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ABSTRACT

This document is the final report of work on the DARPA sponsored University Research
Initiative (URI) on the subject “Nanocomposites for Electronic Applications” funded under ONR
Contract No. N00014-90-J-1558. Initial funding on the contract was for a three year period from
1987-1990. This document is the final report for the two year extension period finishing on
December 31, 1991.

Work on this program and associated studies on the ONR program on “Piezoelectric and
Electrostrictive Materials for Transducer Applications” has lead to a significantly improved
understanding of the fundamental mechanisms in Relaxor Ferroelectrics. For the perovskite Lead
Magnesium Niobate which is the prototype for many other relaxor perovskites, the self limiting
nonstoichiometric ordering of Mg/Nb ions is shown to be the symmetry breaking key to the onset
of micropolar regions at the Burns temperature well above the dielectric maximum. The simple
paraelectric behavior at high temperature is shown to be modified by cooperation on cooling,
leading to a Vogel:Fulcher type condensation into a glass like state at low temperature.

Many tungsten bronze structure ferroelectrics e.g. Sryj.xBaxNb2Og also show relaxor
ferroelectric behavior, and in the lead barium niobate family of solid solutions there is a particularly
rich panoply of behaviors. Depending on composition polarization may appear along the 4 fold
axis, or along one of the orthogonal 2 fold axes of the prototypic 4/mmm prototype. In PBN a
pseudo morphotropic phase boundary (PMPB) exists near the 60:40 Pb:Ba composition. The
intriguing feature for the PBN compositions is that for the tetragonal symmetry, the permittivity
increases for directions orthogonal to the 4 fold axis and there is a second freezing (in the polar
state) near 100K. At the MPB the symmetry may be switched by electric field to that with macro-
polarization along 2 (orthorhombic) and now the second freezing takes place for polarization along
4. The low temperature freezing occurs whether the initial phase is glassy or ferroelectric and
gives rise to fascinating families of unusual dielectric, piezoelectric, elastic and optical properties.

A second important contribution on this program stemmed from the very careful preparative
studies to make ultra find powders of simple perov:kite ferroelectrics. The objective was to obtain
understanding of the intrinsic size effects which must occur in ferroelectrics due to the cooperative
nature of the phenomenon. From studies of spontaneous strain it was made clear that
ferroelectricity in BaTiO3 did not occur in powders with particular size less than 800°A whereas in
PbTiO3 ferroelectricity and spontaneous strain persists down to sizes of order 170°A.

In 0:3 type composites it is natural to have a major interest in the phenomenon of
percolation, and of the critical concentrations for this phenomenon. Practical aspects of this work
occur in the PTC polymer:carbon composites and in other systems.




Fundamental siudies on silicon, germanium and silica germania composites using
wavelength scanning ellipsometry have lead to the evolution of effective techniques for the
evaluation of inhomogeneity in highly transparent oxides, in systems with uniaxial anisotropy and
have validated spectroscopic ellipisometry as one of the most valuable nondestructive techniques
for the study of ferroelectric surfaces and thin films.
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ABSTRACT

This document is the final report of work on the DARPA sponsored University Research
Initiative (URI) on the subject “Nanocomposites for Electronic Applications” funded under ONR
Contract No. N0O0014-90-J-1558. Initial funding on the contract was for a three year period from
1987-1990. This document is the final report for the two year extension period finishing on
December 31, 1991.

Work on this program and associated studies on the ONR program on “Piezoelectric and
Electrostrictive Materials for Transducer Applications” has lead to a significantly improved
understanding of the fundamental mechanisms in Relaxor Ferroelectrics. For the perovskite Lead
Magnesium Niobate which is the prototype for many other relaxor perovskites, the self limiting
nonstoichiometric ordering of Mg/Nb ions is shown to be the symmetry breaking key to the onset
of micropolar regions at the Burns temperature well above the dielectric maximum. The simple
paraelectric behavior at high temperaturs is shown to be modified by cooperation on cooling,
leading to a Vogel:Fulcher type condensation into a glass like state at low temperature.

Many tungsten bronze structure ferroelectrics e.g. Srj.xBaxNb2Og also show relaxor
ferroelectric behavior, and in the lead barium niobate family of solid solutions there is a particularly
rich panoply of behaviors. Depending on composition polarization may appear along the 4 fold
axis, or along one of the orthogonal 2 fold axes of the prototypic 4/mmm prototype. In PBN a
pseudo morphotropic phase boundary (PMPB) exists near the 60:40 Pb:Ba composition. The
intriguing feature for the PBN compositions is that for the tetragonal symmetry, the permittivity
increases for directions orthogonal to the 4 fold axis and there is a second freezing (in the polar
state) near 100K. At rhe MPB the symmetry may be switched by electric field to that with macro-
polarization along 2 (orthorhombic) and now the second freezing takes place for polarization along
4. The low temperature freezing occurs whether the initial phase is glassy or ferroelectric and
gives rise to fascinating families of unusual dielectric, piezoelectric, elastic and optical properties.

A second important contribution on this program stemmed from the very careful preparative
studies to make ultra find powders of simple perovskite ferroelectrics. The objective was to obtain
understanding of the intrinsic size effects which must occur in ferroelectrics due to the cooperative
nature of the phenomenon. From studies of spontaneous strain it was made clear that
ferroelectricity in BaTiO3 did not occur in powders with particular size less than 800°A whereas in
PbTiO; ferroelectricity and spontaneous strain persists down to sizes of order 170°A.

In 0:3 type composites it is natural to have a major interest in the phenomenon of
percolation, and of the critical concentrations for this phenomenon. Practical aspects of this work
occur in the PTC polymer:carbon composit_s and in other systems.




Fundamental studies on silicon, germanium and silica germania composites using
wavelength scanning ellipsometry have lead to the evolution of effective techniques for the
evaluation of inhomogeneity in highly transparent oxides, in systems with uniaxial anisotrooy and
have validated spectroscopic ellipisometry as one of the .nost valuable nondestructive techniques
for the study of ferroelectric surfaces and thin films.




1.

INTRODUCTION
This document reports work on the final two years of the DARPA sponsored University

Research Initiative (UFI) on the subject of “Nanocomposites for Electronic Applications.” Initial

funding on the program was for a three year period, the new contract from ONR Contract No.

N00014-90-J-1558 carried the program for the final two years which are the subject of this report.

IL.

III.

Iv.

Work on the program has produced major progress in four topic areas.

Relaxor Ferroelectrics: Where studies have explored the phenomena associated with these
interesting high permittivity relaxation dielectrics in both perovskite and tungsten bronze
structure families. For these materials dielectric and electrostrictive studies proceeded in
parallel with similar work on our ONR Transducer program. Optical and electro-optic
studies were solely on this program.

Micro-Composites Studies: Topics of interest were the magneto-electric effects which can
be achieved through elastic mediation between strongly piezoelectric and strongly
magnetostrictive oxides and the interesting percolation problems associated with the PTC
effects in polymer:conductor 0:3 particulate composites.

Intrinsic Size Effects in Ferroelectrics: Here the effort was to complete earlier studies on
the previcus contract showing the size limitations on ferroelectricity in fine particles of
BaTiOs3 and PbTiO3 using the coupled electrostrictive distortion to monitor polarization.

Spectroscopic Ellipsometry: Early work was focused upon silica: germania systems whilst
the tools were developed to handle ellipsometric exploration of uniaxially anisotropic highly
transparent interfaces. This early work lead to the focused use of the wavelength scanning
ellipsometer to explore ferroelectric surfaces and thin films.

As is the intent of the URI programs the funding has provided the vehicle for the education

of six PhD candidates in Solid State Science and in Physics. Abstracts of these thesis researchers

are included in the appendices. The work by Dr. Ruyan Guo for the thesis which was presented in

December 1990 was recognized by the University with the Xerox Research Award, presented for

the best PhD work on Materials for 1991. More recently the studies leading up to our current

understanding of the fascinating self-assembling self-limiting character of the heterogeneity in the

perovskite relaxor ferroelectrics was recognized by the award of the MRS Medal and Award for

innovation in 1992,




In 1992, Professors Cross and Newnham were honored to present the Orton and Sosman
Lectures at the annual Meeting of the American Ceramic Society and Professor Newnham was
honored by the International Ceramics Meeting in Assissi, Italy with their prestigious award.

The following report uses the format established earlier of giving a brief narrative account
of the topics covered and appending the formal published results for more detailed reference. The
papers are assembled under five general headings:

GENERAL PAPERS.

RELAXOR FERROELECTRICS.

MICRO-COMPOSITES STUDIES.

INTRINSIC SIZE EFFECTS IN FERROELECTRICS.

SPECTROSCOPIC ELLIPSOMETRY.

2. GENERAL PAPERS

It has always been an element of the research philosophy in MRL that practical “demand
pull” should be factored into the choice of research topics in the Laboratory. The paper by Cross
on “Ferroelectric Ceramics: Tailoring Properties for Specific Applications” (Appendix 1) highlights
some of the steps towards fundamental understanding which can be useful in property control.
The sections on relaxor ferroelectrics applied to capacitor and actuator systems draws on work
sponsored on this program.

In the general paper on Electronic Ceramics by Newnham and Shrout (Appendix 2), the
focus is upon processing of electronic compositions particularly the requirements for the newer
evolving multilayer tape cast systems. The paper considers the diverse needs of high density
packaging and the drive towards incorporationg functional ceramics directly into the package.

3. RELAXOR FERROELECTRICS

Developing understanding of the key phenomena in the perovskite and tungsten bronze
structure relaxor ferroelectrics has been the driving force behind the PhD studies of Dwight
Viehland (Appendix 3), Ruyan Guo ( Appendix 4), D. A. McHenry (Appendix ) and Jayne R.
Giniewicz (Appendix 6).

Ruyan Guo’s studies were focused upon tungsten bronze structure relaxors in the lead
barium niobate solid solution family. PBN is of major interest since it has been known for some
time that the system embraces a morphotropic phase boundary near the Pbg ¢Bag 4Nb2Og
composition which separates tetragonal and orthorhombic ferroelectric variants. With good single
crystal samples Ruyan was able to demonstrate for this first time direct evidence of
ferroelectric:ferroelectric switching in this MPB system. It was intriguing to find that in both
tetragonal and rhombohedral variants, the polarizability orthogonal to the major polarization




diverges at low temperature then shows a Vogel:Fulcher type freezing. This is perhaps the first
evidence of an “orientational” glassy state in a polar domain structure. The work is summarized
effectively in Appendices 7-9.

Viehland’s work which was carried out jointly with our Transducer Program is
summarized in Appendices 10-14. Detailed study of the dielectric and elastic properties of lead
magnesium niobate carried out in association with Dr. Manfred Wuttig’s group at University of
Maryland showed up the inadequacy of the earlier super paraelectric model at lower temperatures
and the Vogel:Fulcher like freezing of the polarization fluctuations into a glass like state at lower
temperature. The large local dipole moments however allow the glassy state to be “reorganized”
into ferroelectric macrodomains under high electric field following Almeida: Thouless type behavior
as in a spin glass. Again the glassy state exhibits high local strains associated with the local
polarizations, which soften the elastic properties giving a much richer and more useful mix of
properties as compared to the magnetic spin glass systems.

Jayne Giniewicz studies concerned the order:disorder phenomenon in the lead scandium
tantalate based perovskites which gives rise to controlled relaxor behavior, and the manner in
which this is modified on solid solutions with lead titanate (Appendices 15-17).

It is interesting to note that only 7 mole% of lead titanate in solid solution will frustrate the
possibility of doing order:disorder in the system, yet some 35% is required to get to the
rhombohedral:tetragonal morphotropic phase boundary.

Optical and Electro-optic properties of relaxors which were a primary concern on this
contract are delineated in Appendices 18, 19, 20, 21. From the temperature dependence of the
refractive index it is possible to monitor the onset of RMS Polarization (The Burns Temperature)
and to show that though the electro-optic g constant are dispersive, the behavior gives a coherent
description of the fluctuating polarization levels. Just as in the electrostrictive response field
biasing gives rise to a linear electrooptic effect so that the induced R constants may be derived. In
general the polarization related linear and quadratic constants are very similar to those in other lead
containing perovskites.

Appendix 21 reports interesting data on the persistence of the optical second harmonic
generation above the accepted Curie temperature in BaTiO3. Relaxation times for the response
suggest that in Remeika BaTiO3 the phenomenon is related to defect ordering which provides a
“pseudo” bias field in the domain above T¢.

4.0 MICRO COMPOSITES STUDIES

During the contract period a number of approaches were tried to realize closely coupled
phases of BaTiO3 (piezoelectric) and CoFez04 (Magnetostrictive) so as to be able to explore
elastically coupled magneto-electricity (Appendices 22-25). Both micro 0-3/3-0 composites and




macroscopic layer structure 2:2 composites were fabricated and explored. The best macro-
composites had values of o the magneto-electric coefficient from 25 to 500 times that of single

phase Cry03. Theoretical models however suggest that even these improved materials are far from
optimum and that even higher a should be possible if processing can be improved.

Composites composed of a high conductivity ceramic or metal phase distributed in a
nonconductive matrix have many practical and theoretically interesting properties. Practical interest
in PTC thermistors is explored in Appendix 26. Percolation constraints which give the interesting
sharp resistance changes with temperature in the PTC are discussed in Appendix 27 and the
possible use in interconnect systems considered. Appendix 28 gives a more quantitative general
treatment for the resistivity:volume fraction relations in polymer:carbon black composites using a
general effective medium approach.

An alternative series, parallel connectivity approach useful for coated power filler phases is
examined in Appendix 29. For filler phases with more complex resistivity temperature
characteristics such at V203 have been shown to give the possibility of engineering composites
with conductive “windows” in the conductivity temperature curves (Appendix 30).

5.0 INTRINSIC SIZE EFFECTS IN FERROELECTRICS

The phenomena of size effects in ferroelectric crystal powders and ceramics is neatly
summarized in Appendix 31. The data from clean powders is shown to be very important
predicting size effects which strongly limit scale in BaTiO3 but are much less constraining in
PbTiO3. The consequences of these limitation are discussed for thin film ferroelectrics.

6.0 SPECTROSCOPIC ELLIPSOMETRY

The run “up to” the use of spectroscopic ellipsometry in characterizing oxide ferroelectric
surfaces and films is given in the PhD theses of Nguyen and Chindaudom (Appendices 32 and
33), and in the paper by Nguyen, Vedam and Narayan (Appendix 34).

The “payoff” for ferroelectricians is discussed in the application to PZT films on buffered
silicon (appendix 35) where the full power of the method for evaluating the inhomogeneity in the
fractal structure of the films is abundantly clear.

The importance of this understanding is clear from the remarkable changes in the dielectric
dispersion in PZT thin films which can occur due to improper control of processing parameter
(Appendix 36). An interesting application of the piezoelectric effect in PZT films to the fabrication
of mini-piezoelectric surface flexure wave motors is discussed in Appendix 37.
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FERROELECTRIC CERAMICS:
TAILORING PROPERTIES FOR SPECIFIC
APPLICATIONS

L.. Eric Cross

1 Introduction

Ferroelectric oxide ceramics are used in a very broad range of functional ceramics and form the
materials base for the majority of electronic applications. These electronic applications account for
more than 60% of the total high technology ceramics market worldwide (High Technology
Ceramic News, 1990). It is the purpose of this tutorial paper to examine the range of physical
properties which make the ferroelectrics attractive for electronic applications and the techniques
which can be used to modify. control and optimize these families of properties.

Major applications can be divided into five distinct areas which draw upon different
combinations of properties:

Dielectric applications make use of the very high dielectric permittivity &ij, low dispersion and
wide frequency range of response for compact capacitors in multilayers, thick and thin film forms
(Herbert, 1985a). Nonlinear hysteritic response is of interest also for thin film nonvolatile
semiconductor memory (Myers and Kingon, 1990), and high permittivity films are of interest for
local capacitance in high count DRAMs and both on and off chip in packaging (Tummala and
Rymaszewski, 1989).

Piezoelectric and electrostrictive responses in poled and unpoled ferroelectric and relaxor
ferroelectric compositions are of importance in Transducers (Levinson, 1988) for converting
electrical to mechanical response (Rosen, 1959) and vice versa (Herbert, 1985b). Sensor
applications make use of the very high piezoelectric constants djjk of the converse effect, which
also permit efficient conversion of electrical to mechanical response (Jaffe and Berlincourt, 1965).
For actuation the strong basic electrostrictive coupling can be exploited for very high precision
position control (Aldrich, 1980) and the possibility of phase and domain switching with shape
memory is used in polarization controlled actuation (Pan et al., 1989).

Pyroelectric systems rely upon the strong temperature sensitivity of electric polarization
(dPg/dT) (Porter, 1981), the pyroelectric effect in ferroelectrics, for the bolometric detection of




long wavelength infra red (IR) radiation (Whatmore et al., 1980). Simple point detectors are
widely used in domestic and industrial applications (Liu, 1976) and there is now a strong focus
upon imaging systems which may be used for nigh vision (Watton, 1986) and for thermal-medical
diagnostics (Kazan, 1977).

P.T.C. semiconductors are a specializcd area of application in which the barrier to charge
transport at the ceramic grain boundary in specially processed barium titanate based ceramics is
controlled by the polarization state of the ferroelectric (Daniels and Haerdtl, 1976), giving rise to
an extremely strong positive temperature coefficient of resistivity (PTCR effect) controlled by the
Curie point of the ferroelectric composition (Hanke, 1979).

In Electro-optic applications the properties of interest are the high quadratic (DiDomenico and
Wemple, 1969) and linear (Giinter, 1980) electro-optic coefficients (rijk, gijkl) which occur in
ferroelectrics and the manner in which these can be controlled in modulators (Salvo, 1971),
switches (Alfness, 1986), guided wave structures and photo-refractive devices (VanderLinde and
Glass, 1975).

In this tutorial, the dielectric, piezoelectric and electrostrictive applications will be the focus,
but the techniques examined to modify and improve properties will also be valid for many of the
other material needs.

Considering the nature of the properties to be optimized, two important features will be
stressed. Firstly the interest is in bulk, lattice properties controlled largely by the crystal structure
of the ceramic. Secondly in every case it is augmented compliance (softness) which is of interest,
in contrast often to the structural ceramics where it is stiffness which must be augmented. It
follows then that instability of the lattice will be of importance, since this engenders compliance,
and thus phase changes which are the finger prints of instability will be of major importance.
Frequently to improve properties then, we are looking to exploit and control solid state phase
transitions.

Clearly a bounding condition is that the crystal structure must permit ferroelectricity in a
useful region of temperature and pressure, and must be of a type which can be exploited in the
simple polycrystal ceramic form. In fact, all of the structures of interest are based on regular arrays
of oxygen octahedra, and the simple perovskite structure is certainly the most widely used.

2 Structure Types of Interest

The interesting oxygen octahedron structures which show strong ferroelectric properties with high
usable temperature ranges are all based upon corner linking of oxygen octahedra. The simplest
arrangement is the very well known perovskite structure Figure 2.1 where the octahedra are linked
in a regular cubic array forming the high symmetry m3m prototype for many ferrociectric forms.
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he small 6 fold coordinated site in the center of the octahedron is filled by a small highly charged
(3,45 or 6 valent) cation and the larger 12 fold coordinated ‘interstitial' site between octahedra
carries a larger mono, di or trivalent cation, or is empty as in WO3.

The perovskite structure is a common stable form for many double oxides, but ferroelectricity
was not discovered in the family until the early 1940s, when Wainer and Soloman (1942) in the
USA, Ogawa (1946) in Japan and Wul and Goldman (1945) in the USSR made almost
simultaneous discovery of ferroelectricity in barium titanate BaTiO3. The US study was part of a
‘crash’ program during World War I 1> discover a ceramic substitute for mica which was being
exhausted by rapidly vscalating military needs. It is perhaps interesting to note that BaTiO3 which
was the highlight of these early studies is still the base for the composition of most of the world’s
ceramic capacitors.

A@Borium 0@0:;@% 8@ Titanium

Figure 2.1: The unit cell for a typical cubic perovskite barium titanate in the cubic
Pm3m prototypic phase above T¢.

An interesting documentation of early work in Japan has been carried forward by Murata
Company and is now available in book form (Wakino, 1990) for those well versed in the
language. Perhaps now it may be possible to catalogue more completely the Soviet contribution to
complete the early history of the titanates. Structural information for a very broad range of
perovskiles is available in the early book by Galasso (1969) which is now being revised and
updated. Certainly the most complete trustworthy cataloguing of ferroclectric oxide perovskites is
given in the Landolt Bornstein Vol. 16a on oxide ferroelectrics (Landolt Bornstein, 1981). This
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tabulates more than 100 perovskitec compounds and innumerable solid solutions between
compounds.

Of major importance in ceramic dielectric applications are BaTiQ3 and solid solutions with
ScTi03, PbTiO3, BaZrQ3, BaSn0O3, CaTiO3....... and a range of bismuth oxide based modifiers.
In piezoelectrics the higher Curie points in the PbTi03:PbZr03 solid solutions and the unusual
ferroclectric phase makeup are vital and in both dielectric and electrostrictive application the
Pbh(B | B2)O3 mixed cation compositions are becoming of increasing interest where B | may be Fe,
Ni, Mg, Zn..... and B3, Ti, Zr, Nb, Ta, W.... etc.

O 7 ® o) o

Al site A2 site Bl site vl site C site

(any"(a21yvic1y isil} (B2)g O

Figure 2.2: Projection down the ¢(3) axis of a unit cell in the tungsten bronze
structure. Site locations are marked and the structure related formula s given. Roman

superscripts mark the coordination of the ions at each site location.

In current electronic ceramic applications only perovskile structure compositions are used,
however with increasing sophistication in ceramic processing it is probably that strongly grain
oriented structures may become practicable. The newer thin film structures also provide avenues
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for orientation using topotactic configurations on suitable substrates, so that ferroelectrics from
lower prototypic symmeltries may become of interest in ceramics.

The next most versatile structure family are the Tungsten Bronze structure ferroelectrics with
the octahedron arrangement in Figure 2.2. The rotations of the octahedra evident in the ab plane of
the structure in 2.2 reduce the point symmetry to tetragonal (4/mmm) with layers stacked in
regular sequence along the 4 fold (c) axis. The arrangement distinguishes two inequivalent 6 fold
coordinated B sites at the centers of inequivalent octahedra with 5, 4 and 3 sided tunnels for the A
site cations extending along the ¢ axis giving the structure related formula for the bronzes:

(Al (A27 (Cdy (B1) (Bdg Oso -

7 7 -

5

7 @ o O

Bl Pb Nb 0

Figure 2.3: One half of the tetragonal (4/mmm) unit cell of PbBi2Nb209. A denotes
the perovskite double layer (PbNb207)2-; B denotes a hypothetical PbNbO3; C
denotes the (Bi202)2* layers.

The bronzes are a very rich family of oxide ferroelectrics with Curie temperatures reaching up
1 560°C and more than 85 compounds in the most recent survey (Oliver et al.. 1989). Again there
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is very extensive solid solution between end members (Landolt Bomnsiein, 1981) and the open
nature of the structure as compared to the perovskite permits a very wide range of cation and anion
substitutions without loss of ferroelectricity.

The bismuth oxide layer structures for which BigTi3012 is the prototype are depicted in
Figure 2.3 and have structures based on corner linked perovskite-like sheets, separated by
bismuth oxide (Bi202)2+ layers (Cummins and Cross, 1967). Composiuons with 1, 2, 3, 4 and
5 layers are known and there is limited mutual solid solubility (Subbarao, 1962).

The lithium niobate structure is really a variant of the perovskite Figure 2.4 and a much more
restrictive arrangement, so that only LiNbO3, LiTaO3 and a very limited range of solid solutions
based on these compounds have this form.

In what follows, the discussion is centered on systems with the perovskite structure.

Figure 2.4: Structure of ferroelectric LINbO3 and LiTaO3 (40).

3 Phase Transitions in Perovskites

Three different types of phase transitions are of interest in the perovskites, starting from the
highest symmetry cubic form:
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Simple proper ferroelectric transitions leading to fully ferroelectric partially ferroelastic
species.

Antiferroelectric transitions close in free energy to the ferroelectric forms, giving rise to
interesting dielectric and to improper ferroelastic species.

Oxygen octdhedron tilting transitions which can occur independently, or in association with
either ferroelectric or antiferroelectric forms

3.1 Ferroelectric Phase Transitions

Most important for their profound influence on the dielectric polarizability and the resultant
sequence of polar variants are the simple proper ferroelectric transitions. In the symmetry
classification of Aizu (1966, 1970, 1967) and of Shuvalov (1970) the high symmetry cubic m3m
prototype can give rise to six different polar species (Table 3.1). The vector directions of
polarization which are specified with respect to elements of the prototype symmetry form the
domain states of the ferroelectric form in each case giving 6, 12, 8, 24, 24 and 48 domain
polarization directions respectively.

Table 3.1: Ferroelectric phase transitions possible from the cubic m3m prototype following the
symbolism of Shuvalov.

Phase Symmetry Polarization Components Shuvalev Species
Cubic m3m Py=P=Py=0 Prototype
Tetragonal 4mm P{#0 Pi=Pj=0 m3m(3)D4Fdmm
Ortthorthombic mm2 P{=Pj#0 P{=0 mIm(6)D2Fmin2
Rhombohedral  3m Pi=Pi=Pi=0 m3m(4)D3F3m
Monoclinic  m P{=Pi=0 P§=0 m3m(12)A4Fm
Monoclinic m Pi=P{=0 Pj=0 m3m(12)A2Fm
P{=P

Triclinic 1 Pi=Pj=Pj=0 m3m(24)A1F
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Figure 3.1: Sequence of phases which occur on cooling a BaTiO3 crystal from high
temperature. (Figure 3.1a) Unit cell dimensions and orientation of Ps vector in each
phase. (Figure 3.1b) Unit cell dimensions as a function of temperature across the three
ferroelectric phases.
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Clearly for a randomly axed polycrystalline ceramic form, the more switchable domain states,
the easier it will be to "thread" polarization through the sample. Surprisingly however, even
though permitted by symmeltry, there have been no cases reported of transitions into monoclinic or
triclinic symmetrics in the perovskites even though such states would be highly advantageous for
ceramics.

ONE TILT

Figure 3.2: Oxygen octahedral arrangements in an untilted structure a®a®a®: Oxygen
tilts in a co-tilted ¢ axis rotated structure a®aOc* and in a contra-rotated layer structure
aaOc". Notation due to Glaser.

In many instances the ferroelectric variant is not stable over the whole temperature range
below the first ferroelectric Curie point transition and the structure may go successively into lower
symmetry species. The sequence of transitions in barium titanate, which is the base composition
for most dielectric applications is shown in Figure 3.1a. Successive transitions on cooling take the
domain symmetry to tetragonal. orthorhombic and rhombohedral. A very simple Landau type
theory has been given by Devonshire (1949, 1951) which gives an elegant phenomenological
description of the phase transitions, polarization states, dielectric and elastic properties and the
shape changes depicted in Figure 3.1b.
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Complete list of possible simple tilt systems

Serial Lattice Multiple Relative pscudocubic
Mtk Svmlsed? Centrag cell cubell parameterc Space proup
J-telt systems
N a*btc* 1 2a,x2h,x 2, a,#*b,#¢, Immm (No. 71)
(&3] a*b*b* { a,¥b,=c, Inimm (No. 71)
(3 ata*a* [ ap=h,=c, Im3 (No. 204)
4H a*b*e- P a,#b,#c, Prunn (No. 59)
{5 a*ta*c” P a,=b,#¢c, Pmnmn (No. 59)
(6) a*b*b- P a,#b,=c, Puunn (No. 59)
(@] a*ta*a~ P a,=b,=c, Pmmn (No. 59)
3 a*b-c” A a,#b,#c,2#90° A2,/ml} (No. 11)
(9) ata~c~ A a,=b,#c,x#90° A2,/m11 (No. 11)
(10) a*b-b- A a,#b,=c,2£90" Pama (No. 62)*
(1 a*a~a~ A a,=b,=c,x#90° Pnma (No. 62)*
(1 a“b-¢- F a,#b, #cpx#t iy #90° FT (No. 2)
(k)] a~b-b- F a,#b,=c,x# fi# 7 #90° 12/a (No. 15)*
(B} a~a~a- F a,=b,=c,2a=f=y#90° R3c (No. 167)
2-titt systems
s a’h*tct I 2a,x2b,x%2¢, a,<b,#c, Immm (No. 71)
(16) a’b*b* { a,<b,=c, 14/m (No. 37
(1" a%b*c- B a,<b,#c, Bounb (No. 63)
s a%*tb- B a,<b,=c, Bmmb (No. 63)
a9 a% "¢ F a, <b,#c,2#90° F2imil (No. 12)
(20) a*bb- F a,<b,=c,x#90° Imem (No. 74)°
L-tilt systems
2N a®a’ct C 2a,%x 2h,xc, a,=b,<c, Cd/mmb (No. 127)
22 a®a’c~ F 20,%x2b,x 2¢, a,=b,<c, Fa/mmic (No. 140)
Zero-tilt system
(23 a’a’a® r a,xb,xc, a,=b,=c, Pm3m (No, 221)

* These space group symbols reler to axes chosen according to the matrix transformation
group

i 0 0
£
0 yy/.
Figure 3.3: Classification for zero, one, two and three tilt systems after Glaser.

3.2 Octahedra! Tilting Phase Transitions

In many perovskites, particularly those with smaller A site cations, the net of orthogonal comer
linked oxygen octahedra "crumples” at lower temperatures. The octahedra remain corner linked
and adjacent octahedra thus must contra rotate, Figure 3.2. Rotations can take place around any of
the three 4-fold axes so that formally the tilt structures may be treated phenomenologically (using
the tilt angle O as the appropriate order parameter) (Axe, 1972). Since the tilts necessarily carry
strongly coupled anti-polar oxygen displacement, effects on the polarizability of the lattice are not
strong, however the displacements are shape changing and thus give rise to improper ferroelastic
domain structures. Excellent compact classifications of the possible tilt system have been given by
Glazer (1975) (see Figure 3.3) and by Alexandrov (1976, 1978).
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Phase-transition

temperatute
Compound Formula °c
1 2 k]

Disnlacive antiferroelectrics
A. Perovskite structure

Lead zirconate PbZi0, 230, ~228
Sodium niobate NaNbO, ~480, 354, =200
Lead hafnate Pbll{O, 215, 160
Bismuth ferrite? BiFeO,  ~850,~400,~200
Silver niobate? AgNbO, 325.55%0
Lead stannate? PbSnO, ~400
Lead magnesium tungstate PbMg, W, ,0, ~38
Lead nickel tungstate PbNi, , W, ,0, 17-160
Lead cohalt tungstate PbCo, ,W,,0, ~30.-20,-206
Lead cadmium tungstate? PbCd, ,W,,,0, ~400, 100
Lead ytrerhium niobate PbYb,  Nb, ,0, ~310, ~160
Lead yvtrerbivin tantatate? PoYh, ,Ta, .0, ~290
Lead Iutecium niobate? PbLu, ;Nb, 0, ~280
Lead lutecium tantalate? Pbl.u. .72,,0y ~270
Lead indiwm niobate? Pbin, ,Nb, 40, ~90
Sodium bismuth titanate? Na,,,Bi, ,li0, 200.320.520
Lead terrouranate? PbFe, U, 30, ~-100
Lead manganese tungstate? PbMn, , W, ,0, ~150
Lead manganese tungstate? l’an”wmo’ 200, -70
Lead gallium niobate? Pb,GaNbO ~100
Lead ismuth niobate? Po,BiNbO, ~-235
Lead manganese rhoenate? foMn, ,Re, O, ~{20,~i70
Lead cohalt rhoenate? PbCo, ,Re, ,0, ~130

Figure 3.4: Antiferroelectric perovskites.
3.3 Antiferroclectric Phase Transitions

In certain perovskites the dielectric "fingerprints” in the prototypic high temperature phase suggest
increasing compliance with decreasing temperature, the signal for a lower temperature
ferroelectricity. However the phase transition is into a nonpolar form with antipolar displacements
of the normal ferroactive cations at the unit cell level. As with the polar forms, the antipolar
displacements are strongly coupled to the crystal shape so that in symmetry, the domain states are
a sub-group of the improper ferroelastics. For electrical purposes only those antiferroelectrics
which are close in free energy to alternative ferroelectric forms are of interest especially in the
special case where the energy difference can be over ridden by a realizable electric field. ’

Sodium niobate and lead zirconate are two well documented antiferroelectrics where high field
switching to the ferroelectric form has been well authenticated (Cross and Nicholson, 1955;
Fesenko et al., 1978). However the list of "card carrying” perovskite antiferroelectrics is still short
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and the subject merits additional study. It would be indeed useful to remove some of the question
marks which 'deg’ current lists of antiferroelectric compositions (Figure 3.4).

4 Engineering of Ferroelectric Phase Transitions

The extrema which occur in the dielectric, pyroelectric, elasto-electric and opto-electric properties
of ferroelectrics at temperatures close to the phase transitions take the properties into exceedingly
interesting and practically important ranges. It is thus important to explore the mechanisms which
can be used to modify and control the transition behaviour.

In the perovskite system, five types of control are important:

¢ For solid solutions, the phase transition temperatures often change continuously with
composition so that in homogeneous compositions the transitions may be placed at optimum
temperatures. Further, by controlling a deliberate heterogeneity a range of transitions can be
engendered spreading and smoothing the sharp extrema.

* In some solid solutions, ferroelectric:ferroelectric phase transitions occur at fixed compositions
and are nearly independent of temperature. These so called morphotropic phase boundaries are
extremely important in piezoelectric ceramics.

« Elastic stress can have a marked effect on the transition behaviour and the property extrema near
the transition so that self generated stresses in ceramics may be engineered to improve the
properties.

» For ceramic compositions the grain:grain boundary helerogeneity can be invoked to modify
extrema and to control the field distribution in the ceramic.

.

« Since ferroelectricity is a cooperative phenomenon the scale of the ferroelectric region is of
critical importance. Nano-scale heterogeneity can engender completely new properties and give
rise to spin glass behaviour which can be exploited in both capacitors and transducers.

4.1 Engineering Transitions for Dielectric Applications

Many practical ferroclectric capacitor dielectrics are based upon barium titanate, BaTiO3. The key
feature of any ferroelcctric is that is some accessible range of temperature and pressure it has a
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ferroelectric phase, and that in that phase a spontaneous electric polarization can be switched
between two or more equilibrium orientations by a realizable electric field.

o 2Sx
gzo-.
BIS--;
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5 1015

E,\\"cm

Crystal
Figure 4.1: Hysteresis in single crystal BaTiO3 selected to be without 90° domains.

As has been shown in Figure 3.1, BaTiO3 at room temperature is ferroelectric with six
alternative domain states polarized along any one of the six equivalent <100> directions of the
original cubic prototypic form.

For a 100) oriented single crystal the hysteresis loop is very square, Figure 4.1, the end states
may be shown to be single domain yielding in the most perfect crystals a vailue Pg - 26 pic/cm? at
20°C (Merz, 1953). In a polycrystaline ceramic, the domain structure is much more complex,
Figure 4.2, the hysteresis loop very rounded so that both maximum and remanent polarizations are
much lower than the single crystal values Figure 4.3 (Jaffe et al., 1971).

For the more perfect crystal which can be converted to single domain state, the paraelectric
and the single domain intrinsic polarizability can be measured, Figure 4.4, 4.5. Unlike
ferromagnets very high permittivity persists for a wide temperature range above the Curie Point T¢

following a Curie Weiss law € = .
owing r i T-o

In this case however C ~ 1.5 103°K as compared to C ~ 10-2°K in a corresponding ferro- or ferri-
magnet (Figure 4.6).
Above T¢, the cubic m3m symmetry dictates that the weak field dielectric susceptibility
(permittivity) be spherically symmetrical so the ew can be completely characterized.
£, 00
0e,0
00¢,
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S0 15
E.kV/cm

Ceramic
Figure 4.3: Dielectric hysteresis in a coarse grain BaTiO3 ceramic.

In ceramic form, the first question must be whether the grain boundary acts as a high
impedance layer strongly limiting utility as a capacitor. The cubic form above T¢ permits an
unequivocal answer. Extensive experiments on very carefully prepared BaTiO3 ceramics with
average grain size from 0.75 to 53 p meters by Yamagi et al. (1976) show no significant change
either in C or in © as compared to the crystal (Figure 4.7), confirming that ceramics can be made
with low impedance grain boundary structures

The absence of major grain boundary impedance suggests that the high permittivity near T¢
could be exploited in capacitors if T¢ could be moved near room temperature and the response
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broadened. In solid solutions, all of the phase transitions move continuously with composition as
shown in Figure 4.8 for solutions with PbTiO3, SrTiO3, BaZrO3, CaTiO13 and BaSnO3.
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Figure 4.4: Dielectric permittivity (weak field) near the Curie temperature in a single
domain BaTiO3 crystal.
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Figure 4.5: Lower temperature weak field dielectric permittivity in a single domain
BaTiOj3 crystal. Note that below 0°C the crystal breaks up into domains and below
-90°C the domain structure imparts an anisotropy which should not occur in the single

domain state.
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In both BaZrO3 and BaSnO3 systems there is an interesting "pinch off” region in the phase
diagram where for temperatures close to room temperature tetragonal, orthorhombic and
rhombohedral states are becoming of similar energy i.e., it becomes easy to thread the polarization
vector through a randomly axed ceramic.

For the diclectric response, two desirable effects are evident as for example in the Ba(T).
xZrx)O3 system. At low level additions the dielectric peak rises sharply (Figure 4.9) and with
further addition broadens markedly. Broadening may be traced to macroscopic heterogeneity in the
composition giving rise to a distribution of Curie temperatures and thus a broadened peak. This
principle is widely used in commercial dielectrics, which often use several additives to trim the
propenties. Some commercial formulations taken from the book by Herbert (1985a) are shown in
Table 4.1.

To provide capacitors with high K but greater temperature stability, two additional features
are used to control and enhance permittivity in aimost pure BaTiO3 ceramics:

I Control of the permittivity in fine grained BaTiO3 ceramic.

2 Control of the grain boundary impedance to suppress the Curie peak at Te.

Both effects are illustrated in Figure 4.10 which contrasts this behaviour vis-a-vie the Curie
point adjusted compositions.
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Figure 4.6: Contrast between the dielectric behaviour of a BaTiO3 perovskite type
ferroelectric and the magnetic behaviour of a normal soft ferrite ferrimagnet.
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Figure 4.7: Dielectric permittivity above the Curie temperature in very carefully
prepared BaTiO3 ceramics as a function of grain size. Note there is no significant
grain size dependence.
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Figure 4.8: Behaviour of the phase transitions as a function of composition in a
sequence of BaTiO3:ABO3 solids solutions.
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Figure 4.9: Permittivity temperature curves for solid solutions in the BaTiO3:BaZrO3

composition system.
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Figure 4.10: Comparison of Curie point shifted high-K dielectrics, with grain size and
grain boundary controlled "pure” BaTiO3 compositions.
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Table 4.1: Typical practical BaTiO3 based diclectric formations taken from Herbert.

tuem l".“ lr-q'v'..l'nuu! Al)/n") Bs St Ca tig 1i A Sn
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4.1.1 Grain Size Effects in BaTiO3 Ceramics

It was known {rom the early 1950s, that small additions of TiO2 together with controlled firing
could give rise to BaTiO3 ceramic capacitors with permittivity close to 3,000 over a broad
temperature range. Over time the beneficial effects were traced to a liquid phase densification
which inhibited grain growth in the ceramic and left a residual boundary phase, which reduced the
Curic peak permittivity. More recently these effects have been achieved by other means and both
effects studicd separately.

Probably the best measurements of the pure grain size effect are due to Kinoshita (1976) who
uscd hot pressing of a weakly dysprosium doped BaTiO3 to produce samples with controlled
grain size from 1.1 pm to 53 ym which showed no suppression of the Curie peak. In his samples
there is a continuous increase of weak ficld permittivity & near room temperature with reduction in
grain size to values above 5,000 at 1.1 p meter (Figure 4.11).

Concomitant with the reduction in grain size, the group at NTT also observed a reduction in
the frequency of occurrence of 90° domains with reducing grain size. Earlier, Buessem et al.
(1966) had suggested that a reduction in the twin density would give risc to internal stress of the
type depicted in Figure 4.12 which would strongly enhance the intrinsic permittivity, markedly
raising € and shifting the orthorhombic tetragonal transition to higher temperature (Figure 4.12).
Some additional support for this model come on studies of the mechanical strength in hot pressed
BaTiO3 by Pohanka et al (1976) who measured the flexural strength above and below T¢ and
noted a reduction in strength in the ferroelectric phase which could be accounted for by the internal
tensile stresses required in (the Buessem model.

It must be noted however that an alternative model for the grain size effect has been proposed
by Arlt and co workers (1985) which would require that the fine grain ceramic have a higher
density of twins and some experimental evidence is advanced for this hypothesis. The advantage
of the twin (domain) model is that is does account well for the higher tand in the fine grain system,
but it does not explain the phase transition shift. Clearly more work is needed to resolve this
important question.

One possible avenue for study would be (o suppress the 0°C transition as for example by
calcium titanate doping. For the intemal stress mode., the grain size effect should diminish rapidly
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as €3 intrinsic is lowered. For the domain wall model, the proximity of the
tetragonal:orthorhombic transition is not necessary provided the lattice strain and wall energy are
not too strongly effected.
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Figure 4.11: Dielectric permittivity of BaTiO3 as a function of grain size.

4.2 Manipulation of Grain Boundary Impedance

In BaTiQ3 ceramics, it is remarkably easy to produce "dirty” grain boundaries, and most ceramics
like the Seimens C4() material show Curie maximum suppression to greater or lesser degree, and it
is often advantageous for practical application. To demonstrate the phenomenon quantitatively,
and in the process to produce a useful high voltage dielectric, Payne and Cross (1973, 1984)
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explored fast fired BaTi03:NaNbQO3 composites. Using the fact that there is a pseudo eutectic in
the solid sofution system, it is possible to generate a rapid liquid phase densification which leaves
a thin NaNbO3 coating over the BaTiO3 grains whose thickness can be controlled by the volume
of NaNbOj3 used. Since NaNbO3 has a flat permiitlivity:temperature behaviour, it is possible to
use Curic Weiss analysis 1o derive the impedance of the boundary phase directly and 1o verify the
predictions of the simple "brick wall” model for the ceramic. The argument is presented pictorially
in figures 4.13, 4.14, 4.15, 4.16, 4.17, 4.18. A comparison of the characteristics of a 5%
NaNbO3:BaTiO3 versus a pure BaTiO3 capacitor is given in Table 4.2.
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Figure 4.12: Calculated mean permittivity as a function of combined uniaxial
compressive and orthogonal two dimensional tensile stress: the self generated stress
system expected in untwinned fine grain BaTiO3.
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Figure 4.15: Weak field dielectric permintivity of BaTiO3 as function of temperature.
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Table 4.2: Practical advantage of a BaTiO3:NaNbO3 composite dielectric for a high voltage

capacitor.
Permittivity Permittivity Aging Breakdown

Dielectric K at O Volts K at 60 KV/cm %/Decade Strength
BaTiO, 2.100 400 2.8 100 Kv/cm
BaTiO, 2,100 750 1.25 200 Kv/cm
5% NaNbO,
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Figure 4.17: Expectation for Curie Weiss behaviour in a diphasic BaTiO3 ceramic,

and confirmation of the behaviour in fast fired ceramics.
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Figure 4.19: Nanoscale ordering in Lead Magnesium niobate compared to a
disordered PZT solid solution.

Figure 4.20: Dark field image of the chemically ordered domains in Lead Magnesium
Niobate.
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4.3 Scale Effects in Heterogeneous Ferroelectric Dielectrics

It was shown earlier in this section 4 that a measure of compositional heterogeneity is essential in
very high K dielectrics so that the dielectric extrema at the Curie temperature is spread over a
practically useful range. For most widely used BaTiO3 based formula, this heterogeneity is on a
scale comparable to the grain structure and is often induced by processing to a non equilibrium
phase distribution.

As the diclectric thickness gets smaller, particularly in ultra high capacitance density
multilayer capacitors, it becomes difficult to control macroscopic heterogeneity because of short
diffusion distances, and a finer scale composite would be desirable.

In the Pb(B1B2)03 perovskites for which PbMg]/3Nb2/303 (PMN) is a useful prototype, it
has become clear that there is a new mechanism which establishes a truly nanometer scale
heterogeneity in the composition in such materials. Extensive studies by transmission electron
microscopy have revealed that ordering takes place between Mg:Nb cations but not as might be
expected in a 2:1 ordered sheet structure as occurs in BaMg(/3Ta2/303, but on a local 1:1
ordering in an NaCl type lattice (Harmer et al., 1984; Randall, 1987).

A crude two dimensional picture is given in Figure 4.19 which compares the atomic
arrangement in PMN with that in a conventional PZT ceramic. A feature which is immediately
evident in the PMN is that the 1:1 ordering is non stoichiometric and must give rise to massive
short range chemical heterogencity. The ordered regions are highly Mg rich and must give rise to a
local charge imbalance which presumably stops the ordering process at this ~5nm scale.

The ordering which is within a coherent crystal lattice occurs in both single crystal and
ceramic samples and can be imaged using TEM (Figure 4.20) (Chen, 1991). This fossil chemistry
which is formed at very high temperature lcads to a nanoscale chemical heterogeneity which
influences the manner in which these materials exhibit ferroelectricity. This family of lead based
complex perovskites has been called relaxor ferroelectrics. The outstanding features of the
dielectric and ferroelectric response are summarized in Figure 4.21 and the most salient features
tabulated in Table 4.3. Earlier studies (Cross, 1987) based on the very small scale of the polar
regions in PMN had suggested a super paraelectric model for the high temperature behaviour and
mcasurcments on the SBN bronze had been adduced to demonstrate the mobility of the polar
phase (Asadipour, 1986). A recent natural extension has been to explore a spin glass model for the
behaviour (Vichland, 1991a).

Viehland (199 1b) has authenticated a Vogel-Fulcher model for the dielectric relaxation (Figure
4.22) which postulates local cooperation between polar micro regions leading to a freezing
temperature Tf. It was noted also, that for the field forced low temperature ferroelectric phase, the
collapse of remanent polarization leads 10 a thawing temperature in close agreement with Tf. By
looking at the manner in which different levels of DC electric field force a spin-glass to
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ferroelectric phase change Viehland (1991c) (Figure 4.23) was able to use the De Almedia-
Thouless relation (1978) to deduce a size for the uncoupled polar entities in close agreement with
the scale of the heterogeneity observed by transmission microscopy (Figure 4.24).
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Figure 4.21: Special properties of the relaxor type perovskite dielectrics.
' (a) Weak field dielectric permittivity vs. T.
(b) High field hysteritic behaviour vs. T.
(c) Low temperature X-ray spectrum showing no departure from cubic structure.
(d) Optical anisotropy in a zero field cooled single crystal of PMN.

In a number of ways, the dielectric spin glass is more complex than the magnetic because of
the strong electrostriction which couples nano scale polarization to nano scale distortion of the
lattice. Many of the expected consequences have now been explored (Figures 4.25 to 4.30). It
must be stated however that the current work has not yet proven spin glass behaviour in PMN,
however the list of confirmed glass like features is indeed impressive as tabulated in Table 4.4.
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