocom which has spherical symmetry (14). This point group
has a center of symmetry and all odd-rank tensor properties of polycrystalline materials with
random distribution of grains are equal to zero. In ferroelectric materials, however, a strong
electric field can permanently reverse the directions of the polarization vector Ps within many of
the domains inside each grain, leading to a nonzero macroscopic polarization. Polarized or
poled polycrystalline ferroelectric materials possess conical symmetry mam. This symmetry
has the same nonzero components of the dielectric, elastic and piezoelectric tensors as the point
group 6mm. Therefore, poled ferroelectric ceramics exhibit the piezoelectric effect. The
polycrystalline ferroelectric pit zoelectrics are by far the largest and the most important group of
the piezoelectric materials. Matrices for the elastic compliance s. the dielectric permittivity e,
and the piezoelectric coefficient d are given in Table I for poled ceramics.

Table I. Matrices of the elastic compliance s. dielectric permittivity E and piezoelectric
coefficient d for poled ceramic.
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Electrostrictive Effect
In the section on piezoelectricity the relationships between strain and electric field

(converse piezoelectricity) and between electric displacement and stress (direct piezoelectricity)
are developed assuming a linear dependence of strain on electric field and electric displacement
on stress. This assumption is valid only if the applied stress or electric field is small.
Otherwise, higher order terms in the expansion of the corresponding thermodynamic functions
must be taken into account (16). Thus, for a nonlinear solid one may write the following
expression for the total strain:

xjj = sE ijk Xk1 + dijkEk + MkjjEkE + higher order terms (8)

As before, the first term in Eq. (8) describes Hooke's law, the second term is the converse
piezoelectric effect and the third term is called the electrostrictive effect. The components Miiij
of the fourth rank tensor M are the electrostrictive coefficients and the corresponding matrix has
the same nonzero elements as that of the elastic compliance (see Table 1). For a zero stress (X
= 0) and neglecting the higher order terms, Eq. (8) reduces to (16):

xij = dkijEk + MkjijEkEj = (dki j + MkljE,)Ek (9),

The electrostrictive effect can therefore be classified as an electric-field dependent
contribution to the linear piezoelectric effect. In principle, however, the two effects are
separable because the piezoelectric effect is possible only in noncentrosymmetric materials.
Being described by an even rank tensor, the electrostrictive effect is not limited by symmetry
and is in fact present in all materials, even those that are amorphous. Hence. the
electrostrictive effect describes the nonlinear (second order or quadratic) dependence of the
strain on the applied electric field.

If the strain in Eq. (8) is expressed in terms of the components of the polarization vector
P. one obtains another commonly used set of electrostrictive coefficients Qijkt:

xi = glk-Xi Pk + QijUlPkP , gijn= Xk,,ex, Qijkl (10)

In addition to the direct electrostrictive effect, the second order coupling between stress and
polarization leads to a converse electrostrictive effect. The direct and converse effects are
thermodynamically equivalent. However. in materials with non-zero spontaneous polarization
there is an additional coupling term caused by the dependence of the dielectric permittivity on
the spontaneous polarization, which in turn is dependent on pressure. For this reason the
interpretation of the experimentally determined values of the electrostrictive coefficients in
ferroelectric materials is not always straightforward (24). Similarly, the equivalence between
the direct and converse piezoelectric coefficients as derived thermodynamically breaks down in
materials with non-zero spontaneous polarization (12.13). A unique piezoelectric tensor can
still be defined if there is an external surface charge compensation of the internal polarization.
In the absence of such charge compensation new piezoelectric relations ought to be used.

Electromechanical Coupling Factors
The constitutive piezoelectric equations (I - 5) show that the elastic or dielectric response

of a piezoelectric material depends not only on its piezoelectric properties but also on its elastic
and dielectric parameters. Therefore, a figure of merit of a piezoelectric material must include
its elastic, dielectric and piezoelectric coefficients and at the same time should be independent of
external forces. Clearly such a figure of merit or, as it is most often called, a coupling factor.
is not uniquely defined. Berlincourt et al. (3) define the piezoelectric coupling factor as " the
ratio of the mutual elastic and dielectric energy density to the geometric mean of the elastic and
dielectric self-energy density." For a linear system the internal energy is given by:

U = /2 (xM X M + DE) (I)

which together with Eq. (1) gives



U = 1/2 (Xmsmn Xn + Xmdmi E + Eidim Xm + EaEij Ej)
=Ue +2Um +Ud (12)

where Ue is elastic contribution to the internal energy, Ud is dielectric and Um is the mutual
or coupled contribution to the internal energy U. According to this definition, the
electromechanical coupling factor k is given by the absolute value of the following expression:

k = Uml/(UCUd )I (13)

Each term in Eq. (11) involves generally a summation over six stress and three electric field
components. Eqs. (11) and (13) depend on the constitutive piezoelectric relationships used.
i.e. they depend on boundary conditions of the particular problem.

For a one-dimensional ceramic bar (point group oem) with electric field perpendicular to
its length. Eq. (11) becomes

U = /2 (Xj2sE,,) + E3 Xjd 31 + 1/2 (eX33 E3
2) (14)

and the corresponding coupling factor is

k31 = d31/ (CX 33sE,,)l12 (15)

For a ceramic bar with electric field along its length the coupling factor is

k33 = d33/ (eX33sE33 )l/2 (16)

Similarly, coupling factors can be obtained for other configurations of stress and electric field
or any other set of independent variables and for all piezoelectric point groups.

As defined by Eq. (13). coupling factors are. however, meaningful only in the static
limit. In a dynamic case, for example near a resonant frequency, the coupling factor is
dependent on stress and strain, which show spatial variations (20). Furthermore, for two- or
three-dimensional cases, the distribution of strains and stresses is usually more complicated,
and the stress components in the numerator and denominator in Eq. (13) do not always cancel
even in a static situation. Hence, the coupling coefficients are dependent on external
variables and often do not describe intrinsic properties of the material. Despite these
drawbacks, the concept of electromechanical coupling factors as defined by Berlincourt is
very widely used.

The factor k- =d2/(se) involving the piezoelectric. elastic, and dielectric constants that is
found in all the coupling factors is a fundamental characteristic of a piezoelectric material and
appears in many piezoelectric relations independent of Eq. (13). Thus. if a static electric field
E is applied to a clamped piezoelectric material the strain x is zero and Eq. (1) gives XsE = .dE.
Replacing the stress X in Eq. (2) with X = -dE/sE , the following expression for the dielectric
displacement D is obtained:

D = .d2 ElsE + .XE = e(1.-d21(sEeX))E (17)

The dielectric permittivity e = eX(l.d21(s£-E)) is called the clamped dielectric constant.
Similarly, under open-circuit conditions, the dielectric displacement D in Eq. (2) is zero, and
(1X = -e E. Replacing the electric field E in Eq. (1) with E = -dX/e x , the strain x becomes

x = sEX - d2X/eX = sE(l.dl(sECX))X (18)

and the elastic compliance sP = sE(1.d21(sECX)) at constant (zero) displacement D is obtained.
It follows that the velocity of acoustic waves. %, = (ps)1r where p is density, in a piezoelectric
material depends on electric boundary conditions. The velocity of elastic waves at constant
electric field E (short-circuit condition) and constant electric displacement D (open-circuit
condition) are thus related to each other through the electromechanical coupling factors. For

I



materials such as PZT with electromechanical coupling factor k close to 0.7. the difference
between clamped and free dielectric constant or between the short- and open-circuit elastic
compliances may be as high as 50%.

PIEZOELECTRIC AND ELECTROSTRICTIVE CERAMIC MATERIALS

The only requirement for a nonconductive material to exhibit the piezoelectric effect is that
the material belongs to one of the 20 piezoelectric point groups. It is not surprising then that
piezoelectricity is often encountered in nature. It is found in many organic materials, single
crystals and ceramics, but also in hybrid materials such as polymer/ceramic composites and
polar glass ceramics. Clearly then, an answer to the question of what mechanisms contribute
to piezoelectricity is not a simple one.

Contributions to the Piezoelectric Effect

Single Crystal vs. Ceramic Properties. Ferroelectric Domains The complexity of the
coupling between the electric and elastic properties can be comprehended when ferroelectric
materials are considered. The origin of the intrinsic piezoelectricity in most ferroelectric
materials can be explained in terms of the electrostriction of the paraelectric phase using
thermodynamic phenomenological theory (8). In principle then, it is possible to predict a
complete set of the values of the piezoelectric coefficients of. for example, single crystal
BaTiO3 . knowing the corresponding electrostrictive coefficients and the value of the
pontaneous polarization at the temperature of interest.

In practice. however, ferroelectric materials are usually used in polycrystalline or ceramic
form. Each grain consists of domains which are oriented along the directions dictated by the
symmetry of the parent phase. Ferroelectric domains form as the ferroelectric material is
cooled through its Curie temperature. In ceramics, the individual grains tend to assume
anisotropic shapes determined by the orientation of the crystallographic axes. The shape
change of each grain induces large stresses upon adjacent grains. In order to minimize the total
elastic energy, a complex domain structure forms within each grain adjusting its shape to the
immediate environment. Thus. all the tensor properties of a ceramic material are averages of
the corresponding single crystal values represented by the individual grains and domains (11).

The poling process required to induce piezoelectricity only partly aligns the polar vectors
of the domains and the resulting property values are always different than those for the single
crystal. The averaging procedure used to calculate the components of a tensor property of a
poled ferroelectric ceramic must include not only the degree of the orientation of the domains.
and the structure, size. and shape of grains, but also the boundary conditions on the grains
and domains. For coupled properties such as piezoelectricity this means that the elastic and
dielectric boundary conditions on the grains and domains must be known. Furthermore, when
the response of a piezoelectric ceramic is examined under weak alternating electric fields or
mechanical stress. the domain walls will move in a reversible fashion. The effect of the
domain wall dynamics on the dielectric, elastic and piezoelectric properties may be considerable
and must be taken into account (2).

Role of Defects. The spontaneous polarization P. carried by the domains interacts with
polar defects (point defects) present in the crystal structure. The defects may be induced in the
material either accidentally during preparation, or may be purposely added with the aim of
controlling the conductivity and the poling behavior of material. Defects also influence the
domain wall mobility, the diffusion properties and the sintering of the ceramic. The interaction
of the domains and defects leads to so called "soft" and "hard" piezoelectric compositions.
Piezoelectrically soft materials are characterized by relatively mobile domain walls and high
piezoelectric constants. In the hard compositions the domain wall motion is more inhibited
resulting in lower piezoelectric constants but a more stable remnant polarization (15). Some
examples of the mechanisms which lead to soft and hard compositions will be given in the
section on PZT piezoelectric ceramics.



Piezoelectric Relaxation, Recently, there has been an increasing evidence that the
piezoelectric constants of ferroelectric ceramics exhibit nonzero phase angle, i.e. they may be
described as complex quantities. This should be expected since the piezoelectricity represents a
coupling between the elastic and dielectric properties of a material, both of which are known to
be major sources of energy dissipation. Although the piezoelectric relaxation in ferroelectric
ceramics is not yet fully understood, it is clear that it does not originate from an independent
loss mechanism in the material but is a result of an electromechanical coupling between the
dielectric and mechanical losses operating in the material. The loss mechanisms may lead to a
large and unwanted dependence of piezoelectric coefficients on frequency often characterized
as relaxation-type behavior (1).

Summing up, the piezoelectric constants of a ferroelectric ceramic may be written in the
following form:

d = d[di/s.c.), 01 + Ad' - i d" + ,other (19)

where d1di/(s.c.). 9) is a function of intrinsic single crystal piezoelectric coefficients, d/s.c.).
and also a function of the degree of polarization of ceramic, described by an orientation
parameter 0. lAd' - ild" describes the sum of all relaxation contributions, and Zother is a
sum of all nonrelaxational extrinsic contributions to the total piezoelectric coefficients of
ceramics. The various competing mechanisms to piezoelectricity in ferroelectric ceramics
are sometimes of comparable strength and may even lead to a change of sign of the
piezoelectric constant with temperature or frequency (7,10).

Hysteresis. The complex changes in the configuration of domain walls in ferroelectric
materials under an AC electric field lead to the characteristic hysteretic relationships between
polarization and electric field and between electric field and strain, Fig. I. Those domains that
do not return to their initial random configuration after the electric field is removed, but
remain oriented to a certain degree, are responsible for the remnant (residual) strain and
polarization. Since the remnant strain and polarization are functions of the maximum applied
field, it is clear that there is a range of possible strain and polarization states for zero field. Fig.
I (Refs. 4 and 9).
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A"in. One of the most complex properties of the ferroelectric ceramics is the time
dependence of their elastic, dielectric and piezoelectric coefficients. This phenomenon,
known as aging, follows the poling of ceramics, even in the absence of external forces or
temperature changes. Aging occurs in all ferroelectric ceramics although its degree varies
greatly from one composition to another. The effect is closely related to the mobility of the
domain walls. An important contribution to the aging is the slow relaxation of the high
stresses that are introduced into ceramic during poling at elevated temperatures. The poling is
accompanied by anisotropic shape changes of the grains, which are caused by the reorientation
of domains under the poling field. When the external field is removed and the ceramic is
cooled to room temperature. the domain configuration will tend to reach a new equilibrium
state relieving some of the stresses (11).

Aging is affected by the internal fields created by defect dipoles which, under certain
conditions. may stabilize the domain configuration by interacting with the spontaneous
polarization within domains. Thus, the aging in for example PZT ceramics, may be
controlled by doping the ceramics with suitable aliovalent cations (15). In relaxor
ferroelectrics, such as lead magnesium niobate (PMN), ageing seems to be fully controlled by
the impurities and may be completely absent in pure, stochiometric material (17).

Lead Zirconate Titanate (PZT) Ceramics
The phase diagram of the lead zirconate titanate (PbtZr.Ti)O3 or PZT) system is shown

in Fig. 2a. A complete solid solution forms at high temperature with Zr and Ti randomly
distributed over the octahedral sites of the cubic perovskite structure. On cooling, the structure
undergoes a displacive phase transformation into a distorted perovskite structure.
Titanium-rich compositions favor a tetragonal modification with a sizeable elongation along
10011 and a large spontaneous polarization in the same direction. There are six equivalent polar
axes in the tetragonal state corresponding to the (1001, [I100, (0101, [ 0101. [001] and (0011
directions of the cubic paraelectric state. A rhombohedral ferroelectric state is favored for
zirconium-rich compositions. Here the distortion and polarization are along (1 I11 directions,
giving rise to eight possible domain states: [111], [Till, [lITl], [11], [ 111, [ 1lIJ, [1ii andi I M.

The compositions which pole best lie near the morphotropic boundary between the
rhombohedral and tetragonal ferroelectric phases. For these compositions there are fourteen
possible poling directions over a very wide temperature range. This explains why the
piezoelectric coefficients are the largest near the morphotropic boundary (Fig. 2b). Typical
values are d33  400. d3, = -170 and d15 = 500 pC/N. The magnitudes depend markedly on
dopants and defect structure because of their influence on domain wall motion.

Donor ions create Pb vacancies in the PZT structure. As an example, when Nb 5 + is
substituted for Ti 4+, vacancies on the lead site result:

( Pb -x12 O-Vx2 )(T ij -yxZryN bx )03 •

Donor doping is not effective in pinning domain walls. Pinning is believed to result from
the alignment of defect dipoles with the spontaneous polarization within a domain. The defect
dipoles come from the negatively charged Pb vacancies paired with dopant Nb 5 + ions. Since
the defect dipoles are formed at high temperature. the dipoles are not aligned with Ps initially
because the spontaneous polarization is zero in the cubic paraelectric state. Alignment can only
take place below the Curie temperature (-350C for PZT) where diffusion rates are low. Such
is the case for donor-doped PZT. a so-called "soft" PZT. In a soft PZT. domain wall motion
contributes to the size of the dielectric and piezoelectric coefficients. Adversely, however, soft
PZT ceramics are easily depoled because the domain walls are not pinned.

Acceptor doping with lower valent ions such as K + (for Pb2 +) or Fe3 + (for Ti 4+) is
employed to produce "hard" PZT. Oxygen vacancies are generated by acceptor doping:

(Pbl .,K.,)(Ti I y -xZry)(O3 .. 12 o-x/2).1
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Domain walls are pinned in hard PZT because the defect dipoles are able to align in accordance
with the domain structure. Dipoles consisting of oxygen vacancies and associated dopant ions
are able to reorient more easily in a hard PZT. The explanation lies in the ease with which
oxygen vacancies diffuse at temperature below Tc.

Examination of the perovskite structure makes it clear why oxygen vacancies diffuse
faster than cation vacancies. Cations are completely surrounded by oxygens and are separated
from the nearest cation site by an entire unit cell (-4 A), making diffusion very difficult.
Oxygen sites, on the other hand, are adjacent to one another, only 2.8 A apart. Hence oxygens 1
can easily move into nearby oxygen vacancies, realigning defect dipoles and pinning domain
walls.

Since their discovery in the 1950s, PZT based ceramics have become, along with
quartz, the most widely studied and used piezoelectric material. Because of its high
piezoelectric coefficients, simple preparation. ease of poling and low cost the PZT family is
used more than any other piezoelectric material for transducer, sensor, and actuator
applications. The only exception is quartz which, owing to the excellent stability of its
piezoelectric properties with time and temperature, has not been surpassed by PZT in the field
of frequency control.

Electric Field Induced Piezoelectricity in Relaxor Ferroelectrics
The relaxor-type ferroelectrics are discussed in detail in this section. For the present

purpose, it is sufficient to say that relaxor ferroelectrics cannot be poled, even at temperatures
considerably below the so-called diffuse phase transition. However, in this temperature
range. relaxor materials show high dielectric constants and very large electrostrictive effects,
Fig. 3 (Refs. 5 and 6). The piezoelectric d33 coefficient is the slope of strain-electric field
curve. Eq. (iF,). The nonlinearity between strain and electric field in a relaxor ferroelectric can
be used to tune the piezoelectric coefficient. From Fig. 3. the value of d33 for lead magnesium
niobate (Pb(Mg,/ 3Nb213)03 or PMN) with 10-mole% lead titanate (PbTiO3 or PT) (0.9PMN -
0. IPT) at room temperature is zero at zero field and increases to a maximum value of -1500
pC/N (about three times larger than PZT) under a bias field of about 3.7 kV/cm. Recent
measurements with a laser interferometer show that transverse piezoelectric coefficient (d31 ) in
0.9PMN - 0.1PT ceramics also exhibits very high values under bias field, with a maximum of
about - -400 pC/N at bias field of -3 kV/cm, Fig. 4 ( Ref. 21).
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Fig. 3. Electromechanical coupling in electrostrictive (PMN-PT) and piezoelectric (PZT)
ceramics.
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Electrostrictive Materials
The electrostrictive effect is often believed to be too small for exploitation in devices.

This is indeed true for most conventional nonferroelectric materials as well as for many
ferroelectrics. The magnitude of the polarization related electrostrictive coefficients Q in
nonferroelectric materials is on the order of 10 m4/C 2 and in most "normal" ferroelectrics Q-
10.1 m4/C 2. Eq. (10) however indicates that the electrostrictive strain x is equal to QP,
where P = PcE0 E is the induced polarization, K is the dielectric constant of the material and e0
permittivity of free space. Thus, for a given electric field E, the materials with a very large
dielectric constants exhibit large electrostrictive strains, even though their electrostrictive
coefficients are relatively small. In most nonferroelectric materials dielectric constant is about
10 and for a typical field, say E = 106 V/m, the achievable strain is only 10-7 . In normal
ferroelectric materials near the ferroelectric -paraelectric phase transition dielectric constant may
reach high values (103) but the electrostrictive strain (-10 -5) is still smaller than that in
piezoelectric ceramics.

Over the past 20 years. however, the development of high permittivity capacitor
dielectrics have led to the discovery of many partially disordered structures, such as the relaxor
ferroelectrics, with extremely large dielectric constants. The values of electrostrictive
coefficients in relaxor ferroelectrics are relatively small, on the order of 10.2 m4 /C2 . but
dielectric constants on the order of 104 are observed over a wide range of temperatures near
the diffuse phase transition. Thus, electrostrictive strains in a typical relaxor material are on the
order of 10- . and are comparable in size to those in piezoelectric ceramics.

Relaxor Ferroelectrics. Relaxor ferroelectrics are characterized by a strong dispersion of
the dielectric permittivity with frequency, Fig. 5. and the absence of macroscopic
polarizationeven at temperatures much below the temperature of the maximum dielectric
constant (5). This unusual dielectric response of relaxor ferroelectrics is explained by a
statistical inhomogeneity in the distribution of the B, and B2 cations in the B sites of the
A (BIB 2)03 perovskite structure. This chemical disorder is responsible for formation of
microregions (microdomains) within the material which have widely different Curie
temperatures. Relaxor ferroelectrics thus do not have a well-defined Curie temperature but
rather exhibit a Curie range over which the material is a statistical mixture of paraelectric and
ferroelectric regions. As temperature decreases from the high-temperature paraelectric state the
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microdomains gradually coalesce to macrodomains giving rise to a diffuse phase
transformation. The polarization fluctuations associated with the polar microregions are
dependent on the electric bias field and measurement frequency. The dielectric constant drops
off rapidly with frequency (hence the name "relaxor") because it takes time for the polarization
fluctuations to respond. DC bias fields favor coalescence, having the same effect as lowering
the temperature. This classical interpretation of the relaxor behavior is not completely
successful in explaining all the complex properties of relaxor ferroelectri' as several recent
studies suggest (5,23). Relaxor behavior is very common among Pt -used perovskites,
suggesting that Pb +2 and its "lone-pair" electrons play a role in the microdomain process.
possibly by adjusting the orientation of the lone pair.

Lead Magnesium Niobate - Lead Titanate Relaxor Ferroelectrics. Lead magnesium
niobate (Pb(Mg 113Nb,;)0 3 or PMN) is a typical relaxor ferroelectric and perhaps the most
studied. Its solid solution with lead titanate (PT) has a morphotropic phase boundary near
35-mole% PT. All compositions on the PMN rich side of the morphotropic phase boundary
exhibit relaxor behavior. The most recent studies of this system suggest that the relaxor
ferroelectric is a polar-glassy system, analogous to a spin-glass rather than being
"superparaelectric", as suggested in the past (23).

It has been pointed out that for temperatures within the Curie range, the relaxor
ferroelectric may be driven into polar form by an electric bias field. The induced piezoelectric
effect is thus tunable by the bias field. On removal of the field relaxor reverts back to a random
arrangement of microregions with no net remnant polarization or strain (6). The absence of
hysteresis in the field-strain curve on the high-temperature side of the Curie range is another
advantageous feature of relaxor ferroelectrics.

PMN-PT relaxor ferroelectrics are a unique family of materials with a remarkable set of
properties: (1) electrostrictive strains are comparable to that of the best conventional
piezoelectric ceramics. (2) nonhysteretic behavior is responsible for excellent positional
reproducibility (3) no poling is required. and (4) the magnitude of piezoelectric coefficients
may be adjusted by electric bias field, and the maxima values of the piezoelectric coefficients
are 2-3 times higher than those in PZT ceramics.



I.
PIEZOELECTRIC AND ELECTROSTRICTIVE ACTUATORS

There are presently more than 20 practical devices that employ piezoelectric and
electrostrictive actuators (22). and it seems likely that the range of applications for solid state
displacement transducers will continue to grow in the future. Table 2 lists some of the
applications of piezoelectric/electrostrictive actuators. Properties that are essential for the
performance of one type of actuator, for instance a linear response, are often irrelevant for
others. Thus, each application demands carefully defined figure of merit for the actuator
material.

Table 2. Actuator applications

Tracking Optical and Magnetic Heads

Dri'/ers for Relays and Switches
Wire-Dot Printers and Via Punches

Fuel Injection Valves

Adaptive Optic Systems

Micropositioners for Robots and Machine Tools

Cone Vibrators for Speakers
Fans and Conical Air Movers

Ink Jet Printers

Classification of Electrostrictive and Piezoelectric Actuators
The strain of a displacement transducer may be controlled by an electric field in different

ways (17,22). Fig. 6. In the first case, the strain of the actuator is controlled directly by
electric field, as illustrated in Fig. 6a. The waveform of the electric field depends on the
required waveform of the displacement. The displacement will follow the field only with a
linear relationship between strain and electric field. This type of actuator requires a transducer
material with a reproducible. nonhysteretic, field-independent relationship between strain and
field. The second type, Fig. 6b, of displacement transducer is used in the situations in
which the displacement is affected by an external parameter, such as a mechanical disturbance
or temperature change. A feedback system is then necessary to adjust the magnitude of the
electric bias field and bring the displacement to the desired value. In this type of transducer
nonlinearities between strain and electric field are tolerable, but the hysteretic behavior is still
detrimental. If the displacement drifts away from the desired value, longer times and large
variations in bias field are required to bring the displacement back to the desired value for an
actuator with hysteresis.

In the third type. Fig. 6c, strain is controlled by electric field in an on/off manner.
There are two variations of this type of actuators: in one, the field induced displacement
disappears as soon as the field is switched off; in the other, the induced strain may remain.
but its level has to be controlled in some other way after the field is removed. For an
actuator of this type only the reproducibility of the maximum strain induced by the electric field
pulse is critical and it is not of a great importance how the strain reaches its optimum value.
Since the pulses are usually very short, the response of actuator must also be very fast. The
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driving mechanism for ferroelectric actuators that perform in an on/off mode does not
necessarily have to involve a piezoelectric or electrostrictive effect. Certain compositions in
the PbZ'0 3-PbTiO3.PbSnO 3 ternary system undergo phase transitions from an antiferroelectric
to a ferroelectric phase under applied electric field (18). The phase transition is accompanied
by a large volume change since the antiferroelectric phase has the smaller lattice volume than
the ferroelectric form. Associated strains are as large as 1% but the electric fields required for
switching are very high.

Finally, in ultrasonic motors, an alternating electric field is applied to the actuator with a
frequency equal to the resonant frequency of the actuator. In this way, larger strains may be
induced under relatively smaller fields compared to the other types of actuators. Since the
actuator operates at its resonant frequency, the material properties of greatest importance are a
high mechanical quality factor and a high electromechanical coupling coefficient. There are
several types of ultrasonic motors. The most widely studied type uses surface acoustic waves
to move an object that is in contact with the transducer surface. The surface acoustic waves
are generated by superimposing two standing waves of equal amplitude but with a phase
difference of 900 with respect to both time and space. The waves are caused by a combination
of longitudinal and shear motions governed by the stress-free boundary conditions at the
surface (11). The particles at the surface describe elliptical motions with amplitudes that
decrease with thickness and become insignificant below - llgm. The horizontal component of
the elliptical motion is responsible for the force acting on an object in contact with the surface.

Applications of Electrostrictive and Piezoelectric Actuators
There are four major groups of applications of electrostrictive/piezoelectric actuators.

These are briefly reviewed below (17,22).
Deformable Mirrors. In the field of adaptive optics, a mirror surface is dynamically

controlled using a feedback system to adjust the phase of the light wave and eliminate
atmospheric turbulence, thermally induced stresses or gravitational forces. Applications of
active optical systems include large ground-based and space telescopes, high energy lasers,laser communication systems, and highly sensitive AC interferometric dilatometers. Typicalrequirements for deformable mirrors are a maximum throw of ±20 Im, small volumes, long

term stability, good reproaucibility and low thermal expansion.

Mechani.al Micropositioners. Precision actuators are often required to position
mechanical parts very accurately and reproducibly on a micron or even submicron level. The
displacement of the actuators used for these purposes is usually controlled by a feedback
system. Applications are found in the fields of optical microscopy, cutting-error corrections.
micropositioners for robots, and in the tracking of optical and magnetic heads. Excellent
reproducibility and anhysteretic behavior of the strain-electric field relation are important
requirements for actuators used in these applications.

Impact Devices. The impact type actuators are driven in an on/off manner. They move
parts to a desired position by making an impact with them. Typical applications are drivers for
relays and switches, via punches, wire-dot printers, and ink jet printers. Clearly, such
actuators should have a quick response, large electromechanical coupling factors and large
generative forces.

Ultrasonic Motors. Ultrasonic motors are mainly at the development stage (22). but
they have considerable potential because they are compact and light weight, with a
self-locking mechanism, relatively high torque at low speeds and motion in both forward and
reverse directions. Two of the problems with ultrasonic motors are the maintenance of
frictional forces between the surface and the moving object at the contact points, and the need
for high frequency power supplies. A typical application is the automatic focusing unit in a
movie camera.
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Large displacement transducers based on electric field forced phase
transitions in the tetragonal (Pb 0.,7 La0.02 )(TiZrSn)03 family of ceramics

W. Y. Pan, C. 0. Dam, 0. M. Zhang, and L E. Cross
Materials Research laboratory. The Pennsylvania State University University Park Pennsylvania 16902

(Received 21 June 1989; accepted for publication 24 August 1989)

Several properties associated with the field-induced phase change between the antiferroelectric
and ferroelectric states in tetragonal (Pbo9 , Lao2 ) (SnTi,Zr)0 3 antiferroelectric ceramic
family were investigated for high-strain displacement transducer applications. The longitudinal
field-induced strain accompanying the phase change is in the range of 0.2%-0.9%. The single-
shot switching time between the two states is on the order of 1-2 /s. Under continuous ac field
driving, the hysteretic heating effect introduces a temperature rise, changing the original room-
temperature switching behavior. The ceramics degrade under ac field excitation, the average
life cycles is in the range of I0'-0Wcycles which can be greatly improved by carefully polishing
the sample surfaces.

I. INTRODUCTION II. COMPOSITION SELECTION AND SAMPLE

Ceramics of lead zirconate titanate stannate and further PREPARATION

modified forms have been studied in the past 20 years for The phase diagram of the (Pbo, 7 Lao0 , )(Sn,TiZr)0,

many potential applications in energy conversion.' 2 In these system (Fig. 1) was studied by Berlincourt.' The FR (LT)

ceramics, the free-energy difference between the antiferroe- region is the low-temperature ferroelectric rhombohedral

lectric and ferroelectric states may be modified composition- region, the Ao region is the antiferroelectric orthorhomic

ally to such an extent that a phase change between the anti- region, and the A r region is the antiferroelectric tetragonal

ferroelectric state and the ferroelectric state can be forced by region. The compositions in the Ao region are not suitable

an electric field or a hydrostatic pressure. More specifically, for this study because the transition field from the antiferroe-

a phase transition from a stable antiferroelectric to a ferroe- lectric state to the ferroelectric state is so high that the transi.

lectric form can be accomplished by an electric field, while a tion is difficult to be accomplished by a realizable applied

phase change from a ferroelectric (or a metastable ferroelec- electric field. However, in the antiferroelectric tetragonal re-

tric) state to an antiferroelectric state can be accomplished gion, the compositions are so energetically close to those of

by a hydrostatic pressure. The pressure switching has been the ferroelectric form that the switching between the antifer-

extensively investigated.2 Upon inversion into the antifer- roelectric and ferroelectric form can be accomplished by an

roelectric state, a poled ferroelectric ceramic releases all po- applied electric field. The function of Sn is very obvious as

larization charges and therefore can supply very high instan- may be observed from the phase diagram: As the Sn in-

taneous current. The electric field forced phase transitions creases, the antiferroelectric tetragonal region expands

were also studied for different applications. The first system- greatly. The compositions chosen for this study and their

atic study was done at Clevite laboratories in the 1960s to locations in the phase diagram are shown in Fig. 2. The

explore the use of phase change compositions in capacitive chemical compositions are listed in Table I with their refer-

energy storage.' Later on, Uchino and Nomura" studied this ence numbers of the selected compositions. The reference

effect for the shape memory application. Because of the lim- numbers of the compositions start from 4 in order to be con-

ited field-induced strain level (0.1%) in normal piezoelec- sistent to that of the earlier study.' These numbers will be

tric and electrostrictive ceramics,' a study was recently car- referred to in the text here on.

ried on several compositions of modified Pb(Ti,Zr,Sn)O, The above compositions were made from reagent grade

ceramics for high-strain compact displacement transducer oxides using conventional solid-state sintering technique.

application. One composition of the (Pbo, L%.2 ) Calcining temperatures were in the range of 750-900'C.

(TiZrSn)O, ceramics showed a longitudinal field-induced Green disks were cold pressed using small amounts of poly-

strain greater than 0.5%; such a strain level motivated us to vinyl alcohol binder and fired in the temperature range of

study more thoroughly the (Pbo, Laoo,)(Ti,Zr,Sn)O, 1250-1350 'C in an excess PbO atmosphere. The density of

system. In this paper, we report the three properties which the fired disks is in the range of 7.5- g/cm3 .

are important for displacement transducer applications: the III. FIELD-INDUCED POLARIZATION AND STRAIN
field-induced polarization and strain, the kinetics of the
phase change between the antiferroelectric and ferroelectric A. Measurements
states and the ac field excitation degradation in this family of The samples for polarization and strain measurement

antiferroelectric ceramics. were cut into dimensions of 0.6X0.4 cm with thickness
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'fi TABLE L. Cbemical compaauona an the relefence iumoers.

NO. COMPO"=io

4 (Pb,,,La%,)(Zt.,Tl.,Son,,)Ol
65 (Pbg.,Lalq)(Z,Ti,,,Si~ 0 3,O

80 8 (Pb6.,La..)(Zr..Ti~,,Snj,)O,

A60 10 Mo, EL1 ) (ZrOM Tie j, S,l, )01
It (Pb,a,,, 0 )(Zr...T10 ,Sn.,)03

.dZ10 (Pba., La,) 2 (Zr..0Ti0 joSnaZ)0,

14 (Pb0.,La, 0 )(Zr.99TrIoSn. 2 ,)0,

FIG. 1. Phane diagram ofthe (Pb,.J, ,, )(Sn.Ti.Zr)O, system.___________________________

ranging from 0.1IS to 0. 3 mm. The polarization was mea- armakdiFg.4ndwlbeeffdtonthtx.Te
sured using a modified Sawyer and Tower circuit. The longi- are marke finl Fi.eqaduilleered to inuea n thre text. te
tudinal field-induced strain was measured by a laser interfer- fEA.F i heafe ruitoto indc an aniereetr tore
ometer which is described ina ale ae. h ape verse transition field below which the metastable ferroelec-
was mounted in a manner as shown in Fig. 3. The laser beam tric state converts to the antiferroelectric state again. In the
strikes the mirror attached at one end of the rod of which compositions studied, the induced polarization and strain
another end is in contact with the sample. If the sample are dominated by the phase transition between the antifer-
changes thickness due to the field-induced strain, the dis- roelectric and ferroelectric forms. Far above the E4 .F, the
placement can be measured by measuring the displacement polarization induced due to the permittivity of the ferroelec-
of the front mirror. For such a mounting, the sample could ti hs n h tanidcddet h izeeti
be wet by silicone oil to prevent the surface breakdown of the efeto h ereetric phase andtesri rnue duce t the p olcr-c
sample. The transverse strain wa esrduigtebn- ization and strain due to the phase transition.
ed strain gauge technique. The temperature variation for po The room-temperature switching data for all the studied
larization and tranverse strain measurements were accom- compositions are divided, according to the locations in the
plished by a hot stage immersed in a liquid-nitrogen phase diagram and the shape of the dielectric hysteresis
container Temperature was controlled by a transformer in loops, into two groups. Group I is compositions which are
series with a temperature controller (Model 76K- I RFL In- close to the morphotropic phase boundary (MPB) between

dustres Ic.).the ferroelectric rhomnbohedral and the antiferroelectric te-

B. Experimental results tragonal. These compositions have dielectric hysteresis
loops similar to those of the ferroelectrics. The members in

1. Composition depefldeflC of Ueld4nduced this group include Nos. 5,6,7,9, and 10. On the other hand,
po ftation and *fi group 2 compositions which are further away from the

The dielectric hysteresis loops for different composi- (MPB) shows classic double-hysteresis loops with transi-
tions are sketched in the phase diagram shown in Fig. 2. tion fields significantly higher than those of the group I com-
Some parameters in polarization and strain hysteresis loops positions. The members in this group include Nos. 4, 8, 11.

and 14. The room-temperature switching data for group I

yes ReP~*

al o

-0 o- o P

P102.Amifurolsttc traonl cmpesios slete to sud ed P0.. cheatca dawig f ampe olerandsapl mfntngfo

theAr dilcWooseds op.lngtdnlsrinmmitet
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FIG. 4. Typical polarization and strain hysteresis loops (composition No.
4) and some illustrated parameters. FIG. 6. Polarization and strain hysteresis loops at four different tempera.

turn ftr composition No. 4.

and group 2 compositions are listed in Table II. It is observed
that the field-induced longitudinal strain amounts to 0.87% below which the ferroelectric form is stable and above which
for composition No. 6. the paraelectric form is stable. The dielectric hysteresis loop

Figure 5 shows the field-induced strain, polarization, and field-induced strain for composition 4 is shown in Fig. 6.
and transition field as a function of Sn/Zr ratio variation for At low temperatures, the composition shows a ferroelectnc
group I compositions. It may be noted that as Sn/Zr ratio hysteresis loop and small field-induced strain. At the higher.
decreases, the field-induced strain increases, while the tran- temperature range, the composition shows a classical dou.
sition field (E.,F) decreases. For the compositions in group ble-hysteresis loop characteristic for antiferroelectrics.
2, the field-induced strains are comparable to those of group However, the field-induced strain is largest at the tempera.
I compositions; however, the transition fields are signifi- ture range from - 60 to - 40 "C within which the double.
candy higher. The field-induced strain for group 2 composi- hysteresis loop just begins to emerge. The temperature de.
tions does not change with Sn/Zr as regularly as that for the pendence of the field-induced polarization and strain for
group I compositions, however, the average strain level for composition No. 4 is shown in Fig. 7. One feature of the
Zr-rich compositions is larger than that of the Sn-rich com- temperature dependence on the field-induced polarization
positions. Comparing the transition fields of the group I and and strain immediately comes to one's attention. It may be
group 2 compositions, we also find that the transition field seen that the field-induced polarization is almost constant
E,., is more sensitive to the Ti content change for Zr-rich with respect to temperature, while the field-induced strain
compositions than for Sn-rich compositions. For example, changes greatly with temperature. The induced strain in-
the transition field EF difference for Nos. 4 and 7 is 28 creases with temperature until it reaches a maximum v.'lue.
kV/cm while for Nos. 5 and 14 is only I kV/cm. after this point, the strain decreases with increasing tempera-

ture.
2. Temperature dependence of #l-d4nduc*d
poAwfton and srahin

For this family of antiferroelectric ceramics, the antifer-
roelectric form is only stable over a finite temperature range 0 ............

35 a.

FIG. 7. Field (12 kV/cm)
.... 0. -... 5. induced feroeectric polar-

T0 -50.0 0.0 0 izon a function oftem-T a30Tmpeure - -C) peture and (b transition

Add £,4, or coercive ild

25 XZ 1 50 ransverse M=ai as a func-

0 4 composition No. 4.

20 
0  30

0.3 0.4 0.5 0.6 aQ7 (b11i w

FIG .-
S-/Zr 4 ,

a .. I. ..I. .
FIG- S. Fied-induced Ionskudinl Mam and I., vole a.,s afinctio -Z0 Z 0
SwYrratio for ip I cmpoions. lSeWetW* (90
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00 swci.smig ~afor nhm mpuo . AG -ja M 0213 + Pb'j) + I fl(Fb + Pb '
c+ r(MI +Pb)

P E4 i7'a - io
(uC/ce) (kV/cm) (kY/cm) x ,  + ,7PaPb3  +

30 3. +QhG(fta +Pb] +Zfuab,), ( )
23 30 43 0.45% where Pa, and Pb, denote the two-sublattice polarizations.
36 23 60 0.5% 17 is the dielectric stiffness constant, s, is the hydrostatic
36 24 400.59%9 36 60 0.59% compressibility, a is the hydrostatic pressure, and Ii is a

7 36 22 58 0.52%
6 40 21 46 0.87% scalar electrostrictive coefficient for the coupling between

2b p 2 compsitons the two sublattices.
bIntroducing the transformation PF = (Pal + Pb3)/2

12 32 49 59 0.42% and P, = (Pa. - Pb,)/vr2 leads to the following expression:
£ 30.5 52 68 0.37% AG -a(T)(P2+PI)+ I(P4+P + 6P1P')
4 43 s0 75 0.55%

11 33 45 60 0.45% + j4y(P6 + p* + 15p Pl + 15P p)
- + III(PI - P2 )

- js o 2 + Q o,(P p + PA ).+ fl(P', - PA). (2)

C. Discu"on The elastic equation of the state follows as

i. Temperw tuW dependence of fleld-Induced A=G A a+ )PF + Q0(lpoorm~on and sttrn ar V 3

In order to explain the temperature dependence and the If the stress a = 0 ( sample is unclamped), then we have
compositional dependence of the field-induced strain, we
,ur to the phenomenological treatment which was adopted A/V = Q, ( + fl)PZ + 0, (0 - 1) Pl. (4)
by Uchino, Cross, and Newnham" to explain the pressure In the polar state, PA = 0, then
dependence of antiferroelectric Neel temperature. For the
antiferroelectric compositions studied here, the temperature (AU/U), = Q (1 + fl)P . (5)
dependence of the free energy with respect to that of the When fl = I, (AVIV), - 2PI = QP,, where P,.d is the
paraelectric form is shown schematically in Fig. 8. field induced polarization, the volume change is the normal

When the temperature is increased, the stable form electrostrictive effect in ferroelectrics. In the antipolar state,
changes from the ferroelectric form to the antiferroelectric P, = 0, then
form and then to the paraelectric form. Pervoskite ferroelec- (AVIV) --- 1 - )PA. (6)
trics are derived from a centric point group m3m which is
free from piezoelectric efect. To simplify the matter, let us When the coupling between the two sublattices lowers the
consider the spontaneous polarization occurring only along free energy of the system, fl > I. Thus volume decreases
axis 3 under the presence of hydrostatic pressure. The gen- when the antipolar state is developed from the paraelectric
eral expression for AG is: state.

In a low-temperature range, a stable ferroelectric form
persists, and the polarization reversal is the main contribu-
tor to the field-induced polarization. Therefore, the field-
induced strain is very small. In the stable antiferroelectric
temperature range, if the piezoelectric strain is neglected, the
volume change associated with the field-induced antiferroe-

I Foeaeb ste lectric-ferroelectric phase should be
2- Ang erqoveeb"ulr Slate
3: Pemlelef Sh" .4

(7)
, -Since P- = P', the equation becomes

(Av/U), - (AVIV) A = 2Q flPF --- fl ( I/vr2p.
TF-A  TA.P = Q1 P , (B)

where P,.d is the polarization induced by the electric field. It
T-mRMu. I OC) is observed that the volume change accompanying the field-

forced antiferroelectric-ferroelectric phase transition is pro-
FIG. I. Free eegy with respect to the peraelectric stae for the antiferce. portional to the f) coefficient. The stronger the coupling
Iectc stat d feroedec stam of the antifrroelectc ayuem. between the two sublattices, the larger the volume change.
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... .... v",€acict.&t; wmperawure range, the teid-induced shorter than 20 ns. The high-amplitude pulse was then
volume change should be a pure hydrostatic electrostrictive plied to the sample as the switching current was picked it'
effect as described by a small resistor in series with the sample. The area of Z

= sample was kept small enough so that switching curte
(AV/U),,d = GALP, . (9) maximum did not exceed the current limit of the high.p 0,i

Comparing Eqs. (8) and (9), we may observe that for the pulse generator. The signal pickup resistor was also
same polarization induced, the induced volume change is small enough to keep the RC time constant of the resistt
greater if the ferroelectric polarization is induced from an and sample capacitor within the rise time of the pulse. N
antiferroelectric state than if it is induced from a paraelectric switching current was measured using an HP 54201 A digt
state because fl > 1. In Fig. 7(a), we see that the induced oscilloscope with "single-shot" bandwidth of 50 MHz. The
polarization is almost constant with respect to temperature, switching time was recorded at the point when the switchin1
but the strain decreases when the temperature is above 50 C. current dropped to 10% of the maximum switching current
To explain this, we may consider the temperature depen-
dence of the fA constant. Below Tp.., and above TA.p the f) I SUWWawad switching speed
constant should be equal to one. in the temperature range The backward switching is referred to as the switching
TF.,-T 4.p the A constant should be greater than one and
may be assumed to vary with temperature with the maxi- from the ferroelectric to the antiferroelectric state upon the
mum occurring somewhere between TF., and T,,.,. In Fig. 7 decrease of the applied electric field. The principle utilized in
the decrease of the strain with increasing temperature may the measurement is to induce a ferroelectric polarization by
be the result of the decrease of the fl constant. applying a dc electric field above E.F, then quickly release

the applied electric field and measure the current due to the
2. Composaon dependence of fled-Inducd discharge of the ferroelectric polarization as a function of
po/aMizaon and ata/n time. The block diagram for the measuring system is shown

in Fig. 9. The transistor used is a SIPMOS power field-effect
For the composition dependence of the field-induced transistor (FET) with a drain-source breakdown voltage of

polarization and strain, two points are wonhwhile to point 1000 V, an "on" resistance 5 fl, and a " turn-on" time of 45out: As Sn is added to the system, the tetragonal region cx- ns. The oscilloscope used for the measurement was a Nicolet
pands to a wider and wider Ti content range. Thus, for an 204A digital oscilloscope with a bandwidth of 20 MHz and

equal amount of Ti added to the system, the change of the the pulse generator used was a Hewlett Packard type 2 14B

stability of the antiferroelectric form is much smaller for Sn- pulse generator with a rise time of 20 ns. When no voltage is

rich compositions than Zr-rich compositions. The addition plied to the a ie the f 20 nd, Whe F e is

of the Sn to the system is also believed to decrease the f apd gate of the FET and ground, the FET is "off"

coeficint o th coposiion Ths ma exlai theredced and thus the applied voltage drops across the sample to in.coefficient of the composition. This may explain the reduced duce a large ferroelectric polarization. When the pulse gen.
strain level for Sn-rich compositions. For group I, it is inter- erator is manually triggered, a square pulse is applied to the
eating to note that the Zr-rich compositions not only have a gate-source junction to turn the FET "on" and the field
larger strain level but also a smaller E.m value. The reduced across the sample is reduced to nearly zero. The discharge
E value is, of course, because the compositions are closer then takes place through the small resistor R3. Since RI is
to the MPB. This point can be further supported by compar- very large, the current flow to the dc power supply could be
ing the average strain level and the E4. value between the neglected. The purpose of putting the resistor R2 in the dis-
group I and group 2 compositions. The Esgi value for group charging loop is to damp the high-frequency piezoelectnc
I compositions is significantly smaller but the strain level is resonance modes.'° The switching time was also measured at
slightly larger. The advantage is, therefore, doubled. It is the time when the current dropped to 10% of the maximum
natural for one to think that a composition with a large f switching current.
constant should be accompanied by a larger E.F value.
However, one must remember that fl constant, an electro-
mechanical property, may not have a 1: correlation to the
EA. value, which is a dielectric parameter.

IV. SPEED OF THE FIELD-INDUCED PHASE CHANGE
A. Measurement U

I. FoIward switching speed
The forward switching is referred to as the switching

from a stable antiferroelectric to a ferroelectric state. The"'switching current as a function of the switching time wasS measured by the square pulse technique adopted by Merz for

measuring the speed of polarization reversal in ferroelectric

crystals.' The rectangular pulse was generated by an HP 204
pulse generator and amplified by a Cober 604A high-power
pulse amplifier. The rise times for both pulse generators are G10.9. Block diapm of ttw backward switchin imsuring system.
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The switching under continuous ac field driving is mea- .. o
by the simple Sawyer and Tower technique; the dielec- 1 "- .

tic h ys teresis loopwas recorded by adigitaloscilloscopeas a

fauction of the driving frequency. j :01"
.xpelmental resuft and discussions oo ,!o

Fogwwd uwitchkV ______ 7053. 0...00 41o
The switching current as a function of time for composi- 30.00 A 40.0 4100

tion 5 under different applied fields is shown in Fig. 10. The E v/m)

shapes of the switching current-time curves are similar to tI/ (cm/y
those for the polarizarion reversal in ferroelectric crystals. 0(o . 0" 0.03
An RCpeak is followed by the switching current maximum. ' 2.00
The maximum switching current ,.. increases and the -

switching time t, decreases with increasing applied field. (b) I
These switching times are less than I js for an applied field - 1.50

level about 30 kV/cm. The switching time is comparable to . 4.0 .
that of the polarization reversal in a BaTiO] single crystal
except that the applied field level is higher. Figure I1 (a) 2. . o. .... .. o'
shows IIt, vs Eand In( lIt, ) vs I/E. and Fig. I I(b) shows J 4000 4

I.. vs Eand In (.,t) vs lIE. The field dependence of the (kV/cm)

switching is not thesameas that for the polarization reversal FIG. II. (a) li, (rorward switching speed) vs Eand b) I / ) s I/
in ferroelectric crystals which was studied by Merz.' For for composition No. 5.

polarization reversal in ferroelectric crystals, the switching
under low applied field level is controlled by the nucleation
of new domains. The switching time t, and maximum
switching current Im.. can be expressed by the following
relations under the low applied electric field On the other hand, when ln(I,,, ) or ln( l/t,) is plotted

I., - -alE, t, _e/E,  (10) against l/E, a linear relation should hold in the low-field

where a is the so-called activation field, a measure of the ease region where the nucleation of the new domains controls th
with which new domains are nucleated. Under a high ap- switching but not in the high-field region where the domai
plied field, the switching is controlled by domain wall mo- wall growth controls the switching.
tion, the switching time t, and maximum switching current In Fig. 11 (a) the nucleation-controlled switching seems
m,, can be expressed by the following relations under the to be ended at about 36kV/cm from either l/-t,vs-Eor 1,,, -

high applied field: vs-E plots. Above this field level, the points seem to follow a
linear relation. However, this is not true for either In( lIt,)

a, -KE, lit,-KE, ( 11 ) vs lie or ln(l,,, ) vs lie because the points for the field
where K is a constant which is a measure of the ease with above 36 kV/cm still seem to follow the linear relation, indi-
which the domain walls move. When I..,, or Ilt, is plotted cating that the nucleation may still control the switching. It
against E an exponential relation holds in the low-field re- must be remembered that the switching here is different
gion within which the nucleation of new domains controls from the polarization reversal in ferroelectric crystals. There
the switching and a linear relation holds in the high-field is no domain wall movement but there is a phase boundary
region where the domain wall motion controls the switching. movement during the switching. We were unable to observe

the phase boundary movement controlled field range be-
cause of the voltage limitation of the pulse generator and
electric breakdown problem of the sample. The activation

_0 field calculated from the slope of ln( l/t,) vs liE is 200
IC ' kV/cm, while that calculated from the slope of In(I,. ) vs

I 1E is 150 kV/cm. Although this is not a perfect agreement.
e 546 kV/cm we believe that the activation field falls between 150 and 200
6 - kV/cm. The activation field for the polarization reversal in
4 PLZT and PZT family of ferroelectric ceramics have been

2 35.?kV/cm reported by Li, Pan, and Cross. ' " The activation field for

0 MW PLZT 8/65/35 is about 5 kV/cm and that for PZT5 is about
.5 .5 g .5510 kY/cm. Therefore, the activation field here is much high-er compared to those observed for ferroelectric ceramics

FIG. 1: w ,ard switching current-time curve under three different which indicate that nucleation of a new phase is more diffi-
p e kid for couspamtiom No. S. cult than the nucleation of new domains.

olo J. App. Phy., Vol. 66. No. 12,15 DSeceni 1 M Pan eta. 601



I DAcwardanwt1eth ferroelectric-to-ferroelectric phase transition, a further in.
The backward switching current for compstion 4 un. crease in the applied field would not increase the stability of

der three different applied dc poling field levels is shown in the induced ferroelectric phase significantly and thus the
Fig. 12 (a). It is surprising to find that the switching current- switching time levels off with increasing applied field.
time curves are very similar to that of the forward switching. The backward switching time is observed to depend on

The I,, can also be observed. The switching time as a func- the backward switching field E.,a Figure 13 (a) shows the
tion of the applied dc field is shown in Fig. 12(b). The comparision of switching current-time curves for composi.
switching time t, increases with the applied dc field, then tion 4 and 11. The switching current is divided by the chargereaches an almost constant value at about 70 kV/cm. When induced for the purpose of comparison. The applied field is

the applied field is below 70 kV/cm, the area under the 75 kV/cm for composition 4 and 67 kV/cm for composition

switching current-time curve (a measure of the total in- 11, respectively. The fields are high enough to reach the pla.

duced charge) decreases appreciably with decreasing ap- teau regions of switching time versus applied field curves. It

plied field. can be seen that the area under the switching current-time

The initial increases and subsequent "level off" of the curves for the two compositions are roughly equal, but the

switching time with the applied field may be explained by the switching time for composition I I is significantly longer. We

sharpness of the forward transition field. The forward transi- think that the difference in the switching time is caused

tion field for composition 4 is not perfectly defined and dis- mainly by the different backward switching field E.,. In

tributed over a field range as may be seen from Fig. 4. Within Fig. 13 (b), the switching time at the plateau region is plotted

this field range, the ferroelectric polarization is not fully in- against the E.A value for different compositions. The ap-

duced and the ferroelectric phase is not fully stabilized. Ima- plied poling field and compositions for different EF.A values

gine that the stability of the ferroelectric phase increases
with increasing applied electric field and thus the energy
barrier for the recovery of the antiferroelectric phase in-
creases with increasing applied field. As a result, the switch- 2.0 ..... ........ , _

ing time increases with increasing applied electric field.
When the applied field is high enough to complete the anti- . -compmitin 4

i . 2-compoimtoi 4O1

3.C , , , • , , * •0.8

(A) 0.4

b .E,6h5 kV/cm " 0.0 4

1.0 -4. E-a 76 kV/©m .. 4- - - - ---

aa-5 05 10 Is
- -Q) TIME luSec.)

0 2 4 6 9
Time (pas) 12

9

, 6

3

*15 20 25 30
IS. 1bl Cft (Kv/cm)

Q1. W FIG. 13. (a) Comparison of backward switching current-ime curve for
so O s composition Nos. 4 and II. Composition No. 4 has a backward switching

field E.,, o29kV/cm adcomposition No. II husE,,of 19kV/cm. (b)
The backward switching time in the plateau region vs the backward switch.

FIG. 12. (a) Backward switching cuirrent under dilrerent de poling fields ing id: three diferet backward switching ids are 19kV/cm ofcompo.
and (M backward switching time a a feactim ofde poling id for compo sition No. i, 24.S kV/cm oaxmposition No. 12 and 29 kV/cm ofomposi.
sitsm No. 4. tia No. 4.
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illustrated in the Igure capeion. One qualitative nature perature is similar to the effect ot-iow ann-%t firequency ,at
et. the switching time decreases with incfeasing higher temperatures. Thus, the dielectric hystersis loops at

e value of the compasitions. It must be mentioned that high driving frequencies are not room-temperature dielec-
,O the Er.4 value of the composition becomes very small, tric hysteresis loops. The variation of the dielectric hystere-

,,e switching current is so spread out on the time axis that sis loop with temperature is most pronounced near the anti-
,he switching time is very difficult to be ascertained by the ferroelectric-to-ferroelectric phase transition temperature.
present technique. So, the data for low E,.. compositions From Fig. 2 it may be seen that composition 6 is closer to the
were not plotted. MPB than composition 4, therefore, its antiferroelectric-to-

ferroelectric phase transition temperature should be closer
$.g $wt undor a OW to room temperature than that of composition 4. This is why

The swit.hing times presented above are obtained from the change of P-E loop is more pronounced for composition
"single shot," i.e., the transition from the ferroelectric 6 than for composition 4. The shape of the hysteresis loop for

phase to antiferroelectric phase occurred just once or vice composition 6 and some of the other MPB compositions de-
vets. When the sample is driven continuously by an ac field, pends critically on the heat transport condition. When the

the heat generated from the P-E hysteresis may modify the sample is in contact with a large heat sink, the sample re-

original switching behavior. Figure 14 shows the P-E hyster- mains cold. and the hysteresis loop shows the low-tempera-

esis loops for composition 4 and 6. For both compositions, ture form. When the electric connection is accomplished by
the forward switching field increases slightly with the driv- two thin wires and is thermally isolated, the hysteresis loop
ing frequency, while the backward switching field increases shows the high-temperature form.
significantly with increasing driving frequency above 10 Hz.
For the hysteresis loops at 300 Hz, the EF.4 values are in- V. FIELD EXCITATION DEGRADATION EFFECT
creased greatly and the ferroelectric polarization values de- A. Measurement
creased appreciably with respect to those of the low-frequen- The ac field excitation induced degradation is evaluated
cy values. Clearly, these phenomena cannot be explained by by measuring the ac field-induced ferroelectric polarization
the kinetics of the phase switching because the switching as a function of switching cycles. The ferroelectric polariza-
time from "single shot" measurements is of the order of mi- tion was measured using the Sawyer and Tower technique.
croseconds. It is observed from the temperature dependence The P-E hysteresis loops were recorded using a x-y digital
of the ferroelectric polarization (Fig. 7) that the behavior of oscilloscope at different switching cycles. The driving fre-
the phase transition differs with temperature. Because the quency of the ac field was kept at 60 Hz. The applied electric
hysteresis heating effect increases with increasing driving field varies with composition to accommodate the differ-
frequency, the effect of high driving frequency at room tem- ences of the transition field of each composition. The fields

applied to the samples were approximately 25% above the
E4 .p transition fields of the compositions.

P 5. Expedmental results

0.5 Hz 1. Effect of sample surface

300Hz To test the effect of sample surface on the degradation
behavior of the ceramic composition, we kept the applied
electric field level and the driving frequency of the applied

E field constant for each composition. The rough surfaces were
prepared by grinding with 400 grit sand paper and the
smooth surfaces were prepared by polishing with I pm dia-
mond paste.

Figure 15 shows the comparison of normalized field-FIG. 14. P-E hystereSis induced ferroelectric polarization as a function of driving
loop fcopestinNo. cycles for composition 5 and 6. The difference between the
and 6 as a function of fre-
quency. rough surfaces and polished surfaces is astonishing. Further.

more, the difference for composition 6 is even larger. The
05 H% degree of the smoothness that can be accomplished depends
10H on the density of the composition. The sample surfaces of

300 H) composition 6 are smoother than those of composition 5 be.
.... 9 cause the density of composition 6 is 8 g/cm3 and that of the

1E /composition 5 is 7.6 g/em.

2. Eff eel of elect odeg
The equal potential surfaces were accomplished by ap-

plying different metal electrodes to the major surfaces of the
1) samples. The gold electrode was applied by sputtering, the
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polished sample surfaces and ground sample surfaces are as illustrated. COMPoIION0

compsitins, o +COMPOSITON 10
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IM SWITCHING CYCLES

indiur electrode was coated by evaporation under con-
trolled filament current condition and silver electrodes were 110
applied by brushing air-dry silver paste on to the samples.

Figure 16 shows a comparison of degradation effect of 1001 r

the composition 5 with different metal electrodes. Surpris- Fg +,A
ingly, the degradation behavior are Very similar. Z so ++ +

++ I

I Effect of comoatlfl

The degradation behavior of different compositions was isrot
tested. The samples for this comparison were all polished 0 0 COMPOSITIO24

although the surfaces were not all at the same degree of Vt * CoMPOSITI

smoothness because of the density difference among the 40 & coUPOJTIOG i i

compositions. 30l + COMPOSITON a2

Figure 17 shows the maximum field-induced ferroelec- 25 - ---. - - -__

tnic polarization as afunction of the drivingcycles forgouip lo0 101 10' 103 104 l0' g 10' 10'

I and group 2 ceramic compositions. It is very difficult to 1b) SWITCHING CYCLIS

correlate the degradation systematically to the variation of

compsiton.butwe an ee n geera tht goupI hs a FIG. 17. Normalized field-induced rcrroelectric polarizationl vs driving cy-

lower degradation rate. The average reduction of the nor- cles for (a) group I uan (b) grop I compi~OS the coipositin are as

malized ferroelectric polsazation for group 2 composition is illustated.
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38% at I0'cycles, while group 1 has an average of 21 %. For surfaces can give a different charge injection because of the
group 1. composition 10 and 7 have a larger degradation rate electric field concentration at the flaws. The injected charges
than the rest of the compositions and for group 2 composi- can then interact with the polarization discontinued region.
tions; No. I I clearly has the largest degra'ation rate. trap there, and stabilize the regions. This mechanism can

also give rise to the observed degradation effect. Further
C. Discussion work is carrying on to sort out and verify the mechanisms of

the degradation effect.
The degradation effect of the composition appears to

depend on the distance of the composition away from the VI SUMMARY AND CONCLUSION
MPB. Group 2 compositions, on the average, are further The longitudinal field-induced strain accompanying the
away from the MPB than group I compositions, and accord- phase change in this family of antiferroelectric ceramics is in
ingly, the average degradation rate for group I compositions the range of 0.2%-0.9%. The temperature and composition
is less than that for group 2 composition. The degradation deeenisothfel-dudsranrexpiedbte
rate seems also to depend on the Sn/Zr ratio. From Fig. 2, dependencies of the field-induced strain are explained by thecomposition S is farthest away from the phase boundary, temperature dependence of the sublattice coupling related
howvtiscomposition iisfarthes awafri t the dsegdan electrostrictive coefficient 1i. The Sn/Ti ratio dependence ofrate is smaller than most of the composition in group I. In the strain level is explained by the possible decrease of il duegroup 2. composition is closest to the phase boundary to the addition of the Sn to the system.among the group members. However, this composition is The single-shot switching time between the two states isric he ngZrup antemder ion r thus mositn is . on the order of 1-2 us. The kinetics is controlled by therichest in Zr, and the degradation ratetdps on the I- nucleation of the new phase under the realizable applied fieldm ay be said that the degradation effec t depe nds on the easi- ra g . U d r c ni u s a : fel d iv gt e h t r t c
ness of the antiferroelectric-ferroelectric phase transition. range. Under continuous ac field driving, the hysteretic
Close to the phase boundary, the energy difference between heating effect introduces temperature rise, changing the
the antiferroelectric phase and ferroelectric phase is small, original room-temperature switching behavior.
and the degradation rate is less. However, this effect cannot Tera ic isderaner a cyfie excit anbe compared simply by measuring the distances of the corn- average life cycles is in the range of 106- 107cycles which can
becmposiion sibyf m easurin the ht i taphase onda or- be greatly improved by carefully polishing the sample sur-two compositions which are the same distance away from faces. The compositions close to the phase boundary andthe MPB, the Sn-rich composition is easier to be switched rich in Sn degrade more slowly than the compositions awaythe PBtheSn-ichcomosiion s esie tobe withed from the phase boundary and rich in Zr.
into the ferroelectic phase and the degradation rate is corre-
spondingly less. ' B. Jaffe. W. R. Cooke. Jr.. and H. Jaffee, Piezoelectric Ceramics. edited by

The surface finishing condition has a profound effect on J. P. Roberts and P. Popper, (Academic. London. 1971 ).
the degradation rate of the antiferroelectric ceramics. This 2D. Berlincourt, H. Jaffe. H. H. A. Krueger. and B. Jaffe. Appl. Phys Lett.

result is very different from that reported by Fraser and Mal- 3, 90 (1963.
'D. Berlinvourt, IEEE Trans. Sonics Ultrason. SU-13. 116 (1966).donado who observed significantly reduced ac field excita- 'K. Uchino and S. Nomura. Ferroelectrics 50. 517 (1987).

tion degradation effect by using indium electrode.'" The de- 'L. E. Cross. S. J. Jang. R. E. Newnham. S. Nomura. and K. Uchino. Fer-
pendence of the degradation rate on the surface finishing roelectncs 23. 187 (1980).
condition is not clear at the moment, However, if the fatigue 'W. Y. Pan, Q. M. Zhang, A. S. Bhalla. and L. E. Cross. J. Am. Ceram. Soc.

72.571 (1989).
is mechanical in origin, we speculate that the cracks may 'Q. PA. Zhang, W. Y. Pan, and L. E. Cross. J. Appl. Phys. 63.2492 (1988).
initiate from the surfaces and propagate into the bulk under 'K. Uchino, L. E. Cross. and R. E. Newnham, Jpn. J. Appl. Phys. 19. L425

ac field driving, resulting in the degradation. Different sur- (1930).

face finishing conditions yield different amount of flaws on 'W. J. Mer. J. AppI. Phys 27, 938 (1956).
'"Q. Li, W. Y. Pan, and L. E. Cross J. Wave Mater. Interact. 1. 257 (1986).

the surface and might affect the degradation differently. On "Q. Li. W. Y. Pan and L. E. Cross. Mater. Lett. S. 51 (1986).the other hand, if the fatigue is electric in origin, different ':D. B. Fraser and J. R. Maldonado. J. Appl. Phys. 41. 2172 (1970).
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A new type of piezoelectric composite has been developed for oceanographic applications. The

composites have a large figure of merit (d6,gh or d,.g/tan 8); a large dielectric constant (K) and

low dielectric loss, as wel as great mechanical strength. A shallow cavity between the PZT

ceramics and thick metallic electrode is designed to conva a portion of the z-diection stress into a

large radial and tangential stress of opposite sign, thereby causing the d6 and d, contributions to

d to add rather than submact, and raising the figure of merit Theoretical stress analysis was

carried out using an axisymmetric finite element method. Expeimental results show dt the dgj,

K and withstandable pressure are extrmely high.

in

For many hydrophone applications, there is a great demand for piezoelectric composites with a

high hydrostatic piezoelectric charge coefficient (d,. high hydrostatic piezoelecuic voltage

coefficient (Se), and high dielectric constant (K) as well as a high pressure tolerance. In the las

decade, several piezoelectric ceramic-polymer composites with diffeent connectivity patterns has

been developed for hydrophone and medical transducer applhcationsPA4 . The advantages of these

composites ova ceraiC s include higher figure of merit dg. to enhance the sensitivity, increased

the mechanical compliance, smaller acoustic impedance for matching to water or tissue, and lower

ansverse elecmomechanical coupling coefficient to reduce cross-talk noise and improve direcivity

of the transducer army. Disadvantages of these ceamic-polymer composite transducers however,

are lower dielectric constant and lower pressure tolerance than their ceramic counterparts.

Flextensional tnnsducers composed of a piezoelectric ceramic and a shell stucae exhibit good

electroacoustic perfcmance"1 in which the extensional vibration mode of a piezoelectric ceramic is

coupled to the flexural vibration mode of a metal or polymer shel. The shell is used as a

mechanical transforme for transforming the high acoustic impedance of the cmamic to the low

acoustic impedance of the medium and for producing large volume velocity. Or, when operated in

the reverse direction, the large velocity in the medium produces a high stress in the ceramic. All

five types of flextensional ransducers described in ref. 5 and 6 are designed to operate in the low

frequency range below 10 kHz.

This paper describes a new type of piezoelectric ceamic-metal composite based on the principle



of a flextensional transducer. The basic stucture is described in sec. iM A computer analysis for

stress analysis in the composite was performed using the Finite Element Method (FEM. The

stress contours are described in sec. IL In sec. IV, the experimental results are presented to show

that this type of composite can provide very high db.g, or dgb/tan '8m, together with a large

capacitance and high withstanding pressure.

As is wel known, F'T ceramcs have high dn and d3, but it d, (w du + 2dn) value is only

about 45 pON because d,, and ds have opposite sips. To enhance d. we have developed a PZT-

metal composite with very shallow cavities between the PZT ceramic and thick metallic electrodes

which convert a porion of z-direction stress into a large radial and tangential stresses of opposite

signs, thereby causing the d and d3, contribution to 4 to add rather than to subtract, leading to

highdh.
A cross section view of the PZT-metal composite is shown in Fig. 1. The symmetrical structure

is designed to obtain an extensional vibration mode of PZT, and high hydrostatic pressure

I tolerance. The height of the shallow cavity h is less that 150 pim. The shallow cavity allows

deformation of the metal electrode toward the ceramic disk by closing the cavity which reduces

stress amplification in the PZT and prevents breakdown during shockwaves or very high

hydrostatic pressure, A simplified explanation is shown in Fig. I and the following equations.

I Let T, be the x-direction stres in PZT.

I T, a P.- N-7=T

Where P, is the austic pressum and N is a suess ampliiation parameter. N is approdmately

I equal to lAan cL Where a is the shallow cavity angle shown in Figl.

IT, is the z-component of stress in PZT and is given by

I
I
I



Where S is the surface are of the disk and S2 is the surface area of die metal-Mr bond. The

resulting polarization is dT,+dIT,+d.3T,S3/S.

Therefore,

(d) = n+ 2,L,, h~p

This representation of (4). is only for explaining the basic principle for designing the

composite. In fact, the experimental result of d. is much smaller than (d.,, because N is much

less than 1/tan a for the thick metal electrode.

The basic idea is to attempt to use both the d and d, to obtain high d. Thick metal plates am

used as a mechanical transformer to transform the stress direction and amplitude, and also adjust

the acoustic impedance from a low impedance in the z-direction to high impedance in planar

direction.

The lowest vibration mode of the composite is a flextensional mode determined mainly by the

stiffness of the PZT in planar mode and the equivalent mass of the metal plate. This equivalent

mass is much larger than the real mass of the metal plate, because the vibration velocity at the

central portion of the metal is much larger than the reference velocity on the PZT. The operating

frequency range of the composite is dependent on this flextensional mode which is related to the

cavity diametr d,, the height of the cavity h, the thickness of the metal h, and the stiffness of the

ceramic in planar mode.

Since the withstanding hydrostatic pressure P. is another important parameter for the underseas

application, the stress amplification coefficient N cannot be designed too high. Transducers with

large cavity diameters (d) have low flextensional resonant frequency, low P. and high d.

The capacitaace of the composite can be changed by adjusting the electrode area on the PZT

surfaces.

IL Stress Analysis with FEM

A theoretical analysis of the brass-PZT composite was preformed using the finite element

analysis program, ANSYSversion 4.3"tI. A one-quarter axially-symmetric model is shown in

Fig. 2. The mesh contained 640 quadrilateral-shaped elements with 729 nodal points Half of



them are in the MrT. The sign of triangles are used to "pin" the object and allow only parallel

direction movement on the boundary when stresses ar employed.

For simplicity of analysis, the metal bonding layer is neglected, and a hydrostatic reference

pressure of P. = I is applied to the model. Fig. 3 shows the ess contours in radial (R) direction

with quadrupole pattern in the brass, and the stress concentration with a factor of about 20 is at the

tip point of the PZT and the brass. In the FZT, there are only extensional stresses in the radial R

direction and very small stresses in the center part. The tangential stresses in Fig. 4 shows that

there are bending stresses in the brass, and extensional stresses in the PZT. The stum contours in

the z-direcdon shown in FIg. 5 indicate that thee are undesirable extensional stresses in the PZT,

and the stresses are concentrated with a factor of about 15 at the tip line of the PZT and the brass.

This stress analysis shows that the material used as a bonding layer between the PZT and the brass

should have greater compliance than brass or PZT in order to reduce the stress concentraion factor

and to obtain compressive suses in the PZT along the z-direction.

1V. Experiment and Results

Brass-PZT composite samples with dimensions (Fig 1): d = I m, b, m h = 1. 1

mm, h = 100-150 gm and four different cavity diamets d. 7.6 mm (arge cavity), 5.8 mm

(middle cavity), 4.1 mm (small cavity), 2.5 mm (very small cavity) were machined for the

experiment. In order to obtain a thick bonding layer, the brass plates with silver paste applied over

the bonding area were fired at 600 C for 10 minutes. Then the brass plates were bonded to a PZT-

5 disk with the silver-glass paste and fired at 600 C for 10 minutes. Brass was chosen for its low

thermal expansion coefficient (approximately 15 ppm/*C). After cooling the composite was

encapsulated around its circumference with Spurn epoxy resin and cured at 90 "C for more than 8

hours. The composie was poled in oil at 150 C with a 2.5 kV/mm electric field for about 15

minutes.

Piezoelectric coefficients & an d, were measured in a closed oil cavity using a low frequency

(approximately 53 Hz) comparative method with the hydrostatic pressures up to 1000 psi (7 MPa).

The experimental results presented in Fig. 6 and Fig. 7 show that large cavity size leads to large d

and g& The dielectric constant was larger than 1500 and tan 8 less than 0.025. Fig. 8 shows the

relationship between the du value measured at center point of the sample with a Berincourt du



metr and the di value measured by the low frequency comparaive method. The d value also

increased markedly with cavity diameter. Fig. 9 shows that the frequency of the lowest

flextensional mode decreases as the cavity diameter increases. Therefore, the larger cavity diameter

composites possess a lower operating frequency range.

Because the thermal expansion coefficient of brass is larger than the PZT (approximately 5-7

ppm/'C), compressive prestresses are applied to PZT in R and * directims perpendicular to the

poling direction. These presuesses help to maintain the polarization in the PZT. Fig. 10 shows

that the aging under hydrostatic pressure at 350 psi (about 2.5 MPa) was very small

A planar army was made for testing by embedding four composite samples with large cavities in

epoxy resin (Eccogel 1365-25, Emerson & Cuming Inc.) (Fig. 11). The admittance and

conductance of the array in air and in water presented in Fig. 12 and Fig. 13 show that the lowest

flextensiona! mode was higher than 30 kHz and the resonant peak in water was very flat.

Therefore its fiat receiving response is more that 20 kHz.

V. Conclusion

1. A PZT-brass composite with redirected stresses exhibits a very high figure of merit (d,.gb

or dk.gJtan 8) as well as high dielectric constant K and withstanding pressure P.,. Its gd, S

50000 x I0ts n/N. For PZT ceramic its &db a 0 x 10-15 m/N. For PbTiOq ceramic its &.d,,

1800 x 1Is m?/N. For voided thick PVDF &'db - 5000 x 101 mN. 

2. Larger cavity sizes lead to large d, and , but lower operating frequencies.

3. Little aging was observed under hydrostatic pressure (350 psi).

4. An experimental four-element flexible array shows flat frequency response.
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The potential of a number of hydrophone sensor materials is assessed by con-
sidering the sensitivity requirement and various noise contributions in the design of
a hydrophone element. Noises originating from the loss tangent and pyroelectricity
of the material can be serious factors. By considering the free-field voltage sensitivi-
ty and a proposed figure of merit ghdh/tan 6, it is shown that composites and glass
ceramics are the more promising candidates for new sensor applications. The self-
noise factors can be minimized by designing sensor materials that have large ght and
low tan 6 values. Pyroelectric noises can also be greatly reduced by appropriate com-
posite designs.

For a crystal belonging to one of the piezoelectric classes, there is no guarantee
that the crystal in actual measurements will display the piezoelectricity in all the
stress conditions. In a particular stress environment, piezoelectric effects are per-
missible for some piezoelectric crystals. For a crystal used as a stress sensor, the
change in polarization, 4 P., (or charge, 4 Q, developed on the per unit surface area
of a sensor) is given by("

,JPi= Q, (i= 1,2;3andj= 1-6), (1)

A i

where A is the area and dy are the piezoelectric coefficients of the sensing element.
For a hydrostatic stress environment (o, = a2 = j = -Ph, a04 = 0S = o6 = 0)

,4Qi = dl(h,4phA. (2)
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Table I

Nonzero d,j expression for active piezoelectric crystal classes (I is a direction vector)

System Class dlf t- dh Example

Triclinic I (dj, + d12 + djj) 1 + (dj, + du + d23)l3
+ (d3, + d3. + d 3)13

Monoclinic m I X, (dj, + d12 + djj)1l + (d), + d1 + d33)I,
Monoclinic 211x 2  (dl + du + d23)12  Li 2SO- HzO
Orthorhombic mm2 (d3l + dj2 d3J)l PVFj
Tetragonal 4.4 mm Li2 B.0 7

Rhombohedral 3.3 m Relaxor Ferroelectrics
Hexagonal 6.6 mm (2d, + d33)I ZnS, CdS

PZT. PT. Composites

Poled Ceramics 00, aom Glass Ceramics
PVF,

It can be shown that dgh, (or dh) for all piezoelectric crystal classes, except for those
belonging to the pyroelectric or polar classes, is zero (Table 1).

From eq. (2), the hydrostatic voltage sensitivity, M, (M.K.S. units) of a lossless
capacitor (or a crystal) is defined as

djh)rvmM =dKh, [!NMImM- I-1m

or

M = ght V. (3)

where K is the dielectric constant of a material, co the permittivity of vacuum and
N/rn" the stress in Newton per square meter. M is defined as the free-field voltage
sensitivity (volt per pascal) and thus depends on the sensing element thickness, 1.
The gh coefficient for most practical materials falls in the range 10 - 200 x 10-' V
- m/N. Thus, from the material designer's point of view, the gh coefficient is the
most direct and important consideration for hydrophones of high sensitivities. In
practice, besides the intrinsic material properties (K, dh, gh, tan 6), the device
development also depends upon the fabrication parameters (e.g., sample prepara-
tion, electrodes, mounting, sensor dimensions, single crystal or polycrystalline
material, etc.) and operational conditions (temperature, pressure, frequency, and
other environmental conditions). The material property which is also highly
affected by the fabrication and operational parameters is the intrinsic tan 6 of the
sensing element. The loss tangent generally depends heavily on the material prepara-
tion and its state, for example, it being a single crystal, polycrystalline, thin film or
composite, and often on the poling conditions and aging effects in the ceramics.

I
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Hence, there are various sources of noise in a practical hydrostatic sensing device.
Some of the other sources of noise are due to flow noise, temperature fluctuations
or pyroelectric noise, open circuit input noise of an amplifier, short circuit input
noise, etc. The self-noise (which in general a tan 6/JC), depending upon the opera-
tional conditions, must be seriously considered in the design of hydrostatic sensors.

Therefore, the figure of merit of a (Johnson noise limited) hydrostatic sensor
could be expressed as

M
2C

F.O.M. cc -tan 6

or

cc t .t.A (4a)tan 6

or

d~h)

oc • t.A. (4b)
e0K tan 6

For a sensor with given dimensions A and t, the hydrostatic figure of merit of th.
sensor material is directly related to (gh' dh)/tan 6. The values of gh, dh, and FOM
for a hydrostatic sensor material are expressed in units of

-
- V - m

N

di,- 10- 12C

N

In2  IO-13
dhgh - 10"- or

N pascal

Generally, tan 6 for most materials is - 10-2. By including tan 6 in the FOM, we
can express ghdh/tan 6 as - 10- m2/N.

For hydrophone materials with dkgh - (10 to 1000) x 10- '" m2 /N, the FOM of
the order of (I to 100) x 10-11 m2/N has the units and range of elastic compliance
of most common materials. This allows one to draw an elastic analogy to the situa-
tion as if the material were behaving like an elastic media. A higher FOM gives an
analogy to a highly compliant material whereas a lower FOM reflects the highly stiff
behavior of the material. For comparison, typical values of compliance, s13, in some
cases are

Spurr Epoxy - 122 x 10-': m2/N
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Stycast Epoxy -32 x 10- 12

PbTiO 3  - 1.4 x 10- 12.

Table 2 lists the hydrostatic figures of merit gh, dh, and (ghdh)/tan 3 for various ir-
portant piezoelectric ceramics and composites. (2 10' It clearly indicates that com-
posite and glass ceramic sensor materials are superior to any other single-phase
piezoelectric sensor materials. It is also clear from expressions (3) and (4) that the
thickness of the sensing element is an important parameter in the hydrostatic
pressure sensor design. In many instances, the available thickness of a material
becomes the limiting factor for the design of sensitive hydrophones. For example,
in order to achieve a design goal of sensitivity - 192 dB re Volt/pUPa, and 2nf
capacitance, for a 10 x 10 cm2 sensor, the best PVDF (K = 12) can provide is
-0.6 min thickness, and therefore it requires a minimum gh of 150 x 10-1 Vm/N.

Thus composites and glass ceramics offer additional possibilities to meet the design
goal for hydrophones. It should be noted that greater thicknesses of the piezoelec-

tric elements usually translate into greater degree of difficulty for poling and reduce
the net capacitance of the sensing element at the same time.

Table 2

Hydrostatic figures of merit gh, gdh, and d/(Keo tan 8) for various important materials.

d i,-1 g h d hg j, d ,'l K ta n 6 .Sample Ref. K* x 1 t  X 10, X 101 tan a.to" N

C/N V-m/N m/N

PZT4 7 1300 43 4 172 0.02 9
PZT5 7 1690 21 2 42 0.02 2
PVdF (1983) 1 7.8 I0 10 112 1.120 0.011 101
PVdF i 8 18 270 4,860 0.015 324

Composites* 2.10
A. 3-3 Mitsubishi 5,9 200 92 53 4,876 0.019 256
B. 0-3 NTK 304 10 54 22 47 1,034 0.058 17

306 38 27 81 2,187 0.016 137
305 37 41 124 5,084 0.023 221
307 51 69 153 10,557 0.035 302

N 3-0 7 150 19 2,850 (0.02) 143

K 1 4,5 41 30 82 2,460 0.012 205
K2 3-1 4.5 356 220 72 15.840 0.02 792
K3 3-2 4.5 360 153 52 7,956 0.02 398
PI Philips 1-3 45 28 71 1.988 0.02 100
K4 510b 478 200 48 9,600 0.018 533
Edo PbTiO, 210 48 26 1,248 0.007 178
BST Glass-Ceramics 6,7 12 10 83 830 0.001 830

*For details see refs. 2 and 3.
*Measurements at I kHz.
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Another noise source which is to be considered in the hydrophone performance
and can be eliminated in the composite material design is related to pyroelectric
noises."" Since the pyroelectric coefficients are much larger than the piezoelectric
coefficients of hydrostatic piezoelectric materials, even a small temperature fluctua-
tion is a matter of concern in the operation of hydrostatic pressure sensors, especial-
ly at lower frequencies. For a constant 0VI V, a 3 x 10-1 K temperature variation
produces an equivalent effect of one psi in a typical PVDF sensor. Such effects can
be successfully eliminated by proper design of the composite material.""
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THIN FILM 0-3 POLYMER/PIEZOELECTRIC
CERAMIC COMPOSITES: PIEZOELECTRIC PAINTS
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Materials Research Laboratory, The Pennsylvania State University, University

Park, PA 16802 USA

I(Received 29 April 1989)

In this paper we summarize our investigation of the electrical properties of thin-film 0-3 polymer-
ceramic composites. The main objective of this study was to demonstrate the principle that a piezoelectric
'paint' can indeed be prepared. Two polymers, an acrylic copolymer and a polyurethane, were utilized
in our research. Both were loaded with 60-70 volume percent PZT and a coprecipitated PbTiO3 . The
addition of various surfactants and dispersing agents to the acrylate-based composites was necessary to
aid in dispersing the ceramic particles in the polymer matrix. The hydrostatic strain and voltage coef-
ficients, along with the 'figures of merit' for PZT-filled acrylic and polyurethane composites were found
to be significantly largor than values reported previously for other 0-3 polymer-PZT composites. For
acrylic copolymer-coprecipitated PbTiO. composites, the hydrostatic coefficients were found to be
roughly 50% larger than the comparable PZT-filled materials. For example, g, d ranged from about
1260-1380 x 10-" m2/N for PZT-filled and from about 1970-2140 x 10-"1 m2/N for PbTiO 3-loaded
acrylic composites. The electrical properties of the PbTiO3-filled polyurethane were comparable to
those of the corresponding PZT composites.

IINTRODUCTION
Piezoelectric ceramic/polymer composites possessing various connectivity patterns
have been the focus of much study in the past ten years [e.g., 1-31. Among the
composites examined, the simplest types are those with so-called 0-3 connectivity.
These consist of piezoelectrically-active ceramic particles dispersed in a 3-dimen-
sionally connected polymer matrix. One of the more attractive features of polymer
composites based on the 0-3 connectivity pattern is their versatility in assuming a
variety of forms, including thin sheets, molded shapes, and extruded bars and
fibers. By choosing the appropriate polymer matrix, these composites can also be
made flexible, to conform to curved surfaces. A number of elastomeric and rigid
polymers have been utilized in 0-3 composites in the past. These have been loaded
with various piezoceramics, the most documented of which being lead zirconate
titanale (PZT). In general, the 0-3 composite family has been found to exhibit
high hydrostatic piezoelectric voltage coefficients and 'figures of merit' when com-
pared to the properties of conventional single phase materials. Consequently, these
composites have the potential for use in a number of applications such as hydro-
phones or ultrasonic transducers.

As an extension of this work, 0-3 composites have been examined for the
development of piezoelectric (or pyroelectric) 'paints'. In this case, the term 'paint'
refers to a thin-film polymer/ceramic composite which can be applied to large

tPresent address: Dow Chemical Company, Midland, M! 48640.I $Present address: Rutgers University, Piscataway, NJ 08854.
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surface areas. The initial question that must be addressed is: is it feasible to load
a typical paint vehicle to the levels required to obtain good piezoelectric or py-
roelectric activity in the final, dry film? In fact, it is common in flat and ceiling
paints to load to 60-80 volume percent pigment.4 Our research has focused on the
preparation and electrical properties of piezoelectric 0-3 composites in the form
of relatively thin films (-200-500 R microns thick), cast onto brass plates.

EXPERIMENTAL

A. Materials and sample preparation

The polymers used in this study were an acrylic copolymer (in the form of a
suspension in water) and a polyurethane. The copolymer (random) consisted of
methyl methacrylate and 2-ethylhexyl acrylate (44 wt. % methyl methacrylate)
dispersed in water (60% solids). Various surfactants and rheological agents such
as sodium carboxy methyl cellulose, hydroxyethylcellulose, and polyethylene oxide
(a nonionic surfactant) were purchased from Polysciences, Inc. "Foammaster"
defoamer was obtained from Rohm Haas, Inc. The polyurethane composites in-
corporated only one additive: a dispersing agent, Anhydrous Aerosol OT-100 (100%
solids), obtained from American Cyanamid, Inc. The glass transition temperatures
(Tg) of the acrylate (Tg - 3°C) and the polyurethane (Tg - 31°C) were obtained
using a Perkin Elmer differential scanning calorimeter (Series 7).

A series of 0-3 composites were prepared using PZT or coprecipitated PbTiO 3
powder as the electroceramic filler. The PbTiO3 powder was prepared by a two
step precipitation from aqueous solution.' The final dry powder was ground, then
calcined at 900'C for one hour to yield highly crystalline PbTiO particles with a
narrow particle size distribution. An additional calcination was carried out at 850*C
for four hours to produce a powder with a particle size of 4-5 P as measured by
a Quantachrome Monosorb Surface Area Analyzer, Model MS-12. The 'original'
PZT powder (501A-Ultrasonic Powders, Inc.) was also calcined at 850°C to yield
a powder with an average particle size of 1-21.

Films were prepared by combining the copolymer emulsion or the polyurethane
with their respective surfactants and dispersing agents. For the acrylic copolymer
case this was done in the proportions designated in Reference 6. The electroceramic
filler was loaded into the polymer mixture and allowed to stir at room temperature
for approximately two hours. A sufficient amount of defoamer was then added to
eliminate the formation of bubbles while stirring. The polyurethane/electroceramic
composites were prepared in a similar fashion. The polyurethane plus approxi-
mately 10% solvent (toluene) was combined with either 1.5% (for PbTiO0) or 2.5%
(for PZT) anhydrous aerosol OT-100 at room temperature. Defoamer was then
added and the materials were mixed at room temperature.

The final films were prepared by casting the mixtures onto brass plates. The
surface of the brass was made rough to ensure good adhesion between the com-
posites and the metal. The films were initially dried in air at room temperature for
24 hours then placed in a vacuum oven at 1 10°C for an additional 24 hours to
ensure removal of all residual water or solvent.

' I I II
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Air-dry silver paint was used to electrode the final, dry films on one side, while
the brass plate acted as the second electrode. The resultant film thicknesses ranged
from about 200-500 It. The internal microstructure of each composite type was
determined using an I.S.I. Super llA Scanning Electron Microscope. The samples
(minus the brass) were fractured in liquid nitrogen and the fracture surface of each
composite examined.

B. Poling and dielectric and piezoelectric measurements

Poling of the composites was accomplished by both the conventional and the Corona
discharge techniques. The conventional poling apparatus consisted of an oil bath
and an external power supply. The temperature of the bath was maintained at 75°C
for the acrylate-based composites and at 100 0C for the polyurethane composites.
The voltage was applied stepwise; the composite was allowed to remain at a par-
ticular voltage for ten minutes, then the electric field was increased. This process
was repeated until the maximum field for a given composite was reached (100-
150 kV/cm). This procedure minimized the possibility of electrical breakdown of
the composites.

The Corona discharge method of poling involved the application of a large d.c.
field to a set of needles, causing an ionization of surrounding gas molecules. The
composite was electroded and placed on a grounded metal plate and a charge from
the needles was sprayed onto the unelectroded surface. The temperatures used
during Corona poling were the same as for the conventional method.

Initially, the breakdown strengths of the candidate polymer matrices were eval-
uated to assess their capability of withstanding electric fields of 100-150 kV/cm,
i.e., those normally required to pole 0-3 composites. This was done by placing
samples of The pure polymers into the conventional poling apparatus and increasing
the applied field until breakdown occurred. The acrylic copolymer withstood an
applied electric field of - 150 kV/cm whereas the dielectric strength of the poly-
urethane was found to be -120 kV/cm. The breakdown strength of the polymer
matrices plus their respective additives were also evaluated. The addition of the
ionic surfactant to the acrylic copolymer greatly lowered the breakdown strength
(to approximately 50 kV/cm) and. consequently, was removed from the composite
formulation. The dielectric breakdown strength without the ionic surfactant was
found to be -130 kV/cm. The polyurethane with the added dispersing agent pos-
sessed a breakdown strength identical to that found for the pure polyurethane.

Dielectric constant and loss were measured using a Hewlett-Packard Model
4274A Multi-frequency LCR Meter. Measurements were taken at room temper-
ature and I kHz for all the composites to obtain tan 8 and the dielectric constant.

Measurements of d., were made using a Berlincourt Piezo d. 3-meter at 100 Hz
for each poled sample. The d33 values reported here are the average of 10 random
point measurements (5 on each electroded surface). The hydrostatic strain coef-
ficient (d,) was evaluated using a static technique and from this, the hydrostatic
voltage coefficient (g.,) was subsequently derived. The apparatus consists of an oil
chamber within which a sample holder is immersed. The sample holder contains
the test samples along with a standard (PZT). A hydraulic press to provide static
pressure to the oil bath. an AC stress generator within the chamber, and a spectrum
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analyzer (Hewlett-Packard 3585A) to monitor the voltage produced by the sample
were also employed. All hydrostatic measurements were made approximately 2-
3 days after polarization.

RESULTS AND DISCUSSION

The dispersion of both the PZT and PbTiO 3 in the acrylic copolymer was found
to be excellent, indicating that the combination of surfactants and rheological agents
utilized were appropriate for this type of composite. The dielectric constants for
these composites (Table I) are comparable to those found in previous studies on
piezoelectric 0-3 composites.7 - 9 The values reported in Table I represent an av-
erage of measurements taken on several random samples. The standard deviation
for the dielectric constant and tan 8 were ± 5 and ± 0.01 respectively. As expected,
the dielectric constant increased with increasing volume fraction of ceramic due to
the large dielectric constants of PZT (K - 1800) and PbTiO (K - 230) compared
to those of the polymer matrices. The dissipation factors of the composites at room
temperature and 1 kHz are 0.04-0.06, similar to that of the pure polymer (0.05).
The losses are relatively high because room temperature is within the temperature
range encompassed by the a-relaxation at I kHz of this particular copolymer.

The d33 values for the PZT-filled composites were found to be 25-28 pC/N.
while those for the coprecipitated PbTiO/acrylic copolymer composites were 35-
38 pC/N. Epoxy elastomer composites fabricated by Safari, et al., loaded with 67%
coprecipitated PbTiO 3, were reported to exhibit a d33 of approximately 60 pC/N.5
This is substantially larger than the values for the PbTiOiacrylic copolymer com-
posites (as well as the PbTiO1/polyurethane composites) reported here. The reason
for this discrepancy is unclear at this time. The difference in dY. between the PZT
and PbTiO.-acrylic copolymer composites could stem from the lower dielectric
constant of PbTiO 3 compared to PZT. From a consideration of the influence of
the dielectric constant of the phases in an 0-3 composite on the electric field acting
on an isolated spherical grain during poling, it becomes apparent that the electric
field acting on the PZT particles should be about a factor of 10 less than for PbTiO.
particles in a typical polymer matrix. Consequently, the overall polarization of the
PZT should be less, giving rise to lower d33. In addition, it is possible that the

TABLE I
Dielectric and Piezoelectric Response of Acrylic Copolymer Composites

d.4 dh A dl.
K 1  Tan 8 (10-12 C/N) (10- 1 C/N) (10- - V-m/N) (10- " m/N)

60 vol% PZT 29 ± 5 0.04 26 ±6 18 5 70 ± 10 1260 ± 390
70 vol% PZT 51 ± 5 0.05 28 5 25 6 55 ± 11 1380 ± 4.30
60 vol% PbTiO, 48 ± 5 0.05 35 5 29 5 68 ± 10 1970 ± 450
70 vol% PbTiO3  54 ± 5 0.06 38 6 32 5 67 ± 10 2140 ± 470
70 vol% PbTiO, 54 0.06 39 30 63 1890
(corona poled)
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difference in particle size of the PbTiO 3 and PZT also contributes to the differences
in d33.10

The dh (and the hydrostatic voltage coefficient, gh) values reported in Table I
are an average of measurements on five samples. dh for the PbTiO3/acrylic copoly-
mer composites were found to be in the range of 29-32 pC/N, somewhat lower
than those reported previously by Safari, et aL. for a coprecipitated PbTiO 3/flexible
epoxy 0-3 composite (43 pC/N). 5 dh and gi for the PZT-filled composites are
substantially larger than values reported previously for unmodified 0-3 PZT com-
posites and comparable to 0-0-3 PZT composites where a second conductive filler
was added to aid in poling.9 The hydrostatic figure of merit (dh gh) ranged from
1260-1380 x 10-1s m2/N for the PZT-filled and from 1970-2140 X 10-1s m2/N
for the PbTiO1-filled composites.

Conventional oil bath poling is not necessarily the most ideal way of pole a
polymer-based composite. The polymer portion may be susceptible to dissolution
or swelling in the oil, which will undoubtedly interfere with the poling. In a pre-
liminary experiment, the Corona discharge method was utilized to pole a 70 volume
percent PbTiO3/acrylic copolymer composite. As shown in Table I, d33 was found
to be 39 pC/N, the same within experimental error as the conventionally poled
samples. The corresponding dh, gh and figure of merit were also similar to the
composites poled by the conventional method. Although immersion in oil does not
appear to be of concern for this particular polymer matrix, one must be aware of
the possible difficulties that oil immersion may cause.

Microscopic analysis indicates that both PZT and the coprecipitated PbTiO3 are
well dispersed in the polyurethane matrix. Compared to the acrylic composites,
the dissipation factors are somewhat lower for the polyurethane compositions,
reflecting the lower loss at room temperature of the polyurethane (tan 8-0.01)
compared to the acrylic copolymer matrix. Dielectric constants and the piezoelectric
coefficients are the same within experimental error for all composites of a given
volume fraction. While the hydrostatic piezoelectric properties of the 70 volume
percent polyurethane composites are comparable to the acrylic copolymer-based
materials, those with 60 volume percent ceramic (especially PbTiO 3) are signifi-
cantly less. For 60 volume percent PZT. this is a result of the higher dielectric
constant for the polyurethane composite. In addition, d 3 for the PbTiO3-poly-
urethane composites are significantly less than the corresponding PbTiO 3-acrylic
composites. The reason for this is unknown at present. Both types of composites
were poled at a similar T-Tg and there is no difference in the x-ray diffraction
patterns of composites poled in the presence of either polymer (i.e., the degree of
poling is similar).

TABLE i

Dielectric and Piezoelectric Response of Polyurethane Composites

d. dh gh dkga
K, Tan & (10-2 C/N) (10 - 12 C/N) (10 - 1 V-m/N) (10 - " m2 /N)

60 vol% PZT 51 ± 5 0.02 25 ±5 18 ± 5 40 ± 10 720 ± 270
70 vol% PZT 45 ± 5 0.04 28 5 26 ± 6 65 ± 11 1690 ± 480
60 vol% PbTiO. 42 ±t 5 0.03 25 5 17 ± 5 47 ± 10 800 ± 290
70 vol% PbTiO, 44 ± 5 0.03 27 6 25 ± 5 67 ± 10 1680 t 420
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Piezoelectric 0-3 glass composites for high temperature and wide area applica-
tions were developed by firing a mixture of modified PbTiO3 and lead-based glass
powder. Sintering of the 0-3 piezoelectric composites was dependent upon the firing
temperature and the amount of glass phase. Piezoelectric 0-3 composites with 41-
72vol% ceramic, fired at 450°C, showed dielectric constants, K, -45-100,
piezoelectric g33 coefficients - 13-20 x 10-1 Vm/N and piezoelectric d 33 coefficients
-5-15 x 10- 12 C/N which were found to be comparable to those of polar glass-
ceramics.

1. Introduction

Electroceramic composites are frequently designed to provide the desired elec-
tromechanical properties through the combination and connectivity of different
phases.' " ' Design concepts of numerous electroceramic composites have been well
documented.'2  Fabrication and characterization of piezoelectric composites, which
are based on polymer and piezoelectrically active ceramic particles such as pure or
modified PbTiO3 and PZT, have been reported."' - Such composites which possess
the 0-3 connectivity, i.e., piezoelectrically active ceramic particles are dispersed in
the 3-dimensionally interconnected polymer phase, offer many advantages such as
easy processing of various shapes, i.e., sheets and fibers, flexibility and high
hydrostatic piezoelectric coefficients. Effects of piezoelectric ceramic content, parti-
cle sizes of the piezoelectric ceramic and poling conditions on the 0-3 composite
properties have been investigated.16"7) However, the application of these polymer

*Visiting Scientist from RIST, Pohang, Korea.
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matrix composites is limited to relatively low temperatures due to low processing
temperatures characteristic of the polymers used.

Novel grain-oriented glass-ceramics based on fresnoite (Ba 2TiSi2Og) and related
polar crystals for pyroelectric and piezoelectric applications were developed by tem-
perature gradient crystallization."' Advantages of such polar- glass composite struc-
tures include no need for poling, low aging because of their nonferroelectric nature,
and the possibility of high-temperature usage. The intrinsic nature of grain-oriented
glass-ceramic composites and their associated poor mechanical integrity, however,
may limit their practical implementation.

To overcome the inconvenience in polar glass-ceramics processing, conventional
glass-ceramic processing was adopted to fabricate piezoelectric/pyroelectric glass-
ceramics based on PbTiO3.!

9  The ease of processing together with the notable
piezoelectric/pyroelectric properties of poled glass-ceramics indicates a useful
method for large-area piezoelectric/pyroelectric applications. It also seems to be
possible to produce piezoelectric glass-ceramics for high-temperature applications
by modifying the glass composition.

The purpose of this work was to develop 0-3 piezoelectric composites through
conventional firing of a mixture of modified PbTiO 3 and lead-based glass powders.
Some of the advantages of the 0-3 piezoelectric-glass composites are as follows: (1)
a wide variety of shapes and geometries can be fabricated by using both powder and
conventional glass-forming technologies including screen printing and glaz-
ing/frits, (2) the glass composites will be relatively mechanically robust and capable
of operating at moderately high use temperatures and (3) low cost and ease of
fabrication. In this paper, the initial results of processing and property characteriza-
tion of 0-3 piezoelectric-glass composites will be described.

2. Experimental Procedure

2.1 Materials
The modified PbTiO 3 [(PbossSmo 1o)(Tio.9 Mnoo2)O3J composition, whose

reported dielectric and piezoelectric properties are shown in Table i, was selected
for the piezoelectric ceramic. As discussed earlier, this material was chosen for
many previously reported composites due to its relatively low dielectric constant
and high piezoelectric 933 coefficient."" ° In the selection of glass composition, the
following characteristics were felt to be necessary: chemical compatability with the
ceramic particle, good wettability for good densification, relatively low softening
point for low-temperature processing, and electrical insulation such as to allow ease
of poling. In addition, a low dielectric constant is favorable to obtain the high
piezoelectric 933 coefficient but inhibits poling. Based on these requirements, a high
lead-based glass composition, which was developed for solder glass and whose
reported properties are shown in Table 1, was selected. As shown in the table, the
low softening point (i.e., 440*C) and the low resistivity of the glass should allow
low-temperature processing and poling, respectively.
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Table I

Properties of the glass and the piezoelectric components.

Material Composition Density T1 or T2 log p K d 33 1 3

Materia (g cm o(°C) l (RT %) -1(I-
(gfcm3 ) RT) I kHz) C/N) Vm/N)

Corning PbO 74.0 5.4 4400C >17 14 0.1
glass #7570 B20, 12.0
(1i) AI203  11.0

Si0 2  3.0

Modified PbO 66.7 7.7 320'C >12 200 2.5 -60 -33
PbTiO3  Sm 20 3  6.0
(10) TiO, 26.7

MnO 2  0.6

'Curie temperature.
'Softening point.

2.2 Processing
The high purity oxides' were weighed according to the above chemical formula,

and about 3 wt% of excess PbO was added to compensate for the loss during
calcination and sintering.(It ° The oxides were ball milled in ethyl alcohol for 24
hours using zirconia as the milling medium. The dried powder was calcined at
900'C for 4 hours in an alumina crucible. The loosely packed calcined powder was
further heat-treated at 1200*C for 24 hours to increase the grain size for better pol-
ing. The powder slug, whose primary particle size was determined to be 3-5 gm,
was crushed and sieved through 325 mesh. This powder was used in the preparation
of the composites.

The commercially available high-lead glass frit" was milled in a vibratory mill
for 48 hours to increase the sinterability of the glass powder. To determine the com-
patibility, the glass and 41 vol% piezoelectric ceramic powders were wet-mixed in
an agate mortar. Pellets were fabricated at 88 MPa using 4 wt% of binder." solu-
tion. The binder was burnt out by heating at 20C/minute to 400"C (< softening tem-
perature) and holding for 30 minutes. The pressed samples were fired for 60 minutes
in the range of 430-4901C. The compatibility of the glass with the piezoelectric
ceramic was confirmed by XRD of the fired composites.

As for all 0-3 composites, the properties were found to depend on the amount
of the functional components.16, Piezoelectric-glass composites with a ceramic con-
tent in the range of 41-72 vol% were prepared. The composites were fired for 60

'PbO: Hammond Lead Products, Inc., MnO 2, Sm2Oj and TiO2: Alfa Products.
"Corning #7570, Corning Glass Works.

... Dupont Binder 5200.
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minutes at 450 0C, this having previously been found to be the optimum sintering
condition. Characterization of the fired samples included the geometric density and
microstructural analysis of fracture surfaces using scanning electron microscopy
(SEM).' Fired samples were polished and electroded by gold sputtering and further

coated by an air-dry silver paste" to insure electrical contact. The dielectric constant
and loss were determined as a function of temperature (RT-400 0 C) and frequency
(100, 200, 1000, 10000 and 100000 Hz) using a LCR meter.'" Samples were poled at
10-30 KV/cm during cooling in air from 335 to 150°C in a box furnace.t"" The
effectiveness of the poling was determined by measuring the piezoelectric d33
coefficient using a Berlincourt Piezo d33 Meter. " t"

3. Results and Discussion

3.1 Firing
To investigate the densification behavior of the 0-3 piezoelectric-glass com-

posites, samples of 41 vol% ceramic were fired for 60 minutes at 430, 450, 470 and
490'C, respectively. Figure I presents the percent theoretical density of the fired
composites at various temperatures. As shown, the density exhibited a peak value

100

96

92

- 882 ~ * 41 vol% ceramic

9E 84 * 60 minutes

80 1 - . I . I 1 1

420 440 460 480 500

Sintering temperature (OC)

Fig. I. Fired density (percent theoretical) of the 0-3 piezoelectric-glass composites of 41 vol% ceramic
as a function of firing temperature.

tSuper-IliA, ISI.
"Materials for Electronics, Inc.
tIHP 4274A, Multi-frequency LCR Meter.

""Delta Design.
"'Channel Products, Inc.
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of -95% theoretical at 450'C, decreasing as the temperature increased. To under-
stand the decrease in fired density above 450 0C, microstructures were examined.
Fig. 2A and 2B show SEM micrographs of fracture surfaces of samples fired at 450
and 490'C, respectively. Figure 2A indicates good wettability of the glass and a
dense microstructure with a few spherical pores ranging from 0.5 to 10pm. In con-
trast, the microstructure observed from the sample fired at 490°C (Fig. 2B)
possesses large spherical pores which are uniformly distributed throughout the
body.

The reason for the spherical pores present in the fired composites was not clear

4
~g

VEV

~ . ,.1** '.

• 17 u m ,

WON"

Nsa so 6 .,, 4" g %a "

• .. * .

1QW '" '
* n

111 V ft.. * t'

,-o. 44 urm

Fig. 2. Fracture surfaces of 0-3 piezoelectric-glass composites of 41 vol% ceramic fired for 60 minutes
A at 4S0°C and B at 4800C.
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but may be attributed to the rapid entrapment of air bubbles inside the body due to
rapid flow at the sample surface preventing the escape of the air in pores. At 490°C,
expansion of the air bubbles in the samples was made easier due to the low viscosity
of the glass, resulting in larger pores (-30pm). From this firing study, it is sug-
gested that the firing temperature should be limited to a narrow range around the
softening point of the glass, i.e., 440*C in this work.

The effect of the amount of the piezoelectric ceramic on firing at 450 0C of the 0-
3 piezoelectric-glass composites is presented in Fig. 3. As the piezoelectric ceramic
content increased, the fired density decreased. The observed strong dependence of
densification upon the glass content in the piezoelectric-glass composites was in
good agreement with the aluinina-glass composites (11). Relatively dense (>93%
theoretical) composites with up to - 50 vol% ceramic could be obtained. However,
this level of ceramic loading in the piezoelectric-glass 0-3 composites is relatively
low compared to the - 70 vol% achievable in 0-3 polymer composites.!s"

3.2 Dielectric/piezoelectric properties
The dielectric constant K (unpoled) of 0-3 composites of 41 vol% ceramic was

determined to be -48, which is close to the calculated value (-42) based on the
logarithmic mixing rule"') from known values of 14 and 200 for the glass and the
ceramic, respectively. As a function of temperature, both dielectric constant and
loss exhibited maxima near the Curie temperature of the modified PbTiO 3 (i.e.,
320°C). The transition could only be observed at high frequencies due to conduc-

100

* 4500C

- 90

0. 70 . , I • * I , I

30 40 50 60 70 80

Vol% piezoelecmic ceramic

Fig. 3. Fired density (percent theoretical) of the 0-3 piezoelectric-glass composites as a function of the
amount of piezoelectric ceramic, fired for 60 minutes at 4500C.
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tion mechanism contributing to loss. Along with XRD data, the same Curie temper-
ature as that of the starting piezoelectric ceramic indicated little chemical interac-
tion between the ceramic and the glass during firing. The dielectric constant at the
Curie temperature was found to be only 90 (at I KHz), which is very low compared
to - 7000 of the piezoelectric bulk ceramic.110 The sharp increase in dielectric con-
stant of the composite above Curie temperature of the piezoelectric ceramic is at-
tributed to the high conductivity of the glass as indicated by the large dielectric loss
above Curie temperature. Figure 4 presents the dielectric constant and loss curves
drawn up to 250'C to show the dielectric losses clearly. As shown, the dielectric
losses of 0-3 piezoelectric-glass composites were much lower than that of the
piezoelectric bulk ceramic over a very wide temperature range (see Table 1), i.e.,
0.05 vs 0.2 at 250*C (at 1 KHz), respectively.

The poling temperature was found to be limited to below 300°C due to conduc-
tivity. Figure 5 shows the measured piezoelectric d33 values as a function of the
amount of piezoelectric ceramic. Piezoelectric d33 values of the composites increas-
ed almost linearly from 5 to 15 x 10- 12 C/N with increasing amount of piezoelectric
ceramic. The piezoelectric gs coefficients were calculated to be in the range of
13-20 x 10-1 Vm/N. The dielectric and piezoelectric properties of the 0-3 piezoelec-
tric-glass composites are presented in Table 2, together with those of other related
composites, i.e., grain-oriented polar glass ceramics and PbTiO3-polymer 0-3
composites, for comparison. The measured d33 values of the piezoelectric-glass
composites were relatively low compared with those of polymer composites but
comparable to those of polar-glass ceramics.") The low d33 values of the piezoelec-
tric-glass composites were believed to be attributable to the limited poling efficiency

70 '
I I KIll
2 10 KII?
3: IUOKNz

- 60

.04

50

.............

40 I * 0
0 100 200

Tcinperature (0 C)

Fig. 4. Dielectric constant and losses of the 0-3 piezoelectric-glass composite of 41 vol% ceramic.
fired for 60 minutes at 450*C, as a function of temperature and frequency.
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Vol% piezoelectric ceramic

Fig. S. Piezoelectric d33 coefficients or the 0-3 piezoelectric-glass composites fired for 60 minutes at

4500C, as a function or piezoelectric ceramic content.

Table 2
Dielectric and piezoelectric properties of various piezoelectric composites.

Material KX(RT, I kHz) D (%) d,,(X 10- 2 C/N) g,,(x 10' Vm/N)

Piezo/glass
0-3 composites

41 vol% poled 45 1.0 -S -13
unpoled 48 1.0

49 vol% poled 52 1.l -8 -17
unpoled 55 1.2

Polar-glass ceramics"' -10 <0.1 -8-10 -100

PbTiO,/polymer
0-3 composites"

- 70vol% -60 > 5 -30 -20

due to the low DC resistivity at those temperature ranges where poling was carried
out, i.e., P225= 10"'and Pzo= 10'ohm-cm."") In addition, some kind of clamping
of the piezoelectric particles by the stiff glass matrix may limit the poling of the
piezoelectric-glass composites.
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4. Summary and Future Work

1. It was demonstrated that a new type of 0-3 piezoelectric-glass composite could
be obtained by firing of a mixture of piezoelectric ceramic and glass powders.
2. The firing temperatures of the 0-3 piezoelectric-glass composites were found to
be limited around the softening point of the glass (i.e., 440*C) due to the increased
porosity at higher temperatures.
3. Firing of 0-3 piezoelectric-glass composites was also found to depend on the
amount of glass content, i.e., > 51 vol% glass in this composition for dense com-
posites (i.e., > 93% theoretical density).
4. Poled dense piezoelectric composites (i.e., 49 vol% ceramic) showed g33
coefficients of - 17 x 10-1 Vm/N, and d3, values (-8 x 10-t2 C/N) which were rela-
tively low compared to those of polymer composites but comparable to those of
polar-glass ceramics.
5. Further optimization of the composite properties may be achieved through
particle size variation of the piezoelectric ceramic powder and its effect on firing,
selection of glass compositions to allow ease of poling (i.e., higher resistivity near
the Curie point of the piezoelectric ceramic) and densification, and methods to incor-
porate more piezoelectric ceramic content. Also, high-temperature piezoelectric pro-
perty measurements are required to characterize these materials to determine their
use temperature range.
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Acoustic Properties of Particle/Polymer Composites
for Ultrasonic Transducer Backing Applications

MARTHA G. GREWE, T. R. GURURAJA, THOMAS R. SHROUT, AND ROBERT E. NEWNHAM

Abstract-The acoustic Impedance and attenuation in composites for piezoelectric ceramic transducer materials generally
made of particle fillers loaded in polymer matrices for transducer range from a high value of approximately 30 MRayl to a
backing applications is explored. The acoustic impedance of tungsten/ low value of 2 to 4 MRayl, depending on the transducer
vinyl composites was modeled and an experimental matrix identifying
variables that contribute to composite attenuation was established. The design [41. Attenuation is the loss of acoustical energy
variables Included the particle type, the particle size and volume frac- and is mainly due to two mechanisms: i) scattering of
tion of a filler, the physical characteristics of the polymer matrix, and acoustic energy (Rayleigh, diffusion, and stochastic) and
the processing route that determined the composite connectivity. Ex- 2) absorption losses from thermoelastic effects, inelastic
perimental results showed that with an increase in filler particle size hysteresis, relaxation, and dislocation damping [51-[7].
or a decrease In volume fraction of filler, there Is an increase In com-
posite attenuation. Overall, the various types of filler, the polymer ma- In the past, backings have been composed of a filler in
trix, and the interface between the two contribute to attenuation in the a polymer matrix [21, 181, [9). The backings have imped-
composite as confirmed by the acoustic properties and the mkrostruc- ances that are matched to the PZT type piezoelectric
tural analysis. material (about 30 MRayl) and are typically made of

composites of tungsten and an epoxy resin or rubber [9].
i. INTRODUCTION These backings typically have high specific densities and

THE ACTIVE PART of an ultrasonic transducer typi- thus have been named accordingly, "heavy backings."

cally has a low ultrasonic absorption that causes it to In order to match the impedance of PZT, about 60 volume

ring when the tranducer is excited. While the transducer percent loading of tungsten is required 11], [10]. Light

is ringing, the long pulse durations degrade the axial res- backings that possess relatively low acoustic impedance

olution or the ability to distinguish between different have been fabricated from epoxy or rubber.

structures along the axis of the transducer. The waveform An important aspect to explore in composite attenuation

can be damped by attaching an acoustically absorbing ma- is the role of the polymer matrix and filler phases, espe-

terial on the back of the transducer that couples the ultra- cially those properties that contribute to acoustic loss in
sonic energy out of the active element. Ideally, this back- the composites 1101. For example, the acoustics loss in
ing material should provide high attenuation and it should polymers is dependent on the degree of crystallinity; with
match the acoustic impedance of the transducer for effi- an increase in crystallinity, there is typically a decrease

in attenuation. Similarly, acoustical loss decreases with
cient coupling [I], 12]. If the acoustic impedance of the inateain. simiarly, a loss
backing is close to that of the transducer, most of the ul- increasing cross-linkage 171, [ 1 .trasonic energy will be coupled into the backing. As a In the case of solid specimens of metals or ceramics,
result, the transducer will have a shorter pulse duration an inhomogeneity in the material will cause scattering ofwisulthe rease ensitivi. By usngtea ba g wrio a ultrasonic waves determined by the difference in densityw ith decreased sensitivity . B y using a backing w ith a a d e a t c m d l s f o h u r u d n e i 1 1
lower acoustic impedance, greater sensitivity is achieved an asimolus fr t su r meia 1121,
because less energy is absorbed into the backing 131. Un- 13e. in a similar way, fillers in a polymer matrix contrib-
fortunately, the transmitted and received pulses are longer ute to the attenuation depending on the particle size,
due to increased ringing in the transducer. A compromise shape, and the acoustic impedance relative to the polymer
must be made in choosing the acoustic impedance of the matrix.

backing 121. Another important contributor to attenuation in com-

The two most important materials parameters of ultra- posites is the interaction between the polymer and filler.
sonic transducer backings are the acoustic impedance and One study cited poor adhesion between the filler and ma-
the attenuation. The acoustic impedance of the backing tnx as causing loss mechanisms that included scattering,antiphase vibrations, and interfacial friction [14).

received December 23. 1989; revised April 23. 19; a The main purpose of this study has been to develop an
Manuscript understanding of these various contributions to compositecepted May 10. 1990.
M. G. Grewe and T. R. Gururaja are with the Imaging Systems Divi- attenuation to aid in optimization of the material compo-

sion. Hewlett-Packard. Andover. MA 01310.
T. R. Shmut and R. E. Newnham are with the Materials Research Lab stions for ultrasonic transducer backings. The study ex-

oratory, Pennsylvania State University. University Park. PA 16802. plores modeling methods and experimental verification of
IEEE Log Number 9038495. the acoustic impedance. Experimental results demonstrat-

0885-3010/90/1100-050601.00 @ 1990 IEEE
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ng the importance of polymer phase, filler type, particle
ize, volume fractions of each phase, and fabrication
routes are reported. In the end, various trends are identi-
fied and a better understanding of composite attenuation
is developed. 

60

1I. MODELING OF COMPOSITE ACOUSTIC IMPEDANCE

When exploring modeling of composites, it is impor- 20

tant to understand how the various phases are intercon- 0 -. , 0. i

nected and their effects. Each phase in a composite is con- Voo ., Fiub of oT.I .o
nected in either one, two, or three dimensions, or not Fig. I. Acoustic impedance models. Z = AF A 0.5. --- shows Voigi
connected at all, which can be described by the term con- K. --. 4-- shows Logarithmic K. --- shows Reuss K. -0-- shows

nectivity and its nomenclature developed by Newnham actual Zdata. Log =.

1151. Composites containing a small amount of filler in a
polymer matrix, as in this study, have a 0-3 connectivity
pattern in which the "0" phase is the filler material which For this study, the bulk modulus at a particular volume
is not self connected in any dimension and the "3" phase fraction was estimated using all three models and then
is the polymer matrix that is interconnected in all three multiplied by the composite density to calculate the
dimensions 1151. impedance at that volume fraction. The composites which

The velocity of a longitudinal sound wave, CL, is related were modeled were composed of tungsten particles in
to the mechanical properties of the medium through the vinyl matrices. The models Were compared to results from
expression Lees et al. and are shown in Fig. 1 117]. The values for

0 ,\o.5 the material properties are as follows: Zt.gt, = 103 x
cL = (1) 106 Rayl, Zvi,y = 2.3 x 106 Rayl, Cu,e, = 5400 m/s,

SCviny I = 2000 m/s, Ktungsten = 5.65 x 10" N/M 2 , Kvinyl

where K is the elastic bulk modulus, p is the density [41, = 5.0 X 109 N/ M2 . Similar results have been calculated

and the acoustic impedance Z is related to the elastic prop- for tungsten/araldite composites (1], [2], [18].
erties by The most accurate fit or closest approximation was

Z = (Kp) 0 '. (2) found to be the impedance calculated with the Reuss Bulk
Modulus ((4)) and the composite density ((3)). Thus, from

The density of a two phase system increases steadily this point on, the acoustic impedance will always be es-
with the increase in volume percent of filler and can be timated using this model calculated using (2).
calculated as

III. EXPERIMENTAL DESIGN

Pcomposise --- Pp.nice Vpancie +" Ppolymer Vpoiyner (3) The experimental part of this study was divided into
where P is the density and V is the volume fraction of each four groups of samples: 1) pure polymer samples, 2) corn-
phase. posites made of the same filler, but various polymer

When describing the elastic properties of two phase phases, 3) composites composed of different fillers, yet
composites, three different models are most commonly the same polymer phase, 4) composites fabricated by dis-
examined: the Reuss. Voigt. and logarithmic models [161. similar processing routes to create microstructures with
The two extremes are the lower bound Ruess Model which different connectivity patterns. Each group of samples
assumes constant stress throughout the solid and the upper were fabricated and their acoustic properties and micro-
bound Voigt Model, which assumes constant strain in the structures were observed.
solid. The lower bound corresponds to a parallel connec-
tion and is defined as A. Fabrication of Samples

( K, K2  Typical thermoplastic and thermoset polymers used in
KccnipicReuss) K2 + K (4) engineering applications were processed into samples

,V + I/2 using the most appropriate route for each polymer. Table

where K, and K2 are the elastic bulk modulus of each phase I lists these polymers. The thermoplastics were warm
and V, and V2 are the volume fractions of each phase. The pressed into two inch disks. The solution thermosets and
upper bound corresponds to a series of connection as rubbers were poured into 40-mm-diameter sample holders
shown here: and cured according to the manufacturer's recommended

directions.
K,.Poife~voi , = VjK + V2 K2. (5) The composites with the same filler (5-jzm tungsten

The logarithmic model is an empirical model that falls powder),' but various polymers were fabricated using dif-

between the two extremes and is defined as

In ( = V, In (KI) + V2 In (K 2). (6) 'Teledyne Wah Chaing. Huntsville. AL.

I
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TABLE I
LISTING OF POLYMERS MEASURED IN THE ATTENUATION STUDY

Polymer Classification of the Polymer Company

High density Polyethylene Purely aliphatic. nonpolar Philips Chemical
crystalline thermoplastic

Poly(methyl methacrylate) Amorphous thermoplastic Rohm and Haas
Polypropylene Purely aliphatic, nonpolar Hercules. Inc.

semicrystalline thermoplastic
Poly(butylene terephlhalate) Semicrystalline thermoplastic Shell Chemical
Polycarbonate Engineering thermoplastic Dow Chemical
Polyurethane

CA 118 Linear, hydroxyl terminated Morton Chemical
polyester urethane thermoplastic

CA 128 Linear. hydroxyl terminated Morton Chemical
urethane thermoplastic

Estane Polyester Ester urethane thermoplastic B.F. Goodrich
Epoxy

Spurr epoxy Organic glass-thermoset Polysciences, Inc.
Eccogel 1365-80 Organic glass-thermoset Emerson and

Cumming
Silicone rubber

Dispersion 236 Rubber Dow Coming
RTV-141 Rubber Rhone-Poulenc. Inc.

ferent processing routes depending on the polymer type. In the second process, the filler powder and poly(methyl
The thermoplastic composites were fabricated by homo- methacrylate) (PMMA) microspheres 3 were mixed with a
geneously mixing the tungsten powder in a Brabender high polyvinyl alcohol (PVA) binder for adhesion and then cold
temperature shear mixer (Model #SP-TP25). 2 The mix- pressed into pellets. The samples were then placed in a
tures were next warm pressed into 25-mm-diameter slugs furnace to remove the PVA and PMMA microspheres
at temperatures governed by the polymer. The solution during a burn-out cycle at 500°C for one hour and then
thermosets were hand mixed with the tungsten powder in the temperature was raised to 1 100"C for one hour to start
a 40-mm-diameter sample holder and then cured. All of the sintering process. A porous network with 3-3 connec-
the composites were hand polished using various grit pol- tivity would be developed. The process is referred to as
ishing paper to form flat surfaces. burnable polymeric spheres (BURPS). The final pellets

Composites with the same polymer phase (Spurr were then vacuum impregnated with Spurr epoxy and pol-
epoxy), 3 but different fillers were also fabricated. Spurr ished. Ideally, a uniform two phase composite micro-
epoxy was chosen for its low viscosity and low attenua- structure made of the filler and Spurr epoxy would be
tion. The multiple composites had varying volume frac- created.
tions between 5 and 40 volume percent of filler and par-
ticle sizes ranging from 0.3 ,um to 50 ,um of various fillers: B. Experimental Testing
tungsten,' lead zirconate titanate (PZT), 4 and alumina The density of each composite was calculated by mea-
(A1203 ).- First, the desired amount of powder was hand suring the volume and weight. The actual volume fraction
mixed with low viscosity Spurr epoxy in a 40-mm-diam- of filler was then calculated with the assumption that no
eter sample holder and then cured. The samples were next voids were present. Next, the velocity through each com-
removed from the sample dish and polished to an even posite was calculated by measuring the time of flight of a
thickness. sound wave through each sample by sandwiching the

Two additional processing routes were used to fabricate sample with ultrasonic coupling gel between the trans-
composites with microstructures with different connectiv- mitter and receiver tranducers. The velocities were mea-
ities. In one process, tungsten powder with an average sured at 1, 3, and 5 MHz. The experimental values of the
particle size of 5 pm was hot uniaxially pressed (HUP) in acoustic impedance were obtained by multiplying the
a nitrogen atmosphere. The pellets were partially sintered densities with the velocities.
so that the porosity remained interconnected. The final Attenuation was measured by the insertion loss tech-
sintered pellets were then vacuum impregnated with Spurr nique that compares the transmission through the sample
epoxy and polished to even thicknesses. to the transmission without a sample present. Two fo-

cused 5-MHz transducers, a transmitter and receiver, were
used for the measurement as shown in the experimental

'Polysciences. Inc.. Warrington. PA. arrangement in Fig. 2 [10]. With this method, the ampli-
4Ultrasonics. Inc.. South Plainfield. NJ. tude of the pulse received with and without the sample

Buehler. LTD. Evanston. IL. present are measured. The amplitude of the pulse with the
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Pulse Gemb.a
HP I8112A

HP 85403

Function Generator
HP 83325A

Powe Ultrasonic Transducer Analyzer
Ampliler Aerotach Lab #UTA-3

ENI #325-LA-RF
isn

Transmitting Receiving

Transducer Transducer

Fig. 2. Attenuation measurement scheme.

TABLE 11
AVERAGE ACOUSTIC PROPERTIES OF THE TUNGSTEN ( < 3 pm) FILLED POLYMER COMPOSITES AT 5 MHz

Pure Polymer Composites

Impedance Z Attenuation Volume % Impedance Z Attenuation
Polymer (MRayl) (dB/cm) Tungsten (MRayl) (dB/cm)

Spurr epoxy 2.5 19 19.3 ± 0.5 7.2 ± 0.1 36 ± 2
Eccogel 1365-80 epoxy 2.5 120 20.6 6.5 175
CA-IIS Polyurethane 2.1 24 18.7 ± 0.5 6.9 ± 0.1 48 + I
CA-128 Polyurethane 2.0 37 18.7 ± 0.4 6.0 ± 0.2 94 ± 7

Estane Polyurethane 2.1 27 18.5 ± 0.8 6.6 ± 0.1 64 ± 0
Polyethylene 1.7 9 18.7 ± 0.2 6.9 ± 0.0 68 ± 14
Poly (methlyl

methacrylate) 2.5 7 22.0 ± 0.2 9.1 ± 0.0 41 ± 2

Polypropylene 1.7 28 18.8 ± 0.6 7.2 ± 0.2 38 ± 2 I
Poly (butylene

terephthalate) 2.4 54 21.7 8.9 58
Polycarbonate 2.0 24 23.0 ± 0.4 7.8 ± 0.1 34 ± 4
Dispersion-236 rubber 2.1 139
RTV-141 rubber 1.1 14

sample present is corrected for the reflection loss at the acoustic impedances that ranged from 1. I to 2.5 MRayl.
sample-water interfaces. Thus, by comparisons of the am- In contrast, the attenuation values had a much broader
plitude of the pulses, the attenuation was determined, range from 7 to 139 dB/cm. A comparison of the polymer

IV. AcousTic PROPERTY RESULTS structures indicated that the most attenuating polymers 3
measured (Eccogel 1365-80 and Dispersion-236) have I

A. Single Phase Polymer Samples very elastic matrices since they are both lightly cross-
The results of the acoustic properties of the pure poly- linked network structures. On the other end, the least at-

mer samples are summarized in the first two columns of tenuating polymers (polyethylene, PMMA, and RTV-141) I
Table !1. The pure polymer samples had very similar have rather dissimilar structures. Polyethylene has a crys-

I
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talline structure, PMMA is amorphous, while RTV-141
is a rubber. By comparing the two epoxies, Spurr epoxy
(a heavily cross-linked structure) and Eccogel (a lightly
cross-linked structure), the data confirmed the expecta-
tions that a decrease in cross-linkage increases attenua-
tion.

B. Same Filler/Different Polymer Composite

As discussed earlier, attenuation in a composite is re-
lated to three main factors: the polymer matrix, the filler,
and the interface between the two. For this part of the
study, the 5-It tungsten was the filler in all of the samples Fig. 3. SEM of 18.7 volume percent I-aim tungsten - 81.3 volume
and the attenuation contributions from the pure polymer percent CA-128 polyurethane.

have been previously determined. Thus, the main obser-
vation in this part of the study was the contribution of the
interface to attenuation which would include characteris- 1,
tics such as wettability. It should be noted that since the 4
polymer was the major phase (80 volume percent), all of
the composites in this part of the study were assumed to
have a 0-3 connectivity, which would mean that each par-
ticle was surrounded by the polymer matrix.

Table II lists the acoustic property results of both the
pure polymer samples and the tungsten-filled composites
to help establish some comparison between the systems.
The results for the tungsten-filled polymer composites
showed that the Eccogel-80 and CA-128 polyurethane
composites were the most attenuating. Yet, the increase Fig. 4. SEM of 22.0 volume percent I-M tungsten - 78.0 volumepercent PMMA.
in attenuation between the polymer samples and the com-
posites was not the largest increase. On the other extreme,
the least atlenualing polymer sanples (PMMA and poly- lion. However. if it is a weak bond. the particle may
ethylicuc) had pimopoitionally Ihic h1igcsl chaige in allen vibiile which 11my ca111st' iclioll t1 11 Ihli11 IIIMsolptiota of
uation when the filler was added. In another case, the energy into the polymer matrix that would increase atten-
tungsten-filled polycarbonate and Spurr epoxy composites uation.
were the least attenuating, yet their unfilled polymer sys-
tems displayed average amounts of attenuation. This C. Different Filler/Same Polymer Composites
shows that the adhesion between the polymer and particle Multiple 0-3 composite samples composed of Spurr
also contributes to attenuation in a composite. epoxy and various fillers were fabricated and tested as

To help in the understanding of attenuation, the micro- shown in Tables III-V. Since Spurr epoxy has a fairly low
structures were examined. The composites were cut by a attenuation, the ellects of the particle size, volunme h fac-
diamond saw and polished using diamond polishing paste tion and filler powder characteristics were determined
and then observed using a scanning electron microscope. using Spurr epoxy as the matrix. The average values at
Each microstructure had a characteristic appearance, 5 MHz and standard deviations are listed in the tables.
however there were two distinct types of structures that The standard deviation of the measured acoustic imped-
are shown in the example micrographs in Figs. 3 and 4. ance ranged from < I% to 8% of the average values,
Fig. 3 shows the CA-128 polyurethane composite which while the standard deviation of the attenuation coefficient
had a high attenuation value (94 dB/cm at 5 MHz). The had a much broader range of values ranging from 5% to
polyurethane appeared to coat the tungsten particles, yet 20%. The reasoning for the difference was the accuracy
the particles looked as if they could shift within the ma- level of the attenuation measurement and the presence of
trix. Whereas, Fig. 4 is a micrograph of a PMMA com- possible defects such as porosity in the different compos-
posite that had a low attenuation value (41 dB/cm at 5 ites.
MHz). The particles appeared to be fixed in the PMMA The acoustic impedance values that were calculated
matrix. using the model are also listed in the tables. The calcu-

In conclusion, the bond between the particle and the lated impedances of the composites with 20 volume per-
polymer plays an important role in the attenuation of the cent filler or less were consistent with the measured val-
composites. If the adhesion between the polymer and the ues. Yet, the impedances calculated for composites with
particle is strong, the particle is unable to vibrate freely increasing volume fraction of filler ( > 20 volume per-
when the ultrasonic wave is incident on the particle. Thus, cent) are increasingly lower than the measured imped-
the attenuation should be low due to less interfacial fric- ances.
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TABLE III increase. Futhermore, the composites with the large par-
AVERAGE ACOUSTIC PROPERTIES OF TUNGST.N/SPuRR EPOXY COMPOSITES ticles tended to have settling problems which made it dif-

Measured Calculated Attenuation ficult to fabricate low filler volume composites.
Averages -- Impedance Impedance at 5 MHz A plot of the frequency dependence of attenuation of

Filler Volume% (MRayl) (MRayl) (dB/cm) pure Spur epoxy and tungsten, PZT, and alumina-filled
Spuo 2.5 19 composites is shown in Fig. 5. The slope of frequency

spun Epoxy 100 dependence of attenuation is higher for the composites
Tungsten 100 103 compared to the pure epoxy sample due to the attenuation
Tungsten 10.6 ± 0.7 4.9 ± 0.2 5.0 45 ± 5 contribution from the fillers. Most of the impedance val-

3 pm 11.2 ± 1.2 5.1 ± 0.4 5.1 ues were nearly independent of frequency.

3m 19.6 0.4 7.0 0.2 6.7 47 8 Table III lists the acoustic properties of the tungsten-
28.2 + 0.6 9.7 ± 0.2 8.0 39 ± 6 filled composites. In order to isolate and observe the in-

5 pm 9.9 + 0.3 4.7 + 0.2 4.9 69 + 12 fluence of volume fraction of filler on attenuation, the par-
18.9 ± 0.7 6.7 + 0.3 6.5 65 8 s ticle size was kept the same while the volume fraction was
31.9 ± 0.7 10.8 + 0.4 8.7 42 5 5 varied. There was a decrease in attenuation with an in-

50 pm 36.4 ± 0.9 12.8 ± 0.2 9.4 246 ± 17 crease in volume fraction of filler. Next, the particle size
40.1 ± 0.9 14.6 + 0.7 10.2 178 ± 17 effect was characterized by comparing composites with

the same filler volume fractions. The attenuation in-
creased with an increase in particle size. For example, the

TABLE IV attenuation increased from 45-69 dB/cm for the 10 vol-
AVERAGE ACOUSTIC PROPERTIES OF PZT/SPURR EPOXY COMPOSITES ume percent tungsten-filled composites with only a slight

Measured Calculated Attenuation increase of a few microns in the average particle size. The
Averages -. Impedance Impedance at 5 MHz effect of the particle size is seen more prominently when

Filler Volume % (MRayl) (MRayl) (dB/cm) the attenuation of the 50-/.m tungsten particle composite
is compared with other composites since the particle is

Spur" Epoxy 100 2.5 closer in size to the wavelength.
PZT 100 30 Table IV shows the data for the PZT-filled composites.
PVT Similar trends in comparison to the tungsten composite

1.5 jm 9.8 ± 0.5 3.4 ± 0.1 3.8 61 + 12 data were seen. The attenuation of the 1.5-Am PZT-filled
19.0 0.6 4.4 ±0.1 4.5 61±8
27.8 ± 0.7 6.1 ± 0.1 5.4 34 ± 4 composites dropped from 61 dB/cm to 35 dB/cm with
37.0 ± 1.1 7.5 ± 0.2 6.4 35 + 6 an increase in volume fraction of PZT ( 10 to 37 volume

>75 pm 28.6 6.6 5.5 164 fraction). A comparison of the 28 volume percent of 1.5
tim PZT and >'75 /pm PZT composites showed an in-
crease in attenuation from 34 dB/cm to 164 dB/cm.

TABLE V The alumina-filled composite data are shown in Table
AVERAGE ACOUSTIC PROPERTIES OF ALUMINA/SPURR EPOXY COMPOSITES V. The observed values showed a slight decrease in at-

tenuation with an increase in volume fraction of alumina.
Measured Calculated Attenuation However, with about I I volume percent of alumina, there

Averages -. Impedance Impedance at 5 MHz
Filler Volume % (MRayl) (MRayl) (dB/cm) was a decrease in attenuation from 36 dB/cm to 23

dB/cm with an increase in particle size of alumina from
Spurr Epoxy 100 2.5 19 1 Am to 12.5 pum. The reverse trend from the PZT and
Alumina 100 25 tungsten composites might have been due to the large dif-
Alumina ference in the acoustic impedance of the alumina in com-

0.3 Mm 5.8 ± 0.6 3.3 ± 0.1 3.2 38 ± 6 parison to the PZT and tungsten.
1.0 pm 11.8 ± 0.8 4.0 ± 0.1 3.6 36 ± 4 At the particle interface, part of the wave will be trans-
3.0 pm 3.9 ± 0.3 2.6 ± 0.0 3.0 40 ± 6 mitted and part will be reflected depending on the imped-

10.4 ± 0.5 3.1 ± 0.0 3.5 25 ± 3 ance mismatch. This is one reason why the tungsten com-
12.5 Ism 4.4 ± 0,9 2.6 ± 0.1 3.1 3.5 ± 9 posites are more attenuating than the PZT and alumina

10.8 ± 0,. 3.1 ± 0.0 3.5 23 ± 2 composites as shown in Fig. 5. Overall, the very largetungsten ( -50 um) and PZT ( >75 ptm) particle-filled
composites were the most attenuating since the particle
size was close to the size of the wavelength (400jum at 5

Some fabrication variations occur when mixing the MHz), thus creating multiple reflections and/or scatter-

composites thus making it difficult to compare between ing. Generally, the alumina-filled composites were the
the various types of fillers. There was a maximum volume least attenuating.
fraction (20 volume percent) of the fine tungsten particles The composites were cut and examined under a scan-
( <5 pm) that could be added to the epoxy due to the ning electron microscope to see the particle wettability,
particles' high surface areas that caused the viscosity to dispersion, and the presence of porosity and micro cracks. u
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Fig. 5. Attenuation versus frequency of epoxy and filled-epoxy compos-
ites. 10 volume % filler ( - I pm). --0- shows tungsten. --- shows
PZT. -o-- shows alumina. -A-- shows Spurr epoxy.

i TABLE VI

ACoUSTIC PROPERTIES OF THE HOT UNIAXIALLY PRESSED TUNGSTEN/EPOxY CoMPosITES

Sample Particle Size Pressure Temp Volume Impedance Attenuation @
number (1pm) (psi) (C) % (MRayl) 5 MHz (dB/cm)

(Not pressing conditions)

HUP-3 50 3000 1700 62.4 38.8 23
HUP-4 87.5% 5014m 3000 1700 74.3 59.7 6

12.5% 5 pm
HUP-5 87.5% pm 3000 1600 75.4 54.0 13

12.5% 5 pmI
For these composites, the Spurr epoxy appeared to wet sintering as observed in the microstructures. The acoust-
the particles and create a fairly well dispersed matrix. ical results are presented in Table VI. The higher volume
In summary, the general trends of the acoustic proper- fraction samples achieved impedances of greater than 50

ties for the 0-3 composites with the same epoxy matrix MRayl. The attenuation of these HUP composites was less
are recapitulated as follows, than 24 dB/cm. This value is low compared to the atten-

are Auation obtained with large particles loaded to approxi-
2) Acoustic impedance isnreasesdenth an ireaing mately 40 volume percent.2) Acoustic impedance increases with an increasing A comparison between the HUP composites and the

volume fraction of filler material.ntmofrfrequency.nmatey40volumeeperc

3 olumeefuation ofne llermatei large 50 micron tungsten particle/Spurr epoxy composites
3) Attenuation generally decreases with increasing vo- shows that with an increase of approximately 20 volumeume percent of filler material, fraction of tungsten, a decrease in attenuation of about

andS thesuparticle size of the filler material increases 180 dB/cm occurred. One explanation is that the com-j and urfaceto volume ratio decreases, the attenua-
tion increases for the tungsten and PZT-loaded corn- posites followed the trend that attenuation typically de-
positescreases with increasing volume fraction of filler. Anotherposites, aexplanation is that the different processing route resulted
posites. in a change in the typical 0-3 composite connectivity to
5) re In enatheiungtn compmite apa tcom b 1-3 and 3-3 composite connectivities that were seen in themore attenuating than the alumina and PZT corn- microstructura! analysis.

posites. This is probably due to the large impedance The BURPS process was used to create a uniform two

mismatch at the interface between the polymer and phase microstructure. The results of the acoustic proper-

tungsten that make the tungsten particles a product tiese Brs aples rels i te iI Te

of stronger scattering sites, ties of the BURPS samples are listed in Table VII. The

6) The acoustic impedance given by the square root of attenuation of the tungsten BURPS samples were found
the composite density and the Reuss Bulk Modulus to be greater than for any other sample except for the
is an accurate model for composite es Bulk M lthan 50-pum tungsten/Spun- epoxy composites. The attenuation

40 volume percent filler. was higher than 214 dB/cm at 5 MHz and the impedance
was about 8.7 MRayl. The alumina and PZT BURPS

D. Composites Processed in Different Ways composites also had high attenuation values of 48 dB/cm
and I l l dB/cm, respectively.

To achieve higher densities, the samples were hot A look at the internal structure helped to provide some
uniaxially pressed (HUP) using a mix of tungsten parti- possible answers to the high attenuation. The composites
cles of various sizes to create better packing. In addition, appeared to have 0-3 connectivity as seen in the micro-
the combination of pressure and temperature promoted structural analysis. There were severe microcracks
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TABLE VII conclusion, the physical characteristics of the filler par-
AcousTic PROPERTIES OF THE BURNABLE POLYMER SPHERES COMPOSITES ticles and the polymer matrix, plus their ability to inter-

Averages -. Attenuation act, control attenuation in composites.
Particle Volume % Impedance at 5 MHz

Filler Size (pm) Filler (MRayl) {dB/cm) IV. REFERENCES
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PASSIVE PIEZOELECTRIC DAMPING

A.R. Ramachandran, Q.C. Xu. L.E. Cross and R.E. Newnham.
Materials Research Laboratory,The Pennsyvania State University,

University Park, PA 16802.

Abstract material with a large Young's modulus and good

mechanical damping characteristics.
It is possible to make passive damping

materials using piezoelectric materials. The term Consider the following schematic (Fig. i)
"passive" is used to indicate the absence of sensor- which shows a block of poled Lead-Zirconate-

actuator combinations using feedback loops. Titanate (PZT) ceramic being subjected to an
Structural stress can be transfered to a piezoelectric oscillatory (sinusoidal) stress. The poling direction
material with a high coupling coefficient to cause is along the vertical (3-direction) as shown. The PZT
currents to flow through electrically resistive block is shunted by a resistance R which is
elements, thereby leading to energy dissipation. connected to the electrodes.
Based on theoretical considerations, it should be
possible to design a damping material with high F
stiffness (- 2 - 10 xlOt0 N/m 2 ), along with high a
damping coefficient (tan 8 - 0.3). To sho'-ili
feasibility of such a damper, we will present results
based on resonance measurements made using the R
LE mode, where k3 3 is the operative coupling pozoolectrie
coefficient. Ceramic F

Materials with good vibration damping F a Force applied
capabilities find applications in structures where Figure 1: Schematic diagram showing the
vibration and noise are to be reduced. In this work, principle of piezoelectric damping.
we have investigated the possible use of
piezoelectric materials with large electromechanical

energy conversion efficiencies, (large coupling The constitutive equations of state for a
coefficients) for passive vibration damping piezoelectric material relating the stress, strain.
applications. In order to attenuate mechanical electric field and electric displacement in matrix
vibrations in a passive absorbing element, it is form are[3I;
essential to convert a major fraction o f
mechanical/elastic energy into heat. The idea S=sET+dtE (la)

behind passive piezoelectric vibration damping is to D=eTE+dT (lb)

convert a large fraction of elastic energy into
electrical energy using the piezoelectric coupling where,
coefficient and then dissipate the electrical energy
using a simple resistive element. For efficient S= strain matrix

damping characteristics, the coupling coefficient T= stress matrix

must be large. Similar work aimed at designing a E= electric field matrix

piezoelectric mechanical damper has been reported D= electric displacement matrix

by Uchino and lshii(l . sE= elastic compliance matrix under
constant E-field condition

Theory eT = dielectric permittivity matrix under
constant stress condition

The attenuation of an elastic plane wave in a d = piezoelectric coefficient matrix

semiconducting, piezoelectric material - the dt = transpose of above matrix

electroacoustic effect, has been studied by Hutson
and White[21. In this case, the mechanism for Assuming low frequencies so that the fields

energy dissipation is the local charge carrier are not position dependent and only S3, T3 , E 3 and

current that accompanies the elastic wave. In the D3 are non-zero, the following one-dimensional

present work, we have attempted to duplicate a equations can be obtained.

semiconducting piezoelectric material by connecting
resistors across disks of poled PZT. By selecting a S 3 - s33ET 3 +d33E3 (2a)
piezoelectric ceramic with low compliance and a D3 = C33T E3 + d33 T3 (2b)
high coupling coefficient, it is possible to obtain a



Since D3 is related to the current through the 2
resistor, one can arrive at the following equation w= I/RCV I - k 3  (
relating the strain S3 to the stress T3; 33

The maximum in energy dissipation occurs
2 when s" is maximum i.e.. when co=IIRC. A maximum

$ sk3 - .3 3  value of s"=(k 3 3 2/2)SE can be attained.

K (3) A plot of the real part of the compliance s'.

and tan 8 as a function of frequency is shown in Fig.
where, 2. It has been assumed that k33 = 0.7. which is

typical for PZT-5. As can be seen the system shows

k33  d 33  
classical Debye relaxation behaviour with a single

k33= "E3 T time constant. The maximum value of tan 8 is 0.35.
"S1 3e .33 In addition, by controlling the shunt resistor, we

can design the damper to have the desired
is the piezoelectric coupling coefficient, and optimum properties at any frequency of interest.

T,0.4

C= e33 A

L
0.S.

S0.3

is the capacitance of the PZT block.

Thus we obtain a complex compliance C
coefficient s33, given by, 1 0.2

E 0o 0.4
s3 -S3| I , s' -js"- o.,3

J/o(2 (4) 0.2

where, s and s" are respectively the real and

imaginary compliance coefficients. 0- 3 . 2  1,.. too 10. 102  10

2E3 33 0"  0 ncreasing frequency

S = S33 2 Figure 2: Expected mechanical behaviour of

+ .piezoelectric damper. The real part of
(5) the compliance s' is plotted on a(5) normalized scale (left y-axis) with unit

and value assigned to s33E
. The mechanical

loss tangent tan 8 is plotted with
2 reference to the right y-axis. -- tan 6 ma

-_ W= 0.35 if k33 = 0.7. The logarithmic x-
s =s 33  axis is normalized with respect to a

I + "tuning frequency". w. = I/RC.

(6 ) Ex p e im t l

We can then define a mechanical loss tangent Sample nrenaration
tan 8 = s"/s' ;

It has been seen that the damping efficiency
kof a piezoelectric damper is directly linked to the

7-OC coupling coefficient pertaining to the stresses and
tan= strains produced by the pertinent modes of

I - k33 +  Il vibration. In this work, the experiments were
(7) performed around the resonance frequency using

the lengthwise 3-3 vibration mode(31, since the k 3 3

The complex compliance coefficient is coefficient of PZT is the largest available coupling
obviously a function of frequency and the loss coefficient. The configuration of such a 3-3 mode

tangent is a maximum when the following condition sample for resonance measurements is a long bar or

holds, cylinder with the poling and vibration directions !



coinciding with the major dimension. Due to the kept in an oven set at 90oC to cure the epoxy for 24
enormous voltagc that would be required to pole a hours.
sample of sufficient length, such a sample was
made up using a large number of PZT toroids as Measurements and Results
shown in the schematic (Fig. 3).

First, the integrity of the sample was checked
ELECTRICAL DRIVE NUT with regard to the quality of the epoxy bond at the

a OLT.. PZT-brass interfaces. In order to do this, all the PZT

elements were connected in parallel and the stack

was set into vibration through electrical excitation
by means of a HiP 4192A LF Impedance Analyser

and the electrical admittance vs. frequency curve.
obtained. A sharp resonance peak corresponding to

PiT ELEMENTS. the fundamental resonance mode of the stack (-!!
R :kHz) together with the absence of any spurious

vibration modes showed thqt there were no cracks
or other impedance mismatch problems at the
interfaces. It may also be noted here, that since the

Figure 3: Schematic of PZT stack sample. thickness of each PZT element is much smaller than
the wavelength at the resonance frequency (< X/50)
at which all the data were obtained, the

Sintered PZT disks. 0.8 cm. in radius were assumptions in the model developed in the theory

made by conventional ceramic processing using section hold.
commercially available PZT-501A powder
purchased from Ultrasonic Powders Inc. A central, The mechanical stiffness and the loss tangent
axial hole. 0.3 cm. in radius was drilled through tan 6, were measured using an electrical resonance
each disk using a diamond core drill to obtain the technique by measuring the electrical impedance
toroids. These toroids were then ground and over a frequency range about the fundamental
polished to the same thickness, 0.33 cm., using a resonance frequency. The stiffness coefficient E,
diamond polishing wheel. Silver termin-'ion ink was estimated from the resonance frequency - (due
(DuPont Corp.) was then painted on the fl: surfaces to the type of electrical excitation used, the
of the toroids which were then fired at oO0OC to electrical resonance frequency was equal to the
obtain well bonded electrodes. The PZT toroids were mechanical resonance frequency) - using the
then poled along the thickness direction in a relation,
silicone oil bath at 1200C using an electric field of
25 kV/cm. The dielectric constant of these toroids E = p fr 2 ;) 2 (9)
was measured using a HP 4275A Multi-Frequency
LCR meter and the piezoelectric coefficient d33 was where, p is the density; fr is the resonance
measured using a Berlincourt d3 3 meter (Channel
Products Inc.) to obtain the following results. frequency: and A. ( = 2 x length) is the wavelength.

K33T (Dielectric Constant) = 1950 The loss tangent was estimated using the
half-bandwidth technique modified for application

d33 - 430pC/N to low Q (high mechanical loss) materials[41. The use
of a resonance technique only estimates the

The 3-3 mode vibrator was made by stacking mechanical parameters especially in a material with

32 such PZT toroids alternating with brass a high. frequency dependent loss factor. However,

electrodes on a 12 cm. long threaded steel rod. The the stiffness is estimated quite accurately and the

brass electrodes were circular disks of thin (I mil loss tangents estimated are lower limiting values

thickness) shim material with a 0.3 cm. radius hole since this method[41 actually leads to an

punched through the center. The thin brass layers underestimation.

were of slightly larger diameter than the PZT In a bar vibrator excited symmetrically about
toroids to facilitate external electrical connection. A the center at the fundamental resonance mode, one
thin layer of a hard epoxy (Spurts Epoxy expects the contribution to the overall coupling
manufactured by Polysciences Inc.) was applied to coefficient to be different from different regions
the electroded surfaces before assembly and care depending on the location since the stress and the
was taken to see that all surfaces were clean and strain are maximum in the center and drop down to
free from oil or grease. One 0.5 cm. thick brass near zero at the ends. Therefore an effective
toroid was also stacked on each end of the coupling coefficient[5, kerr which is determined by
assembly. Steel nuts screwed onto the threaded rod k33 was measured by electrically exciting only parts
at each end held the assembly in place and also of the sample symmetrically from the center
provided a compressive pre-stress. The stack was towards the ends. The effective coupling coefficient
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Figure 4: Plot of keff 2 shown as a function of the Figure 5: Plot of mechanical stiffness and tan 8

number of PZT elements excited against number of disks shunted by

symmetrically about the center of the optimally tuned resistors.

stack.

is related to the measured values of the resonance
and antiresonance frequencies. fr and f& as follows;

keff 2 = l(fr/fa) 2  (10)

The relation of keff 2 to the number of excited .......
elements is shown in Fig. 4. It can be seen that the
regions of high strain in the ccnter cootributc the
most toward the overall coupling coefficient.

In the first set of experiments, the effective . .'---
damping contribution rom different regions of the
sample was determined. In order to do this. the
whole PZT stack was set into vibration by
electrically exciting with the impedance analyzer.
only one element at each end and obtaining the
admittance vs. frequency curve. Optimally tuned
resistors (-7 kf0) were connected across the central
two elements, then across an additional two
elements on either side and so on upto the ends of
the stack, and the stiffness E. and the loss tangent
tan 5 were estimated from the admittance plot. The
results are shown in Fig. 5. The similarity between
the kef 2 and tan 5 curves (Figs. 4 and 5) is obvious
showing that most of the contribution towards the
damping arises from the central parts of the stack.

In the second set of experiments, the stack
sample was set into resonance again by electrically
exciting one PZT element at each end using a
sufficiently long gated sine wave. The voltage Figure 6: Oscilloscope photographs showing
output from one of the central elements was attenuation of vibrations of the stack
measured using an oscilloscope; this voltage being sample when no resistors are connected
proportional to the strain in that element. At the (a) and when four central elements are
end of the exciting signal, the time decay in the shunted by optimum resistances (b).
vibration amplitude is observed as the decay in this Also shown is the exciting gated sine
voltage output. The experiments were conducted wave.

i



without any shunt resistor as well as with optimally
tuned resistors connected across some or all the
elements as described previously. Some results are
shown in Fig.6.

In conclusion we find that it is possible to
obtain high stiffness and high damping
characteristics using a simple passive electrically
resistive element in conjunction with a piezoelectric
ceramic material (PZT) with a high coupling
coefficient. By optimum tuning of the resistors, it
should be possible to shift the peak damping to any
frequency of interest. Proper placement of
piezoelectric elements at regions of high stress in a
vibrating structure will optimise the damping
capability.

The use of a mechanical, non-resonant,
transfer function technique is proposed to measure
the property coefficients more accurately over a
range of frequencies (500 Hz to 5 kHz) and variable
resistance values. Incorporation of other passive
electrical elements should lead to better control and
design of properties tailored to suit specific
applications.
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PEROVSKLTE OXIDE AT FINITE TEMPERATURE+
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The hydrostatic electrostriction coefficient of SrTiO 3 and its
temperature dependence have been calculated on the basis of anhar-
monic many-body perturbation theory. Contributions from several
lowest order diagrams have been evaluated using an anharmonic shell
model originally used for calculating the electrostriction coef-
ficients of the static crystal. The calculated temperature depend-
ence is in agreement with experiment.

The electrostriction (ES) coefficients shire free energy function also lead to a
determine the strain dependence of the di- similar linear variation of the Q-coefficients
electric constant: those most directly amen- with temperature.4 However, a microscopic
able to lattice dynamical calculation are theory which would explain this linear varis-
defined as the derivatives of the dielectric tion of the Q-coefficients with temperature is
susceptibility (Xrs} with respect to the Lagra- still lacking. It is the purpose of this paper
nglan strain tensor nki: to present the results of an atomistic calcul-

ation of the temperature variation of the ES
ers,kI - (3Xrs/3nkl) (r.s,k,I - 1.2.3) Coefficients on the basis of an anharmonic many-

body theoryS,6.
They ace related to the more conventional Room temperature values of the ES coef-
Q-coefficients familiar to experimentalists ficients have been calculated for SrTiO 3 from
and defined in a rotationally invariant form a shell model by Bruce and Cowley . However.
by .in their model, the anharmonicity from Coulomb

Qrsij u vii/aprarPJ Interactions Is neglected. It hai been shovn8a,8b
that for a consistent description of the first
order anharmonic properties it Is essential tohere Vi and P denote the components of the include Coulomb anharmonLcity. We have reported

displacement gradient and the dielectric preliminary results for the temperature vari-
polarization respectively. The relationship ation of Q that we obtained from a harmonic
between the two sets of coefficients is given shell model with anharmonicity in the short
by (tensor notation; summation convention) range and Coulomb forces included In the rigid

I Lon approximation. However, these results were
Qre~ij " " (  jkIbrubuveuvekl based only on the contribution from the lowest

4 brk6s 4 bskdgj - 2bro4kl) order diagram in the anharmonic perturbation
expansion and did not account for the observed

Here SIJk1 represent the components of the temperature variation of Qh' In the present

c(X -i. paper, we have extended the work of Ref. 9 byelastic compliancr tensor and b " treating anharmonicity in the full shell model
For a cubic crystal there are only three in- and by including the contributions from three
dependent coefficients QiIII, Q1122 and Q2323. additional diagrams.
In this paper, we are primarily concerned with
the hydrostatic coefficient Qh - Q|I|I + 2QI122 Outline of Theoretical Method
and the shear coefficient Qs - QIII - Q1122. According to standard anharmonic pertur-

It was generally believed that the Q-coel- bation theory6 , the dielectric properties of a
ficients are temperature independent, an idea crystal can be calculated by considering the
supported 2 in part by the microscopic theory of total Hamiltonian H to consist of a harmonic
Silverman for ferroelectric soft-mode materials part HO , an anharmonic part HA and an inter-
in the paraslectric phase. However, more 0 A
recent experimental data for several parov- action H - -N.E between an external electric
skits oxides 3a-Je indicate a linear variation field t Ind the dipole moent of the crystal ilt
with temperature. Phenomenological approaches
based on a properly constructed Landau-Devon- N - no * NA  Ni

Work supported in part by US Offl..z of NIaval Research Contract No. NOOOI4-

82-D-0339.
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The electric field In turned on adiabatically Mr, M M 110 "il
as - axp(-iflt + tt) and the dielectric sue- 60 M M so
ceptlbllty can be expressed a M Wffhl U fl

Xenia) - ptfil + II/NY)G(1INGHA * itL

where P (w) i the electronic susceptibility M,,4.. . . 2 Mr MMS I WIAI

and G is the thermodynamic Greens function for M,,--.--'eMs14 I A-

dipole moment operators NV and M, . For a strain-

ed crystal, the Hamiltonian H and the dipole
moment K can be expanded in a double series in Pr V 2 2 2 E Iw
terms of the phonon coordinates A() and the W T
deformation parameters Viis and a diagram tech-

nique employed to evaluate the electrostrictLon Figure 1. Electrostriction Diagrams and Their
coefficients eraeiS. Contributions

Figure 1 showe the lowest order diagrams
considered here in the anharmonic perturbation
expansion contributing to the ES coefficients 02 T r r
and the corresponding contributions. In the 1.
expressions given, , (X) denotes the r-compo- SrTIO5
neant of the dipole moment arising from the
normal mode , ( ) and .r(A) the correspond- Thowl (Shell Medel; Ak. P0lhwlwyI
ing bare and renormalized temperature dependent .. ej
eLgenfrequtencies, respectively. Vkl(A,-A)
denotes the double Fourier transform of products ' -
of linear combinations of third order coupling
parameters and components of the tgenvectors a
of the bare normal modes A and A'. The mode
index entails both the wave vector and the
branch index, and the sums are over the modes o Smdl gad He1eebeel t(1
at the zone center only. The quantities
M(A),Vkt(A,-Ar), Hr.ae, and Prs have all been O I I I I I I I I I I I

defined by CowleylO. Temperature (K)

The quantities In the numerators of all
expressions pertain to the bare reference state Figure 2. Variation of Q with Temperature
in the perturbation expansion. The temperature
dependence of the ES coefficients arises only
via the self-energy corrections to the phonon approximation of Cowley6 the numerators are
frequencies giving rise to the renormalized evaluated by using the aigenvectors of the modal
frequencies N(A) appearing In the denominators. RT of Ret. Sa.
The evaluation of the self-energy corrections In Fig. 2. are plotted the results for the
is a separate problem and a knowledge of the hydrostatic ES coefficient Qh versus temperature.
mode softening mechanism is a prerequisite for It can be seen that there is good agreement with

a more complete understanding of the temper- experiment so far as the temperature dependence
ature variation of the ES coefficients. For is concerned, but that there is some discrepancy
purposes of the present paper, it is sufficient in the absolute value. There is, however, poor
to use experimental zone center frequencies as agreement for the other ES coefficients. The
functions of temperature. However, the scope latter poor agreement is attributed to the
of the present paper entails the calculation of neglect of many-body forces.
the numerators in the expressions given above, In conclusion, a calculation based on
from a shell model, in which Coulomb anharton- anharmonic many-body perturbation theory using
icity and anharmonicity of the short range the lowest order diagrams and an anharmonic
Interactions are included. The model parameters shell model yields results in good agreement
used are identical to the ones used before for with the experimental temperature variation of
the calculation of the first order anharmonic Qh" This good agreement arises as a result of
quantities at the zone center of the static both the improvement in the model and the in-
crystalS. In the spirit of the pseudoharmonic clusion of additional diagrams.
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Origin of the first-order phase change at the Curie temperature In KNbO3
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As judged by the difference between Curie temperature T, and Curie-Weiss temperature E9
(T,_ - 0- 53 'C) KNbO, goes through a very strongly first-order phase change at T, into a
tetragonal ferroelectric phase. For BaTiO,, it is known that the weaker first-order change at
T (, - (0)- 10 *C) derives from [lhe elect rost ricti ve coupling and that the strain-free crystal
would go directly to rhommbohedral symmetry by a second-order transition. It is the purpose of
Ihis imote to po~int upl (ime fact that in spite of the much stronger first-order change in KNbO1,
the origin is againi iii the elect rostrictive coupling, and that time cubically clamped crystal would
go through a second-order phase change.

1. INTRODUCTION where U is the internal energy, S is the entropy, amid T the
The ferroelectric perovskite KNbO, is qualitatively absolute temperature. Appropriate Taylor series expansions

analogous to DaTiO~, eximibitimig the same ferroelectric of Eq. (1) yield expressions for the free-energy density
phase tranisition sequence onl cooling from high temperature wherein the sign of the fourth-rank dielectric stiffness tensor
(ie. 11m3in - P14mm - Binin2 - 113m). As with liaTiO,, all determines thme order of *the FE-PE phase transition.' Natu-
of these transitionis are first order. If the difference rally, .he thermodynamic potential functions of Eq. (I) are
A =(T,. - 0) is regarded as a mieasure of the first-order not independent, so that by finding the spontaneous straiun
character of thme ferroelectric-parielectric (FE-PE) transi- niatrix 06G, /AK~), defining, X = 0, and substituting into thie
t imi. however, this differenice iii KNbO, (A - 53 *C) is see expression for A, time relationship between the fourth-ramik
to be significanitly grealer than that inl haTiO, (A - 10 'C). d .ielectric stiffness coefficients in the two free-energy expan-
Consequently, it might be suspected that thme nature of the sions canl be readily obtained. Usirig standard reduced tensor
first-order FE-PE transition inl thme two crystals may be full- notation, the desired relationships are:
danientally different. a,= av + 2(Q', + 2Q 2 )C,1 + 4Q12 (2Q,, + QZ )c12

Consideration of a simple Devonshire free-energy for- and (2)
malism for KNbO I provides insight into the nature of the
FE-PE1 transition. For lBaTiO,, Devonishire' showed that ai, =a12 + 2Q11 (2Q, l + Q12 )cl ,
tleweaker first -order clip oge at T, (A- 10OC) derives from + 2(Q', + 3Q' 2 + 2Q, I Q12 )cl2 + Q' c..,
thle elect rost rictive coupling and that thie strain-free crystal 1hea and4
would go directly to rhomibohedral synmmetry by a second- V, Iethefut-akdeeti tfns jf
older transition. Conisequently, by exanmining tile sign of the ficiesits at constant straini amid constant stress, respectively;
fotirth-ramik dielectric stiffness coefficient in thme Helmhmoltz tme Q,, are the cubic electrostrictive conistants in polarization
free-emmergy expansion, it is possible to determine whlether notation; and the c,, are the cubic elastic stiffnesses at con-
time first-order nature of the FE-PE transition in KNbO 3 stant electric displacement. For a tetragonal crystal of sym-
arises as inl BaTiO, due to time elastic couplinig, or if it is ill metry I'4mim derived from a cubic prototype of symmety
fact ititrimisic to tlie straiii-free crystal. Pmnir, onily thme coefficient all requires evalu *ation. Aposi-

tive value of the Helmholtz coefficient a;, would indicate
11. THERMODYNAMICS that time stronig first-order character of time FE-PE transition

To xamne he rign o (le F-II trnsiionin il KNbO, results from the electrostrictive coupling, whmiles
To eamie the ii fthe FEnaicpotranstiofnc nmegative value would imply that this behavior is intrinisic to

Ktboii we ancGomsr the ytl seoynct po tenstril ofc ie strain-free crystal. The coistants iii the expression for

constant elastic straini (x) amid conistant elastic stress (X), a 1 are evaluated below.
respectively. The Helmhmoltz (A) amid elastic Gibbs (G,) A. Elastic Gibbs function coefficients
frce-eitergy fuictiomis are deinmed by:

A = U - TS At constant amid zero stress, am appropriate expression
for the elastic Gibbs free-emmergy density for time t-tragonal

amid (1) phase of KNbO. is:
G,= U - TS -xX, G, = G, + 1/2o( T - e)P 2 + 114a p 4 + I/6c4,mP6

(3)
whererPernmanentm addreic Material% Resarch Laboraiory. Pennsylvania Staie

Univer-tity, University P'ark. P'ennsylvania 16802. G, = 0,
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and gives the following relation for 0a

Xo = /a,' = [a, - (c,)Q,,/Q,, ]/0 - Qi 1 /Qi,, (10)
[in Eq. (3). P, is a vector component of spontaneous polar- Thle Q,2 IQ,, ratio was determined by extrapolating tile ex-
ization (P,, en, is the permittivity of free space. and Cis the perirnental cubic cell constant (a, ) I15.C to the first set of
Curie corlstaiit. At T,, we have from tile equilibrium condi- tetragonal lattice constant data (4 10 C) using.
tioii a,(A&) =a TVC+ au, (11)

G, =G,, =0, (4) where
which, when combined with the first partial derivative sta- a = 4.47598 X 10- Arc
bility coiiitioui and

6 GA5P, = 0 (5) a .03
gie o iehge-re ieeti =fiescntns A linear least squares correlation coefficient of 1.00 was ob-

a,1,=- -'.E)lrjc tamned for thle cubic cell data. Using Eqs. (8) and (9), this
and procedure gave a Q,I/Q,, ratio of - 0.354. The extrapolat-

a 3r. T,- E)) IP,(6 ed values of a: obtained using this ratio are plotted along
It (6) with experimental values of a, c, and a, in Fig. 1. Figure 2

where P,, is the spontaneous polarizationi at 7,-. Fromt Eq. shows the spontaneous strains determined from the x-ray
(5) we also have data.

Pj=[ r" + [(a%,) 4a.%,, ',(- )"]2 1 ,.The spontaneous strain data of Fig. 2 were used along
(7) with thie experimental spontaneous polarization data' to cal-

Fromt dielectric data on single crystals, Triebwasser' culate the elect rostriction constants from Eq. (9). Thle re-
has previously determined [lie values of lte higher-order di- suits are shown in Fig. 3. To thie extent of the validity of the
electric stilrnesses and discussed their poissible temperature initial assumption regarding the Q,,/IQ,, ratio, the values of
dlepend~enlce. Indeed, using Tricbwasser's data, insertion of lte elect rostriction constants obtained are seen to be rela-
tfie experimental value of P,, into Eq. (6) gave good agree- tively insensitive to temperature. The average values over
meilt between lte experimental spontaneous polarization the temperature range examined are
WP, = P,) values and those obtained fromt Eq. (7) only at QG, = 0.13 and Q,2 = - 0.046 !rn'/C'I,
ltperatures near7 . Alterniatively, PI* can be chosen so as which are in excellent agreement with thie room-temperature
to provide lte best lft of Eq. (7) to the experimenital data values of Q,, = 0.13 and Q13 = -0.047 obtained by
over lte complete temperature range. The latter procedure Giinter5 from piezoelectric measurements. Weisendanger'
.yielded obtained values ofQ,, = 0. 13 and Q,, = - 0.055 by assum-

(rI,= - 1.7 X 10" iW/C IF ing a room-temperature value for P, of 0.42 C/n'. which is
anld -about 30% higher thtan the P, value measured by Trieb-

2.1 X 0... i"IC'r.wasser. The elect rostriction constants obtained from tile x-
~t = .1 x10"'mit/ 4F.ray strain data were used in the remainder of the calculatiomn.

Thle use of lte experimental value of P,,. at T, as opposed to
ltme best-flt value resulted in only a modest ( 15%) difference C. Elastic constants
in thle associated values of &.It will be seen that this differ- From piezoelectric measurements made on orlhorhom-
emmcc is not stifliciemit ito itilucuce thle result of thle Helnmhloltz bic crystals, Weisemidanger' obtained the following room-
coeflicient calculation. Therefore, any temperature depen- temperature values for the elastic stiffness, constants at con-
dence of lte higher-order dielectric stiflnesses was neglect- stant electric displacement (c"'):
ed.

B. Spontaneous strains and electrostriction constants 4.0800
The x-ray data of Shirane, Newnhai, and Plepinsky'

were used to calculate lte spontaneous strains and electro- 4.0600
slriction constants in tile tetragonal phase. The spontaneous 4.0400,
st rains (x, ) were calculated from: o a

X,= (a, -a:)1a: and x, = (c, -a,.)la, (8) Wi400 ...-

where a, and c, are tile tetragonal lattice constants and a:' is 4.0000
the extrapolated cubic cell constant. The value a: was deter- : _________________

ninied following thie mnethod of liaumi, et a.' by assuming 3.9800 300 400 500tha lte elect rost rict ive constant ratio Q,,/Q,, is indepen- TEMPERATURE (0C)
dlewi of tcmperature. Thmis assumption, along withi the edcc-
trostrictive straimi equatioiis FIG. i. Exp~erimental lattice constants (from Ref. 3) or KNbO, against

temperature. The extrapoltaed cubic cell constants@; were calculted from
X, = Q, jP 34and x, = Q,, P' (9) Eq. (t0).
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_ _ _ _ _ _ _c , , - 2.3X l0" N/in', c,, mo.8OX 10" N/m',
20 

and c4, - 0.90X 10" N/rm'.

Z 10 - x While the two data sets are in reasonably good agreement,
Z the data of Nunes, er al. more closely satisfies the isotropy

condition (2c4. = c,I - cl,) and the Cauchy relation
, 0 (c,, = c1, ). Tie latter data set was selected for use in the
0 -present calculation, although the choice is not critical to theZ l-1 final result.Z . -101 ' '
o 300 400
up TEMPERATURE (* C) D. Helmholtz coefficient

FG. 2. Spontaneous strains x, and x, of K NbO, against ternierature. Substituting a-" = - l.7x 109 m'/CIF into Eq. (2)

along with the electrostrictive and elastic constants given

above we find that:

c" = 2.800X 10" N/nm,. c' = 0.940X 10" N/rm', as = - 1.7X 10' + 7.6x 109

and c" = 1.135X 10" N//m. or

The relations between tie cubic and ortlhorhonbic constants - + . X 10q mn/C 'F,

.1%=112(c,, + c,, + 2c, where the magnitude of the positive elastic term is found to
be more than four times greater titan the magnitude of the

C44 = c. and c' = 1/2(c,, -c,) (12) negative Gibbs coefficient.

-gave the cubic stilfnesses at couistant electric displacement
(c,,) as" Ill. CONCLUSIONS

c,, = 3.UX It0" N/in, c,. = 0.71 x 1o'' V/hi "! ,  From the finding that the contribution of the positive
elastic term to the Helmholtz coelflicient is much larger than

and c44 =---0.95 x 10''V/In(. tie contributio, of the negative Gibbs tern, it is inferred

Alternatively. tle data of Nunes, Axe. and Shirane' gave the that like 1aTiO3, the first-order nature of the transition in
following values front phltoti dispersion curves measured at KNM, (at T,) results from the electrostrictive coupling.
460 C: Consequently, despite tle fact that the FE-TE transition ex-

hibits anomalously strong first-order character
(T, - E - 53 "C), this behavior is apparently not an intrin-

0.20 sic property of the strain-free crystal. It is therefore expected

0.15 that the crystal subject to cubic clamping would undergo a
second-order trausition at 0.

"E 0.10

O- 0.05 0 'A. F. Devonshire. Adv. Phys. 3. 85 (1954).
- 'S. Triebwasser. I'hys. Rev. 101. 993 (1956).
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TEMPERATURE (0 C) Appl. Phys. 62. 3331 (1987).
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FIG. 3. Electronlriclion constantsQ,, and Q,. of KNbO, against tempera- 'E. Weisendanlger. Ferroelectrics 6, 263 (1974).
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Thermodynamic Theory of Single-Crystal Lead Titanate with
Consideration of Elastic Boundary Conditions

George A. Rossettl, Jr.,* K. R. Udayokumar,* Michael J. Haun,*1 and L. Eric Cross*
Matedals Research Laboratory, The Pennsylvanla State Unvesity, University Park, Pennsylvaria 16802

A phenomenological free-energy function including the ef- ily considered morphotropic PZT compositions, no data were
fects of ehltik boundary conditions was presented and used reported regarding the effects of elastic boundary conditions
to investigate the slngle-domain, single-crystal properties of on the Curie point and energetics of the FE-PE phase transi-
the ferroelectric perovskite, PbTIO3. In partkular, the ef- tion for pure Pb103. Recently, however, the coefficients in
fects of tensile and compressive hydrostatic stress on the the energy function for P)'iO3 have been refined by Haun
spontaneous polarization, Curie point, dielectric suscepti- et al. from high-temperature X-ray strain measurements made
bility, and piezoelectric property coefficients were exam- on pure, sol-gel-derived powders. Using these coefficients, a
ied. The cakulated skift of the Curie point with hydro- more thorough investigation of the effect of elastic boundary
static stress, along with the entropy and enthalpy of the conditions on pure, single-crystal PbiO3 is possible.
ferroelectric-paraniectric phase transition, was found to be In the present study, therefore, a simple phenomenologi-
in good agreement with experimental measurements. The iso- cal free-energy function that includes the effects of elastic
thermal variation of the relative dielectric susceptibility and boundary conditions is presented and used along with the
piezoelectric coefficients with hydrostatic stress exhibited coefficients of Haun et aL to predict the properties of pure,
the expected behavior near the ferroelectric-paraelectric single-domain, single-crystal PbTiO3. In particular, the ef-
phase transition. [Key words: thermodynamics, lead ti- fects of tensile and compressive hydrostatic stress on the
tanate, single crystals, stress, electrical properties.] spontaneous polarization, Curie point, dielectric susceptibil-

ity, and piezoelectric property coefficients are investigated.
1. Introduction

I!. Theoretical Approach
E XPEIMENTAL studies of the effect of hydrostatic stress on

the single-crystal properties of technologically important Using reduced tensor notation, the Landau-Ginsburg-
ferroelectric perovskites such as BaTiO3 and P3110 3 have Devonshire (LGD)3 free-energy function of a proper ferro-
proven useful in understanding their ferroelectric properties, electric derived from a phase of prototypic symmetry Pm3m
particularly in the region near the ferroelectric-paraelectric may be expressed as a Taylor series in dielectric polarization
(FE-PE) phase transition. Although the effects of hydro- as follows:
static stress on the properties of BaTiO3 have been extensively G, = al(Pl + pl + p) + a,,(P + P1 + P)
investigated,2" accurate measurements of the single-crystal
properties for pure PbFi0 are difficult because Pb' losses at + aa(PPi + PIPI + PP)
temperatures near the Curie point result in high electrical
conductivity.4 This has dictated the use of samples doped with 1  2 3

or Nb charge compensators to enhance resistivity,' so that, + a 1 2 3 , +
even at ambient pressure, considerable discrepancies in re-
ported property data exist because of differences in crystal + P,(P + p2)]
quality. As a consequence, few data are available regarding I
the effect of hydrostatic stress on the phase transitions and + arn(PIPIPI) S11 (Xz + X2 + X3)
properties of pure single-domain, single-crystal PT10 3.

For U-doped crystals below 407°C, Samara' successfully SUVA + XZX3 + X3XI)
measured the pressure dependence of the permittivity and
Curie point at hydrostatic stresses up to 3 GPa. Other less ex-
tensive examinations of doped crystals under hydrostatic stress -- s5(X + X z + )4)
have also been reported." The pressure dependence of the Q(Xp 2 + X2p + Xp2)
dielectric and piezoelectric properties for pure, single-crystal - 2 3
P5110 was calculated by Amin ef al. from a phenomeno- - Q12[X(P2 + P3) + X2(P1' + P3)
logical free-energy function. These results were obtained as
part of a more extensive investigation involving PbZrOr- + X I(P? + P )J
Pb1O 3 (PZT) solid solutions," wherein the polarization inter- - Q(XPP + XSP, + XGPIPZ)
action coefficients of the energy function for P5'iO were
determined by extrapolation from values obtained by fitting where P and X are the polarizations and stresses, respectively;
the morphotropic phase boundary. Since Amin et al. primar- a,, aq, and aA are the dielectric stiffness and higher order

stiffness coefficients at constant stress; sj are the elastic
compliances at constant polarization; and Q# are the cubic

W. A. Schulze - contbutint editor electrostrictive constants in polarization notation.
In the reduced notation, the tensile stresses are denoted by

Xi, X, X3 and the shear stresses by X 4, Xs, X,. Consequently,
for a hydrostatic stress (a,)

Manuscript No. 197316. Received January 30. 1990; approved July 5, 1990.
'Member, American Ceramic Society. X1 = X2 = X3 = O"
Now at Dupost Experimental Station, Electronics Deportment, Build-

ing 334, Wilmiagton, DE 19MI. X4 = 
X3 = X6 0
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and Eq. (1) then takes the form ql = (2-ro[a, - (Qu + 2Q,2)wJ + auPi + aluPi)-'

G, = -(3s., + 612)r/2 113 = (2e0{[a, - (Q. + 2Q2)fl + 6a,,P3I

+ [a, - (11 + 2Ql.)aj(Pf + P1 + PI) + 15a,,,P3})-' (10)

+ a,,(P1 + P2 + P3) where to is the permittivity of free space.
The piezoelectric charge coefficients (d) are defined by

" au(PIPI + 2+ P P) d, = bk, (11)

+ auil(P + 2+ P) and are therefore given for the tetragonal state by
+ a.2[P,(P: + Pl) + Pf(P, + P1) dall 1 2 3 2 p2) dj e2)3j

+ P(P? + P1)] + a,2(PiP2P ) (2) d3t - 2eon 33QOP3

Since the elastic and electrostrictive terms both carry nega- dis - 2Eo-,iQmP (12)
tive signs, the appropriate sign convention is adopted such
that compressive stress is denoted by negative values of a." The piezoelectric voltage coefficients (g) are proportional
Equation (2) has two solutions of interest for PbiO corre- to the bq coefficients by a factor of (K - I)/K, where K is the
sponding to the cubic (Pm3m) and tetragonal (P4mm) states. dielectric constant. Since K > > I for Pf11O, the piezoeic-
These are tric voltage coefficients of the tetragonal state may be ap-

P -- P21 = P31 = 0 (cubic) proximated by

P1 = P1 = 0 3 P e 0 (tetragonal) (3) 3, - bit = 2Q1,P 3

By applying Eq. (3) to Eq. (2) the free energy functions for the gSi - b,, 2Q12 P,
cubic and tetragonal states are obtained as g-s - bis = 2QP (13)

G, = -(3s, + 6sz)ou2/2 (cubic) (4) Equation (2) shows that the effect of hydrostatic stress on
the free-energy function enters primarily through the term

S= -(3s, + 6s,2)&/2 + (a, - (Qt + 2Q,z)u]P3 involving the electrostriction constants since the purely elas-
+ a,,Pt + allP6 (tetragonal) (5) tic contribution to the relative free energies of the cubic and

tetragonal states is the same (Eqs. (4) and (5)). The effect of
The spontaneous polarization in Eq. (5) is determined from temperature on the free-energy function enters through the
the first partial derivative stability condition dielectric stiffness constant (a,) which was given a linear tem-

perature dependence based on the Curie-Weiss law.
8/ P= o (6)

a = (T - 0)/ZsC (14)
which together with Eqs. (2) and (3) yields for the tetragonal where C is the Curie constant and 0 is the Curie-Weiss tem-
state perature. All other coefficients were assumed independent

P2 = 4-al, + (cri, - 3al, of temperature and stress and have the values given in
Table i. Although this assumption may not be strictly valid,3

x (a, - (Q,, + 2Q,2 )ur)]'r2 /3a,,, (7) Goswami has shown the approximation to give excellent re-

The shift in the Curie point (T) with hydrostatic stress was suits for single-crystal BaTiO3. With the exception of the elas-
determined by finding the intersections of the cubic and te- tic compliances," the values of the coefficients in Table I
tragonal free-energy curves given by Eqs. (4) and (5). At each were determined by spontaneous strain measurements' made
intersection, the prevailing stress (o,,) is defined as the stress on pur, sol-gel-derived PI03 powders."

required to induce the FE-PE transition at the temperature
specified. The shift in T, with hydrostatic stress had been pre- I1. Results and DIscussion
viously estimated for BaTiO, by imposing the condition to
Eq. (7) that the spontaneous polarization in the paraelectric (!) Spontaneous Polarization, Curie Point, and Rulative
state is no longer real. 2 This is equivalent to assigning a value Phase Stabilities

of zero to the square root in Eq. (7) above the Curie point, The hydrostatic stress dependence of the spontaneous po-
such that larization (P,) for single-domain, single-crystal P1i03 in t

al- 3a,[a, - (Q,, + 2Qz)cr] = 0 Table I. Constants Used with Fq. (2)0

o" (3alar., - al,]/[3alu,(Qs, + 2Q,2)] (8) parametet Value

where a,* is the approximate stress at the FE-PE transition. T (C (o = 0) 492.2
For a first-order transition, however, it is more rigorous to 0 (-C) 478
find the transition stress by equating the energies of the cubic C (10' 6C) 1.5
and tetragonal as described above. In the present case, Q11 (10-2 mn/C 2) 8.9
the value of vi determined from Eq. (8) exceeds ar, by ap- Q ( m1/C() -2.6
proximately 0.05 GPa. At a specified stress, this corresponds Q44 (10 -V m'/C) 6.75
to a difference in the calculated values of T, of -4.5*C. s, (10-" m'/N) 6.785'

Appropriate second partial derivatives of Eq. (2) give the S12 (10-12 m2/N) -2.5'
reciprocal dielectric susceptibilities (Xie) (i.e., dielectric stiff- a, (10' m/F) at T, (or 0) 5.045
nesses) and the piezoelectric constants (b,) a, (10 m/F) at 25*C (or = 0) -1.708

a,, (10' m-'/(C 2 - F)) -7.252
82G/SP, 8P = X# a12 (10' mi/(C2. F)) 7.5
8'2G/8P 8 - - b, (9) al, (HP' m /(C'- F)) 2.606

B', (9) aA(l0 m'/(C'. F)) 6.1

The relative dielectric susceptibilities (-%,) of the tetragonal am,2(lOP m'/(C' . F)) -3.66
state are obtained from Eqs. (2), (3), and (9), and are given by "From Ref. .Fm Ret. t3.
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tetragonal state is shown at various temperatures in Fig. 1.06
Under hydrostatic compression, the polarization deceasesM
with increasing stress and drops discontinuously to zero at
a,*, the stress required by Eq. (8) above the FE--E transi- -
tion. At room temperature, ar* takes a value of 4.8 GPa.
Under hydrostatic tension, the spontaneous polarization in-
creases gradually from the zero stress value. Although no ex-
perimental polarization versus stress data for PbTiO 3 are g o
available for comparison, the general shapes of the curves in
the compressive region of Fig. 1 are similar to those experi-
mentally determined for single-crystal BaTi0 3.2

The hydrostatic stress dependence of the Curie point deter- N P, ,To
mined from Eqs. (4) and (5) is shown along with the experi- (Ca.cuated)

mental data of Samara" in Fig. 2. The value of -dTc/da = 2001 1 1 1
98'C/GPa was determined from the theory, as compared to 0 1 2
the value of 84C/GPa determined by Samara from the initial
slope of a smooth curve drawn as a least-squares fit to the
high-pressure data and the ambient-pressure value. A value of HDnuSrA STRESS UAS (OPa)
84°C/GPa was also obtained from high-pressure structural
studies.' The positive deviation from linearity in the expert- Fig. 2. Comparison of experimental and calculated shift of the

Curie point with hydrostatic stress. Experimental data are formental Tc vs a, curve of Fig. 2 might suggest that true hydro- U-doped crystals (after Samara, Ref. 4).
static conditions may not have prevailed at the higher stresses,
thereby artificially lowering the observed value of -dTc/dff.' 3

Alternatively, this deviation may be indicative of a transition sonable approximations of the dielectric and piezoelectric
to second-order behavior with increasing hydrostatic stress.4  properties.
It is clear that the simply formulated free-energy function of In the foregoing, it was tacitly assumed that the tetragonal
Eq. (2) (with pressure independent coefficients) will not pre- phase is the stable phase at all hydrostatic stresses below (Y,.
dict such a transition. For the present purposes, however, it Although BaTiO 3 transforms to an orthorhombic phase on
is sufficient to consider that the main effect of an applied cooling,2 no such transformation has been observed for
hydrostatic stress is to shift the Ps vs T curve along the T-axis. PbSiO3. Since the orthorhombic phase would be expected to
The implication is then that the dipole moment is relatively occupy a larger volume relative to the tetragonal phase, the
insensitive to stress, such that the chief effect of hydrostatic possibility exists of destabilizing the tetragonal phase under a
stress on the properties of pure, single-crystal PbTfiO 3 lies in sufficiently large hydrostatic tensile stress.
its influence on Tc. Recognizing the limitations of such a To examine this possibility, the appropriate solution for the
treatment, predictions of the energetics of the FE-PE transi- orthorhombic (Bmm2) state (i.e., P = Pf * 0, Pf = 0) was
tion made on this basis are nevertheless found to be in quite used with Eq. (2) to calculate the relative free energies of the
good agreement with the experimental measurements, as dis- tetragonal and orthorhombic states as a function of hydro-
cussed below, static stress and temperature. It has been previously shown'

The calculated value of -dTc/doa was used along with the that, under zero stress conditions, the value of # = -a2/all
Clausius-Clapeyron equation to determine the enthalpy and primarily controls the relative stability of the orthorhombic
entropy change at the first-order FE-PE transition. and tetragonal phases at temperatures down to -2730C. The

free-energy calculations made using Eq. (2) showed that, evendTc/doa = TcAV/AH = AV/AS (15) at -273°C, the value of 4 is sufficiently large to destabilize

The value of AV(FE-PE) = -0.2041 x 1O-* m3/mol, obtained the orthorhombic phase to hydrostatic tensile stresses of up to
from high-temperature X-ray measurements,' gives AS = -530 GPa. Consequently, under physically realizable condi-
2.1 J/(mol. K) and AH = 1590 J/mol. These values are in ex- tions, the calculations suggest that only the properties of the
cellent agreement with the experimentally determined values' tetragonal state require consideration.
of AS = 1.9 t 0.2 J/(mol K) and AH = 1460 ± 190 J/mol. (2) Dielectric Susceptibility and Piezoelectric Coefficients
Consequeotly, it is expected that calculations made using The pressure dependence at 25*C of the relative dielectric
Eq. (2), with the coefficients of Table I, will provide rea- susceptibility coefficients is shown in Fig. 3. In accordance

with Fig. 2, similar curves displaced along the o-axis are ob-
tained at other temperatures. Consistent with experiment,'
the dielectric susceptibility increases rapidly close to a. Near

41 the transition, the susceptibility (7133) parallel to the polar
axis is much greater than the perpendicular susceptibility
(7111), but at stresses below -3.5 GPa, the two curves inter-
sect. As with the tetragonal phase stability, the value of 4
controls the dielectric anisotropy.' Following from the earlierdiscussion of Fig. 2, the isothermal variation of the dielectric

anisotropy with hydrostatic stress is in all respects analogous
to the isobaric variation with temperature.'

The pressure dependence at 250C of the piezoelectric
450 so so Iso 2i .c charge and voltage coefficients is shown in Figs. 4 and 5,

respectively. The charge coefficients increase rapidly near
, ,r because of the strong pressure dependence of the dielectric01 NUSO " susceptibilities. The voltage coefficients vary only with

3 0 . . . polarization and therefore decrease with stress and drop dis-
continuously to zero near 4r,. As with the dielectric suscepti-

HYDMOATic amass mas (O) bilities, curves similar to those in Figs. 4 and 5 shifted along
Flg. 1. Calculated spontaneous polarization venus hydrostatic the a-axis are obtained at other temperatures. Again, the
stress at various temperatures. isothermal variation of the piezoelectric coefficients with
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Fig. 3. Calculated relative dielectric susceptibility coefficients Fig. S. Calculated piezoelectric voltage coefficients versus hydro-
versus hydrostatic stress at 25*C. Compressive region is to the right static stress at 2TC. Compressive region is to the right of the
of the origin, tensile region to the left. o

hydrostatic stress is analogous to the isobaric variation with The present calculations confirm the utility of the simply
hydrstatic sformulated Landau-Ginsburg-Devonshire (LGD) formalism,tcmpratur." as well as the validity of the associated coefficients used, in

describing the static, single-domain, single-crystal properties
IV. Summary of PtWiO 3 subject to elastic boundary conditions. In subse-

A phenotnenological free-energy function including the ef- quent work, we intend to extend the present calculations

fects of elastic boundary conditions was presented and u d to using the coefficients recently determined't for the PbZrOr-
preict the proeti s o far sngl-doaion, sinrystald u PbTiO 3 solid-solution system to investigate the effects ofpredict the properties of single-domain, single-crystal Mtf0i3. elastic boundary conditions on technologically important
In the present theory, the hydrostatic stress dependence of compositions near the morphotropic phase boundary. 
the single-domain, single-crystal properties can be inter-
preted in terms of the displacement with stress of the sponta-
neous polarization (Ps) versus temperature (T) curve along the Acknowledgments: The authors appreciate the helpful suggestions of
T-axis. The calculated shift of the Curie point with hydro- the reviewers for improving the manuscript.
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X-RAY AND PHENOMENOLOGICAL STUDY OF LANTHANUM
MODIFIED LEAD ZIRCONATE - TITANATE COMPOSITIONS INCIPIENT

TO THE RELAXOR FERROELECTRIC PHASE TRANSITION REGION

G. A. Rossetti, Jr.a) and T. Nishimura
Research Center, Mitsubishi Kasei Corporation

1000 Kamoshida-cho, Midori-ku, Yokohama, 227 Japan

L. E. Cross
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University Park, Pennsylvania 16802 U.S.A.

X-ray diffraction analyses of chemically derived Pbl-xLax(Zr0.65Ti0.35)l-x/403

(PLZT) powders were combined with a phenomenological theory to investigate the

corresponding single-crystal ferroelectric properties of compositions incipient to the relaxor

phase transition region (x = 0 - 0.04). The powder diffraction analyses served to quantify

the temperature and composition dependences of two types of strain arising in these

materials: 1) strain that is electrostrictive in origin (spontaneous strain) and 2) the strain

associated with composition and/or structure-state fluctuations (lattice strain). The combined

results suggested that small deviations from the average composition (x) may result in

significant inhomogeneities in the internal strain field. The temperature dependence of the

electrostrictive strain component x4 was found to be well described by the Landau-Ginsburg-

Devonshire theory taking Tc = 357'C independent of La content (x). This result allowed for

the calculation of the single-domain, single-crystal elastic Gibbs free-energy density as a

function of temperature and composition. Based on a simple superparaelectric model of

relaxor behavior involving the temperature stabilization of noninteracting polar microregions,

the calculations suggested that the stability of the polar regions against thermal agitation

becomes strongly composition dependent when their size is reduced below the range of 5 -

15 nm.

a) Permanent Address: Materials Research Laboratory, Pennsylvania State University,
University Park, Pennsylvania 16802 U. S. A.



2

I. INTRODUCTION

Ferroelectrics showing relaxor phase transition behavior are of considerable

theoretical as well as practical interest. These materials find a variety of applications in

ceramic form, particularly as electrostrictive actuators and capacitor dielectrics. The best

studied class of relaxor ferroelectrics are compounds and solid solutions of oxides

crystallizing with the simple perovskite structure. Although the mechanisms underlying

relaxor behavior in the perovskite-based systems are not yet clear, frustration of the normal

ferroelectric transition appears to arise in general due to nanostructural lattice imperfections

which locally lower, but do not destroy entirely, the translational symmetry. Smolenski 1

first proposed the widely held view that the origin of the symmetry lowering lies in chemical

microheterogeneity, which in turn results in a broad distribution of local Curie temperatures.

Alternatively, from a series of transmission electron microscope (TEM) studies2, it now

appears that for the complex A(BIB 2)03 perovskite compounds, the origin lies in the

coherence length of the long range B-site ordering. Other structural features involving defect

dipoles, inhomogeneous order, and incommensurate phase transitions may also play a role in

relaxor behavior3.

Cross 4 has pointed out that the development of a stable ferroelectric polarization

within a postulated microregion of a relaxor crystal requires that the energy barrier separating

symmetry equivalent polarization orientation states be sufficient to stabilize the region against

thermal agitation. Since ferroelectricity is a cooperative phenomenon, all energies scale with

volume. Consequently, by analogy with ferromagnetism, superparaelectric behavior may

result if the microregions cannot develop sufficient volume stabilization or electrocrystalline

anisotropy energy with respect to other degrees of freedom. Although the superparaelectric

model accounts for many of the observed properties of relaxor ferroelectrics, such as the

frequency dependence of the permittivity and dielectric aging 5,6, few quantitative estimates

have been reported regarding the microregion size and/or composition dependence of the

energy barriers separating equivalent polarization orientation states for actual relaxor crystals.
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The Landau-Ginsburg-Devonshire (LGD) free-energy formalism provides a realistic

macroscopic thermodynamic description of the single-domain, single-crystal elastodielectric

properties of normal (proper) ferroelectric materials 7 . In the absence of suitable quality

single-crystal samples, high-temperature cell parameter measurements have proved invaluable

in the development of the phenomenological thermodynamic theories for several perovskite

ferroelectrics and their solid solutions8 ,9. These measurements establish the temperature

dependence of the spontaneous elastic strain, which is related through the electrostrictive

strain equations to the spontaneous polarization. The spontaneous polarization is the

macroscopic order parameter for the paraelectric-ferroelectric (PE-FE) phase transition, and

its temperature dependence can be used to determine the higher-order polarization interaction

coefficients needed to evaluate the elastic Gibb's free-energy density function.

Previous investigations have utilized this approach extensively in phenomenological

studies of the PbZryTil-yO3 (PZT) solid solution system10 , 11. In the present work, we

extend the X-ray measurements to the Pbl.xLax(ZryTil.y)l.x/40 3b) (PLZT) system and

consider compositions where y = 0.65 and x = 0 - 0.04 ( also denoted X/65/35 with X = 0 -

4). As judged from the published phase diagram1 2 shown in Figure 1, compositions in this

series begin to assume significant relaxor ferroelectric character at compositions near x -

0.04. Although the nanostructural features leading to relaxor behavior in PLZT solid

solutions are not yet entirely understood, it is clear that they are intimately associated with the

La content (x). This observation does not necessarily imply the distribution of Curie

temperatures (and the corresponding predictions) of the Smolenski model 1. Alternatively,

recent studies 13 suggest that nanostructural features potentially modulated through the La

content, such as the distribution and/or ordering of Pb vacancies and the associated defect

dipoles, may break the translational symmetry sufficiently to localize the polarization to

b) The choice of the B-site vacancy formula for the synthesis of these compositions was arbitrary and not
meant to imply a particular defect structure.
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superparaelectric regions on a size scale appropriate to interpretation on the basis of a spin-

glass model 14 .

It is the purpose of the present paper to describe an initial X-ray and

phenomenological study of the La-modified PZT system. For this study, alkoxy-derived

PLZT powders were prepared with compositions approaching those in the relaxor

ferroelectric phase transition region (x = 0.00 - 0.04). Precise cell parameter and X-ray line

broadening measurements were combined to quantify the composition and temperature

dependences of both the spontaneous and root mean square (RMS) lattice strains. The

temperature dependence of the spontaneous strain was modelled using the LGD free-energy

formalism. The results are discussed on the basis of a simple superparaelectric model of

relaxor behavior.

II. EXPERIMENTAL PROCEDURE

The PLZT powders were prepared from lead acetate trihydrate, lanthanum

isopropoxide, zirconium n-butoxide, and titanium isopropoxide according to a modification

of a procedure described earlier 15. All manipulations of the starting chemicals and reaction

mixtures were carried out in a glove box under dry nitrogen. Initially, 1:8 (m/m) solutions of

the lead compound and of the combined alkoxides in 2-methoxyethanol (2-MOE) were

prepared. The Pb solution was dehydrated by boiling and the combined alkoxide was

refluxed (- 1 hr in each case) prior to mixing at approximately 100 *C. The mixed solution

was then refluxed until a constant boilng temperature of 124 °C (the boiling point of pure 2-

MOE) was attained. At this stage, the H20 content of the solution, as measured by Karl

Fisher titration, had been reduced to < 5 ppm. The refluxed solution was then concentrated,

cooled, filtered through a 0.5 pim filter, and adjusted in concentration to 0.6 M. Prior to

hydrolysis, 6 mol % Pb in excess of the formula amount was introduced as a dehydrated

solution of lead acetate in 2-MOE. The resulting solution was chilled to -25 'C and excess

water for hydrolysis (> 4:1 mol H20/mol alkoxide) was added as a 1:2 (v/v) solution in 2-
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MOE. The hydrolyzed solution was gelled by heating in sealed vials to 80 *C. The gels were

then air dried for 2 days at 90 'C, ground in an agate mortar and pestle, and calcined to a

maximum temperature of 1100 'C for I hr with intermediate holds on heating at 250 *C (30

min), 500 'C ( 2 hrs), and 800 *C (6 hrs). The final concentration of the volatile Pb

component was verified using inductively coupled plasma atomic emission spectroscopy, and

agreed with the expected (B-site vacancy formula) values to within a few percent.

As shown in Figure 2, the resulting powders were well crystallized and showed very

sharp diffraction peaks for the rhombohedral perovskite phase. No secondary phases were

detected by X-ray diffraction. The splitting associated with the rhombohedral 111 and 220

peaks (20 - 380 and 640, respectively) became quite small at compositions near x = 0.04,

making high temperature cell parameter measurements for higher La content samples difficult

using standard X-ray techniques, and requiring that careful attention be paid to the details of

the measurement conditions.

All analyses of the X-ray data were performed using commercially available software.

The high temperature diffraction experiments were carried out on a carefully aligned

automated diffractometer employing CuKa radiation. The temperature stability of the sample

hot stage was ± 0.1 *C over the measurement range (-50 - 300 *C). For the cell parameter

measurements, a 0.1 mm receiving slit and 0.5 0 divergence and scattering slits were used.

The rhombohedral cell parameters were determined by refinement over four pairs of

reflections. The step size (in degrees 20) and count times were varied according to the

diffraction angle of these peaks as follows: 111/11-1 (0.005*/2s); 220/20-2 (0.01'/5s);

222/22-2 (0.02 0/10s); 420/40-2 (0.02 */15s). Accurate assignment of the peak positions

was facilitated by fitting with a Marquardt least squares routine that properly accounted for

the Ka splitting. In this routine, the only ffi,d parameter was the peak width, which was

held constant at the room temperature value. This procedure generally permitted the cell

constants to be refined with an absolute angular precision of better that 0.025 * 20 although,
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especially for the higher La content samples, the relatively broad, low intensity 420/40-2

peaks occassionally had to be omitted fmm the analysis.

Semiquantitative estimates of the RMS lattice strains <e2>1/2 were obtained using a

modified Warren-Averbach analysis 16 of the 100 and 200 line profiles using the 100 and 201

reflections of quartz as an external reference standard. For the line profile measurements, a

0.2 mm receiving slit and 10 divergence and scattering slits were used. The profiles were

obtained as step scans using a step size of 0.005 0 20 and count times of 2 - 10 s to ensure

-10,000 counts on the peak maxima. The profiles were corrected for background and Kct2

prior to analysis. Peak positions were determined using the best fit to the maxima chosen

from among parabolic, Gaussian and Cauchy functions. The error in the analysis was

estimated from the error in determining the effective crystallite size Deff.

To assess the PE-FE phase transition character for these compositions, differential

scanning calorimetry (DSC) was performed at a heating rate of 10 *C/min under flowing N2.

The DSC traces showed only a flat, featureless baseline in the temperature range of 25 - 450

'C, consistent with the expectation of second-order phase transition behavior 17.

III. RESULTS AND DISCUSSION

A. Spontaneous Strain

The room temperature rhombohedral angle and associated shear strain component

are shown for various La contents (x) in Table I. The shear strain component X4 was related

to the rhombohedral angle cc by 18

X4 = (90 - 0/90 (1)

The temperature dependence of x4 in the region of R3m phase stability is shown for x =

0.00, 0.02, and 0.04 in Figure 3. The terminus of each curve represents the temperature

I
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above which the cell parameters could no longer be refined with the desired precision, not the

temperature of transition to cubic symmetry. Figure 3 shows that the addition of even small

amounts of La resulted in a large decrease in x4 relative to unmodified PZT. The relative

change of x4 with La content shown in Figure 3 is much larger than the change with Zr/Ti

ratio observed for unmodified PZT compositions across the entire rhombohedral phase

field 18.

The temperature dependence of the spontaneous strain was modelled using the

Landau-Ginsburg-Devonshire (LGD) free-energy formalism 7. Using reduced tensor

notation, an appropriate expression for the elastic Gibbs free-energy density of a ferroelectric

of rhombohedral symmetry derived from a prototype of symmetry Pm3m is I I:

G 1 = 3Xo(T-To)P32 + P3
4 + P3

6 + 13032 + v034 +0P32032

- 1/2sll(X1
2+X2

2+X32)- S12(XIX 2+X2X 3+X3XI) - 1/2s44(X4
2 + X52 + X6

2)

- (Qi 1+ 2QI2)(XI + X2 + X 3)P3
2 - Q44(X 4 +X5+X6)P32

(2)

- (RI 1 + 2R12)(X1 + X2 + X3 )03
2 -R44(X 4 +X5 +X6 )93

2

where P3 is a vector component of spontaneous polarization; 03 is a component of the

oxygen octahedral tilt angle; Xi is a tensor component of elastic stress; X0, ,, are related

to the dielectric stiffness and higher-order stiffness coefficients at constant stress; 13,v are

related to the octahedral torsion coefficients; 4) is related to the coupling coefficients between

polarization and tilt angle; sij are the elastic compliances at constant polarization; Qij are the

cubic electrostriction constants in polarization notation; and Rij are the rotostrictive

coefficients coupling tilt angle and stress.

Considering initially only the phase of R3m symmetry (03 = 0), from the first partial

derivative stability condition

8GI/BP3 = 0 (3)
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the spontaneous polarization for a second-order transition (To = Tc) may be obtained as

P32 = {. + [ 2 - 9Xo(T - Tc)411 2)/34 (4)

with X0 = 1/(2c 3C) where C is the Curie constant and eo is the permittivity of free space.

Rearranging to eliminate the explicit dependence on C and simplifying gives

P32 = A(1 - [1 - B(T -Tc)] 1/2) (5)

with A = - C/34C and B = 94C/[2Eo( C)2]. The spontaneous strain (Xi a 0) is given by the

appropriate partial derivative of Eq. (2)

- SG I/SX4 = x4 = Q44P3
2  (6)

Combining with Eq. (5) yields

x4 = A'( 1 - [I 1- B(T - Tc)] 1/2 } (7) I

where A' = AQ4.

It is worth noting here that the polarization enters in Eq. (6) as the square and so the

strain does not depend on the sign of P. Furthermore, fluctuations of the polarization among

the symmetry equivalent orientation states are unimportant provided the time spent by the

polarization vector along the <111> is long compared to the time spent between states. The

strain determined from the X-ray measurements and Eq. (1) therefore reflects the time and

space averaged value of the spontaneous polarization i.e., the spontaneous strain associated

with the net polarization component along the symmetry equivalent <111> orientations for a

corresponding hypothetical single-crystal of average composition (x).

Eq. (7) was used to fit the spontaneous strain data in Figure 3 using a Marquardt

nonlinear regression analysis with A', B, and Tc as adjustable constants. Taking Tc from

the radio frequency dielectric measurements (Figure 1), values of A' and B could not be

found to adequately describe the data for the x = 0.02 and 0.04 compositions. Convergence

I



9

could be achieved for these compositions by allowing A', B, and Tc to vary simultaneously,

although for the x = 0.04 sample, the value of Tc so obtained had no obvious physical

significance and the values of A' and B became unacceptable (i.e. B became very large and

A'-4 0). The refractive index results of Burns and Dacol19 , and the X-ray scattering results

of Darlington20 , have shown that the onset of local polarization is independent of x for x =

0.07 - 0.095 and occurs at a temperature Tc - 350 - 360 °C (hereinafter termed TBums) of the

unmodified PZT end member. Rapid convergence to the fits shown by the solid lines in

Figure 3 that also yielded reasonable values of A' and B was attained using a composition

independent value of Tc = TBums - 357 IC. The excellent fit to the data in Figure 3

suggests that the onset of local polarization for the lower La compositions (x 5 0.04) also

occurs near 360 *C, and that the relaxor behavior observed for the higher La contents is

incipient from the introduction of even small amounts of La. The values of the fitting

constants A' and B are listed along with the associated values of the higher-order dielectric

stiffness - Curie constant products, C and 4C, in Table II.

Considering now the phase of R3c symmetry (03 * 0), the spontaneous strain

becomes

- 8G 1/SX4 = x4 = Q44P32 + R44032  (8)

For the PZT system, R44 has been shown to be negative 21 , and so the rotostrictive

contribution to the strain lowers the value relative to electrostriction alone. Apparently, this

is also the case for the PLZT compositions studied here, as shown in Figure 4. The solid

lines in Figure 4 represent an extrapolation of the electrostrictive strain for the R3m phase

according to Eq. (7), while the dashed lines are smoothed fits to the experimental data over

the complete measurement range. The arrows indicate the rhombohedral - rhombohedral

phase transition temperatures from Figure 1. The points of departure of the data from the

calculated lines for electrostriction alone are roughly in agreement with the acoustic
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measurement results shown on the phase diagram. This result supports the choice of Tc =

TBurns used in fitting the electrostrictive strain data for the R3m phase since, to a good

approximation, the transition temperature to R3c symmetry is also correctly predicted.

B. Lattice Strain

The effective crystallite size and RMS lattice strain for samples of various La content

(x) are shown in Table I. Within the error of the analysis, the effective crystallite size was a

constant 53 nm. Figure 5 shows scanning electron micrographs of the x = 0.00 sample. At

the lower magnification it is apparent that each agglomerate is composed of relatively

uniform, acicular primary particles. On higher magnification it is seen that the size of these

particles is - 60 rm, and so is in good qualitative agreement with the effective crystallite size

determined from the Warren-Averbach analysis. The corresponding RMS lattice strains for

these compositions were also nearly constant, although there was a small but distinct increase

for the sample with composition x = 0.04. As judged from the radio frequency dielectric

measurements 12 , this composition marks the onset of the relaxor phase transition region.

Although the absolute magnitude of the lattice strains estimated from line profile analyses

must be interpreted with great care, it is interesting to note that the values obtained (= 0.001)

are on the same order of magnitude as the difference in the electrostrictive strain Ax4 between

samples of different La content in the range of x = 0.00 - 0.04. Consequently, the data in

Figure 3 and Table I may suggest that small deviations from the average composition (x)

lead to significant inhomogeneities in the electrostrictive strain field. Based on a spin-glass

model, inhomogeneity in the internal strain field has recently been proposed as a possible

frustration mechanism leading to freezing of the polarizatio n in these materials 22.

The RMS lattice strain for a sample of composition x = 0.04 is shown as function of

temperature in Figure 6. The lattice strain was constant from -50 to 200 °C, but dropped

sharply between 200 and 250 °C, very near the temperature of the radio frequency

permittivity maximum (Figure 1). Also in this temperature range, the rhombohedral angle



11

became too small to accurately measure (220 *C). Based on lattice softening and dielectric

measurements, Viehland et al.22 have recently proposed a revised version of the phase

diagram of Figure 1 and defined a temperature Tperc - 250 *C at which thermally fluctuating

polar microregions can begin to deform electrostrictively into the surrounding matrix. Since

the freezing temperature Tf (the temperature determined by extrapolating the collapse of the

remanent polarization to P = 0) for the x = 0.04 composition is also close to this temperature

(Tf - T at Kmax), the internal strain associated with this deformation should also saturate near

250 *C. The data in Figures 3 and 6 are consistent with this suggestion; the lattice strain

increased and rapidly saturated in the same narrow temperature regime where a well defined

rhombohedral shear became evident under interrogation by X-ray wavelength probing

radiation.

In summary, the combined results of spontaneous and lattice strain measurements on

alkoxy-derived PLZT powders with compositions incipient to the relaxor phase transition

region indicate that: 1) the electrostrictive strain for the R3m phase can be well described

using a simple LGD formalism by taking Tc = TBums - 357 C independent of La content

(x); this result implies the existence of a local (RMS) polarization up to TBums and 2) small

deviations from the average composition (x) and thermal fluctuations of the local polarization

may both contribute to significant inhomogeneities in the internal strain field. Both

observations are better interpreted on the basis of a superparaelectric model involving

localized polarization as opposed to a distribution of local Curie points on the Smolenski

model.

IV. PHENOMENOLOGICAL ANALYSIS

Under conditions of constant and zero stress, the spontaneous strain measurements

described above allow evaluation of the spontaneous polarization and single-domain, single-

crystal elastic Gibbs free-energy as a function of composition and temperature up to TBums.
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It has recently been recognized 23 that Curie-Weiss behavior is obeyed for relaxor

ferroelectrics above TBums, and this is an inherent assumption of the LGD formalism when

Tc a TBums. Calculations made using Eq. (2) therefore reflect the free-energy density that a

hypothetical crystal of average composition (x) would have if it underwent a second-order

transition to a Devonshire ferroelectric at TBums. Recognizing that this does not in actuality

occur, the deviation from Devonshire behavior is interpreted on the basis of an idealized

superparaelectric model4. In this model it is assumed that small deviations from the average

composition (x) localize the polarization to regions on a size scale where thermal fluctuations

of the orientation of the polar vector between different permissible variants become possible.

The dependence of the relative stability against thermal agitation of an isolated region on its

size, composition, and temperature can then be evaluated. Clearly, the dielectric response. of

the crystal would depend in a complex way on interactions between regions, the kinetics of

the available relaxational processes, as well as on any associated distortions of the free-

energy surface. These calculations estimate only how the volume stabilization energy of a

postulated microregion with symmetry equivalent polarization orientation states compares

with the thermal energy. Surface effects, elastic boundary constraints, and the cell doubling

transformation are neglected. For these calculations we take C = 2.0 X 105 *C and Q4 =

0.06 m4/C2, typical values for the rhombohedral PZT-based perovskites24.

The spontaneous polarization determined from the X-ray strain measurements and

Eq. (6) is shown for various compositions (x) in Figure 7. The upper portion of the figure

shows that even for the x = 0.04 composition, the values of the polarization measured from

the X-ray strain can be extrapolated quite plausibly to TBurns using Eq. (4). The lower

portion of Figure 7 compares the spontaneous polarization determined from Eq. (6) for the x

= 0.02 composition with the remanent polarization determined by Haertling 25 from

hysteresis loops measured on ceramic samples. At low temperatures the two measurements

are in good agreement, but begin to differ substantially above - 75 C where the remanent

polarization starts to collapse. As discussed earlier, the polarization enters in Eq. (6) as the
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square, and so the differences in the two curves primarily reflect the difference between the

reversible macropolarization (P) and local (RMS) polarization (<P2>1/ 2). Since the

spontaneous polarization is the macroscopic order parameter in Eq. (2), we expect the

calculated free-energy density to be correct only at low temperatures where thermally

activated processes are frozen out.

The elastic Gibbs free-energy density versus polarization curves for various

compositions (x) are shown at two temperatures in Figure 8. The energy barriers shown

represent the energy barrier Ec for the polarization passing through the center of the energy

surface, i.e. heterophase fluctuations. While the electrocrystalline anisotropy energy barrier

Eec separating adjacent orientation states would in general be smaller, for an undeformed

energy surface, both scale with volume in the same way. As a relative measure, it is

sufficient to consider Ec. At 25 0C, the height of the energy barrier separating equivalent

orientation states is quite large for all x, so that even at the smallest sizes amenable to a

macroscopic treatment, the energy barriers substantially exceed kBT. Near TBurns, however,

the energy barriers become a factor of 1000 smaller, and a sizeable composition dependence

develops, as discussed below.

The free-energy density curves of Figure 8 suggest that increasing the La content

eventually leads to a phase of cubic symmetry. Assuming that the free-energy densities are

linear functions of composition, the La content required to induce the transition was

estimated at various temperatures. The calculated results are compared with the experimental

phase diagram in Figure 9. As expected, the predicted and measured values are in good

agreement only at low temperature where, judging from Figure 7, freezing of the polarization

is nearly complete. The calculations suggest that at low temperatures, the structure becomes

truly cubic at a La content near 14 mol %. Since the calculation involved no adjustable

parameters, the agreement of this prediction with the experimental measurements 12 suggests

that the simply formulated LGD formalism, with Tc a TBurns, is valid for this system at low

temperatures. At higher temperatures, where the remanent polarization collapses and



14

thermal fluctuations become much more important, the macroscopic properties will no longer

be described by Eq. (2). Instead, an idealized superparaelectric model is assumed, and Eq.

(2) is used to investigate the effects of size and composition on the stability of a postulated

single-domain polar microregion.

In Figure 10, the energy barrier height Ec is plotted as a function of temperature and

composition for two postulated microregion sizes. The line representing kBT is shown to

indicate the minimum conditions for stability against thermal agitation. At the larger size (n =

1000 unit cells) the temperature range over which the various x become stable with respect to

kBT is relatively narrow ( - 15 °C) and close to TBurns. At the smaller size (n = 100 unit

cells) this range becomes considerably broader (- 35 'C) and shifts down about 100 'C in

temperature. The shift of the curves can be attributed to the size effect alone, while their

relative separation relates to the way the free-energy densities for the different x depend on

temperature.

The separation AT of the energy barrier curves along the line kBT is plotted against

the log of the postulated microregion size in Figure 11. The difference AT is taken as a

relative (minimum) measure of the stabilty against thermal agitation of regions with different

x. At macroscopic sizes, AT - 0, so that a stable ferroelectric polarization is expected for all

x very near TBus. Consistent with the original observation of Burns and Daco119, regions

deficient in La are predicted to be first to develop a detectable polarization. As the

microregion size is decreased, AT increases, eventually increasing exponentially as the size is

reduced below 1000 unit cells. Since the lattice constant a - 0.4 nm, this result implies that

in the lower limit, composition effects become important for microregions with equivalent

spherical diameters < 5nm.

To obtain a reasonable estimate of the size scale on which composition effects may

become important on a simple superparaelectric model (i.e. noninteracting microregions), it

is necessary to recall that the polarization flipping frequency is given by



15

V = Ve" H/kBT (9)

where vo is characteristic of a softened lattice mode (= 1012 Hz) and H is the energy barrier

separating equivalent polarization orientation states. If, instead of taking the minimum value

of H = kBT as above, we now take a more realistic value of H - 18 kBT, the depolarization

frequency v becomes 15 kHz, which is sufficient to influence the dielectric properties for

measuring fields at 10 kHz. Repeating the calculations of Figure 11 using 18 kBT as the

stability criterion, the microregion size at which composition effects become important is then

predicted to be = 15 nm. This prediction is quite plausible in light of direct TEM

observations 2 6 that place the size of the polar microregions in PLZT 9/65/35 near 10 nm

below 00C. Furthermore, heterogeneities on this scale are not unreasonable given that the

effective crystallite size was estimated to be substantially larger (50 - 60 nm). The scale on

which composition effects become important relative to size effects alone may be an

important factor distinguishing solid solutions with diffuse transitions (broad but not

frequency dispersive) from those with relaxor (broad and frequency dispersive) phase

transition behavior.

V. CONCLUSIONS

X-ray diffraction analyses of chemically derived Pbj-xLax(Zr0.65Ti0.35)1-x/4 0 3

(PLZT) powders were combined with a phenomenological theory to investigate the

corresponding single-crystal ferroelectric properties of compositions incipient to the relaxor

phase transition region (x = 0 - 0.04). The results were consistent with the existence of a

local (RMS) polarization up to - 360 C independent of composition (x). The predictions of

the phenomenological theory regarding the polarization and relative phase stabilities were in

good agreement with experimental measurements at low temperatures. At higher

temperatures, where thermal fluctuations of the polar vector among the symmetry permitted

variants may become important, the calculations suggested that the stability of an isolated
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polar microregion against thermal agitation becomes strongly composition dependent when

reduced in size below the range of 5 - 15 nm.
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TABLE I. Rhombohedral angle (a), spontaneous strain (Q), effective crystallite size

(Deff), and RMS lattice strain (<e2>1t2) for PbI-xLax(Zr.6 5TiO.35)I-x/40 3 at

27 0C.

x a X4 Deff <C2>1/2 <E2>1/2
(degrees) (nm) Error Range

0.00 89.684 0.00351 52.6 ± 1.7 0.00129 0.00123 - 0.00135

0.01 89.695 0.00339 53.6 ± 1.7 0.00118 0.00112 - 0.00125

0.02 89.708 0.00324 54.1 ± 2.5 0.00120 0.00111 - 0.00131

0.04 89.764 0.00262 52.0 ± 1.5 C.00148 0.00142 - 0.00155
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TABLE 11. Constants used to evaluate Equation (2).

x A'(X 10-4) B(X 10-3) C(X 1014) 4C(X 1015)
(J M5 OQCfC4 ) (j M9 OQIC6)

0.00 - 3.92 294.4 0.85 4.21

0.02 -7.73 77.73 1.64 4.10

0.04 -25.33 9.92 3.91 2.99
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FIGURE CAPTIONS

Figure 1. Phase diagram for PLZT X/65/35 (after reference 12).

Figure 2. Powder X-ray diffraction patterns for Pb 1-xLax(ZrO.65TiO.35)1-x/403.

Figure 3. Spontaneous elastic strain data for Pbl.xLax(Zr0.65Ti0.35) l-x/40 3 (R3m

phase). The solid lines were calculated using Equation (7) of the text and the

constants of Table II.

Figure 4. Low temperature spontaneous strain data for Pbl.xLax(Zr0.65Ti0.35)1.x/403.

The solid lines are an extrapolation of the electrostrictive strain for the R3m

phase using Equation (7) of the text. The dashed lines are smoothed fits to the

experimental data points over the complete measurement range. The arrows

indicate the R3m - R3c phase transition temperatures taken from Figure 1.

Figure 5. Sc2nning electron micrographs of Pbj-xLax(Zr.65Ti0.35)1-X/403

(x = 0.00).

Figure 6. RMS lattice strain against temperature for Pb t~xLaX(Zr0.65Ti0.35)1 -x/40 3

(x = 0.04).

Figure 7. Polarization against temperature for Pbl.xLax(Zr0.65Ti0.35) 1-x/4 0 3. The data

points were determined from spontaneous strain measurements. The solid

lines were extrapolated to TBuns using Equation (4) of the text. The curve

labelled Pr is taken from the remanent polarization data of reference 25.

Figure 8. Free-energy density against polarization for Pbl.xLax(Zr0.65Ti0.35).x/403.

Figure 9. Comparison of calculated and experimental phase diagrams. The experimental

data are taken from Figure 1. The predicted and measured values are in good

agreement only at low temperatures where thermally activated processes are

expected to freeze out.
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Figure 10. Energy barrier height against temperature for Pbl.xLax(Zr.65Ti0.35)1.x/403. n

is the number of unit cells in a postulated microregion.

Figure 11. AT against the log of the postulated microregion size n. AT is the separation

of the energy barrier curves of Figure 10 along the line kBT. The designations

2 - 0 and 4 - 0 refer to the AT of the energy barrier height curves for x = 0.02

and 0.04 relative to that for x = 0.00.
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RELAXOR FERROELECTRIC MATERIALS
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havTRAg comnpound with PbT10 3 (PT) similar to that in
Ckmqylex jitnd-ase peosieshvn the well known Pb(Zri. 1Tix)O3 (PZT) system-

-he general formula Pb(B 'B')03 exhibiting also makes these materials excellent candidates
broad and frequency dispersive phase for piezoelectric transducers.(7 ) It will be
ransitions are known as relaxor fenroelectrics. discussed in this paper, that relaxor
heir anomalously large dielectric constants ferzoelectrics offer addtonal device poteetial as

(K) make than ideal for MLCs, Wlcrurcv B-field induced pizeetisfor applications
-ictuators. and .recently B-field induced including low frequency sonar and high
siezoelectrics for low frequency sonar and high frequency kwtiainAur.

trequency bio-medical transducers. The
nresence of morphotropic phase boundaries Included in the following discussion,
MUM) in various solid solutions gives rise to a we will review relaxor ferroelectrics and

liew family of high K piezoelectrics. associated phenomena and commonaliie that
Mcrostructurally, relaxors offer less grain size materials in this large family share.
lependency than normal Pzrs allowing finer Advantages of relaxors in contrast with
-cale devices. Commonalities in dielectric and conentional "normal" type ferroelectrics. e.g.,
related behavior of relaxors suggests an inter- PZTs and BaTiO3 will be clearly evident. It
elationship of the underlying intrinsic will also be presented that microstructurally,
henornena of dhee so-called naocomposites. thes materials offer further benefits.

The general Characteristics of relaxor
INTRODUCTION ferroelecmrcs are presented in Fig. I. using the

well known rlxoPb(MgW3 b2/3)03 (PMN)The largest group of relaxor as the example. Differences between normal
ferroelectrics are found in the family of and relaxor ferroelectrics are also reviewed in
omplex lead-based perovskites having the Table 1. As given. relaxors ae distinguished

.eneral formula Pb(B',B '103, where B' is a frg ~ " 'AV- j~ri~ suc as PZ and
lC,ow-aec can, uha M2 i 2 Fe+3, Wa~ON by the presence of a broad-diffuse and

orZ+, and B"' is a high valence dispersive phase transition (Fig. la). The
ation, such as Nb+5, Ta+5, or WI'6. First dielectric constat (K) peaks as T,, but because

discovered by Smolenski et al.,(l) these of the dispersion in the Curie temperature Can
-iaterials exhibit broad and anomalously large only be defined in reference to the frequency at
iclectric maximas which make them ideal which the measurements are made. The

candidates for multilayer capacitors (MLCs),(2) remanentC polarization. PR, is not lost at Tm but
electrostrictive actuators,(3 .4) pyroelectric gradually decays to zero with increasing

olometers,(5 ) and for electro-optics.(6) The temperature above T3 (Fig. lb). It is
%.xstence of a msorphotropic phase boundary important to point out that the temperature of
(MPB) i varius solid solutions of relaxor depolarization (Td) occurs well below T, as
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dhon in Fig. Ic. Relazor materials also show in terms of applications, relaxor
no evWIMMo of optica anisoropy or X-ray line ferrocectrics in rho PMN-PT system cani be
spliuting (pmdoobiucpal changes) even placed into three grwaps as related to their
weln below T,. polanization/polar behavior, as shown earlier

in Fig. Ic. The regions are: 1) electrostrictive.
The mosr widely accepted models for aI) micro-macro' and M1) macro-polar. Group

the understanding of relaxor ferroelectric I compositiotis are those with Tm near room
phenomena come from Smolenskii(8 ) and temperature possessing unusually high
Cross.( 9 ) The generally accepted dielectric mauimas (Ks > 20.000). This high

anongeneous micro-region odlpostulated dielectric permittivity makes them attractive for
by Smolenskii or al., bases the origin of the NO.Cs and eleckrastrictive strain actuators.
diffuse phase tranition, on local COmSitoa 300~,
fluctuations associated with B-sire cationFI-
disorder, resulting in a distribution of Curie PC=P
temratuI irePs. Cross further enhanced the 0 O

unertadig frelaxor dielectric behavior 20
suggesting that localized polar micro-regions
are. analogous to spin cluster behavior in
siqperparmnaignets. Cross's "superparaelecuric" cu IPAOA

concept accounts for many of the observed 100Fproperties of relaxors including the frequency I-- <
dependence of the permittivity, dielectric agg. MA T qmi NKA

and also metastable switching from micro- r0
macodnins.I Common to the above models, a /
is the fact that the structural origin of relaxor /do O04M
behavior is on the scale of - 10 run well below / acwOBIN'v

normal an*crosunictural. features such or grain -10%E tI I11
size. Hence, grain size effects normally seen in 0 W 0 3 Q -
PZTs and other piezoelectrics. due to domain MOLE (a) PT
wall clamping effects. are na2 expeced for bndarmfrte(
relaxor mateorials. Figure 2. The phaedarmfrte0

,r)ft(lNb2,)03-(xaPbf03 solid sohinoc sstem
AIPUCATIONS AND ASSOCIATED *iwg themb cp h bowUdYiL" 073

PRZNOMENA OF RZLAXORS

The most widely investigated and300 %IO
potentially useful family of relaxors can be kIa

found in the PMAN-PT solid solution system.
The phase diagram for PMN-PT is peented in 20000
Fig. 2. As shown, the role of PbTiO3 (Tc
- 490 "C) shifts Tm upwards around 5
OC/mole% addition. As reported by Choi ot ; 10oooo

a.7)aMPSB boundary sep-ratn psudo-U
cubic and tetragonal ,14 ae exist at W
aproximately 33% Fr. M utg curvature a3

is unlike that found for the MPB in the PZT 0 so 95 230Csystem. Presented in the Figure 3. the role of "
PT enhances Km while decreasing the
dispersive dielectric response, exhibiting pp .jikCj oa tvrosfeuoe
nomal (fer%. crcl eairbyn h for La-doped (I wokl %) PMJ4:PT MXY): 1) 100/0: 2)

MPB(F~ 35).93ffl7; 3)80(20 mid 4) 65/35 for coulpOsahoi inawred
at 1200 ecn1) 1



The fundamental expressions for both i.umpwm-m. -

pizelcriiy and elecsctv phenWUen
areconrasedin Table II. As presented, _____ _____

electrnstrictive strain (S) is proportional to the i14-*AA

squarelof the polarization (P) or the applied NJd aaotes
B-field. Being a forth ranked tenor quantity,
electrostriction occurs in all dielectrics, but
large strains are only possible in highly
polarizable materials. From the expression W-
relating polarization (Pjmsemdj with E-field, the sea

level of strain is proprtoal to the dielectric
consant u~azl (0 se K2), hence, the origin of
thelarge strain in PMN-bmnd relaxors. Figure
4 shows the classic quadratic strain-H-field *-*

relationship for PMN also reflecting hysteresis ''
free behavior. Strain levels > 0.1% can be ,

obtained, being comparable to the best N/ 0- is?
piezoelectric ceramics. From this curve,'
electrostriction can be thought of as a non-
linear B-field induced piezoelectric. As such, Vi
Fig. 5 presents the B-field induced piezo
coefficient (slope of strain-B-curve) for several (A))

PMN-PT compositions of varying T,, .-I$ --to aS t I -16 -10 -6 .
showing the possibility of enormously high 116PCIvl (wen) glcro iel birol

effective piezo (strain d) coefficients.
Characteristic of relaxors, however, the Fipnw 4. Field induced struii. in the piezoelecmr.
induced piezoelectric effect is dependent on PL~ (76t8 as b) in the elcmicstite PNN
frequency, particularly as you approach the b~ eglM(2
micro-mascro region below T*.

In contrast to conventional
piezoelectrics, Group I relaxors offer the ______________
following advantages: 1) large strains, 2)
"higher force capability (large K&), and 3)
excellent position reproducibility, i.e., no
hysteresis or aging nor do they need to be2
poled. In addition to these advantages
electroasmrctoro exhibit fast resposes (-1I pec)
again since no macro domains are involved.
Mmee charlactelics make them ideal for

"Note: FoameM)= VPPja j/ , __ __ __ __ _

(volumeXpolarizaion)(rad-E-field) a
V(G oKNXEiX~rad-Ei) aor

-I

Frequency (Hz)

Figure 5. The d33 caleffiecewt at ame pIezoelectmI
maxinstum vs. Whe AC fuuquency: 1) 0.93 PMN1-.Y7 P1
(Tm-206). 2) 0.90 pMl4-0.10 Pr (F.-40O 3) (0.9.
PMN-O.07 PT+O.OlLa (T,-5*C); 4) PMN (Tm-
zoV.).13)



micropositioners in optics where high stability W 000
is required.(14 ) New applications of Group I
relaxors include low frequency sonar
transducers whereby large E-field induced
strains are required in non-resonant
suuctune.(15) 0.

In addition to the more conventional 10000

usages of Group I electostrictors, (e.g., low
fr quency actuators) they have been reportedly
shown to have potential for high frequency 0
resonant type devices,( 16 ) and more recently for L 0 5 10
bio-medical transducers.( 17 ) As given in the . 0.50

equations in Table II, piezoelectricity is induced
by the application of an E-field. The induced 0

piezoelectic phenomena is a function of
E-field and frequency, depending on reference

point of Tm and level of induced polarization a o.5
(Fig. 5). Typical E-field dependency of the o
dielectric constant, piezoelectric coupling.
coefficients k and kt and mechanical Q are 1
presented in Fig. 6. As shown and reported in
Table M. coupling coefficients comparable to 0.00
that exhibited by PZTs can be achieved. o 0o

Mechanical Q's can go from hard to soft, being
very sensitive to Tm proximity, i.e., above a
"hard" and below "soft" where micro- and
macro-domains are present. Though induced
kts and kps are only comparable to that of
PZTs, these materials offer several distinct
advanages:

E-field tunability
* On-off device capability---------

Large dielectric constants (impedance 0-

The ability to "tune" a transducer offers a
the potential of sensing reflected acoustic 200
waves of various times or depth profiles. As 00
the frequency of these devices increases and
subsequem device size gets smaller, the need
for higher capacitance becomes apparent for J

impedace matching to the electronics.

Group M] relaxor compositions are not 00
unlike that of conventional PZTs. As a note,

all relaxor compositions are piezoelectric well Electric Field (kV/cm)

below Tm (see Fig. lb) possessing E-field
induced macro-domains. In reference to room
temperature, anomalously high piezo properties Figure 6. Electric Field dependence of dielectn
are observed near the MPB, as found in the constog K3, pieweiecaic coupling coefficiens k9, k,
PZT system. Dielectric and piezoelectric ad mediaaich i Q for 0.9 PMN 0 .IPT 250C



Tale L hIduced Piazoelecuic Propeama of PMN.7F Based Relaxor Fenelsecas as Compared to Conventional "Soft" and "Hard"
PieZolecliCS PZTS( 1'.t1 ) (Room Tenperue).

d33  Response

Material (TO) (10" 2 C/N) K kp (%) kj (%)QN Time

Group I
PMN 200-300 18.000 16 32 > 1000 - P pas

(-5C) 015,0001

PMN-PT - 1000-1500 25.000 45 48 - 50-100
(30C) 015,0001

roup M PMN-rT WS 660 5.000 -65 70-100

PrT-4 (330'C) 270 1200 -58 51 2 5C9

PZr4 (300"C) 220 1000 -50 44 > 1000

PZT-5 (360C) -400 -2,000 -60 49 75

PZT-SH (190"C) - 590 - 3,.500 -65 so 65 2 1

*Nowe: Dielecuk an piezodecuic pmrdes m E-fiedl dexndem values a - 10 KV/cm

properties of MPB compositions are reported Group II relaxor compositions have not

in Table MI. As presented, these materials are been fully exploited for device applications.

superior to very "soft" PZTs such as PZT-5. Though these compositions do not exhibit

Group III relaxor piezoelectrics also offer stable macro-polar domains above Td, the

certain advantages, particularly in terms of thermal depolarization temperature, the P-T

microstructural dependences. In conventional behavior shown (see Fig. lc) is essentially a

PZT piezo-materials, large piezoelectric effects low frequency phenomena. As such, large

are not possible in fine grain size materials E-field induced strains are possible, but

(typically 3-10 ptm) owing to grain boundary minimal hysteresis is obtained only at low

clamping of extrinsic contributions to frequencies, typically < 1 Hz. Essentially this

polarizability such as domain wall motion.(1 9) behavior couples both electrostrictive and

Since the underlying intrinsic phenomena piezoelectric phenomena, whereby macro-polar

associated with relaxor fernoelectric behavior is domains can be stabilized under an applied E-

on the order of - 10 n.m, little grain size field. In terms of actuators, Group 11 relaxors

dependency and thermal degradation (aging) is offer lower dielectric constants than Group I

observed.(20 ) Reported by Kim et al.,(1) fine- materials, placing less demands on power

grain relaxors using La modification to inhibit supplies used to drive the devices. Also,

grain growth resulted in highly dense depending on the temperature width, AT = Tm-

piezoelectrics with grain sizes < I tm. The Td, the temperature range of usage is broad

significance of this is evident as the "scae" of in comparison. The width (micro-macro) -

devices including MLCs, actuators, and piezo region is the widest for PMN decreasing

transducers continue to decrease. The higher continuously with increasing PbTiO3 , reaching

dielectric constants, once again offer improved AT r. 0 at the MPB as shown in Fig. 2. Recent

impedance matching. work by Kim et al.,(22) found that the micro-
macro temperature width (AT) could be
broadened by compositionally modifying on
the A-site of the perovskite structure using La
making this Group 1I family of relaxors more
promising for transducer applications.

I



COMPOSITIONAL RELATIONSHIPS AND lead to overall composuonal uniformity. Once
COMMONALITIES again, the key to relaxor phenomena is the

presence of distinct or abrupt compostional
In recent years, substantial regions on a nanoscale. Commonalities in

improvements have been made in the relaxor dielectric behavior are also observed.
processing, fabrication, and understanding of
relaxor ferroelectrics and their underlying - 00000
phenomena.(8, 9 ) Once again, most of this coo 00oo
work has been focused on the PMN-PT 0o 0 o
system. The question arises, is PMN-PT o 0 0o
representative of other relaxor systems? 0 so
Though the role of compositional modifications 000 00 0

on relaxor behavior is not yet clear, work by o 0 o : o
Randall et al.,(23,2 4 ) suggests a commonality 000o0
among all Pb(BIB2)03 relaxors in that short 00000
range B-site cation order must be present. For o 0 o
example, no B-site order is evident in normal 0 00o0o

ferroelectrics such as PZTs and fully ordered 00000
compouds such as Pb(Mgl/2WI/2)O3 which 000 000
exhibit normal antiferroelectric behavior. As 000o
supported by transmission electron microscopy 0 o00000
(TEM), the compositional ordering in relaxors
in on the nanoscale (- 10-100 nm). As A.f, .,,
depicted in Figure 7, relaxor ferroelectrics can
be thought of as nanocomposites_
Interestingly, the scale of these regions appears *Ukme s,-a ,,,III Order
to correlate to the relaxor dielectric behavior. of 0 Cm

The larger the regions the more diffuse the
transition. This observation is supported by r b
the work of Hilton et a1.( 2 6 ), whereas with 0 me
increasing PbTiO3 in the PMN-PT system the
size of the ordered regions (Mg:Nb) decreases, Figure 7. Schematic repmwaeation of the naemauem
disappearing at the MPB. Further support of Pb(MgI/3Nb2/3)03 sbowing region with 1:1
comes from non-stoichiometric modifications mieriq of the B-sie.( °10)
such as La 3 , increasing the size of the ordered
regions and subsequently broadening the Along with PbTiO3 , Voss( 3 0 ) and
transition.(27) others,(3 1) reported that the Curie temperature

Tm of PMN could be adjusted both upwards
In contrast to the above observations, and downwards with a wide range of B-site

enhanced ordering in the relaxor comfounds substitutions as shown in Fig. 8. O f
Pb(Sc 1/2Ta 1/2 ) O (PST)(28) and importance is the fact that the value of Kqax is
Pb(In1/ 2 Nb1/2)O3(29) (PIN) by thermal dependent on Tm. More recent work by Hilton
annealing, results in more normal ferroelectric et al., and papet(32 ,3 3) found that for a given
and antiferroelectric behavior, respectively. relaxor system the value Kmax6 2, where 6
Though all relaxors possess B-site ordering, reflects the diffuseness of the transition, is
Mg:Nb ordering in Pb(Mgl/3Nb2t3)O 3 is non- nearly constant regardless of processing
stoichiometric since the ideal ratio is actually variables, such as grain size, firing
1:2. Common to the observed ordering effects temperature, etc. The above commonalities of
in PMNI and the relaxors above is the level or relaxors goes beyond the Group I types, as
degree of compostional inhomogeneity. In evident by the observation that nearly all MPB
other words, decreasing the non-stoichiometric relaxor-based compositions exhibit comparable
ordered regions of Mg:Nb and increasing the dielectric and piezoelectric properties (see Table
stoichiometric regions in PST and PIN both IV). Interestingly these MPB relaxors possess



similar Tc's (- 150-170"C) reflecting the SUMMARY
temperature limitation of relaxor (Group II) Complex lead-based perovskites with
piezoelectrics, the general formula Pb(B 13"')03 encompasses

the largest family of relaxor ferroelectnics.
Distinuished from "normal" ferroelectrics,

. Z relaxors exhibit broad-diffuse frequency

.1 dispersive phase transitions. As such. relaxors
,. @- can be classified into three distinct groups

S.el based on their polar behavior and transition
*f .16 proximity (Tm). They are as follows: I.g ' [ 0.. " ', micro-polar (electrostrictive) near Tm; If.

"3/ Te s micro-macro Tm - Td, when Td is the
1,. ,* depolarization temperature; and II. macro-

/ polar (piezoelectric) << Tn.. Group III relaxor
_ _F-- piezoelectrics are found to be optimum at

20 . 20 a o0 morphotropic phase boundaries, e.g., 0.65
Curie T m ,ature To VC) PMN-0.35 PT, similar to the well known

Pb(Zrl.xTix)03 system. Subsequently,
Figure 8. Dielectric Constant K at TC orTM for applications of relaxors can also be subdivided
various compositionaly modified PMN ceramics (1 into various classes. Applications of Group I
kHz dua far fmom compsitiow). (30 )  relaxors take advantage of their high Ks and

broad transitions making them ideal for MLCs
and electrostrictive actuators. The ability to

T--- .D.,, .,d..,N.,.M.V,.,,P*.C..... induce large piezoelectric effects with an E-fieldC,,p ,,j,_Wj,,%j offers interesting device potential for low
-W -- frequency sonar and high frequency bio-
p . -c UT , medical transducers. In contrast to

C.,,1,,Z IT) a" U "8 ." conventional PZTs, these materials offer
o L,", -- _ 0o5 minimal hysteresis, little aging, large E-field
,o.n.., a,,- induced strains, E-field variable properties, on-
0o .f tM 0 , off capability and high dielectric constants for0 S tPUZO 99r tJol

"a..C. " improved impedance matching. Group []
0 87 ,,zP,&i,. ,so I .l SW o 0.,2 relaxors offer enhanced piezoelectric activity

05oo".---. again with high dielectric constants.
o~ u ,o,, ,, ,0

1010La 2L. 1M Commonalities in terms of dielectric
and related properties of all relaxors suggest a
strong inter-relationship of the short range B-
site ordering found in these so-called

The consequences of the above findings nanocomposites. Hence, given equivalent and
is summarized in the following statement. adequate processing, one relaxor family, such

as PMN-PT, is representative. Given the same
"Given equivalent and adequate Tm, the ideal relaxor material is thus
processing, optimum relaxor compositionally independent.
compositions are
compositionally in dent Further enhancements of relaxor
given the same Tm." materials will come through continued

understanding of the intrinsic relaxor
Hence, selection of the "ideal" relaxor phenomena. It is believed that significant

formula should be based on ease of processing advancements will come through the combined
and cost of raw materials. relaxor phenomena associated with the PLZT

perovskite family as evident by the work of N.



Kim using A-site modifications of La doped 12. K Uchino, S. Nomura, LE. Cross, S.J.
PMN-based relaxors. It is believed that Jang and R.E. Newnham.

throgh utue R& D ffotsrelxor"Electrostrictive Effect in Lead
throgh utue R& D ffotsrelxorMagnesium Niobate Single Crystals " J

ferroelectrics Will Play an important role in the ADD.hy. Vl 51,.2,p.14:
next generation of electronic ceramics. 4011980.

Refernres13. W.Y. Pan, W.Y. Gu~t D.J. Taylor and
1. GA. molnski, A. Aranvskya.L.E. Cross. "Large Piezoelectric Effect

1 Dielectric olrizion . an se of Induced by Direct Current Bias in
Soieecti ColexizCompondLsse So. PMN:PT~ Relaxor Ferroelectric
PSom. Toe P Cyom3,pp.ns, 13808 Ceramics "Japanese Journal of Applied
(1958)Th. Py .p.18-2Physics, Vol. 28, No. 4, p p. 653-661

2. T.R. Shrout, A. Halliyal. "Preparation 1.SNmraK.chn "Elec'sicv
of Lead-Based Ferroelecuric Relaxors For E1fec S. Nob(Ma lI.N U213) 03-Typtiie
Capacitors," Am. Cerami Soc. Bulletin, Ma(Mal Iereems o 1 pIVol. 66, No. 4, pp. 7W4-11 (1987). 117-132l (1982).s o. 1,pp

3. S.J. Jang. Ph.D. Thesis, The 15. Roetlig(rvae 1ncto)
Pennsylvania State University (1979).16 . Sru WA SclzIV

4.K. Uchino. "Electrostrictive Actuators: Biggers.. "Temperature CompensatedMaterials and A lications " Cer. Bull., Composite Resonator " Ferroelectrics,

65, No. 8, pp 2 5 19A6).34 p .10 1 1 98 .
5. R.W. Whatmore, P.C. Osbond, N.M. .eal

Shorrocks. "Ferroelectric Materials For 17. H. Masuzawa, Y. Ito, C.Naka, e l
Thermal IR Detectors " Ferroelectrics, "Electrostictive Materials For Ultrasonic
Vol. 76, pp. 351 (1987$. Probes in the Pb(Myvu3N2}) ,PbM0O3

6. D.A. McHenry J Giniewicz, S.I. lang psi Vq1'28, Supplemen~ft 2npp
A.S. Bhalla, 'FRk. Shrout. "optical 101!-1s04 (9. n2-,p.
Properties of Hot Pressed RelaxorIFerroelectrics " Ferroelectrics, 93, pp. 18. H. Jaffe and D.A. Berlincourt.
1137-1 143 (198 9). "Piezoelectiic Transducer Materials "

Proc. IEEE Vol. 53, No. 10, pp. 1372-
7. S.W. Choi, ,T:R. Shrout S.J. Jang, 1386 (19651.

A.S. Bhalla. "Dielectric a2P * * lectric
Properties in the Pb(Mg13 bjL3)3- 19. K. Ok-azaki and K. Nagata "Effects Of

Pb10 VZUFerroelecncs~est n ri ieO The latic
29-38 (1989). ' And -Piezoelectric Properties of

8. G.A. Sinolensii "Ph sclPeo naPboZr,Ti)O 11 . Soc. Mater. Sci. Japan,
in Ferroelecti 1A Diffused Phase V ,p 17)
Transition," Journal Phys. Soc. of Japan, 20. J.T. Fieldig Jr., SJI. Jan& and T.R.
Vol 28. Supplement, p. 26 (1970). Shrout. "Termal Degra-dation O

9. L.E. Cross. "Relaxor Ferroelectrics" Relaxor-Based Piezoelectric Ceramics,"
Ferroelectrics, Vol. 76, pp. 241-297 pentdat ISAF '89, to be published inI(1987). ereetis

10. J.P. Doug!hery and T.R. Shrout. "Lead 21. N. Kim, S.3. Jang, and T.R. Shrout.
Based Pb 012)O eaosv.B~O "Relaxor Based Fine Grain Piezoelectric
Dielectrics for MliarCpcto,"Ceramics," resented at ISAF '89, to be
Proc. Symp. on Ceramic Dielectrics, E.published in letis.
H.C. Ling, Am Ceam. Soc. (1989). 22. N.Kim, W. Huebner, S.J lang and T.R.

11. N. Kim. "The Role Of Lanthanum Shrout, " Dielectric and Piezplcr
Modification On The Fabrication and Propertiesof Lanthanum Mocified Lead
Properties of Lead Magnesium Niobate- Magnesium Niobate Ceramics"
Lea Titanate Ceramics." M.S. Thesis, Ferroelectrics, Vol. 93, pp. 341-40
The Pennsylvania State University (1989).
(1990).



23. C.A. Randall, A.S. Bhala, 33. A.D. Hilton, C.A. R~andall, D1. Barber
"aotuctural-Property. Relations in T.R. Shrout. "The Influence Ot

Complex Lead Perovskites", Jap. J. Processing On Dielectric Properties of
Anol,. Phvs., Vol. 29, No. 2, pp. 327- PMN.PT Based Ceramics," to be
333 (1990). published.

24. C.A. Randall, A.S. Ehalla, T.R. Shrout 34'.OcIt .NgnadS
and L.E. Cross, "Classification and Hayakawa. "Piezoelectric Pro rules Of

P gwf Nbv3 O-PTO-br3Consequences of Comp~lex Lead P~l on eraic,".r.Are
Perovskite Ferroelectrics; Wifli Regard To so 'd olut o eais"%i'
B-Site Cation Disorder", submitted for Ceram. Soc., Vol. 48, No. 12, pp. 630-
publication to Mat Res. Bulletin. 635 (1965).

25. T.R. Shrout, W. Huebner, C.A. Randall 35. S. Baumler. "The Dielectric and
and A.D. Hilton,"Agn Mechanisms InPiezoelectric Poerties of PZN:P'T:BT
-Based Relaxor ierroeetis Ceramics " h . Tei The
Ferroelectrics, Vol. 93, pp. 361-371 Pennsylvaia State University (0~86).
(1989). 36. S.T. Chung, K. Nalita, and H. Igarishi.

26. A.D. Hilton D.J. Barber, C.A. Randall "Piezoelectric and electric Properties of
and T.R. 9hrout, "On' Short Rang PI(JI.b tO:b
Ordering in The Perovskite Lead Ti emY5 Ceramics rerroeecti cs,

M nesium Niobate", J. Mat. Sc., Vol. Vol 934 p. 4-7(98
25, No.8,o pp. 3461-3466 (1990).

27. J. Chen, H.M. Can, and M.P. Harmer,
"Ordering Structure and Dielectric
Propertes of Undope and La/NaDoe

Mgjj3IN1*3)O3 npeenteathe8h
Annual eeting ofte Am. Ceram. Soc.
(1987). go

28. N. Setter and L.E. Cross, '"The Role of
B-Site Cation Disorder In Diffuse Phase
Transition Behavior of Perovskite
Ferroelectrics" J A Il Phys., Vol. 51,
No. 8, pp. 435&-60 (1980).

29. U. Kodama, M. Osada, 0. Kumon and
T. Nishimoto, "Piezoelectric Properties
and Phase Transition of PbnATi123
PbTiO3 Solid Solution Ceraics , Am.
Ceram. Soc. Bulletin, Vol. 48, No. 12,
pp. 1122-4(1969).

30. D.J. Voss, S.L. Swartz. T.R. Shrout.
"The Effect of Various B-Site
Modifications On The Dielectric And
Electrostrictivo Properties Of Lead
Magnesium Niobate Ceramics
Ferroelocmrcs, Vol. 50, pp. 203-268
(1983).

31. Landolt-Borustein, Ferroelectrics and
Related Substances, New Series, Vol. 16
(1981).

32. P. Papet, J.P. Dou gherty. T.R. Shrout.
"Particle and Grain SizeT~ffects On The
Dielectric Behavior Of The Relaxor
Perroelectric Pb(MgjjNbviO
accepted for publication ifi IhJ'ural of
Materials Rearcb.



I APPENDIX 19

I



On short range ordering in the perovskite lead
magnesium niobate

A. D. HILTON, D. J. BARBER
Department of Physics, University of Essex, Wivenhoe Park, Colchester, Essex, UK

C. A. RANDALL, T. R. SHROUT
Materials Research Laboratory, Pennsylvania State University, PA 16802, USA

The structural ordering characteristics of lead magnesium niobate (PMN) and solid solutions
(PMN-PT) of PMN with lead titanate have been investigated using transmission electron
microscopy (TEM). It is proposed that short range, non-stoichiometric 1 : 1 ordering of the Mg
and Nb cations on an F-centred superlattice generates space charges which dominate the
kinetics of the ordering process and inhibit the development of long-range order. Furthermore,
it is demonstrated that by introducing off-valent La3' ions on to the A-site sublattice, the local
charges can be at least partially-compensated and an increase in the extent of structural
ordering is consequently observed.

1. Introduction superstructure reflections in X-ray and electron
Most of the ferroclcctric relaxors which crystallize diffraction patterns.
with the perovskitc structure and correspond to the The ordering characteristics or most complex
general formula A( B 1", )O, can undergo at least A(B B" , )O, pcrovskites can largely be understood
short-range structural ordering of the B-site cations. by considering the electrostatic and mechanical forces
In tie 13-site ordcr-disorder-pcrovskites the degree of generated, respectively, by differences in electronic
lon,-range order can be varied by means of suitable charge and in ionic radii of the B' and B' ions. Broadly
thermal treatments. This has been shown to have speaking, materials possessing large differences in
important consequences since the dielectric properties both valence and ionic size between the B' and B'
of this class of relaxor are directly dependent on the cations show a strong tendency for order [8]. These
decree of 13-site order (e.g. lead scandium lantalatc empirical guidelines can be used succcssfully to predict
(PST), lead scandium niobate (PSN), lead indium the degree of order that is actually observed ini a large
niohate (WIN) [I-4j), thereby providing another number of relaxors that have the perovskite struc-
variable for the tailoring of properties. In most ture. Some pcrovskite materials, however, do not
fCrroelectric rclaxors. however, the degree of order is exhibit the long-range order that is to be expected
not so readily altered and often can only be brought from the above considerations of electrostatic and
about by modifying the bulk composition [5, 61. In mechanical forces. Most materials falling into this
;ome instances, such as in lead iron niobate (PFN), category correspond to x # 1/2 in the general perov-
neen short-range order is undetectable by conventional ski'c formula A(B3 B" ,)O0 and PMN, where x = 1/3,
i cllcrimcnl Iechniques and a homogeneous disorder is exemplary.
is believed to exist [7). Nevertheless, in rclaxors which By means of TEM dark field and electron dif-
exhibit sonic degree of short-range order, it is reason- fraction techniques, the behaviour of PMN-PT
able to suppose that even subtle changes in the state of [Pb(Mg,. Nb,,1 )0j-PbTiOJ solid solutions and. the
structural order may also affect dielectric response (in effect of La substitutions in the PMN [Pb(Mg,,.Nb,,1)O]
addition to any effect resulting from necessary com- structure have been studied in order to elucidate
positional modilication) particularly ifrhc two species the special ordering characteristics of this class of
ol I-site cations arc very dillriet in electronic character. perovskite relaxo-.

The ideal perovskitc structure can be considered as
110,. octahedra centred on the corners of a simple 2. Experimental procedure
cubic lattice and linked by the sharing of oxygen Samples examined in this study included PMN.
ions. The A-site cations are locatled in the interstitiall PMN + 2 wt %I La,0 and solid solutions corre-
p1,sitioms between these octahedra. Ordering takes sponding to (I - y)PMN-. PT with .r ranging from
placc in some of the x* = 1/2 perovskites by the 0.07 to 0.4.
I lilliion of I' aid WV cations to icarest neighbotr Ceramic samples were prepared via the columbite
positions on the 11-site sublattice. This results in the route [9] in order to avoid formation of parasitic
formation of an F-centred 2a,,, x 20o, x 2a,, super- pyrochlore phases. Both conventionally sintered
lattice (%here a,, i,; the lattice parameter). This super- (prepared by T. R. Shrout, Pennsylvania State Uni-
structure can easily be identilied by the presence of versity. USA) and hot pressed (prepared by P. Osbond.



Northants, UK) ceramic materials were examined. superstructure reflections than those observed in
The hot pressed ceramic was prepared with a small undopied PMN. The reduction in the intensities of
excess of PbO. superstructure reflections is associated with the reduc-

Samples for TEM observation were mechunically tion in domain size. No significant spread of domain
polished to a thickness or - 30 fni prior to ion beanm sizes is observed. Fig. 3 shows the (I110 > diffraction,
thinning. Examination of the samples was carried out pattern of 0.8 PMN-O.2 PT. The F-spots are significantly
usine a Jeol-200CX transmission electron microscope weaker than that in undoped PMN and it proved
whichi was operated at a at acceleratin~g votg f ipossible to obtain DF images with~ them. In the
200 kV. The use of 200 keV electrons enhances sample 0.611MN-OA4PT sample (Fig. 4) the F-spots are
pcnetration. thus enabling thicker regions. more completely absent. However, when only 2 wt ' of
representative of the bulk, to be examined. A Hexiand lanthanum is substituted for lead an increase in both
low temperature goniometer stage was used to vary the intensity of the F-rcfiections and the domain size
the sample tcmperature withini the rangc - 1760 C < is observed (Figs 5a and b). In most grai'ns a range of
T* < 150*C w&here T* represents the temperature domain sizes from 5 to 35 nm is present. However.
indicated by the thermocouple. Slight dilTercnccs certain grains (as in Fig. 5a) were observed to exhibit
between the sample temperature and the temperature domains up to lS0nm in size. The larger ordered
indicated are expected because of local heating effects domains frequently exist near the grain boundaries
from the clctr-n beam. but clusters of large domains are occasionally found in

the grain ianterior.
3. Results The F-spots become slightly more diffuse on heating
With the exception of tie 0.6 PMN-0.4 PT samples. the specimens from - 176* C through to 150 0 C, but
1ha + I j2. k + 1/2.1I + 1/2, superstructure reflections no abrupt change in intensity is observed. Undoped.
(F-spots) were observed in all samples for both <(I I 0> hot pressed PMiN samples, annealed for 7 days at
and(l 2 1 1 > zone axis diffraction patterns. The inten- 9700 C in at lead-oxide-rich atmosphere do not differ
sities of' the F-spots were assessed by comparison markcdly in microstructure rrom PMN samples wvhich
,%itli the intensities of the matrix reflections. Dark field have not been anncaled.
(DF) imaging using one of the F-type reflections gives Zone axis diffraction patterns dxposed for long
regions of' light contrast associated with domains of periods of time reveal the presence of very weak
B-si te structural order. Figs I a and h show respectively fh + 1/2. k + 1/2. Olf reflections (referred to as
a DF image formed with the '3/2, 312, 3121 reflection ot'-spots). These reflections are strongest in the
and the corresponding <I I10> zone axis diffraction <I100) zone but proved to be too wveak to produce
pattern. obtained from undoped PMN. In Fig. la the DF images. The ,h + lid', k + 1/2. 01, reflections
ordered (domains have an average size of -6 aim and in the <1 00) zone for undopcd PMN are indi-
only small dleviations in this size are present across the cated in Figi. 6. This figure also showvs the presence of'
wvhole grait. The F-spots associated with these domains weak diff'use scattering parallel to the <I I 0)
zire indicated in Fig. lb. As the concentration of direction.
PbTiO, is increased within the PM N-PT solid sol- The rclative intensity variation of the .7'-spots with
ution both the intensities of the F-spots and the sizes respect to composition and tcmperatture is siamilar to
of associated domains diminish. Fig. 2a shows the initensity variation observed for the F-spots. Addi-
domains of' about 3 nan in dimension wvithina the tions of PbTiOj to the PMN-PT solid solution
0.93 PM N-0.07 PT solid solution. Figz. 2b is the prodtuces weaker a&-reflections but small La substi-
<I I O> electron diffraction pattern fromi the tutions increase their intensity. No abrupt chiange in

ne.~

lip P1I

Viir / W ~) Da;rk icid iage showing 11-0ct ordecred domains (bright ;ircas) in undoped hot presse.d MRI (b) <I 10) zone ;ixs scaciaL'd
irc Iracioi pacrn iaikcn froin the grain in Fig, la~. The F-spols ire indicat~cd.



10 nm

(a) 1
Fil're 2 (at) Dark field image showing B-site ordered domains in convenionally sintered 0.93 PMN-0.07 PT. (b) (110) sclected area
dilfracLion patiIcrn iak.n from Fiei. 2a.

intensity of the x'-reflections is observed in the tem- superlattice rcflections were not present within elec-
perature range - 1760 C < T < 1500 C. tron diffraction patterns observed in the current study.

We believe that our results demonstrate that non-
4. Discussion stoichiomelric I: I ordering of Mg and Nb cations
4.1. Ordering takes place on an F-centred 2ao x 2a, x 2a, super-
The presence of F-spots indicates that an F-centred lattice in the PMN system. For the x = 1/2 materials
2a, x 2a,, x 2a,, superlattice exists in all samples with such as PST, it is interesting to note that a charge
the exception of the 0.6PMN-0.4PT sample. Since imbalance which would accompany a non-stoic-
the intensities of the F-spots do not change signifi- hiometry between B-site cations would be reduced by
cantly with temperature it can be concluded that they the diffusion of these cations to alternate B-sites. In
are not associated specifically with either the ferro- the case of a perovskite where x 0 1/2, as in PMN
electric phase or with tilting of the oxygen octahedra (where x = 113 in the ideal compound), the impli-
[10] but are chemical in origin. cations of I1: order are less straightforward. In this

The F-centred supcitstructurc in PMN has pre- case, the nucleation and growth of ordered domains
viously been1 identified using high resolution 11] and implies the outward diffusion of B" (excess) ion species
dark field [121 imaging techniques. On the basis of into the circumfcrential zones which become enriched
X-ray data it has also been pointed out that a number in element B' (Nb in PMN). Thus in the absence of
of v = 1/3 and other x = 1/2 pcrovskites can order compensating charge effects, large electric fields
stoichiometrically provided the appropriate super- would be generated in the lattice between ordered and
lattice can develop [13. 14]. However, the ordering disordered regions (with effective positive and nega-
schemes proposed for such systems necessarily tive charge respectively). These charge effects would
generate particular superlattice reflections. These become more severe as the ordered regions increase in

Fifrc 3 <~ I 10) selected area diffraction pattern from hot pressed Figure 4 <I I 10) selected area diffraction pattern from conventionally
0 4 ilk!N-0, 2PT siwitcred 0.6 PM N-0.4 PT. Thc F-spots are absent.



h ur 4(a) Il).irk Ilid itiiei sli mIo~ing i lie illI icnice ofrinii bioundat~ries onl i li 'sj/estifl) II cii ordeued doii insl ill hotfiressed rNIN + 2% 11 .
LiA .1 ), I ) ii%n ~ i i froml 3 to 151111 ill in diincsiobns aim p. ownil. (h) < I 1 () w~ce a4k. LI rc dill raILlit patiternl mi ta from ig a.

size. In this case one may anticipate that an cqui- solutions. It is not believed, however, that Ti ions are
libritimi domain size will he reached when the driving directly in% olved with the ordering process. Consider-
forces l Or B cation orderiiig (elect rostatic and mecd- ation of" thc possible I :I ordering of M~g and Ti ions
anical) are balanced by forces tending to disordcr 13- yields an average B-site valency of' + 3 and is therefore
site cations (from thie interactions between local electrostatically less favourable than Mg: Nb order.
space charges generated by the expansion (if non. Nh: Ti ion order is unlikely since the degree or order
stoichiomletrically ordered reuions). In tie case %%here Would be expected to increase withinceasing P~b~io,
space charges canl be compensated by lattice deIlects. content. Since a progressive decrease in B-site order is
an equilibrium size of ordered domains is also anti- observed with increasing PRbTiQ1 content it is possible
cipatedl when the space charges become too large to be that Ti ions d(iltate' the electrostatic and mechanical
compensated by existing! deflcts. Trhesc views are interactions which exist between Mg and Nb cations
supported by the obiservation that ain equilibrium thus reducing their tendency to order.
size [*or ordered domains of 6 tim is found lin undoped It is Interestingz to note that small substitutions of
PMN even after prolonged annealing. Exaggerated lanthanuIm oxide to PMN promote tlie formattion of
crowth of' ordered domiains at grain boundaries has larger ordered domains and a non-uniformity of
been reported in PST [151 and PSN [161 alnealed domain size. WVe bli that Lal' ions, which probably
ceramics. The existence of enhanced vacancy con- occupy Pb , /A-siltcs. aid in reducing the charge
ccntrations [I 71 which lfacilitatc cation diffusion near inbalance generated by non-stoicliiomnetric ordering
aramn boundaries was invoked to explain this although the exact mechanism for this process is
phenomenon. No such effect has been found in PMN presently unclear. The associated lead vacancies may
or 0.93 PM N-0.07 PT samples. also relax bonding constraints thereby enhancing dif-

From considera tions of ionic radii it is genierally fusion and facilitating ordering. The anomalously
accepted ia nTi lionls occupy B3-sites in PM N-PT solid laree ordered domains frequently observed near grain

boundaries in La-doped PNI N sugagests that chare
licteroeencit% is nlo lonecr the limiitine factor on
domain size. ats in PMIN and PM N-PT systems, but
thlat the kinetics of ordering is then governed by the
usual faictors conistraininig diff'usion. Al terna tively. the
non-unifornitv of dong~ain sizes observed could be
attributed to the segregation of La ions to the grain
boundaries or to impro:-er mixing during processing.
Clusters of large ordered doniains sometimes found ill
grain interiors also imply that a noii- iniforii (listri-

bution of La ions exists within these regions.
The origini ol* a'-spots observed in the current

study is presently uncertain. 2'-spots have previously
been reported to be present within electron diffractioni
patierns of PST [15]. Since the intensities of x'-spots
in PNIN do nti) chiange significantly with temperaiture
it is likely that they are chemical in origin. Further-

Figurei 6(tOO)0 selected arent diffrnction pattern of undoped hot more. since the intensities of the a'-spots reduce with
preswcd PKIN. Weak f2 pOill ire indicated. PbTiO, additions and increase with La substitutions.
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Ntuil LLU1 urd..r. I ier.we note that the intcn~itN should be further invcsticated in relation to the influ-
deperndence of the x-ipots with temperature is dilkr- cncc of order on I li dielectric behaviour of relaxors.
ent for PIN and PST systems. It is therefore possible
that lic oricin or the i :_spots in these two systems is 5 Collcclasions
different. Usiag TEM techniques the ordcring characteristics of

PMN and PM N-PT solid solutions have been investi-
4.2. Electrical properties gated. The restricted dimensions of the ordered
Ordering~ may bei anticipated to chance either or both domains which are observed in these systems are
the amplitudites of comnpositional Ilutituations and the believed to be thc result of charge fluctuations which
sizes of the chemically distinct regionis with which the develop as Mg and Nb ions order on alternate B-
broad phase transitions of relaxors have been associ- lattice sites. The ordering piocess is arrested when the
ated (IS. 19]. However. TENI studies have so far failed space charges become too large to be accommodated
to reveal the mechanism by wvhich the degree of order by the structure or when the lattice is no longer able
niodilics tlhe dielectric characteristics. No strong inter- to compensate for such charges with existing lattice
actions are observed between macro-ferroelectric defects. A reduction in the ability to order is observed
domains and the antiphase boundaries which define on adding PbTiO3 to the PMN-PT solid solution. Ti
the ordered domnains [IS, 201. This sttpports the view ions are believed to 'dilute' the forces responsible for
that the process of structural ordering influcnices the thc ordering process. Substitution of off-valencc La-'
diffuse nature of* rclaxor paraelectrie-k'rroelectric ions on the Pb2 ' sublattice enhance order by aiding
(PE-FE) phlase transitions only indirectly. However, in the charge compensating mechanisms. It is sug-
the relationship between ordered domains and the gested that charge fluctuations which occur in relaxor
mnicro-polar domnains, which can be observed in materials affect both ordering and dielectric behaviour.
unpoled relaxors (21. 221. is still ambiguous. Sttudies of
the order-disorder rclaxors, for which r = 1/2, has Acknowledgements
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From transmission electron microscopy studies on several complex lead perovskite compounds Pb(BB')O,, and their
solid solutions a classification can be obtained based on B-cation order. This classification divides the complex lead
perovskites into three subgroups; random occupation or disordered, nanoscale or short coherent long-range order and
long coherent long-range order of B-site cations. A correlation between the nanoscale B-site order and relaxor on glassy
ferroelectric behavior is found in these lead perovskites. An hypothesis is suggested which relates 0-3 polar connectivity
to 0-3 order-disorder connectivity. This hypothesis is discussed with relation to present theories [G. A. Smolenskii: J.
Phys. Soc. Jpn. (1970) Suppl., p. 26, L. E. Cross: Ferroelectrics 76 (198 7) 241. T. L. Renieke and K. L. Ngai: Solid State
Commun. 18 (1973) 1543] and reported experimental results of the perovskite relaxor ferroelectrics.

KEYWORDS: relaxor materials, dielectric properties, nanocomposite, electron microscopic study, model for
relaxor behavior

The most widely accepted models for the under-
§1. Introduction standing of the relaxor ferroelectrics have come from
1.1 Ferroelectric background Smolenskii" and Cross." The Smolenskii model notes

For the past thirty years there has been much work, that ferroelectric relaxors have a common characteristic
both pure and applied, on the oxide ferroelectric where two or more cations occupy equivalent
materials and their properties."' One of the most com- crystallographic sites. It is the distribution of these ca-
plex ferroelectrics class is those characterized by a diffuse tions which gives rise to chemical microregions with
and dispersive phase transition of the so-called relaxor various compositions and in turn differing Curie tempera-
ferroelectrics.' 5• The permittivity (t') and tan 6 (" / ') tures. The summed distribution of these microregions
vs temperature show a diffuse phase transition over a give the broad phase transition. As a relaxor ferroelectric
so-called Curie range. There is a Curie maximum temper- crystal is cooled, these microregions undergo the paraelec-
ature. which is frequency dependent over a wide fre- tric-ferroelectric phase transition and local polar
quency range, and increases in temperature with increas- microregions are created ( - 100 A).
ing frequency. Also, the maximum in the permittivity (c') The Smolenskii model" is a very successful model but
does not correspond with the maximum in the dielectric it has its weaknesses:
loss (tan 6). Figure 1 shows a typical permittivity vs tem- I) There is no discrimination between compounds and
perature for a relaxor ferroelectric. This transition solid-solutions with mixed cation sites and their ten-
behavior is very different from the 'normal-like' ferroelec- dency to show relaxor or normal dielectric character-
trics which usually shows a sharp 1st or 2nd order phase istics.
transition. 2) With a Gaussian distribution of chemical

microregions with their differing Curie temperatures
there must exist very subtle changes in chemical com-

5000 ' * I I ' I positions from area to area for the major volume of

200Hz 10 1I KH the crystal. This would not appear to give sufficient
gradients necessary for the localization of polar
microregions or clusters.

Two independent studies on the order-disorder perov-
2skite, Pb(Sc/ 2Ta,1 2)0 3, were performed by Setter and

--2500 -100 KHZ Cross' " and also Stenger and Burgraalrl in which the key
-role of the cation distribution and its effect on the dielec-

tric properties was demonstrated.
An understanding of the relaxor dielectric properties

0 14ANOSCALE
ORDERED PIN was enhanced by the superparaelectric theory as sug-

gested by Cross. :" Basically, the superparaelectric theory
describes the relaxor and its localized polar microregions

20 - 1 0 I , I , analogous to the spin cluster behavior in super-
Tampe0-ture 10 paramagnets. Considering two polarization states, + P

and - P, superparaelectric potential, as illustrated in

Fig. I. A schematic representation of the permittivity versus tempera- Fig. 2, these polarization states of a polar microregion
ture relationship for a complex lead perovskite relaxor. are separated by an activation barrier. The height of the
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As discussed above in §1.1 and 1.2, there is a need to
better understand the nanostructure property relation-
ship in these important class of ferroelectric materials. In
view of this we carried out studies on a wide selection of
important and well characterized complex lead perov-
skites (single crystals and ceramics). Based on our TEM

H observations a new insight is gained in the understanding
of the nanostructure of these relaxor materials. In this

-P +P paper we present an approach relating B-site cation order
to the ferroic properties in complex lead perovskites.

Fig. 2. Schematic representation of a superparaelectric potential This approach has been discussed in light of present
describing the polarization states + P and - P. theories and satisfies experimental results.

§2. Results and Discussion
barrier, H, is directly proportional to the volume of the The results discussed here on the structural ordering
polar microregion itself. This indicates thermal energy, are made from TEM analysis. Major advantages of this
k0 T, and the frequency of polarization flipping, v, are technique include: small coherence length of high energy
related in a simple relation: electrons, the very strong scattering power of electrons

Iwith atom (-10' times greater than X-rays) and also
V= VD exp _T direct imaging of nanostructures with contrast and high

resolution methods.
where, Within the complex perovskites Pb(WB'-,)O3 (x= 1/2)

His the activation height between - P and + P, family many of the compounds have shown long-rangek is the Botzmann constant, B-site ordering of the cations, as documented by
T is the absolute temperature, Galasso.' 9 The ordering of B-site cations in these systems
T is the ipping frequency between - P and + P, gives rise to an F-centered 2ao x 2ao x 2ao superstructure,
and ID is the Debye frequency (- 10--10n Hz). see Fig. 3(a). This additional symmetry consideration

gives a set of superlattice lines/spots, F-spots in electron

However, for low thermal energies the polarization diffraction. However, if the B-cations are randomly occu-
will 'lock-in' to a particular orientation, thus forming a pying the lattice there is no superstructure and the or-
polar microdomain or a polar cluster. This feature dinary perovskite cell a0 x ao x ao describes the compound
distinguishes the polar microregion from the polar in the paraclectric state, see Fig. 3(b).
microdomain (which is static and not a strong frequency Examples of some of the TEM results obtained from
dependent feature). complex lead perovskites: Fig. 4(a) shows a weak-diffuse

The superparaelectric concept accounts for many of but distinct F-spots in Pb(Sc,/ 2Ta,/ 2)03 (PST); 4(b)
the observed properties of the ferroelectric relaxor such shows the corresponding dark-field image revealing the
as the frequency dependence of the permittivity, the contrast of the nanoscaled ordered domains; and 4(c)
dielectric aging, 9- '° and also the metastable switching demonstrates long-range order in normal PST being
from micro- macrodomain...' 3 ' It also reflects the broken by an antiphase boundary. Figure 5 shows strong
nonlinear behavior of the thermal and optical properties F-spot in <211> zone axis pattern from Pb(Co/ 2 W,/2 )0 3
as observed in these materials."-' 6' corresponding to an ordered grain also observed are in-

commensurate satellite reflections. Nanoscale order do-
1.2 Cation order background mains in PMN:PT (0.9/0.1) and the corresponding

Within a given crystal structure the arrangement of <110> zone axis pattern with superstructural F-spots is
various cations and point defects on particular shown in Figs. 6(a) and 6(b) respectively.
crystallographic sites depends on the relative magnitude
of the interaction energy for possible configurations. If
this interaction is sufficiently low there are no detectable I
correlations between the occupancy of nearest neighbor .
sites. However, if there exists a diffuse but distinct -gut,'; '' q
superlattice reflection the cations have long range order .
(1-11) between unlike cations on nearest neighbor sites. .k,
Since. in this study the scale of this LRO is important to 4
observed physical properties we describe a coherence tW
length based on the size of ordered domains as imaged
with transmission electron microscopy (TEM). A short -r_.0-4
coherence length of LRO is associated with order domain A-* -o.o A oers. o.o
in a range - 20-800 A in diameter, and long coherence
lengths corresponding to order domains much greater (a) (b)

than 1000 A. For excellent reviews on cation order see Fig. 3. (a) Ordered B-site superstructure of Pb(B;B.0)O, (x-1/
2
)

Cowley (1976) and Reynaud (1982)."'"' complex perovskite; (b) disorder B-site with primitive perovskite Cell-
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(a)

Fig. 5. (21 1> zone axis pattern in Pb(Co, W.,,)O, taken at - 160°C;
a strong order F-spot is indicated along with incommensurate
satellites (1).

(b)

(a)

30nm

(c)

(b)

Fie. 4. 1at 110) zone axis pattern from relaxor PbSc, :Ta,. )O,. the
diffuse and weak but discrete order spots are marked F-spots; (bi cor-
responding dark field image with nanoscale order domains (bright
contrast); and Ict) long-range order being broken by antiphase boun-
daries in normal Pb(Sc1 .Ta,,2)O,. Fig. 6. (a) <110> zone axis diffraction pattern from 0.9 PMN-0.I PT

showing an order spot (F) and (b) the corresponding dark field image
reveals nanoscale order domains (- 100 A).

So within the complex lead-perovskites Pb(Bb/2 B1'/2 )O3
(x= 1/2) systems there are several examples where the B-
site cations B' and B' have a driving force sufficiently tions. Perovskites such as PST and Pb(in,/ 2Nb,/ 2)0)
large from valence and ionic radii differences as to order (PIN) have lower driving forces close to the critical limit
the cations and give superstructure. For instance, of disorder and order occupancy of the B-sites. This is in-
Pb(Co,12W,/ 2)0, has a strong driving force and grows with ferred by various annealing, quenching, and growth con-
almost complete ordering between Co"1 and W ' ca- dition effects which shows differing scales (LRO).' ." In
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Table I. Property differences between relaxor and normal perovskite ferroelectrics.

Property Normal Relaxor

permittivity temperature dependence c=z(T) sharp Ist or 2nd order transition about Curie broad-diffuse phase transition about
temperature Curie maxima (T,,)

permittivity temperature and frequency weak frequency dependence strong frequency dependence
dependence c= e(T, w)
remanent polarization strong remanent polarization weak remanent polarization
scattering of light strong anisotropy (birefringent) very weak anisotropy to light (pseudo-

cubic)
diffraction of X-rays line splitting owing to spontaneous deforma- no X-ray line splitting giving a pseudo-

tion from paraelectric-' ferroelectric phase cubic structure

the x = / 2 ordered perovskites there is an average B-site Table II. Analysis of order and their corresponding dielectric

valence of +4 in the superstructure which gives rise to behavior in a number of Pb(BB,',)O, systems.

so-called stoichiometric ordering. Relative coherence Dielectric

In the complex lead-perovskites Pb(B /' 2B2'13+)Oi Compound length of B-site description

(x= 1/3) systems there is a LRO with short coherence long range order

length of a 1:1 non-stoichiometric ordering between ca- Pb(Fe,,Nb,/2)O, (PFN) disordered normal

tions which gives an average valence not equal to +4. Pb(Fe,/ 2Ta,/ 2)O3 (PFT) disordered normal

The local field and charge compensation mechanisms as- Pb(Mg,/3 Nb 2/)O (PMN) short relaxor
0.9 PMN:0.I PT (PT-PbTiO,) short relaxor

sociated with non-stoichiometric order is not well 0.8 PMN:0.2 PT short relaxor

understood in these systems, but the fact remains that the 0.7 PMN:O.3 PT short relaxor

nanoscale order domaiins -100 A do exist in x=1/3 0.6PMN:0.4PT disordered normal

systems, as observed by a number of authors. 20 - 24)  Pb(ZnjNb, 3)O) (PZN) short relaxor

In our TEM study we are able to classify a number of 0.915 PZN:0.O85 PT short relaxer
0.9 PZN:0. I PT short relaxorcomplex perovskites based on their B-site cation order 0.885 PZN:0.115 PT disordered normal

and respective dielectric, X-ray, and optical properties. Pb(Ni,1/Nb,, 3)O, (PNN) short relaxor

The compounds and solid-solutions are then assigned to Pb(Sc;2Ta,, 2 )O, (PST) short relaxor

the normal ferroelectrics (antiferroelectrics) or relaxor Pb(Sc,,Ta,,,)O, long normal

ferroelectrics (Table 1) as based on their characteristics Pb(In,,Nb,/,)O, (PIN) short relaxor
Pb(lnjjNb/ 2 )O long normal

outlined by Cross." The relations of the cation order in Pb(MgW 2 /)O, (PMW) long normal

the complex lead perovskites to the respective dielectric Pb(Co,,,W,/ 2)O, (PCW) long normal

behavior (normal or relaxor) are summarized in Table I! Pb(Cdj1,Nb2/ 3)O. (PCN) short relaxor

and in Fig. 7.
We observed that in the solid-solutions of

Pb(Mg,,Nb/ )O7 :PbTiO1 , (PMN:PT), and Pb(ZnnNb2/.0 Perovskie
0,:PbTiO1 , (PZN:PT), there is a gradual disappearance
of the F-spot close to the morphotropic phase boundary
which separates strong relaxor ferroelectric behavior Complex Lead Perovskites

from normal ferroelectric behavior in the phase diagram B't.3
of solid solutions. So on the relaxor side of the phase
diagram there exists nanoscale cation order and in .'he No B-site C.-zios B-site Cation Order

normal side of the diagram there is a cation distribution Order Present Presen

wlich is atomically randoln or disordered willh no
distinct superstructure. Also, we have included AtmcDsreSht oe onChnt!

Atomc Diordr Shrt CmmaLong CohserentPb(Fe,/2Nb,/ 2)Oi (PFN) and Pb(Fe,/ 2Tat/ 2)0 3(PFT) as LRO Length of LRO

"normal" ferroelectrics in Table II and Fig. 7. In a
number of studies on these compounds with both
ceramics and single crystals the results point towards a Normal Long Range Stoicho c Non-Stoichiometnc

Dipole Order in (a - 1/2) (1 1 I/3)
normal ferroelectric behavior despite a broad phase tran- FE. and A.F.E.. e.g..

sition in the permittivity versus temperature data. 21' X- "Iaarjoim .
ray, birefringence, and D.T.A. (differential-thermal- O.6P0tsjV.bsn T, Relaxor F.E.. e.g.. 'Normal" F.E.
analysis) point to norm al behavior. ." Brunskill el al.2 )  

F 0T i, 0 0 5 (,8,, .o,,T , Behavior. and AFE.
t(N0MhnNbltOl Behavior. e.g.,

and Brixel et al."7 ' have extrapolated from the tempera- ri,, g rjunM

ture dependence of spontaneous birefringence, a polariza- mk,,1^'o, ItPdg,,wl 2jt'
FvTIqfltrj) Pv(CotFW lamO

tion order parameter in PFN and PFT respectively. This, c, *4bM,.9

as Brixel et al. concludes, suggests these materials behave *t Saulin

like normal or proper ferroelectrics. So those complex mu f m in - no ts .Ilnmp0 e.g.., P"olaW il)Oh, and

lead perovskites Pb(B;B.-)0 3 and solid solutions which PUS Wt&.u

have classical relaxor behavior also possess nanoscale B- Fig. 7. Flow diagram showing the classification of complex lead perov-

site order. This strong correlation is thought to be very skites with respect to B-site cation order and dielectric behavior.
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important in localizing polar regions or clusters as will be Where Jq is the optical birefringence, gakI the quadratic
discussed below. electro-optic coefficients, P2 mean square polarization,

The complex lead-perovskite PbBxB'-O 3 (x= 1/2) Ax1  thermal strain and Qja, are electrostrictive
and long coherence cation (LRO) and having ferroelec- coefficients of the material.
tric or antiferroelectric properties are traditionally re- At temperatures in the range (T< To), the nonpolar-
garded as normal ferroelectrics or normal antiferroelec- polar connectivity is described in 0-3. At lower tempera-
trics with long range co-operative interactions between tures (T<< To) as more and more of the crystals volume
the dipoles. However, the authors here are cautious on becomes ferroelectric, the connectivity may change to
this point in light of new experimental evidence of incom- other forms e.g., 3-3, 3-0, etc. The mechanisms of the
mensurate satellite reflections observed in TEM studies kinetics involving stabilizing and equilibration of

on some of these materials. -" Some of those compounds dynamic polar regions and clustering of neighboring
found in this subgroup such as PCW, PST, and PIN polar regions through local strain and local electric field
have subtle incommensurate dipole modulations associ- effects in the matrix phase is not well understood. But, a
ated with the paraelectric-ferroelectric phase transition; direct freezing in of the polar microdomain in the cold-
these may not strictly be classified as normal ferroelec- stage TEM studies on 8.2/70/30 PLZT has been ob-
trics or normal antiferroelectrics. More research is on-go- served by Randall et al. "' 3" indicating the existence of
ing within this interesting subgroup of long-range B-site such polar domains. Also, the 'in-situ' switching of the
order lead-based perovskites in order to classify these polar microdomains to an aligned macrodomain state
materials. confirming their metastable phase transition in relaxors.

The new hypothesis suggests an intimate connection be-
2.1 An hypothesis for the relaxor ferroelectrics as a tween the 0-3 chemical order distribution (i) and 0-3

nanocomposite polar distribution (ii) in the complex lead perovskites at
Let us introduce the perovskite relaxor ferroelectrics in high temperatures T< To, provided the chemically or-

terms of a nanocomposite. These relaxor compounds as dered regions are associated with a much higher transi-
nanocomposites can be considered by two differing but tion than the surrounding matrix.
fundamentally related ways. In the following text we will test the 0:3 nanocom-

(i) We may consider the relaxor nanocomposite posite approach in relation to various existed models for
through its chemical connectivity.' According to the exnla" :ig the relaxor behavior.
above results the nanoscale LRO has a 0-3 connectivity
within a 3-dimensionally interconnected disordered 2.2 Reneike-Ngai theory (1976y"
matrix, as schematically represented by Fig. 8. This model was originally postulated with 'disorder'

(ii) We can also consider the relaxor nanocomposite phonon modes originating at highly defective regions of
on its mixing of polar and non-polar regions. The connec- the lattice and coupling with the matrix soft mode and
tivity of these two phases is very much a question of the locally perturbing the Curie temperature. This is sug-
temperature of the system. At higher temperatures, gested to give rise to 0-3 polar microregion distributions
T> To, (T is a temperature where the total crystal is with various Curie temperatures and local polarization
paraelectric) then we have a material which is chemically order parameters. One of the major objections to the
heterogeneous as described in (i) but electrically Reneike-Ngai theory was discussed by Isupov. 2' He
homogeneous (or paraelectric). However, lower tempera- pointed out that the theory did account for the broad
tures below To. optical and thermal expansion ex- phase transition and described local polar microregions
periments indicates the on-set of a polarization through but it was based on a homogeneous crystal matrix with
non-linear index of refraction and thermal strain locally distributed defects. According to Isupov, a
effects: ... homogeneous matrix does not exist in relaxors and all

JI1CgkIPki microscopic parts of the crystal are inhomogeneous.
We suggest here that the Reneike-Ngai theory should

Alx,, cQ,,kp P be reconsidered in light of the present nanostructural
observations. The new hypothesis suggests an disordered
matrix surrounding nanoscale order-domains; it is con-

Matrix Phase:- ceivable that the order domains have additional phonon
High permittivity modes which could couple to the soft mode of the

t 1bighly polarizable

. and elastically loft. matrix. The strength of the coupling and its perturbation
on the local soft mode transition give rise to local various
Curie temperatures. This in turn may be related to the
size of the cation order domains themselves.

ordered re ions. 2.3 The superparaelectric model (1987)'

I00 The superparaelectric model (1987) satisfactorily ac-
counts for the nature of the polarization behavior in

Fig. 8. Schematic representation of nanoscale order domains (dark polar microregions. The sites of cation order in the disor-
regions) in a disordered matrix in the form of a 0-3 connected dered matrix may give potential wells - 100 A within the
nanocomposite. lattice in which to localize the superparaelectric poten-
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1-0 REPRESENTATION a) There is no knowledge of which part of the order-

At TIjTO disorder (-3 nanloctutp, isilc is ferroclctric anid
paraelectric at higher temperatures.

Vd b) There is, so far, no statistical analysis of the scale
of LRO distribution or volume percentage within

S .these materials.
c) We have only a limited understanding of non-

0stoichiometric order in the x= 1/3 complex lead
a a a0 Loclizedperovskites. 13 .

1 )

S-su pitpo 6iectric
a potentials within

0 
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Classification and consequences of complex lead perovskite
ferroelectrics with regard to B-site cation order
C. A. Randall, A. S. Bhalla, T. R. Shrout, and L. E. Cross
Materials Research Laboratory, The Pennsylvania State University, University Park,
Pennsylvania 16802

(Received 27 October 1989; accepted 8 December 1989)
From a number of studies on ferroelectric and related materials based on complex lead
perovskites [Pb(B,'B _I)O3], it is apparent that the B-site cation order influences the
crystallography, phase transitions, and other physical properties. A classification of
complex lead perovskites is presented based on the relative scale of long-range cation
order. In particular, we discuss the implications of cation order in relation to relaxor and
normal ferroelectric behavior.

I. INTRODUCTION Of particular interest are complex lead-based per-
The largest group of ferroelectric and related mate- ovskites having the general formula Pb(B,'B _,')O3,

rials is based on the simple perovskite structure, where B' is typically a low valence cation, e.g., Mg 2,
ABO 3.'2 In the cubic perovskite structure A-cations Zn+2 , Fe " , Ni+2 , In"', and Sc 3 and B' a high valence
occupy the corner positions of the cube, the B-cations cation, e.g., Ti', Nb ", Ta 5, and W -t. Within this per-
occupy the body-center position, and oxygen anions are ovskite subgroup there are many variations of the type
situated at the face-centered positions. Within the per- of FE or AFE phase transition, but only two forms,
ovskite family there are many differing types of fer- normal and relaxor, will be discussed. In contrast to
roic phases including ferroelectrics, antiferroelectrics, normal FE (or AFE), relaxors exhibit a broad and
ferroelastics, ferromagnetics, and coupled forms of strongly frequency dependent phase transition. The ma-
these. Using the perovskite structural tolerance factor jor property differences which distinguish relaxor ver-
(t) where, sus normal type ferroelectrics are summarized in

R, + Rx Table IV
t = V2(Re + RA after Megaw3  (1) In addition to using the tolerance-.factor (t) to cate-

gorize ferroic behavior in perovskites, Halliyal and
and RA: ionic radii of A-site cation Shrout6 found that plotting t versus the average electro-

Re: ionic radii of B-site cation negativity as expressed by
Rx: ionic radii of anion

a distribution of ferroelectrics (FE) and antiferroelec-
trics (AFE) in the perovskite family were determined where X8o = electronegativity difference between B
by Ven'skev and Zhdanov.a The AFEs are found to cation and oxygen and
have a limited distribution 0.78 < t < 1.00, while the XAo = electronegativity difference between A
FEs cover the whole perovskite range 0.78 < t < 1.05; cation and oxygen
the tolerance factors were recalculated using ionic radii for a range of both simivle and complex perovskites, re-
from Shannon and Prewitt.b suited in information about the stability of the per-

TABLE I. Property differences between relaxor and normal perovskite ferroelectrics and antiferroelectrics.

Property Normal Relaxor

Permittivity temperature dependence Sharp 1st or 2nd order transition about Broad-diffuse phase transition about
e e(T) Curie temperature Curie maxima (T,,)

Permittivity temperature and Weak frequency dependence Strong frequency dependence
frequency dependence e = e(T w)

Remanent polarization in ferroelectrics Strong remanent polarization Low remanent polarization
Birefringence Strongly anisotropy Very weak anisotropy (pseudo-cubic)
Diffraction of x rays Line splitting owing to spontaneous No x-ray line splitting (pseudo-cubic)

deformation from
paraelectric -. ferroelectric
(AFE) phase
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ovskite phase (see Fig. 1). Perovskite compounds with
both low t and % tended to form pyrochlore phase(s),
and the perovskite phase was stabilized by solid solu-
tions in which t or x was increased. It is interesting to
note that many of the "unstable" complex compounds
are those which exhibit relaxor behavior.

In this paper we propose to further classify the
complex lead perovskites based on nanostructural fea-
tures which in turn are believed to be the fundamental
cause for distinction between relaxor and normal FE S]
(or AFE) behavior.

11. LONG-RANGE ORDER IN COMPLEX LEAD
PEROVSKITES, Pb(B,'B,_,)O

Ordering of the B-site cations in complex per- 4
ovskites occurs, providing there exists a sufficiently 803)"(
large interaction energy between neighboring cations.
This interaction is based on valence and ionic radii dif- A0O.0
ferences between the respective B' and B" cations. Ihe

cations are said to be ordered when nearest neighbors FIG. 2. The F-centered ordering of B-site cations in Pb(B,2'Bjj,)O3.
on the B-sublattice are unlike and next-nearest neigh-
bors are similar; see Fig. 2. If the ordering has suffi- x = 1/3 compounds, e.g., Pb(Mgl/3Nb 2/3)03 (PMN) and
ciently large coherency, the translational periodicity of Pb(Cd 1/3Nb 213)0 3 (PCN) where the observed B' B" order
B' and B" gives rise to a distinct superlattice as de- is 1:1 and as such the average charge value is lower
tected by x rays, electrons, or neutrons inferring long- than the expected valence of (+4). The overall defect
range order (LRO).7  chemistry and average compensation mechanisms of

It is of significance to point out that B-site order in the nonstoichiometric ordering are not well understood
Pb(B,'B1-,.,")0 3 compounds can be either stoichiometric at this time.8 -9

or nonstoichiometric. For example, B-site order in Transmission electron microscopy (TEM) studies
x = 1/2 compounds, e.g., Pb(Scj, 2Ta1,2)03 (PST) and on complex lead perovskites |°' | have also been per-
Pb(Mg , 2WI, 2)03 (PMW), results in an average valence formed on a wide variety of compounds, as summarized
of (+ 4) and thus is referred to as stoichiometric order- in Fig. 3. The scale of the ordering of B-site cations has
ing. In contrast, nonstoichiometric ordering is found in been classified and correlated to relaxor or normal FE

(or AFE) behavior observed from experimental data us-

2.5. ing Table 1. As shown in Fig. 3, the complex perovskites
were divided into three columns: (I) perovskites pos-

CTez "ZN sessing no detectable order (<2 nm), (i) ordered withSKN a

CT ST ezN • long coherency (>100 nm), and (I11) ordered but on a
6nanoscale (2-50 nm) or short coherency. As presented,

both columns I and II contain complex lead perovskites
with normal FE (or AFE) characteristics whereas

x ,0 -. column III contains many of the relaxor type materials.
? Pz PMN W PT A typical example of nanoscale order is shown in Fig. 4

PCN PN PZN* for the relaxor ferroelectric 0.9 PMN-0.1 PT (PUIfiO 3),
P,- I'* where white contrast regions correspond to the ordero Pcw

,. domains -10 nm.
PFew Though relaxor 'like' behavior has been observed

, , , ,for compounds such as Pb(Fe,, 2Nb,,2)O3 (PFN) and
0'9 a" 0ss 1.00 1.02 04 1O0 Pb(Fe,/ 2Ta1/2)O3 (PFT) (column I), in the form of a

TOLERANCE FACTOR Mt) broad dielectric transition, other physical properties

FIG. I. Plot of average electroneativity (w versus tolerance factor such as spontaneous birefringence '"' and x-ray line
(t). where BT - BaTiO,. KN - KNbO, BZN -Ba(ZnmnNb)O.; splitting point to normal FE behavior." In certain com-
BZ - BaZrO,, ST - SrTiO,. CT = CaTiO,, PT PbTiOg; PMN ,
Pb(MI,,Nb24)O,. PSN PbjScj,2Nb,2)O,, PZ = PbZrO,; PFN = pounds, the driving force for cation order energy is
Pb(Fe, 2Nb, 2)0. PNN Pb(Ni,,Nb 3)O, PZN = Pb(ZanNbm)O,; such that long-range coherency of B-cations (LRO) and
and PIN = Pb(InjNbj,,)O, and PCN = Pb(Cd,, 3Nbw)0 3. corresponding normal FE (or AFE) behavior can be
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CLASSIFICATION OF COMPLEX LEAD PEROVSKITES

Complex Lead Perovskites

No B-Site Cation B-Site Cation Order
Order Present Present

I Long Coherence Short Coherence

/egt \ f L OL ng h o FIG. 3. Flow chart showing the rela-
Norml Lng aite Nrmal FE Smchimetic Nn-Sichomeric tionship between tong-range cation

Nioml ode RnE andmaF.E. Stx - (xu r~\tiime) order and dielectric characteristics in
and A.F.E.. e.g.. e~. complex lead perovskites.

P b F I ~ I MP b ( n t,2 N b t /
(1* ) Pb(NgjflNbWfl3:rz?1 it 3 0.37 Pb(MgtANbt
(a-l) P a1Znbf~)Oljzff a -0.11 Pb(Co,,2Wrn)O Relaor F.E., e.g.,

Pb(Znl/3Nb 2/3)03
Pb(Mg113Nb213)03
Pb(Nit 03Nbj3)0 3
Pb(In,,zNb~l3)O3

(2-1) Pb(Mgl/3Nb2a)O:r ac 0.37
4-11) Pb(Zms ,,NbW)Osxf xF a-c 0.10

tnconunenswuat supei'stucui al ilwi
found in some6 metbers of subgroup M1e.g..

achieved through thermal annealing as found for both PbTfiO 3 (PT) content increases. Eventually, there is a
Pb(Sc 1,2Ta 112)0 3 (PST) and Pb(ln ,,:Nb 112)03 (PIN); thus point where a superlattice cannot be detected, and thus
they are reported in both columns 11 and IlI. the solid solution is disordered or possesses only short-

Along with individual perovskite compounds. vari- range order (Q2 nm)." 4" This has been found to occur
ous solid solutions are reported in the various columns. in compositions very close to the morphotropic phase
In solid solutions of (I - x) PbMgj,3NbZ/3 O3,XPb1'i0 3 boundaries (MPB) which separate relaxor from normal
(PMN: PT) and (I - x) PbZn 1,3N b 2 :j30xPbffiO 3 (PZN: FE behavior.19

.
2a These MPB3 compositions are approxi-

PT) there is a weakening of the superlattices as the mately 0.65 PMN :0.35 PT and 0.9 PZN :0.1 PT and
hence higher PT compositions are listed in column I
since there is no detectable order and correspondingly
normal FE behavior exists. Based on the cation order
and its relative coherency and ferroelectric behavior, a
correlation is suggested within a variety of compounds
and solid solutions in the complex lead perovskites.

1ll. DISCUSSION

A. Consequences of long-range order

The consequences of nanoscale order for relaxor
behavior in lead-based perovskites have been recently
discussed by Randall and Bhalla.2' The authors state
that regions of nanoscale order act as sites to localize

150m superparaclectric polar potentials, schematically re-
presented in Fig. 5. The superparaclectric model, as

FIG. 4. B-site order domains in 0.9 PMN 0.1 PT. proposed by Cross, accounts for the dielectric and struc-
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1-0 REPRESENTATION (3) A distribution of the size of ordered domains
At TTo (e.g., 10-1000 nm) may account for the broad phase

Vd transitions observed in relaxors. However, little statisti-

cal inference in this area has yet been established.

B. Inhomogerious order
0 , 0 It is generally accepted that variations in dielectric

It a 2 Localized and related properties for a given material are micro-
-super proslectric structurally related. Such features include grain size,

a a Potentials within porosity, grain boundary, chemical homogeneity, and
0 0the order domain domain/twin structure with a scale on the micron level

with 1-100 1Agrains at the upper level and domain size
in the range of 0.1 A to 10 A at the lower level.

FIG. 5. Schematic representation of superparaelectric potentials In complex lead perovskites, variations in the
localized in a nanoscale LRO domain (-10 nm) of a complex per- dielectric properties reported in the open literature for
ovskite relaxor. The superparaelectric potential in the ith order do- a given material may also be the result of variations in
main has an activation barrier of height H,. the scale of nanosized ordered regions. For example, in-

homogeneities of the scale of ordering in flux grown
tural characteristics of relaxor compounds.' Basically, PST single crystals, as shown in Fig. 6(a), are believed
the superparaelectric model is analogous to superpara-
magnetism and refers to thermal agitations of the ori-
entation of spontaneous dipolar polarization in polar
clusters. The size of the polar clusters determines the
size of the activation barrier, H. between degenerate
dipolar states. Then for sufficient thermal energy, a
flipping of the orientation from one state to another
can occur. The flipping frequency. v. is expressed as:

H(V)
v , -x k.T (3)

where t-n = Debye frequency (-10-10" Hz),
H(V) = Height of the activation barrier is directly.related to the volume of the polar cluster. V

kn = Boltzmann constant, and
T = Absolute temperature

The superparaelectric model interprets many of the
relaxor features including broad dielectric dispersion,
nonlinear optical and thermal properties, dielectric ag- 8000
ing. etc.' The superparaelectric model and the concept (b)
of the polar clusters about nanoscale order domains
have three important attractions in contrast to the gen- 60000
erally accepted inhomogeneous chemical microregion
model postulated by Smolenskii: 22

( ) Nanostructural B-cation ordered regions and 0
not inhomogeneous chemical fluctuations link relaxor 400
ferroelectricity in complex lead perovskites. The scale
of this B-site oarder allows for discriminations to be A
made with the complex perovskites for those exhibiting 20000,
either relaxor or normal type behavior.

(2) The nanoscale order domains act as natural
sites to localize the high temperature superparaelectric 050 50
polar clusters within a paraelectric matrix on a scale TEMPERATURE (-C)

(- 10 nm) consistent with the predictions of Smolenskii 2  FIG. 6. (a) Inhomogeneous order in single crystal PST. (b) Multi-
and Cross,' as previously deduced from dielectric relax- pie transitions in the pyroelectric coefficient temperature depen-
ation calculations. dence in single crystal PST.
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to be the cause of multiple transitions which occur in
PST crystals as manifested by variations in the pyro-
electric behavior: see Fig. 6(b). Inhomogeneous order in
polycrystalline PST has also been observed, whereby
larger ordered domains tend to be observed near the
grain boundaries with smaller ones at the center of the
grains (see Fig. 7). In the case of PIN. where increases
of order give rise to changes in the dipole arrangements
from FE to AFE. inhomogeneous order results in
mixed FE and AFE phases and corresponding dielec-
tric mixing behavior. 52 - 1

C. Dipolar incommensurates and long-range
order

X-ray and TEM studies on large-scale ordered
Pb(Co,:W;,:)Oi (PCW) and Pb(Sc1 2Ta, 2)0 3 (PST)
compounds have revealed evidence of incommensurate
displacive ferroic phase transitions in the form of super-
lattices and satellites.'" 2 Dark-field imaging of these
satellites revealed discommensurate microstructures, as FIG. 8. Displacive incommensurate superlattices and satellites in
presented earlier. ' Figure 8 shows incommensurate (001) zone axis patterns of ferroic PCW.

satellites in the (001) zone axis pattern of PCW. The de-
tection of a subtle incommensurate dipole modulation alignment of ferroelectric dipoles. The existence of
in some of the highly ordered Pb(B, 2 'B1/2")03 com- B-site LRO to form ordered domains on the scale of
pounds of column [I raises questions regarding local 2-50 nm appears to be an important structural link be-
dipole symmetry within the nanoscale ordered domains tween the chemical distribution and the relaxor ferro-
of the relaxor perovskites in column i1. electric behavior. These ordered domains with short

coherency aie suggested as the sites on which to local-
IV. SUMMARY ize superparaelectric polar clusters of relaxors.

A classification of complex lead perovskites is pre- Additionally, other consequences of LRO include
sented on the basis of scale of B-cation LRO and is inhomogeneous distributions of its scale, giving rise to
correlated to reported physical properties. The conse- transitions over a wide temperature range. Also, recent
quences of this classification give rise to new insights findings of an incommensurate modulation of the dipo-
into the perturbations on the long-range cooperative lar alignment in perovskites such as PCW and PST show

other ways in which the B-site order influences the crys-
tallography of the dipole alignment in ferroic phases.
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ELECTRICAL BEHAVIOR OF DIFFUSED PHASE
FERROELECTRICS IN THE MICROWAVE REGION
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Hligh permittivity and varying degrees of losses in diffused phase ferroelectrics negate the use of
conventional tcchniques for their study at microwave frequencies. Therefore, frequency difference and
quarter wave plate matching techniques have been employed. Results are presented on lead-magnesium
niobate-lead titanate (PMN-Pi) solid solutions of several compositions. It has been suggested that
partial charge compensation at the grain boundaries on solid dilution may play a major role on the
dielectric properties.

Complex perovskite ferroelectrics demonstrate interesting electrical properties.
They exhibit diffuse phase transition of a relaxor type. In solid solutions, the
diffusion of phase transition generally may result from macroscopical non-equilib-
rium inhomogeneity of composition. But diffused phase transition observed for
compound PbMgt,3Nb2n 3 (designated PMN) is due to the micro- to nanosize
order-disordered ferroelectric regions. I Therefore, these microscopic scale of chem-
ical inhomogeneilics of composition are the source of diffusion of relaxor type
phase transition. The situation is expected to change for solid solutions of PMN
with other proper ferroelectric PbTiO 3 (designated PT and having a first order
phase change at 495°C). We report here our investigations on dielectric behavior
of PMN-PT solid solutions of varying compositions.

Perovskite solid solutions of PMN-PT were prepared in different compositions
using the two-step method discussed in detail by Swartz et al.2 The absence (<2%)
of pyrochlore phase in samples of all compositions was established by measuring
x-ray diffraction peak intensities.

The procedure adopted for experimental determination of dielectric properties
of PMN-PT in the microwave region as well as low frequencies has been described
elscwhere.3.4

Four different compositions of x-PMN (I-x)-PT (where x - 0.9. 0.8, 0.7, and
0.6) wcre selected for the present studies. Figure 1 shows the room lempcrature
pcrmittivity and dielectric loss in 0.6 PMN-0.4 PT and 0.7 PMN-0.3 PT in the 8-
12 GHz microwave frequency region. These results were obtained using the fre-
quency difference techniques.5 Other compositions of PMN-PT showed similar
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FIGURE I Dielectric properties of 60/40 and 70/30 PMN-PT ceramics in the microwave region at
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FIGURE 2 Temperature dependence of the dielectric pernittivity of 0.9 PMN 0.1 PT ceramic at
microwave (10 GHz) and low frequencies 100 Hz. 10 kHz, and 100 kHz.

behavior. The flat frequency response of PMN-PT is in tune with the true nature
of ferroelectric relaxors.

Plots shown in Figure I were obtained, as mentioned earlier, by frequency
difference techniques. In Figure 1, scatter in K vs. f experimental data is seen at
room temperature and found to increase at higher temperatures. Therefore, tem- I
perature studies were conducted with quarter wave plate technique.3. 4 This tech-
nique negates the facility of sweeping the frequency and the investigations were
restricted to a single frequency.

Figure 2 illustrates the permittivity of 0.9 PMN-0. I PT at 10 GHz as a function
of temperature. A broad dielectric maximum at 140°C is observed. For comparison
purposes. Figure 2 also contains low frequency data which exhibit less broad maxima
in the vicinity of 5WY'C. The reduction in permittivity and shifting of maxima towards
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FIGURE 3 Dielectric constant as function of temperature for PMN, 0.9 PMN 0.1 PT and 0.8 PMN-
.02 PT at 10 GHz.

higher temperature side at microwave frequencies is typical of relaxation processes
in the system.

The permittivity as a function of temperature at 10 GHz for pure PMN as well
as for PMN-PT are shown in Figure 3 and corresponding loss data are plotted in
Figure 4.

From the dielectric peaks observed or fiom the trends of permittivity variation
with temperature (Figure 3) one finds that as the PT content in PMN-PT becomes
higher the dielectric peak moves to higher temperature side. The peak value of
permittivity E,. becomes higher and the peaks get sharper for samples with higher
PT content.

The increase in the value c, 1,, as well as the shifting of T, to higher temperature
side on increasing the PT content is consistent with the expected general behavior
of solid solutions. However, the decrease in the width of the peak with increase
in the PT content does not follow the expected pattern. For solid solutions, com-
positional fluctuations are more probably giving rise to more diffused phase tran-
sition. But sharper peaks for solid solutions with higher content of PT may be due
to the fact that PT is a proper ferroelectric. There is yet another possibility. PMN
relaxor materials are considered as composites of nanoregions of chemically dif-
ferent composition. These regions are of ferroelectric nature. This results in charge
imbalance at grain boundaries. It is likely that PT partly balances the surface
charges. As the PT content is increased the charge imbalance decreases and thus
favoring the growth of larger macro ferroelectric regions. Thus the increase of PT
content may be considered as a move towards creating a large ferroelectric region.
This may give rise to less diffused phase transition peaks with increased PT content.

A little hump in the dielectric response of 0.8 PMN-0.2 PT (region A in Figure
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3) indicates the on-set of morphotropic boundary. The morphotropic phase bound-
ary becomes more pronounced in 0.7 PMN-O.3 PT composition. 3

From Figure 4, it may be noted that dielectric loss maxima do not fall at the
same temperature as permtittivity maxima (Figure 3). Loss peaks are observed at
lower temperatures. This observation is consistent with the typical behavior of
relaxor materials1"
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The dielectric relaxation of a solid solution of 10-mol % lead titanate in lead magnesium
niobate is found to be similar to the magnetic relaxation in spin-glass systems. '-" Based on this
analogy, it is proposed that the relaxor ferroelectric is a polar-glassy system which has
thermally activated polarization fluctuations above a static freezing temperature. An activation
energy and freezing temperature of 0.0407 eV and 291.5 K, respectively, were found by
analyzing the frequency dependence of the temperature of the dielectric maximum using the
Vogel-Fulcher relationship. 4

_
s It has also been shown that a macroscopic polarization is

sustained on heating up to this freezing temperature. A coupling between nanometer scale
clusters is believed to control the kinetics of the fluctuations and the development of a
frustration as the system freezes into states of local equilibrium. The possibility of an
orientational freezing associated with the ferroelastic nature of the nanosized polar regions in
the rhombohedral relaxor families as well as a polar freezing is discussed. A diffuse phase
transformation is believed to arise due to a dispersion in the fluctuation frequency of the
polarization. A qualitative model for the relaxation time spectrum is also proposed in which
the width of the spectrum broadens strongly near the freezing temperature.

I. INTRODUCTION vated polarization fluctuations. Isupov," however, obtained
Lead magnesium niobate (PMN) is the classic relaxor an activation energy on the order of k T with a preexponen-

ferroelectric. It easily forms a solid solution with lead tita- tial factor of I0 s ' by extrapolating Cole-Cole plots. He
nate (PT), and relaxor behavior persists up to the morpho- then explained the dielectric relaxation as a temperature de-
tropic phase boundary at a composition containing 35 at % pendence of the number of polar regions.
PT. Relaxors are characterized by a strong frequency disper- A spin-glass state is generally viewed as a system of in-
sion of the dielectric maxima (K.,,), and the absence of teracting superparamagnetic clusters,'' 3 and not as a sys-
macroscopic polarization and anisotropy at temperatures tem of clusters with independent localized behavior. The
significantly below K.,,. It is commonly recognized that all universal characteristic of a spin glass, and in general any
relaxors are highly inhomogeneous materials. Smolenski6  glassy behavior, is the existence of a static freezing tempera-
originally proposed that underlying the relaxor behavior ture. In structural glasses the freezing temperature, com-
was a chemical inhomogeneity on a cation site giving rise to a monly known as the glass transition temperature, is deter-
diffuse phase transformation (DPT). He postulated that the mined by the onset of measurable visco-elastic behavior on
DPT arose due to a multitude of local first order phase tran- observable time scales.'" In spin glasses a static freezing
sition temperatures. Smolenski's concept failed to explain temperature can be determined from the frequency depend-
why many nonrelaxor ferroelectrics have a DPT. Randall 7  ence of the permittivity-' which approaches a constant val-
has found evidence for short range chemical order on the ue at lower frequencies. The freezing of the magnetic mo-
nanoscale level using transmission electron microscopy ment in spin glasses is believed to arise due to competing
(TEM). Randall and Cross" have subsequently proposed interactions, both ferromagnetic and antiferromagnetic, be-
that it is the scale of the inhomogeneity which underlies the tween neighboring clusters preventing the establishment of
relaxor behavior. Cross' has proposed that these nanometer conventional long-range ordering.' 4 Instead, these systems
scale clusters are dynamical in nature with the dipole mo- become frustrated by establishing only local ordering, ferro-
ment thermally fluctuating between equivalent directions. magnetic and antiferromagnetic, between clusters. Several
In the absence of interactions between regions this model other types of competing interactions have been found to
would be analogous to superparamagnetism,' and conse- lead to glassy behavior. A dipolar glass is believed to exit in
quently the frequency dependence of the temperature of the Rb, (NH 4),H2PO, due to a competition between ferro-
dielectric maximum should be governed by a simple Debye electric and antiferroelectric couplings.', A quadrupolar or
relationship. Activation energies and preexponential factors orientational glass is believed to exist in KCN-KBr due to a
of approximately 7 eV and I Y' s-', respectively, have been competition between elastic interactions amongst different
obtained from analysis with the Debye equation" both of orientational states.'' 7 A competition between a random
which are physically unrealistic for simple thermally acti- strain field or anisotropy with a ferromagnetic coupling has

been predicted to lead to freezing."I All known glassy sys-
tems to date possess two key elements: ( I ) randomness due
an underlying disorder usually with clustering, and (2) frus-

*'Also in the Electrical Engineenng Department. tration leading to freezing.

2916 J. AOlO Phv$ 66 (6). 15 Seoternber 1990 0021-8979/90/1R291606S01 On 11 19 Amr*- n ,neft.1 . f.f P r oe "1



The purpose of this work was to investigate the dielec- TABLE 1. Temperature of the dielectric maximum in Kelvin tabulated

tric relaxation of PMN- IOPT and to determine if the data along side the corresponding measurement frequency.

give evidence for a static freezing tenperature. The dielectric Frequency (kHz) T., (K)

relaxation has been modeled by analogy to spin-glass sys-
tens. The cxpctaltion was 1o eshiblish Ilthti significant imler- 4). 1 31 l.1
actions do exist between the ferroelectric clusters, and to try 0.2 312.75

to determine the nature of these interactions and their impli- 0.4 313.4
1 314.35

cations in the understanding of the diffuse phase transforma- 2 315.05
tion in relaxors. 4 315.82

I0 317.38

II. EXPERIMENTAL PROCEDURE 20 318.2t
40 318.98

, The samples used in this study were PMN ceramics with 100 320.59

10 at % PT (PMN- OPT). They were prepared as described 200 32.71400 323.51

by Pan and Cross." The 100 Hz dielectric maximum was 1000 325.93
near 40 *C. The samples were free of aging as described by
Pan,"9 were free of pyrochlore as described by Shrout,2° were
of dimensions I X 0.5 X 0.03 cm, and were electroded with
gold. Stoichiometric aging free samples were used to avoid a
potential complication of the relaxation mechanism by a Fig. 2 that the frequency derivative of lIT,,,.. is smaller at
time varying defect structure. lower frequencies in the observed range. This figure visually

The dielectric constant was measured as a function of illustrates that as w'-,0 a static freezing temperature is ap-
frequency (w) between 100 and 0"C at a cooling rate of proached. The polarization as a function of temperature is
I "C/min. The frequencies used were 0. 1, 0.2,0.4, 1, 2,4, tO, shown in Fig. 3. An extrapolation of the slope at the inflec-
20, 40, 100, 200, 400, 1000 KHz. The dielectric curve for tion point to zero yielded a critical temperature near 290 K
each frequency was smoothed and interpolated to find the shown in Fig. 3 as Tf.
most accurate temperature of the dielectric maximum
(T,., ) to within 0.02 *C. The pyroelectric current was also IV. DISCUSSION
measured as a function of temperature, and the polarization The magnetic relaxation in spin-glass systems' 3 can be
was calculated by integration for comparison with the di- described by a relationship attributed to Vogel" and Fulcher5

electric data. given in Eq. (0

.111. RESULTS w =f ,exp[ - Eo/k( T.. -T,)] (I)

An illustration of the frequency dependence of the di- where Tf is the static freezing temperature, E. the activation

electric response is shown in Fig. 1. These curves demon- energy, fo, the Debye frequency, and T.. the temperature of

strate typical relaxor behavior with the magnitude of the the permittivity maximum. The activation energy is general-
dielectric constant decreasing with increasing frequency and ly believed to be the product of an anisotropy energy, K.,,,,
the maximum shifting to higher temperatures. The values of and the cluster volume, V, as originally described by Neel.' 0

T,,. and the corresponding frequency are tabulated in Table Analysis of the thirteen pairs of (w,T.. ), given in Table I,
I. Figure 2 shows a plot of the ln(w) vs 1/T,.,, where the with a Levenberg-Marquadt nonlinear analysis program us-
open squares are the experimental data. It is obvious from
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FIG. I. Dielectric constant as a function of temperature at measurement LN(o))
frequencies o0. 1, 0.2,0.4, 1,2,4, 10.20,40. 100 KHz. The highest dielec-
tric response is the 0. 1 KHz curve, the lowest is the 100 KHz curve, and the FIG. 2. Inverse ofthe temperature of the dielectric maximum as a function
other curves between are in order of increasing frequency. of the measurement frequency.
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FIG. 3. Remanent polarization as a function of temperature.

(III)

ing Eq. (I) gave an activation energy of 0.0407 eV, a preex-
ponential factor of 1.03 X 10"2 Hz, and a static freezing tem-
perature of 291.5 K. The curve fitting to the data is shown as
the solid line in Fig. 2. The close agreement of the data with
the Vogel-Fulcher relationship, suggests that the relaxor be-
havior in the PMN system is analogous to a spin glass with Ec(IlI)
polarization fluctuations above a static freezing tempera-
ture. The activation energy and preexponential factor are (ll
both consistent with thermally activated polarization fluctu-
ations. The most probable fluctuation mechanism is the ro-
tation of the polarization in an isothermal plane between
equivalent orientations as the electrocrystalline anisotropy
energy is generally smaller than the paraelectric free energy,
i.e., the polar fluctuations are not heterophase fluctuations. (Ill)
The PMN family of relaxors are rhombohedral,2" and conse-
quently the fluctuations will occur between (I ll ) variants. F10. 4. (a) Potential well diagram which illustrates the activation energy

K.,,,, then, is probably the electrocrystalline anisotropy en- for a superperaelectric relaxation where E,_ is the electrocrystalline anisot-

ergy which represents the barrier for a rotation of the polar- ropy and Pis the polarization. (b) Potential well diagram which illustrates
the activation energy for a heterophase fluctuation where E, is the paraelec-ization. between adjacent ( 1Il) variants as shown in Fig. t rfree energy.

4(a), rather than the paraelectric free energy representing

the barrier through the center (paraelectric state) which is
more consistent with heterophase fluctuations (paraelectric
to ferroelectric) as shown in Fig. 4(b). It is difficult to com- The Vogel-Fulcher relationship may be interpreted as a
ment with certainty on whether or not fluctuations may oc- normal Debye relaxation with a temperature-dependent ac-
cur between other minima, such as between ( I l l) and ( 110) tivation energy. The activation energy increases as the tern-
variants. Recent x-ray refinement results by Bonneau et aL.22  perature decreases becoming undefined at the freezing tern-
give evidence in support of this idea. A complete phenome- perature. A more realistic interpretation of this relationship,
nological description, then, may have to include variants in reference to relaxors, is that E. represents the activation
along other crystallographic orientations. It may be charac- energy for polarization fluctuations of an isolated cluster
teristic of relaxors that many of the minima are close to the with the temperature dependence arising from the develop-
same depth, i.e., the energy surface is near spherical. The ment of short-range order between neighboring clusters with
fluctuation mechanism in the tungsten bronze family of re- kT, being a measure of the interaction energy. It is certainly
laxors should be significantly different than the PMN family possible that the ferroelectric clusters interact via dipole and
because the structure in the prototypic form is tetragonal dipole-induced dipole exchanges. The possibility also exists
with only two domain states. The fluctuations in tungsten that the clusters could interact elastically through local
bronzes probably occur through the center and are more rhombohedral distortions implying that the clusters may
closely related to a heterophase fluctuation than a superpar- freeze into an orientational glassy state and are superparae-
aelectric relaxation. The static freezing temperature for lastic above the freezing temperature. The close agreement
PMN- 1OPT was in close agreement with the temperature of of the frequency dependence of Tm., with the Vogel-Fulcher
the collapse in the remanent polarization (290 K). The stat- relationship and the reasonable values obtained from the
ic freezing temperature is large relative to those of spin-glass analysis imply that the mean E. does not significantly
systems 3

,
24 and the Rbo63 (NH.). 3 H11,P0, polar-glass sys- change in the temperature interval investigated. The mean

tern." Eo would be expected to decrease with increasing tempera-

I
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ture if the frequency dependence of T,. was a reflection of freezing, or for the frustration which prevents the onset of
the inability bflhe larger clusters to follow the drive with long-range polar order. These questions may be resolved
increasing.frequency. The evidence presented here indicates when current studies to explore the separate nonlinearities in
that to a close approximation the kinetics of the polarization both dielectric and elastic responses are completed. The
fluctuations in the radio frequency range are controlled by most definite statement that can presently be said is that
the interactions between the clusters and the development of PMN relaxors probably possess both key ingredients for a
local correlations, and not by a change in the number of glassy state: ( I ) disorder with clustering, and (2) a competi-
ferroelectric clusters or their size. Careful inspection of the tion between interactions leading to freezing. It may be sug-
data did reveal a slow decrease in E. as the higher frequen- gested that the differences between various relaxors is a re-
cies values of T.,, were added in the analysis, and also the 10 flection of the different nanoscale interactions and the
GHz T,., ( 125 C) as reported by Jang2' was approximate- corresponding competitions which dominate the freezing
ly t) "C higher than predicted from the radio frequency data process.
using Eq. ( ). The fundamental difference between spin-glass freezing

The PMN system partitions into nanoscale clusters of and a thermal blocking process as observed in superpara-
1: 1 ordering between Mg and Nb and into disordered regions magnetism is that freezing is a collective or cooperative phe-
which are Mg deficient.' Because of this "fossil" chemistry nomena, whereas a thermal blocking process is a local or
left over from the processing, relaxors may not be able to independent phenomena. The cooperative phenomena is be-
establish a homogeneous order of the polarization but only lieved to be a reflection of interactions which are "in con-
short-range order between neighboring clusters. It is gener- flict" due to inhomogeneities. The implication is that the
ally believed that for the development of glassy behavior relaxor behavior is also a collective phenomena where short
competing interactions are necessary in addition to a chemi- range interactions between the micropolar regions control
cal disorder. This may not necessarily be the case in relaxors, the kinetics of the polarization fluctuations and the freezing
but there are previous results in the literature which lend process. Because of the cooperative nature of the freezing
support to such a hypothesis. It is well known that the anti- process the field-cooled relaxor state has a macroscopic po-
ferroelectric phase boundary on the lead zirconate side of the larization and is hysteretic below T. The agreement of the
lead zirconate titanate (PZT) phase diagram extends extrapolated temperature of zero polarization with the freez-
towards the morphotropic phase boundary with increasing ing temperature indicates that the collapse of the remanent
La[ (PLZT), and there have been reports that PLZT relax- polarization is a result of the kinetics of the fluctuations.
ors are in a mixed phase region of ferroelectric and antifer- When the kinetics approach observable time periods, the po-
roelectric members.27 " Randall" has recently found evi- lar axes of the clusters begin to randomize and consequently
dence which indicates that some nanoscale clusters in PLZT a poled sample loses its macroscopic polarization and anisot-
are ferroelectric and others antiferroelectric. Also, lead ropy. Figure 5 illustrates the expected agreement of the near-
scandium tantalate (PST) and lead indium niobate (PIN) zero frequency dielectric response and the collapse of the
are both relaxor ferroelectrics of the PMN family with simi- remanent polarization at T. The difference between the
lar properties whose positional order can be controlled by zero-field-cooled (unpoled) and field-cooled (poled) states
thermal treatment. The ordered PST isferroelectric, - . -3 ' but might be that the properties of the zero-field-cooled state
the PIN orders into an antiferroelectric state. 1 -.. These correspond to a single minimum in phase space representing
results imply that there may be tendencies for both ferroelec- the average local equilibrium, whereas the properties of the
tricity and antiferroelectricity in the PMN and PLZT fam-
ilies. A possible explanation for this tendency may be that
the potential wells along the ( I l ) directions are very shal-
low, and hence other wells representing different orienta-
tions or order parameters may make a significant contribu-
tion to the overall free energy. The implication is that the z
development of a frustration on freezing may occur due to
the complex nature of the free energy phase space. Another 2
possible mechanism by which conflicting interactions may 4 0 H0 __ 0
arise is via a perturbation on a potential well ofa micropolar "" - T .. , 0
region due to interactions with neighboring regions. In this 4 - , ,

/, -.--situation the dipole moment of a micropolar region would 0 /, - ."-
.. .....-

not be able to fluctuate independently of its neighbors. The 0
dipole moments, then, would not freeze randomly into a var- -- .
iant, but the freezing process would be cooperative and the - .. -
direction in which one dipole freezes influences its neigh- - H
bors. The macroscopic effect may be that some regions ener- If
getically favor a ferroelectric coupling with their neighbors, TEMPERATURE
while the other regions favor antiferroelectric or ferroelastic FIG. 5. Diagram illustrating the proposed agreement of the collapse in th,.
couplings. It is too early to speculate effectively any further remanent polanzation and the static freezing temperature as calculated
upon the exact nature of the interactions responsible for from the dielectric data.
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field-cooled state correspond to the average over all minima
representing a global equilibrium. The establishment of the
global equilibrium would only occur through a forced elec-
trical or eleciroelastic alignment of the polarization vectors
of the clusters. On subsequent cooling below T the dipoles
would stay aligned after the field is removed.

The clusters have a size dispersion which determines the
width of the relaxation time spectrum. A significant size dis- T O. To

persion was found by Randall' and Harmer"' using TEM. A TT*, IE-

relatively small difference in the cluster volume would make
a large change in its fluctuation frequency. Assuming a tem- FIG. 6. Diagram illustrating the proposed temperature-dependent retaxa-

peratulare of 50 "C, spherical regions with an average diameter tion time spectrum. G(r) is the number of micropolar regions having a re-

of 50" which is in agreement with the mean size found by laxation time r.

TEM," 4 and accepting the activation energy and freezing
temperature presented in this work, an electrocrystalline an-
isotropy of 6.22 X 10-' eV/nm " and a value for k( T - Tf ) only move individually. The response of the smaller clusters
of 0.00271 eV can be approximated. Using Eq. (1 ), it can be which fluctuate more rapidly will "clamp out" at lower tern-
shown that regions of diameter 45 and 55 A would have peratures becoming paraelectric. When this occurs, the aver-
fluctuation frequencies of approximately 2 x 107 and 2 x 103 age distance between the remaining ferroelectric clusters
Hz, respectively. The freezing process, then, may be related will increase decreasing their interaction. Above this tern-
to a strong broadening of the relaxation time spectrum perature, polar and nonpolar regions co-exist with the vol-
whose mean extends into the regime of macroscopic times at ume fraction of the polar regions decreasing with increasing
T. The faster end of this time spectrum, i.e., smaller clus- temperature as more clusters become paraelectric. Below a
ters, would control the relaxation observed below T which critical percolation threshold, the correlation between the
subsequently must be cooled to lower temperatures to reach remaining ferroelectric clusters will be destroyed. At this
macroscopic time periods. An implication of the relaxation point the clusters become isolated behaving as an ideal su-
below T is that the system may freeze into a state which has perparaelectric. The deviation of the frequency dependence
nonequilibrium characteristics such as a time-dependent or- of T,. from the Vogel-Fulcher relationship at high tem-
der parameter. It is possible that other relaxation mecha- peratures may then be explained by a change in TfI/T as
nisms are becoming important below T,. For example, a the distribution of relaxation times extends into the regime
relaxation associated with domain wall vibration or a relaxa- of the Debye frequency.
tion due to the cooperative motion of a group of clusters. A model of a temperature-dependent relaxation time

In an ideal superparaelectric the clusters are indepen- spectrum is presented in Fig. 6. This model is not quantita-
dent and the frequency dependence of T., is gov'rned by tive, but is qualitatively consistent with the experimental ob-
the Debye equation (w=f,,e- A/k7na). The Vogel- servations. The isothermal width ofthe spectrum is shown to
Fulcher relationship can be rearranged to become very broad at T, with the mean value (7., ) ap-

w =fle - r , where Tl/Tm8 , is a measure of the proaching macroscopic time periods. Below T, a noticeable

nonideality of a superparaelectric state due to interactions, fraction of the relaxations is shown to occur at shorter times.

As the temperature is increased T/T,,, decreases and the The shortest relaxation time ('m,,) is shown to approach

clusters behave more ideally. At the 10 GHz T ,,.. macroscopic times only at temperatures far below T.

(125 "C),2" Tj/Tn. is approximately 0.7 suggesting that Above T, the isothermal width of the relaxation time spec-

strong correlations between clusters exist even at high fluc- trum continuously sharpens as the temperature is increased

tuation rates, but significant deviation from the Vogel- with r. and r..m. approaching the microscopic time regime.

Fulcher relationship with respect to the radio frequency data Upon further increment of the temperature r, approaches

was evident. At 900 K T, /7.... is predicted to be 0.3 which is r, and at T , becomes larger than r-. T, can be viewed as the

physically unrealistic. Obviously, the Vogel-Fulcher rela- start temperature of the diffuse phase transformation in

tionship cannot be used to model the dielectric relaxation which polar and nonpolar regions co-exist. At temperatures
near and above 10 GHz. The deviation from this relationship greater than Td, r., and r,,, begin to approach T, indicat-

can be explained by conceptually adjusting the static picture ing that the volume fraction of the polar regions is decreas-

of the diffuse phase transformation. Instead of having polar ing.

and nonpolar regions co-existing over a broad temperature
interval with the volume fractions continuously changing,"5  V. CONCLUSION

local polar regions which have a dispersion in their fluctu- Strong evidence for a static freezing temperature of ther-

ation frequencies may co-exist over a significant part of this mally activated polarization fluctuations in PMN- IOPT was
interval. The dispersion in the fluctuation frequency is a re- found by modeling the dielectric relaxation using the Vogel-
flection of the cluster size dispersion. A cluster will remain Flucher relationship. The activation energy and static freez-
ferroelectric until the temperature at which its polarization ing temperature obtained were 0.0407 eV and 291.5 K. re-
fluctuates at a frequency approaching (but below) the De- spectively. The macroscopic polarization was also found to
bye frequency above which point the dipoles of a cluster can collapse near the static freezing temperature on heating. A
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Local polar configurations in lead magnesium niobate relaxors
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The field dependence of the dielectric response has been measured for lead magnesium niobate
relaxors. The frequency dispersion of the temperature of the permittivity maximum, TOW., was
analyzed using the Vogel-Fulcher relationship. The field dependence of the permittivity at
various temperatures was also modeled using a phenomenological expansion in the electric
field. The activation energy and a softening of the dielectric response were found to be
maximum under a small bias. The freezing temperature was found to be minimum near this
same bias. These results are interpreted to mean that the moments of the polar clusters do not
freeze in random orientations, but rather locally preferred configurations of moments are
proposed to exist. Evidence is presented that the scale of these configurations is approximately
100 A. At higher biases the relaxation mechanism was shut down; consequently, the nonlinear
response was stiffened and T,,. increased. The nonlinear response was also found to be
maximum near the freezing temperature.

I. INTRODUCTION found strong nonlinearities and a suppression of the frequen-
cy dispersion at higher biases. Xi, Zhilli, and Cross" pro-

Lead magnesium niobate (PMN) was the first ferro- posed an electric-field-induced micro-macro domain transi-

electric discovered which exhibited a classic dielectric relax- tion in La-modified lead zirconate titanate with 8 at. % La

ation' and consequently was designated a relaxor ferroelec- and a Zr/Ti ratio of 65/35 near the temperature of the onset

tric. Since that time, many relaxors have been identified in of a macroscopic polarization to account for the field depen-

mixed oxide systems, primarily in the perovskite and tung- dence of the dielectric response.
sten bronze structure families. Relaxors are unable to sustain Spin glasses can be viewed as interacting superparamag-

a macroscopic polarization until temperatures significantly netic clusters.'0 These materials are characterized by a

below the dielectric maximum (K ., ), but a local polariza- freezing temperature at which the fluctuations of the mag-
tion is known to exist until much higher temperatures.- netic moment condense and by conflicting interactions. Spin
These locally polarized regions are believed to have rhombo- glasses are also known to be strong nonlinear materials mag-
hedral symmetry' and, consequently, eight equivalent var- netically. It is generally believed that the change in proper-
iants. In consideration of these findings, Cross' suggested ties is a reflection of an alignment of spins and an ordering of
that the polar clusters are superparaelectric with the polar- nearest-neighbor interactions, leading to a change in the dy-
ization thermally fluctuating between equivalent directions. namics of the freezing process. The magnetic permittivity,2

The density of the polar clusters as observed by transmission temperature of the permittivity maximum,22 and the onset
electron microscopy" (TEM) is high enough that collec- of irreversibility 2 have all been reported to be altered by
tive effects between clusters may be significant. Viehland et magnetic fields. The purpose of this work was to investigate
al.7 have consequently suggested that the fluctuations have a the field dependence of the freezing process and the nonlin-
freezing temperature similar to spin glasses. Similar behav- ear permittivity in PMN relaxors. The field dependence of
ior in which long-range polar order is in conflict with ran- the dielectric response has been comprehensively measured

dom freezing has been reported in KTa, Nb,O,,'" up to bias levels above saturation.
K,_ ,LiTa0,"' and K, ,(NH4),H,P0 4 ." Burns and
Dacol' 2 and Bovton et al." have previously discussed the II. EXPERIMENTAL PROCEDURE
similarities of PMN relaxors to dipole and spin glasses. The samples used in this study were PMN ceramics with

Relaxors are known to be strongly nonlinear materials. l0 at% PT (PMN-IOPT). They were prepared as described
The dielectric permittivity '" and elastic constants' "  by Pan.24 The 100 Hz dielectric maximum was near 40"C.
have both been reported to be altered by an electric field. It is The samples were free of aging as described by Pan,24 free of
generally believed that the nonlinearities are a reflection of pyrochlore as described by Swartz and Shrout,2" of dimen-
the macroscopic polarization which can be sustained by an sions I cm X 0.5 cm x 0.05 cm, and electroded with gold.
electric field to much higher temperatures. The polarization Stoichiometric aging free samples were used to avoid a po-
is completely reversible and collapses when the field is re- tential complication of the relaxation mechanism by a defect
moved. Pan et al.' have investigated the field dependence of structure.
the room-temperature dielectric constant in PMN; they The dielectric response was measured as a function of
_ _ _ _frequency and temperature at bias levels of 0, 0.5, 1, 2, 3,4, 5,
'Alsoin the Electrical Engineering Department. 6, 7, 8, 10, 12, 14, 20, and 28 kV/cm. The frequencies used
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FIG. I. Dielectric constant and dissipation factor as a function of tempera- 0 I
lure at measurement frequencies of O.l1. 1. 10, 100. and 1000 kHz. The lar- Iijii
gest dielectric constant and dissipation factor are the 0. 1 kHz. the smallest 40
are the 1000 kHz. and the other curves between are in order of increasing
frequency. (a)-(d) are at bias levels of 0, 8, 20, and 28 kV/cm respectively. 20 20 300b o 0 2O 0 30
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FIG. 2. (a) Permittivity maximum (K,,,,) as a function of dc bias level.

were0.1,0.2, 0.4, 1,2,4,10, 20,40,100,200,400, and 1000 The measurement frequencies were 0.1. 1. 10, 100. and 1000kHz. The lar-
kHz. Measurements were made in the temperature range of gest K,,, s are the 0. 1 kHz. the smallest are the 1000 kHz. and the other

0-150 oC by cooling at a rate of I "C/min. The measurements curves between are in order of increasing frequency. (b) Temperature of

were made using an HP4275A and 4274A LCR meters. Two permittivity maximum (T,,., ) as a function of bias level. The measurement

large blocking capacitors were used to protect the dielectric frequencies wereO. 1, I, 10. 100. and 1000 kHz. The lowest temperatures are
theO. I kHz, the highest are the 1000 kHz. and the other curves between are

bridge from possible dielectric breakdown of the sample. A in order of increasing frequency.

20-Mfl resistor was put in series with the dc power supply so
as not to bypass the ac current from the capacitance bridge.

Ill. RESULTS ments of polar clusters. The permittivity decreased by ap-

The field dependencies of the dielectric responses, both proximately an order of magnitude under a bias level of 28
Teal a d magindeillsoftetratedi Fig s. b(a)- foh kV/cm relative to 0 kV/cm. At higher biases, the sample

real atd imaginary, are illustrated in Figs. (a)-il(d) for probably has reached saturation with nearly all moments
bias levels of 0, 8,20, and 28 kV/cm, respectively. it can be aligned, andconsequently thedielectric response (6P/bE) is
seen that an electric field reduces the dielectric constant, lower. The polarization behavior for PMN- IOPT has recent-
suppresses the frequency dispersion, and increases the tem- ly been modeled by modifying Nls equilibrium equation

perature of the dielectric maximum. Also, the dielectric loss fo buepamaet i n u er s o uileiat eqeti-
was edued nd howd amoreproouned axium.Un- for superparamagnetic clusters to include an effective inter-was reduced and showed a more pronounced maximum. Un- nal field. 21' A more complete understanding of the field de-

der larger biases, Maxwell-Wagner losses are evident at high pendence of the relaxor behavior might be obtained by a

temperatures as shown in Figs. I (c) and 1 (d). The loss is careful analysis of the kineiohe dielectric response and

not shown in Fig. I(d) above 80 C in order to make the its n li otibutio
grap disingishale.its nonlinear contribution.

graph distinguishable. The frequency dependence of the temperature of the
The field dependence ofK_,_, is shown in Fig. 2(a). The permittivity maximum can be modeled using the Vogel-0. I-kHz K,... was approximately 15 000 under 0 kV/cm, Fulcher relationship ' -"," given in Eq. ( 1):

decreased slowly at lower bias levels, and then decreased
quadratically to approximately 1500 under 28 kV/cm. At W =j exp( -E ()
higher frequencies, K,,,,. showed less field dependence, but k( T,,,, -Tj

no dispersion of K..... was observed above 10 kV/cm. Th e wheref, is the Debye frequency, Eo is the activation energy,
field dependence of the temperature of the dielectric maxi- T,,,,, is the temperature of the permittivity maximum, and
mum (T,,,,,) is shown in Fig. 2(b). The 0. I-kHz Tm.. went Tj is the freezing temperature. The 13 pairs of (w, Tm.,) for
through a minimum of approximately 38 "C under 3 kV/cm each bias level below 10 kV/cm were analyzed using a Le-
and then increased to approximately 110"C under 28 venberg-Marquardt nonlinear fitting to Eq. (I) solving for
kV/cm. Similar results were obtained for the other frequen- fo, E, and T. The analysis was done assuming that f, was
cies. At higher measurement frequencies, T.,. was less de- constant at all bias levels. A value of 1.03 X 10" s - I resulted
pendent on the bias, but no dispersion was observed above 10 in minimum variance. The resultant values for Eo and 7, are
kV/cm in the frequency domain investigated, given in Table I along with the corresponding bias level.

IV. DISCUSSION Figures 3(a) and 3(b) show E. and T as a function of bias,
respectively. E, went through a maximum near 3 kV/cm

The strong field dependence of the dielectric permittivi- and then decreased quadratically to zero near 10 kV/cm. T
ty can be interpreted in terms of an alignment of the mo- went through a minimum near 3 kV/cm and then increased
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TABLE I. Activation energy (E.) and frzing temperatre (T,) tabulated - 1-o V. .. .

K X -. I . . -I 20 X ) I IT • | .

along side the corresponding bias level. 2 893

Bias 0k/m .42 (eV8) T, (K) a mYGOc0.00 0.0407 291.50

2.00 0.0426 289.37 (a) IAS t/M) (b) BIAS t/em)
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5.00 0.0395 290.80 d s 000th k

6.00 0.0363 293.51 VIOO_100
It-

7.00 0.0287 299.56 0
8.00 0.0217 306.20 a aa 0 6 a

4000___________2L____L__-_____Is_ 0 2 4 6B

IC) BIAS thytm) Wd BIS a(thwa,.

FIG. 4. Permittivity as a function of bias level at various temperatures for

dramatically above 10 kV/cm. The field dependence of the measurement frequenciesofOl, 1,.10, 100, and 1000 kHz. Thesolid points
permttiitywas modeled with a phenomenological expan- are the experimental data, and the solid line is the curve fitting to Eq. (2).

PeflltttitYThe highest dielectric response is the 0. 1 kHz. the lowest is the 1000 kHz,
sion in the electric field as given in Eq. (2): and the other curves between are in order of increasing frequency. (a)- (d)

X(E, 7) = Xo(T) + X2 (T)E 2 + 4 (T)E 4 + , (2) areat measurement temperaturesofO. 15. 25. and 40'C, respectively.

where ,(7") is the zero-field permittivity, ,X2 (1) is the sec-

ond-order nonlinearity, and .y (7) is the fourth-order non- The strong decrease in E. indicates that a large dc bias

linearity. The fitting of the data is shown as the solid lines in shuts down the relaxation mechanism. The electric field may

Figs. 4(a)-4(d), and the experimental data as the solid cir- split the degeneracy of the eight equivalent rhombohedral

cles. X2 and .4 as a function of temperature at measurement states and significantly change the depths of the potential

frequencies of 0. 1 and 100 kHz are shown in Figs. 5(a) and wells. As a consequence, the polarization can no longer ro-

5(b), respectively. Both nonlinear components had anoma- tate between neighboring directions near this "pinch-off."

lous behavior near 15 C, which is close to 7"/. The second- The degeneracy of the variants is not split in normal ferro-

order nonlinearity was positive (soft) near T,, but became electrics because, before the required field level is reached,

negative (stiff) at higher and lower temperatures. The domain wall motion sets in. The field dependence of E. for a

fourth-order nonlinearity was soft above 60 °C and became rotation of the magnetic moment of a superparamagnetic

stiff at lower temperatures. Similar results were obtained at cluster was derived by Nel. " A similar expression in terms

the other measurement frequencies, but are not shown in of the electric field for a superparaelectric cluster is given in

order to make the graph distinguishable. The magnitude of Eq. (3):
both nonlinear components decreased with increasing fre- E 2

quency. E. =E0F.(0)(1 ± (3)
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E V)0.02' " 5 
;
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(bI BIAS tkVlem) FIG. 5. (a) Second-order nonlinear dielectric response (y,) as a function
FIG. 3. (a) Activation energy (E,,) as a function of bias level. (b) Freezing oftemperature where T, is the freezing temperature. (b) Fourth-order non-

temperature (T,) as a function of bias level. E. and T, were calculated using linear dielectric response (,) as a function of temperature. Both figures

Eq. (I). show data for measurement frequencies of 0. 1 and 100 kHz.
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where Eis the applied field, and E, is the anisotropy field. E, which yielded a value of 0.005 eV. The analysis was done
can be approximated as 2E,, (O)/Pk,.., V," where P,.., is the simultaneously for all measured frequencies under zero bias
local polarization, and V is the cluster volume. E. (0) was in order to obtain the best estimate.
0.0407 eV, and the cluster diameter of PMN has been report- The decrease in Tf and the softening of the dielectric
ed to be between 2 and 5 nm.5'6 The mean cluster diameter response can be understood in terms of an enhanced fluctu-
can be assumed to be the average of these two values, and ation kinetics under small biases. The magnitude of X' and
assuming spherical regions, the volume can be approximated AT were small, which is undoubtedly a reflection of the
as 2.5 X 10 - " cm'. The local polarization has been found to small value of AE.. An approximation for an internal bias in
be approximately 0.25 C/m 2,2 and E, can then be estimated the unelectrified state can be obtained by setting AE. equal
as 22 kV/cm. The fluctuation frequencies at 40 °C under 10 to an electrical energy as given in Eq. (5):
kV/cm for the 0. 70., 110, and 180" variants are then JE P1.1 V = AEo, (5)
2X 10- , 0.5, 2.5X 10', and l.5X 10Q Hz, respectively.
Some relaxation may be detected due to rotations between where E,, is an internal bias. Ea, is not the mean value of the
the I 10 and 70' variants at measurement frequencies above random dipole field, but rather reflects the dependence of E.
100 kHz, but the population of these states is relatively on the configurations of neighboring moments. Vand P,,..,
small. The average relaxation time under 10 kV/cm, then, is were approximated above as 2.5 X 10 2" cm' and 0.25
so long compared to the half-cycle of the measurement that C/m 2, respectively. E, can then be estimated as 2.5 kV/cm,
the system is essentially kinetically frozen. This model can which is nearly equal to the field level at which i was maxi-
qualitatively describe the shut down of the relaxation mech- mum and T minimum. This indicates that the maximum
anism, but it predicts that E. should decrease significantly at softening of the dielectric response and minimum T, may
low bias levels. The measured E. actually increased until a occur at a threshold field which overrides the local configu-
threshold bias. rations. The local dipole fields may tend to locally align the

To more accurately describe the field dependence of E,, cluster moments, consequently slowing down the fluctu-
the effect of cluster interactions needs to be included. Inter- ations. If the scale of the local configurations is small, the
actions have recently been accounted for by including an preferred alignment will average out over a macroscopic
internal field.2" The internal field was treated as a macro- scale, but the effect on the fluctuation kinetics will not. A
scopic average, but there will also be local dipole fields small applied bias adjusts the potential wells and on a global
between cluster moments in the unelectrified state which are average decreases AE,,; consequently. the fluctuation kinet-
probably randomly orientated as evidenced by a lack of mac- ics are enhanced. The maximum softening and minimum T,
roscopic polarization and anisotropy. One of the effects of a then occurs when the potential variants are closest to being
local field will be to change the depths of the potential wells equivalent.
and to make them dependent on the configurations of neigh- A potential-well model which describes the field depen-
boring clusters. A possible explanation of the maximum in dence ofthe equivalent variants is shown in Figs. 6(a)-6(c).
E,, at 3 kV/cm then is that the sample becomes internally Figure6(a) represents the unbiased state and illustrates that
biased by finding locally preferred configurations of mo- the degeneracy of the equivalent variants is inherently split.
ments. Under a small electric field, then, a threshold is The splitting energy is shown as AE. Figure 6(b) represents
reached where on the global average the difference between the average potential well under 3 kV/cm. This figure shows
the potential minima is smallest. Assuming that the local that the variants are essentially all of the same depth. At this
internal biases have a net direction along one of the rhombo- point the moment can most readily access aI variants. Fig-
hedral orientations the 0', 70%. 110', and 180' variants are ure 6(c) shows the average potential well near "pinch-off"
lowered by AE,,, AE,, cos 70, AE,, cos 110, and - AE,,, re- where the relaxation mechanism ,ias essentially been shut
spectively. The average relaxation time (r) can be ap- down. This figure shows that the variant antiparallel to the
proximated by a statistical average over the entire set of re- field has been raised by nearly E. and the variant parallel to
laxation times if the splitting of the degeneracy is much the field lowered by E,.
smaller than E,,. An approximation for -r,,,, is given in Eq. The glassy nature of relaxors in the unelectrified state
(4): probably arises due to the random dipole fields between clus-

- E ter moments. If the dispersion in the local dipole field is of
= E , + AE +- the same order as the mean local field, then the macroscopic
8 Iexl'l . - 1 exp) th T)8 \ek(T,... - T,) +ePk(,..... - T/ system may try to partially order the cluster moments. Ifthe

(E, + AE, cos 70' mean local field cannot override the inhomogeneity, a global
+ 3 exp ...... . equilibrium cannot be established. Vugerneister and Glin-ex kCT, ... - T,) ] chuk" have proposed a dipole interaction theory for strong-

/_E7 - AE. cos 70'\ ly polarizable solids with soft phonon modes. The prediction
+T3 l\ k( T - T/) ]J' (4) of this theory is that if Nr i, then the dipoles will favor a

ferroelectric ordering, and if Nr ,( I, then the dipoles will
where E. is the activation energy under 3 kV/cm, at which freeze randomly, where N is the dipole density and r, is the
point E. was maximum and presumably the energy differ- correlation radius. N can be approximated as V/IV, where
ence between the variants smallest. Equation (4) was mod- V is the volume fraction of the polar clusters. V, is not
eled using a nonlinear analysis program solving for AEo, known precisely, but will be roughly estimated here as J from
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E() E• gV/cm ing. The implication is that the freezing in relaxors may oc-
cur when the correlation length reaches a value where polar
clusters have multiple neighbors which are mutually polar-

0 izing. Other nanoscale interactions could lead to freezing in
AE I relaxors, and in fact recent results indicate that the freezing

in PLZT could be due in part to strain fields.
The results suggest that there may be a hierarchy of

relaxation processes associated with a complex phase space
W having many local energy minima associated with different

configurations of moment orientations. The splitting of the

degeneracy of the equivalent variants can serve as a driving
force for a subsequent search for an optimum configuration
suppressing the fluctuation kinetics. The cluster moments
may then be able to relax below T" when the moments of
neighboring polar clusters are in certain improbable configu-
rations. The implication is that the relaxational process is
not truly stochastic in that the "random walk" has favored

W E-I0KV/Cm local minima which drives the relaxation. The measured val-
ue of AE,, should be slightly different for measurements

90 W made on heating as compared to cooling, and in fact the
dielectric response has been found to be different.'" At the

A start of a cooling run, the moments may be thermally rando-
mized, destroying the local configurations, whereas on a
heating run the initial state is not disturbed. The low-field

FIG. 6. Diagram illustrating tile proposed potential-well model which de- aging of the dielectric permittivity in PMN24 can aiso be
scribes the field dependence of the dielectric response. E is the activation interpreted using this model. The aging occurs over long
energy, AE is the inherent zero field splitting of the equivalent variants, and
E,, is the activation energy, at which point the energy diffierence between tile time periods near the maximum in the permittivity. The re-
variants is smallest. (a)-(c) are for dc bias levels of O, 3, and 10 kV/cm. laxation time of the aging process is much longer than that of

the polarization fluctuations at this temperature, indicating
that there is a hierarchy of mechanisms. Defects may be able

TEM micrographs. : '° The correlation length has been found to significantly change the optimum configuration, and con-
to saturate near freezing at 200 A," and the correlation radi- sequently the permittivity decreases with time because the
us may be approximated as 100 A. Nr can then be estimated kinetics of the fluctuations are suppressed as more favorable
for PMN as 10. This indicates that relaxors are not ideal configurations are found.
dipole glasses, but have some tendency towards ferroelectric At biases above 3 kV/cm, the dielectric response be-
ordering of the cluster moments. This ordering obviously came stiff, which indicates that the fluctuations are slowed
does not go to completion; the macroscopic system may in- down by large electric fields. The maximum nonlinearites
stead establish preferred configurations of orientations of occurred near T., which is close to the temperature where
cluster moments. Below , the macroscopic system is stuck the remanent polarization collapsed." It is perhaps logical to
in these configurations and cannot establish a normal polar anticipate the nonlinear response to be optimal at this point
state. The implication is that relaxors freeze into configura- because an electric field can most effectively repopulate the
lions which have a texture on the nanometer scale and that orientations of the moments in its direction. Consequently,
this texture is the "precursor" to long-range polar order of a the randomness ofthe dipole fields between cluster moments
macrodomain state. The scale of these configurations below would be unstable to an ordering field which would effective-
F, can be assumed to be approximately the same as the maxi- ly give a nonlinear feedback to the dielectric response. At
mum correlation length. This scale is such that on a global bias levels above pinch-off. T and T,,, increased rapidly,
average the preferred alignment averages out, and no macro- approximately 80 °C between 10 and 28 kV/cm, and seemed
scopic polarization or anisotropy is observed, to be saturating at the highest bias levels. The correlation

Locally preferred configurations could arise by the mac- length is known to be field dependent. 2 As the correlation
roscopic system balancing the configurations of nearest and length increases, the effective cluster volume increases, and
next-nearest cluster moments. The local effect may be that consequently the interactions between polar clusters are
the potential minima of the variants are split by dipole-di- longer range and the kinetics of the fluctuations are slower.
pole interactions in such a manner that on a global average At bias levels above the point where the fluctuations have
the 0 variant is lower for nearest-neighbor configurations condensed, the electrification may override the chemical in-
and the 70 or 180" variant is lower for next-nearest-neighbor homogeneity which normaly prevented long-range polar or-
configurations. The macroscopic system may minimize its dering. T,,,,, then approaches the value of the homogeneous
frustration by partially satisfying the drive for an ordering of state. Near saturation, the correlation length may reach the
the moments. It is generally believed that spin-glass behavior macroscopic scale, and T,. saturates. The glassy character
is a reflection of competing interactions which lead to freez- of relaxors is then destroyed by a large applied electric field
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which orders the local dipole fields and establishes a global K. Lyon, P. Pleury, J. Negron, and H. Carter, Phy. Rev. B 36. 2465
equilibrium. (1987).

"U. Hochis. P. Kofel, and M. Maglione, Phys. Rev. B 32 4546(0925).
"E. Courtens. T. Rosenbaum, S. Nagler. and P. Horn, Phys. Rev. B 29.3515
(1984).

V. CONCLUSION 'G. Burns and F. Dacot, Solid State Commun. 58. 567 (1996).

Evidnceforloca cofigratins f te moent ofpo "V. Boviun. N. Krainik. L. Markova. Y. Poplmvko, and G. Sniolenski. Soy.
Evidnceforloca cofigratins f te moent ofPO" Phys. Solid State 25. 225 0984).

lar clusters in PMN relaxors was found. A small applied ' 4A.'Gois. J. Apli. Phys. 40.469" (1969).
field is believed to override these configurations, enhancing "W. Pan, W. Gu, D. Taylor and L. Cross ipn. J. AppI. Phys. 28, 653
the kinetics of the polarization fluctuations. Large biases are (1989).

1"T. Shrout. Ph.D. dissertation. The Pennsylvania State University (1980).believed to order the local dipole fields between cluster mo- "G. Schmidt, H. Beige, G. Borchhardt, J. Cientinski. and R. Rossbach.
ments, destroying the dipole-glass character of relaxors. Ferroelectrics 22, 683 (1978).

'"T. Shrout, W. Schulze, and J. Biggers, Ferroelectrics 34. l05 (1981).
"Y. Xi. C. ZhiIli, and L. Cross, Ferroelectrics S4, 163 (1983).
"K. Binder and A. Young, Rev. Mod. Phys. 58, 4, 801.

ACKNOWLEDGMENT 21 S Chikazana, Y. Yaochanas, and Y. Miyalo, J. Phys. Soc. Jpn. 49, 1260
Thiswor ha ben sppoted n fll y cntrctsad- (1980).
Thiswor hasbee suportd i ful byconract ad 22J. de Almedia and D. Thouless, J. Phys. A 11, 983 (1978).

ministered through the Office of Naval Research. "C. Paulsen, J. Nanida, S. Williamson, and H. Maletta, J. AppI. Phys. 55.
1652 (1984).

'G. Smolenski and A. Agranovska. Soy. Phys. Solid State 1. 1429 (1960). 1 W. Pan, Ph.D. dissertation, The Pennsylvania State University (1988).
2 G. Burns and F. Dacol. Solid State Commun. 48. 83(1983). 25S. Swartz and T. Shrout. Mater. Res. Bull. 17. 1243 (1982).
L. Shebanov, P. Kapostius, and J. Zvirgzds. Ferroelectrics 56, l057 " D. Viehiand. S. Jang, M. Wuttig, and L. Cross (unpublished).
(1984). 27J. Tholence. J. AppI. Phys. 50. 7369 (1979).

4L. Cross. Ferroelect rics 76. 241 (1987). '"S. Shtrikman and E. Wohlfarth, Phys. Lett. BSA, 467 (198 1)
~C. Randall and A. Bhalla. J. Miater. Sci. 29. 5 (1990). 2 L. Neel. C. R. Acad. Sci. 228. 664 (1949).

'J. Chen. H. Chan. and M. Harmer. J. Am. Cer. Soc. 72, 593 (1989). " R. Chantrel and E. Wohlrarth. J. Magn. Magn. Mater. 40.1 (1983).
'D. Viehland. S. Jang. L. Cross and M. Wuttig, J. AppI. Phys. 68, 2916 " B. Vugemeister and M. Glinchuck, Soy. Phys. JETP 52, 482 (1980).

(1990). 32S.~ Vakhrushev, B. Kvyattovsky, A. Naberezhnor, N. Okuneva, and B.
'G. Samara, Jpn. 3. AppI. Phys. 24, Sup[. 24-2, 80 (1985). Topervers, Ferroelectrics 90, 173 (1989).

419 J. Appi. Phys., Vol. 69. No. 1, 1 January 1991 Viehland et at 419



I
I
I
I
I
I

I
I APPENDIX 25

I
I
I,
I
I
I
I

I
I



I

THE DIELECTRIC RELAXATION OF LEAD MAGNESIUM

INIOBATE RELAXOR FERROELECTRICS

Dwight Viehland, S. Jang, L. Eric Cross

Materials Research Laboratory, The Pennsylvania State University

University Park, Pa. 16802

Manfred Wuttig

Department of Materials and Nuclear Engineering, University of Maryland

ICollege Park, Md. 20742

IThe dielectric spectroscopy of lead magnesium niobate relaxor ferroelectrics

has been investigated over the frequency range of 102 to 107 Hz. The imaginary

component was found to become nearly frequency independent below a freezing

temperature, and scaled to a phenomenological equation involving the Vogel-

Fulcher relationship. The absorption and Cole-Cole plots were found to become

very broad near this freezing temperature. The relaxation time distribution was

Isubsequently calculated by analogy to spin and dipolar glasses. A strong

broadening of the distribution was found in the vicinity of the freezing temperature.

It is proposed that this deviation from Debye behavior is a result of the development

of correlations between polar moments leading to the onset of nonergodicity near

freezing.
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I. INTRODUCTION

Lead magnesium niobate (PMN) is a relaxor ferroelectic. In the zero field

cooled (ZFC) state relaxors are characterized by a relaxational process typical of a

classic dielectric relaxator, and by the lack of macroscopic polarization and

anisotropy. Burns (Burns and Dacol 1983) (Burns and Dacol 1986) has shown that

a local polarization exists in the ZFC state to temperatures much higher than that at

which a remanent polarization can be sustained. In the field cooled (FC) state

relaxation is not observed (Viehland, Jang, Wuttig, and Cross 1990b), and the

system is able to sustain a macroscopic polarization below a "critical" temperature

which is significantly lower than the radio frequency permittivity maxima.

Smolenskii (Smolenski and Agranovskya 1960) originally proposed that underlying

the relaxor behavior is a chemical inhomogeneity on the B-site cation, leading to a

spatially varying composition with local Curie temperatures. Randall (Randall and

Bhalla 1990) and Chen (Chen, Chan, and Harmer 1989) have recently shown that

in PMN there is a partioning on the nanometer scale into chemically homogeneous

clusters. It is currently believed that it is the scale of this process which underlies

the relaxor behavior. Cross has suggested that local ferroelectric phase transitions

may occur inside of these individual chemical regions (Cross 1987). The size of

these moments is such that their orientations may be thermally agitated, analogous

to superparamagnetism (Neel 1949).

Schmidt (Kersten, Rost, and Schmidt 1983) has shown that the dielectric

relaxation is Debye-like at temperatures significantly above the temperature of the

permittivity maximum (Tmax). Yushin (Yushin, Smirnova, Dorogortsev, Smirnov,

Gylamov 1987) has recently found a broadening of the relaxation time distribution

near Tmax, unlike a Debye process. Kirolov (Kirolov and Isupov 1973) has

analyzed the frequency dispersion of Tmax with the Debye relationship; obtaining

an activation energy and pre-exponential factor of 7 eV and 1040 sec - 1,



respectively. Cross has recently analyzed the frequency dispersion of Tmax with

the Vogel-Fulcher relationship (Viehland, Jang, Wuttig and Cross 1990a),

analogous to spin glasses (rholence 1979) (Tholence 1980); obtaining an activation

energy and pre-exponential factor of 0.04 eV and 1012 sec "1, respectively. He

found that the freezing temperature (Tf) coincided with the temperature at which a

stable remanent polarization can be sustained. A dipole glass model for relaxors

was subsequently proposed (Viehland, Jang, Li, Wuttig, and Cross), with local

dipole fields between superparaelectric moments leading to the development of a

frustration below the freezing temperature.

The magnetic and dielectric relaxations of spin and dipolar glasses are

believed to undergo freezing, due to frustrated interactions (Kirkpatrick and

Sherrington 1978) (Edwards and Anderson 1975) and random fields (Nozav,

Sechovsky, Kambersky 1987) (Morgownik and Myd ,sh 1981). The magnetic

absorption and Argrand plots are known to become broad near Tf (Huser, Wenger,

vanDuyneveldt, and Mydosh 1983). It is believed that on cooling through Tf, the

relaxation time distribution strongly broadens extending from microscopic to

macroscopic time periods. The broadening is believed to be due to the onset of

nonergodicity above the freezing temperature. It is the purpose of this work to

investigate the dielectric dispersion of PMN around the freezing temperature, and

compare the results to spin and dipolar glasses.

II. EXPERIMENTAL PROCEDURE

The samples used in the study were PMN single crystals. The crystals were

grown by a flux method as described by Setter (Setter 1980). They were orientated

along the (100) direction, were of dimensions 0.2cm x 0.1cm x 0.08cm, and were

electroded with gold.

The dielectric constant was measured as a function of frequency (co) between

450 and 150 OK at a cooling rate of 40C/min. The frequencies used were 102, 103,



104, 105, 106, and 107 Hz. The measurements were made using HP4275A and 4

4274A LCR meters. The dielectric curve for each frequency was smoothed and

interpolated to determine the temperature of the permittivity maximum (rmax) as

accurately as possible. The remanent polarization was also measured for

comparison using a standard pyroelectric technique.

III. RESULTS AND DISCUSSION

The complex susceptibility, X=X'-iX', is shown in Figures l(a) and (b) for

various measurement frequencies. The real component (Q') had a maximum of

approximately 22000 at 2600 K for a measurement frequency of 100 Hz, and the

imaginary part (X") had a maximum of approximately 1200 at 2500 K. It should be

noted that the inflection point of X" corresponds in temperature to the maximum X'.

The quantity X" was essentially frequency independent below 230 0 K, indicative of

a freezing into a glassy state. The value of X" semingly extrapolated to zero near

0OK, unlike the metallic spin glasses (Mulder, vanDuneveldt 1982) whose

absorption extrapolates to approximately 60% of its maximum. At lower

temperatures the dispersion of X' was significantly less, but was observed at much

lower temperatures than for X".

The strong decrease in the frequency dispersion of X" below 2300 K suggests

that the data can be scaled by approximating X"(T,o) as h(T)R(u) following

Courtens (Courtens 1984); where h(T) and R(u) describe the frozen and dynamic

contributions respectively, and u(co,T) is a scaling variable. The function R(u) is

given by equation 1;

where, u = d(Ec-E)

where d is a constant in units of OK- I, and Ec is a cutoff energy in units of 0 K. The

value of E can be approximated by the Vogel-Fulcher relationship r=oeE/(T-Tf)



(Vogel 1921) (Fulcher 1924), where I/To is the Debye frequency and Tf a freezing

temperature. At lower temperatures R(u) is approximately 1, and X"(To)=h(T). At

higher temperatures R(u) decreases approaching zero, consequently x"(T,))=0. At

intermediate temperatures, R(u) varies as a function of frequency (wo.=l/), as given

by the Vogel-Fulcher relationship. The functional dependence of h(T) was

empirically determined from low temperatures (T<230OK) by an exponential fitting,

c Iexp(c2T). The modelling was done using a Levenberg-Marquardt fitting solving

for d, Ec, and Tf. The values of c I and C2 were held constant during the fitting, and

,o was assumed to be Ix10 - 12 sec as previously reported (Viehland, Jang, Wuttig,

and Cross 1990a). Minimum variance (-2%) was obtained for d, Ec, and Tf equal

to 5.08x10 "3, 886.20K, and 220.33OK respectively. The phenomenological model

is shown along side the experimental data in Figure 2(a). Reasonable agreement can

be seen. The function R(u) is shown in Figure 2(b) for various measurement

frequencies. The data scales quite readily to (Ec-E) over a wide range of

frequencies.

The value of Tf was also estimated by modelling the dispersion of Tmax with

the Vogel-Fulcher relationship for comparison. A minimum variance was obtained

for Ifto equal to 1012 sec- 1 and Tf equal to 217.70K, which is in close agreement

with Tf as determined from the modelling of X" using equation 1. The fitting of the

data is shown in Figure 3(a). Analysis with the Arrhenius relationship yielded an

activation energy and a pre-exponential factor of 7 eV and 1040 sec-1, respectively.

Both of which are physically unreasonable for a thermally activated process. The

remanent polarization (Pr) as a function of temperature is shown in Figure 3(b).

The extrapolation of Pr to zero yielded a temperature between 215 and 220OK,

which is close to Tf. This shows that on zero field heating from the field cooled

state, the macroscopic polarization collapses near the Vogel-Fulcher freezing

temperature. The implication is that the "thawing" temperature of the field cooled



state and freezing temperature of the zero field cooled state coincide, reflecting the

kinetics of the polarization reversals. The static polarization of PMN-1OPT has

recently been determined from Sawyer-Tower measurements and shown to scale to

hyperbolic functions involving a reduced temperature somewhat similar to equation

1 (Viehland, Jang, Li, Wuttig, and Cross 1990).

The Vogel-Fulcher scaling of X" has been interpreted to mean that freezing

does not occur by cluster growth, but rather by the freezing of local modes

(Courtens 1984). The scaling in RADP is believed to be due to a competition

between antiferroelectric and ferroelectric exchanges on the atomic level (Courtens

1984) (Courtens, Rosenbaum, Nagler, and Horn 1984). This is further

substantiated by the saturation of the correlation length at 12 AO near Tf (Courtens,

Rosenbaum, Nagler, and Horn 1984). The Vogel-Fulcher scaling of X" in PMN

may have its origins in the phase separated superparaelectric regions. Chemically

homogeneous regions on the scale of approximately 50 A0 have been observed by

TEM (Randall and Bhalla 1990) (Chen, Chan, and Harmer 1989). The local

polarization may be homogeneous within each region and of predetermined size.

Dipole fields between superparaelectric moments may subsequently lead to a

freezing of the polarization fluctuations into a glassy state at lower temperatures.

This is further substantiated by the saturation of the correlation length in PMN

crystals at 200 A0 near the Vogel-Fulcher freezing temperature (Viehland, Jang, Li,

Wuttig, and Cross 1990) (Vakhrushev, Kvyatkovsky, Naberezhov, Okuneva,

Topervers 1989).

The absorption, X", over a wide range of frequency at various temperatures

around Tf is shown in Figure 4. The width of the X" curves exceeds that which can

be attributed to a single relaxation time, and strongly suggest a wide distribution.

The absorption width increases as the temperature decreases approaching Tf, and

becomes essentially flat below Tf with all curves remaining parallel. The implication



7

is that dramatic changes occur in the relaxation time distribution on cooling through

Tf. This change cannot be attributed to a normal Debye like relaxational process,

because tmax does not shift steadily down in frequency. Kersten (Kersten, Rost,

and Schmidt 1983) has previously analyzed the temperature dependence of Tmax

with the Debye relationship obtaining an activation energy and pre-exponential

factor of approximately 0.5 eV and 10-16 sec, respectively. His modelling was

done at temperatures significantly above the permittivity maximum, where the

absorption has distinct peaks as shown in Figure 4. In this temperature range the

local polarization fluctuates at relatively rapid frequencies, i.e. the superparaelectric

moments are nearly decoupled. The shift of Tmax can then be modelled by the

Debye relationship over a limited temperature interval. But as strong correlations

develop between neighboring moments on cooling, the relaxation deviates

significantly from Debye behavior as reflected in a strong temperature dependance

of the activation energy and pre-exponential factor (Kirollov and Isupov 1973).

Cole-Cole plots are shown in Figure 5 around Tf, to further illustrate the broadness

of the relaxation time distribution. Near Tf the plot is flat, on increasing temperature

curvature can be seen, and near the temperature of the radio frequency permittivity

maxima semicircles are observed. The flattening of the Cole-Cole curves near the

Vogel-Fulcher freezing temperature suggests as well that the relaxation time

distribution is becoming very broad with the tail of the distribution extending in the

macroscopic time regime.

The dielectric and magnetic responses of dipolar and spin glasses can be

represented by a summation over a distribution of relaxators (Courtens 1984)

(Lundgren, Svelinch, and Beckman 1981), as given in equation 2;



f 8

X( - I G( oT) dlnc (2)
f~t1 -ion

where G(,T) is the distribution of relaxation times, Xo(T) the low frequency limit

of X'(T,o)), and co=r 1. Assuming G(t,T) is very broad in ln(r), X" can be

approximated from equation 2 as given in equation 3.

X"(T,x) - X'(T) G(x,T) (3)

Following such a procedure causality predicts that X"-SX'/ln(co) (Lundgren,

Svelinch, and Beckman 1981), which is illustrated in Figure 1(c). The agreement

with the data in Figure 1 (b) is quite good.

Isothermal cross sections of G(, To) as a function of - for PMN are shown

in Figure 6(a) at T-Tf, T>Tf, T=Tmax, and T>Tmax respectively. The value of

Xo'(T) was assumed to be the 100 Hz X'(T). Dashed lines are drawn in to

represent what the distribution most probably looks like over the whole frequency

range. The drawing of these lines was guided by the fact that G(r,To)--0 near

%Debye, and that at higher temperatures the distribution will be Gaussian. Near Tf

the distribution was found to be esentially flat between 10-2 and 10-7 sec, tailing to

zero near 10- 12. With increasing temperature the distribution sharpened,

developing a distinct rmax near the temperature of the radio frequency permittivity

maximum. At higher temperatures tmax was found to shift to higher frequencies,

analogous to a Debye type relaxation, but the width and shape of the distribution

continued to change with increasing temperature. Isotemporal cross sections,

G(?o,T), are shown in Figure 6(b) at various measurement frequencies. A sharp

step in G(ro,T) was found near Tmax and shifted to higher temperatures with

increasing frequency. Below Tf, G(to,T) decreased slowly with decreasing

temperature. The magnitude of G(?o,T) also increased with frequency, over the



9

range investigated. The isotemporal cross sections are essentially the dielectric loss

factor. A previously proposed relaxation time distribution as a function of

temperature is illustrated in Figure 7 (Viehland, Jang, Wuttig, and Cross 1990a). It

can be seen that this model is supported by the experimental data. The isothermal

width of the spectrum is shown to become very broad near Tf, approaching the

macroscopic time regime. The shortest relaxation time (rmin) is shown to approach

macroscopic times only at temperatures far below Tf. Above Tf the isothermal

width of the relaxation time spectrum continuously sharpens as the temperature is

increased with rave and cmin approaching the microscopic time regime.

The dielectric spectroscopy results can be understood in terms of the

interacting superparaelectric dipole glass model, discussed above. At high

temperatures the moments are decoupled exhibiting typical Debye type behavior,

but on cooling local dipole fields couple the polarization fluctuations and Tmax

varies in a nonlinear manner pararneterizable by the Vogel-Fulcher relationship. It is

proposed that as a consequence of increasing correlations, the relaxation time

distribution broadens and flattens out with decreasing temperature reflecting the

onset of nonergodicity. Near a critical temperature the distribution becomes

extremely broad, as the polarization fluctuations undergo Vogel-Fulcher freezing

into a dipole glass state. Consequently, the system can sustain a remanent

polarization below this temperature. The relaxation time distribution remains

relatively wide above Tf, in effect leading to a diffuse phase transformation. The

diffuse nature of the transformation is thus not a reflection of compositional

heterogeneity as originally proposed by Smolenski (Smolenski and Agranovskya

1960); but rather a consequence of a size dispersions of polar moments, and the

development of correlations.



IV. CONCLUSIONS 
10

The dielectric relaxation of PMN single crystals has been investigated, and

shown to be similar to spin and dipole glasses. The absorption was found to be

nearly frequency independent below a freezing temperature which correlated with

the temperature at which a stable remanent polarization collapsed on heating from

the field cooled state. The absorption spectra and Cole-Cole plots were found to

become very broad near this freezing temperature. The relaxation time distribution

has also been calculated and shown to strongly broaden near freezing, extending

from the microscopic to macroscopic time regimes.
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LIST OF FIGURES 14

Figure 1. (a) The dielectric permittivity (X) of PMN as a function or temperature

for measurement frequencies of 102, 103, 104, 105, 106, and 107 Hz. The top

curve is the lowest frequency and the bottom the highest. (b) The imaginary part of

the dielectric response (X") as a function of temperature for measurement

frequencies of 102, 103, 104, 105 , 106, and 107 Hz. The bottom curve is the

lowest frequency and the top the highest. (c) AX'/Alog(wo) as a function of

temperature.

Figure 2. The points are the imaginary contribution of the dielectric response (X")

as a function of temperature for measurement frequencies of 102, 103, 104, 105,

106, and 107 Hz. The bottom curve is the lowest frequency and the top the highest,

and where Tf is the freezing temperature. The solid line is a phenomenological

fitting to equation 1. (b) The scaling parameter (R(u)) as a function of the scaling

variable (u) for various measurement frequencies.

Figure 3. (a) The temperature of the permittivity maximum as a function of the

measurement frequency. The dots are the data and the solid line is the fitting to the

Vogel-Fulcher relationship. (b) The remanent polarization as a function of

temperature.

Figure 4. The dielectric absorption (X") as a function of frequency at various

temperatures.

Figure S. Cole-Cole plots at various temperatures around freezing.

Figure 6. (a) The relaxation time distribution (G(r,To)) as a function of r at

various temperatures. (a) T=Tf, (b) T>Tf, (c) T-Tmax, and (d) T>Tmax. (b) The

relaxation time istribution (G(to,T)) as a function of temperature at various

measurement frequencies. The measurement frequencies shown are 102, 103, 104,

105, 106, and 107 Hz. The bottom curve is the lowest frequency, and the top curve

the highest.
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I FIgure 7. Diagram illustrated the proposed temperature dependent relaxation time IS

I spectrum. Where G(~,T) is the number of polar regions having a relaxation time 'r,
Tf is the freezing temperature, and ~ci is the Debye frequency.
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THE GLASSY POLARIZATION BEHAVIOR OF

RELAXOR FERROELECTRICS

Dwight Viehland, J.F. Li, S. Jang, and L.E. Cross

Materials Research Laboratory, The Pennsylvania State University

State College, Pa. 16802

Manfred Wuttig

Department of Nuclear and Materials Engineering, University of Maryland

College Park, Md. 20742

The polarization behavior of La-modified lead zirconate titanate relaxors has

been investigated for various electrical and thermal histories. The field cooled and

zero field cooled behaviors were both studied. The magnitude of both polarizations

were found to be equal above a critical temperature. A macroscopic polarization

developed under bias in the zero field cooled state, with the temperature of the

maximum charging current decreasing with bias. This decrease was modelled using

the deAlmeida Thouless relationship (deAlmedia and Thouless 1978), which

predicted an average moment size freezing of approximately 3x10-27 C-in. A

glassy polarization mechanism was subsequently proposed with correlations

between superparaelectric moments leading to the development of effective

nonergodicity in a frozen state. Arguments are presented that this freezing process

is dispersive due to a distribution of correlation strengths. The time dependence of

the polarization was also investigated.
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I. INTRODUCTION

La-modified lead zirconate titanate with a Zr/Ti ratio of 65/35 (PLZT) and La

contents between 4 and 14 atomic% are relaxor ferroelectrics. Relaxors have an

inability to sustain a remanent polarization until temperatures significantly below the

temperature of the permittivity maximum, but a local polarization is believed to exist

to much higher temperatures (Bums and Dacol 1983). The implication is that the

local symmetry is lower than the global. Randall has observed contrast on the

nanometer level using transmission electron microscopy (TEM) (Randall 1987;

Randall and Bhalla 1990). It is believed that the composition is locally

homogeneous on a scale of approximately 50 AO, i.e. phase separated. This local

chemistry is believed to prevent the establishment of normal long range polar

ordering at a Curie temperature, instead the system establishes polar moments on

the scale of the local chemistry. The size of these regions is such that the orientation

of the polarization is believed to be thermally reversible (Cross 1987), analogous to

superparamagnetism (Neel 1949). Cross has recently shown that the polarization

fluctuations undergo a freezing (Viehland, Jang, Wuttig and Cross 1990a),

analogous to spin and dipole glasses (Binder and Young 1986; Hochli, Kofel, and

Maglione 1985). It was suggested that interactions between superparaelectric

regions were responsible for this freezing.The freezing temperature (Tf) was also

shown to correlate with the collapse in the remanent polarization.

The zero field cooled (ZFC) state of the relaxor appears cubic to x-rays down

to liquid nitrogen temperatures, implying that the scale of the polar behavior is

smaller than the coherence length of x-rays and is relatively temperature

independent. The field cooled (FC) state appears rhombohedral even at room

temperature. Xi (Xi, Zhilli, and Cross 1983) has previously measured the

polarization behavior of PLZT. He found no macroscopic polarization in the ZFC

state, but upon application of a bias polarization developed. He interpreted his



3

results in terms of a micro to macrodomain transition. Somewhat similar

differences between the ZFC and FC states have been found in spin and dipole

glasses (Hochli, Kofel, and Maglione 1985). The re-orientating moments are

believed to freeze devoid of long range order due to frustrated interactions. On

application of a bias the moments tend to order, and properties characteristic of a

normal ferroic state are observed. The differences between the ZFC and FC statps

in spin and dipolar glasses are usually attributed to a breakdown of ergodicity in the

frozen state (Hochli, Kofel, and Maglione 1985).

II. EXPERIMENTAL PROCEDURE

The samples used in this study were PLZT ceramics with Zr/Ti ratios of 65/35

and La contents of 8 atomic%. They were donated by Honeywell Inc. of

Bloomington, Minnesota. The samples were electroded with gold. The pyroelectric

current was measured as a function of temperature on heating using a HP4 140B pA

meter. The polarization was then calculated by integration. Various measurement

procedures were used reflecting different electrical histories. The sample was first

cooled under zero bias and then heated under bias while measuring the pyroelectric

current, designated as zero field cooled/ field heated (ZFC). The sample was

subsequently cooled and heated, both under bias, while measuring the pyroelectric

current, designated as field cooled/ field heated (FC). The remanent polarization

was also measured by cooling under a bias, removing the bias and measuring the

pyroelectric current on heating. The field levels used were 1, 3, 5, 5, 8.5 and

10 kV/cm.

III. RESULTS AND DISCUSSION

The remanent polarization (Pr) as a function of temperature for PLZT-8 is

shown in Figure 1. Pr collapsed near 60 0C and seemingly tailed to zero at higher

temperatures. This figure also shows other polarization curves. These curves were

measured by heating the poled (field cooled) sample to temperatures below Tf(0),
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subsequently recooling the sample (E--O) and reheating measuring Pr. After this

procedure Pr did not retturn to the previous low temperature value, but rather

remained at the value of the highest temperature reached. This behavior is unlike a

normal ferroelectric which would return to the low temperature value of Pr on

recooling. The implication is that the scale of the polar ordering in relaxors is

strongly dependent on the electrical and thermal histories. The field cooled (FC)

state exhibits properties similar to a normal ferroelectric such as domains and

anisotropy, whereas the zero field cooled (ZFC) state is devoid of long range order

and is isotropic. These results are suggestive of a glassy polarization mechanism,

similar to the dipole and spin glasses (Hochli, Kofel, and Maglione 1985). The

differences between the ZFC and FC states in these glassy materials are well

known.

The polarization of PLZT-8 is shown in Figure 2(a) and (b) for various

electrical histories. The ZFC (zero field cooled, field heated) and FC (field cooled,

field heated) polarizations are both shown in Figure 2(a) for a bias level of 3

kV/cm. The ZFC polarization exhibited a maximum of approximately 0.17 C/m2

near 500C. The FC polarization was approximately 0.3 C/m2 at -100 0 C, and

decreased with temperature approaching a value of 0.22 C/m2 near 500C. Near the

temperature of the maximum ZFC polarization (Tzfc), the FC and ZFC

polarizations were not equal. This difference is probably a reflection of a very broad

relaxation time distribution, consequently the polar regions in the long time tail

remain in their ZFC configuration until above Tzfc. But on field cooling from high

temperatures these regions freeze into an ordered configuration, consequently the

polarization is higher for the FC measurement than for the ZFC. Figure 2(b) shows

similar data at a bias levels of 5 kV/cm. The difference between the ZFC and FC

polarizations decreased with bias. With increasing bias the polar regions in the long
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time tail of the distribution can probably be perturbed from their ZFC configuration,

consequently the ZFC and FC polarizations are approximately equal near Tzfc.

Figure 3 shows plots of the time dependence of the polarization at various

temperatures. The polarization was measured by applying 3 kV/cm, cooling down,

removing the bias, and measuring the pyroelectric current as a function of time. The

maximum polarization at each temperature, P(t=O), was assumed to be that of the 3

kV/cm FC state (see Figure 2(a)). The polarization as a function of time was then

calculated by subtracting the integral of the pyroelectric current. The decay of the

Ipolarization became slower with decreasing temperature. Above Tf(O) the decay

was rapid, slightly below Tzfc it was clearly exponential, and at lower temperatures

it could not be detected. At a particular temperature, any configuration with an

I activation energy (Ea) less than kT w:Ill remain unchanged. Raising the temperature

will allow the system to move across higher barriers, consequently the ZFC

I polarization approaches the FC values. On removal of the bias, the cuasilogarithmic

decay of the polarization may then occur as the thermal energy scrambles the FC

state and the system searches configurational space finding the lowest local minima.

I The analogous magnetic viscosity has been modelled using many approaches

(Binder and Young 1986; Ferre, Rajchenbach, and Maletta 1981), mostly involving

Ia t-n exponent. A similar relationship seemed to be observed for relaxors.

A small anomaly in the ZFC permittivity has been observed by Xi (Xi, Zhilli,

and Cross 1983). This anomaly was shown to correlate in temperature with the

I maximum charging current, and decreased in temperature with bias. Figures 4(a)

and (b) show plots of the ZFC pyroelectric current under 3 and 5 kV/cm,

I respectively. The temperature of the maximum charging current decreased with

bias. The freezing temperature of the ZFC state, Tf(O), has been shown to correlate

with the extrapolation of the remanent polarization to zero (Viehland, Jang, Wuttig,

I and Cross 1990a). Tf(O) is shown in Figure 1 to be approximately 600C. Clearly a

I
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characteristic temperature associated with the frozen state is decreasing with bias,

and is suggestive of a breakdown of ergodicity below Tzfc.

If nonergodicity is occurring, then the decrease in this temperature with bias

should follow the deAlmeida Thouless relationship (deAlrnedia and Thouless 1978)

given in equation 1;

3

E=ATf(0) - TfI(E)] 2

where A is an adjustable parameter. The measurement field is plotted against

( [Tf(0)-Tf(E)]ITf(0)) 1.5 in Figure 5. The experimental behavior is compatible with

equation 1, but is by no means a unique representation. A best parameter fit for A

yielded a value of 30 kV/cm, and is shown as the solid line in the figure. A has

been indentified as kTf(0)/p (deAlmedia, and Thouless 1978; Chamberlin,

Hardiman, Hardiman, Turkevich, and Orbach 1982) where p is the average

magnitude of the polar moment freezing. A value of 3x10 "2 7 C-m can then be

deduced for p. This is close to the expected value of the superparaelectric moment

in Pb(Mgli3Nb2/3)03 relaxors (Viehland, Jang, Wuttig, and Cross 1990b), which

is approximately 5x10 "2 7 C-m. With increasing La content, the scale of the polar

behavior is believed to decrease. Consequently the field level necessary to decrease

Tf(E) by a unit amount would be expected to increase, i.e. A=kTf(0)/PsVmoment,

which is experimentally observed (Xi, Zhilli, and Cross 1983). These results give

strong evidence that the individual moments undergoing freezing are

superparaelectric, and that the glassy character is a reflection of correlations

between these moments.

It is believed that the configurational energy of a spin glass posesses many

quasidegenerate ground states (Edwards and Anderson 1975). The small energy

I



differences between these configurations may lead to the system being stabilized in

I one of them below Tf(O), consequently breaking the ergodicity. This model has

been substantiated by computer simulations (Walker and Walstedt 1980; Bantilan

Iand Palmer 1981). A similar model may be extended to correlated superparaelectric

moments. Local configurations of moment orientations are believed to exist on the

scale of approximately 200 AO (Viehland, Jang, Wuttig, and Cross 1990b),

effectively charge compensating the local polarization. There may be many minimas

in configurational space associated with various combinations of moment

orientations, all of nearly the same energy. But near Tf(O) other configurations may

becoming increasingly inaccessible as the relaxation time distribution approaches

the macroscopic time scale, consequently effective nonergodicity may set in.

INonergodicity has previously been suggested to arise in Kl.xLixTaO3 dipole

glasses (Hochli, Kofel, and Maglione 1985) due to a freezing of superparaelectric

Imoments. Analogy was made to the models of hierchial spin glass dynamics (Nagai

Iand Rajagopal 1984; Sibani and Hoffman 1989) in which some clusters must wait

to relax until a number of neighboring clusters are in favorable positions, somewhat

Isimilar to the concepts presently suggested.

On application of a bias in the ZFC state, the quais-degeneracy may be

Ipartially broken reflecting a preferred alignment. The system may then find the most

favorable local configurations, and overtime adjust to the global equilibrium. The

logarithmic time dependence (polarization viscosity) may then arise from

Ireadjustments in configurational space between local minima. Under higher biases

the splitting of the degeneracy increases, consequently a global equilibrium can be

Iestablish from the ZFC state at lower temperatures. The implication is that at a fixed

temperature the polarization fluctuations may be nonergodic at zero bias but ergodic

at finite biases. Any point below the maximum ZFC polarization (Figure 2) would

Ithen correspond to metastable local minima since sufficient time has not been

I
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allowed for equilibrium, near Tzfc the system may start to approach a global

equilibrium. The difference between the ZFC and FC polarizations near Tzfc

indicate that the freezing is dispersive, such a difference was not observed in dipole

glasses (Hochli, Kofel, and Maglione 1985). Between the temperature of the onset

of local polarization (TBums) and Tf(0), the susceptibility is nonlinear (Viehland,

Jang, Wuttig, and Cross 1990b) and strong deviations from Curie-Weiss behavior

develop (Kersten, Rost, and Schmidt 1983; Kirsh, Schmitt, and Muser 1986). The

implication is that between TBurs and Tf(O) the energy surface is not featureless,

but rather local minima which are correlated in configurational space exist. It can be

anticipated that a significant dispersion of correlation strengths exist as a reflection

of the cluster size dispersion observed by TEM (Randall and Bhalla 1990, J. chen,

H. Chan, and M. Harmer 1989). The implication is that the smaller polar regions

may remain ergodic to lower temperatures, and that the larger clusters may remain

nonergodic to higher temperatures (as also suggested by the tailing of Pr, shown in

Figure 1).

The FC state has a domain structure on the scale of 1-10 im, whereas the

scale of the polar behavior in the ZFC state is smaller than the coherence length of

x-rays. The implication is that the scale of the polar behavior is field dependent, and

in fact the correlation length has recently been found to increase with bias

(Vakhrushev, Kvyattovsky, Naberezhnor, Okunera, and Toperres 1989). This

does not reflect a simple dipole alignment but rather the establishment of a normal

ferroelectric state, i.e. a micro to macrodomain transition. The bias must act to

override the chemical inhomogeneity which normally prevents the establishment of

long range polar ordering. A possible mechanism is the growth of the polar regions

across the antiphase boundaries which are known to separate them (Randall 1987;

Randall and Bhalla 1990). Similar generic behavior is observed in spin glasses.

The ZFC state is isotropic with no evidence of long range magnetic ordering.
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Where as the FC state has remanence, hysteresis, and irreversibility analogous to a

normal ferromagneL A switching from local configurations in the ZFC state to a

macro-state (global equilibrium) under bias is seemingly observed in most glassy

materials.

IV. CONCLUSION

The polarization behavior of the FC and ZFC states of relaxor ferroelectrics

have been compared, and shown to be similar to spin and dipole glasses. The field

dependence of a characteristic temperature has also been shown to follow the

deAlmeida-Thouless relationship. A glassy polarization mechanism was

subsequently proposed in which correlations between superparaelectric moments

lead to the development of nonergodicity near a glass transition temperature.
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LIST OF FIGURES

Figure 1. Remanent polarization (Pr) as a function of temperature, where Tf(O) is I
a freezing temperature. The top curve, (1), was measured by heating to

temperatures above Tf(O). The bottom curves, (2) and (3), were measured by
heating to temperatures below Tf(O), subsequently recooling and measuring Pr.

Figure 2. Polarization as a function of temperature for various electrical histories

and bias levels, where FC means field cooled/ field heated and ZFC means zero

field cooled/ field heated. (a) Bias level of 3 kV/cm, and (b) Bias level of 5 kV/cm.

Figure 3. Remanent polarization as a function of time at various temperatures.

Figure 4. Pyroelectric current as a function of temperature at various bias levels.

(a) Bias level of 3 kV/cm, and (b) Bias level of 5 kV/cm.

Figure 5. Plot of the applied bias ("AT"' field) as a function of the temperature of

maximum charging current, where Tf(O) is the freezing temperature of the ZFC

state and the solid line is the curve fitting to the deAlmedia Thouless relationship

given in equation 1.
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