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ABSTRACT

This report presents a survey of ceramlc systems exhibi-
Ing ferroelectricity together with fundamental data on ferro-
electric crystals. A review of the basic reasons for the
occurrence of ferroelectricity as well as for the dependence
of the ferroelectric transitions and the properties of ferro-
electric materials on the intensive parameters follows. The
dielectric, plezoelectric and elastic properties of experi-
mental and commercially avallable ceramic ferroelectrics are
listed. The interpretation of dielectric properties of
ceramlc ferroelectrics as modified singie-crystal properties
includes a discussion of dilelectric constant, stability, non-
linear vehavior and domain effects. Techniques for poling
and special forming methods for ferroelectrics are described
followed by a discussion of the linear and non-linear devices
employling ferroelectric materials.
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STATE-OF-THE-ART REVIEW ON
FERROELECTRIC CERAMIC MATERIALS

INTRODUCTION

The purpose and problems consldered for this review are
discussed below.

In the past twenty years since the discovery of ferro-
electriclity in barium titanate, many other inorganic ferro-
electric materials such as lead tifanate, lead metaniobate,
potassium niobate, cadmium niobate and various solid solutions
of these materials have been discovered and extensively investi-
gated.

Many solid state devices hava been proposed to explolt the
unique ferrcelectric and pilezoelectric properties of these
materials. The most prominent of these are various types of
electro-mechanical transducers, the dielectric amplifier,
Information storage cell, frequency modulated osclilator, and
ferroelectric energy converter, /Although many experimentcal
models of such devices have been built and cperated, their full
potential has not been realized due to several serious materlals

Limitations such as dielectric and mechanical iosses, time,

temperature and frequency 1instability of ferroelsctric character-

Istics, and unst.ible polarization states.

Numerous research orograms nave been directed toward
obtaining a deeper understanding of the physical phenomena
responsible for the above limitations, Thils review and analysis
of efforts In this area have been made in order to contribute
toward the successlul exploitation of ferroelectric materials
in Alr Force systems.

The state-of-the-art review on ferroelectric ceramic
materials attempts to cover the followlng major aspscts of the
fielid 1n detail:

1. A compilation of compositional, structural, and die-
lectric s.udies of ceramic systems exhibiting ferroelectricity,

2. The validlity of various theoretical and experimental

efforts designed to establish quantitative relationships between
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single crystal and polycrystalline ceramic properties - dilelectric,
plezoelectric, and elastic. Problems and limitations involved

In the deductlon of ferroelectric and plezoelectric character-
1stics of ceramic materlals from single crystal properties have
been explored,and the complex influence of ceramlic microstructure
and particle size phenomena on polarization and domailn dynamics
described 1in all pertinent aspects,

3. A compilatinn of data on dielectric, piezoelectric,
and elastic properties c¢f ferroelectric ceramlics, commerclally
avallable and experimental.

4, Degradation of ferroelectric ceramlcs under electri-
cal stress.

5. Evaluations of varlous speclal technligues such as
poling procadures, formation by devitrification of glass, and
thin film fabrication of ferroelectric ceramics.

6. An analysis and characterization of non-linear
behavior in ferroelectric ceramics based on work in this area,
as well as application of these materials to non-iinear devices
such as modulators, harmonic generators, dlelectric amplifiers
and memory storage cells, together with dlelectrlic and mechani-
cal loss phenomena and their effect on device operation.

At an early date it was declded that the boundary of this
review 1s outlined by the subject "ferroelectric ceramlc
materials”". This excludes all materials whicn show no ferro-
electricity over the whole temperature range, but 1t includes
non-linear dlelectrics which could possibly be ferrecziectric,
but for which no proof has been established. The other criterion,
"ceramic" 1s scmewhat ambiguous because at the present time the
meaning of this word is shifting from "polycrystalline, 1lnorganic,
ncn-metallic materials, formed and densifled iy ceramic
processes”" towards the more general meaning "l.acrganic, non-
metallic solid”. The new meanlng defines single crystals and
amorphous thin films as ceramlc materials as long as they are
not organic or metallic. For the purpose of this review 1t
does not make too much difference which definitlion 1s accepted,
because single crystals w11l be discussed in either case.
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It is important, however, that both definitions exclude organic
ferroelectrics from the survey.

The information coliected for this survey 1s classlified
roughly into three groups:

1. Research and Developnent
2. Manufacturing Processes and Commerclal Products
3. Applicztion: Design and Devices

The data collected gre quite different for each group.

In papers of Group 1l all reliable information was collected,
especlally that on stability which includes ftemperature range
of ferroelectric and nonferroelectric phases as well as on the
type of transformation (1lst or 2nd order), heat of transforma-
tion and all censtants of the free-energy function. These
include Curie-Weliss constants, elastlc ceonstants and plezo-
eleciric constants. In additlion, K values as functicons of
temperature, time and frequency werz collected together wiin
data on structure type and lattice constants.

In papers uf Group 2 the Information extracted was different
in quallty and quantity. The organization of these data was
largely determined (and limited) by whatever data the manufac-
turer chose to publish,.

In Group 3 the information collected was determined by
the quantitative tests which can be performed in the range
of usability. Of primary interest here was Information which
could help to decide whether or not measurable material
properties (such as the dielectric ccnstants, loss tangent,
piezoelectric and elastic constants, porosity, etc.) affect
the performance of a device and in what way.
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SUMMARY

This State-of-the-Art Review has been written with threec
groups of users in mind: (1) Designers of components and
devices who want to be informed about the general range of
properties of available ferroelectric materials. (2) Manufac-
turers and developers of ferroelectric materlials who want to
understand better the performance and, perhaps, deficiencies of
present materials and who want to develop new and improved
materials. (3) Researchers who want information on the amount
of rellable experimental data available, where new data are
most urgently needed and what level of sophistication and degree
of agreement with experimental results has been reached in
theoretical treatments,

For the first group data on commerclally available di-
electric and plezoelectric materials haw been compiled with
some discussion of their general stablility and thelr use in
linear and non-linear devices. For the second group data on
the range of ferroelectricity in all known systems gre presented
and the important compounds in these systems are further
characterized by important structural and thermodynamic data.
Dielectric and plezoelectric properties of experimental bodies
In these systems are presented and a quantlitative treatment for
derlving the propertles of these bodles from the known or com-
puted properties of the single crystals they contaln 1s dis-
cussed. The research pecople will find many useful data, but
more empty spaces in the tabulation of measured propertles,
Indicating the great need for more experimental work in this
area. A brief survey on the present status of ferroelectric
theory shows the achlevements as well as the deficiencles and
the need for niore work.

A few ltems of special importance have been singled out
for a more extensive treatment.

The stabllity of ferroelectrins with time; i.e., aging
and degradation, 1s discussed 1n great detai?. Aging 1s defined
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as the spontaneous change of all properties under zero external
field conditions. It is proposed that aging is a gradual relaxa-
tion of mechanical stresses which results 1n a change in all
piezoelectric and dielectric properties. Degradation of

fitanate dielectrics under dc stress 1is a slow deterioration
process which eventually causes breakdown of the dielectric even
under moderate stresses. The main degradation process 1s ionic
in nature.

Thin film ferroelectrics permit the integration of numer-
ous components and circult elements; however, thin film capaci-
tors show a more erratic performance In yleld and stability
than thin fl1lm resistors.

Devitrified ceramic ferroelectrics, materials with inter-
esting properties, are formed Ly controlled crystalllization
during heat treatment of a glass., Detalls of the formation of
silicate-free barium titanate crystals in a crystalline feldspar
matrix and thielir resultant propertles are presented.

Poling methods for ceramlc ferroelectric materlals are
given, Barium titanate-type materials are heated to slightly
above the Curle temperature and cooled in a dc field; this
procedure permits the domains to be aligned as they are belng
created at the transitlon temperature. Lead-zirconate-titanate
and lead metaniobate materials are poled in the same manner as
barium titanate except that high conduction in the materials
prevents the poling from being done at the Curie temperature.
The field i1s applied at as high a temperature and for as long
a time as necessary 1n order to allgn the maximum numnber of
domains.

Non-linear devlices that have attalned a signiflicant
stature Include dlelectric amplifiers, non-linear capacitors,
phase shifters and switches. These devices and the operatlve
effext of mechanical and electrical losses in thelr piezoelectric
ceramic transducers d4re described.




I. SURVEY OF CERAMIC SYSTEMS
EXHIBITING FERROELECTRICITY

A. Introduction

The fundamental structural and dlelectric data selected
from the literature and arranged according to composition of
compounds exhibiting ferroelectricity are presented in this
section. Three criteria were used in selecting these data:

1. The data should be judged to be scientifically
reiiable and sound.

2. The data should be potentially useful in inter-
preting the behavior of existing ceramic ferroelectric materials .

or in developing new and improved ceramic ferroelectrics.

3. The data should be characteristic of a crystalline
phase of well-defined composition and structure. This would
include the basic thermodynamic properties as well as other
intrinsic physical properties, but it would exclude properties
which are largely "texture" sensitive.

As with all compilations and classifications of this kind,
there are many open questions which can be declded upon only in
a somewhat arbitrary way, and which are therefore oper. to
criticism.

The following compilations thus are a compromise between
the total amount of data available, the avallable space, the
skill of the authors and the present state of the theory which
1s characterized by a falr success of the phenomenological
{thermodynamic) approach,

B. Presentation of Data

In this section, the fundamental data collected during the
program have been assembled into various tables and figures for
presentation.

In Table I, the chemical formula for each compound is
listed together with the temperature of the upper boundary




(Curie temperature) of the ferroelectric range in degrees Kelvin
and, also in the last column in this table, the reference

from which the data were taken 1s snown. All these data, in
general, are for single crystal ferroelectrics. These compounds
haQe béen grouped according to structure type where possible.

The antiferroelectric compounds have been listed in
Table II. In this case, the temperature of the upper boundary
or transition temperature below which spontineous antiparallel
polarization takes place (similar to Néel temperature of anti-
ferromagnetism) is listed for each compound. Several of
these compounds become ferroelectric by application of an
applied field,

In Table III; the solid solution systems between two
single compounds which show evidence of ferroelectriclity are
listed. For many ¢ these solld solutions a composition-
versus -temperature diagram 1s given in Figure 1.1-1.29 showing
the area where the material is ferroelectric (F), non-ferro-
electric or paraelectric (NF) and antiferroelectric (A). In
order to show the relationship of the solid solution to the
oxlde compounds, a ternary phase diagram is also presented for
certain systems represented. Figures which are available but
not shown may be found by using the reference listed.

In a quaternary phase diagram it 1s possible to have a
series of solid solutions between elther three or four single
compounds. Table IVa shows the composition of the three-
component solld solutions with areas of ferroelectricity at
room temperature and Tadle IVb presents the diagrams showing
ferroelectricity between four single compounds. The orienta-
tion of the plane of solid colution is shown in the tetrahedron
of the oxide system. Table V is for a non-oxide system.

Much of the data presented in Table VI have been complled
in B, Singh's doctoral thesis (S3) and R. Pepinsky's AF-Report
(P1) and have been used also by F. Jona and G. Shirane in their
vook (J1).
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TABLE I

Range of Perroelectricity for Single Compounds in °K

Chemical
Formula Upper Boundary*¥* Reference

il Perovskite Type

BaT105 393 (J1)
SrTiO3 ~ Lo* (o)
PbTiO3 763 (J1)
CdTiO3 ~50-60 (J1)
KNbo3 708

NaNbO4 73

AgNbO, 613 (P1)
KTaO3 13 (P1)
HaTaOq <4 (P1)
AgTa0y 758 ()
RbTa0, 523 \J1)
2. Related Compounds

WO4 50 (J1)
S Miscellaneous Oxides

Cdng2O7 185

SrpTayly 193 % %%

Sro(Ta, ghbg o)0;*** 673

PbNb,,0¢ 843 (P1)
PbTa 0 533 (P1)
BaNb,0;; 343 (Ch)

* (Curie point obtained by extrapolation from R. T.
**  Curle temperature
*¥**¥*  endpoint of solid solution with Sr2Ta2O7
**¥* highest temperature lnvestigated

Ferroelectric crystals with the reference (Ji) can be
found in the Appendix or Index of that reference,




TABLE T (Cont,)

Chemical
Formula Upper Boundary**  Reference

3. Miscellaneous Oxides (Cont.)

LiNbO4 1398 (A8)
LiTa0y 7232 (P1)
AgV04 443-453 (J1)
PbB1 Nb, 04 823 (J1)
PbB1,Ta 0, 703 (J1)
STB1 Nb,04 e (J1)
SrBizTaeog 608 (J1)}
BaBiNb,04 473 (J1)
BaB1,Ta 40, 383 (S8
B1,T130,, 948 (J1)
BaB1,T1,0, 663 (J1)
SrB1,T1,0, 803 (J1)
PbB14T14015 8473 (J1)
Nay Bl ST1,0,5%** 928 (J1)
KO.5B14.5Ti4015*** 788 (a1)
Pb,Bi) 10, 583 (J1)

u [N 1)
BaB1;T1,NbO, , 543 (P1)
PbBL3T1,Nb0, , 563 (P1)
Pb,(FeNb)Og 385 (J1)
Pb,(FeTa )0 243 (J1)
P, (ScND )0 363 (W
Po..(ScTa)0g 299 (J1)
FuQ(YNo)O6 580+ (J1)
Pb, (Mg )0g 310 (J1)

**  Curie temperature
¥*¥  may not represent single compound
+ probably non-ferroelectiric
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TABLE I (Cont.)

Chemical
Formula Upper Boundary** Reference

3. Miscellaneous Oxldes (Cont.)

PbB(Mnge)Og 265 (J1)
Pb3(NiNb2)09 123 (J1)
Pos(Fe i)0g 193++ (71)
Ba(Aly 4Ll ¢)(0g gFy )" 423 (J1)
Ba(A11.7Lio.3)(O3.4FO.6) 413 (J1)
Pb3V208 373 Y
Ale309 (ch)

Soluble Ferroelectric Compounds

4, Sulfates

(NHM)ESOM 223.5 (71}
(NDM)ESOM ~223 (P1)
NH)HSO), 270 (J1)
RDHSO,, 258 (J1)
L1(N2H5)sou (J1)
(NH4)20d2(804)3 95 (J1)

S Phosphates

KH, PO, 123 (J1)
KD, PO, 213 (J1)
KH,As0), g7 (P1)
KD,As0), 162 (J1)
RbH, PO, 147 (J1)
RbD, PO, 218 (J1)
RbH,AsO), 110 (J1)
RbD,As0), 178 (31)
CsH, PO), 159 (J1)
CsHpASO), 143 (J1)-
CsD,As0), 212 (L

curie temperature
**x may not represent single compound
++ probably also antiferromagnetic
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TABLE I (Cont.)

Chemical
Formula

6. Related Compounds

(NH,,) ;BeF),
(ND,,) ,BeF),
LiH,(Se0
NaH3(SeO

3)2
3)2

e Other Ferroelectrics

KuFe(CN)6-3H20
KNO3
NaNO2
CaB304(OH)
SbST

3-H20

8. Questionable Ferroelectrics

Mg3B701201

MnO2

*¥*  Curle temperature

Upper Boundary** Reference
176 (J1)
=179 (J1)
~363 (P1)
194 (J1)
2u8.5 (J1)
397 (J1)
433 (J1)
270.5 (J1)
295 (F1)
538 (J1)
323 (J1)

11
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TABLE II

Range of Antiferrcelectriclty for Single Compounds 1n °K

Chemical
Formula Upper Boundary** Reference

1. Perovsklte

NaNb03*** 627 (J1)
PbZrOg*** 503 (J1)
PDHLO*** 488 (J1)
PbTiOé 173 (J1)
2. Other Compounds

Pb,MgW0g 312 (P1)
CsH3(Seo3)2 145 (P1)
(NH4)2H3IO6 253 (P1)
(ND4)2D3IO6 260 (P1)
Ag2H3IO6 ~205-245 (P1)
Ag2D3IO6 =2U5-285 (P1)
NH,, T 231 (P1)
NH, PF¢NH) PF 228 (P1)
3. Phosphates and Related Compounds

NHyH, PO, 148 (P1)
ND;,D, PO, 230 (P1)
NH,H,AsOy 216 . (F1)
ND),D,AsO), 299 (P1)

**  "Néel temperature"
¥***  can be driven into ferroelectric phase by
application of electrlc field

12
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TABLE II (Cont.)

Chemical

Formula Upper Boundary** Reference
4, Sulfates and Related Compounds

(NH4)2804 223.5 L)
(NHu)QBeFu 176 (Jl)
NH),HS0), 154 (J1)
NHuLisou 283 (J1)
(NH4)3H(304)2 284 (51)

¥* %

"Néel temperature"

13
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TABLE IITa
Solid Solutions Between Two Zompounds
Containing Three Oxides
Solid Solution ,3
Flgure No, Composition Reference, Page No.
il (Pb-Ba)TiO3 J1, (N5,36)
1.2 (Pb—Sr)TiO3 J1, (N4,109)
iL:3 (Pb—Ca)TiO3 J1, 16,339
1.4 (Sr—Ba)T103 J1, G9,502
%% (Ca-Ba)1103 J1, 249
1.6 (Ca-Sr)T103 J1, G9,5C2
Lo ¥ GhJ%ﬂﬂg J1l, 513,221
1.8 (Pb-Sr)ZrO3 J1, S13,224
1.9 Pb(Zr-T1)03 J1, (D3,385)
1.10 Po(Ti Sn)o3 I1, 1293(N1,113)
Tl Fo T1-Hf)o3 11,1293 H4,261
1.12 Pb(Zr -St )o3 71, 1293
1.13 Ba(Ti- Zr)03 K1, 238
1.14 (Li-Qn)o3 J1, (N1,114)
1.15 K(Nb-Ta)o3 J1, (R2,1881)
1.16 (K-Na)Nbo3 J1, 266 (C8b,179)
1. AT (Cd-Pb)er?O7 J1, 266
1.18 (Cd-Ca) b o7 J1l, 266
1.19 (Pb—Ba)Nb 20g J1, (S4,230)
1.20 (Bl-La)FeO R1l, 493
1.21 Ba, 5x(”11_x-Nbx)O3 J1l, 255
Avallable (NHu)e(BeFu-SOu) J1l, 343
" (Pmea)HfO3 Wl. 346 ;
i NaNbO3—SrNb Og T1, 53 ;
" NaNqu-CdQNbQO7 (L1,661), W2 ¢
" BaTiO3-B1uT 3o 12 Al, 895
" Na(Nb-Sb)O3 12, 738
" Pb(ZrO3—Nb206) D3, 385

Pb(7a,-Nb,)0g Sk, 230

2




]
TABLE IlTa {Conte)

S501id Solution

Figure No, Composition Reference, Page No.
Available (Ba-Y2/3)Nb206 M3, 325
& (Ba—Sm2/3)Nh206 M3, 325,326
" (Ba-Laz/B)Nb206 M3, 325
i Na(Nb—Ta)O3 I3, 162
Unavailable Cdz(Nb-Ta)207 J1
i I Sr(Ti -La2/3)03 T2

15
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TS5 IV

Solid Solutions Betwcecen Three Single Compounds

Figure No, So0lid Solufion Composition Reference, Page No.
1.22 Pb(Ti-Zr-Sn)o, 11, 1293
J
1.23 (Pb-Ba-Ca)TiO3 T1, 1293
1.24 (Ba-Sr-Ca)TiO3 1, 1293
Available Pb(Zr-Ti)O3-PbNb206 D3, 384
! Pb(Hf-Ti-Sn)O3+O.0125PbNb206 H4, 261
" Ba(Ti-Zr-Sn)O3 N3, 1522
; Pb(Ti—Zr)O3-BiFeO3 4, 63
TABLE IVDb

Solid Solutions Between Four Single Compounds

Flgure No.

Solid Solution Composition

Reference, Pape No.

1.25
1.26
1.27
1.28
Availlable

"

Figure No,

(Ra-Ca)(Ti-Zr)0 3
(Pb-Ba)(Ti-Zr)0O 3
{Pb-Sr)(Ti- Zr)o3
(Pb-Ba)(Ti-Sn)O3
(Ba-Pb) (T1i-Nb)O 3
(Na-K)(Nb-Ta )0 3
(EaTLO ) - (LaTLO3)
TADIE V

Non-0Oxide System

Solid Solution Composition

|
g
I1,
'
S5,
I3,
M5,

Ret'erence,

1293
1293
1293
1293
256
162
82

Page No.

=
e

(NH), ), (BeF) -80))

J1,

343

], g g,
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Symbols used in Table VI

Lattice parameters are given in Kngstrom units. c/é is
the axial ratio followed by the temperature at which the data
were obtailned in degrees Kelvin., The Curie consttant (C x 10u°)
and Curie-Welss temp. difference (T -T ) are given in °K. T indi-
cates the transition temperature for each compound and includes
the Curie temperature where reported. When known, the order
of the transition (1st or ¢nd order) follows the T temperature.
PS is ghe maximum spontaneous polarization expressed 1n units
of 10~ coulombs/centimeter squared. It is followed by the
temperature in degrees Kelvin at which the maximum occurs,

€, the dielectric peak, is given at the temperature in degrees

)
Kélvin where it occurs. The crystallographic axls of the
measurement, the frequency in cycles per second and the
external field in volts/mil are given when reported. (X equals
one thousand cycles/second, M equals one million cycles/second
and v equals volts/mil). E,» the coerclve fleld, 1is given in
kilovolts/centimeter. The small signal dielectric constants,

3 € and €,» are given at room temperature,

a)

o
<M




TABLE VI

Structural Data

Curte Wetiss

30

Composition Symmetry Lattice Parameters Law
T
. . . Refer- x10 T -T
Perovakite Type Class group a A b A c A c/a Bl ences ¢ [*]
cublc m3m 4,01 473
BnT103 tetra 4mm 3.992 4,03 1.010 293 Pl 17.3 11
ortho mm 5.682 5.669 3.990 1.006 263 J1
rhomb 3m 3,998 173
Sr’r103 cuble 3.905 J1 8.3 38
PbT10, cutic m3m Pl
tetra  U4mm 3.904 4,150 1.063 293 M1 11.0
: €4T10, ortho 10.83%  .0.695 7.615 293 ho 4.5
§ cublc m3m T.021
KNbO, tetra lmm 3.99 1.017 1,017 Pl
i ortho mm2 o3 3.971 0.983 J1 240 58
rhomb 3m 4,016 M1
cublc 3.982 Pl
NaNbJ, tetra 2x3.933 4x3.942 1.0015 ABY
tetra 2x3.924 4x3.924 11,0023 M1
ortho, 222 5.568 5.505 15.518 1.007 293 M21
nonoc 5.564 5548 7.812 113
cuble 3.98 923 Pl
AgNbO, tetra 3.95 3.96 823 J1 18
ortho 3.944 3.944 3,926 0.993 393
K'mo3 cubic m3m 3.989 P 6.1 L4
o
NaTaO, ortho 5.513 5.494 2x3,875 293 Pl
ortho 5.890 0.998 M21
Agg’r‘ao:,5 ortho 3.931 0.992 293 J1
Rb’I‘aO3 tetra M21
LiTaO3 trip 3m Pl
J1
NnV03 J1
AgV03 J1
Complex Ferovskite Type
W0, tetra 4/mmm 5.272 3.920 1223 m21
monoc 2 7.274 7.501 3.824 293 Pl
J1
Pb(Sco.Sleo'S)O:i tetra 4,074 4,082 1.002 J1
. 4,
&Nb1.52r0'2505'25 ;:.:;;: - 12.670 o017 G10
Misc. “xiden
SrpTay0, tetra 10.63 10.91 Pl
POND,Og tetra 12,46 3.907 Pl 30
artho 17.51 17.8z 2x3.86 1.017 298 J1
M1
PbTa,0q ortho Pl
* ortho 17.68 17,72 2x3.8:/7 1.002 J1 15
M1
LINBO rhomb 3 5.492 Pl
3 M21
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FUNDAMENTAL DATA #CR FLRROELECTRICS

Thermodynamlc Data

at Transition Temperature Dielectric Pata

Phase Entropy Enthalpy Spaontaneous Dielectric Coerclve Dielectric Constant
Change Change Change Priarizavicn Peak Field {at. Room lemp.)
T Or- &S AH Polar Maxlimumr Tewp.
°K der Cal/mol°C Kcal/mol | Axis Ps e Ec Ea/eo Eb/eo Ec/eo
: €a=10,000 39 0.5 ~5,000 »5,000 »160
39 1 0.12-0.13 0.049 001] 26 i.000 27
27 1 0.06-0.09 0.021 110 at 29€° 4,000 122 at 298°
183 1 0.04-0.07 0.011 f111 10K
B2 3 2,008 »250
43 at 4,.2°
763 1 1.51 1.51 {001 80 Ce=300
173 1.51 {001 at 173° 1M at 2v )
50-60 =250
708 1 0.19-0.27 n.19 {001) 26 €a=l,500 0.5 2500
498 1 0.17 0.085 {110] at 683° 2,000
300
263 1 0.14 0.032 {1111 10K at 5v
213 1 0.7 0.050 fa=2,700 835 =60 .
233 A A 10K at Sv 76 76 =670
73 {o01] 12
613
823 foo1} very 200
H 00 333 30
598 small 500K
708 ent,000
13 1K at 1ov
903
853
153
758
643
523
(723) trig c 12 =300 10
at 573° at 573° S
(653)
(448)
1183 0.24 0.280 | NF €ax90,000
1013 0.45 0.450 A
603 A €axli0, 000
223 F 10 at 223°
363
=20, 000
193
843 il [010] Pr=0.6 €cad 17
22,000
500K
533 _toc 8 -10 €call, 000 25 *300
10K
(723)




TABLE VI (Cont.)

Structural Data

Curle-wWeias

Composltlon Symmetry Lattice Parameters Law
. . ¢ Refer- [x10" -
Misc., Oxides Class Group a A b A c A c/a °X ences C c "o
cublc m3m 10.372 298 Pl
CANb, 0. tetra 10.364 1.0005 123 M21 7 .
! tetra 10,378 1.0011 133 M)
Sr,Tag0; tetra 1C.63 10,91 Pl
PEND 0 tetra 12,46 3.907 P1
ortho 17.51 17.82 2x3.86 1.017 298 J1 30
M21
Pb'l‘a206 ortho Pl
ortho 17.68 17.72 2x3.877 1.002 J1l 15
M1
LiNbO, rhomb 3 5,492 o
?:.e'ra:,oq = tetra rl
Pb3(Mng2)Oq tetra P1
PbB1,Ta 0, tetra 25.4 391
13151313'1‘12Nb012 tetra Pl
PbB1,T1 ,NbO, tetra P1
!5-1311"1‘1“01,5 tetra Pl
PbBluT1u015 tetra WL Pl )
BlPe03 rhomb 3.963 R1
Ba(All'uLlo'G) hex 10,44 8.77 298 J
(05 g%y 2)
Ba’I‘hO3 cublc 4.4c7 Bl
MnO2 tetra Pl
B1,T130), ortho 5.411 32,83 1.007 298 $20 :
PYBL Nb, 0, tetra 5.492 5.503 25.53 J1
Lulfates
iNH, )30 ortho mmm 7.729 10.560 5.951 298 Pl
472°%y
ortho mm J1
M1
monoc  2/m 14,51 4,54 14,90 2
NH, 480, monoc m 14,26 4,62 14.80 J1l
tric 1 14,24 4,56 14.81 M1
RBI'SO,, moioc  2/m 14.36 4,62 14,81 P1
monoc m J1, ¥l
1.(N_H_)SO crtho mm 8.97 9.91 5.18 Pl
25 4 n
INH, ) ,Cd,(S0,) monoc  2(7%) Pl
hler2 T3 cublc 23 10.360 n
(NA,)Fe(50,) 5" 12H,0 cublc 23 12,318 298 Pl
monoc 2 J1
Phosphates
tetra U4cm 7.453 7.453  6.959 273 Pl
KH, PO, tetrs U2m 10.49 6.51 123 J1 0.33 o
ortho mm 10,45 10.540 6.91 77
KD, R0, tetra 42m 7.453 6.930 M3 5 ex )
[¥H,) BeP, ortho mm 7.49 10. 39 5.89 298 Pl
J1, M1

32

A A T AT RS e e L




Thermodynamlic Data
at Transition Temperature

FUNDAMENTAL DATA FOR

FERROELECTRICS

Dielectric Data

Phase Entropy Enthalpy Spontaneous Dielectric Coercive Dielectric fonsta
Change Change Change Polarization Peak Fileld {at Room Temg.)
T Or- &S &H Polar Maximum Temp. / i P
°K der _ Cal/mol®C Kcal /mol| Axis Ps °K Ec a’% % &
18% 1 0.09 0.018 [111) 6 at 88° €111%1200 10 at 8%° =310
10K at Sv
193
€
cxb
8h3 1 [o10] Pr=0.6 25,000 17
500K
533 jtoc 8-10 €ealo00 25 ~300
10K
(723)
703
543
563
663
843
1123
(23) s 5 at 208° 10
260
323 tetra c € 20x10°
20K at 5v
948 ortho b 6 € 570 . 3
at 498° 10K at 10v 30 at 498
823
223 1 4.2 .93 orthe  0.45 fowlss 223 4 at 213° 10 3 9
c cez3® 19K at Sv 12 at 200°
270 2 0.5 0.12 monoc 0.87 €enl420 270  0.15 at 2€0° 16
¢ >154° 16-6
154 1 2.1 0.34 10K 154 1.1 at 154°
258 2 monoc 0.65 €ca240 3 at 173° if 8 10
c at 107° 10K at 5v 22 at 123°
None ortho ¢ 0.3 none o
(77 to 413) f061) at 2a8°  77¢-m13° 0.32 at 298 \&
95 1 1.00 [100) 0.5 170=40 15 at 93°
at 93° 10K
8f 0.4 33
123 2 0.74 0.087 | tetra 4, Coml7,500
c <125° 800 at 200v {see 1) 50
213 0.47 0.1C0 :eﬁru 4.8 88 RS a0
176 1 1.90 0.31 ortho 0.22 “puss 1.6 at 153° 93 w 9
b at 153° 10K at 5v 12 at 13y%°
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TABLE VI (Cont.)

Structural Data

Curle-Weiss

34

Composition Symmetry fattice Parameters Law
° o ° Refer-~ xlOu T
Phosphates {Cont.) Class  Group a A b A c A c/a  °K ences C ‘c ‘o
(ND, ) BeP ortho Pl
e J1, M
L1H3(Se03)2 mono¢ m 6,26 7.89 5.43 Pl
J1l, Ml
NaH,(Se0) mono¢ 2/m Pl
3m3te 31, M1
Miscellaneous
Ferroelectrics
K, Fe{CN)-3H,0 monoc 2/m 9.38 16.84 9,40 P1
4 62
Jl, Ml
KNo3 rhomb 3m 4,365 Pl
ortho mmm 6.431 9,164 5,414 299 Ji, M1
RbNO3 cuble 4,36 D1
trig 10.48 7.45
NaNo, ortho mmm 5.33 5.68 3.69 Pl
ortho mm 5.390 5.578  3.570 Jl, Ml
. ¥ P1
Ca285011-5H20 monoc 2/m 8,743 11.264 6.1026=110°7v 71, My ©.05
SbSI Fl
Questionable
Ferroelectrics
Mg_ B 0, ,Cl cubic 43m Pl
376712 ortho mm J1
Antiferroelectrics
Pb2r03 ortho 4,88 11.76 8.20 0.988 Pl
J1, M}y 12 185
PbHFO., ortho 4,136 4,099 0.991 Pl
5 J1, M3
PbQMgWO3 P1
(NHu) H(S0,) monoc 2/m 14.51 h,e4 14,90 P1
37 Yl
m J1
1 M1
NHQHQPOQ tetra «2 7,479 7.516 273 Pl
ortho 222 J1
M21

ST



FUNDAMENTAL DATA FCR FERROELECTRICS

Thermodynamic Data

at Transition Temperature Dielectric Data

Phase Entropy Enthalpy Spcntaneous Dielectric Coerclve Dielectric Constant
Change Change Change Polarjzation Peak Fleld (at Room Temp.)
T Oor- AS &H Polar Maximum Temp. R
°K der Cal/mol°C Kcal/mol| Axis Ps °1 Ec ea/eo €b/eo F‘c/‘o
3
179 2.27 0.38 ortho 0.19 9 10 g
c at 163°
. none H_to 15 one 1.4 at 293° 23 13 30
i 001) (363-77°) 27 at 73°
4
1 -]
et LR SOL2 [103) ﬁ'g Zgﬁo €132%250 194 32  at 183°
. 22 at 80°
248 2 [101) 1.4 €101%1500
at 233° 1M
297 1 =1.1 trig 6.3 €onlih 4.5 at 394° 7
383 ’ brtho b at 394° IM
427 trig
c
433 1 brtho b 6.4 2.3 7.4
at 416°
270 2 monoc b 0.65 eb>7OO 2 at 203° 20
at 203° 1K
295 25 50, 000 100 at 0°
538 c 0.002 e=25 20 210
M
503 1 0.87 0.44  |tetra a ea=25OC
1M at 10v
1488
436 1 ortho a 550
298 S
312
247 b 65 247 16
143 49 143
148 1 1.05 0.154 |tetra a €ax8e
ec=30
A 800 at 200v
71
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II. THEORY OF CERAMIC FERRCELECTRICS

A, Single Crystzl Tneory

1. Introduction

The useful appllcation of the data collected in this
survey requires a general understanding of the stability and
the properties of f[erroelectric bodies and how they are affectad
by changes 1n composition and structure as well as by changes in
the intensive parameters: temperature, pressure, stresses and
electric fields, Such an understanding can only be gained in i
the framework of a theory. Although all ferroelectric theories
use drastic simplifying assumptions, they are rather iengthy |
and complicated and cannot be treated here in detail.

For a deeper understanding, it is therefore necessary to
consult textbooks and review articles*. On the other hand,
some parts of the theory; i.e., the basic reasons for the
occurrence of ferroelectricity as well as the dependence of
the ferroelectric transitions and the properties of ferro-
electric materials on the intensive parameters can be presented
in rather brief form. This part of the theory should become a
working tool for people working 1n the fileld and is therefore
Included in this survey.

The presentation will be given in three steps which do
not necessarily represent three different levels of sophistica-
tion. The first two steps deal with static and dynamic model
theorles; the third step deals with the thermodynamic treatment. |

2. Static model theories

The classical model of a dielectric is an assembly of N |
atoms per unlt velume of polarizability a: a 1s defilned as the
induced dipole moment Pe divided by the local field E times

loc
the dlelectric constant of the vacuum Eo

* See Jona and Shirane (J1) page 27 for references




E, = = (3)

as the local field in addition to the appliled fleld and
dividing the polarizabllity into an electronic part (ael) and

an ionic part ( ) one obtains for the dielectric constant K

a
ion

oLel oLion
(4)

One sees immediately that, 1if

N(%1 + %ion)
5

—
.
N

S

K goes to infinity and a discontinuity in properties (and
structure) must occur.

For BaTiO3; e.g., the electronic polarizability leads
to a term (Slater (325))

W) = 061 (6)
3

so that only a contribution of

] Uon = 0.39 (

3
from the lonic¢ poliarization 1s necessary to produce the
dielectric instability; one can suspect that thls instabllity

indicates the ferroelectric transition.

—l
S—
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A somewhat different way to visualize the possibility of
a stable ferroelectric arrangement; i.e., one with a spontanscus
polarization, is the following (Beam (B39)).

Assume a situation such as that plctured in Figure 2 where
the polarizabllity 1s rather high and P is a nordinear function
of the local field (Eloc)' This ..on-linear relation is given
by Curve I. On the other hand, any polarization P will produce
a local (Clausius-Mosotti field of magnitude 3P€ if' there 1s no
applied external field; i.e., either for a torofdal arrangement
of the material or for an electroded arrangement with short cir-
cuited electrcdes. This local fleld E100 = 3 & 1s represented
by Straight Line IT in Figure 2, The point whePe the straight
line crosses Curve I presents a stable situaticon where there 1is

a remanent polarization (spontaneous polarization) as well as a
remanent internal local field.

The question 1s how one can visualize the large values of

e lonic polarization which are necessary to produce the
dielectric instability as expressed in the breakdown of formula
(5) or the occurrence of a spontaneous polarization as pictured
in Figure 2.

The most obvicus way, naturally, is to visualize the icnic
polarizability ~s being due to the existence of permanent
dipoles in the material; these dipoles partially orlent them-
selves with their moment parallel to the local field and this
dependence has a non-linear character (Langevin function). The
contributicn of the orientation to the ionic polarizability can
be glven by a term

2
%rient %ET (8)

where u 1s the dipcle moment, k is Boltzmann's constant and T

15 the absolute temperature and, if this is included in formula
(4), one obtains
2

B
el ¥ %on * 5T
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(internal field)

Polarized State

Fig., 2 Polarization P vs

: ’ ® Cores
Local Field E, . (B39)

X oShell Centers

Fig. 3 The short-range interaction
polarization, d* are the displacements
of the shells with respect to the cores
in the Qbsence of replusion between the
ions. d+ are the additional shell dis-
placements resulting from repulsion.(D10)
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\
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Fig. 4 Chain cf positive and

negative ions in an unpolarized 100
crystal, showing exchange and 8
electron charge magnitudes and
positions. The large circles
represent negative ions, (D10)
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Fig. 5 Dielectric Constant of
BaT10, vs Grain Size (at 23°C) (B4O)
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Since T can go to any low value, 1t 1s evident that K
must become infinite at a certain temperature (Clausius -Mosotti
catastrophe). This formula has several flaws which are dis-
cussed 1n all textbooks; it does not hold even in the cases
where there are actually permanent dipoles in the material., It
is interesting to note that one of the first theories of BaTiO3
was based on the assumption of pre-existing dipoles; it has
been shown since that this leads to conclutlons which do not
agree with the experiments.

One important improvement of the basic formula (4),
involving lonic polarization by displacements rather than by
dipole orientation came from Slater (S25). Slater found that
the local field computed according to Clausius-Mosotti holds
for some points of the perovskite unit cell but needs drastic
correction factors at other points. &Especially he found a very
strong interaction between the Ti- ion and the OI—ion. As a
result of this it was possible to formulate equation (4) as
follows:

K = 3.84 + 1.93 (10)

N Ol’ion
1 - 16,19

3
in which equation the values for the electronic polarizabilities
already have been included.

Fquation (1) implies that, if

—ton _ 4, 062 (11)

(as compared with 0.39 in (7)) ferroelectricity is obtained.
This result 1s especially impcrtant because 1t proves that with
the perovskite structure and with a combination of cations and
anions of large electronic polarizability, only a very small
contribution from the ionic polarizability 1s needed t¢ bring
about ferrcelectricity.

Other static models have been proposed by Tagaki (T1l),
Kinase (K15), Triebwasser (T10) and Hagedorn (H14). Some of

4o




these computations reveal that BaTiO3 must be considered largely
as a non-ionic crystal. This points to the 1mportance of
covalent bonds as emphasized by Megaw (M21) and Smolenskii (326).
Smolenskii (S27) formulates the condition for ferroelectricity
as one 'where the strength of the dipole-dipole interaction
must be greater than that of the restoring elastic force".
Summarizing the results of this chapter one can say that the
strength of the dipole-dipole Interaction is due to string
electronic polarizability plus the enhancement of this inter-
action in certaln directions and in certain structures, whereas
the weakening of the restoring elastic force might be due to
covalent effects. Whereas the filist two factors, electronic
polarizabllity and dipole-dipole interaction, allow a fair
guancitative formulatlon, the treatment of tne covalent forces
is not developed to the point that one could predict ferro-
electricity on the basis of a model treatment alone. However,
study of short-range interaction and exchange forces, which 1s
the basis of anharmonicity of lattice forces, 1s a very active
field of research; e¢.g., in the study of the higher order of
the elastic constants, etc. It can be expectced that eventually
a guantitative treatment of this part of the model theory will
be feasible,

3. Dynamic model theories

The dynamic model theories of ferroelectrics are based
on lattice dynamics and have been developed gradually from the
theory of the dielectric constant of alkall halides. The
followlng presentation is taken largely from the pioneering
paper of Dick a2nd Overhauser (D10) which introduced the so-called
shell model of dielectrics that was, in turn, the startling point
3

The simple classical theory of the dlelectric constants

for Cochran's (C1l0) successful dynamic model theory of BaTiO

of lonic crystals considers the foliowlng model: The crystal
lattlce 1s occupled by polarizable ions in static equilibrium
of charge *Ze and polarizability at, This theory gives
expressions for the extrapolated high-{requency dielectric

an




constant K_, the low-frequency dielectric constant KO, and the
characteristic frequency of transverse lattice polarization
waves (the reststrahlen frequency) W

K, -1 N (a+ +a_)
LTz -~ 3. (12)
K -1 [ 2
[¢] = N I , (Ze
K +2 =~ 3¢ L‘a+ e DR _] (13)
. N(Ze)2/3 €
— D o
MWap™ = A= T=N(a, +a_) (1%)

360

Here M is the reduced mass of the positive and negative
lons; N 1s the number of ion pairs per unit volume; and A is
the harmonic restoring force constant related to the short-
range repulsion between the ions which in the simple theory for
NaCl type alkali halides is given by A = 6 RO/K*, RO being the
nearest neighbor distance and K* the compressibility.

Of the parameters appearing in these expressions M, N and
Z are known 1f the crystal 1s specified and 1s assumed to be
completely ionic. The polarizabllities a, and a_ for, say, the
alkali metal ions and the halogen ions in alkall halides are
known nelther in vacuum nor in a crystal environment and are
to be regarded as adjustable narameters in the simple classical
theory.

Equation (12) can be used to express N (a+ + a_) in terms
of K_. Substituting this N (a+ + a_) into (13) and (14) two
expressions are obtalned from which the adjustable parameters

a, and a_ have been eliminated:

K = G[K, A, N (ze)?]

o - (5
Mw,® = H[K_, A, N (ze)?] (16)

if A 1s expressed in terms of the lattice constant and
the compressibility, (15) and (16) contaln experimental quanti-
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D)
ties only. By elimirating alternately A or N(Zc¢)“ beiween (15)

and (16) these two relations can be written

- 2 .
Moy, (Ko + 2)/(1{0° +2)=A =26 RO/K* &)
" 2
Kk -k, = (K, +2)° {2l o i, 2 (18)
o I

In this form {17) and (18) are calied the first and
second Szigetl relations, respectively (Szigeti (S28,S29)).

The failure of the experimental data to satisfy (17) and (18)
demonstratec the inadequacy of the model on which the classical
theory 1s based.

The first Szigetil relation depends for its validity on
both the classical theory of the dielectric constants and the
theory of the compressibility which associates A with experi-
mental data. 1If, by definition

* = R (K - 2
K¥ = 6 no(hw + 2)/M&T (K, + 2) (19)

then a comparicon of Kz with the observed compressibility K*
gives a check on the validity of the first Szigeti relation,
If the relation were satisfied, KZ/K”= 1. Values of Kg/K*
derived from the experimental data show deviations of KZ/K*
from unity of both signs and as great as 34%.

The second Szigetil relation gives the difference between
the high-frequency and the low-frequency or static dielectric
constants. If 1y a relation that does not contain A and so
does not depend in this classical theory on the vaiidity oi the
theory of the compre.sibility as did the first Szigeti relation.
As 1s the case with the first Szigeti relation, the second
relation is not =atisfied by the experimental data. Accord-
ingly Szigetl introduced a quantity e* in place cof ¢ in 118):
e*/e is defined by

— w, o]
(B*/e)Q = Qg M (,U,%LO (KO—KOO)/NG‘—‘\KCO'*'Q)_', (Z 1) (20)

o g vl R 1




If (18) were satisfied, e*/e would be unlty. The values of
e*/é derived from experimental data are always less than unity
(0.69-0.93).

The shortcoming of the classlical theory as proven by the
fact that 1t does not give the correct value fox %1 = 1 accord-
ing Lo the sezond Szigetl equation has inducez Dick and Over-
hauser (D10) to develop a new theory of the dieiectric constant
of alkali halides, based on the shell model {Figure 3). The
physical i1dea 1s that in lons with a closcd-shell electron con-
figuration the outer electrons retain thelr spherical symmetry
and move 1n a fleld as an undistorted sphere against the rest
of the ion (core) to which the sphere is bound by a rather
small isotropic force constant. The rest of the ion, the core,
on the other hand, is riglid and does rot deforma appreciably.
Figure 3 depicts a mechanlical model with the 1isotropic force
constants symbolized by a chain of linear springs, showling the
short range forces between cores and shells of cation as well as
anlon and, in addition, the repulsive forces between the shells.
Other force constants such as those between the two nuclel and
those between the nuclei and the shells of the other lons are
not shown. The shell model leads to two new types of polarliza-
tion which are forelgn to the classical model, but which have
to be understood 1f one wants to understand dlelectrics.

First one must consider what happens due to the short-
range interactlon when palrs of lons zre moved tcgether as is
che case 1in that polarization of a crystal due to the motion of
tre poslitive and negative 1ons. The shells of the lons repel
ore another and tend to become displaced with respect to the
icn cores because ¢f this repulsion. This 1s equivalent to a
polarization of the 1onsi The restoring spring between the
shell and the core 1s 1n general weaker in the negative 1lon
than 1t 1s 1n the positive 1on, and hence one would expect the
polarization of the negative ion due to the repulsion of the
shells to exceed that of the positive 1on 1f the shell charges
were the same. Referring to Figure 3, 1t 1s seen that the
polarization due to the short-range interaction is 1n the

by
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dir ction of the applied Tiela for the positive inn and agalnst
the direction of the field for the negative ion, TIf the
negative-ion "short-range interaction polarization" exceeds that
of the pogsitive ion, it is seen that there is a resuiting net
dipole per ion palr directed opposite to the appllied field.
Whether it will in fact be a net dipole directed opposite to

the fleld depends, of course, both c¢cn the spring constants k

and on the shell charges ne, For the NaCl-type alkali halides,
the polarization due to this mechanism 1s indeed negative. This
is the sort of contribution to the polarization that serves to
reduce e*/e to values less than unity. The short-range inter-
action polarization arises from a coupling of the ionic dis-
placement polarization and the electronic polarization of tne
ions, a coupling beyond that which exists because of the Lorentz
fielé (Clausius-Mosotti field).

There 1is another sort of polarization which 1s a conse-
guence of the overlap of the ions and the resulting exchange
charge. When the repelling ions are moved with respect to one
another there is a change in the overlap integrals and a con-
seguent change in the exchange charge distribution. Thils change
is responsible for the repulsive force between the ions at short
distances. In a crystal the displacement of the ilons in the
polarization process causes such redistributions of exchange
charges and the resulting forces cause the ionic displacement
polarization to be finite. Assoclated with these charge redis-
tributions is a net dipole moment per unit volume. This will

be called the gxchange chargs polarization.

A chain of ions in a NaCl-type alkali halide crystel in
2ruilibrium (no field) with their associated exchange charges
is shown in Figure 4.

It 1s seen that 1n the overlap reglon between the inter-
acting shells there is a positive charge g (exchange charge)
between cach pair and the ions themselves nave acquired an
increased negative charge which is "excavated" from the overlap
region to make the exchange charge. Without a polarizing field
the dipoles formed by the exchange positive charges and the
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2

extra negative charges on the lons do not lead to a static 7
polarization; i.e., the dipole moments cancel each other in the
sarie way as do the dipole moments which cne can formally build
up from an array of positive and negative 1ions,

As soon as a fleld is applied, however, two types of
exchange charge pclarization appear: one is a dipole moment per

fon pair due to the changes in magnitude of the exchange charges
(¢ in Figure 4); the other one is due to the movement of the
exchange charges.

The shell model was applied to ferroelectrics by Cochran
(Cl0)}. He treats first the case of diatomic crystals which
shows basically the same features as crystals with a larger
number of atoms such as BaTiO3.

The theory leads to two expressions for the frequency orf
the transverse optical ( = polarization) mode ®p, which is the
reststrahlen frequency of the classical theory (see above

equation (14)), and for the frequency w, for the longitudinal
optical mode:

_.2 (Koc+2) 2 .

Moy = Ré iy e (Z'e) (21) ;
C {

_ 5 2(K_ + 2) 5

Mop = R} + T (Z'e) (22)

Ré is the short range restoring force related to A in equa-
tion (14); v is the volume of the unit cell related to 1/N in
equation (12). The shell model is used here in such a way
that only the negative lon is taken as polarizable and the non-
Coulomb forces act through the shell rather than through the
core.

Ze, Xe and Ye are the charges of the positive lon, the |
core of the negative ion and the shell of the negative 1ion,

Qeupectively; X +Y + 2 =0. The forces have been separated
é%nso Coulomb forces which depend on the polarization P and on

the short range rorces specifled by the force constant RO




between shells and positive lons and a force constant k between
shell and core of the negative ion (see Figure 3).

The constants R! and Z' in equations (21) and (22) depend
on Ro, k, Y and Z in the following way:

k RO
RS = ¥7xw <K (23)
o]
YR |
Zy = Z+m<z (2“)

o

Both Z2', Ro and v depend linearly on temperature due to the
anharmonicity of the lattice vibration. One can, therefore,

rewrite (21) as:

(e k 2)(z'e)2
wp = 1 - 5V <, = b (T-TC) (25)

where ® 1s a temperature coefficlent of the same order as the
volume coefficient of expansion.

Using the second Szigetl equation in a slightly different
form (Z' instead of Z) and introducing (25) into 1t, one gets:

(K_ + 2)° (2re)?

K = K + (26)
O =« | = /
o) T 5 (T Tc)eo

This 1s the Curie-Welss law of ferrocelectricity:

K K+ =< (27)
o) 00 T-TC
where
(K_+ 2)° (2'e)®

o = gV Rl € © (28)

The physical reason for the appearance of ferroe’ ctricity
15 contained in Equation (21) which states that (for wave vector
q => 0, i,e., for very long waves) the trunsversal optical
mode, 1.e., the transversal polarization waves, can go towards
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zero frequency; that is, freeze 1n., This phenomenon zan occur
when the two terms on the right side become equal and it gilves
a good picture of ferroelectricity in that 1t states that the
particular polarization corresponding to the transversal
optical mode exlists already in the para€lectric state as tran-
sient mode., In fact, thls polarization exists in all ionic
crystals, alkall hallde: and others, but, due to the tempera-
ture dependence of the two terms on the right side of (21) -
especlally the last term - only in certalin crystals can 1its
frequency go to zero, and the polarization corresponding to
this mode becomes permanent.

The theory of ferroelectricity for Ba’I‘iO3 (with five atoms
instead of the two which have been considered above) is in

principle the same; only the number of the force constants R $

it

i1s much larger as one has to consider Interaction between all
the shells, between all the cores, and between all cores and
all shells, In spite of formidable and cumbersome computations,
this problem has heen solved and 1t has been shown that this
theory can be brought into a form in which 1its agreement with
Important experimental facts can be checked. An interesting
fact might be mentloned concerning the frequency which 1is
assumed to go to zero. It seems that this frequency, which 1is
normally in 1O13 cps range, drops 1-2 orders of r.anitude upon
approach of the ferroelectric transition but does not actually
become zero: before this happens the materlial becomes unstable
and transforms into the ferroelectric state.

An important contribution to the question of the paral-
lelism of the ferroelectric transition to the frequency of the
transverse optical mode becoming abnormallylow has been made by
Cowley (C12), Cowley has measured the frequency of this mode
in 5rTi0, at 90°K and 296°K, using inelastic scattering of slow
neutronsj as function of the wave vector. At wave vector zero
the frequency dreps indeed to abnormally low values (1012 c/s).
A plot of the reclprocal diclectric constant and of the square

of the q=0) tiransverse optical mode frequency as function of




tempera-ure glves two siralght lines which both glve a Curle
temperature of 32°K. This is an cxperimental confirmation of
Cochran's equations (25) and (20),

Theoretical Investigations into the temperature dependence
of the transverse optical mode have been made by several

authors, e.g., Silverman and Joseph (S30).

4, Thermodynamic theory

Thne usefulness of the static and dynamic model theories
lies in the Tact that they show all the factors which are at
work to make a crystal ferroelectric. Some of these factors
can be brought into a quantitative form and one can estimate
the relative influence of structure, electronic and ionic
charge, and electronic polarizability; however, when 1t comes
to a precise prediction of which compounds can become ferro-
electric, at what temperatures and of the values of their
dielectric, piczoelectric and elastic properties, the model
theories fail. The reason is that in a true model theory all
the force constants, the R's and the k's should be compute
from first principles and this cannot be done at present,
Here is where the phenomenologlcal thermodynamic theory comes
in., This theory sets up a free energy function as a power
series of the polarization, the coefficients of which are
determined by comparison with exrerimental data, 1If the
function is properly chosen, mainly in regard to the number of
terms and the temperature dependence of the coefficients, one
can derive all other interesting properties of the materials
from it.*

The frec energy function generated by any model theory
may then be compared directly with the phenomenological
function, and provided an agrcement is achieved, it 1is then
certaln that the irodel theory will describe tne whole range of

observed properties.

*¥ The following presentation is taken verbally from Goswami
(G5) .
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Following the method suggested by Muller for Rochelle
salt, Devonshire (D5 a,b) exparided the free cnergy of barium
titanate as a functlion of polarization and strain and, using
an expression consistent with the original cublc symmetry wilth
relatively few parameters, was able to describe:

(1) varlations of spoataneous straln and spontaneous
nolarization with temperature,

(2) variation of permittivity with temperature,

(3) plezoelectric constant 4, ., and the elastic com-

1J
pliances Sy4 @s functions of temperature, and
(Mg dielectric susceptibilities at constant stress

and at constant strain as functions of temperature,

N¢ attempt was made to determine the free energy function

In terms of stresses and polarization, so that one could use
this function to determine the variation of permittivity under
different types of mechanlcal stresses in the ferroelectric
state. Previous workers have attempted to correlate the
dlelectric properties under mechanical stresses but only in
the paraelectric state. To study the influence of mechanical
stresses on the dlelectric properties in the ferroelectric
state, the free energy function in terms of stresses and
polarization 1s necessary. The method of obtalning this
functien follows. Devonshire's expression for Gibbs' free
energy function of the unstressed crystal has the form

_ 2 2 2 4 4 4 6 6 6
G, = A(Px + Py + Pz) + B(PX + Py + Pz) + C(Px + Py + Pz)
2,2 ne e 2.2
+ D(PxPy + BB + BSE ) (29)

and the Helmholtz free energy is given by an expression of
the form:
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+ g12[xx(Py 1 rZ) + yy(Pz " Px) & zz(Px ' Py)]
+g, [y PP+ 2 P P_ + x P.2 ] + A'(P° + P2 + P°)
Btdg vz Xz X v X'y X y z
1 4 4 1/ nepnl 2,2 2.2
t! t 1
+ B (PX + Py + PZ) +D lePz i BB e PxPy)
6 06 6 /o
. t
+ CH(P) + B P)) + A (30)

where A 1s related to the dielectric stiffness in the para-
electric state, decreasing linearly with temperature; B, C, D
are constants; the corresponding primed quantities stand for
the constants of the Helmholtz free energy function; cjj's
are the appropriate elastic constants; gij's are the electrc-
strictive constants.

With 1ncreasing precision in experimentation, efforts
have been made to improve the formula by increasing the number
of terms and by using better constants than those used in the
4 original treatment. Perhaps the most reliable expression is

that due to Hulbregtse et al (H15) which is

o, ZI 2 ;.2 2 2
A, = L/2cll(xX Y, g, t l/zcuu\xy +y, + zx)
P 2 2
+ 012(Xxyy + Vg2, + zzxx) + gy X P+ nyy + zsz)
2 2 2 2 2 2
s (P =y .
glz[xx"y + Pz) + yy(Pz + Px) + zz(PX + Py)] (31)
+ g (X PP +y PP +2z PP)+A(PE 4+ P24 po)
Wity xty z'yz X'z'Xx X Y 2
) L 4 & 6 6 6
» - + B(Px + Py + Pz) + C(PX + Py + Pz)
2.2 2.2 2.2
L + D(PxPy + Psz + PZPX)
24 h2 2% o n2 24 L2
+ G(PXPy + PXPy + Py‘z + Psz S IF DECRG BB
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From this Helmholtz free encrgy function, an expression for the
Gibbs free energy function G1 i:2as been derived in terms of
stress and polarization ty Goswaml (C=). This function takes
the form

_ 2 2 2
G, = 1/2311()(x + Yy 4 zz) -s

1 XY + YyZ +Z,X )

12( X'y

2 2
1/25u4(xy s

2 2
+7Z ) + QX + Q12Yy + QIQZZ)PX

+

2
(Q12Xx + Q11Y + Q “ )P + (Q12 X + Q12Yy + Qllzz)Pz

2 2 2 b
Quu(X PP+ Y By | g B, B) + W(E & Py + 0 (32)

y Xy
6 6 6)

+

+ B(P“ + B 4 P*) + C(BD + P + P,

y X y
2.2 2p2 | p2p2
(
+ D(PTP + PyP + ZPx)

+ PYP2 4 PQP“ + PYPe 4 P2 2p% 4 pHp?)
X vy z X

=

+ G(PSP

X

< F <
8

2 2
X y
where Wy | Wiy ZZ are the normal stress components,

X ¥

YZ, Zx’

sll’ s12, suu are the elastic compliances,

Px’ Py,

ana Qll’ Q12, QML are the electrostrictive coefficlents.

Xy are the shear stress components,

P are the components ¢f polarization,

Numerical values for these coefficients are listed in Table VII.
Tre fleld components may be readily sbtained from the
free energy function by

oG BGl dG

_ 9% ) e
Ex—gg Ey—aP—y Lz—aP—z (33)

oG oG JG
X, = 3—1 vy, = 5—L z, = 3gl (34)
"X Xx y Y Z 5
The permittivities are glven by
2 2 2
€xx éPi €yv BPE €2 BPi
J




For non-orthogonal stress systems one must also consider

the off diagonal terms: ny Eyz %x'

The usefulness of the thermodynamic theory .s manifold,
First, by investigating the free function (29) ac a function of
temperature and polarizatlion, it gives direct insight into the
nature of the ferrocelectric transition, If all coefficients of
(29) are positive, the free energy function has a minimum at
P = 0, correspondaing to the pamelectric state, If A, the first
coefficient, goes through zero and becomes negative, A(P) has
two minima, corresponding to a ferroelectric state., In this
case, the spontaneous polarization changes smoothly from the
zero vaiue above the Curie temperature to the finlte values
below it; the susceptibility (1/A) becomes infinite at the
Curie polnt. The smooth transition of the polarization at the

Curie point 1s indicative of a second order transition.

Tf, however, the coefficient B in (29) is negative, then
the A(P) curve already has three minima above the Curle point
which become egual at this ftransition. In thils case, the spon-
taneous polarization changes abruptly from the central minimum
into one of the side minima and one has a phase transition ot
the first order. The susceptibllity, however, does not become
infinite in this case but changes abruptly frcm one iinite
value to another,

The usefulness of the thermodynamic theory as a means of
checking model theories has already been polnted out. This has
been done with the Devonshire-Slater static model theory as well
as with Cochran's dynamic model theory.

) P One of the maln advantages of the phenomenoliogical theory,
especlally in the form (32), 1s that 1t allows one to ccmpute
any changes of spontaneous polarization or dlelectric constants
;. ' as a function of stresses which 1s important for an estimate of
| the effect of internal and external stresses on the properties
of ceramic ferrcelectrics, An example of this application will

be given below.




B. Polycrystal Thecry

1., Passive incera:tion between grains (dielectric mixing rules)

A ceramic 1s an assembly of crystailiteswhich are usually
randomly oriented and which are strongly bound to each other
through grain boundaries. If the phase present is of cublc
symmet.ry there is no direct active interaction between grains
besides the graln boundary stresses which affect only small

reglons near the boundaries, If there are several phases
present which have tie same therm2l expansion coefficlent,

the same situatlion exists, 1l.e., “here is no active stress
interaction. In the followlng discussion of the dielectric
properties of mixtures of several phases, 1t wlll be assumed
that there is no active (stress) interaction between grains,
or, 1f there 1s, due to differences in thermal strain, that
this interaction does not affect the dielectric constants
appreciably.

If two or more phases are present which have different
dielectric constants, the problem of computing the resulting
dielectric constan® of the mixture (X) can be solved exactly
only for a few cases. If the boundaries between the phases
are planes parallel to the field, a simple linear mixing rule
holds:

T _ 1N
K = 12 v, K (1)

where n is the number of phases, L i3 the volume fraction of

phase n and Kn i1s the dielectiric constant of phase n.
Similarly, if the plane boundaries of the n phases are

perpendicular to the field, the resulting K is computed from:

/K = ’lz v /K, (2)

so-called logarithmic mixing rule is:

= _ n
log K = léfhvn log K_ (3)
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Only equations (1) and {2) hold exactly for the geometries
given, whereas (3) is an arbitrary - 1f very convenient -
interpolation formula between the two extremes which has no
physical foundation and should be used only for very quick,
rough estimates.

A much more reliable approximate interpolation formula
for the case of rnase mixing and other cases has been developed
by Bruggemann (B43)(Bi44) and Niesel (N8). The following
presentation foliows Niesel's arguments,

Two cases have been treated:

1. Particles of Phase I are compietely embedded
in a continuous Phase II.

2. Botl. phases consist of particles which completely
fill the space; this 1s possible if the space between particles
is always filled with finer particles.

The first case 1is realized by pores in a dielectric or
by an exsolved second phase in a continuous first phase. The
seconl case 1s realized by a eutectic mixture of two phases;
it 1s distinguished from the first case in that both phases
are interconnected. The second case contains as a limiting
condition the random arrangement of one slngle anisotropic
phase which can be considered as a case of self-mixing.

Niesel's deductions are based on an axiom which had
already been used by Bruggemann; if one 1s willing to accept
this axiom, everything else follows logizally and 1s convincing.
The axiom goes as follows: If particles of identical shape and
orientation (ellipsolds) with the dielectric constant K, are

embedded in a homogeneous medium of dielectric constant Ka’ the

aggregate has a dielectric constant K'. If now the same
particles of dielectric constant Ki in the same shape, orienta-
tion 2nd concentration are embedded in a quasihcomogeneous medlum

(made up in a different way)of dielectric constant K ,the axiom
postulates that this aggregate also has a resulting dielectric

constant of value K'. Ir. the derivation K' is computed as

=

K' =

(*+)

1]
i

i



where both ﬁ% and E% are the spatlal averages over the whole
dlelectric with the fleld assumed to be 1n the z-direction.

For small concentrations of the embedded ellipsolds with
dlelectric constant K,, the flelds inside the ellipsolds are
homogeneous and the p;oblem consists 1n computing the average
of the disturbed, lnhomogenczous fleld outside the ellipsolds.
Since the sum of all surface charges (interfaclal divergence

of D) 1s zero, the average component Eé due to these charges 1s
also zero, If this field (stray fleid or depolarizing field)
1s designated by Est one has:

1 Bgg,0 ¥ % Egg,a = O (5)

where 61 1s the volume fractlion of the elllpsolds and 6a’ the
volume fraction of the homogeneous medlum with dlielectric
constant Ka.

The result 1s for small concentrations of 61:

K' = X. [1+ 5, F(K,L,M,N)] (6)

a [ 1

where F 1s a simple function of the three dielectric constants
of the ellipsold, the dlelectric constant Ka of the homogeneous
medlum and of the three depolarization factors L,M,N of the -
ellipsoid.
The computation of XK' for large values of b, consists
then in applying formula (6) in infinitesimal steps, taking
the resulting mixture as a gquasihomogeneous medium and pro-

ceeding with the next infinitesimal step according to the
axiom stated at the beginning. Thls leads to a differential
equation for K' which can be integrated. The result 1is
computed for spherical, platelike and cylindrical aggregates
of 1sotroplc substances. The rormula for spherical aggregates

2

18

K, - K 3[K_
1-61 = W KT (7)




For anisotropic materials the formulae become unwieldy; Nlesel
has treated only the case of a spherical aggregate of a unlaxial
crystal; he asserts that the results are practically identical
with those obtained with Equation (7), using for Ki the linear
average of the dlelectric constants of "he uniaxial crystal.
The procedure for case 2, i.e., mixtures of anisotropic

ellipsoids in which both phases are interconnected, 1s similar
to the procedure 1in case 1. For two lcotroplc substances with

dielectric constants K1 and K2 and spherical particles one

obtains:
— / ) ’ .
K = 1/4 [ (2 E -E') + ]/E'—zE + 8 K.K 8
/4 [ (2 E-EL) (E,-2 E) 1Ko (8)
where Ep = 61 Kl + 62 K2
and Eé = 61 K2 + 62 Kl

Fspecially important is the case of on2 single anisotrop-
ic phase so that &, = O; this 1s the case called "self-mixing".
For a uniaxial material in spherical particles and with

the dielectric constants Kx = Ky and KZ, one has:
= 11—(_1+ ]9-87) (9)
where
Kz
T = 1-g (10)
X

Valid evidence that the Bruggeman-Niesel formulae come closer
to reality than the logarithmic mixing rale (3) has been
produced by Herczog (HS) and will pe discussed under V-B
(Devitrified Ceramics); see especially Flgure 15 in that
chapter,

2. Actlve interaction between gra’nrs

Active iInteraction between gralns 1s the interaction
by which the grains exert strasses of such magnitude upon each
other that the intrinsic dielectric properties are changed.
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The trezctment of such pre-exlisting internal stresces due

to mutuval clamping 1s only in the beginning stages and needs
much more theoretical and experimental work for its solutlon.

i As an initial approximation one can assume that there 1is a
uniform straln in the polycrystallire body corresponding to

the macroscopically observed strain, 1l.e., each distance durlng
a temperature or a phase change in each crystallite experliences
the same relative length change as that observed with the pody
as a whole. This correspconds to the so-called Volgt approxi-
matlion 1n the theory of elastic cocnstants of polycrystalline
bodies and suffers from the same flaw; i.e., that the stresses

YA A

across graln boundaries are not in equilibrium. In this approxi-
mation Laszlo's (L5) formulae hold for the maximum tensile and
compressive stresses:

o, = (a, - a) ATE (11)
B E 1+v

_ —\ ATE
o = (o -e) ¥

where a, 1e¢ the thermal expansion coefficient in the b-direction
of an orthorhombic crystal and a, 1s the coelficient for the
c-direction. Here ay !s assumed to be the largest coefficient
and c. the smallest as; e.g., 1n alumlnum titanate. a 1s the
average expansion coefficlent, E 1s Young's modulus, v Poisson's
ratio and AT the temperature change measured from the state of
zero stress. In the case of phase changes, e.g., at the Curile
point of BaTiO.,, the product aAT has to be replaced by the
corresponding conversion straln term. The Laszlo formulae

(11) glve a falr ides 'vhit the maximum stresses in an aniso-
tropl. polycrystallin. body are.

L As a second app.oximation Buessem (B4S) has introduced

the 1dea that not all distances in the crystals but only the
distances between the center points of the gralns experience

the macroscoplic lengtt changes. Each grain has an average of

14 nelghbors; 1.e., 1t forms a tetrakaldekahedron which 1is
easlly visuallzed as a penetration of a cube with an octahedron.
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The 14 vector forces “due %o fhe expanslion incompatlbllity have
a vector sum whlch is zero., The centevrpolnts of the grains are
farthest away from the polnts of attack of these 14 forces and
it is not unreasonable to assume that they are the least
affected by Individual forces and that thelr movement conforms
most closely with that of the body as a whcle.

If one makes this assumption, oae can allow for changes
in strain near the grain bouncdaries which glves the possibllity
of satlsfylng the conditicn of stress equllibrium across grain
boundaries.

The stresses at both sides of the grain boundary are then

given by the expresslon:

o = [hmll Al (12)

where a and Q. . are the normal expansion coeffliclents on both
sldes of the graln boundary. Since one can compute the fre-
quency of all normal expansion coefflcients if the three
principal values are known, one can also compute the frequency
with wh.:h a certain combina“ion n/n' occurs on both sides of
the grain boundary. Thils then glves the possibility of
computing a stress distributlon curve and deriving from 1t

average stress values. 77 can be shown that these average
stress values are considerably below the maximum values which
h are computed from the original Laszlo formula; 1n other words,
there 1s conslderable stress rellef due to the probabillity chat
a high expanding direction in a grain will have a nelghbor
with a low expansion coefficient in this direction so that the
full Laszlo stresses are not developed.
, e The actlve Interactlon of grains due to anisotropy of
straln developing at a phase change or durling temperature

l changes 1s an important feature In all ferroelectric ceramics,
T In large-graln materlals there exlsts a mechanism which
can lead to substantial stress relief far teyond that which
has been discussed in the last paragrapns. Thls mechanism is
the formation of a 90° domain by means of which a tetragonal

graln can simulate a shape correspondlng to the origlinal shape
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of the grain in the cublc state. One has to remember, however,
7hat this stress rellef is not complzte. A laminated aggregate
oi (101) twins does not have exact 90° angles between the
twinned polar axes; there 1s a deficit of about 36'. If the
iaminsted slab was completely free, the outside surface perpen-
lcular 0 the twinning plane would be zigzagged and there would
be no stress besides the usual stress around a 90° domain wall.
If this siab is built into a polycrystalline matrix, however,
there must be stresses where the twinning plane meets the grain
boundaries - stresses which tend to stralghten out the zlgzag
shape. OCne could assume pure shear forces through all twinned
lamellae to make the angle exactly 90°, but this would require
much too high strain energles. One has to assume, therefore,
that the areas at those lines where the twinning planes meet
grain boundaries are areas of high local stresses; these stresses
might even be so large that dislocations are formed near these
lines.

For small grains the formation of 90° domains becomes
energetically unfavorable, With decreasing grain size the wall
energy decreases only with the second power of the grain
diameter, whereas the straln energy decreases with the third
power; below a critical size the stralned single-domain
particle becomes more stable., The theoretical computation of
the 90° wall energy is still disputed, but from experimental
observatlion it has been found that the critical diameter must
be abosut one micron,

The effect of the iInternal stresses on the dielectric
properties can be computed using the {ormulae of the phenomen-
ological theory (32). In principle one could proceed in two
ways: elther one could compute some average stresses from the
fr guency distiibution of the normal stresses and compute rom-
them with the help of (22) the resulting dlelectric constants,
or one can start from the measured dlelectric constant and get
an estimate of the stresses. Goswaml (G5) and Buessem, Cross
and Goswaml (BL6) have usad the second approach,.
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3. Grain size effects

Besides the grain size effects 1n ferroelectrics and
especially in BaTiO3 which have been discussed at the end of
the last chapter, there exist other grain size effects which
are not fully undersftood. If, as Brandmayr, Brown and Dunlap
(B4O) have shown, tne grain size of BaTiO3 is below 1 micron,
the dielectric constant is falling off again (Figure 5). This
cannot be understood from the standpoint of the phenomenological
theory because the stresses in a single domain particle should
not depend on 1ts absolute size.

The phenomenon 1s reminliscent of the phenomenon of super-
paramagnetism in ferromagnetics; however, the onset of super-
paramagnetism 1s at particle sizes much below 1 micron and
occurs from 0,05 micron down. It is possible that, since
ferroelectricity 1s a cooperatlive phenomenon due to long range
Coulomb forces, the cooperation begins to fall off from 1 micron
on down, Another possibility is that below 1 micron the
surface areas play a greater role. It 1s well known that there
are strong surface fields due to Schottky exhaustion layers
which are estimated to extend down to 0.1-1 micron depth. It
can only be decided by future research what causes loss in
dielectric constant at these very small grain sizes,.

TABLE VII Vzlues of Constants Used for Mcdified
Free¢ Energy Function (G5)

Constant Value used Reference
=172 2
511 0.833x10"°em? /dyne
S12 -0.268x10 P em® /dyne (B41)
Sy 0.924x10 *“em? /dyne
Q1 1.23x10-120gs -
Q _72 | (Bal)
12 -0.48x10 ““cgs — and
@y O.65x10-lacgs _J (T10)
A 3.7x107°(2-108)cgs _
- - 2 3. i i
B 0.58x1071(T-120)-2.5x10 T egs | MOqlI1ed
( -7.11x107°°(T-120)+3.7x10 % 3cgs | (H15)
D M.Oxlo-:3cgs gl
o (D11)
a3
G 6.0x10 ““cgs
T 108°C -
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III. DIELECTRIC, PIEZOELECTRIC AND
ELASTIC PRCPERTIES OF CERAMIC
FERROELECTRICS

A. Introductlon

In this section the properties of polycrystalline ferro-
electric ceramic materials are listed according to composi-
tion for experimental compounds and according to plezoelectric
and dielectiric properties for commercially avallable bodies.

B. Experimental Bodies

1, Dielectric-constant-versus-temperature data

The curves which are avallable in the literature for
dielectric constants plotted against temperature according to
compositions are 1listed in Tatle VIII with the references.

Representative curves for some of these data are shown
in Figure 6,

2. Plezoelectric data

In this section on properties of experimental bodies, a
compllation of ccupling factors, plezoelectric 4 and g constants,
and elastic constants together with the dielectric constant at
room temperature, mechanical Q, Curle point and densityv are
11.t=2d according to composition.

In Table IX, a 1list of the compounds for which these data
arc avallable together with thelir references is given. The
numerical values of the properties found in the literature for
compounds of known chemica. composition are listed in Table X.

C. Commercially Availlable Bodies

1. Plezoelectric transducer bodies

The compilation of plezoelectric and dielectric properties
of commerclally avallabie ceramic ferroelectric transducer
materlals 1s given 1n Table XI. Filgure 7 shows the variation
with temperature for several properties listed in Table XI for
ferroelectrics from the Clevite Corporation.
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These data werce complled from bulletins and literature
distributed by the companies represented.

2. Capacitor dielectrics

The important properties of ceramic ferroelectric
capacltor dielectrics are: (1) variations in permittivity with
temperature, frequency and applied field, (2) change in power
factor with temperature (3) insulation resistance, (4) dielec-
tric strength and (5) 1life test rating.

Information in company literature on body compositions
and the values of the above 1listed properties is very limited
as shown by Table XIIL. Typical curves for capacitarice data
with temperature are presented in Figures 8 and 9 for bedles
from American Lava Corporation, Gulton Industries, Sprague
Electric Company and Erie Technological Products, Inc.
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TABLE VIII

A List of Dielectric-Constant versus
Temperature Curves that are Avallable 1in
the Literature According to Composition

I. ABO; Compounds Figure 6 References
A. BaTiO3 - B35, P8: R5: Ru’: E2, MT;
——— J3, J8, B20, B36
S0lid Solutions of BaTiO3 Including Exsolved Phases
(Ba- Pb)TjO3 6.1 Si4, N5
(Ba—Sr)1103 6.2 D9, B35, R5, G9, P2, B36
(Ba-Ca)T 104 - B34, M19
Ba(T1- Zr)oj 6.3 K1l
Ra(Ti- Hf)o3 - P4
3a(T1-Sn)o3 6.4 N1
Ba(Ti- Ge)o3 - P6
Ba(T1- 51)03 - P6
(Ba—Pb—Ca)TiO3 6.5 16
(Ba—Ca—Co)TiO3 6.6 S8
(Ba—Sr—Ni)TiO3 - B36

| (Ba-Pb)(T1-2r)04 E 15, B25
(Ba-Mg)(T1-Sn)0, - p2
BaT:fo3 + La203 = J3
BaT;.o3 + -203 - Blg
BaT103 + Y2T103 - Bl
BaTiO3 + Ta205 - s24
BaTiO3 + NaNbo3 - BT

! + { -

# Ba?103 Mb295 s24
Ba(KLa?1/2T103 - G9
Ba(de)1/2T103 - G9

B. SrTiO3 - T2
Solid Solutious of SrTiO3
(Sr—Ca)T103 - M19, G9
ErTf < B12/3T10 - c8
o‘T103 + La2/3T10 = T2
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D. KNbO

E. NalNbC

C. PbTiO3

Solid Soluti

TABL: VIII (Cont.)

ons of PbTiO

(Pb-Ca)TiO.
(Pb-Sr)Ti).
Pb(Ti-Zr)
Pb (Ti-Zr)
Pb (Ti-Zr)
Pb(Ti-Zr)

)

)

A

+ Nb
+ Ta

o O O

w ww w w w ww

Pb (Ti-Zr
Pb (Ti-Zr
Pb(Ti-Sn)0
(Pb-Bi) (T1i-Fe)0,
Pb(Ti-Fe-Ta)0,
Pb(Sc-Nb-Ti)0,
PbTi0, + PbNb,Op
PbTi0; + NalbO,
PbTi05 + KNbO,
PbTi0

+ Y2

0
0
0, + Nd

w W w w

3
Solid Soluti

+ Lago.

3

0 -

2
2O

(0 U1 W\

0, .
203 -

+ Sro'3LaO.7MnO3 -

ons of KNbO

(K-Na)NbO3
(K-Na) (Nb-Ta)0

5
Solid Soluti

3

ons of NaNbO

Na (Nb-Ta)0
Na(Nb-5b)0
Na(Nb-V)O3
NaNbO., + PbZrO3
NaNoO4 + CdNb, Oy
NaNbO, + Sr Nb
NaNbO

3
3

w W

1/2

w W

O 6.14

d; )0y 6.15

B37

S6

B38, N4, B36
S6, K1, J4
K8, D3

K8

K8

K8

K8

Nl

F6

N2

J7

523

B3

T3

T4

El

El, J2
19

T1, W2, E1, DY

I3

I2

P10
B3, K3
L1, W
T1

T1
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TABLE VIII (Cont.)

K F. §EQQ3 - Hll
G. BiFeO3 - F6

Solid Solutions of BiFeO3
(Bi-La)FeO3 - Rl
(Bi-La)(Fe-Al)O3 6.16 P7

H. Antiferroelectric PbZrO3_and PbeO3

_ PbZrO3 6.17 S7, RU4
; PbeO3 - w1l
Solid Soiutions of PbZrO3‘and PbeO3
(Pb-Ba)ZrO3 - R4, S13
(Pb-Sr)ZrO3 - S13
Pb(Ti-Zr)O3 6.17 S7
Pb(Ti-Nb-Zr)O3 - D3
Fb(Sc-Nb-2r)04 6.18 J7
PbZrO3 + PbNb2O6 - D3
PbZrO3 + NaNbO3 6.19 K3
(Pb-Ba)HfO3 - c2, Wl
(Pb-Sr)HfO3 - Wl
Pb(Sc-Nb-Hf)O3 6.20 J7
I11. A2B20 Compounds
A. Cd, Nb2 O7 - L1, Sl12, H1O, S17, D8
B. Sr, Ta2 O7 - S17

I1I. AB2O6 Compounds

A. PbNb296 - F10, G4
Sclid Solutions of PbNbogé
Pb(Ta-Nb)206 6.21 F10
Pb(Ti-Nb)2O6 - 322, S23
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TABLE VIII (Cont.)
(Pb-Ba)Nb,0g - B6
(Pb-Sr)Nb206 - B6
(Pb-Ca)Nb206 = B6
(Pb-Cd)Nb206 - B6
PbNb206 + BaTiO3 = B6
PLNb,Og + BaZrO3 - B6
PbNb206 + 512/3Nb206 - S20
B BaNb296 6.22 ch
Solid Solutions of BaNb,Og
(Ba-Sr) b, 0¢ - B6
! !
C. PbTa296 6.23 C4, S4
Dk, il 0 5. Il
AlNbo0, 6.24 C
IV. Complex and Miscellaneous Compounds
é PbBiszzo9 6.25A S19
; SrBi Nb,Og 6.25B S19
§ BaBlszQO9 6.25C S19
! PbBlzTazo9 6.26A 519
SrBizTazo9 6.26B 519, S20
BaBiETaQO9 6.26C 519
PbEiaTiqol5 6.27A 519, S21
SrB14T1u015 6.27B S19
BaBluT14015 6.27C S19, S21
SrEBlMT115018 6H.28A S19
szgluTll5018 6.28B 519
Ba2B1MT115Ol8 - Al
. KO.5BlM.5TlMOl5 6.29A 519
Na0.5B1u.5T14015 6.29B 519
B14T13O12 - 520
B13PbT12NbO12 —- S20
1512.281‘0.8T10.2Nb0.809 6.30 S19
tr - TO
Pb3v2o8 Lo
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TABLE IX

Ferroelectric Ceramic Compounds
According to Composition with References
Containing Coupling Factors, Plezoelectric
Constants, Elastic Constants, etc,

il ABO3 Compounds Re:erences
’ A. BaTiOg B8, M8, J3, By, Bl#
Solid Solutions of BaTiO3
. (Ba- Pb)Tio3 BLY, J3, KO
(Ba Ck)T103 B13, Bl2, B
(ba-Ni)T1 - BY
Ea(T“-ar)O~ K1, B26
{Ee.-2b- Ca)ﬂ"io3 Ml2, B13, B26, BY
\Ba-C&-Co)TiO3 S9, Bl3
' B. PLTiQ. + Additives T3
J
Sclid Solutions of PbTiO3
Pb(Ti-Zr)0 3 J5, J4, J3, K3, K9, Bl4, D3, BY
! Pb(Ti- Zr\o3 + Additives K8, K9, K7
' Pb(T 1-Hf)0 Jh
Pb(T:L-Z:'-Sn)uQ Jh
(Po-Sr)(T1-2r)C K9
{(Po-Srj{Ti- ur)o + Additives K8, K9
(T--Ca)(Tt-2r)05 K9
{Pb-Ba) (Ti- Zr)O B25
C. 8olid Sclutions »f KNbO3
9
i (K-Na)Nbo, El, J2, B3, D7
n i D. lNalb0, D7
Solld Solutions cof NaNbO3
(Na-Ca)Nb,0g J3
? E. Solis Selutions ot Antiferroelectri: x:“r{j aaimt (TR,
] s
3 FL{Ze-T1)G, T
Pr (4r-71)0, + PblL. 0, o
3 2
Pb(¥r-T1)0, + Fo(Mp, , Nb, )0, 0
PbZro., + Ftib,u, D
IL/r0, + PuOSro, J
F {6 =T =n-%0)0 g
g, -
IT. Al / Connpourn 1
- S3olid wolutfons or Folib e
(Pt-ta)nt
’ 11T, Complex Compounds
(i )t e x ) T




TABLE

X

Plezoelectric Properti-zs of Experimental Bodies

C EaTiO3 (Bal_x-Pbx)T103
R B8 B18 M8 J3 B9 B18 J3 K6
x 0.05w 0.1 0.12
y
k33 0.1493 0.52 0.50 0.36 0.365
k31 0.208 0.214 0.22 0.212 0.193 0.12 0.125
k15 0.476 0.48
k) 0.354 0.37 0.36 ¢.20 0.210
di3 191 190 190 70 90
dyy -79 -78 -78 -78 -58 -23 -30
dig 270 260
B33 11.4 12.6
g3, -4,7 -5.2 -5.2 -5.5
&1c 18.8 20.8
Eqq 1680 1700 1600 1700 1190 500 850
Ep 1436 1450
Sy | 8.55 9.1 7.8 9.1 9.1 9.1 8.3 7.8
333 8.93 9.5 8.1
Syy | 23.3 21 22,8
Q| 4oo 300 800 1200
p | 5.72 5.7 5.7 5.5 5.7
T 115 115 150
¢ l (Ba_ ~Ca,)T10, (Ba,_,~Ni )T104
R B18 B12 B9 B7
X { 0.05w 0.05w 0.05w 0 0.05 0.01 0.02 0.03 0.04 0.05
y
ks | 0.49 C.48
k3 ' 0.193 o.iq o.iz
k 0.495 0.
k;S | 0.325 0.33 0.35 0.32 0.23 0.15 0.15 %.13 0.1l1
di5 150 149
d.jl -58 -58 -58
d)s 257 242
833 141
5531 =5105) 5.9
815 4 £10 R
533f 1190 1200 1200 1500 1750 3850 1850 1850 1800 1650
§1L‘ 1280 1300 B -
‘sn]‘ 8.6 8.6 8.6 9.2 8.3 8 8.1 8.2 8.2
833 9.0 9.1
Sy | 22,7 22.2 - -
Q| 500 400 200
p 5.9 5.5 SESE 574 5.68 5.65 3.67 5.60 5.55 5.55
T, 115 115 120 100 88 68 70 71
T4




TABLE X {(Cont,)

c Ba(Til_x—Zr)O3
R | K1 B26
x | 0 0,01 0,02 0.05 0,075 0.10 0,15 0,20 0.25 0,30 0.05
y
k33 ‘ 0.40
k3 c.15
ks
k, 0.298 0,351 0,360 0.387 0.220 0.167 0.04 -- o 0.35
d33 150
d31 -60
dg
833 12,1
g31 -4,8
€15 - _ o
Eq3 1355 1350 1350 1100 1350 1450 <£700 6750 5000 3200 1400
E)p s
S11 9.1
533
Suy|
Q _ 200
P 5.21 5.64 5,64 5,44 5,50 65,54 5,55 §,62 5,24 5,50 54y
T, 105
& (Bal_(x+y)-Pbx-Cay)TiO3
R M12 B13 R26 B9
X 8w 12w 12w 8 12w
¥ 8w__ _~8w _ 8'.-.'___ B Jlg 8w B
kg 0.34 0.30 0.34
k3 0.113 0.12 0.113
!(.1,5 0.30
i, 0.252 0,217 0.19 0.22 0.19
d33 %) 90 60
d., -20 =35 -20
d"‘ |

15 |
g33g 18 12.1
831 '7-3 S
B, — — - -
E33 : 574 47C 400 600 450
et
11 7.65  7.83 7.8 7.7 7.8
833 8.1
S,
2w — ) _ _
Q 578 570 1200 350 1200
p 5.4 DA, 5.4
T, 140 160 140

75
[




(Bal-(x y)-Cax-Co

Bl13
0.05w

0.0075w

y)TiO

S9
0.05w

3

TABLE X (Cont.)

0.05w
0.0025w

0.05w
0.0050w

0.05w
0,0075w

0.05w
0.010w

0.05w
0.0125w

0.05w
0.015w

0.182

0.31

0.33

0.32

0.31

0.28

0.29

0.29

=99

-60

1420

1320

1270

1340

1500

1500

1500

8.1

8.6

8.2

8.5

7.8

8.6

gk

Pb(’I‘ll_erx)O3

J5 Ju
0.55 0.3

5.7“‘
118

0.4

5.61
111

0.5

0.525

0.55

5.69
105

0.575

5.73
104

0.60 0.70

5.70
100

0.80 0.90

5.71
100

J3
0.55

0.5
0.22

0.37 0

0.07

0.27

0.39

0.3C 0.19

0.18 0.14

0.55
0.23

0.39

831

130
-50

-11.7

130

221

(o8
w)
O

el

606

533

524 388

375 322

500

13-3

7.3
420

7.3
405

7.1
400

7.2
370

7.2
330

76

7.2
350

7.3
350

7.5
320

300

350




TABLE X (Cont.)
c Pb(Til_erx)03 (Cont.)
R K8 K9 TR
X 0.54 0.54 0.53 0.53 1 0.95 0.94 0.93 0.92  0.90
y —
k33
k31
ks
ky | 0.49 0.50 0.48 0.47 -- --  0.105 0.105 0.76 0.105
d33 - == = L 56 55 56
d31 -71 -69 -71 -6y
dyg
£33
3] | -14,7  -14.4
g !
Eéi 58T 513 541 542 109 333 k23 L30 L85 150
F11 — =
511 i 7.8
533 |
Zuu _
P ' 7.4 7.29  T.4C 0 7.39 T.77 7.€69 T7.70 7.73  7.58 7.68
T, | 390 387 38¢
C l (Pb(Til_x-er)O (Cont.)
R Bl4 B9
6 l 0.48 0.50 0.52 0.5% 0.56 0.58 0.60 0.54
y_| . -
k33i 0.435 0.546 0.670 0,626 0.619 0.607 G.585 0.626
k3 | 0.17¢ 0,230 0.313 0.280 0.267 0.254 0.238 0,208
le 0,%8 0.504 0.694 0.701 0.657 0.646 0.625 0.7C1
k. | 0.289 0.397 0.529 0,470 0,450 0.428 0.400 0.47
d33§ 110 173 223 152 142 129 117 L
d,, -43.0 -70.0 -93.5 -60.2 -54,3 -48.9  -u4,2 -€0.2
d{sl 166 251 Lok 440 357 325 293 440
£33 18.7 23.1 34.5 38.1 37.8 36.7 35.2 38.1
g3 7.3 -9.3 -14.5 -15,1 -14.5 -13,9 -12.3 -15.1
g- ©°8.4 33.2 47.2 50,3 48,0 48.8  49.3  50.3
E33’ 666 8L4¢ 730 450 423 397 376 450
Eiq 663 855 1180 990 840 751 672 9%
811 10.8 12.4 12.8 11.6 11.0 10.5 10.4 11.5
833 10.9 13.3 17.1 14.8 14,0 12.8 12.0 14.8
Syy  28.3 32.8 48,2 45.0 39.8 87. 7 36.9 k5.0
Q 1170 950 860 680 490 500 600 680
p 7.59 7.55 7.55 7.62 7.59 7.64 7.60 7.62
T, | 350 370
7
[ 3




TABLE X (Cont,)

€ Po(Tiy, 46270, 54103 + ¥(x) Pby 988T0, 006(%70 .52 10, 48)03
R K9 K7 K7
x 0 Y05  Laj0;  Nd0q NbyO5 Laply W ==
y 0 0.Clw 0.0lw  0.0lw 0.0lw 0.0lw 0,015 ==
k33
Kk
31
kyg 0.49 0.34% 0.53 0.52 0.53 0.53 0,56 0.56
‘;p
P 6 66 1=8
Ay | T - -1 -130
95
€33
83
€15
Byg 537 5% 1483 1387 1371 1483 1500 1560
By
S11
:33
Ly
Q 61 90
I 7.4 7.26  T.47 7.43 T.43  T.46 783
T, | 280 374 339
o Pb(Til_x-er)O3 + y(Nb205) - +y(T3205)
R K8
x 0.54 0,54 0.54 0,54 0,54 0,54 0.54 0.54 0,54 0,54 0,54 0,54 0.54
y 0 0./w 0.5w 0.8y 1.0w 1.2w 1.4w 1.7w 2.0w 1.0w 2.0w 2.5w 5.0w
k33
kg
k
15 .
ko | 0.50 0.38 0.4 ©.48 0,53 0.48 0,50 0.47 0,50 0.49 0.49 0.36 0.33
d
3
dgl -70 -54 -9h  -105 -125 ~-104 -113 ~-105 ~-115 -112 -112 -82 -76
die
€33
833
g8
E;iw 525 538 79C 1166 1275 1167 1218 1218 1202 1154 1250 1112 1052
Y
511
533
Shly| PR B e
a | 71 70 69 48 61 28
p 7.3% 7.37 7.39 T7.39 T7.27 T.45 T.23 6.75

O
5 7,26 6,96 T.36 T.«3
3

78

344 369 368 364
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TABLE X (Cont.)
c Pb(T1 _X-er)o3 + 1 welght % b0 Pb(Til_x-fo)O3
R K8 Jlk
x 0.50 0.51 0.52 0.53 0.54 0,55 0.5 0.57 0.55 0.475 0.50
y —
Keg
kg
kg
452 0.42  0.45 0.4 0.53 0.54 0.56 0.56 0.50 0.49 0.37 0.38
d33
d3y -59 -54
dig
£33
&31 -8.8 -10.3
815
E33 1041 1183 1200 1371 1296 973 745 684 €30 704 672
Ey
811
S23
Sy
Q 81 73 76 61 62 55 56 60 62
l 0 7.38  7.31  7.39 7.43% T.44 7,40 T7.38 7,41 7,41 8.5 8.4
f i3 350 330
f C | Pb(Til_x-Sn)O3 Pb(Til_(x+y)-er—Sny)03
R | J4 Jd
2 | 0.55 0.60 0.40 0,43 0,32 0.3% 0,23 0.25 0.14 0.15
y 0.10 0.10 0,20 0.20 0.30 0.30 ©C.40 0.40
cE
kg,
Ky5 .
k, 0.25 0.20 0.33 0.39 0.39 0.38 0.40 0,38 0.3¢ 0.36
b8 N o
d31 -46 -28 -60 -52 =72 -61 -Th4 -6, -63 -61
4 d15
. £33
- oy -5.1 -5.0 -7.8 -9.7 -9.2 -9.5 -7.7 -G.1 -8.2 -8.9
S0 D ~ i L
i, | 1260 776 315 S27 976 836 1110 9Lk1 ace 910
ﬁEa B L
e
d
o 6.0 8.2 7.2 7.9 7.7 7.7 7.8 7.8 7.6 7.8
T, 235 20r 330 320 300 270 250 260 250 270
79
e L S ———EE | PR RS
[ Y
[— ;




TABLE X (Cont.)

80

e e e enmnens

c (Pbl_x-er)Til_y-Zry)O3

R K9

x 9.01 0.05 0,08 0.1 0.13 ¢.13 C.13 0.13

y 0.53 0.53 0.53 0.53 0.47 0.50 0.52 0.53

k33

k3y

ks

gp 0.49 0.50 2,50 0.43 0.28 0.33 0,44 0.47

d33

d31 -75 -101 -103 -103 -lo -5 -91 -100

415

B33

631 -14.5 -11.4 -10.6 -10.3 -6.8 -7.3 -9.0 -9.1

&5

Eqg 584 1002 1094 1129 663 880 1149 1237

En

513 7.7 7.6 7.9 7.9 9.9 9.0 8.3 8.1

S33

Suy

Q
P 7.42 7.47 7.29 7.22 7.09 7.11 7.10 7.14

18 290 265

c (I—’bl_x-er)Til_y-Zry)O3 (Cont.)

R X9

x 0.13 0.13 0.13 0.15 0.20 0.20 0.20 0.20 0.20
y 0.54 0.56 0.59 0.53 0.50 0.53 0.54 0.55 0.56
ky3

k3y

K15

ky 0.51 0.51 0.45 0.43 0.29 0.34 0.35 0.34 0.35
98 .
d31 -119 -116 -66 -97 -56 -86 -91 -86 -81
d)s

533 8 8.2
83) -10.1 -10.8 -12,7 -8.7 -6.5 e =7.7 -7.3 -8,
815 £
Eqq 1325 1210 585 1260 970 1257 1341 1337 1113
E

S11 7.5 7.3 9.2 7.7 8.1 7.1 5.2 6.4 6.5
S33

Syl -
Q

p 7.16 7.14 7.17 6.90 6.56 6,48 6.36 6.36 6.85
T 242




TABLE X (Cont.)

y (Ky _x~Na  JNbO NaNbO4 (Na; 6-Kq.2)Nb0g
o El D7 J2 D7
7 0.5 0.5 0.5 0.5
¥ (air-fired)(hot-pressed)
‘RS; 0.51 0.53
kng 0.22 0.27 0.18
ks,
kg 0.37 0.17 0.36 0.45 0.15
d33 8o 80 160 175
d31 -32 =9 -32 -49 -9 70
915
g35 31.5 31.5 43
g3y -12.6 -10 -12.6 -13,1 -10
815
Eaj 290 110 120 2000
En
511 104 12.3 9.6 8.7 12.9 11
S33
S
244
Q 130 130 240 300
o 4,25 4,25 4,46
2, | 290 420 220
o Pb(Zrl_x-Tix)O3 Pbl_(y/g)(zrl_(x+y)T1bey)o3
R B I3
X 0 ¢.05 0.06 0.07 0.08 0.10 0.03 0,05 0.086 0.065 0.01
e 0.02% 0.025 0.025 0,01 0.06
kgs!
k3
k
15
Ep c.10  0.10 0,08 0.10 0.116 0.150 0,1€0 0,105 0.080
day ' 82 103 3 80 66
d31! -47 55 -56
d:E;
€33’
831,
815
“Ega 109 332 b23 485 b5k 317 275 350 226 Ui
E11!
311,
533
Sy
-
p 777 7.62 T7.70 3 T7.58 7.68 7.69 7.70 7.63 7.15 7% 5
O 208 218
81




TABLE X (Cont.)}

\ (beZrO3 + beNb206)
R D7

x 0,97 0.95 0.90 0.03 0.10 0.10 0.05 0.04
y 0.03 0.05 0.10 o] o] 0.25 0.15 0.05

Pbohgsa(“fo.ws- (x+y) TLENNDG 005)05
H

k 0.07 0.10 0.05 0.102 0,156 0,091 0.058 0,076
33 100 80 20 65 77 90 54 65

hoo 475 500 555 610 520

OV
y—t
W

P T.h2 7.58 7.39
T 186 170 181 163 iTh 140 155 164

[xP'l;(EMgl /3Nb2 /3)c3 + be'r103 + {1-(x+y)]PbZro3] (1-» ‘xéPbNb206-.cBaNb206 PDNE ,0¢
1 J3

0.75 0.50 0.5 0.25 0.25 ¢.M & ) .6
0.25 0.,L0 0O 0.50 0.25 0.5

< X I Q

0.42
k3] 0.0L5

4,6 30.4

—~¥

.26 0.38 0.16 0.07

[

5 29.0 29.5 33.6

80
-11

2689 1481 330 920 £66 514 225

S11 3.5

Q 404 146 563 126 221 186 20 250 1000 11
P T T7.55 7.23 T7.50 T.46 7,12 5.9 5.9 5.5
T 30 260 300 570




TABLE X (Cont,)

C STRLNU, 0 SrBi,Ta,0, FuB1 5Nb, 0 Nao 5Bl 51,05
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TABL! XI
Plezoelecztric and Dielectric Properties of Commercially Avallable Materlals
T Max. can
Company Trad< Name Type € Temp. ) E om K 6
Bausch & Lomb - F 195 160 4,5 11.¢C 240 hoo 1.5
Centralab KD-10 ¢ 115 5.5 11,6 Loo 1200 2.0
" KD-13 A 125 5.3 10.6 Loo 1600 3.0
" KE-12 B 300 7.5 8.2 600 1200 1.0
Y KE-14 B 360 7.6 6.6 80 1600 3.0
" KG-25% B 180 i3 7.0 ~> 3000 3.0
Clevite Ceramic "B" ¢ 115 5.6 11.6 ey 1200 0.8
" PZT-4 B 325 7.6 8.2 59) 1300
" PZT-5A B 365 7.7 6.1 3 1700
i PZT-5H 193 7.5 £.1 S5 34000 2.0
" PZT-8 200 7.6 9.0 103 1000 0.4
Commander Labs #100 E 140 5.b 12.8 1200 Lo
" #300 G 115 5.5 11.6 500 1200
" #U400 B 340 7.5 8.2 600 1200
" #500 B 360 7.5 6.8 75 1500
Erie Tech Ceramelec 1005 A 122 95 5.6 10.2 360 1700 0.8
" Ceramelec 1006 c 12¢ 00 5.5 11.5 360 1200 0.9
! Ceramelec 1007 45 5.4 10.1 1200 2.5
" Ceramelec 1008 ¢ 115 90 5.4 9.4 600 1200 0.5
" Ceramelec 1009 D 135 100 5.6 11.0 300 1400 0.8
v Ceramelec 1011 E 145 125 5.4 11.2 350 700 0.6
! Ceramelec 2001 B 300 150 7.5 7.8 200 115" 0.5
" Ceramelec 2003 B 306 150 7.6 7.0 85 1600 1.5
Gulton Ind H1-T B 280 TS5 7.3 1700 2.0
" Glennite 130 5.6 11.5 1250 1.5
vinden Labe Sonotite 101 B 350 150 7.6 7.1 80 1700 1.5
L Sonotite 102 B 310 150 7.5 7.6 230 1200 0.5
" Sonotite 501 A 120 95 5.6 10.4 400 1800 0.9
" Sonotite 502 A 120 95 5.6 10,2 650 1800 0.6 .
" Sonotlte 601 ¢ 120 90 5.5 11.5 350 1200 0.9
" Sonotlte 602 (0] 120 90 5.5 10.9 589 1200 0.7
i Sonotite 701 D 133 100 5.6 11.0 350 1400 0.9
" Sonotite 702 D 133 100 5.6 10.0 550 1400 0.8
£ Sonotite 801 E 145 120 5.3 11.2 350 730 0.7
i Sonotite 802 E 145 120 5.3 12,0 500 730 0.5
" Sonotite 803 r 145 120 5.3 1.2 Loo 600 0.7
Jolidtronics BT-10 ¢ 120 5.5 12.1 600 1150
" BT-15 D 130 5.5 12.2 500 1250
" BT-20 E 140 5.3 12.4 1200 550
" LZ-30 a 350 7.4 8.2 700 600
" LZ -40 B 330 7.6 7.9 600 1200
! LZ-50 B 330 7.6 7.2 75 1500
TAMTO 5205 B 350 7.0 75 167 1.5
¥ 520l B 7.6 1380 0.3
UPI 401 B 350 7.6 8.0 625 1375 0.4
i 501 B 360 7.6 6.9 85 1625 1.2
" 601 B 340 7.5 8.6 375 1050 1.6
" 701 B 340 7.4 11.¢  13CO 400 1.0
i 702 B 340 7.3 9.5 1025 506 1.0
" 901 B U0 7.25 7.3 g 1850 1.2




P T

L=y

frequency Piezoelectric
Coupling Coefficlent Constants Corctants
i 4
kp Ky K3y gy M My dy 433 Exn Es3
0.45 0.€0 o0.27 0.53 69 12z - 49 160  -14 45
0.30 0.18 0.46 125 108 - 57 180 - 5,4 14
0.31 0.18 c.h 118 99 - 65 150 - 4,7 11
0.53 0.31 C.O4 88 79 -110 250 -10.0 24
0.56 0.32 C.66 82 71 =160 330 -12,0 24
0.60 0.34 (oYL 85 75 - 25 W -9,4 14
0.33 0.48 0,19 0,48 90 108 - 58 139 -5,5 14,0
0.58 0.71 0.33 070 65 79 -l22 285 -10,0 24,9
0.60 0.69 0.34 0.71 5 70  -171 374 -11.4 24,8
0.65 0.68 0.39 0.68 56 79 -274 593 -9.,1 19.7
0.50 0.30 o7 - 93 218 -10.5 24,5
0.19 0.30 0.1l 0.34 9% 90 - 20 62 -5,6 19
0.32 0.49 0.19 0. 49 90 116 - 58 150 - 5.5 14
0.52 0.65 0.31 0.64 65 79 -110 255 -10.4 24
0.54 0.65 0.32 0.68 59 T4  -140 320 -10.6 24
0.33 0.20 0.47 116 97 - 77 188 - 4,9 11.9
0.31 0.18 0.48 123 103 - 56 146 -5,2 13.6
0.37 0.22 2,55 115 96 - 71 177 - 6.7 16,7
0.32 0.19 C.535 118 101 - 60 154 - 6.4 16.4
0.32 C.19 0.52 118 101 - 62 162 - 5.1 13.1
0. 27 0.16 0.51 121 98 - 38 107 6.1 17.2
0.50 0.30 0.65 8 79 -108 244 -10.6 25.0
0.53 0.31 0.67 82 77 -140 320 - 9.9 22.6
C.54 0.31 C.56 83 59 -140 320 -9.0 21
0.33 0.20 0.51 103 91 - 62 155 - 6.1 14
0.55 0.32 0.69 81 78 -150 34c -10.8 23
0.51 0.31 0,67 8 80 -1l12 260 -10.6 25
0.35 0.22 0.50 115 97 - 80 190 - 4,6 12
0.34 0.21 0.48 115 97 - 178 188 - 4,7 11.9
0.32 0.18 0.47 23 102 - 56 145  -5,1 13.2
0.32 0.18 C.50 119 100 - 60 150 -6.,2 15,9
0.32 0.18 0.50 118 101 - 60 150 - 5.0 12.8
0.22 0.18 0.52 116 100 - 65 160 - 5.5 14,8
0.23 0.16 0.44 120 93 - 40 110 - 6.2 17.0
0.26 0.16 0.50 123 100 - 38 120 - 5.9 18,6
0,28 0.16 0.50 1235 100 - 36 112 €.,8 21,2
0.36 0.138 C.h7 122 89 - 64 164 -6.1 15.0
0.33 0.18 0.U46 118 85 - 62 1588 -5,8 14,0
0.28 0.14 0.36 122 84 - 30 91 - 7.3 18,0
0.52 C.30 0.63 g) 75 - G4 223 -14.5 34,5
0.53 0.32 0.64 90 65 -110 255  -10.4 24,0
0.55 0.31 0.68 88 63 -1l45 330 -10.6 25.0
0.54
0.53 90
0.53 0.32 0.64 88 76 -125 275 -10.5 24.¢
0.55 C.32 0.68 82 71 -145 330 -10.% 25.0
0.42 0.26 0.52 94 81 - 82 195 - 6. 21.0
0.25 0.14 0.31 1c4 90 - 27 70 -~ 7.6 19.0
0.28 0.16 0.34 100 88 - 36 83 - 8.5 20.0
0.50 0,42 0.61 83 T2 -140 30 - 8.5 23.0
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Description of Symbols and Units Used in Tables X and XI

C = Compcund formula [(Al_(x+y)—Bx-Cy)D 03]

R = References

X = Mole ratl> B, in compound (w = welght ratio)

y = Mole ratio of Cy in compound

k = Coupilng Coefficients

d = Piezoelectric constant (xlO-12 Coulomb/Newton)

g = Piezoelectric constant (xlO-3 volt meter/Newton)

tz
I

Relative dielectric constant, fiee (ET/EO)(= K)

m
]

Elastlc compliance at constant electric field

(xlO-3 volt meter/Newton)

Q = Mechanical Q
p = Density (xlO3 kgﬂn3)
T, = Curle temperature (°C)
¢ = Young's Modulus (101U Newton/metere)
Tan & = Dissipation Factor at 1 kcps (%)
Ny = Radial Frequency Constant (Kilocycle-inches)
N3 = Thickness Frequency Constant (Kilocycle-inches)
Type = Materlal Composltion Type
A, Pure Barium Titanate
B. Lead-Zirconate-Titanate
C. Barium-Calcium-Titanate
D. Barlum-Lead-Titanate
E. Barlum-Lead-Calclum-Titanate
F. Sodlum-Potassium-Nlobate
G. Lead-Metaniobate
TAMCO = National Lead Company
UPT = Ultrasonic Powders, Inc.
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IV, TIVTERPRETATION OF DIELECTRIC PRCPERTIES
OF CERAMIC FERROELECTRICS AS MODTFIED
SINGL.E CRYSTAL PROPERTIES

A. Dielectric Constant

1. Room teuperature values

Glven the 1isotropic dielectric constant ¢f a polycrystal-
line, ceramic ferroelectric, it shonld be possibie tou correlate
it with c¢che single crystal dizlectric constants of the compounds
of which it 1s composed. The questions which aricse in this
respect, are the folliowing:

(a) Is the dielectric constant of the =rystallites
intrinsic, 1.e,, Js it due to the volume polarizability of the
constituent crystals? ’

(b) If the dielectric constant 1ic intrinsic, what is
the texture of the crystallites (graln stricture)? This
determines which averzglrg formula has to te used (see 1I-E-1),

(c) What is the concentration of pores and what is
the conceatration and nature of second phases?

(8) What 1s the interna: stiress distrlbution?

(e} Are all or part of the grains of "suberiiical
size' (see IV-B-3) cn that "superparaelectric" elfects have to
be expected?

(r) TIs there any contribution of extrinsic polariza-
tion mechanisms s.och as domain wall motions, Jjumping ions,
rotating defect pairs or Mixwell-Wagner effects?

Only 1f the cryswalline phases 1n a pelzcrystalline
material cen be identiflied with w211 known single crystal
phases ard only if the texture of thie polycryscalline naterlal
is carefully studled, :zan these questions, cr at least sone of
them, be answered. Assuming the absence of extrinsic effectc,
of "superparaelectric" effects and of stresses other than those

due L0 polnt defects, disleccations, gﬁain boundaries and 90°

domain wall zlgzag stresces, assumlng furtiermore a szneri:al
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graln and pore structure, the dielect~ic constant c¢f pure BaTiO,
]
can be computed with formula (6) in II-B-1., With B =K = 4100

y
and X = 160 (J1, page 112}, one computes

X = 2210

A 5% porosity gives, with formula (4) in TI-B-1,

Values l1like thls are frequently observed: however, most
observers cite ¥ = 1400-2000 as the most frequent range of K
of ceramic BaTiO3 at room temperature. It 1s difficult to
decide how much of the differences between observers are dve
to differences in impurities, graln cize and shape, pore con-
centration, size and shape, etc. Plessner (P5) gces so far
as to bellieve that the intrinsic value of polycrystailine BaT103
1s about 300 due to complete clamping in the ceramic, and that
the observed values of 1500 znd more are due tc extrinsic
effects, 1.e., mainly domain wall motion.

As to clamping, there will be little clamping due to ‘che
electrostrictive effect because it is a quadratic effect and
each domaln expands with an applied field the same way as the
antidomain, With the plezo-effect, this is different and in
the same field in which the domain expands the antidomain will
contract. This clamping will be 100% close to the 180° domain
wall and will be much less at a distance of the wall, In
single crystals, a reduction of K of about 18.35% has been
found by Drougard and Young (D13) for the same kind of clamp-
irg and thls value seems reasonable as an order of magnitude
value for the polycrystal, too. If this reduction factor would
be applied to the above average of K = 2040, one would get

K = 1665

which 1s not too different from the value Marutake (M8) has
observed and slightly higner than the one which he has computed
by actually taking the plezoelectric interacticn into account.
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There 1s still the possibility of a contribution of
oscillating domain walls to K as it 1s well kxnown fron the
ferromagnetic case. However, ferroelectric domain walls are

very different from ferromagnetlic domain walls; whereas, the

ferromagnetic walls behave almost 1like rubber membranes, the
ferroelectric walls do not easily move sideways, apparently
only by a partial nucleation process. The present author has
formed the opinion that there will be a slde movement but not
90° ahead of the electric field as the other polarization
processes buf only in phase with the field and, therefore,
contributing mainly to K" and not the XK'.

2. Temperature dependence of K

The first problem which the ceramists working with pure
’ BaTiO3 and other single compound ferroelectrics had to solve

was to find means to smooth out the high peaks of the dielcc-
tric (and other) constants near the ferroelectric transforma-
tion temperatures. There is no problem in shifting these
peaks up and down by incorporating other components in solid
solution. The classical examples are the addition of Sr'Tio3 for
a downmovement of the Curie peak and PbTiO3 for an upmovement.

The flattening of the peaks was a much more difficult
problem, There 1s first a small flattening effect by mixing
with another phase without active interaction. Then there is
the possibility that the single crystal peaks can be broadened
themselves by solid solutions in which the constants A, B, C,
I' and G of the thermodynemic function and their temperature
cependence 13 changed which might result in brcader peaks.
In the same way, the stress and strain distribution of single
phase solid solutions might be changed so that a wider range
» of stresses results.
The most effective mechanism, however, of broadening

seems to be that of having a second phase, usually not ferro-
E electric, and having some active, i.e., stress interaction,

between the two phases., If this second phase is produced in
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the body by exsolution from the main phase, 1t 1s possible that
non-equilibrium compositions are obtalned by cooling down from
the firing temperature, so that there are actually regions with
different composition and, therefore, different Curle-points
present,

Another type of broadening 1s that of joining together
the different peaks corresponding to the different ferro-
electric transitions; e.g., in pure KNbO3 the 3 peaks are 450%
apart, whereas 1n the 80% KTaO3 solid solution, they are cnly
4O apart. In other systems, the lower transformation tempera-
tures move up when the Curlie temperature 1s moved down; this
happens by addition of Ba<1_x/2)Ti(1_x)NbXO3 to BaTiO3
(Subbarao and Shirane)(S24).

3. Freqguency dependence of K

Single crystals of BaTiO3 have a small loss of K of 20-50%
at the plezoelectric resonance frequency, e.g., 10 Mcps for a
plate of 1 cm diameter and .1 cm thickness; they retain the
lower value (clamped value) up to frequencies of perhaps 50 Gc/s.

Ceramic samples, on the other hand, show a drop from about
1500 tc 300 at 1-10 Gc/%, a phenomenon which 1s not qulte under-
stood.

Several authors, e.g., Merz (Ml) ascribe this drop to domain
wall relaxatlon because a similar drop has been found by Fousek
(F11) in multidomain single crystals of BaTiO3, whereas single
domain single crystals as mentioned above experience only the
20-50% drop (Benedict and Durand) (B47). The plcture is not
very consistent: If the drop from 1500 to 15C in ceramlics and
that from 2000 to 150 in PFousek's multidomain crystal is due
to domain wall relaxat'on, one should assume that the low
frequency value, l.e., the excess over 150 would be due to
domalin wall osclllations. However, the single crystal without
domaln walls has the same value of 200C after the plezoclectric
resonance which 1is, in fact, halfway between the in*trinsic
value feor the free crystal and that for the completely clamped
crystal, according to Devonshire's theory.
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In the ceramic, one can visuallze the drop due to a
transition from the partially clamped state into the total
clamping due to piezoelectric resonance of the gralns; however,
there are other processes which might produce relaxation.

There are, e.g., the currents due to changes in internal
fields caused by the divergence P-charges; they will occur on
all domain and grain boundaries which are not traversed by the
polarization vector P in a symmetrical head-to-tail fashion.
Depending on the actual value of dlelectric constant and
reslistivity, these charging-discharging curvents will have
relaxation times from microseconds to seconds and might affect
the frecuency dependence of the dielectric constant as well as
that of the losses.

It seems that in this area much mnrec research i1s needed
to establish reliable experimciical facts as well as to give
consistent expianations. One of the discrepancies which might
be mentioned here is that ceramic BaTiO3 dielectrics shcw the
sharp drop from the 1.5 Mc/s to the S.54 Ge/s value not only
at room temperature but also in the cublic phase which seems to
rule out the explanation of piezoelectric resonance (P12). For
this reason von Hippel (V2) suggests a graln size erfect. On
the other hand, solid solutions of BaTiO3 with SrTiO3 in the
range from about 20 to 60% b.m. do not show the slightest
decrease of their 1.5 Mc/s dielectric constant at the 9.54 Ge¢/s
frequency above their Curie point (P12).

B. Non-linear Behavior and Domain-Effects

In ferroelectrics one has to distinguish two types of
non-linear behavior: One due to the non-linear character of
the P vs E functlion which according to the phenomenological
theory is a function of the 5,order if the free energy function
is taken up to the P6 term,

The other type of non-linear behavlior 1s due to domailn
switching whicr occursasa functicon of electrical as well as of

mechanical stresses.
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Tre poling problem which 1s treated from a technical view-
point in part V-C can be looked upon as a problem of domain
switching. If a complete reversal of all 180° domains would take
place, the PS-Value of the poled ceramic would be 0.5 of the
spentaneous polarization of the single crystal; 1if, in addition,
all possible 90° domaln switches would occur the value would
be 0,84,

The P -value of ceramic BaTiO3 is 0.05 Coul/m2 when
measured on a 60 c¢/s hysteresils loop; this is less than 0.2 of
the spontaneous polarizatlion of the single crystal. In the
long time poling process a high degree of 180° domain switches
can be achleved, and, temporarily, 10-17% of the 90° domains
can be swltched. Of these, after removal of the poling voltage
a portion switches back. Subbarao, McQuarrie and Buessem {S31)
measured the length changes during depoling of samples which
had been poled with a field of 10 kv/bm. The depoling straln
developing at the Curle point was -2.3x10-4, corresponding to
about 9% of the 90° domains; 1.e., about half of the 90°
domains swltched back at'ter polling, the other half after
depoling. It 1s possible that a portion of the 90° domains
switches back after poling because thls removes much of the
mechanical stress which comes about when the poling voltage 1is
removed. The electrostrictlve effect makes a sphere 1nto a
prolate ellipsoid in the field direction and the 90° domain
switches with the field to minimize the strain energy wilth
respect to that shape. If the poling fleld 1s removed, the
ellipsold tends to go back to the spherical shape and a portion
of the 90° domains has to switch back to achieve minimization
of straln energy under the new conditions.

A puzzling effect of poling 1s that the dielectric
constant of ceramilc BaTiO3 increases, both in the direction of
poling and perpendicular to it. There are, perhaps, three
effects 1nvolved: The immediate effect 1s usually de-aging due
to heating above the Curlie point during pollrg. When this is
climinated as cause of the K-lncrease by comparing poled and
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unpoled samples at the same age, one finds still an increase of
about 12% in the poling direction and 3% perpendicular to it
(B8) (M20) (M7). Two factors might contribute to this. It
might be partly wue to the stresses just described in the last
paragraph, which are tending to make the grain more cublc and
increase its K slightly (G5) (B46). The main factor, as
mentioned by Jona and Shirane (J1),might be that part of the
180° domain clamping might be removed by removal of most of
the 180° domain walls. The clamping effect was estimated to

be of the order of magnitude of 18%. The K increase, due to
the removed clamping, in addition to the stress effect, might
overcompensate the slight decrease which would result from the
5-9% 90°-domain switches after poling and which, by themselves,

would reduce K correspondingly.




C. Stability

1. Without applied field: aging

Introduction. The instability of 21l dielectric and plezo-
electric properties of ferroelectric ceramics with respect to

time; 1.e., the spontaneous change (decrease or increase) of all
properties under zero external field conditlons has been termed
"aging". This instability must be distinguilshed clearly from
the changes which occur with time under DC-stress (degradation)
or changes which may occur under conditions of AC-stress, mech-
anical stress or other conditions affecting the initial per-
formance such as atmosphere, humidity, radiation, etec. The
literature is not completely unambiguous in this respect, but
in most publications the term "aging" or "ageing" is used in
the sense defined here. The most powerful criterican which can
be applied to distinguish aging from all the other changes is
that 1t occurs only in the ferroelectric state, whereas degra-
dation and most other changes mentioned may occur as well above
the Curle temperature.

The practical importance of aging of ferroelectric
ceramlcs cannot be overestimated. The K-aging seriously
affects the tolerance problem in production of ferroelectric
condensers. The aglng of the plezoelectric properties, especi-

. ally the aging of the frequency constant, is the most serious
' hindrance to widespread use of IF transformers.
t Literature Survey. Table XIII contains references on aging

of dielectric and plezoelectric properties of different bodies.
Most papers give only aging rates of the properties investigated
without going into a theoretical discussion of the possible
mechanisms involved. The logarithmic time iaw for the decrease
P of the dlelectric constant K

e = Kl[l- T%5 log t] { )

was already established by Marks in 1948 (M6); the constant a
in this relation 1s the aging rate per decade of time in %;
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e.g., from time one to time ten, e.g., in minutes, if K1 is K
at time one. Many observers have wondered about the unusual
form of this law which 1s inverse to a normal decay function:

t/t

e” 1 (

N
~—

b = bO + b1

In which the time t is a function of the log of the property
and not the reverse. However, one can approximate (1) by a
sum of expressions (2). The important consequence of this form
of the aging function is that it allows for a flat portion at
very short times and also at very long times, whereas equation
(1) implies the nonsensical result of an infinite K at time
zero and a zero K at time infinite.

Almost as 1lmportant as agling is the reverse process,
called de-aging (rejuvenation). Complete de-aging 1s possible
by heating above the Curle temperature; partial de-aging by
any temperature change, but also by mechanical or electrical
stresses., An exact knowledge of the de-aging properties of

a body as well as the agling properties 1s necessary, 1f one
wants to use pre-aging as a means to overcome some of the
I detrimental effects of agling. For example, with an aging rate
of 3% per decade and one minute as the time of the first measure-
ment, the material has aged 15% during the first five drcades
T but the aging rate for the next year 1s only about 2% per year
and for the next ten years only 1/2% per year, In other
words, the material is now rather stable, provided that no
do-aging occurs. Whether the pre-aging technique can be used
successfully depends on the de-aglng sensitivity of the
material as well as on the magnltude and frequency of thermal,
electrical and/br mechanlcal shocks after pre-aging. The only
detailed de-aging study has been p:blished by W. Heywang and
R, Schoefer (H17). These authors observed the propeller-
shaped hysteresis curves of the aged BaTiO3 which had been
described formerly by McQuarrlie (M16); they observed also that
it disappeared after a certaln time of dilsplay on the screen.

To measure the de-agling tlme exactly, they Introduced a new
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method whereby dP/dE vs E was displayed rather than P vs E.

A normal hysteresis curve is hereby ftransformed into a dis-
torted square, the two maxima corresponding tc th2 twoc steepest
slopes on the hysteresis curve. An aged BaTiC., however, had

4 maxima and the time of disappearance of thc gwc wxtra maxima
was taken as time needed for de-aging. Tne study was performed
on three samples of 100, 80 and 50 micron grain slze as a
function of temperature between -40°C ari 130°C. Tor each
sample 1t was Tound that the de-aging time ve temperature

curve had two sharp maxima, one about 18°C below the tetragonal/
orthorhombic transformation temperature, the other 18°C above
it. In the case of the "fine" grain (50u) material the upper
maximum was about one hour, whereas at the transformation
temperature itself and also at the Curie point the time it was
zero, For the 80 u graln size material the maximum was 15
minutes, for the 100 u grain size materizal two minutes. One
can see that even at these large grain sizes the effects are
strongly dependent on grain size.

In the following paragraphs, certain important facts are
summarized from the papers cited; these are the facts which
have to be explained by any theory of aging and which will te
used for a discussion of possibie and probable agling mechanisms,

(1). The "initial" (= small signal) permittivity of
ceramic ferroelectrics decreases according to a2 log t law (M6).

(2). The aging rate of the tan delta 13 the intermediate
frequency range (1 kc¢) is typically three to four times greater
than that of the real part of the dielectric constant (M15)(P5).

(3). An aged body exhibits a propeller-shaped hysteresis
curve, indicating an about equal loss (absolute) in maximum
polarization and remanent polarlzection; de-aging occurs after
a few minutes of displayling the propeller-shaped hysteresis
curve under the influence of the AC-signal whi~-h is used for
this display (M16) (H17).

(4). ©For BaTi0, bodies with impurities the K-aging rete

decreases with increasing c/a ratio (M15).




i

(2}, For Ba

ing temperature (!

T163 the K-aging rate increascs wilth increas-
M15) (P5) (Di2).

(6). The aging rate of K and tai delta of BaTiO3 and
of commercial high K-bodies can be lowered substantialiy by
fluorine treatment; the same applles £o the frequency constant
of poled BaTiO3 and PLT ((B31) (B29) (T€).

(7). The aging rate of X “or BaTiO3 bodies can be
lowered by exsolution or deposition of second phases (B31) (B29),

(8). Aging rate is low for BaTiO3 bodles with small grain
size (G%),

(9). For bodies with large grailn size K-aging rate is
proportional to K (D6),

(10). Aging of ¥ decreases wilth concentration of (111)-
twins in BaT103 (D12).

Possible and Probable Aging Mechanisms., After Mason (M12)

arid McQuarrie and Buessem (M15) had established that aging

occurs only in the ferroelectric state, it was generally
assumed that it had to do with a domain reorientation (J1).
The only exception 1s aging of ceramlc Pbo,5cao,4Tio3 in which
agling has been explained by an exsolution of a seconrd phase at
room temperature (S6).

The great diffliculty in invoking domain reorientation
to explain aging is the fact that Jomaln swifchies can occur in
times of the order of a microsecond whereas aging might invelve
times up to 20 years. This 1is a Jdislerence of 1% orders of
magnitude and Indicates that quite different domain processes
must be Involved.

The most detailed propesal ¢f aging as a domain reorienta-
tion process has been given by Plessner (P5),

Plesoner bases his picture of the unaged ceramic barium
titanatve on Devonshlre's (D5) concept of the clamped
3 to be 100%
clamped, Whereas the llnear average of the dlelectric constants

dlelectric constant; ne assumes ceramlc BaTi0

in the "free" state 1is about 3100, tne "clamped" average may be
as low as 300, The di7erence betweesn 300 and the observed

values of 1500-1900 1s then ascribed to domain wall motion; it




1s pointed out that lor a fleld of 1 volt/em domain switching

vt a fraction of orly 10-5 of all domains would be sufficient tc
accnung for the observed permittivity. By use of Figure 1Ca (F5,
pase +)aging of K can then be explained as follcws: After
cooling througn the Curle temperature a domain wall is flxed

in a metastable position at A in which it can move with a small
restoring force (shallow potential well) and give a rather large
contribvution to K. Or a wall might be fixed irn a metastatle
position at C, separated only by a small activation energy H
from another position C' to which 1t might jump under a field
with the help of thermal activation., This jump 1s a typical
relaxation process with relaxatlon time

A Sl g expl -H/k1) (3)

and in the neighborhood of the relaxatlion frequency w = 1/t
contributes greatly to the tan delta. Plessner assumes for

T, a value of 1077 o and i values e 0.125 to 0.45 ev.
Both domain walls, that at A and that at C', might ¢.entually
Jurip over the barrier E or E' into a well at B where the
restoring force is much greater and, therefore, the contribu-
tion to K for the same fleld much less. The much greater value
F of E as compared with the barrier of type H explains the differ-
F ence hetween the fast domain wall movements contributing
directly to K and the very slow movements producing K and tan
delta aging.

Plessner's picture of the aging mechanism 1n Ba'I‘iO3 seems
to recommend itself because 1t explains not only agineg but also
the Initial high value of tan deita and 1ts constancy over wide

ranges of frequency. On the other hand, there are several weak
- points, First of all, the assumed degree of clamping is

unrealistic. Clamping by 180° domains must be a furiction of

height to width ratioc or these domains. If the width of a

-

domaln iz comparable to its height (or depth), the effect of
such clamping will be minor and only if the domalns are very
thin in relation to theilr helght will there be substantial




cilamping. The effect 1is simllar to that of stress distribution
In sandwlched structures,

Secondly, in single crystals there 1s no evidence for &
sideways movement of 180° domain walls under elastic restoring
forces, as 1t is well known for magnetic domains. There is
evidence, nowevir, that existing walls can move by a kind of
protuberance process which 1s actually partial nucleation of
a new wall after application of the field (J1). It seems,
therefore, that such a movement would be non-elastic and in
phase with the fleld. This domain process could, therefore,
explain the high losses in the intermediate frequency range.

The aging itself could then be explained by gradual
relaxation of electrical and mechanical stresses¥* The electrical
stresses are depolarizing fields originating from discontinuities
in displacement D (div D); they can relax by two processes:
either domain formation (mainly 180° domains) or movement of
conductior. charges annihilating thedepolarizing fields. The
characteristic relaxation times for both processes are small:
microseconds for nucieation of walls and microseconds to
seconds for the movement of charges (time constant = resistivity
x dielectric constant). The mechanical st»esses can relax by
dislocation movement, ion or vacancy diffusion and, most
important, nucleation and/br growth of 90° domains. The relaxa-
tion times of these processes might range from microseconds
(dislocation movement) to months (diffusion of ilons, nucleation
of 90° wall),

Figures 10band 10c prove that electrical stresses and
mechanlcal stresses of the type occurring in ceramic BaTiO3
produce increased K and that relaxation; 1.e., decrease of
these stresses with time, will result in decrecase of K; that
is, in aging (G5) (BU46G).

* McQuarrie who originally (M15) attributed K-aging to the
removal of scme contribution of 90° domairn walls, believes
now that aging 1s due Co stress relaxation and 1ts effect on
intrinsic K (Personal Communication).
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Conclusion. In the foregoing chapter, mainly the aging
of the small signal permittivity has been discussed and two
very different mechanisms were compared; i.e., deepening of
potential wells for elastic domain wall osciliations (Plessner
mechanism) and mechanical stress relaxation and reduction of K
ty nucleation and growth of 90° domains. The second mechanism
has the advantage that 1t also explains automatically the aging
of poled ceramics in that nucleation of 90° domains must reduce
the remanent polarization PR; the change of all other piezo-
electric properties can be correlated with the decrease in the
effective PR' For this reason, the second mechanism seems to
offer the most natural and general explanation of the aging
process as a whole, Only future research can prove whether
the first mechanism makes any contribution at all.

2. Stability - With long application of DC-Fields: Degradation

Introduction. The word "degradation" has two meanings.

The first, derived from "to degrade (v.i.)" means deteriora-
tion and degeneration; the second, derived from "to degrade
(v.t.)" means reduction in rank and lowering in the scale of
classification (Webster). The following discussion 1s concerned
only with the first meaning which i1s more general and can be
applied to the deterioration of experimental and commercial
dielectrics as well. The second meaning does not indicate the
deterioration process as such, but the action which the testing
engineer must take because of 1ts occurrence; it can be applied
only to classified, commercial dielectrics., Deterioration
implies a loss in quality. To simplify this presentatiorn mainly
the ultimate loss in quality, the complete failure, will be
discussed.

There are three different failure modes: The first mode
is that of dielectric breakdown which is an instantaneous

electronic process cf weak temperature dependence occurring at
high fields. The values of t e dielect*ric hreakdown fields

(E ) are in the order of 10d volts per meter for insulators

ma.Xx
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with low dielectric constant (e.g., alkali halides). There is

some corr=lation between dielectric constant and breakdown

field (Bl10); titanates and zirconates of low dielectric

contant (K = 200) have breakdown fields of 25 megavolts per

meter whereas those that have a high dielectric constant

(K = 10,000) have breakdown fields of 5 megavolts per meter,
The second failure mode is that of thermal breckdown;

this mode is strongly temperature dependent and is character-
istic o railure at higher temperatures. It occurs when heat
inside the dielectric (ohmic heat and losses) is produced at a
faster rate than can be transferred to the available heat sinks;
the sample becomes thermally and electrically unstable. Thermal
breakdown is only partly dependent on intrinsic material proper-
ties; it depends also on geometry and other design factors,
especially on the efficiency of the heat sinks.

For short time DC-fields only the two failure modes of
dielectric and thermal breakdown have t¢ be considered. If one
plots an Emax versus temperature diagram with log E as

max

ordinate and a 1/T scale as abscissa, one has a field of

allowed conditionsagg temperature and voltages bounded by two
intersectinglines (Fig. 11). The first line contains the E___
values for dielectric breakdown and is practically horizontal
for many dielectrics. Approaching higher temperatures one has
another boundary which is given by the thermal breakdown condl-
tions for short tamnes (O hrs.): this line also is straight but
lies at a slope determined mainly by the activation energy of
the conduction process in the dielectric. The position of the
thermal breakdown line depends largely on external conditions
and can be shifted to higher temperatures with better heat
sinks.

For longer applicatlion times of DC-stress, there is a

third failure mode called failure by degradation. Degradation

is a slow process and consists in a steady increase of the con-
ductivity of the dielectric until the ohmic heat production
reaches the criftical value characteristic of thermal breakdown.

This can be shown on the diagram used to delineate the allowed
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temperature-field -ombinations for short applications (Fig, 11).
The activation energy of conduction 1s usually not changed by
the degradation process and the boundaries for thermal break-
down after lifetimes of, e.g., 100, 1000, 10,000 hours are lines
parallel tc the initial (zero hour) thermal breakdown line. In
other words, with Increasing application time the thermal break-
down boundary 1s continuously shifting to lower temperatures.
Basic Definitions. 7To facllitate the description of
degradation and thelr explanation, some basic concepts and
terms will be defined here at the outset.
1. The changes in conductivity with tine are brought

about by an electric field and consist either in changes 1in

the carrier concentration or in changes of their mobility.
Changes produced by moving ions (or vacancies) will be called
degradation by an ionic process. This does not refer to the
initial conductivity process (which can be electronic, ionic

or mixed), but only to the process which effects the change

in conduction. All other processes which do not involve moving
ions or vacancles will be termed non-ionic.

2. If the degradation procecs extends over the dlelectric
as a whole and can be recognized by discoloration and/br space
charges which develop at one electrode and move through the
wnole dielectric towards the other electrode, it will be
termed a macroscopic process. Conversely, 1f degradation

processes have a repetitive pattern from grain to grain with
the grain boundaries at the anode slide taking on some of the
functions of the anode and the grain boundary at the cathode
side taking on functions of the cathode, 1t will be termed a

microscoplc process.

3. The movements of carriers effecting the degradation
can be either through tre bulk of the grains or through the
yrain-boundary zones and are analogous to the material trans-
port in lonic conduction, diffusion or sintering. Depending
on the path it takes, the process will be described as a bulk
or grain-boundary process.

1135




4, A condenser with cathode anc anode consisting of the
same material will be termed symmetrical; a condenser with

anode and cathode of different materizal will be termed
asymmetrical.

5. A condenser in which both anode and cathode are
sealed on the outside Ly an impervious, 1lnorganic layer of
glass or ceramlic will be called a closed system; if only one
electrode is sealed, it is a partially closed system. If both

electrodes are bordering on alr or an organic matter, the
condenser will be termed an open system.

6. A degradation process which criginates visibly
(e.g., by discoloration) at the anode or which depends in its
degradation characteristics malnly or exclusively on the anode
material, will be termed an anodic process. Conversely, if
the process originates on the cathode or is controlled by the
cathode material, it will be termed a cathodlc process.

T. In an lonlc degradaticn process, the migrating
specles ideally might belong tc one of the compounds which make
up the materlal (Ba, Ti, O or their vacancles in BaTiO3); this
is termed self-migration. 1If the migrating species 1s an

impurity lon which is there by design or accident, the term
used 1s impurity-migration. If the specles comes from outslde,

14 will be termed in-diffused or injecred. Injected species

can come either from the electrode or from an absorbed or
adsorbed layer at the electrcde, or it can be a vacancy injected
bv an eJection of a lattice 1lon or impurity ilon.

8. A degradation process which involves the migration of
one species will be termed single; a process 1n wnich several
species move simultaneousiy will be termed mixed. If the
second process 1s normally the weaker one, but becomes effective
after the first process 1ls eliminated by exhaustion of its
migrating specles or by stavilizing agents, it willl be called
residual.

Literature Survey. As far as degradation 1s concerned,

there 1s no basic difference between 2 compound in its ferro-
eiectrle state or in 1ts paraelectric state. This is under-
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standable because the ferroelectric state is only a slightly
disturbed paraelectric state ancd, 1f there is a heat ¢f trans-
formation at all (as with those ferroelectrics which have a
first-order transformatic: at their Curie point), it is only
of the order of one hundred calories as compared witn kilo-
calories in other crystallographic transformations (TS).

What is more, the degradation phenomenon occurs in
compournidds which are not ferroelectric at all and the degrada-
tion of TiO2 (rutile), which is not ferroelectric, has great
similarities to the degradation of BaTiO,. This is useful
because many degradation experiments have been performed on
TiO2 or on ferroelectric materials in thelr paraelectric state,
i.e., above their Curle points.

The degradation of TiO2 single crystals and of TiO2
ceramics has already been observed by Cronemeyer in 1951 (C6)
(C7). He reported increases of the conductivity of single
crystals with the DC-field parallel to the c-axis up to four
orders of magnitude upon prolonged application of strong fields.
Similar values were exhibited by ceramic samples where he used
fields up to 300 volts pe:i mil.

Systematic studies on commercial TiO2 and BaTiO3 ceramics
(manufactured by different companies) have been performed by the
Erie Resistor Company under Contract W 36-039-SC 44534 (01). A
TiCQ-body under a DC-stress of 35 volts/mil dropped its resis-
tivity to one-third in 500 hours at room temperature, whereas
the 150°C resistivity changed to one-tenth of its initial value
in the same time. Similar values were observed f{or cormercial
BaTiO3-bodies.

The first attempt at an explanation of degradation was
given by Weyl and Terhune (B32)(W4). These authors considered
an anodic process 1n an open system; the migrating species was
protons (H+) injected from the adsorbed water film at the anode.
They considered the action of the protons in two steps. The
first step 1s the incorporation of the protons as (OH) groups
under reduction of the iron impurity of the rutile which is

4+
assumed to be in the Feu' state; this assumption is hased on




Selwoo¢'s (S10) magnetic experiments. 71he protons which aic
inﬂected after all the Fe “ present 1s reduced to Fe3+ reduce
gL + to Ti3+ and this reduction is, in essence, the degradation
process. The electrons which are brought in with the positive
protons to maintain electroneutralit/ are 1n localized orbitals
of Ti)‘L+ ions near the (OH)-groups and bonded to them by small
energlies of 0.1-0.2 electron volts, It takes only small
thermal activation to 1ift these electrons into the narrow
3d-conduction band of the rutile where they increase carrier
concentration and conductivity,

The most extensive study of degraddgion of titanates was
undertaken by Linden Laboratories, fnc. (State College, Pa.)
during the years 1953 through 19f);‘.A brief report will be
given first on the werk up to L e Fiist Summary Report
(15 October 1961) (B30). " |

Most of the work concefnbd degracation studies on com-
mercial grade TiO2 and BaTiO3 bodies in o>pen, symmetrical
systems with Ag and Au electrodes. Many properties were
measured before, during and after exposure t> DC-voltages at
Intermediate and high temperatures, especiaily in the range
from 150°-300°C., Some of these propertlies were: changes of
resistivities, dlelectric constants and 1nss factors for differ-
ent frequencles, temperatures, field valueé and geometriegs. The
goal of thils work was threefold: (1) To learn as much as
possible about degradation so 2as to propose and check possible
models for this process. ‘2) To find means of controlling
degradation. (3) To help to correlate short life tests under
severe corditions of temperature and/or electrical stress with
perfermance under milder conditions for long periods of time.
While the results concerning the first two goals were quite
satisfactory, the attempts to develop a short testing procedure
to predlict long life times met only with moderate success. Two
criterla were used for this prediction: (1) for moderate elec-
trical stresses: the time to reach maximum resistance; (2) for

larger stresses: the negzative slope of the log-resistivity-

-
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versus-time curve for the first few hours of 1life testing. Semi-
empirical fermulae were developed which predict the average 1life
of the group; however, these formulae were not tested for the
prediction of long lives. The main results in regard to the
other two goals can be summarized as follows:

1. A very low voltage produces no change in resistivity

S with time; intermediate voltages give first an increase in
resistivity with time and eventually a decrease; higher voltages
lead immediately to a decrease in the resistivity with time
and, firally, to failure {degradation).

2. 'The stability of a titanate dielectric towards degra-
dation 1s increased by many orders of magnitude through the
incorporation of cations with valences higher than four,
especially U6+, W6+, ’I‘a5+ and Nb5+, or by anlons with valences

lower than two (F ).

3. In long life experiments at high temperatures (e.g.,
150-200°C) the silver metal at the anode is almost completely
oxldized, whereas the silver metal at the cathode is not
affected,

4, Sealing off the anode side by a thin layer of titanate
which contains the additions mentioned under (2) increases the
lifetime by a factor of 102-1011L as compared to the lifetime of
the same dielectric which has the thin layer at the cathode siden.

Based on these facts, the followling picture of the
degrading titanate and of the degradation process has been
developed:

A titanate is appreclably reduced at the firing tempera-
ture; the re-oxidation upon cooling in air 1s rather fast
above 1100°C but practically stops at some temperature between

- 600-500°C. As a consequence, the outside of the sample and,

to some extent, of each grain 1s well oxidized, but the interior
still has an oxygen deficiency. The missing oxygen ion: (AV)
carry an effective charge of 2+, which is neutral! :d by twice
the number of electrons in localized 3d iesvels of T1a+ ions,

o 713+

forming Ti lons. At low temperatures, these ions are

bound by a small energy of 0.1-0.2 electron volts to individual
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(AV); only a small part is separated from (AV)., The electrons
2
of the T1J+ ions elevated into the narrow 3d band are responsible

Pom conduetlony Hhe (APE"

also experience a fcorce moving them
toward the cathode; thelr moblility 1is several orders of magnltude
smailer than that of the electrons. The (AV) and 3t groups
which are not separated cannot participate in the conduction
process; however, they experience a torgue which leads to a
dielectric polarization and a dielectric absorption current,
Due to the difference in (AV) concentration between the
surface of each grain and the bulk, brought about by the manu-
facturing history of the dielectrics, the number of conducting
carriers - predominantly electrons - is much larger in the bulk
than 1In the surface, Correspondingly, the conductivity of the
bulk 1s much greater than that of the surface and the resulting
conductivity of the sample is intermediate between the two.
Upon application of a voltage the field in the surface layers
{s much greater than that in the bulk. 1In a surface layer on
the cathode side of each grain the free (AV) move out of this
layer under the influence of the strong field, thereby further
Increasling the field. Under these high fieids, Zener breakdown
may occur and two electrons of the 2p-level on an 02- near the
surface might be brought up into the 3d-levels of the 3d band.
The strong field will carry the newly formed (AV) immediately
toward the cathode and atomic oxygen will emerge at the anode
side: a new defect has been born and the degradation process
has begun. The actual macroscopic process will depend upon the
fate of the atomlc oxygen formed. At the anode, 1t can immedi-
ately diffuse 1nto the silver layer and oxidize the silver to
silver oxide (see 3. above). If the oxygen formed on inner
gra‘n surfaces cannot get out, then the formation of new
defects will slow down when a certain 02_ and O2 concentration
Is reached. 1In thls case ithe 1nflux of new defects 1s a macro-
scop!> process scarting out from the anode side of the sample.
Tf the anode ls sealed off by layers containing U6+, w6+, Nb5+
or Ta“+, then the Influx of new defects lsstopped efrectively

and the 1lfetime Is Increased (see 4, above).
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The formation of new (AV) derects 15 nol a necessary
[eature of every degradatior.. Af higher voltages, approaching
the breakdown veltage, a rapld decrease of resistivity sets in
immediately {see 1., ahove). In thls case, Zener breakdown may
accur right from “ne start.

The stabilization of titvanates by U6+, Nb5+, etc, adail-
tions can be visualized as follows: In the filrst place the
additions reduce the (AV) concentrations in tie bualk and in the
surface layer and reduce the large difference between bulk and
surface simply by making the concentration of (AV) very small
in both. The remaining difference in (AV) concentration does
not result in a great difference in concductivity because the
(T17")
cations (e.g., Nb5+) and not with (AV), and tre cation concen-

tration 1s the same 1n both. One can see that the maln reason

1s connected aimost exclusively with the higher-valent

for degradation, 1l.e., the difference in conductivity between
surface and bulk, 1is eliminated. The apparent contradiction
that the dielectric is greatly improved by making 1t somewhat
semiconducting 1s dlspelled by the observation that even with
these additives the overall conductivity 1is less or at least
equal to that without the additions.

The posslbility of a Zener breakdown remalns to be checrked.
It has been estimated that, at the outset, the conductivity o~
the well-oxidized surface layer 1is about two orders of magnitude
higher thar the average field across the sample. Applylng, for
instance, 50 volts/mil or 24,000 volts/centimeter to the sample
wouid wesult in 2.4 million volts/centimeter across the surface
layer., This 1s 1In the right order c¢f magnitude for a Zener
breakdowrn to occur (gap 2 ev) and a small movement of (AV)
might increase this field strength fast.

As far as boundaries are concerned, one has to distingulsn
between surfaces and interfaces. The first cres (pores) are
the locations where the reactlons with the atmosphere take plarne
and the (AV) gradients will be mainly perpendicular to these
surfaces, The boundaries between different grains are important

durlng the sinterine operation; they are supposed to act as
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defect sinks. The maln paths of material and defect transport
go through these regiors (grain-boundary migration) and are the
paths of oxygen diffusion during cooling. This 1s the reason to
belleve that grain boundaries have a higher electrical resis-
tivity than the bulk of the grain., This would be an essentilally
chemical explanation of the harrlers at the grain boundaries.

Koller and Pospisii (K5) reported on an investigation
Into the degradation mechanism of two dlelectrics; one, a rutile
ceramic with 5% additions; the other, a BaTiO3-Sr'T103 ceramic,

Thelr theory of degradatlion can be summarized as follows:
In a fired titanate there are vacanclies with T13+ attached to
them, The presence of vacancles affects the electric propertles
of the materilal and its further changes,desplte the fact chelr
concentration is so small that they are not shown by a decrease
In the mass of the sample. A materlial contalning vacancles 1in
an electric field experiences changes leadling to the production
of' color centers. The mechanism of thelr proiuctlion as a result
of an electric field is not analogous to thelr production by
irradiation., 1t depends rather on the passage of the current
through the material, but a more exact explanation has not yet
been found chilefly on account of the lack of experimental
material,

V. VYa. Kunin and A, N. Tsikin (K11) reported on degrada-
ticn and regeneration of rutile ceramics. Degradation is
effected »y 800 volt/inm (about 20 v/mil) DC at 150°C and the
conductance 1ncreaces rapidly under these conditions from less
than 1,107 amp,/v to 30.10_9 amp/v (in 25 minutes). The
phenomenon studled by these authors is malnly regeneration at
the same temperature where degradation was produced which is
eitrer (a) spontaneous regeneration without any voltage applied
or {b) forced regeneration by a voltage of opposite sign. The
spontaneos regensration 1s a rather slow process. The conduc-
tivity (measured by a very small measuring voltage) decreases
rapldly after the Interrvuption of the degradation voltage of
820 v/mm, but, upon reectablishing the former field, the con-
ductlvity increases much faster than with the virgln dielectric.
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It takes several days to reestablish the original rate of con-
ductivity increase with time; upon reaching the former rate, the
recovery is considered complete. However, regenerat.’ on by a
reversed voltage 1is much faster: after a degradation pericd of
100 minutes at 800 v/mm, it took only 25 minutes at -800 v/mm
to reestablish the original degradation rate, i.e., to effect
complete regeneration (according o the authors definition).

As to the mechanism of degradation, 1t is assumed that
at higher temperatures new defects are formed in TiO2 in an
electric Tleld, and that they are responslible for local levels
in the forbidden band. In this case regeneration of rutile
ceramics in a field of reversed polarity can be explained,
providing the defects produced iln the TiO2 lattice are paired,
It had been formerly suggested (K12)(K13) that in the presence
of an electric field and thermal motlion, oxygen ions leave the
lattice sites and locate themselves interstitially in the
vicinity of the anion vacancles formed, without leaving the
crystal boundaries. Therefore, when the field is removed or
the polarity is reversed they can reoccupy the vacant lattice
sites, 1.e., the process of recombination of defects takes
place., It appears therefore that the authors prcpose the
formation of anti-Frenkel defects in rutile in a DC-field 6f
20 volt/mil,

A paper of interest because of its bearing on carriers
and currents in titanates at higher temperatures is that of
J. W. Northrip (N6). The title "High-Temperature Discharge
in Ferroelectric Ceramics" 1s somewhat misleading in tha*t tae
phenomena in question are found to occur in the same manner in
non-ceramics (BaTiO3 si-gle crystal) and in non-ferroelectrics
(rutile). The effect .onsists in a substantial discharge
without (and with) preceding charge (poling). With a heating
rate of 300°C/hr., the output current into a 100 kehm resistor
becomes appreciable above 300°C, reaches a maxim.m akbove 400°C
and becomes small agaln at 600°C. At .constant temperature
(357°C) the current decays from an initial value of 2 micro-

amperes to 0.2 microampere in a few hours. After discussing
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earlier observations by Berlincourt (B16), Roberts (Bl9) and
Hurd, Simpson and Tredgold (H12), the author expresses his
belief that these effects can best be explained as electrochemi-
cal reactions between the electrode metal and the anion-
vacancies of the titanate.

Starting with 1962, degradation experiments have become
somewhat more sophlsticated by measuring the potential distri-
bution in the dielectric and its changes durlng the passage of
DC-current., This 1s done by probing the surface of the
dielectric parallel to the field lines with a point contact
and measuring the potential with an electrometer,

V. Ya. Kunin and A. N. Tsikin whose work on degradation
of rutile ceramics has been reviewed above’published a paper
with L. N. Fomenko (K10). In this second paper they report
potential distribution measurements made simultaneously with
resistivity measurements. Thelr experimental conditions were: -
87% Ti0, ceramic, Pd-electrodes, fleld 2.4 kv/cm, 200°C, 1500
hours.

2

They distinguish four periods of degracdation, character-
ized by the slope of the curre.t-vs-time curves: perlod {z) is
one of constant current or slight current decrease; period (b),
one of strong increase; period (c), one of slow rise or fall
and, finally, period (d), one of strong increase ending with
breakdown. They mention, however, that with their tubular
samples period (c) was missing and that there was oniy one con-
tinuous period of current rise until breakdown occurred. They
attribute the absence of the third stage in tubular samples to
the considerably smaller surface of the tubes, s¢ that less
heat could be transferred to the surrounding medium. They do
not give the dimensions of the tubes so one cannct check quanti-
tatively how much smaller the tube area was compared to the slabs.

As far as potentlal distributlon 1s concerned, they find
a very strong positive space charge 1/2-1 mm in front of the
cathode which diminishes through the first three hours {period
(a)); with the onset of period (b) and the strong current rise.
the field is aimost linear. Period (z) starts after rore than
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120 hours during which che current 1increased about two orders of
magnitude. Period (c¢) is characterized by deviations from the
linear field distribution, leading to zero field near the
cathode. The authors do not explain the mechanism of these
changes. They refer to their earlier papers cn degradation and
state that period (b) 1s one of homogeneous defect generation
throughout the ceramlc, according to a relation

N, o= N, - (N, - Nd) exp. -t/_ (1))

where N, 1s the defect (donor) concentration at time t, N, 1s
the equllibrium concentration at temperature T and electric
field E, Nd is the defect concentration vefore applying the
field, 1T 1s a relaxation time, They describe the current
rise durlng period (b) by the formula

I = A &" (2)

where A and n are constants to be taken from the log-log plot.
It is not quite obvious how the dependency expressed in (1)
should lead to currant rise given by (2).

The main feature in which the results of Kunin et al
differ from those of other authors 1s the potential distribu-
tion during period (a) with &n extremely strong cathode fall.
The authors think ot thils catnode fall as caused by "electro-
negative impurities" and they call period (a), during which the
cathode fall disappecars, the period of "electrical cleaning”.
They do not =zay what these impurities are or where they go.

As far as period (c) is concerned, the authors state only
that 1t 1s characterized ty an equilibrium concentration of
defects (Nt = Ne); furthermore, that now other processes are
golng on which produce layers with differing conductivity; these
processes are not clear, In comparing the fileld distortions
which they observe during periods (a) and (c) with the linear
distribution which they had during periocd (b) they more or less
imply that the high current increase in perlod (b} is due to
the linear voltage distribution and the slow increases during
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periods (a) and (c¢) are due to the field distortions. This 1is
not completely suppcirted by the results of other authors which
indicate that current increases occur during periods of increas-
ing field distortions.

An important paper by Lehovec and shirn (L4 will be
discussed 1n some detail. The experimental condltions were:
commerclial high-K-body,electrodes: grapnlte, electrlc field
2, 4 and 6 kv/cm, temperature 250°-300°C, 63 hours.

The principal result to be noted 1s the see-saw effect in
most of thelir current-versus-time curves consisting first in a
strong rise 1n the current, then an even stronger decrease and
then another rise, Practically il of the subsequent evalua-
tions 1n this paper deal with the phases in the current history
of theli’ samples in which the current decreases by one or more
orders of magnitude, During the decreasing current phase the
maln space charges are In the interior where they move from the
anode towards the cathode. Lehovec and Shirn give detalled dis-
cussion of the degradation phenomenon.

They first deduce that the electron mobility must be
greater than 0,04 cmg/volt-sec., wrich results in transit
times through the sample of a few milliseconds at most. This
ts 1n obvious disagreement with the time constant of the
initial current rise. Thus, while electron injection at the
cathode (and space-charge-limited current flow, which was
menticned befcre) ma, well be one of the steps initiating the
current rise, other slower steps must be Involved.

Space-charge-limited currents are the extreme case of
uncompensated space charges of carriers; cthe other extreme case
Is that where the zero space-charge condition is apprcximately
satisfled for every volume element of the sample, If this
extreme case were valid, the conductivity distribution along
the sample would pe ascribed to a change In the distribution
of "donors" (i.e., (AV), protons and other defects).

How can an inhomogeneous distribution of donors (defects)
arise after applyirg the fleld? Let us assume that defects
can pe generated or annihilated at the anode and cathode inter-
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faces and at grain boundaries of the polycrystalline material,

If the current at the anode and at the cathode were the
same, 1.e., if there were no space-charge buildup in the
sample and 1if the fraction of the current carried by the
defects (vacancies, etc.) were the same for cathode and anode,
the defect level in the sample would remain unchanged. HhHowever,
if these conaltions are not satisfied (and we know that space
charges build up in the sample) the defect level in the sample
will change with time.

Consider, e.g., the case in which the entire current at
the cathode 1is carried “»y electrons and a small, but finite
fraction of the current at the anode is carried by defects
(vacancies, etc.). This would lead to a pile-up of defects at
the cathode with some of the d2fects trapping injected electrons.
The conductivity at the cathode would increase with time.
Alternatively, if defects were removed from the region near the
anode by the field faster than they were generated at the anode,
a low defect, i.e., high resistivity zone would be generated at
the anode.

These examples show that the conductivity level in a
reduction semlconductor is a function of the injection (or
extraction) efficiency of defect transport acioss the
electrodes (boundary conditions). This efficiency (equal to
the defect current/total current) may well be & function of
temperature, current density, electric field strength, defect
density adlacent to electrodes and chemical censtitution of the
electrodes, While the mot.on of ion defects has beer considered
as an imporvant factor in the phenomena, changes in conductivity
by field-induced changes in the electron distribution {without
changes in the concentration of donor or trapping centzrs) are
also conceivable, The clearcolor (bleaching of origirally
blue regions) would then indicate removal of trapped electrons
from defects rather than removal of defects altogetheirr. 1In
view of this, the interpretation of the drift mobility of the
conductivity or resistivity pulses (defect mohility or relaxa-
ticn time of electron transitions in trap levzls) 1s uncertain.
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After stating that the drift mobllity of the resistivity
pulses 1s estimated for thelr nzterial to be 16,2 cmS/VOlt
seconds at 250°C and 2.10°0 cm®/volt seconds at 300°C, Lehovec
and Shirn describe clearly the different functions which the
grailn boundarles might have in these processes in polycrystal-
line materials.

This brings up the lmportant question of whether the
degradation is a phenomenon restricted only to polycrystallirc
materials, Lehovec and Shirn's measurements on a BaTiO3
single crystal (with aquadag electrodes) show no change in
current with time under conditlons where the polycrystalline
materials show drastic changes. Experiments made by Cronemeyer
(C6), however, and recent investigations on single crystals
have proved that the basic phenomenon of degradaticn, 1.e.,
resistivity decrease under DC-stress, occurs also in single
crystals of TiO2 as well as BaTiO3.

F. Cardon (Cl) investigated rutile single crystals and
studied first the discharge phenom<non which he found difficult
to explaln because of the very large decay time, He writes:
"Phenomena with such a great time constant are generally not
electronic and one expects also here that the ions, or more
erazctly, the vacancles play a role. It is, however, generally
believed that no measurable lon transport occurs in rutile even
at 850°c."

Cardon trled to measure current -voltage relations on thin
f'lakes; no reproducible measurements could be obtalned unless
the crystals were "normalized". This normalization consisted
of a prolonged treatment (100 minutes) with a rather high
voltage of 25000 v/cm., A marked reduction in resistance was
observed., The effect of normalization Jdisappeared gradually
with time and immediately upon heating the sample to 800°C,

By grinding the surface of a normalized samvle and evaporating
new electrodes, it was found ~hat the normalization w&s not a
surface effect but a bulk effect; the sample with the new
electrode showed the same low resistance that the sample had
after normalization and before grinding.
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Cardon tnen refers to work on CdS where simllar vhenomena
have been observed., It 1s suggested "that the 'normalization'
and assoclated effects are pre-breakdown effects which resuit
in a change in the distribution of electrons 1n higher discrete
energy levels. Another possibllity in TiOE, although less
probable but not impossible, 1s the migration of anion-vacancles
to the cathode ...."

It 1s obvious that the "normaliiation" ghenomenon with
the reduction of resistivity under high DC-stress 1s very
similar to the degradation process 1In polycrystalline titanates;
the slow time changes at low temperatures (recovery) and the
immediate restoration by heat treatment at 800°C in O2 are very
suggestive of an iovnic dafect migration (AV cr protons).

Branwood and Tredgold have reported studies of the con-
ductivity of BaTiO3 single crystals in several papers (B24)
(B23)(RR). Using gold or silver as electrodes they find a
decre: se 1n resistivity (degradation) of about one order of
magn’.tude in EXIOLl minutes for filelds of 10 vclts/mil (tempera-
tvoes 130-150°C). Using radioactive tracers (198Au) they prove
that the Influence of the gold anode on i1mpurlty concentration
1s confined to a surface layef less than 100 Z thick. The
reduction in resistivity does not occur with Al, Cr or Sn
electrodes.

As far as the Increase in conductivity with time with
gold (and silver) anodes is concerned, -he authors assume that
this 1s assoclated with an enharced hole injection at the anode,
It might be mentioned at this point that this assumption is
not too difrerent from the picture of the anodlc process given
by Buessem and Manshall (B30) who have described this process
as one whereby one 2p-clectron of an O at the surface i
elevated into the 3d-band of the Ti-lon. The surface oxygen,
deprived of 1ts valency electron, can evaporate ianto the
electrode zone and leaves an (AV) behind which has a certain
chance to be carried awvay by the fielld towards the cathode,
This 1s the creatlon of an (Av).
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The process proposed by Branwood and Tredgold to expla n
the increase in conductivity of BaTiO3 with time is identical
to the one described up to the point of evaporation of the
oxygen atem into the electrode space. If one just assumes the
elevation of a 2p-electron into a higher level, then one has
the formation of a positive hole 1n the valency band which can
move away towards the cathode. This 1s essentlally an electronic
process and might lead Co difficulties with the time constant.

The work on degradation at Linden Laboratorles between
1961 and 1965 is reported in the Second Summary Report (B28).
During this time evidernce has been produced (Figs. 12 and 14)
that the proton can play an important role in the degradation
process, as had been proposed by Weyl and Terhune in 1953 (Wi4).
Furthermore, it has been found that hot pressed BaTiO3 made
from very pure raw material and pressed to practically theoreti-
cal density is very stable, almost as stable as those materials
which have been stabilized by dopants. A great amount of effort
has been spent on measuring potential distributions during
degradation which reveals development of 3pace charges as a
function of voltage stress, electrode material, pretreatments
with dry or wet air, humidity during testing, etc. Most
Important is the finding that incorporation ¢f higher valent
cations 1s & very effective means of ccunteracting the detri-
mental effects of protons on degradation. The charging-
discharging phenomenon in BaTiO3 was studied 1n great detall
in the hope that elther the magnitude cor the decay constant of
the discharge current could be used to detect weak samples and
to predict possible breakdown at an early stage. These attempts
were not successful in that the discharge current {at least in
the time interval studied) is not affected by thosze features in
a sample which determine its eventual breakdown; 1t indicates
only the more severe stages of degradation when the sample 1s
already badly damaged,

D, A. Berlincourt et al (Bl0) studied a great number of
ceramlc compositions of perovskites (ABOQ), the Bl'H ion belng
T1 and Zr and the A°Y ton being Pb, Ba and Sr. Nb2' and Sc3'
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were used as dopants. The authors demonstrated that zirconates
as a class are far superior with respect to long term degraqa-
tion which 1s described as an "electrolysis of oxygen'. 7457
is more easlly reduced than Zru+ which explaine the greater
stakblility of the latter; the same fact, perhaps, also explalns
the greater volume resistivity of the zirconates, However,
there 1s no clear-cut difference 1n dielectric strength. Dvzra-
dation in dielectrics with p-type conduction (which was fourd
to be the ucual case) 1is generally inhibited by donor dopirg.

H. H. Barrett et al (B5) report on "Failure Mechanisms
in Ferroelectric and Nonlinear Dielectrics". The paper is
mainly concerned with the dlelectric breakdown aspect of
failure and investigates SrTiO3 as a model substance., Of
interest in regard to degradation are diffusion studies with
018 in which they found that unannealed SrTiO3 with a disloca -
tion density of 1.4x106/'cm2 had an activation energy of 15.5
kcal and a pre=xponential term DO = 1.6x10-7 cm2/sec. Extra-
polation ol these values to the temperature range used for
DC-1ife tests (100-250°C) gives diffusion coefficients which
are not incompatible with the ldea of én lonic migration in an
electric field.

™, Prokopowicz et al (P9) have investigated during 1962-
1965 the "Intrinsic Rellability of Subminlature Ceramic Capaci-
tors". The progress which nas been made in commercial dielec -
trics is apparent 1f one compares the 1life test results in this
repor: with those reported in 1951 (01), At this earlier date
K100 material (essentially T102) showed degradation of its
resistivity by one order of magnitude in 500 hours under
27 volt/mil at 150°C, whereas now the improved K2000 ceramics
survive 1000 hours under 160 volt/mil at the same temperature
with only a slight decrease in resistance. Prokopowicz et al have
develop a 1ife-time formula which allows one to predict the
actual performance (without fallure) of capacitors at lower
voltiages and temperatures from measurements at higher voltages
and temperatures. The accelerated test conditions are 160
hours at 80 v/mil and 150°C.
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The formula reads:

=N w W
b = o Bp/n %P (le - k’I‘2) (3)
1
tl = performance time at low n =73
vo.tage and temperature, W = 0.9 ev
to be calculated -
= ) !
t, = performance time at high I SR Ee L Ecman =S| com i age
voltage and temperature Tl = low temperature
El = low voltage, test voltage, T2 = high temperature,
e.g., 20 volt/mil e.g., 150°C
E2 = high voltage, e.g.,

80 v/mil

The same grcup, headed by T. Prokopowicz, has recently made an
important discovery which has practical as well as theoretical
significance, D. Payne¥* has found that the steady state
current in monolithic capacitors, using a K = 2200 body
(Sprague C67) and palladium electrodes, exhibits in certain
cases the well known (E4) Schottky emission current-voltage
dependence. The following compilation, taken from Emtage
and Tantraporn's paper (EL), shows this dependence in compari-
gon with other dependencies which are frequently found:

Mechanism Current-voltage Current-temperature
dependence dependence
Space charge N I ©p(u mobility
limited of the electrons
in the insulator)
Tunnel emission I oV for Ve¢o None
I = V¢ explconst/V)
for high V
/ -const
Schottky emission I = a exp (B Vl’g) I ot exp —9%——

2

3 1/2
exp (-o/kT), 8 = (34LKa)

Here a = AT ®T ,

* Personal Communication
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q is the charge of an electron, a is the thickness, K the
relative dielectric constant and A is the Richardson constant.

Figure 13 illustrates a linear relationship existing
between steady state current and the square root of the
applied voltage (Ve), for formulation MD 128 which has been
shown to be unreliable. No linearity existed for CHT7NMX-1
and many others which were extremely reliable.

From the findings, it appears that Schottky emission
is initially experienced in unreliable units,

It is proposed that with time and applied-field
strength, there is a net drift of vacant-oxygen sites toward
the cathode. At some critical distance from the cathode, Xo,
these vacancles form an "apparent" anode; the field strength
across the gap Xo is increased considerably. This effect can
be taken into account by a factor a which expresses the
increase in field over the value V/a, where a is the thickness
(1-2.5 mil).

For six groups of unreliable units which were first
tested at 150°C in regard to the Schottky emission law and
which were later subjected to an 85 volt/mil 1000 hour life
test at the same temperature, a values of 2000 to 7500 were
found; X  is computed from this to be 84-180 A.U.

The practical importance of Payne and Prokopowicz's
findings is that it allows one to predict at an early stage
which units are unreliable,

The theoretical implications are far reaching and will
be discussed by these authors in a forthcoming report on their
results,
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G. A. Shirn and D. M. Smyth have reported on "Some
Failure Mechanisms at Insulator-Conductor Junctions" (S15)
which gives data for Ta205 and Ba.TiO3 dielectrics., Some of
the results for BaTiO3 were reported by G. A, Shirn in a
paper with Lehovec which has been reviewed above (LM). In
the present paper the study of discoloration under DC-stress
at intermediate temperatures is emphasized as a means of
following the progress of the degradation process, "By
analogy (with the color centers found in alkali halides) it
1s proposed that the color effects in the ceramic are caused
by the presence of oxygen vacancies injected by the anode.
(xygen vacancies having a double charge could accommodate
one, two or three electrons, allowing for a variety of color
centers, One visualizes the color formation process as
follows: Consider the ceramic as a very viscous electro-
lyte., When the field is applied, oxygen ions migrate to
the anode where t™ey are removed (vacancies injected) by
either gas evolution or oxidation of the anode. 1In case
of oxidation of the anode the oxide film formed will slow
or stop the vacancy injection process. The pulse of vacan-
cies giving the - own color will spread out from the anode
and, since tne supply is cut off by the oxide film, the area
near the anode will return to the original color. If the oxide
film is ruptured, a new pulse of vacancies will be injected ....
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The oxygen vacancies arriving at the cathode must pile up there,
since no oxygen is avallable from the cathode., The various
colors are attributed to the various states of ionization of

the oxygen vacancy. Potential probing of the various reglons

of blue, brown and tan showed high conductivity for the .lue

and low for the tan., Thus the presence of vacancles increases
the conductivity of the device .... The same experiments on
single crystals of Ba'I‘iO3 indicate .... that the blue color and
the extra oxygen vacancles in the ceramlic are concentrated in
the grain boundaries.'" These discussions show that the degrada-
tion speed is determined not only by the mobllity ol the migra-
ting species (anion vacancles) but also by the rate of injection
at the anode; shutting off the supply by oxide film formation
leads to a reversal or the degradation trend and could explain
the periods of current decrease which most investigators have
found at intermediate condiftions. Since the system lnvestigated
by Shirn et al is "opern" in the sense of the definition given in
basic terms, it seems possible tnat protons also are lnjected
from the anode which would produce effects similar to those
causedby anion vacancles,

The missing link in the chain of investigations on
degradation is an answer to the question whether an ionic
process 1involving injection and migration of anion vacancliles,
protons, etc. 1s possible at all between room temperature and
about 250°C,

A positive answer to this question has been given recently
hy D. D. Glower and R. C. Heckman (G2) using Carl Wagner's (\3)
ingenious method of an electrochemlical concentration cell, These

authors have proven that ceramic Ba’I‘iO3 made from pure, spectro-
graphic-grade raw materials and of 95% theoretical density
exhibits 100% ionic conductivity between 100°C and about 300°C
and they suggest that the conductivity below 100°C down to room
temperature 1s also 100% ionic.

The experiment utillizes the electrical potential of an

electrochemical concentration cell.

135




Figure 14
Discolorations in BaTiO3 Under DC-Stress

From Right to Left:

Test Condition: 125°C, 10 v/mil, In-Ga Electrodes*

Condi- Time Under

tion Definition of Post-Treatment Stress
1 No Post Treatment 5.9 hrs.
2 1000°C Dry Air Repid Cool (R.C.) 121.0 hrs.
3 100C°C Wet Air R.C. 215 s
b 1000°C Dry Air Slow Cool (S.C.) 121.0 hrs.
5 1000°C Wet Air S.C. 3.8 hrs.
6 500°C Wet Air R.C. 121.0 hrs.
7 500°C Dry Air R.C. 28.2 hrs.
8 1000°C Dry Air R.C.,500°C Dry Air, R.C. 121.0 hrs.
9 1000°C Dry Air R.C.,500°C Wet Air, R.C. 121.0 hrs,

—
(@]

1000°C Dry Air R.C.,500°C Dry H,, R.C. 121.0 hrs.

* Right electrode: Cathode

All treatments for period of one hour
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BaTi0

Pt, 0,(py) 0,(p,), Pt.

crystall

The electromotlve force Ei of thils cell is determined for a
purely ionic conductor by the partial pressures of oxygen Py

and Po and may be calculated from the eguation

E; = (RT/nF) In(p,/p,) (4)

In this equation R 1s the gas constant, T the absclute tempera-
ture, P the Faraday constant, and n 1s the number ¢f Faradays
of charge transported for each mole of molecular oxygen. In
the interpretation of the results n has been taken equal to 4,
which 1s equlvalent to assuming the reaction

oo

0, + e = 20

One can turn Equation (4) around and computz p2/pl - ratios
resulting from an applied field Ei' One sees 1lmmedlately that
the usual voltages of 100-1000 v produce very large p2/pl ratios
J i and explain the migration and ejectlon of oxygen at these low

temperatures,

e

Evaluation und Concluslons. The great progress towards a

solution of the degradation problem 1s demonstrated by a compari-
son of today's ceramic dlelectrics wlth those manufactured
fifteen years ago.
There 1s no doubt that this progress 1s due to the dls-
criminate use of certaln means of stabllization which are being
applied today elther singly or in combination:
? - 1. Incorporation o stabilizing agents (dopants), elther
catlons of a valency higher than 4 revlacing Ti + (e.g., Nb5+,
- U6+) or anlons of a valency lower than 2, replacing 02" (F7)
2. Closed system
3. Purer raw materials

4, Denser fired product
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5, Lower firing temperatures (4 and 5 as well as 3 can
be achieved by hot pressing)

6. Drying treatments before applylng electrodes
The effect of these measures, especially 1, 2 and 6, in con-
Junction with all other reported effects such as discolora-
tions, injection of space charges, influence of anode material
on degradation speed, 1s positive proof that in an open system
without stabllizing agents there are two ionlc degradation
mechianisms which can occur singly or simultaneously: One 1is
the injection of anion vacancles at the anode and their subse-

quent migration towards the cathode; the other is the injection
of protons at the anode and their migration to the cathode,

or the activation of protons which have been incorEorated
tefore by a wet treatment. Both defects reduce Ti + to T13+

and create new carriers for conduction, which is a pre-
requlisite for eventuzl thermal breakdown and failure,

In dielectrics in which all means of stabllization have
been fully used, degradation will not occur at conditions which
would normally, without these means, be beyond the limit of
stability. 1In other words, the thermal breakdown boundary nas
been shifted considerabiy towards higher temperatures. However,
the degradation process may not be completely elimlinated and
degracation may still occur if much more severe conditions of
temperature and voltage stress are applied. This type of
degradation has been termed in the definitions "residual”
degradation and it 1s still an open question whether 1t 1is
essentlally the same process of elther anlon vacancy injection
or proton injJection occurring now under conditions of higher
thermal and/br electrical activation, or whether 1t 1s a com-
pletely different process. There 1s the possipbllity of field-
induvced electronic processes or that of a different ionic
prozess inveliving other migrating species. No such process
has yet been proposed. With the great activity which has been
induced in the field of stabllity of dielectrics by the greater
demands for reliablility as well as by the advent of micro-
electronics and thin films, 1t is to be expected that these
questions can be answered in the near [uture.
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V. SPECIAL TECHNIQUES

A. Thin Film Ferrcelectrics

1. Introduction

The present trend in electronic component development 1is
the fabrication of the numerous components with their functional
interconnections into an integral device., The emphasls on
miniaturization of circuit assemblies and the rapid development
of printed circult techniques have extended into the field of
components, Thin film technology thus has come into focus as
2 means of obtaining components in minlature sizes accompani=zd,
of course, by major alterations 1n manufacturing processes. At
present, thin film technology has attained nearly universal use
since evaporatlion processes have been developed to obtain films
of required thickness.

The fabrication of thin-film resistive components by
various methods has advanced to a rather high level of develop-
ment. The evaporation of thin resistive films and the sub-
sequent etching of specific¢ patterns to yleld the appropriate
component value has matured into a fully automated manufactur-
ing process which yields precise and reproducible resistor
components. Reslstor film tech..lques are generally uncompli-
cated, and the large variety of stable materials sultable for
resistor elements perm'ts conslderable latitude in deposition
techniques. Dielectric materials for capacitor fabrication
present very different problems to the thin film technologlst.
These will become more apparent in the followling sections of
this report.

Although considerable advance has been made in the thin-
film resistor field, the search for active thin fllm devices
has clouded many of the objectives of the researchers in the
field of passive components. The search for thin f!1m counter-

parts of thie Transistor has insplired endeavors to fabricate
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circults ceontaining both pascive and active components with a
compatible set of film technologies., It 1s generally conceded
(1.2) that semiconductor films that have been produced are not
single crystal, and whille device operation has been achieved

to a degree, reproducibility and reliability leave much to be
desired. A more promising method for obtaining single-crystal
thin film semiconductors has been the deposition of silicon on
sapphire substrates. In spite of thlis,however, no active thin-
f11m device performance to date even approaches thrat of con-
ventional high-frequency bipolar transistors (L2).

The overall pictwvre is much more promising for passive
thin films than for active ones, and although researchers have
made considerable advances 1in the resistor field, the capacitor
problems have been especlally troublesome,.

2, Thin film capacltors

The most significant success in thin film dielectrics
for capacitor bodies »as been in materials having a low dielec-
tric constant. These =:& gencrally in the group of materials
which includes the oxides of tanvalum and other metals; the
desire, however, 1s to make use cf materials such as titanium
dloxide, barium tltanate, and simlliar dielectrics which have
rmuch higher diel~ctric constants. Thin films of these latter
materials have heen fabricated, and they invariably have been
lossy or have had poor dielectric strength.
Among the factors that must be considered in the fabr’ca-

tion of capacitors are (B2)(H6):

1., ti.. capacitance per unit area,

2. polarizaticn of the capacitor,

3. voltage breakdown,

4, temperature coefficient,

5. cost,.
Compromises have been made among the several factors listed
above, but the fundamental considerations of dissipation factor,
voltage breskdown, and capaclitance per unit area are the gravest
limititions. The extremely high dielectric constants of the

142




materials in the barium titanate class of ferroelectrics actract
researchers in the thin film fleld. It is appropriate to review
developments in this fleld and to attempt to present a summary
of achlevements with these materials.

3. Substrate

The characteristics of the substrate surface are of major
importance where the dielectric 1s deposited in a planar con-
figuration., The surface microfinish is extremely critical and
should approach an atomlcally smooth surface with no sharp dis-
continuities, Dielectric films are extremely sensitive to small
defects since a uniform dlelectric strength 1s required over the
entire capacitor area (H6). Other characteristics of the sub-
strate surface which are of equal importance are tne chemilcal
composition, stability, thermal conductivity, porosity, working
temperature, vacuum degassin», and forming capability. Dielec-
tric films are usually deposited or a metallic substrate which
i1s then used as an electrode; however, there have been some
attempts to replace these with metalllzed ceramic plates (L2).
Because of the high temperatures employed in the fabrication of
ferroelectric dielectrics, platinum foll and similar high-
melting metals are generally used.

4, Thin fi’ms of BaTiO,

The present investigation is limited to an evaluation of
thin films and thin film technology of BaTiO3, elther in single
crystal or polycrystalline form. The techniques that have been
used to form these fiims include firing of pressed todles, slips,
vaporization of the ox'des, heat treatment of the precipltated
Ba-T1i complex from solutlon (D2)(F3)(F2), growth of thin single
crystals (D2)(M2), and thinning of single crystals by etching
(s2).

Thick films (several microns) exhibit properties nearly
l1ike the bulk material; that 1s, there 1is a nearly linear
dependence of capacity and breakdown strength on rilm thickness.

With film thicknesses below several thousand Angstroms, the

£
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breakdown strength might be reduced by the presence of film
defects and interfaclal roughness., At still lower thicknesses,
avalanching becomes more pronounced &and may lead to non-linear
voltage dependence of the leakage current,

The firing of slips has produced film thicknesses as low
as 0.3 mil, but the grinding of pressed bodies 1s limited to
thicknesses conslderably greater than this becauce of fragili-
ty. The thinnest films are obtained by the growth (and etching)
of thin single crystals and by the evaporation of the barium
titanate oxlides. Of the various methods of producing thin
films, the latter two techniques merit strong consideration.
This 1s particularly ftrue in view of recent developments 1n
thin~film electron beam processing as developed by von Ardanne
et al (V1).

5. Vaporization of the oxides

BaTi0, decomposes into the cxides of barium and titanium
as 1t 1s ev;porated In a vacuum. The oxides are evaporated
onto an appropriate substrate capable of withstanding the sub-
sequent high firing temperature. The more common technique 1is
that employed by Feldman (F2) wherein a filament 1s coated with
an aqueous solution of BaTiO3, dried, and then evaporated com-
pletely in order to mailntain the proper ratio of the barium and
titanlum oxlides. The resulting thin fllm is then fired at
temperatures ranging from 800 to 1500°C in an oxidizing atmos-
phere to reconstitute the BaTiO3 (F3)(F2){H1).

Many researchers are 1lnvestigating the effect of the
oxldlzing atmosphere and firing temperatures on the voltage
breakdown. and dissipation factors of the resulting films. It
has been found (Hl) that increasing the oxygen pressure during
the evaporation of BaO plus 'I‘iO2 onto a heated substrate has
resulted 1in lowered disslpatlon factors. Malntaining an
external fleld on the film at temperatures of 600 to 7C0°C has
had 1ittle apparent effect although some grain orlentation
was found (H1).
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1 6v, Thin sinrle-crysta! fllms of BaTio

B

Thin single crystals of BaTiO3 have been grown from a
mixture of KF and BaTiO3 heated to a temperature of 1000°C.
| In this technigue, a platinum sheet or foil is lowered into the
solutlion at the reaction temperature and 1s held stationary or
withdrawn by a crystal pulling process. The crystal growth
takes place near the interface of the substrate and the surrface
of the solution. In earller experiments on fine-grained platin'm
surfaces, the predominant nucleation sites were the grain
boundaries. Tha effect of grain boundaries was reduced by

increasing the silze of the platinum grains by grain growth.

Thls was achieved by cold-working the platinum and subsequently
annealing 1t at approximately 1200°C for several hours. This
modifiled technology reduced grain boundary nucleation, but
nucleation within the grain was more pronounced. Although the
area of the BaTiO3 single-crystal films is small, nevertheless

the high degree of perfection and firm attachment of these
‘ sinple-domain crystals to the cubstrate seem to represent a
| reproducibility and stability of properties in thls high

: permittivity material.

Thin single crystals of barlium titanate have been produced
by methods similar to those of Feldman, but differing in that
the substrate temperature 1s maintained at a high value (600 to
980°C) and the material to be evaporated is heated by electron
bombardment (F4), The substrate 1s heated by resistive heating,
while adequate vacuum 1s maintained at the electron guns by a
multiple-stage differential pumping system, Thils technique is
considered to be free of many of the possible contaminants in
filamentary evaporation technigques. Grain bouncdary nucleation

{ on the platinum substrate was reduced by Increasing the grain
slze ot the substrate by heat treatment. The properties of the
BaTiO3 obtalned by this method are included in Table XIV,

Thin films of the order of one micron have been produced
by a vapor aeposition of BaTiC, using a2 graln-by-graln evapora-
1on method developed by Muller et al {(MlU)., Contamination of
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the material to be evaporated was reduced by use of an iridium
boat. This method was also used to ¢bhtain compositions of
mixed titanates including Sr7TiN,. High dielectric constants
(up to 700) and improved dissip;tion factors were obtained,
Resulte are shown in Table XIV, Epitaxial Ba’I‘iO3 was deposited
on a silver substrate on NaCl by a grain-by-grain evaporation
process (J9)(J10), and an extension (A4) of the process to
include cathodic sputtering of Ba and Ti at controlled rates
from ea:h cathode to determine the conditlons for the formation
of BaTiO3.

Thin barium titanate single crystals were grown success-
fully by a rather straightrorward technique of melting BaTiO3
powder on a thin platinum sheet (L3). The temperature was
raised S0 1600°C and the resulting thin films were less than
0.2 microns in thickness., Since this work was directed
primarily toward polarization of the resulting crystal, no
information is available as to the dielectric properties, It
is werthy of note that 1little or no contamination due to
platinum occurred, and the utilization of bulk materials
produced a high percentage of pseudccubic barium titanate.

Table XIV summarizes the properties of the various thin
film ferroelectrics obtalned by the methods described above.
In several cases, certaln specific properties are not given

in the reference.
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B, Devitrified Ceramic Ferroclectrics

1, Introduction

Devitrified ceramic ferroelectric materials are formed
by controlling crystallization during heat treatment of a glass.
The formation of silicate-free barium titanate crystals in a
crystalline feldspar matrix has been reported by Hercizog (H5)
(H13) while Anderson and Friedberg (AY4) discuss crystallizing

lead metanisbate from a (PbO-Nb203-3102-A1203) glass.

2. Microcrystalline Barium Titanate

In the development of microcrystalline barium titanate by
devitrifying a glass, Herczog found that the compcsition must
be chosen properiy to minimize interaction between the desired
ferroelectric crystal phass and the glass network-forming oxides
during crystallization of the glass., Glass melts with low con-
centrations of network formers are very fluld and crystallize
rapldly on cooling; therefore, these glasses are generally
cooled while being formed from the liquid temperature to below
700°C in two to tenseconds to prevent spontaneous crystalliza-
tlon. Because of the need for rapid ccoling to retain a glassy
substance, articies formed during ccoling are limited to one-
half inch in thickness. If the melt is allowed to crystallize
by moderate cooling from the 1liquld state fto the crystalline
state, the barium titanate formed as the main c¢crystalline phase
does not have as good mechanlcal and electrical properties as
barium titanate formed by devitrifying the glass product. These
poorer propertles are reported to be duve to the larger crystals
and lower yvield of %arium titanate obtained on slow cooling of
the melt.

The composlition of a typlcal devitrified ceramic ferro-
eiectric contalning approximately 50 to 75% EaTiO3 by welght

[
(9]

as follows:
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Oxide Mole %

Ba0 4o,9
T10,, 35.8
$10, L2
A1203 Tl
BaF, 2.0

The presence o. a small amount of fluoride in the glass
is reported to give a product with properties more closely
related to ceramic barium titanate due to more rapid crystal-
lization at the beginning of the devitrification cycle; its
presence also allows the glass to completely crystallize at
the end of the cycle., It was not possible to completely
devitrify the glass which contained@ no fluorides.

The dielectric constants of this material according to
particle size and per cent by volume of the barium titanate
are shown in Figure 15.

The computed -values for the BaTiO._z phase are high for

c
£y 3
normal large grain BaTiO3, but agree well with the values for

fine grained BaTiO3 which is under stress and exhibits increased

values of the intrinsic dielectric constant (see Figure 5, 340).

S 1000k / d
L //. a. €;=3600, Calculated (e,=5)
500; ; // Bl €1=3OOO, 0.8 micron gra’n size
- / c. €,=2400, 0.4 " " "
30(‘-‘// d. ¢,=1800, 0.2 " nooom

100 | | | | | |
Lo 50 60 7¢ 80 90
BaTiO3 (vol %)

Dielectric Con

Fig, 15 Dielectric Constant at 25°C as a Function

of the BaTiO3 Content
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C. Prcperties of Reduced Ceramic Barrier-Type Capacitors

Relatively large capacitance values are achieved in ferro-
electric ceramic capacitors by utilization of thin ceranmic
surface barrier layers. In the manufacture of such a part the
cergnic is made semiconductive by reduction at high tempera-
tures, The removal of some oxygen atoms creates an excess of
electrons so that the material attains a resistivity of .5 to
50 vhm chi, A layer on the surface of such a body about 1/2
r.il deep is then reconvertzd to the insulating state by firing
in an oxidizing atmosphere and an electrode is applied to the
surface. A capacitor is formed thereby between the external
eiectrode and the semiconductive body, so that a finished part
consiste essentially of two series capacitors.

There is a wide variety of such barrier layer capacitors
available depending on the starting material used, the degree
of reducticn or doping, the reoxication temperature and pro-
cednure and the metal paint applied. The details are largely
prcprietary and the literature on this subject is scarce. Tn
one patent (Cl3) it is clajred that high capacitance and low
losses can be achieved by separating the application of the
metal paint which is done in a neutral atmosphere (N2) and the
reoxidation of the reduced sample which is done in oxygen. In
another patent (01u) it is claimed that especially good
properties can be obtained if the barrier layer contains a
second phase (compounds of higher TiO2 content than BaTiO3,
e.g., bBa0.2 Tiog)
(BaTiOS) remains partly reduced and acts as an electron

which upon reoxidation of the first phase

yieldihg impurity center,

These capacitors are normally catalogued by their voltage
ratings. These are relat=2d to the thickness of the dielectric
uncer the electrodes which, in turn, determinesthe capacitance
per square inch., Table XV shows some industry ratings and the
specific capacitances of completed capacitors. These parts
are riormally rated to withstand 1life tes® of 250 to 1000 hours,
at 85°C and at voltages that range from the rated voltage up to
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2 times rated voltage. The allowable leakage resistances at
end of 1life go up with higher voltage ratings and with smaller
capacitance values, They range from 5000 ohms for 2.2uf, 3V
units to 500 megohms for 0.1uf,25 V units. Figures 16a, 16D,
16c and 16d show how the insulation resistances of the various
ratings go up logarithmically when the applied voltage is
reduced.

Barrier layer capacitors are made in a wide range of
temperature coefficients and Table XVI gives a listing of the
capacitance change with temperature as has been observed in
parts of the various voltage ratings as made by different manu-
facturers. Figurelbe shows the shape of these curves for the
three sets of voltage ratings. Figuresl6f and 16g show how the
insulation resistance of parts made to these four voltage
ratings varies with temperature.

The semiconducting interior of the barrier layer capaci-
tor represents a low but finite series resistance. As a
result, the dissipation factors of these parts increase from
3-6% in the audio range when going to RF frequencies. TFigures
16b andl6c show the variation of capacitance and dissipation
factor with frequency. The DC-voltage dependence of capaci-

tance is shown in Figure 16j.
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TABLE XV

Voltage Ratings and Capacitance of
Barrier Layer Capacitors

Voltage Specific Capacitance
Ratings of Completed Capacitors
3V 6-7uf/in”
10V, 12V 1-1.5uf/in°
16V .5-.8uf/in°
25V, 30V .3-.6uf/in?

TABLE XVI

Capacitance Change (in %) from Rocm Temperature
Capacity at Various Ambient Temperatures
for Barrier Layer Capacitors

Voltage Manufac-

Rating turer -55°C +10°C +85°C
3V A ~10% -3% +12%
10V A -23% -5% +17%
10V B -50% -7% -14%
10V c -85% -8% -60%
12V D -71% -17% -50%
25V A -22% -4% +4%
25V E -i5% -7% -25%
25V F -75% -8% -30%
30V D -29% -11% +.5%
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D. Poling Technligues for Ferroelectric Ceramics

1. Poling Processes

Barium Titanate Types

Temperature - The most common practice in poling barium

titarate bodies 1s to cool them through their Curie point under
an applied voltage stress. The shaped material with electrodes
in place usually 1s activated by heating to a temperature
approximately five degrees above the Curle point in a poling
medium (such as oil), bringing it to thermal equilibrium (G7)

and then cooling it to room temperature.

For certain speclal applications techniques such as '"cold-
poling" (B12) are used to polarize ceramic compositions at
specific activity levels less than those obtainable under optimum
poling conditions (D4). Also, some ceramic compositions can be
i pre-aged to an extent by alterling the poling temperature and
cycle.

Voltages - The electrical fields generally will range from
approximately 15 volts per mil to 40 volts/mil. This variation
is due to compositional variations and to the thickness of the
E ceramic body acrnss which the voltage 1s applied. As the thick-
€8s increases the field which can be applied decreases. This
relationship is not linear, but logarithmic (H7).

Time Cycles - The time cycle for heating, cooling and

applying the dc {ield will vary with the size and configuration
of the part being poled. However, experience has shown it to
be desirable to lower the temperature from maximum to minimum
in a time interval of not more than two hours. This stalement
1s a general rule-of-thumb.

* Poling Media - The most common poling medium is silicon
0il {such as Dow Corning 200 fluid). This oil works well
because of 1ts high-voltage breakdown strength, its thermal-

voitage stability and its resistance to chemical change. Other
poling media have been used over the years; for example, poling
has been accomplished in air, in special gaseous atmospheres
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such &as carbon monoxide, and in a variety of oils. Peanut oil
has been recommended by some englneers as a good poling medium,

The arguments against using silicon 01l as the poling
medium are generally based on subsejuent inability to bond the
ceramic element o other types of hardaware. Thls problem
probably is due to difriculty in removing the silicon oil from
the surfaces to be bonded.

Special Poling Technigues such as Poling with Temporary

Electrodes, etc.- There are numerous special techniques for

poling to produce ceramic plezoelectrlic elements with a particu-
lar set of characteristics (B27). Certain devices operating

in the torsional or shear mode of vibration present somewhat
difficult poling problems. In this mode of vibration the

poling axis is normal to the drive axis. At present, there are
three methods of obtaining poled ceramics for this transverse
application, depending upon the geometrical configuration of

the ceramic body. The most common use of the shear mode in
ceramic transducers is in the delay line transducer. Since these
are thin film devices utilizing the k15
choice of material 1is arbitrary for this discussion. The three

coupling factor, the

methods of obtaining transverse poling are: fringe poling,

removal and replacement of electrodes, and slicing from poled

ceramic bodies. A description of these methods follows:
Fringe Poling - This method (W6) of obtaining ceramics

for operation in the k mode conslsts of moving two spaced

15
poling electrodes adjacent to the surface of a film of ceramic
material in a fringe-like manner., It 1s not known how effective
this method 1is for thicker bodiles.

Removal and Replacement of Electrodes - The method of

placing poling electrodes on the edges of thin wafers and, a’ter
poling, removing the electrodes by edge grinding and replacing
them in other positions on the plane surfaces of the wafers has
had mixed success. Attempts to fire electrodes on the major
surfaces of poled ceramics result in deproling. The electroless
nickel process employed by Bell Laboratories (M14) provides
electrodes of good adherence which may be readily soldered.
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Shear plates obtalned by this method produce excellent trans-

ducers havlng low lnsertlon losses and large bandwldths.
Slicing from Poled Ceramics - This method of obtalning

thin shear plates ylelds transducers of good performance with

a high degree of reproduciblility. The reproducibility results
from slicing or dlcing a great quantity of thin wafers from one
large blcck of ceramic material., Slicing may be performed by
use of a dlamond-charged wheel and coolant or, preferably, by
ultresonlc dlelng. The latter method allows thinner slices
wlthout loss of polarization, while the former results in some
loss of polarization adjacent %fo the surface because of heat
generated during the slicing. Subsequent surface grinding and
lapplng remove thc unpoled regisns, Electrodes may be placed
on the major surfaces by the elactroless nickel process or, for
many applications, indium-gallium, etc. alloys may he applied
by scrubtling technlques.,

It should be mentloned that measurements of the coupling
coefflclent (kl5) at random poslitlons over the arza of the thin
wafers show greater varlance for those wafers sliced by use of
the dlamond wheel.

Torsional Operating Transducer and Poling Method - Trans-

ducers operating in the torslioral mode are generally cylindrical
in shape. Several methods for making them are discussed by
Mason (M10), with one method in particular ylelding nigh electro-
mechanlcal coupling. Thls method requires cutting a hollow
ceramlc cylinder in half along the length, Each half 1s then
poled in opposite directions along the length in conventilonal
manner, The poling electrodes are then removed and the two
halves are cemented together by a conducting cement. Electrical
drive 1s applied to the cement electrodes resulting in utiliza-
tion of the k15 coupling factor for the thlckness shear mode,.
Maximum efficlency 1s reallzed since all of the material 1s used
to drive trhe transducer,

Poling Under Statlc Stress - Durlng the poling process,

domains within the crystallites of ceramic transducer materials
are aligned (switched) to some degree with a dimensional change
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in the material taking place. During poling, parium titanate
increases in length in the direction of the polar axis by as
much as 0.11% and decreases in length perpendicular to this by
as ruch as 0.046% (K6). Lead-zirconate-titanate ceramics with
nearly twice the crystal distortion as barium titanate undergo
strains approximately four times as great as barium titanate,
In view of the dimensional changes noted above it 1s apparent
that a properly oriented stress applied cduring poling can
effectlvely ald or impede the poling process. Stress alone

cannot pole a ceramic but can depole it.

Lead-Zirconate-Titanate Mypes

Temperature - The temperature requirements for poling the

lead-zirconate-titanate bodies vary somewhat from the require-
ments for the barium titanate types. While the use of the
temperature cycle method 1s sometimes employed in poling the
lead-zirconate-titanate bodies, the most common practice is to
hold them at a constant elevated temperature, which 1s generally
in the range of 70 to 150°C depending on the composition being
poled. When variation in temperature is employed, the common
practice is to apply voltage at 150°C and then lower the tempera-
ture to approximately 50°C while maintaining a ccnstant appiied
voltage.

Voltages - The fields employed for poling lead-zirconate-
titanate bodies generally range from 40 to 80 volts/mil depend-
ing upon body composition. It is common to experilence grcater
di’ficulty in obtaining the exact required voltage for the lead-
zirconate-titanate types which may be due to the wider composi-

- tion variations that wiil occur from lot to lot.
Poling Times - The poling times at constant elevated

£ temperatures range from 1 to 20 minutes, in general., Tre varia-
? - tion in time cycles is again due to the body compositional

| differences. When a temperature cycle (150° down to 50°C) is

i . employed, it 1s usually desirable to accomplish this temperature
drop within a 20-mlnuce time period or at a rate of approxi-

mately 5° per minute.
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Poling Media - The poling media described for barium

titarate are also used for the poling of lead-zirconate-titanate
types.
Special Poling Technlques such as Reverse Poling - Condi-

tioning of the ceramic material by reverse poling is generally
beneficial when conduction and shorting are problems. This
method results in higher couplirg coefficients than is possible
with poling in one direction only. In reverse poling, the fileld
is applied in a given direction until conduction becomes too
high and then applied in the opposite direction again until
conduction becomes too high. For some compozitions after a
number of reversals, the poled bedy 1s able to withstand higher
applied fizlds and accept a higher degree of polarization than
the same bedy after initial poling. An example is given by
Berlincourt et al (Bl12) for PbZr‘OB:PbTio3 (53:47 mole ratio)
which would initially withstand 40 kv/cm at 100°C only instan-
taneously. after a number of reversals of the poling field,
the specimen would withstand a field of 60 kv/cm for eight
minutes before conductins. This higher applied voltage per-
mitted a higher planar coupling factor to be obtained for the
sample.

Daniel points out that intermittent unidirectional poling
(D4) may produce a nigher and more rapid activation in pcled
ceramlic materlals by resulting in a shock excitation which puts
the body into vibration at its natural frequency every time the
potential is applied. Another advantage of intermittent poling
Is that higher potentials can be used than is pecssible with
continuously applied voltages.

Still another variation of poling, as described by Hansell,
1s the use of a superimposed alternating ripple of resonant
frequency on the poling potential or pulsating the unidirection-
al poling potential at a similar frequency (HT).

Metaniobate Types - According to Goodman, lead metanlobate

materlials can be permanently polarized by the methods used for
barium titanate (G4); for example, a potential of 20 kv/cm at
200° to 250°C should be applied for 30 minutes. Above 250°C
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there 1s a rapld increase in conduction which prevents maintaln-
ing the potential necessary for poling. Polarized samples of
PbNb206 have been heated briefly to 550°C with little change 1n
thelr plezoelectric properties after cooling.

Goo@man (G3) also reccmmends a potential of 750 volts/mm
at 250°C for two and one-half hours for poling metanlobatzs.

Materials having a transformation (sub-Curle) tempera-
ture permit the use of a special poling techanique. Mason (M11)
proposes poling KNbO3 by heating to at least 210°C buc not more
than 215°C and allowing it to cool under 2 potential of 9 kv/cm
to room :emperature. At 210°C the tetragoral form of KNDO3
changes to the orthorhombic structure. Mason indicates that the
applied field (9 kv/cm for KNbO3) should be slightly greater than
the coerclve fileld at the transition temperaturs.

2. Problems encountered in the poling process

Arcing through the unit being poled or across 1ts edges
can generally be attributed to pores, to edges that have been
contaminated with salts or by handling, or to contaminated
and/or deteriorated poling media. Rigid quality control must
be malntained prior to poilng and poling media must also be
periodically cleaned or replaced,

Crackling during the poling proccss is a problem that 1is
generally attributed to the presence of internal stresses 1in
the ceramlic body or the generation of excessive internal heat.
This internal heat may be due to partial reduction or density
varliations through the body.

If the desired pilezoelectric activity 1s not achieved

during the first poling attempt, the process should be repeated
several times,

.
t
.

3. Measuring the degree of pollrg

The effect ¢f the poling treatment can be determined by
use of the IRE Standards on Plezoelectric Crystals: Measurement

of Plezoelectric Ceramics (I7); however, in many cases the
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efficlency of poling can be determined more economically and
more qulckly by a simulated service test. In this case, one
might not be able to describe the degree of poling In as well-
def'lned parameters as 1n the IRE tests,




A

A, Introductilon

In this resentation, discussion of the types of "iinear"
ard "non-linear" devices employlng ferroelcctric materials must
necessarily be limited. Nearly all devices having linear design
objectives may be operated in such a2 manner as to render them
non-iinear in theilr response, hencec thig discussion will be
restricted co linearity as belng that characteristic of a
device which responds linearly to the stress applied to the
body. Nevertheless, a brief description of the factors that
define the linear range of operatlon of representative devices
will be included.

A1l devices have a dynamic range of cperatlion over whicﬁ
they respond faithfully to the instantaneous 1nput; this 1is
usually referred to as the dynamic range of the device.
Although response is obtained beyond this range, the output
departs from the original response behavior. In general, neariy
all devices having linear design objectives exhibit a dynamic
range of aporoximately 60 decibels (1000/1); beyond this, the
response becomes non-linear. This 60-decibel dynamic range
(or similar dynamic range) 1s restricted to definite maximum
and minimum values of stress, Any device operated within a
range of stress levels which extends either below or above this
specific range will result In non-linear output as a function
of the input. In order to obtain the maximum linear dynamic
range, the followling boundary conditions must be observed:

(a) The dynamlc range of stress amplitudes applied,
electrical and mechanical

(b) The wavelength of the applied stress

(c) The required bandwidth of the device

(3) The environmental conditions present
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B, Non-Linear Resp.nse of Linear Devices

Frequently a device desligned to be linear over a range of
input slgnals wlll exhlblt one or more non-llnearities 1n 1ts
instantaneous response. Thils occurs most frequently in electro-
mechanical devices suuvjected to varylng mechanical disturbances
in the presence of the desired signal. This can be observed
gqulte frequently 1n the fleld of accustics where input acoustl!=:
3signals may vary over a range of 160 decibels as, for example,
from the whisper of a volce to the blasts of small-arms fire.

It 1s qulte obvious that a transducer designed for operatlion

at volce Intenslity levels 1s not sulted for operation at inten-
sity levels of 160 decibels*, Although microphones exist for
high amplitude applications or may bedésigned for a specific
application, 1t 1s common to observe a low level microphone belng
pressed into service within a high amplitude environment. Many
transducer (or microphone) manufacturers have been prompt in
taking advantage of lmproved ferroelectric materlals and incor-
porating them into thelr lines, but they have not informed users
of' the materials of thelr change 1n sensitivity; therefore, the
user 1s sometimes prone to condemn the device on the basis of
the change 1n the observed response to his input signals.

The primary interest In thls review 18 1n the non-llnear
characteristics of the ferroelectric body 1tself, but 1n order
to prevent any omlsslon of non-linear devices the above type of
non-linearity will be discussed in more detall. Figure 17 repre-
sents 3 model device that serves to 1lllustrate the polnts of the
discussion. For convenlence, an lnexpensive microphone 1s
presented in cross sectlon. Flgure 17a shows a typical
dlaphragm-actuated microphone 1n which the slight displacements
of the dlaphragm due to incldent sound pressui'e are coupled to
a sensing element of the bender type by means of a coupling »od.
The dilaphragm 1s edge clamped, flat in design, and 1s usually

* 0 decibels = 0,002 dynes/’cm2 = 10-I67watts/cm2
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made of thin metal. The housing is simple in design, and the
bender element may be simply clamped at one edge by a contact
spring which £'so serves as a conductor to one of the electrodes.
The housing is usually metal to serve as an electrical shileld
and ground return for the element. The coupler is usually a
non-conductor to permit electrical connections as shown., This
simple design represents the cartridge that may be found in many
low-cost microphones intended for operation in handheld atti-
tudes at voice-level sound pressures,

Figure 17b is a redesigned counterpart of 17a which
illustrates the features that matertially eliminate the responses
that frequently are Judged non-lincar., The diaphragm has been
stiffened by forming 1.1 the central portion to prevent buckliing
or "oll canning" due to very strong signals. In addition, the
periphery of the diaphnragm includes a compliant web tec permit
larger displacements and to extend the linear displacement range
of the dlaphragm. Due to the larger aliowable displacement the
edge now may be rigidly clamped, thus obtaining a reproducibility
not previousl!y attalnable with the ylelding edge of 17a. The
ceramic element is edge clamped uniformly to permit a more ideal
reed support structure and reproducibility 1n the pass band
characteristic. The housing has been modified to prevent high-Q
standing waves 1in the air column between the diaphragm and the
rear surface of the housing. A pressure release port has been
added to control the static pressure equalization in varying
ambient conditions as well as to introduce a reproducihle low
frequency cutoff response. The coupling rod has been stiffened
to prevent flexing due to mechanical drive at high amplitudes.
An additional feature of the formed diaphragm is the differen-
tlal elastic modulus across the surface due to the varying
decree of cold work in forming. As an example, the modulus 1is
lower in the region of the web than in the central porticn if
the dilaphragm 1s fabricated from annealed brass. This causes
diffusion of any nodal regions that would tend to present
discrete rezonance peaks in the response characteristic of the
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microphone. Another source of distortlion that is sometimes not
conslidered 1n the operation of a mlcrophone 1s the size of the
device relative to the incident wavelength., This conslderation
is not important for normal incidence; i.e., where the axis of
the device 1s perpendicular to the wave front. Oblique 1inci-
dence 1incroduces phase distortion in that as th:z wavelength
approaches thce dimension of the microphone a compression and
rarefaction can exlst simultaneously on the diaphragm resulting
in partial cancellation. Jther distortion due to refraction
about the device causes a departure from linearity.

Nearly all devices of this nature can depart from perfect
linearity by virtue of certaln design factors. Viscous bonds,
resonant supporf structures, interspersed transmission windows,
wind screens, structure-borne vibrations, improperly matched
clrcuit terminations, and many others. High amplitude sounds
themselves can become distorted during transmission due to
finite amplitude effects which can, in effect, cause the
observed wave form to be different at two different positions
along the transmission path. These eflects are common in sound
transmission in flulds and are caused by finit:c heatling in the
compression phases which results 1n increased particle velocity
in these regions and subsequent veloclty increases relative to
the rarefactions. The compressions tend to catch up to the
rarefactions and create mild shock fronts. Depending on the
freguency of the disturbance, these phenomena may be anticipated
av sound pressures exceeding 135 decibels. A microphone exposed
to these shock fronts can distort materially the resultant
outpvut due to the response of various massive and compliant
components within the structure.

The purpose of the foregolng discussion 1s to acquaint
the reader with the non-linear re<ponse of an otherwise linear
device. It 1s true thit advantage may be taken of certaln
designad non-linear rasponse characterisitics in order to sense
or reduce the effect of amblent conditions, or to selectively
filter a certain siznal component, elther to reduce the effect
of 1ts presence or to enhance it, as 1n discrimination agalnst

unwanted signals.
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C. Non-Linear Devices

Ferroelectric ceramics exhibit certain non-linearities in
thelr response to an electrical input, and it is the purpose of
this discussion to present these 1n some detail,

Since the dielectric susceptibility of a ferroelectric
crystal 1s larger above the Curlie temperature than below it,
this property of ferroelectrics in their non-polar phase above
the Curie temperature (also called the paraelectric phase) has
resulted in the development of a group of devices useful in
microwave applications. A review of the properties of a common
ferroelectric material such as BaTiO3 will be helpful in under-
standing most of the non-linear devices considered sufficiently
developed to be established as useful devices, Many investi-
gations ere being carried out to improve these devices and the
materials required in their fabrication; hence, more sophisti-
caticn in the range, stability, and precisicn of non-linear
ferroelectric devices may be anticipated in the near future,

The non-linear devices that have attained a stature of
significance may be considered to be:

(a) Dielectric amplifiers
(b) Non-linear capacitors
(c) Phase shifters
(d) Single and Multi-pole switches

1, Dielectric Amplifiers

The dielectric amplifier has not attalned the usefulness
nor reliability of its counterpart, the magnetic ampiifier.
Unlike the magnetic amplifier, the dielectric amplifier
presents a nearly ir *inite impedance to dc control signals;
this makes 1t a highly desirable device for many applications
where loading of the control circuit must be avolded. The
small size and low weight of the dielectric amplifier haive
great advantages over the magnetic amplifier; however, these
are offset seriously by two strong disadvantages: the dielectric
1s extremely temperature sensitive, and aging of the non-linear
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dielectric material causes changes 1n its operatling character-
istics., The dielectric amplifier i1s shown 1in 1its simplest form
in Figure 18. 1Its simllarity to the magnetic amplifier is
quite apparent.

The reason for temperature sensitivity in the dielectric
amplifie~ 1s that its non-linearity can be obtained from two
sources: the field sensitivity of the Curle temperature and the
voltage; that 1s, a change 1n the amblent temperature has the
same effect as a change 1n control voltage. These remarks (K14)
are predicated on existing materials, and in view of the current
research activity, the situation can be expected to be improved
within the next few years.

When barium titanate- and lead metaniobate-type materials
were discovered, it was anticipated they would lead to lmproved
dielectric amplifier devices. The materials possessing square
hysteresis loops lead to high gain dielectric amplifiers. It
is unfortunate that to date the commercially available ferro-
electric materials have a high coercive field and fairly high
hysteresis losses as well as belng temperature sensitive., As
a result, dielectric amplifiers have not had the acceptance that
was originally anticipated. Polycrystalline ferro~lectric
ceramics with less sensitivity to temperature and voltage varia-
tions may be used in a variety of applications other than in
dielectric amplifiers, Such devices obviously have less
controlled variation and do not suffer from the temperature
difficulties that 1limit thelr use in wide range devices.

2, Non-Linear Capacitors

Polycrystalline ferroelectrlc ceramlics having low voltage
variation and temperature sensitivity find a multitude of usex
in devices where large input signals are available to drive
them, Tre avallablility of large driving voltages and a require-
ment for small non-llnear variations are typical of frequency-
sniftv applications in high-frequency oscillators used in radio
telemetry and simllar applications., Fine frequency tuning of

local oscillators in low-powered communications recelvers 1is an
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application that is rapidly growing. These applicatlions are
tvplcal of those where very large space savings are realized
through the use of small non-linear capacitors., In general,

a large varlable bias voltage 1s present to effect a variation
of dielectric constant that may not exceed a tenth of one per
cent,

Figure 19 presents several frequency control circults of
the type mentioned above. Component values have been omitted
for clarity and the non-linear elements indicated by an asterisk
and shown in a paired configuration. Although the dynamic range
and linearity of dielectric variation may be better achieved
by employling a plurality of capacitors, it is not necessary
to utilize the capacitors in pairs. It 1s also feasible to
create a specific non-linear frequency variation by operating

several capacitors from different bias voltages.

3. Phase Shifters and Switches

The increase in the susceptlibility of barium titanate as
the temperature 1s raised from room temperature to the Curie
temperature has led to investigation of 1ts applicabllity to
devices such as phase shifters and microwave switches. It has
been shown that 1ts susceptiblility increases several magnitudes
(T10) at the Curie temperature. Above this temperature there
is no hysteresis and nc spontaneous polarization. The feasiblii-
ty of this material for obtaining nhigh isola®tlion by small control
voitages has been investigated and isolation approaching 40
decibels was attained, Above the Curie temperature the sus-
ceptibllity follows a Curie-Welss law

= C (1)

where TO i1s less than the Curie temperature and C 1s the Curile
constant,
Although it 1is not convenient to operate at temperatures

above thne Curie temperature of barium titanate, researchers (L5)
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have succeeded in lowering the Curie temperature by adding
strontium titanate to the varium titanate, The resultant
single crystals, although imperfect, have Curie temperatures of
approximately 25°C, These crystals have been used to investi-
gate the feaslbility of phase shifters and single-pole solid-
state switches at microwavec [requenciles.

The reflection-type phase shifter functions 1n such a
manner as to shift the phase of the reflected signal relative
to the 1nclident signal, A voltage applied to the ferroelectric
changes the capacitance of the dielectric and hence tlie phase
of the reflected signal. Operation is optimized at & specific
narrow band (10%) of frequencies by means of a shorted stub or
inductive 1line. The equivalent circuit is shown in Figure 20.
Typical phase shift as a function of frequency for various bias
voltages is shown 1n Figure 21. Insertion loss at the stage of
development reached to date 1s relatively high, but it 1is
anticlpated that continued effort tc improve the firing and
mlxing schedules of the materials will result in reduced
insertion loss. Representative insertion lcss for a 180° phase
shifter as a function of bias voltage is shown in Figure 22.
This curve depicts the insertion loss for a unit tuned to the
500 mhz b.nd. It is considered that the insertion loss 18 due
to a loss term influenced by a reactive term which increases
with frequency from resonance. As the device 1s operated
farther ¢.om resonance, the reactive term begins to dominate

and the insertion loss 1s reduced.

4. Single and Multi-pole Switches

Single and multi-pole ferroelectric switches function as
reflection-type switches due to their ability to chznge capaci-
tance upon application of voltage which, when connected across
a transmission line, presents a large change in impedance
between the two states of the device.

A representative single-pole switch 1s shown in Figure
23. The switch may be coumbined with additional switches to

73




Increase the isolation as shown by the response curves of
Figure 24, A single-pole swltch presents approximately 20
decibels i1solation for the specimens shown in Figure 24,

Switches, as discussed here, function in a manner very
simlilar to phase shifters except that they are switched between
two states instead of operated in a continuous manner. In
general, 1t 13 stated that the operation of the switch 1s less
affected by temperature changes, due primarily to its mode of
operation, The phase shifter, however, 1ls very sensltive to
temperature changes, but adjustment of the Curle temperature
of the ferroelectric by changing 1ts composition seems to
reduce the temperature control requirements. Operation at
higher temperatures should utllize a matertal having a higher
Curle temperature in a thermal enclosure.

D, Loss Phencmena andl Effect on Device Operation

Ferroelectric ceramlics have experienced perhaps their
greatest usefulness as transducer bodies more than in any other
application. Since thelr early development as ferroelectric
materlals, barium titanate and 1ts varied compositions have
represented a breakthrough as a source of stress-sersitilve
transducer materials compared to single crystal plezoelectric
materials such as quartz, Rochelle salt, ADP (ammonium dihy-
drogen phosphate) and others. This breakthrough is perhaps even
more significant when one realizes the ability of these ceramic
materials to be readily formed 1into an extremely varied selec-
tion of body shapes. The diversity of thls materlal is obvious
1f one reviews only a sampling of the many thousands of foreign
and domestic patents that have been 1ssued 1n recent years.

Perhaps the area of greatest concern or question about
the piezoelectric ceramic materlals 1s thelr power-handling
capabllities, Certaln applications impose high electric drive
to these materials with the subsequent development of large mech-
anical stresses. Under these condltions the dlelectric and
mechanical losses produce heat energy and reduce electromechani-

174




cal efficiency. The dieiectric losses (Bl3) are almost entirely
due to charge-field hysteresls, while the mechanical losses may
be convenlently considered to arlse from gross effects such as
grain boundary scattering and slippage av crystal boundaries.
Both dielectric and mechanical losses increase with increasing
temperature,

At this point it 1s convenlent to 1list the factors (Bll)
which 1limit the power-handling capability of the ceramic as
follows:

(a) Mechanical strength of the ceramic

(b) Reduction in efficiency* due to dielectric losses

(c) Reduction in efficiency** due to internal mech-
anical losses
d) Depolarization of the ceramic due to electric fileld
(e) Depolarization of ceramic due to temperature rise
(f) Feedback of (e) to (b) and (c).

Item (a) mav be nearly eliminated from consideration when
one considers design trends employed at the present state of the
art. These trends are discussed more extensively in later
portions of this report; however, we may infer that mechanical
strength considerations are largely reduced by mechanical blas;
i.e., pre-loading the ceramic body in a manner that essentially
cancels the tensile stresses developed under severe driving con-
ditions.

The reduction in efficlency in the presence of dielectric
losses is glven to a first approximation by:

4
* Efflciency = T i 5 s Pa = Acoustlc power delivered to
a d medium
Py = Power/m3 dissipated in ceramic

by dielectric heating

**  Efficlency = ﬁ—g—ﬁ—, R = Accustic load resistance
¢ RC — Resistance due to mechanical
losses
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Efficiency in presence _
of dielectric loss = ok o+ tan 0 (2)
1 -k

where k 1s the coupling factor and © is the phase angle between
the electric field and displacement vectors, and tan & = 1/Q,
where Q@ 1s the quality factor related to the transducer band-
width. The tan b quantity ranges from a value of 0.015 to
0.06 for most ferroelectric ceramics in common use today.

The efficlency of a matched transducer in the presence
of BOTH mechanical and dielectric losses 1s given by:

N1 ~ kg
im

Efficiency = T (3)

k + ‘Ql -k

Qm is the mechanical quality factor assoclated with elastic
wave propagation in the material, and as in the case of Qe’

tan 8 = l/Qm where § 1s the phase angle between stress and
strain. Just as tan © 1s a function of the applied field, Qm
1s a function of the mechanical stress,

The preceding relations are for matched loads where trans-
ducer coupling to liguid and so0lid media 1s the design objective.
Trancducer coupling to gaseous loads presents difficult design
problems and frequently reguires the use of mechanical trans-
formers to obtaln adequate erfficliencies, In thls respect, one
can ucually neglect the mechanical loss 1/'Qrn in comparison to
tan bysince additional mechanical losses are Iintroduced through
glue Joints, viscous damping in cavities, and losses to
supports which also contribute to heat conduction.

A reduction of efficiency accompanies depolarization (B13)
¢f the ceramlc due to high ac flelds which may occur independent
of dlelectrlc heatling. During one-half of the ac cycle the
field is opposite to the original poling fleld. Different

compositions of plezoelectric ceramlc respond differently to
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depoling fields. Thic is indicated in Figure 25 (Bl3) for BaT104
and two compositions marketed as PZT-4 and PZT-5 (the Clevite
Corporation). t 1s seen that the composition PZT-% is excel-
lent in its resistance to ac depolarization. One may also infer
from Figure 26 that the best material from the standpoint of
reslisting depolarization under ac drive would be bhetter also
from the standpoint of dielectric losses (Bl3).

Heat energy that 1is not efficiently conducted from th:

depolarization under high ac drive 1s accelerated. This ailso
1s 1llustrated in Figure 25. When the effects of this condition
(positive feedback) are added to increased dielectric and mech-
anical losses, the efficliency of the transducer is further
reduced. As mentloned elsewhere in this report, an extensive
research and development effort has been under way 1n materials
development and deslign technology in recent years that has con-
tributed tremendously to higher quality ferroelectric bodies and
mechanical desligns that yield excellent transducers which
operate reliably for a long time.

The coupling factor as referred to here is defined

by Mason (M9) and is expressed as:

2 _ mechanical energy stored

k& total energy from vattery

Although a great variety of equatlions .re found for coupling
factors, the IRE Standards on Plezoelectric Crystals (I7)

summarizes these in the following coeffilcient:

2 \ 2

It s TN e (4)
where fs 1s the serles resonance and fp the parallel resonance
frequency of the plezoelectric specimen. There is consider-
able argument (T8) as to whether these coupling factors are
realized under normal applications where the design may be for

elther very high or very low frequency operatlon.
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Consideralble planning and correlation study have been
devoted to thls section on "Devices'" to present a comprehensive
summary, yet avoid redundancy. One could literally list
tinousands of devices as revealed in patents scrutiny, trade and
scientific journals, and communication with ex_erienced person-
nel; however, the redundancy becomes cumbersome, The devices
have therefore been grouped into a spectral distribution in an
attempt to emphasize those physical propertles of ferroelectrics
that most influence thelr choice in devices. Certain classical
devices have undergone repeated development as new ferro-
electric bodies have been developed., These willl be discussed
in detail as "models"” to better present the spectral grouping
concept,

E. Spectral Grouping

This presentation of devices emphasizes the plezoelectric
properties of the ferroelectric bodies and, if orne considers
the area of application relative to the acoustic spectrum, it
s seen that certain properties are more importantc than otners.
This is further amplified wlth the increasing use ot soiid-state
circultry as assoclated with plezoelectric devices. Sclid-state
accessories to devices such as amplifiers. detectors, etc.
require for the most part a low impedance source. The large
dielectric constant and high piezoelectric coupling of trne
ferroelectrics meet this low electrical impedance requirement.
Greater sophistication in the design of transducers for a glven
application prcocduces still lower impedance devices., This trend
toward lower Iimpedance transducers has beein accompanied by
higher driving powers to the ferroelectric bodies. Since all
{erroelectric polyecryctalline ceramics are subjJect to somewhat
larger dilelectric losses which occur under high electric drive
than were thelr single-crystal predecessors, greater considera-
tion must be glven to the pilezoelectric coupling and mechani-
cally matching the transducer tc the load (B13) thus causing

-
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a greater percanrtage of the input power to be radiated to the
loading medium.

Ir examinlng the requlrements of a particular device for
operation within a certaln portion of the frequency spectrum
and the manner in which certaln electrical and physical p:soper-
ties of the transducer material are effective, the various
spectral segments will be considered (see Talbe XVII),

DC_to 30 CPS: Applications within this portion of the
spectrum are predomlnantly low level i.e.,, low amplitude
detectlon of forces acting on various structures or components.
The device most commonly used 1s a strain gauge or acceler-
ometer, In this application, the device 1s regquired to present
the electrical analogue of the mechanical forces acting on the
body. Nearly all transducers designed to do this are inertial
driven by the source, and the transducer is a composite mass
and spring configuration whereinr the ferroelectric material
functions as the spring and an added or distributed mass is
the accelerated portion of the transducer. This application
requires a high capacitance dielectric for low electrical
impedance at low frequencles and an electromechanical coupling
that 1s constant over a wide range of temperatures. Dielectric
losses and large coupling factors are among the lesser requlre-
ments of plezoelectric devices 1n this portlion of the spectrum.

30 to 20,000 CPS: This portion of the spectrum contalns
the greatest number of devices ranging from low level sensors

to high level acoustic transmitters and processing devices,

The largest number of devices 1in this reglon are microphones,
which are low level sensors used ir the detectlion of airborne
sounds, ‘if:ese are usually In the form of a dlaphragm-actuated
sensor in vhich a thin disc-like film materlal 1is displaced by
the 1mpinging sourd pressure. The displacement 1s coupled to

a thin wafer of ferroelectric, appropriately polarized and
suppnrted within a holder. The couplling 1s usually made by
cemenlling a low-mase rc¢d to the center of *“he diaphragm and to
the sensor element., The sens.u» 1s us 1ly operated in a bending
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mode and is a composite body of two polarized wafers bonded
back-to-back forming what 1s commonly referred to as a Bilmorph.
It 1s interesting to note that at the time polarized ferro-
electric elements initially replaced the single crystal elements
of Rochelle saltc, ADP, etc., full advantage of the higher
dielectric material was not taken. Thus, earlier single
crystal elements were very high impedance devices (vulnerable
to humldity) having a circult capacitance of only a few pico-
farads, and ferroelectric bodies were designed to present the
same electrical impedance to a clircult. Recently, however,
engineers have been utilizing the higher dielectric material
and obtaining elements having capacitances ranging up to
50,000 picofarads. Although dlaphragm-actuated devices are
stiffness controlled in their dynamic response, the increased
capacitance of the element has extended the sensitivity Qg»very
low frequencles, whilzs the lncreasing sewnsitivity of the 66m-
pliant dlaphrigm at higher frequerncles tends to cancel the high
shunt capacitance of the ferroelectric. This practice results
in a microphone having an extended bandwidth and utility over
a wider range of temperatures and humidity bhan practical with
the popular singie crystal elements,.

ther low-level acoustic recelving devices used widely
in thils portion of the spectrum are accelerometers. strain
gauges, bliological sensors, hydrophones, data-processing and
storage devices such as memory elements and dlelectric tape-
recording components. These devices, as 1n the case of micro-
phones, are not subjected to high ac driving fields,

F. Memory Devices

Ferroelectric crystals have been investigated for use in
memory matrixes of the voltage-colnclident type analogous to the
current-coincident magnetic matrixes (K14). EBarium titanate
displays the characteristic square dynamic hysteresis loop
required of storage devices, although applied voltages less than
the coercive voltage tend to depolarize the crystal. .It has
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been reported (Pll) that one particular memory matrix investi-
gated showed a reduction of remanent charge of 50 per cent after
approximately one thousand half-voltage pulses were introduced.
The operation of these materials as memory devices may
be seen in Figure 26. If the memory element 1s at the remanent
polarizatlon state indicated as point "a" in Figure 2fa and the
coincident "write" voltage (c) is applied as in Figure 26b, the
state of the polarization i1s ~hanged to that of position "b" as
shown on the hysteresis loop. Alithough there has beeit a net
change of polarization of 2 Pps NO voltage appears across the
load resistor R because of the dicde D. If now, however, the
"read" voltages shown in (d) are applied to the input, the
polarization state is returned to "a" and a voltage appears

across R showing that a "one" has been stored. If the state

n.n

of polarization was at "a" corresponding to a "zero"

state,
and the read voltage was appllied, very little voltage would
appear across R.

The loss of remanent polarization from continued interro-
gatlion of the matrix as mentioned above shows several dis-
advantages in the use of barium titanate in memory devices.
Improvements 1n thin-film technology as related to single-
crystal formation In barium titanate will advance the state
of the art in memory devices in the near future. Meanwhile,
this undesirable behavior appears to have been eliminated by
the application of a new ferroelectric material called tri-
glycine sulfate.

The mliddle portion of this band and a part extending
upwards in freguency into the next band are regions of high
power transducers. These transducers are primarily used in
sonar and Industrial processing applicatlons where high
electric drive 1s commin. Plezoelectrlc coupling and dielectric
loss in the transducer material are of major concern. Dielec-
tric losses produce heat energy and subsequently reduce acoustic
efficiency (B13)(Bll). Until recently, transducers for high
power industrial processes and sonar employed large masses of
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ferroelectric materials having dimensions characteristic of the
resonant frecuency requirements. Heat energy under high driving
flelds could not be dissipated sufficlently to prevent tempera-
ture rise In the ceramlic which caused a degradation and freguent-
ly a compl=te loss of polarization.

This serious limitation of ferroelectric ceramics has
largely been overcome by development of the lead -zirconate-
titanate group of ferroelectrics together with 1mproved design
technology. The latter has resilted in increacsed heat conduc-
tivity to the lead (usually water) with a substantial reduction
In the operating temperature of the transducer. The basic
concept of this design phillosophy 1s shown in Figure 27, and
it 1s adaptable to a wide variety of transducer designs and
work loads,

The concept of Figure 27 shows a small sandwich of two
discs of ferroelectric ceramic polarized as showni and located
at the tension reglon or nodal rezlon of the composite half
wavelength assembly. Quarter-wave sections of high-Q material
such as aluminum, Monel*, etc. are bonded and preloaded to each
silde of the disc by a clamp or bvolt as shown. The bolt 1s
also of low-loss material and a clamping pressure equal to or
somewhat greater than the maximum tension develcped under
electrical drive 1s applied. Thls assembly 1s then attached
to a coupling section (also resonant) and hence to the load.
The bulk of the transducer conslsts of a high-Q material capable
of rapld heat transfer from the ceramlc discs to the load or to
a sultable heat exchanger. Although amplitudes are small at
the disc, they are amplilified tremendously in the r'gh-Q
sections of the assembly. The basic concept shown 1n Figure 27
attains amplitudes sultable for ultrasonic machining and
simllar large amplitude applications. Varlations of the
concept are applied to sonar transducers, flexural bodles such
as mlcrophone eiemeats, and tensional elements such as acceler-
ometers and stralr. gauges.

* Reglstered Trade Mark of International Nickel Company, Inc.
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20 kc/s tc 1000 kc/3: This portion of the frequency
- spectrum 1s also occupled by a wilde variety of transducers,

The lower portlion of the spectrum 18 primarily used for micro-
phones, hydrophones, and processing transducers while the upper
portion shows a predominance of high-frequency devices such as gre:
used in data processing (Y1), ultrasonic pulse-echo and resonant
transducers of the type employed in flaw detection or ultrasonic
quality measurements in materlals. Some transducers of a type
similar to those used 1n ultrasonlc cleaning are used in highly
speclalized applications in chemical processes. Devices in
this portion of the spectrum may be further divided into two
categories: (1) low level, and (2) high level.

Low level devices Include those transducers which occupy
a somewhat passive position 1In the system and are not subjectel
to high driving flelds, largz mechanical stresses, or excessive
temperatures. These dzcvices include microphones, hydrophones,
pulse-echo transducers, band-pass filtars, accelerometers, and
other vibration sensors,

High level devices include those transducers used in
processing materials such as ultrasonic cleaning, chemical
processing, and high power sonar projJectors. Greater emphasis
1s placed on the dlelectric and loss propertles of the ferro-
electric ceramlc used iIn high level capacities, Operation of
devices 1in the higher frequency portlion of the spectrum
together with generally lowered radlation efficiency requires
ferroelectric bodles having superlor dielectric and mechanical
loss propertles.

It may be generally conslidered that devices used 1n this
portion of the spectrum are "precision" devices, both in
design and fabricatlion as well as in the quality of the
ferroelectric material used. Operatlon at the higher frequen-
cles may require a careful selectlion of material with many
compromises belng made between the dlelectric properties and
the manufazturing processes used in the fabrication of the
ceramic body. Surface finish, porosity, electrode configura-

tion and “ond strength, density, and the abllity to reproduce
uniform polarization (M20) from body to body may require the

selection of a cer.umic wnich has higner dlelectric loss and
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The design engluser 1is equully concerneda with propertiles
of 32 quality nature which unfortunately are highly varilable
and dependent on the technological abllities of ferrovelectric
manufacturers., These qualities are perosity, dimensional
tolerance and stability, equlivalent water absorptlion, electrode
bonc strength, impurities, and many other characteristics which
are predominantly technological.

1000 ke/s to 40,000 kc/s. This region of the frequency
spectrum 1s dominated by devices utllizing the piezoelectric

property of ferroelectric ceramics. The lower portion of this
segment of the spectrum shows a concentration of transducers
operating in a resonant or pulsed mode for ultrasonic quality
investigation (A3); that is, high frequency pulsed or continu-
ous ultrasonic energy is transmitted into soiid materials (M17)
for the purpose c¢f determining the presence of flaws or the
response of the material to dynamic stress. Certaln physical
properties of the material belng investigated may also be
determined by tiie propagation of high frequency ultrasound
within the body. The most common mode of operation of ferro-
electric elements used in these applications utilizes the k33
coupling constant; that 1s, the most convenient form of wave
moticon for ultrasonic inspection 1s the compressional mcde.
Shear waves and Rayleigh or Lambt waves (G8) are used to a
lesser degree, Certain materials having laminar or surface
characteristics of concern may be more readily examined by
shear waves for bulk effects or Rayielgh waves for skin effects.

Delay Lines represent devices which greatly outnumber all

other devices utllizing the plezoelectric properties of ferro-
electrics in thils portion of the spectrun. The extremely rigid
tolerances and specifications of these devices make delay lines
- excellent models for discussion of the majority of electrical
and mechanical properties of plezoelectric ceramics.
Delay lines as considered in this discussion are devices
in which data are transmitted into a medium where propagation
at the velocity of sound cccurs. The data are recovered at a
later instant of time for processing. The data may be
pirocessed with the objectives of distance measurement by radar

or sonar or may be used 1n computer-logic processes to mention
ien




but a few possibilitlies. Basically, a transducer (M1lc)(M1#4)
bonded to a portion of sultable delay or propagation medium 1is
driven by an impulse of electrical energy. The resulting
acoustic energy 1s propagated through the medium along a well-
definea path and 1s recovered at the termlnation of the path
length by a second transducer. The time delay is thus a function
of the path length and propagation veloclty through the medium.
it 1s obvious that a large varlety of delay lines may be fabri-
cated from an equally wide varliety of materlals depending on

the end use of the line. For the purpose of this report, that type
of line will e considered which 1s used in conjunction with radar
applications wherein the greates*t emphasls is placed on extreme
precision regarding time delay, thermal environment, electrical
and physical performances, These lines employ a transmlssion
medium of fused silica or fused guartz and utilize transducers
operating in the transverse mode for the propagation of shear
waves through the medium. Shear waves propagate at a lower
veloclity than compresslional waves and suffer no reflection

loss at a solid-air interface such as a reflecting facet.

Polygon patterns are used to obtaln large path lengths and thus
long delays. The delay medium is ground in a thin plate-1ike
disc with the propagation path parallel to the plane of the

disc. The plane-polarized transverse particle motion is per-
pendicular to the plane of the disc c¢nd the beam width 1is

extremely narrow. The shear waves are reflected without loss

4]

at a prescribed facet dlrecting the energy back through the
medium to a second facet and so on. This multiple reflection
1s contlinued to a recelving transducer which detects the
delayed slgnal.

Typical specifications for a delay line of this type

would be:
Transducer frequency 20 mc/s
Transducer bandwidth 60%
Time delay “ 5000 microseconds
Spurlous response greater than 40 db d-wn
Electrical impedance 50 ohms
Tosses (1nsertion +
transmission) less than 20 db
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Other specifications are usualliy included regarding
thermal cycling, thermal coefficients of time delay, vibration
cycling, etc., but the advantages of ferroelectric transducer
materials may be pointed out by examination of the above listed
specifications. The time delay of 5090 microseconds obviously
requires a highly pure mediur free of stria and having an
extremely low absorption of 20 mc/s ultrasonic energy. Such a
requirement is met by a transmission medium of fused silica or
fused quartz. Spurlous responses are caused in part by the
transducer, but largely are due tc phenomena within the medium
such as beam spread and scatter from inhomcgenelties and
vertical bending due to strain stria or improperly oriented
facets. The third-time signal arises by reflection of a per-
centage of the main signal from the receiving transducer which
propagates back through the medium to the input transducer and
then undergoes a reversal to return to the receliving transducer
with a time delay equal to thrice the main cdelay. The ampli-
tude of this third-time signal may be attermated by local
absorption coatirgs and by introducing a controlled amcunt of
absorption during propagation. Additional spurlous responses
due to side lobes originating at the transducer may be reduced
to specifications by transducer area control, reshaping the
beam at the reflecting facets by application of absorbers at
specific regions, and by careful control of transducer bonding
procedures.

The electrical specifications, however, are of particular
irterest., Until recent years, Y-cut quartz piezoelectric
material was used exclusively for the transducers. Although
quartz is nearly matched in acoustic impedance tc the fused
silica medium, the very high electrical impedance (approximately
30,000 ohms) of the transducer resulted in excessive insertion
loss when terminated in 50 onms. The large bandwldth required
heavy backing blocks on the transducer together with resistance
shunting which resulted in still greater insertion loss. Quartz
has certain advantages over most ferroelectric ceramicg in its

high transltion temperature (573°C), zero aging effect, high
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voltage breakdown strength, and freedom from pinholes. A
direct comparison between a quartz delay line transducer and
one fabricated from bariwn titanate may be seen in the follow-
ing table:

Characteristic AC-Cut Quartz BaTiQB
Load Impedance Radiation 50 ohms 50 ohms
Resistance (electrical) 35,000 ohms 7.5 ohms
Mismatch Lcss 54 decibels 4 decibels

The improvement in mismatch loss wilth the BaTiO3 provides
tremendous engineering freedom to overcome the few limitatlons
caused by the application of ferroelectric ceramics to delay
line transducers,

The high dlelectric constant of the ferroelectric ceramic
contributes to low lmpedance terminetions and reduced mismatch
losses, At the higher frequencies, however, 1t presents some
difficulty in that impedances become toc low and difficult to
match with inductors normally used in tuning out the capacitive
reactance, This difficulty 1s reduced by use of a ceramic of
the lead zirconate-lead titanate group., Th< very high electro-
mechanlical coupling factor produces a "true" dielectric
constant which lies between the free (eT) dielectric constant
and the clamped (es) dielectric constant. This is expressed by:

& = & (1-x°) (5)
where k = electromechanical coupling factor. The magnitude of
this reduced dielectric constant 1s seen in the example for
lead~zirconate-titanate having the following characteristics:

e = 500, k = 0.69

e = 500 (1 - (0.69)°) = 262

Thus, as the transducer material is loaded with higher acoustic
impedance materlals and the coupling coefficlents approach
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unity, the shunt capacitance will become smaller and more

practical. These circult considerations prevail throughout
design tasks of high frequency transducers,

Transducers operating in the several megacycles regior
of the spectrum usually are not subjected to extreme electrical
driving powers. Furthermore, transducers of the type illus-
trated by delay lines exhibit large bandwidths (up to 10C%)
and frequency drift due to degradation effects 1s largely
insignificant.

The greatest obstacle to high frequency transducers 1is
porosity. In the region of U40 megacycles where the grain size
approaches a wavelength in dimension, pin holes become detri-
mental and electrode diftusion occurs during bonding opera-
tions. The resulting holes cause short circults making the device
useless, and costly rework or complete replacement of the
transducers 1s necessary. Filling of the plnholes with a silica
compound 1s sometimes employed where cold bonding technlques
are permissible,

Delay line and similar transducers are ground and
polished to optical flatness and surface finish. Although
polarization in the thickness shear mode may be performed by
a fringing technique in the plane of the wafer, the resulting
polarization is frequently not uniform and highly variable.

At the present state of the art it i1s more satisfactory to zut
the wafers from previously polarized bulk materials., Careful
granding and lapping procedures produce excellent optical-
finish wafers with uniform polarization and reproducible
coupling factors. Unfortunately, at frequencies above approxi-
mately 40 megacycles waf2rs become exceedingly thin and diffi-
cult to fabricate.

Figure 28 is a summarization of the regions of practical
applications of ceramic and quartz transducers for ultrasonic
delay lines and simlilar high frequency devices. Th*'s type of
plot may be created for other reglons of the spectrum and
serves a very useful purpose in quickly presenting those areas
of operation best served by specific transducer materials,
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At the present, U40 megacycles represent an upper limit to
ferroelectrlic transducers operating in the shear and compresslon-
al modes of vibration. This limit 1s largely due to high
leakage currents,%pinholes, and difficulty in finishing opera-
tions. A UN-megacycle wafer operating 1n the tuickness mode at
half-wave resonance 1s approximately 1 mil thlck, Successful
and reproducible thin-film type transducers from ferroelectrlc
materials are as yet unavallable, Limited efforts have been
made in this respect, but recent developments (F9)(W5)(P7) of
plezoelectric semlconductor transducers apparently have caused
a restraint on activity toward the development of ferroelectric
thin-film transducers.

Included 1in the portlion of the spectrum largely occupled
by delayv llnes 1s ancther device that demands attention and
In many respects 1s an outgrowth of delay-line technology.

This device 1s the Phtoelacstic Delay Tine (C5), although 1ts
applications may be more dlverse than 1n delay lline use. Light
modulation by ultrasonic waves was 1lnitially discovered by
Debye and Sears 1n 1932 and has later been extended to include
ultrasonlc transmission in solld media. Although the photo-
elastic effect in solld media was described by Arenberg (A2)

in 1948, the usefulness was %tightly limited by lack of electro-
mechanlcally effliclent Cransducers. This llmltatlion has been
largely overcome through the development of ferroelectrlc
transducer materlials and lmproved transducer design,

In the case of ultrasonlc waves passing through a liquild,
the waves cause perliodic changes of the refractive index of
the medium and thus of the phase of the light waves traversing
1t resulting in the formation of difrraction spectra (R6). By
separation of the diffracted from the undifiracted 1light the
light output of the device can be made To be proportionai to
the slgnal voltage over a wide linear range. Similarly, in
the case of high-amplitude ultrasonic waves transmitting in a
transparent medium, the instantaneous birefringence produced by
the passing wave may be observed at a selected point by polaril-

metric means., If one arranges two polarizing screens, one on
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either side of a transparent medium with their axes mutually
perpendicular, essentially no light will be passed. If now,
however, a pulse of hLigh amplitude ultrasound 1s transmitted
through the transparent birefringent plate, the phase of one
vector component will be delayed with respect to the other and
transmission of light occurs. It 1s obvious that a continuous-
ly varlable delay line may result merely by displacing the
light components along the ultrasonic transmission path., Two
such photoelastic delay lines working in tandem have been used
to display auto- and cross-correlation functions. Such devices
are relatively new to the computer flelds, but “hey have been
galning interest recently 1n data-processing operations.

G. Model Devices

It 1s unlikely thtt any single class of dielectric
materials has contrlbuted a greater diversity to the design
and application of devices, both active and passive, than
ferroelectric ceramics. As vibration transducer materials,
they may be found 1n devices ranging 1n slze from the smallest
heart probe sensor to ultrasonic processing systems radlating
hundreds of kllowatts of power into cavitating flulds.

It 1s pointed out that certaln reginns of the frequency
spectrum emphasize certain physical and electrical properties
more than others. If one observes this philosophy in the
cholce and design of devices using plezoelectric ceramics, it
i1+ possibleto obtaln a higher level of performance in ceramic
transducers than 1n many single-crystal type materlals, 1In
general, plezoelectrlic ceramic3 provide a selection of proper-
ties that permits tremendous engineering freedom.in the design
and fabricatlion of transducers for most acoustics and sonics
applicationa.

Model devices or transducers are described in the pre-
ceding sectlona of the report to 1llustrate the more common
deslgn features as encountered in the applications of plezo-
electric materials. These devices are presented in Figures 27
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and 29a through 29f. Figure 27 represents the use of a design
feature wherein high intensity sound 1is generated by the
transducer and, hence, the ceramic 1s subjected to high ac
fields and severe mechanical stress. The destructive effects
of this fleld and mechanlcal stress are reduced by employing a
composite structure which permits rapid heat dissipation from
the ceramlc, Preloading the composite structure prevents
fracture of the ceramic under large mechanical stress, A
typical application of this design 1s also shown in Figure 29f,

Figure 29a 1s a representative design of an accelerometer,
a device normally employed for the detection of forces of low
frequency content, Mid-range frequencle. are illustrated by
the design of Figure 29b, a conventional microphone fcr audio
frequency use, Filgure 29c shows a portion of a solid ultra-
sonic delay line, one of the most precise and costly devices
in use today. It 1s in the fabric “ion of these devices that
plezoelectric ceramlcs have made large strides, yet consider-
ably more development of improved materials 1s necessary before
complete advantage can be taken of ceramics.

Figure 294 represents an early design of a mechanical
bandpass filter, a device providing high selectivity 1n inter-
mediate frequency amplifiers In communications recelvers. The
irherent mechanical and dielectric losses of these high electro-
mechanically-efficient materials prevent wide use of filters
made entirely from the ceramic; however, ceramic transducers
ettached to fillter elements made from low loss metals yvield
excellent performance but at greater cost,

Recently, several researcrers (C9) have developed mech-
anical bandpass fllters utilizing ferroeleciric ceramic bodiles
in configuraticrns and materials that resu.® in stable well-
controlled bandwidths., Plezoelectric ceramics offer resonators
and filters that provide small and compact irntermediate
frequency transformers. The steep selectlvity skirts realized
by these devices greatly enhance the performance of communica-
tions recelvers and, 1n addition to reducing adjacent channel
interference, they have permitted an 1increase in the number
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o channels occupying a given segment of the frequency spectrum,

These filters may utilize one or more of the vibration
modes of a ceramic body. These modes inclnde the flexural and
folded flexural mode, the length expander mode, racdial mode,
thickness shear mode and the thickness expander mode. It 1s
not convenient to use more than a slngle mode in a multi-section
filter such as a lattice or ladder filter; however, the ftermina-
ting sections may use a different mode of vibration for electri-
cal impedance and insertion loss consideraticns. Low frequency
filters or transformers usually use the flexural mode in elther
the disc or bar configuration. These are convenient geometries
in that they may be easily tuned over the frequency range and
the frequency skirts altered by electrode positioning. Higher
frequency filters; i.e., from approximately 100 kilocycles up
to 10 megacycles, utilize the thickness shear and expander modes,
The latter modes permit a single disc or wafer to be used in
obtainlng a multi-section filter. The equivalent stagger lLuning
obtalned on a single wafer by multiple electrodes and series
connection yieldsthe stecp frequency skirts and flat pass band
cgesired in voice communications.

The steep skirts of the selectivity curve of a typical
ceramic ladder filter are shown ir. Figure 30. Two representa-
tive circult applications are shown in Figure 31, In Figure
3la, the filter element 1s used to control the negative feedback
of an amplifier. When connected as in (a), the emitter resistor
provides the negative feedback element and maintains the gain
of the stage at a low value, As the frequency of the signal
generator 1s tuned to that of the fllter unit, the impedance
of the fllter belng very low at its resonant frequency effective-
ly reduces the emltter resistance and increases manifoldly the
galn of the stage resulting in its being very high at the
resonant freguency to which the filter 1s tuned. The ladder
fllters procucing the characteristic as shown in Figure 30 are
very small, belng no larger than 3/8"x1-1/2", and represent a

great reductlon in space for the performance zained.
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Figure 29e is a somewhat novel device 1n that the simple
armature of a relay 1s fabricated from a Bimorph element., This
design provides a rapid switching contact that 1s also suitable
for resonant reed applications 1n relay design.

Conclusions, The efficient operation and reproducibility

of devices employing piezoelectric ceramics are most dependent
on the following factors: (1)} loss proparties of the material
used as the sensor; (2) a particular device to be operated
within a certain region of the frequency spectrum must present
a certain electrical impedance to the circuit which terminates
it; (3) a specific eiectromechanical insertion loss should

not be exceeded; and (4) a desired stress sensitivity is
usually specified.

These four factors are determined by the choice of ceramic

material, the application to which the device is assigned and
the required elpctrical and mechanical proper®ies to be
displayed by the device, High impedance electrical and mech-
anical load: more frequently use an extensional mode in the
material whereas low impedance lcads more frequently use a
soft (or flexural) mode., The latter mode requires a low
electrical impedance where a high dielectric constant is
preferred. The normal and trarsvercse piezoelectric coupling
factcrs, generally, should be high and essentially equal.

The mechanical compliance should be high to present a low
mechanical impedance to the driving force, and if low frequency
(up to a few hundred cps) operation is imposed, the dielectric
and leakage losses must be low. The latter consideration is
most important where thin film materials are used,in perhaps,a
laminated structure., Porosity and moisture absorpticn serious-
ly impair low frequency sensitivity by the electrical shunting
effect. Sealing the moisture out by surface doping mey effect
mechanical complliance, bandwidth, and sensitivity in &ddition
to reducing reproducibiiity in the performance requirements,
The latter usually has negligible effect on the performance of
wide band high frequency devices where larger cross sections
of material eliminate "through" voids or pores.
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Althoughparosity may be predicted by an equivalent
"water absorption" coefficient or by the "percentage of
theoretical density" of the ceramic material, this quality is
widely variant due to various manufacturers' processes,

The plezoelectric and mechanical properties tapbulated
in this report serve to provide the design engineer with
essentially all the information necessary to effect a design.
It is obvious that a required design objective may be met by
several ceramic compositions, nevertheless the piezoelectric
data presented in this report provide the design engineer
with Information necessary to specify and select a material
to meet the requirements of even the most rigid and exacting

device.
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VIII, RECOMMENDATIONS FOR FURTHER STUDY

Very little information 1s reported on the study of
‘erroelectrics subJjected to microwave frequencies, It 1is
suggasted that a study to determine the properties of ferro-
electrics at various microwave frequencles be made.

A problem In using ferroelectric transducers iz to
determine the degree of poling necessary to produce the
desired plezoelectric properties, It would be helpful to
be atle to determine the degree of poling during the poling
process, for example. by measuring the broad band noise. By
this 1t 1s implied that the nolse density may be related to
he rate of domain switching and could conceivably bte used
as a monitor during the poling process.

Responsibility for content and wording in this report is
distributed as follows:

Gruver - I, II1I, V B
Buessem - II, IV, V C
Dickey - VA, VI
Anderson - V B
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