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PREFACE

'This is a final repert on the study of ferréelectric-antiferroelectfic
transitions~iniiiig_gfzgzikigggxcdnductéd at Oklahoma State University
during-1962-g3 under Sandia Corporatien Purchase Orﬁer.No. 16-8672. Cer-
tain of:thg‘électricai data preéentéd-have already, been published in an
.interim report dated December;:1§62. ;Major ;dvisor.for the project was
Dr. E. E. Koehnke witﬁ Mr. John W. Northrip écting as project leader and
‘Mr. Gary A. Baum aé Fechnicai'assisﬁant.'

. The report consists of two parts. Section A describes the electrical

N\

and thermal work carried out within the scope of the.a?ove-mqntipned
furdhase.Order. It will providé the basis of-a'Ph.ﬁ. disseptatioﬁ for
; . . - \
Mr. Northrip. Section B.is the result of someAQEEEE—méasurements using
the évailable experimental edqipme@t and Sandia specimens. These were
performed by Mr. Baum to satisfy M.S§. thesis requirements and were con-
sidered of sufficient interest ‘to be inclu&ed.

The wofk described herein has been carried pufﬁusing the facilities

of the Physics:Department Solid State Laboratory and has' been administered

.by the Research Foundation, Oklahoma State University.
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~ ABSTRACT

Investigations have been carried out to determine the character-

istics of ferroelectric and antiferroelectric transitions in lead perov-

1/

skites. Materials studied include.solid solutions of lead zirconate
titanate, lead zirconate titaqéte stannate, and lead hafnate titanate.
These .solid solutions were chosen.because compositions aﬁongithém.possess
a ferroelectric—to-antiferroeleptfic transition with risingvtemperéture
while othgrs4disp1ay an antiferroelectric-to-ferroelectric transitibn
under the same conditioms.

Dielectric constant and'los§ were detgrmined as function;-of temp-
erature -and applied electric field, with an emphasis ﬁeing placéd on the
use of loss conductance rather thanAtan,s as.a mgthod of examihing the
loss mechanisms in. these materials. By this‘techniQue, the variation of
tfansition_temperature‘ﬁith external electric field was détermined. The

decrease of peak dielectric constant with external field characteristic of

.dielectric saturation was found to be especially prominent in transitions

involving a ferroelectric phase. Hysteresis measurements were made pri-

‘marily in an effort to separate the antiferroelectric double looep behavior

from the normal ferroelectric loops near transitions. It was found that
parts of some samples retaineé ferroelectric character many degrees. above
the‘normal transition temperature. Measurements of ;pgcifié heé£ as.a
function of temperature were used to determipe the relative free energies and
entropiesAof the phases.

From .the resulfs of these studies it appears that the reversal of

transition direction mentioned above results from very slight shifts in
! i

_the relative magnitudes of the free energy and the ént;opy of the ferro-

electric and antiferroelectric phases ot these materials, rather’ than trom

some wide change in their structural or chemical character.
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. CHAPTER 1
. INTRODUCTION

Although the study‘of ferroelect:icity;is of relatively 'recent

origin, it is a field which has shown;bhenémenal growth. .The unique

.properties of these materials (high diélectric constant, strong electro-

mechanical coupling, charge sforage capabilities, eté.) have -led to a

: 4 ’ N . .
large amount df published work rangiﬁg_from,materials};esearchgand
fundamentaf.theory to device applicatidhs. Several éooa fe%iews.of
this.work'have éiready-beenuﬁubliShed éKl,fMl,,Il, JZ,ASl)'so no‘cémpre;
hensive feview'df past ‘literature w{il.be attempted'he;e.

From ‘a Cry;tallographic viewpoint, certain materi;lé are charac-
terized by -the presence of aispontaneoué ele;tric dipole-within the unit
cell. Ihqtlis,‘phe center of negative éharge does not coihcide Qith the
center of posiﬁivé charge-at-zéro“eléét%ic}field, .Since thgimégnitudes

: ) ) | .
of thcoe internél,dipnles.change~wipﬁ temperature,,giving rise to -
detectable -surface charges,,the matgfiai;~have-come’to:befcallédl"pyro-
elgctrics". In 1917, during studies 6f the dielectfic-and{piezoelectric

anomalies of Rochelle - salt, Anderson (Al},,and_Cady (Ci)fdiscovefed

.that its spontaneous internal.polarizatien could .be reversed by ‘the

-application of an electric field at certain temperatures. .This gave

rise to hysteresis loops similar to these observed .in.ferromagnetism’
and thus the phenomenon was given the name-'ferroelectricity'". .This-
correspondence, lowever, is sometimes misleading since  ferromaguetism

1



occurs principally at ﬁhe electrohic‘level while ferroelectricity is
basically an ionic phenomenon. It is interesting to note that in much
European literature the term used .is "seignettelectricity" from the
French term for Rochelle salt (Seignette: salt).
"Thus, -a ferroelectric .is a material .exhibiting a reversible‘spon-
: tapeous eiectrical dipo%e-withipfeach.unit cell. The existence of this
polarization at fhe macéoscopic:levél iS‘usuallygmagked by surface
‘charges. and is revealed sy,applying an elect;ic field to reverse-the
dipoles, causing a current to flow in the external. circuit. .The inter-
action of this internal,polafizatioh with the-ionié positions in the
crystal lattice gives rise to the striking electrical, mechanical,
optical, and thermal effects associated with ferroelectriéity.
During the course of ferroéfecfric investigations another class
of material; was found in which the basic-cell exhibited a spbntaneous
dipole but with neighboring dipoles antiparallel. In such materials
there is no macroscopic polafization,bug many of the othér phenomena
characterizing ferroelectricity are present. .In correspondence Lo
their ferromagnetic analogues these materials.are called antiferro-
electrics.
.Most ferroelectric and antiferroelectric materials have -been grouped
into four chemical classes:
1. .Rochelle salt and its isomorphous salts. .These materials
are charactegized by-having both an upper and a loﬁer temper-
ature limit to the ferfoélecfric:region4and are«pigzoelectric'
in the non-ferroelectric state. Present theories attribute
their ferroelectric  properties to orienta;ions invelving

the hydroxyl groups in this complex structure.
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2. Potassium dihydrogen phosphate - and ispmorphous compounds .
These:magerials exhibit their ferroelectric propérties
only at~temperétures;we11 below zero.Centigrade. . Their
behavior -is attributed to.an'orientation of the phosphate
radicals by the hydrogen.bonds. Ammonium .dihydrogen phosphate
-was one of the first Stﬁdied,éntiferfoéleétric~materials.

3. The perovskite~compouﬁd$. .These materials have so-far been
the most important group from.an<app1iéation.Viewpoint since
they exhibit strong féfroelectric;properties.at foom.temﬁer-
ature, have high polarizations,  and are mechanically stable.
.Their‘ferroélectrié7pr0pertie$-are attributed. to slight per-
turbations of the basic¢ cubic perovskite structure. .More -will
be said .about this class of compounds in the ﬁext chapter.

4. _Miscellaneous structures.L‘This_includes many compouﬂas,
usually of a.compléX'layeﬁed structure, which cannot be

- conveniently groupéd -under.a .single structure.  In general,
these ‘compounds have low polarizations with a.corresponding
decrease -in the anomalies observed in all properties.

Almost all.ferroelectric materials exhibit a phase-tramnsltiovn into

.a more symmetric phase at some temperature. .This more symmetric phase
‘is no-longer ferroelectric; it exhibits normal dielectric behavior with

the exception that the dielectric constant decreases-with rising temper-

alure. Because of this decrease, this upper phase has been called
"paraelectric". It should be pointed out, however, that the internal
behavior of the paraelectric phaée does nét differ from that of a
dielectric in the same way thgt a :paramagnetic material differs from.a

diamagnetic one.



The temperature at which the ferroelectric or antiferroelectric
phase-becomeé paraelectric is known as the Curie temperature. This
phase -.transition has been studied‘quite‘thoréugﬁly‘in many 'materials.

Ié has been found in some~matérialé‘tovbe-first order, in some second
order, and in at least one case a "higher than .second order" transition’
was reportedA(Gl).4‘The_transitishiis éost eésily,detected by the
pronounced.péak of dielectric constant occurring at that temperature

or by.the discontinuous release of.polarization charge .if the transition
is of first order. All other proﬁefties connected with the spontaneous
internal polarization . (piezoelectric behavior, optical birefringence,
etc.) also undergo drastic changes at this températu;e.

Besides the Curie transition there are other phase trénsitions which
may occur within.aAferroelectric or antiferroelectric material. .These -
transitions invelve minor shifts within the lattice and usually cause a
shift in the direction of internal polarization. (the  ferroelectric axis).

These again are éccompanied,by anomalies in all the properties connected

with polarization but usually to-a much.lesser degree than .in.the Curie

‘transition. Some of these changes will be discussed.more- fully-in.the

next chapter, which deals,ﬁifh7the behavior of materials having the
perovskite -structure,.

‘A few~materials‘exhibit'phéSé»ﬁransitions in which they change
from the ferroelectric to thé3antiférroelecg;ic state. .This phenomenon

was first observed in.sodium niobate (C2), which is antiferroelectric

between ;GOOC-and -ZOOQC'and ferroelectric -below -200%. Within the

last few years it has been found that several lead perovskite solid

soluﬁionc also exhihit this behavior.. It is these -materials which are

of interest here.



It is the pufpose of this research to study some of the thermo-
dynamic characteristics of tﬁe fefroelectric and antiferroelectric
phasés in these-lead perovskites. A survey of the chemical. and crystél-
lographié characteristics of thelpérbvskite structure has been made-with
special emphasis on the rele of ionic.properties in the deferminatidn
of ferroelectric~behavior. A ‘review of the thermodynamics of ferro-
electrics and antiferroelectrics is given .and a.probosal outlined. for
the relationships beﬁweenAthe"Vafiqus phases which would 1éad to the
observed phase diagrams for fefroelectric.and antiferroelectric phaéeé.

.Much of this study-has.Beéd<devoted to the refinement and. inter-
‘pretation .of the experimental techniques used .in studying the various
phase transitions. .Measurements- -have been .made -0of dielectric constant
and loss as functions of both temperature:and electric field. An
important finding of this work:has been the development of,the-flosé
conductance' as a. more sensifive and .accurate -indicator of material
characteristics than the moré‘éonveﬁtional.loés tangent or dissipation
factor. Polarization measurements-have;been,ﬁade,in.the viciniéy of
the<ferfoelectric-antiferroelectric5transitionsiin.an effort ‘to explain
sgge of the anoﬁalous hysteresis loops observed,in»this region. lA'
calorimetric study has been .made ‘to determine the specific heat and -
heats of transition of £hese'materials in order to approximate‘the
temperature dependence of the free energies of the various phases.

Finally a correlation of this work with other work oﬁ perovskite
solid éolutions has been made -in an .effort to determiqe some of the

patterns of behavior in this important family of materials.

[a]
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CHAPTER 11
CRYSTALLOGRAPHY AND CHEMISTRY OF -PEROVSKITES

The perovskite family of materials has played.a}very,importanp role
in the ﬁistory of ferroelectxigity.' Because 6f their'lérgg,polarizations
and high electromechanical Eoupiing:coefficients,,thesé materials have
become the most commercially useful of'.a:ll‘ferroelect'ri;cmaterials°
Barium titahate,,the first ferroelggtric;perovskite diécovered, has been
tﬁe subjéct of a vast amount of résgaf;é which had.led'%o much of our
bésic-knowledge about ferroelegtrics-in general. .The factAthat many of
the.perovskites are soluble-ﬁiﬁh}bne;another haSAIed.to'a'ﬁhoie range
of solid S61utions which.alléﬁ a variation of the ferroaléctric-ﬁroper-
ties to fit the convenience'of the user. ‘It is in.this'reélm of solid.
solutions that th;s study islmbst.interésted.

The bésic:perovskite lattice is of simple cubic sgructufe~having

the composition ABO,. .The structiiral unit cell can be pictured ‘as a

3.

_cube having A -atoms at the cornér, a B -atom in.the body center position,

and okYgen atoms iﬁ the face centers.

.In.méking a‘transformation_iﬁto ;.ferroelectric or anéifefroelectric
phase, the basic perovskite cube must become slightly,distérted.; A one
dimeﬁsioqal distortion of the cdbé-leavég the 1attice-£n,the Letragonal
symmgtry. .If this distortion,i;:a‘lengthehing of a cubé:edge, the

material becomes ferroelectric; if it represents a.compression,  the

material becomes antiferroelectric, A.twb dimensional shHear ot the cube



leads to the orthofhémbic~phasefin'whiqh.the-polarization.axis~1ies
along a face diagonal. .If the original cube is given a three dimensional

shear, the symmetry becomes rhombohédral with .the polarization axis

. being one of the body diagonals. -

The use of ceramic.sampié§“6f'ﬁe?ovskiteAmateriéls leads ‘to certain
interesting crystallographic ;ésuIté. .In the absence of electric-fields
or orienting stresses, the sampie?is nearly-isotropic .because of the
raﬂdom.polarization of the cefémié grains. .The application of an
electric field to.a sample in.the ferroelectric phase;,however,,aligns
many of the ferroelectric doméiﬁs ("poles" the sample) and produces a
distinct'anisotropy. This poled sample-repreéents a.symmetry charac-
terized by an infinite-fold rotational axis; i.e.,. the material is
isotropic in the plane pefpeﬁdiculaf’to the axis of rotation. This is
true regardless of the actualjérystalline symmetry. characterizing the
ferroelectric state.

To fit the cubic patterﬁ'of'the-perovskite structure, the A atoms
must have é coordination number of twelve and the B -atoms a coordination
number of six. .From the viewpoint of valence the sum of fhe A-valence

- : . +5 .
and the B-valence -must be six giving rise to both A 1 B 2 93 and

at2 gt 0, compounds. S E

The concept of ionic-size plays an important part in the determin-

ation of the ferroclectric properties of perovskite compounds. If the

ious fit ideally into .the unit cube described .above, it can.be -seen that

the sum of the A-ion diameter and an oxygen .diameter makes up . a.face

\

diagohal.of the cube, while the sum of a.B-ion diameter and an oxygen

.diameter makes up a cube edge. .For this reason, perfect packing of the

ions requires the following ‘relation to hold:



Ry + Ry = V2 By + R

Since the perovskite structurefis observed.inAéAlarge number of
comﬁoun%s,_this relation cannot hold4ideally_f6r all of them. .It is
.preciseiytthis deviation froﬁ pe;fectApacking which allows a slightl&
distorted cubic structure possessing spontaﬁeous polarization within'
the unit cell to exist as a stable configuration. .The deviations from
ideal packing are usually desgribéd in terms of a toleréncé:factor,,t,.
,definedias follows:

. +
RA RO

t TVZ®, + RY)

A value of t greater than one signifies that the B:ion.is small
enough to '"rattle around" wi;hin the -ionic framewo;k of the A -and O -ions.
A value of t less than one indicates that the B ion is large enough to.
deform the basic BO6 octahedra of the structure. In a first approxima-
tion therefore, high values of t have‘been associated with ferroelec-
tricity and low values with antiferroelectricity. The tolerance factors

for the principal ferroelectric and antiferroelectric compounds are

given in Table I, obtained from Megaw (M2).

TABLE I
TOLERANCE FACTORS FOR PRINCIPAL PEROVSKITE A'2 Bt 0, FERROELECTRICS
B Ion
. o Ti . 2r Hf Sn
A Ton (0.64) (0.77) (0.76) (0.74)
Ca.(1.16) 0.89 | 0.84 0.84 0.85
sr (1.37) 0.97 0.91 0.91 0 0.92
Ba (1.52) - 1.02 0.96 0.96 . 0.97
Pb (1.32) 0.98 0.93 0.93 *0.92

* not produced as a stable perovskite compound



The ferroelectric properties of these. materials.cannot.be explained

+

completely. on the bgéis of ionic size. . Although the tolerance factor
for lead titanate“is less than one, this compound exhibits the strongest
ferroelectric propertiéé observed to this time. For this reason, atten-
tioh must. be directed to othér properties of the ions, such as. their
polarizability.' Roth,:in his classificatioen of-ABQ3 compounds (R1),
discusses the effect of the polarizability of the A ion on the struc-
tural properties of the compound formed. He finas that for. A ions of
low polarizability (>0.60 23) a cubic ér pseudocﬁbié structure is stable
over tﬁe whole range of B radii. For Pb+2, on the other hand, which has
a polarizability of 0.90'2 , ferroelectric and'antiférroelectric struc-
tures éccur for all B radii in the range between 0.65 Z and 0.85 X.

This dependence of ferroelectric properties on polarizability also
shows up in the x-ray structural studies of the iqn displacements in
. BaTiO

and PbTiO3 (S2). 1In BaTiO,, the phase change from cubic to

3 3
tetragonal involves - a shift ef the Ba+2 ion of 0.05 Z'with,reference
to the oxygen lattice. 'In PbTiO3 this shift is 0.47 Z. Thus the
"increase of polafizability of the lead ion allows ionic motion an order
of magnitude greater than that observed in BaTiO3.
A third facter which enters inte the formation of ferroelectric
structures in perovskite compound; is the concépt of directional or
covalent hending. 'Megaw M2) ﬁas pointed out that any covalent charac-
ter in the bonding of the ions leads to a minimal energ& for certain
bond directions which can influence the ability of the material to
undergo certain t?pes of distortions,

From the ~viewpoint of electrostatics, the phenomenon of ferro-

electricity represents a cooperative interaction involving the orientation
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of a dipole in the field c;ﬁsed;by surrounding dipoles. If dipoles are
arranged in a one-dimengiqnal q;ray.ag shown .in Figure'1l . (a) below, the
minimum energy is found when théy,a%eféligned inlé parallel manner.

This then represents a fergoelettfié array. if they are pléced side by
side as in Figure 1 (b),.the mihimumkenérgy-is represented by an .anti-
parallél (antiferroelectric),af;éﬁgéméﬁt. :In a ;&o or tﬁree dimensioﬁal

array, the relative strengths of these two interactions determines

whether the material exhibits ferroelectric or antiferroelectric behavior.

——— N

Figure -1, ;Representation of a-Ferroelectric_(a) and Anti-
ferroelectric (b) Dipole Array.

Tﬁe interaétion %étween the diﬁoleé'and the internal field must be
strong enough to $verride all factors which tend to disorient or destroy
them in order to produce a stable ferroelectric or aﬁtiferroelectric
phase. .Thus it can be seen thaﬁffefrbelectriéity represents a balanc-
ing of strong mechanical and eiéétriéal interactions in.the production

of a stable distorted structure possessing spontaneous internal polarizationm.
.Lead Perovskite Materials

The materials of greatést'intergét in this study are the solid
solutions lead zirconate -titanate, lédd zirconate titanate  stannate,
and lead hafnate titanate. TheséyCOmpose a system of perovskite materials
having a common A ion.with the?variéfion in properties being attributed
to the'varying characteristics of thg B-ions. Soeme of these characteristics

are given in the following paragraphs.
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The Ti+4 ion is the smallest of the perovskite B-ions considered,
with a Goldschmidt radius of 0.64 K. .The electronegativity of this
element is 2.27, meaning that its boﬁds-ﬁith oxygen tend to‘be ébout
equally ionic and covalent. Because 6f its ionic size, the presence of
Ti-"-4 in solid solutions tends to favor the ferroelectric state. .In fact,

B

lead perovskite solid solutions containing more than twelve per cent of

this ion tend to be ferroelectric under all conditions.

Zirconium possesses about the same electronegativity, as titanium
but has a radius of 0.77-%.. The consequent.increase. in the
tolerance factor induced by the presence of this ion in.lead perovskites
tends to favor antiferroelectricity in its solid solutions.

+4 . - o
The Hf ion, although much heavier than the Zr ion is almost
- . . - NIRT Bt o . . e .
the same size, having a radius equal to 0.76 Ai.. "“However, it-is,
somewhat less electronegative (2.1) which according to the criteria of
Sanderson (S3) and Wells (W1) leads to a more ionic character in its
bonds with oxygen.and to a semewhat smaller polarizability. This means
that within the framework of the perovskite lattice the hafnium ion car-
ries a slightly larger charge than the zirconium.ion but is not quite as
susceptible to the distortions of its electron clouds. This ion still
. +h | . . . : '
behaves very similarly to the Zr ion.with relation to its antiferro-
electric character.
+4 P v .

.The Sn ion behaves quite differently from the other three ions
discussed here because of its basically. different electron configuration.
.The four valence electrons in thé';in atom represent two s-electrons and
two p-electrons from the same shell, while for the others they are two
s-electrons. and two d-electrons from the next smaller shell. .Thus while

the ionic radius of this ion (0.74) is nearly. the same as that of the
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zirconium.or hafnium ion, it does not show the tendency ‘to.induce anti-
ferroelectricity nearly so strongly as these ions. The electronegativity
of tin is 3.10»1eading to a much stronger covalent character ‘in .its
oxygen bonds and a grgater susceptibility to.ionic deformétion.

The compounds and solid solutioné'involving the above ions have
been the subject of many studiés; .These Have in general attested to the
strong ferroelectric character of lead titanate and the antiferroelectric
tendencies of lgéd zirconate and lead hafnate. Certain studies, however,
revealed deviations from the expected'similarities in éhe characteristics
of the zirﬁonate-and hafnate solutiens, especially in the very, low
titanaté‘régions.

.In his work .on.lead zirconate titanate, Sawaguchi (S4) developed
the phase diagram for the low titanate region given in Figure 2. .It
can be seen from this figure that for solid solutions co;taining'from
3 to 6% titanium, the material'undergoes an antiferroeléctric to ferro-
electric transition .on heating. ﬁThat'is, the roem. .temperature phase of
these compoesitions is,an;iferrdeléctric,,but they also exhibit a-high
temperature ferroelectric phaseibéfore fééching‘the Curie temperature.

.In a later study, Jaffe, Roth, and Marzullo.(J3) developed a
similar diagram for iead zirconate"titgnate containing 30% .lead.stannate
(Figure .3). .They found that the addition of the stannate not enly
increascd the compositinonal region eXﬁibiting.antiferrpelectric behavior,
but also reversed the sleope of the phésélboundary ;eparating the ferro-
electric and antiferroelectric‘phases. .Thus for compésitioné containing
between .7 and 12% titanium, the room temperature phase .is ferroelectric
and transforms into an antifgrroelectric phage on increasing temperature

before reaching the Curie transitien temperature. .Later work at Sandia
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Corporation and Clevite Researﬁh LaBoratories revealed that this behavior
was also exhibited by solid solutions containing smaller percentages of
stannate. |
Earlylwork on .lead hafnate by Shirane and Pepinsky (S5) {hdicaged

that this material behaved much like lead zirconate. .This was to.be
‘expected from the similarities in the characterlof the ions. .However;
later work at Sandia Corporatioﬁlby;Hall (H1) showed that solid soiu-‘
tions'of lead hafnate<énd lead titanate showed the ferroelectric to
anfiferréelectrié phase .relationship characterisitic of the lead zirconaté
titanate stannate solutions (Figure'A).

This 1eads-to a situation in which temperature dependence of £he
phase stability. of lead zirconate can be reversed either by adding lead
stannate to the solution or by'sﬁbstituting.the extremely similar hafnium
ion for the zirconium.ion. The prééent Stu&y on some‘of the thermo-
dyﬁamiq characteristics of the transitions was initiated in an.effort

to examine the factors responsible for this behavior.
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CHAPTER III
THERMODYNAMICS OF PHASE TRANSITIONS IN FERROELECTRICS AND ANTIFERROELECTRICS

The purpose of this chapter is to outline some of the basic thermo-
dynamic considerations whicﬁ are of importance in discussing phase transi-
tions in ferroelectric and antiferroelectric materials:. This will be done
by first qonsidériﬁg the relatioﬁships common to all phase transitions
together with some of the factors which detérmine transition rates. Then
the thermodynamic properties of ferroelectrics and antiferroelectrics will
be related with an emphasis on the factors which govern. the relative
stabiiity of the various phases observed in the lead perovskites.' Finally,
a discussion of the application of the Gibbsﬁphase rule to these systems
will be given, together with a descfiption'of the information which may

be obtained from the various types of phase diagrams.

4

Thermodynamics of Phase Transitions

Phase transitions in materials are usually discuésed in terms of the
Gibbs free energy. For convenient illustration one takes a simple homo-
geneous, isotropic medium where considering energy éiéhanges between the
system and its surroundiﬁgs to arise from changes of temperature, pressure,
or e]ectrigal poté;tial difference, this free energy is given by;

G=U-TS + PV - vQ

U = internal energy
T = temperature
S = entropy

17
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= pressure

p =
V = volume
v = voltage
Q = diﬁolar chargé

This may also be represented for polarizable materials in terms of.
energy densities by the relation:
' G'=U"- T8+ p - EP

where the primes represent densities of the symbolized quantities and

E.

applied electric field

P polarization (charge per unit area or dipole moment per

unit volume).
Using these definitions, the common thermodynamic relations for variation

of free energy may be derived:

|
T
wn

3 T

G =
dp/T,v

G = -
(‘-_-»a v)T,p,- Q-

A transition occurring with a discontinuity in one of the above

(4, -

|
<

quantities is called a first order traﬁsition, A transition.in which
all of the above quantities are continuous, but where one of their
derivativéé (the second derivative of free energy with respect to an
intensive béfameter) is discontinuous, is called a second order. transi-
tion. Higher order transitions may be defined eimilarly.

fhe type of»phase~re1ationship which is of most interest to this
study is known as polymorphism. Polymorphism is the existence‘of several

crystalline modifications of the same substance. Phase transitions
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between polymorphic modifications rebresent the simplest crystalline
reactions since they involve no ﬁacroscopic-motion of ions.  The poly-
. morphic structure which has the lowest free energy under a given set of
conditions will be the moét étable structure., All of the other forms
will tend to transform into this structufe; although there may be energy
barriers.which cause Fhe reaction to go extremely slowly.

At absolute zero, zero pressure, and zero electric field, the
relative stability is determined primarily by fhe structure energies
of the various polymorphic forms. It should be noted that this is not
the Fotal»lattice energy but may be represented a;'the difference be=-
tweeg theenefgy pf the giveh stru§ture and fhat of a minimum'eﬁergy
optimum packing configuration. There wiil be one of the polymorphic
forms which\represents a minimum structural energy and this will be the
most stable form of the material in the absence of intensive variables.

As the tempgratﬁre increases the temperature-entropy product becomes
the dominant term in the free energy equation. Although the intérnal
energy increases with temperature, the magnifpde of the change is ordiv
narily much smaller than that of the temperature—entropy'product. Thus
the free energy beéomes a monotonically decreasing function of temperature.
If the-entropy of the form most stable at absolute zero is greater than
the entropy of other forms at all teﬁperatures, this form will always be
the most stable and no transitions>wi11 6ccur. However, if this is not
the case, there may exist a situation in which, for UzzUl, U2 - TS2 =

U, - TS,. This is illustrated in Figure 5.
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Energy-

Figure 5. U and G vs.T for.p =0, E =0,

Under these conditions there will be a transition from phase 1 to
phase 2. Since this transition is qccompanied by a discontinuous change
in entropy as shown by theAslopes of‘the free energy curves, it is of
first order and involves a positive heat of transformation. That this
quantity is always positive for transformations occurring on rising
temperature can be seen from the relation:

U, - U =TS, - IS, = T(S, - S,).

The temperature is a positive quantity and S

#

S1 in order for the curves to cross, so both factors on the right hand

2 must be greater thap
side of the equation are‘positive. Thus a polqurphic transition on
rising temperaturg must be accompanied by an absorption of heat. If more
than two structures are possible for the given material, there may be
temperature regions in which each is stable.

Under ordinary conditions an increase in the electric field applied
to a material produces a monotonic decrease in free energy .in the same
manner as an increase in temperaturg.- In this case the extensive variable
of interest is the dipolar charge on the sample or the polarization of the

material. For materials having no spontaneous polarization, the polarization
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due to the application of the field is given by

P(E) = g—g— dE =

(e}
Thus materials having high susceptibility‘will, other factors being equal,
be more stable at high fields than materials of low susceptibility. 1In
ferroeléctric materials the spontaneous polarization adds to this effect
immensely, assﬁﬁing the polarizétion to.be aligned with the field. If
the spontaneous polarizatien is oriented antiparallel to the external
field'however,:the effect is to increase the free energy rather than to
decrease it. Eor materials possessing spontaneoﬁs polarizations and véry
‘high coercive fields, it is possible that the free energy could actually
be increased appreciably by the application of an electric field.

On the other hand, the influence of an increase of pressure on the
free energy is opposite to:phat of temperature and electric field, due
to the positive sign of the pressure vélume product in the free energy
equatibn. Thus an increase of pressure produces an increase of free
energy and the most stable structures at high pressﬁres will be those of
minimum volume.

The experimental determination of the relative free energieé'of
several phases in a polymorphic system is greatly hindered by the wide
variation. in transformation rate observed in such systems. In géneral,
there exists an energy barrier between two phases which have equal free
energies and an activation cnergy is required to cause the transformation
to take place. Because of the relative immobility of ions within a solid
latticé, this may lead to an extremely slow rate of transition in cases

where drastic rearrangements are necessary to form the new phase. For
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this reason, these transformétions ofteq exhibit: large hysteresis and
quite. often.a phgse may exist. as. a stable configuration for long.periods
of timeAat temperatures where it no longer represents the minimuni free
energy in a poiymorphic.family.

Buefger (B1) has given a crystallographic cla;sificationvof phase
transitions in éolids according to the types of microscoepic bonding
changes necessary to form the new éhase. He places all polymorphié
‘transitions into four groups:

I. Transformations of secondary coordination. These represent, in
éenerél, changes in the weak bonded or non-nearest neighbor configurations.
In this type of transformation the strong bonded ( contacting atom) con-
figurations remain undisturbed and merely shift their spatial relation-
ships to one another. A good example of this type of transformation.is
the ferroelectric transition in.potassium dihydrogen phosphate; in which
" the phosphate tetrahedra'change orientation, causing minor changes in the
-length of the hydrogen bonds.: - This type of transition.is relgtively
rapid and will take place at quite low temperatures unless the rearrange-
ment requires‘an actual reconstruction of ‘the Secéndary bonds.,

II. Transformations of disorder. Tﬁis class includes changes in
rotational disorder (such as the @ - B quartz transformatioﬁ) aﬁd trans-
formations of substitutiénal disorder (such as those occurring in alloys).
In general, the first of these proceed rapidly while the last ére quite
sluggish and take ﬁ]éce only at high temperatures.

I1I. Transformations of first coordination. These- transformations
represent a change in the bond structure of nearest neighbors and dis-
tortions of the strongly bondedvstructural configurations. If the change

is merely a dilatation of the strongly bonded group (the case in perovskite
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transitions) the transition may proceed rather rapidly. However, even

the simplest .first coordination transitions usually become rather sluggish
at iow temperatures. If the trénsformafion requires a-bond rearrangement
among nearest neighbors, the rate of change is exceedingly slew, allowing '
-seemingly stable structures to exist under conditions where they are not
energeticaliy favorable.

IV, Transforﬁations of bond type. In these transformations the
polymorphic structures poséess entirely different bonding characteriétics°
This ié eXemplifiéd in the diamond and graphite configuratioqs of carbon.
Transformations of this type usually proceed rather slowly and are often
difficult to initiate. It is quite possible that the ferroelectric trans-
_formgtibns in perovskites fall partially into this class. 1In structures
such as the perovskites, the ratio of ionic to covalent character in the
oxygen'to metal bonds is a function of bond length. Thus, the distortions
éf the basic cubic_latfice may cause a partial change of bond type.

The use of ceramic or powdered materials may also affect the transi-
tion rates appreciably. If the transition is controlled by the nuclea-
tion rate, i.e. if the new phase spreads rapidly fhroughout the lattice
once it is nucleated, the transitipn rate is usually somewhat slower‘iu
fingly divided material. However, if the rate is controlled by the
ability of the new phase to grow throughout the lattice after being
nucleated at a surface, ceramics and powders transform much more readily

than large single crystals.
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. Applications of the Above Considerations to Ferroelectric and:

Antiferroelectric Transitions

In the spegial case of polymorphic systems involving ferroelectric
(FE)‘or ant;ferroe1ectric_(AFE) phaseé, certain relationships are intro-
~duced into the above free energy picture. The presence of a large spon-
‘taneous polarization in. the FE phase allows the electric coentribution to
play a more dominant role in the transition behavior than is normal in
polymorphic transitions..'ihe‘application of ‘an electric field. lowers

the free energy curve of the FE phase much more than that of either the
AFE or cubic (PE) phases. This causes a shift in trénsition temperatures
in such a manner as to increase the temperature range over which the FE
phase is stable, e.g., Ferrbelectric Curie temperatures are raised by

the application. of an electric field. The only exception to this rule
might be in. the case of small fields applied in the opposite-directién

to the polarization of the FE sample. Since the field and polarization
vectors are antiparallel in this case, the free energy of the phase

would be raised instead of lowered. However,. this leads to an instability
in that the decrease of free energy obtained by sﬁitching is greater than
.that obtained by a transformation into a new phase. Thus it would seem
that usually switching should occur first and fhe ultimate Ehange in
transition temperature should be nearly indepéndent of the field direction.

In the Fransitions froem AFE to a.PEphase,lthe application of an
_elecgric field tends to favor the PE phase. . As will be discussed in the
section on-dielectric measurements, the polarizability of the lattice in
the cubic phase is.greater than that. in the antiferroglectriC‘phése.

Thus from the free energy equation, the application of an electric. field
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lowers. the PE free eneréy more than the AFE. This is verified by the
observation that Antiferroelectric Curie temperatures are lewered by the
application of an electric field..

In the perovskite structure a transition from PE to FE is accompanied
by an increase in volume, while a transition from PE to AFE results in a
decrease of volume? Thﬁs the application of a hydrostatiq pressure (which
increases the free energy of eachAphase by an. amount proportional to the'
phase volume) leads to a favoring of the AFE phase over the PE and FE
phases, and a favoring of the PE phase over the FE phase,

The va;iatioﬁ of the free energies“of the different phases with
temperature depends on the relationships between the various factors which
determine the entropy of the system. Since there is negligible macroscopic
ionic motion associated with the. phase transformations in perovskite solid
solutions, the configurational entropies of the three phases are approxi-
mately equal. The entropy differences between the phaseslmust then be
accounted for by either an order-diserder transformation or by differences
in the phase vibrational entropies. In the potassium dihydregen phesphate
family of ferroelectric materials, the constancy of the entropy change at
the Curie transition throughout the family indicates that the dominaﬁt
mechanism is the order-disorder one (Kl). In perovskites, on the othef
hand, the entropy change at the transitioen varies wideiy from material
to material, suggesting that in this family the yibrational entropy 1is
dominant.

Folldﬁing the reasoning of Buerger (Bl), it can be seen that the
cubic phase represents the highest'entropy of the posgible phases of a
perovskite structure. As an'unpoled ferroelectric approaches the Curie

temperature the thermal vibratiens and expansion of the lattice lower the
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coercive force to the point that domains have a certain probability of
becoming thermally.switched. At the transition this switching takes place
rapidly enough that the time average of each ionic position becomes the
same as the position in the cubic state. This is the same as saying that
the ferroelectrically active ions oscillate about positions which are
equivalent to their pesitions iq the cubic phase. Thus the cubic phase
may be regarded as a diédrdered equivalent of the polar phase and there-~
fore the phasé of highest entropy. This is borne out by the fact that,
fhe cubic phase.is always the most stable phase at high temperatures.

The entroby.relationship between the FE and AFE phases is more dif-
‘ficult to determine from basic'principles. Although the AFE phase shows
no net polarization, it can be considéred as being composed of two sub-
1attices.possessing equal and opposite spontaneous pelarizations, Thus,
in.perovskites, both the FE and the AFE phases represent a polar dis-
tortion of the original nonpolar lattice. The differences of the entropy
associated with these phases then result from small differences in bonﬁ
structure and in the vibrational configurations of their lattices., It is
to be expected that these phases will have’ﬁearly equal ‘entropies for
many compositions, Thus the reversal of direction of'the‘phase transilion
with temperature which was discussed in the previous chapter does not
result from a drastic'changé in the energy relations in either phase, but
rather from a small change which allows a slight entropy dominance of one
phuse to becomc an entropy dominance of the other. Further remarks on
this éubject will be included in the final chapter, which gives some of

the conclusions which can be reached from experimental results.
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Application of Gibbs Phase Rule Concepts to this System

The Gibbs phase rule may be stated in generalized form as
F=C-P+N
where
F = number of degrees of freedom of system
C = number of cﬁemical components
P = number of phases present
N = number of intensive variables.

The number of degrees of freedom represents the number of variables
.which may be chapged indepéndently without causing the appearance or dis-
appearance of a new phase. This equation does not specify a definite
relationship between phases, but rather is used to correlate data from
experimenfal studies.

The phase relationships for a given system are usually given in the
- form of graphs called phase diagrams. 1In thesg plots, which use composi-
tional relations and intensive parameters as variables, each phase extends
over that éet of points specifying the conditions under which it is most
stable. In general, the number of dimensions, P, required by such a plot
"is given by

. b=¢C+ ﬁ'- 1.
Thﬁs the phase relation in a two component system under fixed external
conditions may be specified on a straight line, while those for a three
component system under fixed external conditions require a plane (the
common triangularlcompositional phase diagrams). A.plane is alse required
to plot the relations in a two componenf system as a function of one

external variable (temperature, pressure, etc.). 'To show the phase
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relationships in.a splid‘solution family such as the lead zirconate
titanate stannates as a function of temperature, pressure and electric
field would require a five dimensional phase diagram.

In a phase diagram of D dimensions a single phase will be stable in
a [D] dimensional region, transition conditions between twé phases will
be represented by [D --1)}dimensional phase boundary, and equilibrium be-
tweenthrée'phases can occur only over a [D - 2] dimensional region. For
example; in a two dimensional phase diagram a single phase is represented
by an area, the boundary between two phases by a line, and the coexistence
of three phases by a single point. This agrees with the.Gibbs phase rule
which specifiesAthat for C + N.= 3 (the necessary éondition fo; a two=A
dimensional phase diagram) a singie phase hag two degrees of freedom; a
pair of phases has only one degree of freedom, and three phases can exist
together under only an isclated set of conditions.

In working with systems invelving ferrecelectric solid solutions,- the
chemist or ceramist is, in general, interested in the variation of prop-
erties with composition. Phase diagrams used by ceramists generally
depict either relationships involving composition alone or relationships
between composition and one intensive variable, usually temperature. The
physicist or engineer, on the oether hand, is usually interested in the
characteristics of a single sample, which represents a single composition
because of the low intérnal mobility of the ions. Phase diagrams of
interest to the‘phycicist depict the relationship between phases as two
intensive parameters are varied (transition temperature vs. electric
field, etc.).

The derivation eof specific thermodynamic data from phase diagrams

involving composition as a variable is complicated by the fact that a
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change of composition affects not only the internal energies of the
various phases,. but also the other extensive parameters (entropy, molar
volume, polarization). Thus the slopes of the boundaries between phases
as functions of composition are not easily interpreted in terms of the
parameters inyolved in the  free energy equations.

In phase diagrams involving two or more intensive variables, .the
slopes of the phase boundaries can be used to deéermine the relationships
between thé corresponding extensive parameters. For first order transi-
tions such as those observed in this study this is given by a generalized

Clausius-Clapeyron equation:

axi _ Ax,
an Axi
where Xi’ Xj . . . represent intensive variables (generalized forces),

(aXi/an) represents the slope of the phase boundary with all other
intensive variables held‘constant, and Axi, ij . . . represent the dis-
cdntinuous changes in the corresponding extensive variables at the
transition.

The various types of phase diagrams and the information to be
obtained from each are given in Table II. Using these relatiouships
and the measurements of polarization, cell volgme, and specific heat of
the material, a free energy diagram explaining the phase rélationship as

a funclionn of the intensive parameters can be developed.
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. TABLE II

PHASE BOUNDARY RELATIONSHIPS

Type of Phase Intensive Parameter .Extensive Parameter
Diagram Boundary Slopes Relationship (lst order
. Transition)

Transition temperature “. AV _ TAV
VS. pressure 3P, E AS H
Transition temperature - - VAP _ _ AP
vs. electric field 3E > AS AS'!
Transition pressure ' ' VAP _ _AP
vs. electric field d T AV AV/V

% H = Latent heat of transition.



CHAPTER 1V. - .

DIELECTRIC MEASUREMENTS

Measurements of the dielectric sﬁsceptibiiity and -loss have pléyed
an.important:role throughout the etudy of ferroelectrics. .It was the
e#tremely high values of susceptibility which first caused interest in
these materials and which later 1ee to many of their important applica-
tions. The variation of susceetibility with. temperature has. long been

the prime tool for precise determination of transition temperatures.

Dielectric Susceptibilities

In ferroelectric ﬁaeerials,'the dielectric constant (k = e;lr.dD/dE)
and dielectric susceptibility {x= e;¥ dP/dE) become approximately the
same. Since these two factors are related by
k=% +1

and have magnitﬁdes,varying from‘a few hundred toAa.few thousand, there
is little errer introduced by using them interchangeably. I general, -
megsurements determine k while most theories deal with X. 1In discussing
the dielectric Sueceptibility of a ferroelectric material, however, it
is necessary to differentiate-between'the chénges of poelarization due te
switching and the 'true'" small signal polarization changes.

The abnormally high dielectric constants of ferroelectric and anti-

ferroelectric materials are due to the freedom of certain ions within

the pseudocubic lattice structure to move under the influence of small

31
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fields. This leads to large ionic contributions to the susceptibility
and also to the extreme variations of dielectric constant with those para-
meters which affect lattice spacings and orientations. |

Using curves representing tﬁe variation of.free energy as é function
of polarization (related to ionic position) such as those in Figqre 6
below, the behavior_of the dielectric susceptibility in the vicinity of

the Curie temperature can be explained.

T=T

T<T

Figure 6. Variation of Free Energy with Polarization for a
Ferroelectric Material.

The curves represent a symmetric variation of the free'energy about zero
polarization with a siﬁple minimum, an extended winimum and a double
minimum, Tﬁe application of a linear external field to the material
superimposes a slope on each of these curves, causing a shift in the
position of the minimum. This is equivalent to saying that the iénic
motion caused by the application of the external field is highly depend-
ent on the exact shape of the minimum for the temperature concerned.

For temperatures below the Curie Ctemperature (T<TC), the material is
ferrocelectric and the susceptibility is determined by the ability of

the ion to move about within one of the symmetric minima. A shift from
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one minimum to the other‘within this temperature region reprébents switch-
ing rather than small signal dielectric behavior. Atvthe.Curie tempera-
ture (T = Tc), the free energy curve is flat at the bottom allowing
large ionic shifts with very small fiélds and thus extremely high di-
electric susceptibilitiesﬁ Above the Curie temperafure (T>TC), the free
energy exhibits a simple minimpm but the ions are stilllrelativgly free
to move to both sides of this minimum under the influence of a small’
field. This is the reason the susceptibility in the paraelectric state
is highér near the Curie temperature than that of the ferroelectric state.
For antiferroelectric materials, the curves are similar, except
that the minima below the Curie temperature are not symmetric. That is,
the mechaniéal constraints in this phase cause one direction of ion
shift to be highly fa§ored over the other. This leads to a more restricted
ionic motion under the influence of a small external field and thus to
lower susceptibilities.
The nonlineafity of dielectric'susceptibility may be measured by
making 'small signal capacitance measurements while superimposing a con-
stant biasing voltage on the sample. 1In the figure below, which is

representative of polarization vs. field for a material above the Curie

Figure 7. Polarization vé.:Biés Voltage Showing Nonlinear
Saturation Effect.
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temperature, the slope of the line segment AB (the tangent to the curve
at E =~EB) represents the dielectric susceptibility of the material.at.
a given bias as determined by small signal measurements. This is in
sharp contrést to the results of large signal dielectric contant measure-
ments which require much larger’bias voltages to achieve the same slope,
as is indicated by the line segment CD. Using small signal measurements,
the effect of dielectric saturation then becomes apparent as a decrease
in the measured susceptibility with an increase in the bias voltage.
This ‘saturation is quite significant near a ferroelectric Curie point.
Measurgments of the dielectric susceptibility in the paraelectric»
reg;on as a function of temperature show that it varies according to the

Curie~Weiss Law,

where C = Curie constant

and TO = Curie-Weiss temperature.

For materials in the FE phase, the Cﬁrie-Weiss temperature is usuglly
only a few degrees different from the Curie temperature, while for anti-
ferroelectric materials this difference may be wuch greatcr; sometimes

more than fifty degrees.
Dielectric Loss

Most.publications of dielectric measurements on ferroelectric mate-
rials have reported diélectric loss measurements in terms of tan §, the
ratio of the loss current to the capacitive current. Variations of loss
thus reported are caused not only by changes in loss mechanism‘but also

by changes in sample capacitance. This leads to no problems for studies
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such as .those.concerned with internal friction on quartz since. loss varia-..
tions of interest occur under conditions where the sample-capécitance.is
constant. In ferrdeiectrics, on the other hand, many regions of.interest
are accompanied not only by changes of'loss mechanism but also by extra-
ordinary changes of sample capacitance. Thus the 1o§s tangent will be a
poor indicator of actual loss values and may at times become misleading.
For example, near the Curie temperature of‘a ferroelectric oné would
expect rather high dielectric losses since the material is easily influ-
enced by small electric field gradients. However, the exceptionally

high dielectric constants in this region lead to very low values of tan §.
For this reason, it would seem more valid to report ferroelectric data

in terms of a dielectric constapt and an "equivalent conductance'. From
the definition of tan & this equivalent conductance can be obtained by

the equation

g = 2nfc tan §

g = equivalent conductance
f = measuring frequency
¢ = total capacitance.

The term ''equivalent' is used here to indicate the contributions of all

mechanisms for conQerting electrical energy to thermal energy, i.e.,

Joule heating, domain wall motion, irreversible losses in phase trans-

forgations, etc. Since all of these mechanisms do not have the same

dependence on sample geometry, it seems more satisfactory to speak of

thé ficonductance gf a sample'" rather than the ''conductivity of a material''.
This viewpoint is also. helpful in experiments where measuring system

components contribute currents which are not small compared to the

capacitive and loss currents of the sample. Since the measuring system
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and sample are equivalently in parallel, their respective--capacitances
‘and conductances are additive, while the relationship between the true
loss tangent of the sample and the measured loss tangent is more compli-

cated.
Measurement Equipment

Dielectric measurements for this study were made with a General
Radio Model 716C capacitance bridge. This was driven by a General .Radio
Model 1302-A bscillator.' Null detection was accomplished with a General
Radio Model 1231 filtef and amplifier with an oscilloscope as the final
null detection device. All measurements were made with a driving fre-
quency of Onevkilocycle and a peak-to-peak voltage of one volt. Using
this system capacitances were measureable with a sensitivify of about
+ 1yuF, and tan § with a sensiti&ity of £ 0.0002.

The sample was maintained in an oil bath containing Dow Corning 200
silicone oil and equipped with an immersion heater and magnetic stifrer.
Temperature measurements were made by means of thermometers placed at
the sample position. A general laboratory thermometer was used for the
lower temperature fegions, while one with an expanded scale was used
above 140°C for more -accurate determination of the transition temperatures.
With this bath measurements could be made in the temperaturelregion 20 -
23000 with the rate of change of temperature ranging from 3 c® per minute
at 1ow‘temperatures to as low as 0.2 C° per minute near transition points.

In order to measure dielectric constant and loss as a function of
both temperature and electric field, a system was designed which would

“allow dc voltages up to two kilovolts to be placed on the sampie while

making dielectric measurements. This system is shown in Figure 8. The dc
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voltage was supplied by a Beta 10 kilovolt power supply wﬁigh was isola-
ted from the sample by two 150 henty chokes. These provided a separating
impedance of 1.9 megohms as compared with a maximum sample impedance of
about 0.3 megohms at thg measuring frequency of one kilocycle. At the
same time they allowed-the dc voltages to be placed on the sample with
negligible loss. The biasing voltages were separated from.the capacitance
bridge by two 10 microfarad, 2 kilovol; 0il filled capacitors. These
provided dc separation with negligible measuring signal loss. The
measuring system introduced stray capacitances of the order of 1000upF -
into the results which could be measured before introducing the sample

and.thén.subtracted,fromAthe sample readings.
Experimental Samples

The samples used in this study were furnished by Sandia Corporation
in the form of small ceramic discs of lead zirconate titanate stannate
and lead hafnate titanate. The compositions had all been made with a
small amount of NbZO5 additive to aid in firing and to reduce conductivity.
The samples were sintered at approximately 1400° C and were furnished
with fired silver electrodes. As a first step in the present invesci-
gations, the samples were heated to 500° ¢ for approximately two hours
and allowed to cool in.the absence of an electric field in order to reduce
the effects of past ftreatment. fn measurements at bias voltages, the
measurements at low bias were always made before those at higher bias
so that any poling of the sample could be attributed to the bias used in

the measurement being made. The actual dimensions of the principal

samples used in the dielectric studies are given in Table III.
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TABLE III

DIMENSIONS OF SAMPLES USED IN: DIELECTRIC MEASUREMENTS

Sample ‘ Diameter -+ Thickness Densit
(om) (i) ' (gm/cm”)
PZST6 16.09 . 1.74 7.74
95HN2 : 13.95 . 2.65 8.93
96HN2 14.17 ) 2.09 9.00
97HN2 13.92 : 2.22 9.04
98HN4 14,12 0,88 8.94
100HN2 14.18 ' 1.75 8.99

Measurement Procedures and Calculating Techniques

1. Measurement of the system capacitance and loss tangent were
taken with the sample removed. System loss was converted into conduct-
ance by the equation given earlier.

2. The sample was placed in the system and the electrical bias to
be used for the run placed on it.

3. Measurements of the capacitance and loss tangent of the sample
were obtainéd froé room temperature to about thirty degfees above the
Curie témperature during both the heating and cooiing’portions of the run.

4. The sample dielectric constant at each temperature was calculated
using the equation: |

k = t (Total capacitance - System capacitance)
: GOA

where t = sample thickness
and A = electrode area.

5. The sample conductance was calculated at each temperature using
thé relation:

g = 2nf (tan §)(total capacitance) - g(system)
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Because of. the large number of measurements made, it was found convenient

to use the IBM 650 as the principal means of data reduction.

'Results

lead Zirconate Titanate Stannate

The first samples studied were those of Pb(Zr0°68 Ti0,07 Sn0'25)03.
A tentative phase diagram for this material was worked out during the
summer of 1961 at Sandia Corporation and it was found te show both FE and
-AFE phases over large temperature ranges. The present measurements served
two purposes: first, to check out the present measuring system and pro-
cedures, and second, to refine the phase diagram for the composition.

Figure 9 shows typical curves of the dielectric constant aﬁd loss
which were exhibited by these sampies. The dielectrié constant curve
indicates the nature of the three transitions of interest. The Curie
transition, which exhibits about 3 c® temperature hysteresis with rising
and falling temperatures, is chargcterized by the highest peak of di-
electric constant, At teﬁperatures above this transition there is a
decrease of the diclectric constant following the Curié=Weiss.Law.

The FE-AFE transition, which occurs on rising temperature in this
material, is accompanied by a small peak in the dielectric constant
curve and an extremely large oné in"the conductance curve. The AFE-FE
transition is shown on decreasing temperature by a sudden drop in di-
electric constant to values corresponding to those observed with increas-
ing temperature. This is accompanied again by a peak in the conductance

curve.
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These curves show the advantage of equivalent conductance as a
measure of dielectriéAloss over the‘traditionalitan 5. For this material,
the loss maximum at the Curie tfansition is completely lost in the tan. §
curve. The relative magnitudes of the loss currents at the various
transitions are also given théir proper perspective in the conductance
measuremeﬁts. Thus, the FE-AFE transition, where mechanical losses
would be expected to be greatest, exhibits the highest maximum in.loss
conductance.

Figure 10 shows the phase diagram for this material as a function
of temperature énd electric field. This diagram indicates that for low:
fields the AFE region.is stable over a 24 degree fange on heating and a
range of about 55 degrees on cooling. This large hysterésis is indicatiye
of the fact that the free energies of the FE and AFE phases show virtually
the same teﬁperature dependence in the region of interest. As the electric
field is‘increaéed, the. AFE phase becomes less energeticaliy competitive
and finally is lost altogether. Thus we see that there are ;hree regions
of interest given by this phase diagram:

a) Low fields - those for which the AFE phase exists over an
apprec{able range of rising temperatures,

b) Moderate fields - those for which the FE-AFE trénsition approaches
the Curie transition rather. slowly and thé AFE phase is ''squeezed out'',

c) High fields - those for which the AFE phase is missing.

It ie also interesting to note that the temperature at which polari-
zation disappears (the FE-AFE transition temperature for low and moderate
fields "and the Curie temperature for high fields) apparently has continuous

slope at the point where the.AFE. phase disappears.
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Figuré lllshows the dielectric constant at the transition as-a
function of bias. Instead of the normal decrease of the transition di-
electric constant for large fields explained by saturation effects, here
there is actually an increase. This would seem to require an explana-
tion based on the»intru;ion,of some ferroelectric character into this
transition, due to the nearly equal free energies of all three phases in
this region. For fields above that atAwhich the AFE phase disappears,
normal saturation behavior is again evident.

Figure 12 indicates the behavior of this material in the paraelectric
region. This is shown as a dependence of the Curie constant and Curie-
Weiss temperature on the applied electrical bias. The Curie constant
decreases quite rapidly with increasing bias while the Curie-Weiss
temperature increases as the electric field causes the material to assume

a dominance of ferroelectric characteristics.

. Lead Hafnate Titanate

Measurements were'also made on the series of lead hafnate titanate
samples furnished by Sandia Corporation. These materials gave results
which were noet as sharply defined as those obtained with the lead zir-
conate titanatevstannate samples. This was primarily due to the extreme
dependence of the FE-AFE nature of these materials on their composition.
The sawples having a hafnate/titanate ratio of 95/5 were ferroelectric
alt all tempcratures. The 96/4 samples éxhibited an:FE-AFE fransition at
low field but this transition was relatively near the Curie point and
was not nearly so sharp as in the lead zirconate titahate stanﬁéte
samples. The 97/3 samples were antiferroelectric under néa?ly.all condi-

tions. Some ferroelectric nature could be imparted te this material by
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‘the application of strong fields at room temperature but the FE-AFE
transitions observed following this procedure were extremely sluggish,
extending from 75° C to 95° ¢ at all observed biases. The samples con-
taining hafnate/titanate ratios greater than 97/3 were antiferroelectric
unde; all observed conditions.

figure 13, 14, 15, 16, and 17 show the beﬁayior of these materials,

It can be seen that with increasing bias field the péaks become quite
broad for the samples exhibiting ferroelectric behavior. Figure 18
indicates the variation of Curie temperature with bias field for these
compositions. Transitions from ferroelectric to paraelectric aré.char-
acteriéed by an increase in fhe Curie temperature with bias field. For
the 96/4 and 97/3 sampleé, antiferroelectric to paraeiectric transitions
cause a corresponding decrease in transition temperatufe with field.
The results for the 98/2 and 100/0 samples weré quite interesting in
that virtually no bias field dependence of transition temperature was
observed; the transitions occurred within one degree for each sample
regardless of the bias field.

The effects of dielectric saturation, which are readily apparent iﬁ
the dielectric cqnstént curves, are compiled in Figure 1Y. 'This decrease
of peak dielectric constant with increasing field is quite strong fer
the 95/5 samples (30% decrease between zero and five kilovolts per centi-
meter), becoming less dominant as the materials become more antiferro-
electric and pcak dielectric constants at zero bias become smaller. The
increase of peak dielectric constant which accompahied the disappearance
‘of the AFE phaéé in the PSZT samples was not noticed invthe 96/4 composi-=
tion, but this was probably due to the lack of sharpness in the FE-AFE

and Curie transitions and the consequeﬁt blending of their effects. The
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95/5, 96/4, and 97/3'materials appear to take on quite similar dielectric

characteristics at high fields.

‘Figure 20 gives a tentative phase diagram for the 96/4 composition.
As indicated above, the transitions were not sharp and thus the points

.indicate only the mos t probable transition temperatures.
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CHAPTER V
POLARIZATION MEASUREMENTS

The measurement - -of polarization has also been of prime interest in
. the study of ferroelectric materials since these materials are most com-
‘monly defined in terms of their possession of a spontaneous reversible
internal polarization. This polarization has been used és the basis for
the éxplanation of the other characteristic phenomena associated with
ferroelectricity in studies béginning_with the interaction theory of
Mueller (M3) and culminating with.the phenomenological theory of Devon-
shire (D1).

Two principal‘methodé have been used to measure the polarization of
a given ferroelectric sample. The first uées the detection and measure-
ment of charge flow from the sample when it is caused to transform into
the nonferroelectric phase, usually either by heating or the application
of pressure. Since the polarization is zero in the nonferroelectric
phase, the charge which flows through the measuring circuit during thé
phase transition must represent the original polarization of the material.
This technique has the disadvantage of measuring the polarization only by
destroying it.

The second method of measuring polarization in these materials
utilizes the reversibility of the spontaneous polarization (S6). 1If the
sample is placed in an alternating electric field having sufficient field

strength to reverse the polarization on esuccessive half cycles, a
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hysteresislloop results. The amount of charge flowing during a single
revgrsal then represents twice the polarization of the material. Also,
if the material is subjected to an even n;mber of charge reversals, it
can be left in.the.condition existing before the measurement. Hysteresis
loops also.- have the advantaée.of giving not only the polarization of the
. material, but also the.electric field necessary to reverse this polari-
zation, the "coerqive field". .By kn0wing this field along with the
polarization, the energy changes during charge reversal can. be found.

The area inside a hysteresis loop represeﬁts the amount of electrical
energy which is converted to thermal energy during one cycle 6f the
applied a1terﬁating field.

The random nature of the grain pattern in ceramics leads to basic
problems in determining the actual spontaneous polafization of their unit
cells.. Since perovskite materials have the capability of being polarized
along several éxes (three in the tetragonal phase, six in.the ortho--
rhombic, and four in the rhombohedral),. it would seem possible to obtain
ceramic polarizat@oné within a few per cent of the single crystal polari-
zation by switchiggAeach grain into the lattice direction %hich mos t
nearly approximates the field direction. In practice, however, mechanical
constraints greatly hinder all but the 180° reversals in most materials.
In tetragonal barium.titanate, fér exémple, only about 15% of the domains
not originally optimally aligned can ever be switched 90°. ‘Thus, the .
polarizations measured on ceramics give only a measure of the acfual
polarization and precise results must wait until measurements on single
crystals are made.

Hysteresis measurements have contributed greatly to the stu&y of

FE-AFE transitions through the analysis ot the so-called "double loop"
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structures given by AFE and cubic materials near a transition point. A

typical loop of this type is shown.in Figure 21 below,

P

e e — e

Figure 21. Double Hysteresis Loop Observed During Field-Enforced
AFE-FE Transition, : ;

The symbol E_ is used for the field at which the AFE-FE transition takes

f .
place, while Ea represents tﬁe field at which the FE-AFE transition.is
observed, If Ef'aﬁd Ea are approximately equal, a good estimate of the
difference in free energies of the two phases is given'by the shaded
area shown in the figure. In many cases, however, the loops are quite
.broad and assumptions must be made regarding transition rates and tran-
sition probabilities which seriously limit the precision of such éééié
mates.

It has been found that very near the transition .temperatures the
double loops sometimes reveal a measurable polarizati&n at the zero
figld point. This phenomenon may be attributed to thé coexi;tence.of
ferroelectric and antiferroelectric regions within the sample, leading

to the superimposing of a normal ferroelectric hysteresis loop on the

double antiferroelectric loop.
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Experimental- Equipment

The systems used for these measurements are shown . in.Figures 22
and 23. Figure 22 indicates the : Sawyer~-Tower circuit used: to obtain
hysteresis. loops at 60 cycles. The driving voltage was obtained by
connecting to the high voltage transformer of the Beta High Voltage
Power Supply.immédiéfely before the rectifying stages. In this.way
a 60-cycle voltage'continuously variable from 100 to 2000 volts was
available. The~res;stive divider employed a 100:1 ratio te allow.
the presentation of the.driving voltage as a horizontal sweep of an
oscilloscope. The RC integrating network used a 10 microfarad capacitor
and a 20 megohm reéistor to give an integrating time constant of 200
_seconds. The resdlting hysteresis- loops were then displayed on the
osciiloscope and .photographed using a Pelaroid camera.

For slow-iooping«measurements the circuit in.Figure 23 was used.
Driving voltage was éupplied by the. Beta High Voltage Power Supply
and a 400 second integrating circuit was used to detect the polari-
zation changes. A Simpson vacuum tube voltmeter wés modified to act
as an impedance matching device and .allowed the hysteresis loops to be
plotted directly on -an X-Y recorder. Calibration was done with the

aid of a Leeds and Northrup K-3 potentiometer.
Calculation . .Techniques

The vertical sweep of the oscilloscope or X-Y recorder indicated
the voltage across the capacitor in series with the sample. This
capacitor acted to integrate the charge flowing across the sample

(the change of sample polarization). .The spontaneous polarization



POWER SUPPLY |

60 cps

. 0=-2000.VOLTS |

C SAMPLE

0.0l AMP FUSE

\ 4

/1

Figure Z2.

R; | MEGOHM

Sawyer-Tower Circuit for 60 cps Hysteresis Loops.

/OA3 VOLTAGE REGULATOR TUBE

19



- -de

POWER

~ SUPPLY

| ¢ SAMPLE

0.0l AMP FUSE

R4 10%

IMPEDANCE

MATCHING

TEM
Ry 10%

/]

.,

]

XY
RECORDER.

) f .ZR,_!O MEGOHMS .
“—0A3 VOLTAGE REGULATOR TUBE

Figure 23, Circuit for Slow-Loop Hysteresis Meaéurements.

29



63

(PS).was"thenAfound by extrapolation of the linear--segments at the top

and bottom of the-loop back to zero field. ' This poelarization.is given

by

where.CI = integrating capacitance

Yy

vertical voltage

i

sample electrode area.

. The coercive field of a ceramic sample is usually taken as that field on
a symmetric hysteresis loop at which the polarization becomes zero.
This is indicated by the horizontal sweep of the escilloscope, which is
driven by the power source through a voltage divider. If the voltage
gcale of the oscilloscope and the resistive divider ratio are kﬁow&, the

coercive field is obtained directly.
.. Experimental Results

Results obtained with this equipment were quite similar to those
recently obtainéd at Sandia Corporation. .Figure 24 indicatés the
obsarved pn]a%ization and coercive field as a function of the temperature,
as obtained in the present investigations on the 95/5 lead hafnate
titanate comp&sition. The apparent decrease of polarizaﬁion gt low
temperatures and 60 cycles is probably due to a failure to completely
saturate the hysteresis loops. The samples were not subjected to voltages
much greater than 10 KV/cm in order to insure against electrical break-
down. Figure 25 is a similar plpt for the 96/4 sample. Again the dif-
-ferences between the slow loop polarization and that obtained at 60

cycles are probably due te the limitations of the applied voltage.
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. The 1oobs obtained in the vicinity of the FE-AFE phase transition
with thé 96/4 material exhibited the characteristic double loop form but
failed to close off coﬁpletely at zero field. In order to establish the
presence of some ferroeieétric phase within the sample above the transi-
tion tempera;ure, the samples were.impressed with only the positive half
of the yoltage cycle. This enabled the positive half of the double loop
to be ébserved in the absence of ény ferroelectric switching. The results .
of this procedure are shown in Figure 26.‘ The fact that the antiferro-
electric loops close off at zero bias under' these conditions indicates
that a certain‘portion of the material does remain ferroelectric above
the transition temperature. ' The repeatability of the loops is not suffi-
cient to allow a quantitative description of the phenomenon, but gualita-
tively it appears possible that as much as 25% of the sample remains
ferroelectric in the region up to five degrees above the transition
temperature. |

An attempt was made to apply fields high enough to switch thin
samples of the 97/3 and 98/2 material but breakdown of -the samples
resulted. This has been‘succeésfully accomplished at Sandia Corporation

and those results are given.in a later chapter.
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CHAPTER VI

THERMAL MEASUREMENTS

Calorimetfic measurements wefe'made on samples of the materials
used in .this study-in ordef to -determine their specific heats-and heats
of trénéformation. The -‘measurements were carfied out in.a calorimeter
designed specifically for measurements on thin .discs of ceramic material.

.Mény of the basic-ideas of adiabatic calorimetry;wére-first devel-
oped by Sykes (S7)., He designed a calorimetric system.in which the
sample and its container weré maintained near the temperature of the
calorimeter by means of a heating coil, with a differential thermocouple
used between the sample-and the calorimeter to detect the growth of
températuré differences. By -alternately heating the sample above the
calorimeter temperature and allowing it to cool slightly below that
temperature, Sykes was able to.achieve nearly adiabatic conditions of
heatiné. .This technique has been modified in the .present study by
usluyg the ceramic discs themselves to.contain the electrical heater
and the detection thermocouple, thus doing away with the sample container.
. The coﬁseqqent reduction in thermal mass of the~$ample-porti§n of the
éaiorimeter provides ‘much faster response to changes of input -power,
allowing the sample to be maintained at the same .temperature as the
calorimetenAfor relatively long periods of time.

Two different types of measurements were made on the- samples ‘used
in this study. In the first type, the sample was mounted in the calorim-
eter and heated while the calorimeter cup itself remained al room

rémperature. As described later in this chapter, this technique
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permitted the checking of the sample heater and thermocouple and the
determination of the room teméerature heat capacity and thermal loss
'parameters of the sampié. .This :information was ﬂecessary to detect
defects in the sample mounting and to facilitate.tﬂe procédures’used
later for more accurate and complete~measurements.

"In the second type of measurement, the sample was maiptained‘in
an adiabagic relationship to the calorimeter while thé.ca1§rimeter was
heaged from room temperature to some temperature above the1Curie-péint
of the .sample material.  In this way, the specific heat of the sample
could be determined throughout the above temperature range, and the heat
of'traﬁsition absorbéd ;t the Curie point could be obtained. Since
these meaéurements were héde under adiabatic conditions, they were ‘more

accurate than those of the first type.
Description of Equipment

Figure 27 illustrates the design of the calorimeter. .It is
constfucted of half-inch copper. The. outside diameter is five inches
and the outside depth five and one—half‘inches. .Th¢~inside chiamber
mé;sures three inches in diameter and three and §ne-ha1f inches deep.
The entire body of the cglorimeter is ‘bright nickel.plated to resist
corrosion and to reduce the radiative emissivity of the chamber. - The- .
top of the calorimeter is fitted with three vacuum feedthrough con-
nections for the thermocouples and the heater, as well as a threéded
.ground post and a metal tube for attaéhment to the vacuum system.  .The
-abutting faces of the éalérimeter top and .base -are fitted withlaléet
of small ridges Which aid in the use of an.aluminum.or lead gasket for

vacuum sealing. The two parts of the calorimeter are held togethcr by
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six equally spaced 1/4" x:1" bolts. A notch i; éut in the gasket to
,alloﬁ the burial ofla copper constantan thermocouple junction near the
inside calorimeter chamber as the calorimete; temperature measurement
junction.

.Heating of the-caloriﬁeter was accomplished by means of a three-
gallon 0il bath.containingzDow Corning DC200 silicone oil. .The bath
was<fitﬁed,with a:1400 watt immersible heater at the bottom of the
liquid and stirred by -means.of an Eberbach Medel 58 variable speed
stirrer. A thermometer was placed in the bath near the calorimeter and
used .for thermocouple calibrationﬂ This bagh was capable of heating
the calorimeter ét rates up to ten degrees Centigrade per minute  although
rates above fhree degrees pgr-minute were not used Auring~the measire-
ments of interest.

.The maximum temperature variation.in the region of the calorimeter
was less than.one -degree during a1L4measurements. Considering the
thermal diffusivity of the copber, fhe variation of femperature-within

dthe calorimeter chamber Qbuld;have-beenaieSSAthan this. .Since-the
samblé'was maintainediét the same;témperature as the calorimeter cover
’duriﬁgi;diabatic measureménts, rédiation éxchanges to. all.parts of the
chamber'were negligible. .The:calérimeter was operated under;forepump
vacuum cbﬁditiéns in’bfder-tofreduqe conduction 1osses'durinéinonadiaba-

tic measurements.
Description .of Samples

Figure-28 .illustrates ‘the construction of the sample assembly
used in this study.  Each sample was built from two discs of the ceramic:

to be tested., .One of these was fitted with a.series of grooves and a
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small flat well to contain the heater plate. This was origina11§ done
‘by masking_the sample and sandblastiqg_it with No. 600 alundum powder.
- Latér it was found more convenient to sandblast;the well to proper
depth and theﬁ adjust the depths of theAgrooves with the aid of a Gulton
Model DS-10 ultrqsoni; d?ill. This technique allowed the hea;er and
the differential thermocouple  junction to:-be sealed inside the material
-to be tested. The sample could then:be mounted to the'caiorimeter'by
means of the electrical connecting wires. Thus both fhe heat capacity
.of the sample -and the conductive losses to the caloriméﬁer were kept
at a minimum felative fo the mass of ferroelectric material to be tested.
The sample heater was made of carbon.;.Originally'the heaters
‘were -polished into shape from small. pieces of graphite rod, but it was
-found that the gse~of.pieces of carbon .arc Fod,gave»higﬂer resistances
for the required diﬁensions, which facilitated measurement of heater
power. A typical heater had dimensions of 4 mm x 8 mm x 0.1 mm and a
resistance 'in the range-from one to five ohms. This heater plate was
then mounted in the well provided in the. sample and connections madé
to the #30 copper lead wires with silver.paint. The use,bftéﬂhe?ter
element in the shape of a flat plate-allowed a-large-area of contacl
between the sample and the heater and resulted in more uﬁiform heating.
The heatg;‘was connected to-a six-volt battery and.control. was
achieved by means of ua ten .ohm wire-wnund potentiometer. .Typical
.heating conditiovns consisted of a voltage of about '0.30 volts across the
heater and a current of 0.15 ampereS'thrpugh it. .Under-these conditions
the minimum power deviations obtainable-were of the order of 0.3 milli-
watlts. The voltage acronss the heater ‘was measured by ‘means of a:.micro-

ammeter fitted with various series resistances to provide the optimum
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range of measufemen;,,and the current was measured by ‘means of a. Simpson
Model 269 milliammeter. |

The temperature of the sample was measured with a‘copber constantan
therﬁocouple junction .planted in the sample. This~juﬁction was made
by spot weldiﬁg‘aupiece of #30 constantan wire to,aingcé of #30 copper’
wire -and was fitted in' the grooves as'éhown_in Figure-28. The cOPP?f
wire was grounded to the copper‘of the-caloriﬁeter through thé threaded
central grodnd plﬁg. Thé-coﬁstantén41ed to the reference junction of
the differential thermocéuple which was fitted ipto onevof thé-vacuum
feedthréughs as shown.in Figure 27. It was found that the thermal resis-
tivity of the glass portion of the feedthrough allowed this jhnction fo
heat slightly during- the nonadiabatic runs. .In order to give better
thermal contact between .this junction and the calorimeter, a cap was
built to fit the exterior central. pin of the.feedthrough. A thin mica
sheet between the cap and the calorimeter cover gave good thérmal,con—
tacﬁ-while-providing electrical separation.

After insertion of the thermocouple junction andAﬁhé=hea£éf,-the-
two discs comprising the sample were -bonded together with Duroplastic

epoxy.
.Measurement Techniques

Preliminary Measurements

Preliminary‘mgasurementé Qere~madevon each sample by observing
.the -exponential rige and fall of the'temperature of the-sample:when
.péwer was applied to the sample heater and the calorimeter was kept at
room tempevature., .This technique - -allowed the sample heater tp~be

calibrated and permitted the determination of the conduction.losses
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between the sample and thé calorimeter. From these measurements it was
also possible to determine the room temperaturé specific heat 6f‘§he
sample -material.

If a sampie of'material is originally at a. temperature highef
than.its surroundings,. and .if it ié postulated that conduction"lossés
are much.larger than radiation4lésses‘from the sample, the.following
condition must hold: . o . : ' L

T .
© 3t + a (T -»To) 0

sample heat capacitahce

where ¢
T.= sample temperature
T = surrounding temperature

a .= thermal loss constantl(quantity of heat lost -per unit
time per.unit temperature difference).

Solving this equation for,T,A

T =T+ AT o-at/e

~ - where AT is the tempefatufé difference at time zero. .This impliéSA
- that under ‘the stated cbnditipns, the sample will cool exponentially
with the -exponential time constant determined by the ratio c/a.
.Likewise, if the sample and. its surroundings are initially &t
the same temperature apa pdwér is applied to the sample, the'follbw;ng
relation holds: |
¢ dT/dt + a (T - To) - Q/t =0
.where Q/t is the thermal ﬁéwér~being”éppliedAto the sample.
Solving this equation.for~T,:

-at/c
e

T = T+ (T - Td)(l'- )

whereIf represents the equilibrium temperature at which:the thermal
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losses equal the poﬁer-input. .From this it can be seen that under these
‘latter conditions the temperature will rise exponentially -to a . final
‘equilibrium temperaturé, and that the exponential.time-éonstént will
be the same as that for the cboling curve.

Thus by observing a cooling curve for a given sample mounted .in
tﬁe calorimeter, the ratio of the loss factor to the heat capacity of
the sample caﬁ be dete;miﬁed. .By observing-thé eqﬁilibrium”temperature
obéained by a-given~power:input,,the loss -factor can be found. from the
relation:

o

a.=

The heat capacity of the sample is then the:product of this loss factor
apd the exponential pime~c§h§tant.‘ |
.In making:these~meashrements,_the'output of the differential
thermocouple was connected to the vertical input of a Moseley. Autograf
Model 2A-X-Y;Recofder. The horizontal inpuf was connected to an .internal
750 second time - -base. .Thus the actual exponential. heating and cooling
curves ‘were plotted by the recorder. |
Cooling curves werec observed aver a range of twenty;degrees'for
the accurate determination of the time constant. .Then heating curves
were observed for various power inputs. Since the time constant of
heating was already—knowﬁ;fit was only necessary.to record a-heating
:curve for a.short time in order to calculate the final equilibrium
value of the temperatute. ‘When these -equilibrium temperatures were
plotted as a function of power, the result was a straight line whose‘
slope gave the loés-factor.  Figures 29 and 30 are such a plot and

a plot of the cooling curve-for .a quartz sample which was used Lu checlk
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out the system. The cooling curve has been plotted on a.logarithmic
scale to verify the assumption that the loss is primarily -through
conduction. The value of“the épecific heat of quartz given by these
plots-is 0,187 as compared with'a handbook value of 0.18l. As was
stated earlier, it was found that the reference~junc£ion.of the differ-
ential thermocouple tended to heat slightly above the .actual calorimeter
temperature during nonadiabatic measurements. This caused the reéding
of the difference temperatures between the sample-and the-éalorimeter
to be slightly low, giving erroneously high loss constants. This in
turn led to values of the specific heat of the-sample‘which ranged.fromv
.five to ten per cent high. After installation .6f the cap to improve
thermal contact betﬁeeh the reference :junction and.the calorimeéert

. this error was reduced to approximately ‘two per cent.

Adiabatic Measurements

The most precise measurements of. this thermal study were those.
made under adiabatic coﬁditions. As outlined in the introductiom to
this chapter, these -conditions, were achieved by using a .differential
thermocouple as a null detector and varying -Lhie input power to the
sample to maintain it at’ the same temperature and the same rate of
temperéturelchange-as the calorimeter.

In making these measurements, it was found most convenient to
apply a.éonstant‘amnunt_of power to the oil bath througﬁout a complete:
‘run. This caused the rate ofAheating of the oil to increase during thev
early part of a run until a steady set of heating conditions was
obtained, and then to decrease slowly -throughout the rest of the run

.as losses to the surroundings became greater. The reason that a
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constant input power was éhoéen.lay-in the high thermal mass of the
calorimeter and the oil Bath. In contrast te.the sample, which could
.achieve a stable -set of thermal conditions within .40 seconds after an
input power change, the transient effects of an input power change to
the oil bath did not disappear for several minutes. .However, the same
‘high thermal mass which prolonged these transients acted to prevent
the growth of:heating_instabilities uhder the constant input power
conditions.

The sensitive detectioh of adiabatic conditions was accomplished
by connecting the differential thermocouple directly-into.a . Leeds and
Northrup Type K-3 potentibmeter; (At its most sensitive settings this
pbtentiometer gave -approximately -the sensitivity of its Leeds and Northrup
Model 2430 galvanometer (6né?tenth microvolt‘pér division) and the’
versatility of the potentiometér circuit was invaluable.during peéeriods
of.instability, tfoubleghooting,'etc. .Using this instrument it was
possible to keep the temberatureA of the sample within 0.05°C of that
of the calorimeter during all measurements and to match the two heating

-rates to within 0.01° C/min.. From the 1oés factors found in.this
study, 4 temperature difference of 0.05°% represents a deviation. from
the measured .input energy*to.fhe sample of only 0.2 milliwatts, which
is about the same as the sensitivity of setting the. input power. .This
number represents a deviation of less than.one per cent of the smallest
inpﬁt power used during'thé measurements. _The probable error in’
.matching the heating fateé'ié élso>less‘than one -per cent Qf the smallest
heating rates normally used.during the measufements.

.buring-these'first measurements ‘'with this system it was felt

advisable to use manual control of the sample power. In this manner
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it was-possible to get a better feeling for the magnitudes and rates
of changes which were occurring in thg samples, and of the transient
times and accuraciés of balance which were characteristic of the system.
Wﬁere a.large number of measurements were to,be‘méAe, however, it would
be advantageous to.automate the sample power supply-to allow adiabatic
-measurements’to.bé made ‘and recorded automatically. The block diagram
of a preliminary system for this~purbose»is given .in.Figure 31.  An
.amplifier'ﬁaving3the characteristics necessary: for thezdétection and
control of a temperature null between the sample and the-calorimeter
has been designed by Dauphinee and Wooeds (D2 ). A schematic -for this
amplifier is given .iu Figure 32. This amplifier has -been built;, but
has not yet been integrated into -the measuring system."

.During~measufements under adiabatic conditions the -horizontal
section of the X-Y recorder was again operated on the 750 second time
base. The vertical section was connected to the calorimeter ;hermo-'
couple,,which'was referenced against a.junction.at.Oo C. Thus the
curves ‘from the X-Y .recorder -were direct plots of the calorimeter
temperature against time. The rate of change of temperature could then
be obtained by measuring the slope of these -curves, .This rate of
change of temperature was thus determined as a.function of the femper~
ature.

The power input to the sample which was necessary to maintain it
at the same temperaturefaé'thé calorimeter.was listed on the X-Y
recorder curves at intervals of a few degrees. .From this data a plot
could be constructed showiné this power as a .function of temperature.
_The ratio of the value of the power applied to the sauwple at a given
temperature td the corresponding rate of change of. temperature gives

the heat capacity of the sample.
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Figure 33 shows a typical plot of input power and rate of change
of temperature -as a.function of femperature. .The -effect of the-heat of
transition at the Curie temperature is evident from.this graph. In
order to calculate this heat of transition, the excess power applied
to the sample, as represented by the-peak.in the power curve near thé
Curie temperature, was plotted as a function of time. .The area qnder
this curve then gives the total excess energy applied to the sample
during the transition. ADiQiding this energy.by'the mass of tﬁe sample
gives the transition energy in units of calories per gram, which can
be copverted to calorieg\per mole -by multiplying by the effective

wolecular weight of the solid selution..
Experimental Results

Table IV lists the characteristics of the samples ‘which were
obtained by the preliminary measurements. The sample -mass listed
is tﬁat of the two ceramic discs after sandblasting and cleaning; The
tare heat capacity. for each sample was calculated by multiplying -the
masses of the thermocouple wires, the heater connecting wires, the
heater plate, and the epoxy binder by their respective specific heats.
Although the specific heaf'of the epoxy was net known exactly, ‘a value
of 0.35 calories per gram per degree Centigrade was picked as-being
‘representative for this class of material. .The exponential. time cor-
stants and loss factors given were -determined.from the curves as. shown
in Figures ‘34 and 35. The heat capacity of each sample was determined
as autlineduabove,‘and thé¢spécific-heat of each material. calculated

from .the -relationship:

_ Sample heat capacity. - Tare-heat capacity
' Sample mass

Specific heat x Mol. wt.



POWER (milliwatts)

90 * Power Input
| o dT
o 3l odr
30- €
£
~
60~ >~ 2-
=
VIO
50
40 I8
. 30L_ [ . ' o ® .
0 50 100 ~ B0 200

Figure 33.
Eor PZST.

 TEMPERATURE (°C)

Input Power and Rate of Change of Temperature as Function of Temperature

S8



AT Centigrade degrees

0 5 » I0
- TIME (min)

Figure 34, Exponential Cooling for Lead Hafnate Titanate
Samples. ’ :

86



POWER LOSS (cal/min)

° 95 HN

296 HN

497 HN
498 HN

=100 HN

&l
o) | 10

AT (C)

'Figure 35. Measurement of Thermal Loss Factor for Lead

Hafnate Titanate Samples.

L8



88

TABLE 1V.

DATA FROM PRELIMINARY THERMAL MEASUREMENTS

Eprnential
' Time _
Constant

Loss Heat Specific Heat
Factor Capacity - :
(cal/min®C) (cal/9C)(cal/gm°Cical/mol°C)

Sample Tare heat
Sample mass capacity
~ (gm) (cal/gm°C)

(min) _
95 HN 6.91 gn 0.027 5.50 0,100 0.550  0.076  32.1
9% HN 7.72 gn 0.020 6.48 0.075  0.490  0.061  25.8
97 HN 6.23 gm 0.028 _  5.30 0.079  0.420  0.063  26.71
98 HN 7.04 gm 0.028 sle1 0.067  0.375  0.049  20.8
100 HN 7.28 gm 0.028 " 5.78  0.085 0.495  0.064 27.33

:Figurés 36, 37, 38, 39;440,-ana 41, show the variation of specific
heat with Lewperature for the materials used in this study és'determined
from the adiabatic measurements. Each figure shows the characteristic
spike expected of a first o?der transition at the Curie tempéfaﬁure.
Tﬁe_variations below :this temperature are much more diffuse and thus
1es$ susceptible fo interpretation. The 96/4 lead hafnate titanate
composition does not show a .spike in specific heat curve at the FE-AFE
transitidﬁ, but rather exhibits a general rise.in the specific~ﬁeat,
as if the transition is blending with the Curie transitioﬁ, The PZST
sample ghows a very small diffuse peak in the power input curve near
the FF-AFE transition temperature. .The other materials show cert;in
hroad peaks and rises, but nothing which can be quantitatively studied.

)  Figure 42 shows-a typical power vs. time plot used to calculate
the transition energy in this type of measurement. Table V lists the
pertinent data for thesé calculations and the heats of tramsition

__obtained from them. An estimate was also made of the energy involved
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'inA;he-FE-AFE peak in the ?ZST sample. Because of the blending of this
transition with the Curie transition data this estimate is of limited
accuracy but does indicéte a very small heat of tramsition at the FE-AFE
transition.

The heats of:traﬁsition calculated for these matgrials-are smaller
than those reportgd for lead zirconate and its solid solutions. This
;fact will be discussed later together with a comparison of the techniques
used in obtaining Fhem.' The heaf of transition of the 96/4 material
'probably-appears higher than that of the other members of this family
of compositions because of the blending of the FE-AFE transition with

~ the Curie tramsition.

TABLE V.

HEAT OF TRANSITION DATA

Sample S;ZZie Transition EE;:?S Hgat of Transition AS o
4 pury Temp. (cal) (cal/gm)(gal/mol) (cal/mol “C)

95 HN ' 6.91 . 160 - 1.53  0.222 9 ©0.22
96 HN - 7.72 163 . 2.40  0.311 133 . 0.31
97 IN - 6.23 167 1.49  0.240 102 0.23
98 HN 7.04 170 1.60  0.228 97 0.22
lbO‘HN 7.28 172 1.58  0.218 93 0.21

PZST (Curie) 5.17 152 1.87  0.362 126 0.30

PZST (FE-AFE) 5.17 ~130 0.079  0.015 5.3 0:013




CHAPTER VII
RESULTS OF 'RELATED WORK

This chapter presents certain .results obtainéd during recent studies
by other éroﬁps which either extend the present study or'which can be
uéeful in the interpretation . of the present resulps. Some of the results
of the study by Sawaguchi .(S4) on.lead zirconate titanate are also
presented and will be used for comparison with the conclusions obtained
for lead zirconate titanate stannate and lead hafnate titanate in the

next chapter.

Clevite Work on Pb (Zr

0.99%%0.02 %0 68T10.075%0.25%0.98%3

A great‘deal.of work on the lead zirconate titanate stannate compo-
sitions has been done during the last few years by the Electronic Research
Division of Clevite Corporation of Cleveland, Ohio. .The work of interest
to this study has been selected from threé reports by Berlincourt (32,

B3, B4) of the Clevite group.

The Qork~at Clevite has includéd a study of the characteristics of
the FE-AFE transitions in thellead zirconate titanate stannate composition
used in the prgsent study and has obtained interesting results concerning
the pressure vs. volume relaﬁionships-in Lliis composition. ZX=ray studies
have shown the AFE phase to bé the phase of minimum volume with a change
of about 0.36% occurring during transitions between the FE and AFE phases.

The change in volume produced In a sample of this material by the

97
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appliéatibn of hydroStatic:pressure was also determined. Agéin‘the
volumé.différence between the. phases was fpund to be about 0.35% with
. tHe»tran;ition_occﬁrring,at a pressure of about 38,000 psi.

.Figure 43 compareé thelpblarization changes-produced in this compo-
sitioﬁ by variation of temperature and pressure. It can be seen that
while the generél shapes of the curves -are the same, almost twice as
much depolihg;takésAplace béfdrejthe abrupt transition whén the temper-
~ature is varied aé'occurs before~a,pressure;induced transition.

Figure 44 indicafes the variation of transition pressure of poled
ferroelectric sahples as a function of a biaéing elecﬁfic-field. Because
of the oriented- condition of the specimen, the transition préssure for
the FE-AFEltransition decreases with negative bias until the bias field
reaches the coercivé field and switching takes place. For the AFE-FE
transition there is no original orientation of the polarization and the
phase boundary is symmetrical.

A great Aeal of work has been done by this group in the anglysis
of the double ﬁysteresis loops characteristic of field induced AFE—FE
transitions. Loops taken for PSZT‘abouf 8° C -above the FE-AFE transition

.are quite broad, giving E_ equal to.about 8 Kv/cm end E, about 4 Kv/cm,

f
Figure 45 is a temperature vs. field phase diagram obtained by
field variation at constant temperature. This is in contrast to the
technique used in this study and described in Chapter IV, .which involved
the variation of temperature -at constant field. It is interesting to
note that the shape of the curve representing the AFE-FE transition

with increasing field is similar to that which was shown earlier for

the FE-AFE transition with increasing temperature.
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.Sandia Studies on Lead Hafnate Titanate .Compositions

Studies -at Sandia-by-Hall, Dungan, and others (Hl, D3) have continued
. to reveal new characteristics of the lead hafnate titanate compositions.

.Measurements of the-variation of E and<Ea as functions of tempera-

f
‘ture.for the 97/3 and 98/2 compositions revealed that at most temperatures
the double hysteresis loops were quite broad and that reliable estimates
6f the -free energy difference -between the-phases can .only. be obtained
near the transition.temperature. .However,. it should be noted that at
temperatures more than:50 degrees below the zero bias transition tempera-
ture, the phase change could be produced by fields leés than 20 Kv/cm.
.Samples. having the same compositions as those used in .the present

study were -prepared usinga.higher purity HfO,_ than had previously been

2
.employed (H2). The electrical properties of the samples were quite simi-
"lar to those previously tested, but the compositional.boundary between
the FE and the AFE phases covered .a much smailer range. Using the
purer material, the 96/4 composition was ferroelectric between roem
temperature . and the Curie témperature while -the -98/2 composition was
antiferroelectric over the same region. An AFE-AFE transition was
also observed .which had not been reported previously.

LeadAhafnate titanate samples without the niobium.addition were
also prepared. This modification increased. the .Curie temperature to
the 200° C region and moved the AFE-FE phase boundary, to thec 95/5
composition. !
Dungan .and Stark (D3) have inyesfigafed the lead hafnate titanate

-stannate compositional family and find it to -be strikingly similar to

the lead zirconate titanate -stannate family.
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Hall, in his Ph.D. dissertation (H3), investigated compositions in
.the lead zirconate hafnate titanate series. In his study of the tempera-
ture vs. composition relations for materials haviﬁg eqﬁal molar parts of
zirconium and hafnium,,he-found that the FE-AFE phase~boundary;had.bgen
displaced so as to enlarge the antiferroelectric stability region,  but
that the boundary slope was still in the same direction as.in the:lead
zirconate titanate compositions. .In an extension of this work, he has
found that this slope does not appear to reverse -until the compositions
contain .about 80 mole per cent hafnium. Thus the influence of the zir-
conium .ion on the rela#ive stability of the various phases seems to be
stronger than that of the hafnium .ion.

Sawaguchi (S&),‘in'his study of the high zirconium .regions of .
the lead zirconate titanafe-series, was able to construct a relative
free energy diagram .for this system. .From calorimetric data,.he found
that the entropy differencée between the two AFE phases (0.22 cai/moleo)
was much larger than the difference between the high temperature AFE
phase ‘and the FE phase (0.073 cal/moleo). These in turn were botH
sﬁaller than the entropy differen;e observed at the Curie transition
(0.51 cal/mole®).

.From the double hysteresis lqops exhibited near thé-transition
.temperature, Sawaguchi was able to calculate the difference<ip free

energy between the FE and AFE phases in PbZrO The calculations show

3
a free -energy difference of about 3 cal/mole-at 215° C which decreases
to 1 cal/mole near 230°.C. .From this he concluded that the-FE and AFE

ﬂphases-wéuld have equal free<énergies at about 240° C. .Unfortunately,

the paraelectric phase -becomes dominant below this temperature so that

.an AFE-FE transition is not actually observed.
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.From the work ‘with Pb(Zr )03 and Pb(Zr

0.977%0.03 0.98"10.027%3°

Sawaguchi also determined that additions of. lead titanate to lead
zirconate decreases the free energy of the FE phase -relative -to the
cubicfphase-at a rate of 0.5 cal/mole-at% and increases the free energy

of the two AFE phases at rates of 5.8 cal/mole-at% and 2.3 cal /mole-at%.



CHAPTER VIII
'CONCLUSTIONS

' Free Energy Relationships in

Pby.99 ¥Pg.02 (_-2;.0';68 Tiy:07 5%.25) 0.98 03

The most complete set of data.available for any of the compositions
used in this study is that on the PZST samples. For fhis material one
now has thermal, electrical, and pressure felationships which involve all
three phases.' This composition also gave the sharpest transitions and thus
the most reliable phase diagrams of all the materials studied. For all of
these reasons, the free energy relationships for this composition will be
discussed first,and the ideas thus obtained then applied to the discuss-
ion of the other compositions.

As was shown in Chapter II1, the calculation of free energy involves
a knowledge of the extensive variables -- volume, polarization and entropy.-
From the Berlincourt data the molar volume of this composition is found ﬁo
be about 42 cm3 and the volume in the AFE phase is approximately 0.35% less
than that in the FE fhase. The variation of polariéation with temperature
and pressure was indicated in Figure 43, while the polarization deﬁendeﬁce
on electric field can be obtained from the plots of dielectric suscepti-

bility vs. field and a knowledge of the spontaneous polarization by using

the relation,

E
P(E)=P§ffeox(E)FdE
o
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N

The :calculation of the .absolute ‘entropy., howe&er,;issammuch.greater
_problem. hThisnrequiresla;kﬁowledgé of the specific heat at~ali tempera-
.tﬁres above absolute zero. Thg variationuinsfhe-vicinity-of:absolute~
zero is quite important and is fhusbfar not available. For this reason
the absolqte entropy of fhis systeﬁ cannot presently.be calculated and
relaLiVe entropigs must be used to determine the free energy diagrams.
.The entropy differences between the bhases at the transitions are given
in Table V. | |

A correlation of ﬁhe results of the various measurements is useful"
as a check on thevéXPerimental values obtained. The electrical and

thermal data can be compared by using the relatioenship:
(@I) /4
E/. ‘AS
o p

Using the values

V. 424cm3/mole 9
AP -'.16'X-110°'6 cogl/cm
AS = 0,013 cal/mole

1

.a value of (aT/aﬁ); =12.3 cmo/Kv is obtained. ThisAcompares with a
value of abouf 5;8&9/Kv'whichais oBtained from the central élope of the
FE-AFE phase boundary in-Figure 10. The discrepancy-seéms to indicate
that the,valué of entropy measured was slightly low. .This is quite |
possible since, as was pointed out earligr, the peak used in the cal-
culation of that value was quite- small and diffuse. It would seem a
value of about 0.02,cal/m01eo»might be more accurate for this transition.
| The above relation also applies to -the ferroelect;icCurie transition
at high fields. Here the polariéatioﬁ used consists of the spontaneous
polarization plus that .induced by the field.. Using a value of AP equal

to about 22 x-10d6 coulombs/cm2 and a value of AS = O.SO-cal/moleo (the
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entropy difference between the phases at zer9~fie1d),,a value - of 0.74
cm?/Ky,is”calculatéd. .This compareS»with»a~vaiue~of~0.80-cm2/KV measured
just above thé‘triplg point in .the PZST phase diagram. In view of the
.aSSumptioné made;;this would seem to be very good agreement-.

A comparison of the transition temperature vs. field phase diagrams
obtained by varying;the‘temperature in .one case and the field in.éﬁother
leads to someAinterestingfconclusions concerning;the-hystereéis-in.these
transitions. . Figure 46 compares the FE=AFE transition with .increasing
temperature to the AFE-FE transition with increasing.field. Since these
transitions are in opposite difections; the true phase equilibrium .con-
ditions must :lie somewhere betweip them. But a comparison .of this figure
withEFigufes~10 and 45 indicates that the true equilibrium-line lies
much closer t§ the transition observed with increasing-intensive para-
meter than to that observed with decreasing intensive parametér. .Thus
the shapes of the curves iﬁaFigure 46 are more representativé of the
shape of the phase equilibrium-:line than are those for the feverse
praqsitions. The rapid decrease of the slope of the:FE-AFE transition
as this.transition.approaches the -Curie point would seem ‘to.indicate
that these two transitione tend te hlend causing the change of entroepy
at the FE-AFE transition to increase rapidly. |

.The results obtained with hydnostatic.preséure can be compared with‘

the electrical results by -the relation:

0P\ _ VAP
QBEfp AV

Using :the values

22 x;10_6 coul/cm2
0.35%

AP
AV/V
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a value of.62.8 00u1/ﬁ2 is found for (ap/aE)T. .Thisncompareénwith a
value of 65..4~-cou1/rh2 observed in.Figure 44, |

From the pressure-in&uced transition data:it is pessible to- estimate
the free energy difference between the FE and.the -AFE phases at room
.temperature. -Sawaguchi (S4) has shown that the free energy difference
betweeh two phases observed during a forced ferroelectric transition .is
essentially thé product of the intensive variable necessary -to forcg the
transition and the corresponding(changé of extensive parameter. Authors
following him -seem to haveifollowed this method of célculation.(eog.,,the
difference in .free energy between the phases.in .the double hysteresis
;1oop~is represented by an area .equivalent to the average field at the
transition multiplied by the change in polarization). An assumption that
the difference in entropy and .internal energy between the two phases are
approximately constant over the temperature range considered, on thé
other hand, leads to a.correction .of the above value by a factor of
AS(T?TO) where AS is the observed entropy difference, T .is the temperature
of the [orced transition, and To-is the temperature of the transition with
the -intensive pérameter equal to zero. Over the temperature ranges used
in this study liowever, this ceorrectien amounts to.less than:20% of the
Iprincipal value, so that the :Sawaguchi assumptioen will be used in .sub-
sequent calculations. The values given -for free energy differences
between the phases should therefore be understood to give at - -least a
redasonable approximatibn‘to the true free energj difference.

Using the above approximation, Berlincount's pressure-induced
transition gives:

AG = pAv 3

= 38 x 10° psi x .15 leo’scm
AG(molar) = 9.4 cal/mole
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While this.is.only an estiﬁate, it is.comparabie to‘the-valueswef dif-
 ference“ofmfree”eneréy'bgtween-the»ferroelectriﬁ and antiferroelectric
phases .observed by'Sawaguéhi.in;lead'zirconate titanate soiid solutioens,
.Because of the pogsible presence of hysteresis, this value shoeuld be
taken :to .represent an.upper -limit to -the free energy difference between
the phases.
.An~¢stimate of the free,energy'difference at 135° may ‘be obtained

:from.the'field-indﬁcédﬂhyéteresis;1oops of Berlincourt. -Since these
-loops are ‘bread this esfimate:is of limited accuracy but a maximum and

minimum value can be established from:E andea for the ‘transition.

f

-Again using -the previeus assumptions, .the:follewing values are obtained:

Maximum value:

AG(molar) APEfVGnolar)= 0.96 cal/mole
‘Minimum value:

AG(molar)

APEaVGnolab = 0.48 cal/mole.

In order to ‘establish free energy differences involving the para;‘
éIectricAphase, the entropy difference at the transition mﬁst be used,
since this is the only,informationlat hand regarding -this phase. The
entropy differeuce of 0.30 cal/me]no»indicates that the free.eﬁergy of
the -cubic phase falls quite rapidly below that of the AFE phase above
the Curie temperature. .Extrapolations of this differgnce to temperatures
-far. from the Curie point depends on aknowledge of the curvature of_thé
free energy.lines as a.function of temperature.

.The curvature of these:lines is given by the relation:

oT E,p of E,p .

.H¥?
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- .Thus .from. the measurement of specific heat; the-curvature of the
mfreewenergygLines;can be- -found, andnrelativewﬁreenenergyﬁeupvesweaddgiated,
Figure 47 shows a plot éf.Cp/T<ca1cuiated‘fromithe curve -of -Figure - 41. .-
The points in the vicinity of the Curie transition have been.left out
.since the change of entropy:in,this region:.has been .calculated as the
entropy change at the transition. .This plot indicates that the curvature
of the free energy-lines is almest constant over the entire range,
decreasing only about :15% betweeﬁu3OQCrand,17OOC. There is no noticable
abrubt.change of curvature -for the material in the cubic phase.

.Figure 48 is a.construction .of a relative free energy diagram .using
-the above curvatures and the free energy differences found earlier. .In
drawing -this diagram only -the entropy difference reiative to the entropy
,of the ‘FE phase at:lOOQC has been:used.'.Therefore to obtain the true
free energy differences from 'this state a.further slope equivalent to the
absolute éntrdpy of the FE phase at :100°C must be superimposed on each
-of  the curves. .From :.this it .can :be seen .that the variation of free energy
with .temperature completely dominates all other variations.in all three
phases and that the differences .in.free energies between the phases are
quite minor compared to this variation.

In order'to'shéw a -free energy relationship .explaining -the experi=
mental findings Figure 49 can -be used. In this figure the free energies
of the AFE and PE phases have been plotted relative to that of the FE
phase at all temperatures. .Tﬁe phase relationship pictured is for zero
pressure and field. The FE-AFE equilibrium :point has been .set at;lZSQC
to be consistent witﬁ the hysteresis"obgervéd iﬁ;Figure-iO. .The AFE-PE
equilibrium has been placed At the Curie temperature obsef&ed with rising

-temperature because of the small hysteresis connected with this transition.
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Lines have been.drawn at the observed FE-AFE and AFE-FE transitions in
order to indicate the free energy differénces present at the temperatﬁres
at which these tranSiti&ns occur, The free energy difference is approxi-
mately 0.10 cal/mole at the FE-AFE transition and nearly 1.75 cal/mole at
the réverse transition.

Figure 50 represents the relative free energies at a‘field of 5
Kv/cm. This field lowers the free~en¢rgy of the FE phase approximately
1 cal/mole relative to the other phases and lowers the PE phase line
slightly with respect'to the AFE phase line. Here the AFE-FE transition
is observed at a temperature qorrespondiqg to about 1.25 cal/mole. The
FE-AFE transition occurs at a femperature_where the PE phase becomes en-
ergetically competitive, leading to the possibility of a blending of the
transitions. At fields greater than abogt 7 Kv/cmAthe AFE phase diséppears
completely since the junction of the FE frég-energy'curve and the PE free
'energyAcurve occurs below the AFE frée-energy curve,

From this treatment it can be seen that although the absolute values
- of the free energies caﬁnot be calculated exactly and approximations must
be made in o:der to calculate the free energy‘differences'between the phases,
thc bechavior of the rglative‘ffee energieé of the various phases legds to
an explanation of the dependence of transitioﬁ.temperature and hysteresié on

the external electric field.
Results for the Lead Hafnate Titanate'Samples

As has been pointed dut previously, the lead hafnate titanate samples
gave less qﬁaﬁtitative information fegarding;free energies since the tran-
sitions tended to be more diffuse. Thus a quantitative discussion of the
relative free energies of these materials woulg not be productive with‘th;~
present results; Qualitatively, the fact that AFE-FE transitions have

been induced at temperatures as much as fifty degrees below the normal
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transition temperature shows that the phases are more nearly equal in
free energy than corresponding phases in the PZST material.” Thus, in
these materials.too, the free energies and entropies of the FE and AFE

phases differ only very slightly.
Qualitative Theory of FE-AFE Transitions in Lead Perovskites

From the précedtng discussions it appears that the reversal of the
direction of phase transformation‘with rising temperature in these feirro-
electric materials does not represent a drastic differencé in the thermo-
dynamic character of the matéria} but rather a relatively minor difference
which changes the delicate bélance of thermodynamic parameters from one
mode of behavior to another. Regardless of whether the transition with rising
temperature is FE-AFE or AFE-FE, both the free energies and the entropies of
the two phases are nearly equal under conditons of room temperature, atmos-
pheric pressure, and zero electric field. If the -free energy of the fE
phase is lower than that of the AFE phase at room temperature and the entropy
of the FE phase is higher than that of the AFE phase, the FE phase will pré-
vail at all temperatures between room temperature and the Curie temperature.
If the cntropy of the AFE phase happens to be greater than that of the FE
phase, there is a possibility that the AFE phase will become energetically
favorable below the Curie temperature and an FE-AFE phaze transition may
oteur. Likewise, a room temperature dominance of the AFE phase coupled
with a slightly higher entropy in the FE phase leads to the bossibliity ’
of an AFE-FE transition. Since the free energies inﬁolved are small, the
éntropy differences necessary are extremely minute.

It is interesting hereto compare the energies associated with the
FE-AFE transitions with those observed in other common transformations.

. Chemical transformgtions are accompanied by energy changes of the order of

104 to 106 calories per mole. For example, the heat of combustion of carbon
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is about 8000 calories per gram, or 100,600-calories-per.mqle. Changes
of state normally involve changes of energy two orders of magnitude
smaller than this. Fbr~éxamp1e, the energy change during the melting

of ice is about 1440 calories per mole. -Thus it can be seen.that the
energy difference; invplvéd in FE—AFE,transformations<(about 10 calories
per mole) are quite éméli-whenAcompared with most trénsformationAenergigs.

By using the above considerations,the relationship between the FE -
and AFE phases with regard tovfree-enérgy and entropy may be oﬁtlinga for
the lead perovskipe,tbmpqsitions used in:this study.

In botﬁ pure 1gad zirconate and pure lgad hafnate, the AFE phase is
the phase of minimum free energy. The free energy difference.between the
FE and AFE phases at room temperatyre is great enough that differences in
entropy cause no AFE-FE phase'transformations below the Curie temperature.
However, the difference between the zirconium ion and the hafnium ion is
'great.enough to cause a difference in the entropy relationships between the
two phésesﬁ In lead zirconate the entrop& of the FE ﬁhase"is greatér than
that of the AFE phase, while in lead hafnate the opposite is true. These
"differences are brought out by the addition of the titanium ion,‘ The
addition of a small amount of titanium to lead zirconaté produces a situ-
ation in which the AFE phase is still dominant at room temperature but the
‘1arger FE phase‘eptropy can lead to an AFE-FE phase transformation at
higher temperatures but before the paraelectric phase becomes dominant.

"In_ lead hafnate, on the other hand, certain amounts of titanium ion pro-

duce a condition in which the FE phase is dominant at room temperature but
the higher entropy of the AFE phase causes an FE-AFE transformation to take
place below the Curie’tempefature. Thus, this small entropy difference be-

tween the phases in the two materials produces radically differing. behavior.
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The addition of a small amount of stannate ion to lead zirconate
;iténate increases the entropy of both phases but affects the AFE phase
more than the FE phase, causing the AFE phaée to become the phase of
highest entropy. Again when en;ugh‘titanate ion is available to cause the
FE phase to be only siightly dominant at room temperature, the greater en-
tropy of the AFE phase is sufficient to cause an FEfAFE transformation to
occur at higher temperatureu. Thus the behavior of this material ié found
to be similar to that of lead hafnate titanate rather than lead zirconate
titanate.

This behavior of the FE.and AFE phases would therefore seem to em-
phasize that the only drastic difference between the two phases is in the
electrical properties.  The fact that the ynit cell ?olarizations sum ‘in
the case of ferroelectric materials and cancel in antiferroelectrics leads
to large variations in.ﬁeh&vior with only minor structural and energy diff-
erences, This in turn(explains the great influence that structural and

thermal parameters exert on the observed properties of these materials.

Resume of Experimental Techniques

Dielectric Measurements

The most impértant results of the djelectric portion of this study
lie in the use of thé equivalent conductance as a technique for the study
of FE-AFE phase transitions and in the measurement of the dielectric satur-
ation associated with the peaks of dielectric constant in the vicinity of the
Curie transition. |

As has been pointed out previously, the use of equivalent conductance
in the pIacg of the lmore_conveqtional tan § allows a truer observation of
the actual loss mechanism in the dielectric material. By eliminating the

effects of thc rapidly changing dielectric constant in the vicinity of a
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transitiog, it becomes easier to distinguish the various types of trans-
formations which occur and allows a better estimate of transition temper-
afures.

The effect of dielectric saturation at high electric fields has a
pronounced'bearing on the application of these materials in,thermal-to-
electric energy conversion. The highegt dielectric constants observed in

. this study were found under triple point conditioms, that is, near ‘that |
tempera;ure and field at which the FE;4AFE, and cubic bhases show nearly
equal free energiés. Unfortunately, this is alsb the region where the
dielectric constant is most degraded by the application of a further elec-
tric field. Thus the conversion efficiencies and amplifications to be i
éained by thermally changing the dielectric constant.are lessened and
stability becomes a problem. Because of the absorption of charge in the
unit cells of fhe FE phase.as the temperature of the material decreases
from the Curie temperatpre,-it seems ‘that the best amplification}chafac-
AteristicsAwill be found by using the change of dielectric constant of an
ATE material in these parametric devices. Results of the present study
indicate that amplifications of three to five should be possible with

_the present materials.

Thermal measurements

This study has indicated that while thermal measurements are much
less sensitive than electrical measurements in the vicinity of an FE-AFE
.transition, they nevertheless reveal valuable information}concerning;the
energy relationships between the phases. The interpretation of thermal
data with regard to accura;e determination of excess specific heaf.and
heats of tranéition will require further stﬁdy with improved ceramics
and single crystgls. As was pointed out earlier, in this study only.the

excess heat occurring in the spike at the transition was used in calcu-
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lating heats of transition and tfansitipn<eﬁtrobies. Materials exhibit-
ing sharper transitions should cause thése.peaks.to be more pronounced
and thus give more accurate results.

A final result ofAthisAstudy is the indicatioﬁ:that in many cases,
what has been considered as a single phase sample may actually contain
.two or more phases coexisting over a temperature range which extends
many degrees away from the "transition temperature'. One cause of this
behaviquiesjn'the céramic nature of the material withvthe'accompanyn
ing stresses and variations of particle size and tegture.. Another cause
probably lies in the lack of true chemical homogeniety throughout tﬁe
samples. Since the electrical .character of these matérials shews such a
strong dependence on structural characteristics, very slight'compdsitional
variations will spread transitions appreciably, causing a blending of
transition.charactéristics when mpre“than one’trénsition.is oécurring in
.any small temperature region. Aé material processing techniques are im-
proved, the experimental techniques described in this report will allow

‘much information to be gained about the thermodynamic characteristics of

FE-AFE phase transitions in lead perovskites.
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- ABSTRACT

fhe frequencyldependence of the diglectric‘parameters of some poly-

crystalline~m;terials-exhibitiﬁg‘ferroelgctricity and/or antiferroelec-
tricity was examined under varying conditions of temperature and static
-elect%ic field. Work waélperformed in the frequency range from,lO2 to
10S cps on lead zirconate-stannate<£itanaté and lead hafnate titanate
solid solutions. The~die1ectri§'constané.and "equivalent conductance
were determiﬁéd.over a.rangeﬂof‘teméeratgres gxténding from 20°C to 200°C
‘and up to field strengths of 8 Kv/cm although:the most exteﬁsive measure-
menté;wg;e made -at ropm temperature-and zero field. Both ferroelectric
and antiferroelectric phasés’of the materials were investigaged and the
trends of the results compared.

' The samples in general showed a loglinear decrease in dielectric

s

constant with ingreasing frequency. The éntiferroelectric sambies'
displayed a Aecrease approximately one-third to one-ﬁ@if fhat Qf the
ferroelectric méterials. .For all samples, the equivalent conductance
values plotted on a,log-log,;céIe against frequency yielded a 'straight
1iﬁe with a slope of very neérly'Oné; suggesting the présence of
hysteresis-type losses. ,TgeSe1Variétions,with frequency could be altered
in various degree'by-changing“femﬁgrature or field. -Using as a basis the
apparent'hysteresis-type:loss'heéhapism, a model . is proposed wﬁich explains
the equivalent cenductance results and also rgméins consistent with the
diéfersioniin the dielectric constant. Afhe modgl invelves the concept of
minute polarization_reveréalé“by domain wall motien. .The results at

varying temperatures and field strengths are also incorporated into the

model. The experimental findings for heth the ferroelectric and

iii



antifefroelectric compositions show a great deal of consistency with the
model, and with this as a foundation, it is suggested that perhaps the
solid solutiéhfsamples are neither purely ferroelectric nor purely

_antiferroelectric but rather a combination .of the two phases with one

more dominant,
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'CHAPTER [
INTRODUCTION
‘Definitions of Terms

A ferfoelectric macerial;may bé'deftned-as<one'which-shows both
a spontaneous electric polarization and- hysteresis effects in thc{
relation between dielectric displacement’acd electric fieldf 'Such
anomalgus behavior is normally observed within specific témperabure~
regions, above which the material displayé a normal dielectric be-
havior and no lohgef possesses a spontaneous leariganioc. “ This upper-
temperatcre point'has come to be called the Curie temperéture (of Curie
point) and above it the material is caid to be "paraelectrie", lThc.
terms "ferroelectric"”, "Curie point" and "paraelectric*® originate from
the similarity of behavior between ferroclectrics and Eerromqgaetics
and, although ché.pqysical causes of their béhaviors are quite éifferp
ent, they have been carried over from the stud§ of"ferromagne:icsc'

Above the Curie point the paraelectric (or non%polar) phase .obeys
a Curie-Weiss law, ' |

e=e+_£,_-

T = T
where C is the Curie constant and T the Curie=Weiss t:emperatureo In
the vicinity of the Curie~Weiss temperature the dielectric constant beq
comes very large. For a second orde:’phase‘transition from the ferro--
eiectric (polar) phase to the non-polar phase, the Curie temperature,(Tc)
and Curie-Welss temperature (Té) neérly coincide, but for materials which

undergo first order phase changes, To and Tc do not coincide.



Within a ferroelectric material, alignment of the electric dipoles
may extend over only a portion of -the material, while another region may
possess dipoles aligned in some other direction. A region in which the
spontaneous‘polarization-is all“in'the same direction is said to be a
domain, Different domains are seoarated‘by walls, and in the tetragonal
ferroele¢tric perovskites such as barium titanate, these are generally
referred to as 90° or 180° domain walls,; Basically, a '180° wall is one
in which the polarizations on either side of the wall are antiparallel,
and a 902 wall exists when the polarizations on either side are normal
to each other. In the latter case the positive end of one domain must
be perpendicular to the negative end of the second domain,gsxnce thereA
can be no charge existing on the domain wall itself.

A typical ferroelectric hysteresis loop .is illustrated.in Figu!e 1.

At the origin, 0 ‘the domains are oriented S0 that the net polarization

» t Q/F
o/’_*'

" Figure 1. Ferroelectrie¢ ﬁysteresls Loop

is zero,ibAs the field is increased, the domains tend to align with the
field until at portion AB all the domains are aligned to form one single
domain and a state of saturation existso As the field is reduced to zero,
come domains remain aligned in their previous direction and so the‘polarm
ization does not go to zero. Thus there exists a remanent polarization
indicated in the figure as OC. The linear portion AB of the .curve
extrapolated back to the polarization axis represents the spontaneous

polariiation Pg (OD) of the material. The value of themfield required to



reduce theApolarization'to zero is called the coercivg field Ec (0E).

In addition to the ferroelectric materials, there exists a group
of materials in which neighboring dipoles are antiparallel. Such
materials are said - to be "antipolar" in comparison to those which are
called "polar" where neighboring dipoles are parallel. A substance
which exhibits such an antiparallel dipole array is said to be anti=
ferroelectric@‘ A more formal definitiqn of-an antiferroelectric
- material is "an antipolar material whose free energy is éomparable to
that of a polar material" (J1). The problem of antiferroelectricity
has received general treatment by K;nzig (K1) and Forsbergh (Fl).

Prior to the last decade, the most exiénsive investigationsAwere
done on three ferroelectric materials:l Rochelle salt, potassiym di=
hkdrogen phosphate, and barium titanate, Recently many newﬂfefroeleq-
tfics and antiferroelectrics have been discovered. 'As'Jona an¢-Shifaqe'
(Jl) mention in their book, however, "pﬁr knowledge of the basic
phenomenon has noﬁ been appreciébly enhanced,"

Some of the more notable works in the literature providing reviews
of ferroelectric properties and problémé involved in the field of ferro=
.electricity are given in references Fi, Jl, Ki, K2, and'Mlq The reader
is referred to these works for a more complete discussion of ferroelec<
trics and antiferroelectricso B |

In the study of ferroelectrics the dielectric constant has played
an important role. 'The dielectric constant k is normally definéd as tﬁe
derivative of the electric displacement D, with respect to the field E,
or

k=& ol dD

&3 em—c— °

€ € dE
5 - Q_;
From the relationship (in MKS units),



D= €E + P
one can obtain the susceptibility X, defined as
1 dP
X G &
or
Xakwlo

In the vicinity of a Curie point, or where ever k is much greater than.

one, the susceptibility and dielectric constant become nearly edual, or

. y ,_
k=€-6

&%

- ado.
mjo
o)

o L

Selected Background

Since the dielectric constant exhibits an anomaly at the transition .
temperature between structural phases, ii is usually measured as a function
of temperature and/or field9 less emphasis has been placed upon‘measurep
ments of dielectric characteristics as a function of frequency. ihoSe
studies which have been done were almost exclusively performed,on‘bafium
titanate ==’p:obab1y since it was one of the first ferroelectrigs to dise
play étriking chgracteristics, was relatively easy to produce, and showed
excellent commercial possibilities. |

Such an early investigation of dielectric constant as a. function. of
frequency was déne by Roberts (R1) on polycrystalline barium titanate.
Roberts found no pronounced anomaly in dielectric characteristics within
tﬁe frequency range 0.l to 25 megacycles per-sécondg He found a~pte;6w
electric resonance, howevef, when the sampies were polarized in a .strong
eleétric field.

Had Réberts extended his measurements into the microwave range, he
would have discovered a relaxation'Speétrum as did von Hippel and

Westphal (V1) and later Powles and Jackson (Pl). The important feature



of this relaxation is an abrupt decrease in dielectric constant-by more
than an order of magnitude, beginning near 108 cycles per second and
tapering -off pastllolo cycles per second,

Kittel (K3) was one of the first to propose a workable, qualitative
explanation of<this~phenomenono~ He introduced the idea that the observed: -
dispersion'waé due- to processes of domain wall displacement. A domain
wall displacement, in a direction perpendicular to-the wall, will ine
crease or decrease the effective polarization paraliel to the wall.
Recently Sannikov  (S1) has presented a more rigorous‘approach considering
the frequency dependence of the dielectric constant assocjated with
domain wall displacements. SannikoyVS expression for the complex
electric susceptibility X* is

2

'Xo“b" o

K@) = ST e T
@) uewu)+3&%+%ﬂw

In this equation w, (=2rf,) is the resonance frequency of the.material,
4. and w.' are two ionic damping frequencies, w(=2wf) is the frequency'
of the applied field and X, is the susceptibility atw= 0 and is related.

to the resonance frequency by
2

4P

Xo = Tazfg .
In this expression Polis the static.polarization in the uniform ferro-
electric, 1 is the mean domain width, and M the effective massvdf the
domain wall. Although Saﬁnikov's resulﬁ is valid oniy for ferfoéléctricé
which undergo second order phase chanées into the nonpolar phasé and 
assumes doméin walls undergo only sméil distortions, it yields satisfactory .
numerical results for the observed phenomena in barium titanate.

It is desirable to know more about the phenomenon which takes place

when the polarization is reversed from one direction to another. (switching).



A potential means of obtaining information about this process is by making
dielectric constant measurements (since k% dP/dE) while the sample is
being siﬁulténeously switched by a slowly varying biasing field (swgeping
field).

One~§f the earliest of such experineﬁts was done by Drougard and
Young (Di), who éuﬁjected a s;ﬁéle crys;él of barium titanate to a low
amplitude audio frequency sine ﬁaﬁe fo measure the dielectr{é constant
and at the same time imposed a slowly varying field to produce switching.
Drougard and Young regarded their results, among other things, as giving-.
no indication of domin walls movihg to aﬁy appreciable extent in reéponse
to the audio frequency field.

Similaf investigations by Drougard, Funk and Youné (D2) studied the
dielectric characteristics as a function of measuring frequency, sﬁeeping
frequency, sweeping voltage and the rate of switching polarization
(current). They found that the measuring frequency and the switching
current were both significant variables. At constant switching current,
the‘real part of the complex dielectrié constant, k¢ #, showed a’stroﬁg
frequency dependence, decreasing as the measuring frequency was increased,
This frequency dependence was described by a Debye relaxation type of
spectrum,

#

* 0
kK = = = kep. + Tz

a
1+ jul

%
where k is the complex dielectric constant and T is the relaxation

time. The real part of the dielectric constant is given by

K =k 4 —
0y w2

For single crystals of barium titanate and at various switching current

# The complex dielectric constant is discussed full?.in Chapter III:



densities the value of T was around 5.2 = 5.5 microsgqconds.

Merz (M2) alsb did extepsive study on éhe switching process. He
found experimentally that at low fields, the rate at which the polari-
zation reverses itself is proportional to exp(-«/E), where o is a
temperature dependeﬁt quantity, and E is the applied field. In other
_ words, the field at which a crystal will switch its direction of
polarization depends on the time that is allowed for fhe switching, or
more simply, the rate at which the hysteresis loop is tfaversed
detefmines the shape of the loop. Using Merz’s expénential-léw~as a
basis,lLaﬁdauer, Young and Draugard (L1) assumed ﬁhe rate aﬁ whiéh

polarization is reversed may be given by

%15 = F(P)exp(=/E(t)),

where F(P) permits the switching rate to dépend on the exteﬁtﬁto which
the crystal has already reversed its polarization as well as on the
field. Making several assumptions concerning the functions. F(P) and
E(t) this eqqation was 1nteg;ab1e and gave rise to a family of curves
showing the dependence of the coercive field of bariﬁm titanate on the
rise rates and the applied field, Ihe results of Drougard, Funk and
Young (D2) are thus partially explained by the work of Landauer, Young:
and Drougard using Merz's exponentiél law, but the question}of whether.
exp(=o¢E5 was a rate of domain nucleation (férmation of new doméins) or
a -rate of domain expansion remained essentially unanswered.

Ihe increase in dielectric constant during switching as found by
 Drougard, Funk and Young was also investigated by Fatuzzo (F2) who; in
addition to observing their low fyrequency relaxation, also diécovered a
new relaxation above 2 x 109 cycles. These relaxations were also present

in triglycine sulfate, another ferroelectric. Fétuzzo”s model attributes



the increase in dielectric constant and losses t0“oscillations-of’;ﬁe
"side" walls of the domains in the case of the high frequency relaxation,
but in the case of the lower frequency relaxation, to oscillations of
"front" walls of the newly formed domains. The model -proposed agrees
well with the experimental.resultSa

In general, a ferroeleétric domain is said to grow through (1) for-
ward-domain wall-motion in which case the wall -moves in the direction
of the ferroelectric axis (2) sideways domain wall motion where- the wall
moves inva'diréétion perpendicular to the ferroelectric axis, or (3)
by a combination- of -these two.

Little (L2) studied the dynami¢c behavior of domain walls in barium
titanate‘single crystals by optical techniques. She observéd the 180°
‘walls moving perpendicular to the polar axis, an effect Merz did not
perceive. It was found from electrical measurements that the equivalent
-susceptibility was strongly depeﬁdent upon both measuring field strength
<5nd frequency, in agreement with Drougard, Funk and Young (D2).. The
dependence upon frequency was attributed to the optically observed domain
wall motion which damped out around IOA cycles per second. Little also
concluded that I8Q°'domain-walls did not ﬁové sideways in reasonable
‘1laboratory times with figlds-less than-2.4- kilovolts per centimeter (kv/cm).

Chynoweth (Cl), studying ferroelectric Barkhauseq pulses in barium
titanate, theorized that a Barkhausen pulse could arise fro@‘the~nuc1eatioﬂ
and growth through the thickness direction of a domain. Since'the~charge
represented by the Bérkhausen pﬁise accounted for only 0.1 to 1 per ceng
of the total charge required for complete polarization reversai, Chynoweth
proposed a further growth of these domains through sideways exbansion,

hence accounting for the entire charge.



Although' the experimental investigations mentioned- thus far have-
been- varied in- technique and conclusions, they were all-similar-in that
they were<pe:formedwwtthwmetal-electroded~samp1es@ In-order-to-eliminate: -
internal streSSes and'defﬁr@ations»eaused"by‘metal~e1ectrodes;LMtIIerw(MB)
used single crystal barium titanate samples with aqueous LiCl electrodes.- -

The-samples~were‘observee to undergo-polarization reversal-with-electric

fields of- severadl ‘hundreds of volts:-per centimeter, a value -much less-:than---.

that quoted by Little. - Miller ascertained that polarizatiomn reversal
can take place by extensive sideways motion of a few 180° domains. In
addition it was found that polarization reversal could be accoeplishedw
with few or even no Barkhausdn pulses, and that B}arkhagsen pulses occurred. .
when two growing’domains came together.

Using the same techniques, Miller and Savage (M4, M5) have done

extensive investigation of the dynamics of domain wall motion.-as a

function of temperature and field. They have also studied carefully. the
geometry of-individual domains and have proposed a model for the.mechanism.
by which the-boudéary moves . Later work- by Miller and - Savage:- (M6 -M7) in-
cluded-the-investiéation of 180° domain wall-motion with metal electroded
barium titanate c¢rystals. Wall velocities were studied -as functionms of .
electric field, crystal thickness and impurity content added to the
crystal growth melts. Generally the dependence upon field -was. the same.
as that found for the liquid electrode studies,<but fhe pronounced;'
dependence upon sample thickness was attributedutounoaﬁerfoedeexric
surface layers adjacent to the metal elec{:mﬁes° Miller and. Savage:.
expanded on a surface layer model proposed by Drougard and Landauer (D3).
to explain the switching speed dependence upen sample thickness as. .

observed by Merz (M8).
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The effect of such a surface layer would be to reduce the applied-

field E to a value E, in the bulk of the material. Since the surface-

b
layer ‘is assumed-to have—-a low dielectric constant, an appreciablefpart
of the applied voltage appears across it. From this it can be-seen:
that the thinner the crystal, the more ‘important -the surface layer -be--
comes. There is a considerable amount - of disagreement- as to the thick-
ness and dielectric constant of the layer, but the values proposed -by
Savage and Miller are perhaps the most consistent with experimental:
results. They estimate the thickness to be of the order of 100 Angstroms
and the dielectric constant to be about 100, |

In light of a number of theoretical and experimental observations,
Gerson. (G1) reasoned that the dielectric constant of ferroelectrics
should increase at very low frequencies since thgre should be a contribu-
tionAto the dielectric polarization due to switching. Using Leéd:titanaﬁefn
zirconate ceramics; he determined the dielectric properties in.the.
frequency range 0.1 to 10 cycles per second. A slight increase in
dtelectficmcdnstant was observed but this was interpreted as an effect
due to interfacial polarization rather than an effect due to ferroelectric

switching.
Nature of the Present Investigation

The purpose of this study has been to determine if there -exists any
frequency dependence of the dielectric characteristics in lead hafnate
titanate and lead zirconate stannate titanate compositions within the
frequency range 102 td'l(;)5 cycles per second and if possible to correlate
the observed behavior with the previous experimental studies._mentioned.

Another interesting aspec¢t to consider here is that the dielectric
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behavior of antiferroelectric-materials as-well as ferroelectric materials- .
was studied in hopes of gaining further insight into the characteristics -

of this class of substances.



CHAPTER II
DESCRIPTION OF SAMPLES
Introductory Statements

All the samples employed in this work were polyctystailinaz(ceramic)
solid solutions of various members of the.berdvskite~famtly. The -general.: -
formuia of the compounds belonéiégiéo this family is ABojo - In--the-
formula A is a mon&valent, divaleug?qﬁftyivalent metal and B is a penta-
valent, tetravalent or trivalent me;ai“fegpéctively. The ideal perovskite

structure is illustrated An Figure 2. A_cbmplete and comprehensive

Figure 2, The Perovskite Structure

discussion of the perovskite-type oxides, theig'solid solutions and the
related phenomenon of ferr§e1ectric1ty is given by Jona and Shirane (J1).
All samples were ﬁurnishéd by Sandia Corporation and with the
exception of PZST;6 wére prepared by C. Hall of that corporation, The
samples were solid solutions of lead hafnate titanate and lead zirconate

stannate titanate. In addition all samples had Nb added (one. per

2%
cent by weight). In general the effects of the niobia are to lower the

coercive ‘field of the sample by an appreciable amount and to raise its

. 12
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resistivity by several orders of magnitude (Bl1), Gerson (G2) studied -
the variations in ferroelectric characteristics due to the addition of
niobium and lanthanum, and concluded that this-led to high mobility of
- domain walls. , | |

Firing temperatures of the ceramics were from 1400 to 1430 °c.

Silver electrodes were fired on the entire surface area.
Lead Zirconate Stannate Titanate

The majority of experimental work im this study was done on same:

ple PZST-6 whose composition is Pb(Zr )O3o This sample

0.685%0.25 0,07
was extremely well-behaved, exhibiting both a ferroelectric and an
antiferroelectric phase and well defined transition regions. With zero
electric field upon increasing temperature the sample exhibited ferro-
electric properties up to 127 °C and became antiferroelectric from 127 °c
to 151 °c. At 151 °c (the Curie point) the sample transformed into the
paraelectric (cubic) phase. With decreasing temperature the antiferro-
electric phase persisted down to 97 °c at which §oint the sample became
ferroelectric once again. This composition in the ferroelectric<pha§e
has a rhomhohedral unit cell structure, and in the antiferroelectric
phase a pseudotetragonal structure. Figure 3 is a phase diagram of

PZST-6 as a function of field and temperature (Ni). Dimensions and

density for the sample are recorded in Table I,
Lead Hafnate Titanate

"Work was also carried out on various solid solutions of lead haf-

nate titanate. The composition Pb(Hf )O was ferroelectric

3

0.957%0,05
at temperatures below the Curie point (139 °C), while the compositions
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TABLE I

LIST OF SAMPLES

15

Area

Thfékness

*Al1 compositions have one per cent by weight of sz 5

Sample Compdsition* Density Curie
- L Temp.
(em®)  (cm) (gm/em®)  ( °C)

PZST-6 Pb(Zr0°685n0025 1.986 0.174 7.9 151

T10.07703
95 HN Pb(Hf0.95TiO,05)Q3 1.528 0,265 8.93 159
96 HN Pb(Hfoa%’I:iocoa)O3 1.577 0.209 9.00 164
97 HN Pb(Hf0°97T10003)03 1.524 0,219 8.99 170
100 HN PbeO3 1.579 0.175 8.99 170
added.
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Pb(HE )03-and-Pbeo~”were"anciferroelectric~ail—the~Way~to their

0.97%40.03 3

Curie- points. Ihe-composttion‘Pb(Hfo?95T10°04)03~shawed trgegs~of~anti=

ferroelectricity in a small temperature range at- low fields -and  otherwise-
was ferroelectric. Northrip- (N1) has done extensive work on the -thermal: .
and-electrical properties of the lead hafnate titanaée-syétemwand—thauA

reader  is referred to his work fo:-a'morefcoqpiete~§tscusston~of~theseﬂ:44

compositions. Sample densities and dimensions are recorded in Table I.



CHAPTER III
INSTRUMENTATION AND PROCEDURE
General Considerations

A capacitor, connected to a sinusoidal voltage source

Ve Voexp(jum)
will store, with a vacuum dielectric, a charge
'Q.=.C°V°
Cb is called the geometrical (or-vacuuﬁ).capacitance-of the capacitor,
and, fringing effects neglected, is equivalent to éoA/d where € is the-
permittivity of free space, A the surface area of one capacitor plate,:and..

d the distance between plates. In this case the charging current

=92 _ i
I, =5 = JwCV

= Ioexp [j Wt + sz)]
leads the voltage by a phase angle of 90°,

If the capacitor is filled with soma substance, the ‘capacitance

increases to

L]
€ CoEo Cok ’

where ¢? and k! répresent the real parts of the complex permittivity and.. .

dielectric constant respectively. In addition to the charging current

there now appears a loss current, so that the total current is

10

In other words, the capacitor can be characterized by a }oss parameter

It- = ;c + I

as well as a capacitance parameter, This loss parameter is representable

17
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as either a series or -parallel resistance.
A ferroelectric is éonventionally represented in parallel notation

as the equivalent circuit of Figure 4, In the circuit, Rx represents

%> I- | VG~
I Cx—— R, = 1/G,
e,

Figure 4, Ferroelectric Eqﬁivalent Circuit

the loss component (Joule heating, hysteresis losses, etc.) and Cx the.
pure capacitive component. The loss current therefore is expressible as
I1 = va’
and so the total current traversing the capacitor is
= + °
o | Itn A(jucx G V.
A vector diégram for this equi§alént parallel circuit is shown in Figure

5. In the figure 6 is the phase angie and ¢ is the dielectric loss angle.

-

| A,
Y

v
Figure 5, Vector Representation
Hence the dissipation factor D, defined as the cotangent of the phase

angle is

. Gx
D.=cot:6==tan6=;-c-q
X
It is customary to describe the charging current and the loss. current. by

the introduction of a complex permittivity,
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ek = €? o jen»
or a complex dielectric constant,
% . :
k* o= %; = k' - jk",
where ¢" and k" are the loss factor and relative loss factor respectively.
The total current may now be written
= *
It jwcok V,

and the loss tangent becomes

P k"
tand= T Ko e

In the past, loss mechanisms in ferroelectrics have been recorded in
terms of tan &, since this value is usually directly readable or calculable
from the measuring apparatus. However, as &orthrip (N1) points out, this
method of measuring losses gives a number which depends not only on.the
value of the loss current but also on the value of the capacitive current.
In other words changes of tan & are caused by bqth changes in loss
mechanism and changes in capacitance. For ordinary dielectrics this
creates no special problem but in ferroelectrics many regions of interest
afe accompanied by both changes in loss mechanism and very large.changes
in capacitance (e.g. near a Cuxie point). For this reason the loss
tangent is not a ﬁarticularly sensitive indicator of loss mechanism
changes when dealing with ferroelectrics. Nofthrip has proposed the use
of an "equivalent conductance" defined as

Gx = wacxtan So
The term "equivalent" denotes that all types of losses are considered.

A convenient aspect of the use of '"equivalent conductance! rather

than the loss tangent is that it permits corrections to be made with

relative ease for losses and capacitances in the measuring system, since
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conductances in parallel are additive. More will be said of this later

in the chapter.
Measurement Technique

All measurements of capacitance and.dielectric loss were made with
a -General Radio Capacitance Measuring Assembly Type 1610-A. This
assembly is a general purpose capacitance bridge integrated with the
necessary generat§r, amplifier and cables. It is possible to determine
dissipation factor and equivalent series capaditance from zero to 1150
micromicrofarads (uuf) with this assembly over a frequency range from 30
to 105 cps. At a frequency setting of one kilocycle per second (kcps)
the capacitance range extgnds to one microfarad. A block diagram of the

assembly used for zero bias measurements is shown in Figure 6.

, — —
Oscillator Bridge Sample Holder
: : , . and
GR 1302-A GR 716-C Sample
L)
|
|
|
!
Filter Amplifier Oscilloscope
GR 1231-P5 | GR 1231-B " | Textronic 503

Figure 6.  Block Diagram of Assembly for Zero Bias Measurements

The oscilloscope connected to the output of the 1231=-B amplifier was
used as a null detector to provide for a more sensitive balance of the

bridge.



21

The frequencies at which the sample capacitance and loss could be
most easily determined were dictated by the frequency settings on the
Generai Radio Type 1231»?5 filter. These frequencies were 0.1, 0.2, 0.5,
1, 2, 5, 10, 20, 50, and 100 keps. A frequency setting of 50 cps was
also available, but sensitive bridge balance was hindered at this setting.
by low frequency ac pickup which could be attributed to the magnetic
stirrer used in the sample bath as well as other stray 60-cycle noise. -
Océasionally it was necessary to substitute a Hewlett-Packard Model
200CD oscillator in place of the General Radio oscillator in order to
achieve frequencies greater than 100 kcps. A sensitive bridge balance
was possible to 200 kcps with the oscilloscope despite the upper
frequency setting of 100 kcps on the filter.

'Since measurements of capacitance greater than 1150 ¢uf were required
over the frequency range from 102 to 105 cps, it was necessary to cali=
brate capacitors for use as external standards over tﬁis frequency range.
An explanation of the use of these external standards as well as correc=
tions made for them follows.

| Consider Figure 7 which is a circuit diagram of thg'General Radio
716;C Capacitance Bridge, In this modified Schering bridge, C, is the
precision internal standard reading from 100 to 115Q}4ufo Ca is the vare
iable air capacitor and decade capacitor, which compose the dissipation
factor controls. Ra and Rb are the résio arms controlled by the range
selector on the bridge. Equal ratio arms are provided at 0,1, 1, 10 and
160 keps and multiplying factors of 10, iOO, and 1000 are provided at 1 kec.

The previously mentioned external standards were used in p;rallel
with Cn9 and allowed measurements of capacitance greater than 11504uf

to be made over the desired frequency range. In Figure 7 the calibrated



Figure 7, Simplified Bridge Circuit

external standard is represented in parallel notation as Cs and.GS°
When an unknown capacitance (Cx9 Gx) i{s balanced against Cn and the
external standard the capacitance is given by

Cx = Cn + Cso
The bridge, however, reads a value of the loss tangent that is not
uniqué to Gx but rather to a value slightly less than the true value
of Gxo The error induced is due to the loss factor of the external
standard. The magnitude of this loss is of the order of the loss tan-
gent of the internal standard, both being quite small, and so no
corrections were made for either. This induced an error in the calcu-
lated value of Gx of less than 2 per cent of its actual value. The
value of Gx is thus calculated from |

Gx-= Zﬂfotan S

The use of external standards extended the effective capacitance range

22
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to 0.01 u«f, well over the values of capacitance of the samples used. -
Mica capacitors with values near 1000, 2000 and 5000 4«f were calibrated
for use as external standards over the previously mentioned frequency
-range, Mica capacitors were used because of their relatively low loss.

The cable from the bridge to the sample hélder, as well as the sam-
ple holder itself, also presented a capacitancé and loss which required
corrections. The capacitance and equivalent conductance of the cable:
and sample holder can be ‘symbolized by Cc and Gc respectively. These
are effectively in parallel with the sample so that the actual values
of the unknown are

Cx = Cq * Cg = Cos
and
G, 2 (Cx + Cc);an s - Gy o
The calculated value of Gx is still smaller by an amount legs than 2
per cent of the actual value due to the loss in the external- standard;
The cable and sample holder, however, required calibration for capacitance
and equivalent conductance over the mentioned frequency range.

Using this method of measurement, the capacitance could be.determined
to within ¥ lyuf and the dielectric loss to within & 0.0008. These
limitations are inherent in fhe bridge and external staﬁdardé with this
nature of measurement and exclude any errors due to environmental changes .
affecting the external system. The latter, however, are apparently small
and may be considered negligible.

The output of the General Radio amplifier was non-linear over the.
three decade frequency range and so precautions were taken to insure that.
all measurements were made at the same measuring field strength. Over
most of the frequency range the variation in measuring field strength was

less than 10 per cent; and so induced no great error in the dielectric
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constant measurements.
The dielectric constant is directly calculable from the capacitance

using the relation d
Cx

k“:*’?;-K,
where A, d and Cy are the sample surface area, thickness and capacitance

respectively.
Bias Messurements

A block diagram of the assembly used for measurements with a biasing
dc voltage impressed across the sample is depicted in Figure 8. A Beta
10 kilovolt dc power supply was used to provide biases up to 2000 volts

across the sample,

.To Bridge
o

Isolation Circuit\\\\>Q '
- Beta 10 kv | : 10 uf ! Sample and

Sample

de Power |

Holder

Supply | 10 Mo

Figure 8, Block Diagram of DC Bias Measurement Assembly

The isolation eircuit was employed to keep the dé off the bridge
circuit as well as to effectively keep the ac measuring voltage
across the sample, The 10 «f oil capacitor offered an ae¢ impedance of
the order of 10° to 10° times smaller than the sample impedance itself,
over the entire frequensy range, The isolation c¢ircuit caused some
inconvenience in making the dc¢ bias measurements in thatiit offered a
100 gecond time constant to the power supply. In other words, for the
bias across the sample to read within one per cent of its final value, it

was necessary to wait at least 5 time constants before teking a reading,
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Although-time consuming, this presented no special difficulty.

The power supply mete;‘readingS‘did"not agree with the actual
voltage impressed across the sample so it was convenient to-make-a table
(Table II) showing both, together with the corresponding field strengths
for that particular sample. The use Sf thesg tabies allowed . reproduction

of settings with comparative ease.

TABLE II

COMPARISON. OF . POWER SUPPLY VALUES TO ACTUAL VALUES

T

?Sﬁér'Supply S Voltage Impressed Corresponding
Meter Readings Across Sample Field Strength
(for PZST-6)
(volts) - (volts) (kv/cm)
100 98 0.56
200 : 199 1.14
300 280 1,61
400 - 375 2,16
500 480 2,76
600 : 560 3.22
700 660 3.79
800 : : 760 4,37
1000 960 5.52
1200 » ‘1140 6.55

1500 1440 - 8.28

As would be expected, the powef supply and isolation circuit
introduced a large capacitance and loss into the mgasureme_nﬁ,s° This.
capacitance was of the order of 1700 to 1750 yuf and the loss tangent
about 0.0l to 0.1. This presented no special problem, however,:as. both
C and G for thé system were determined over the employed frequency range.
and the corrections in sample capacitahéevand loss could then be made as‘

mentioned earlier. In order to &gep errors at a minimum it was: necessary

‘toléalibrate the system for capacitance and loss at each of.the.bias

voltage settings used.
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In- general, however, the bias measurement results must be examined
with caution since the iarge-number of corrections neéessary, can provide
a large source of error. This results froﬁ the fact that the power supply
calibration required the use of large external standards as did the actual
bias measurement. These large eitermal standards in turn had been
calibrated against a smaller external standard. While these calibrations
and corrections cause only a small error (about 1%) in dielectric
constant, whose total range éxtendS‘over approximately a tenth of an
order of magnitude, a sizeable error is prevalent in the equivalent
conductance results due to the expanded range (three orders of magnitude).
Also, errors in capacitance and loss tangent can provide a considerabie
error in equivalent condﬁctance since it is proportional to the product
of these two values. Normally the magn@tude of these errors is less than
10 per cent of the given value of equivalent.conductance. Although this
represents quite a large error, the general trenq of the results can still

be ascertained.
Sample Holder Assembly

The samplé holder assembly (Figure 9) was constructed by Jo-NorthripA
of fhis laboratory. The sample itself was held between two large brass
plates and immersed in Dow Corning 200 Silicone oil. A 250 watt immersion
heater controlled byva variac was used in conjunction with a magnetic
stirrer, The thermometer was kept close to the sample to prevent -any
errors due'to possible gradients in the oifl bath.

The external surfaces of the 3000 ml beaker containing-the oil were
covered with a reflective coating and insulation to reduce thermal losses

due to radiation and conduction. With these precautions and the variac
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Figufe 9. Sample Holder Assembly
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controlled heater, temperatures from 25 to 230 °c could be -achieved
and held constant within % 0.5 °C. Measurements were not made too
‘ﬁear the transition points of the sample used, so that any change in
capacitance due to thermal drift would be small in comparison'to the

dependence upon frequency.



- CHAPTER IV
RESULTS
Zero Bias Measﬁrements

A typical result of the dielectric constant versus measuring
frequency investigations is depicted in Figure 10, for sample PZST-6
at zero biasing field and low (less ﬁhan 20 volts/cm) measuring field
strengths, Recalling that at 25 °c this sample is ferroelectric, one
observes from the figure that the dielectric constant displays a
linear log dependence upon the measuring frequency. This can be most
easily represented by an equation of the form

C kY = k°° +b ln(f/fo)
where b and k°° are constants with ko° the dielectric constant at
ffbgqggrjto:fOHequal to one cycle per second,

§Enis also possible to express the dependence as

K=kt k,*[1 - a In(£/£)

where now ki° represents a frequency independent contribution to. the
dieiectric constaﬁz'énd the frequency dependent term appears in a
maihematical form more convenient to the later discussion. Theﬂvalues
of the éénstants for the curve in the ferroelectric phase -in Figure 10
are: |

ki9 = 385

ks° = 188

a= 0.0469.

To provide some means of comparing data it qu‘fohnd useful to

29
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calculate a relative percentage change for each set of data. This was
done by taking the differences in the end point values of dielectric
constant, dividing by the midpoint dielectric constant over the previously
mentioned frequency range, and then converting this ratio to a percentage
change. It must be understood that this calculated value is on;y meant

to offer some comparison basis among the observed results. The percentage
change for Figure 10 (ferroelectric curve) is approxiﬁately 12 per cent
and this value is rather typical of the changes in the other ferroelectric
materials tested. A more complete comparison will be offered later.

When the PZST-6 sample was heated above the ferroelectric-antiferro-
electric tfansition temperature so that the sample was in the- antiferro-
electric phase the relative percentage change was reduced to around. 3
per cent. The cho{ceﬁof a percentage chﬁhge to depict -results rather
than tﬁe:slopes of the curves is evident frovaigure 10 where-the slopes
are nearly equal, the percentage changes differ by a factor of four.

At temperatures above the Curie point the dielectric constant no
longer displayed a linear dependence upon log frequency, This is not of.
prime interest here and so no further mention will be made of this
phenomenon.

The results of the dielectric¢c constant versus frequency stuaies.at
rooﬁ'teééeratures (23 to 26 °C) and low measuring field strengths (less
than 20 volts/cm) are illustrated in Figure 11; The relative- percentage
changes for each sample are given and range from 8 to 13 per cent for the
three ferroelectric samples and 4 toi? per cent for the two antiferro-
electric samples.

Figure 12 is an equivalent conductance versus frequency plot for

sample PZST-6 at various temperatures and low measuring field strengths.
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The~logsldg-piots A and B for the sample in the ferroelectric phase
approximate straight lines with slopes of about one., The. loss tangents
for these curves show slight increases with increasing'frequency. Plot

C represents the sample in the antiferroelectric phase at a temperaturéA
of 137 %. 1t lies below the ferroelectric plot at 124 °c with both the
capacitance and the lossrtangent in the antiferroelectric phase less. than
in the ferroelectric phase, In the antiferroelectric state the loss tan-
gent is about one-half or one-third of that in the ferroelectric state
¥0%009 as cqmparea to 0.025 at 102 éps)o In the paraelectric phase -
(plot D af 170 oC) the loss tangent deg¢reases from about 0.01 to 0.003 in
the frequeﬁcy range 102 to 5 x 104 cps and then increases abruptly

to 0.045 at 105 cpS. |

» If only two loss mechanisms are considered, namely hysteresis and
ordinary Joule heating, it would appear from Figure 12 that thé loss
mechanism in the ferroelectric state could. be attributed almost solely

to hysteresis since a pure loss of this: type would be representable on

a log-log plot as a straight line with a slope of one. A loss due to
frequency independent Joule heating alone, however, would be a line.
parallel to the abscigsa in Figure 12,

The antiferroelectric equivalent conductance versus frequency curve
diSplays a slight flattening at the lower frequencies. This suggests a
relatively greater importance for Joule heating losseslat iow frequencies -
and, surprisingly, the continued presence of hysteresis losses at higher
frequencies.,

The results displayed in Figure 12 for sample PZST-6 are for the
most part characteristic of the data obt&ined from the other samples.
Laﬁer9 mention will be made of a sample whose equivalent conductance

verous frequency curves show a very pronounced flattening at higher
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temperatures and low frequeﬁcies; perhaps offering some means of
separating the total loss mechanism into its components.

In several cases measurements were made with the measuring field
strengths near 50 volts/cm. The results shown in Figure 13 illustrate
an enhanced dielegtric constant, as compared to the. low measuring field
strength dielectric constant. This is true at the lower frequencies,
but at higher frequencies the high and low measuring field strength
results approach each other. For both samples shown in Figuré 13 the
samples were more lossy in the higher field strength case than in the
low strength situation. At 102 cps, the lqss tangent was 0.0255 as
compared to 0.0237 for sample PZST=6° This will be discussed more

fully later.
Bias Measurements

The results of the dclbias measurements are shown in Figures 14

-and 15; Figure 14 depicts diélectrﬁe constant versus frequency with. de
Abiaswaswampérametero- Curve A of Figure 14 shows the zero.bias;situaéion
-after the sample had been defoled by heating above the Curie point and
slowly cooling in the gbsence of a bias field. This measurement was
made with the power supply in‘the system and so a larger .experimental -
error was possible than if the system had not been present. For this
reason the linear portion of the curve has been extended in a straight
line (dotted pbrtion)9 rather tﬁan to the measured point, since previous
measurements have revealed a completely linear log-dependence -upon
~frequency at zero bias. Curves B and C display a hook at the upper
frequency end which appears to be the beginning of the resonance process
discussed in the next sectioﬁ. The calcuiated slopes: and -percéntage

changes pertain only te the linear portions of the plots.
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The fact that the high field strength curves lie below the zéro field
strength curve can be found upon consideration of Figuxe 15. The dielectric
constant versus dc field strength curve shows an abrupt decrease above
4 kv/em, This can be explained upon the basis of the hysteresis loop of.
Figure 1, Sincé k o dP/dE the dielectric constant gives the. slope of the
hysteresis loop caused. by the. application of a dec field. The linear-
portion of the dielectric constant curve below 4 kv/ém of. Figure..15.then. . .

corresponds to portion OF of Figure 1. The decrease in dielectric

constant past 4 kv/cm indicates the decrease in slope of region :;'
Figure 1. In the saturated region of the Aysteresis ioop the slap; should
' eventually reach a constant value which would require_another constant
linear region in Figure 15 past 8 kv/em. Readings at higher-field
strengths were not performed to avoid breakdown in the sample, but the
curve of Figure 15 has gone through an inflection point and .appears to be
approaching a constant value.

The equivalent conductance curve of Figure 15 illustrates a general

decreasing trend of losses with increasing field strength,
Poled Sample Measurements

The ferroelectric samples were poled by placing a voltage of 1500
to 2000 volts across them while at a temperature at least 30 degrees |
above their respective Curie points, and then allowinégkhem to slowly
cool with the bias remaining., This was done in hopes §¥‘detecting»a;
piezoelectric resonance similar to that observed in polycrystalline
barium titanate by Roberts (R1). The results are shown in Figures 16
and 17. The resonance peaks for both samples are quite sharp and well

defined and both occur near 165 = 170 kcps. Using the resonance

frequencies obtained from the graphs, the elastic compliance
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coefficients, S for these materials are:

33° _ »
’ ! : ‘= A=ll
(PZST-6) _5133‘ 3.71 x 10
(95 HN) | 533,:— 1.38 x 10°

These values are calculated from the equation
1.
a(tF )/0

; 4 : | 533_

42

cmZ/dyne

cm2 /dyﬂe °

where t is sample thickness9 p is density and F the resonant frequency°

The sample 96 HN also showed traces of a resonance, but it was

- «weak compared to the other resonance peaks. Unfortunately the upper

1imit on the measuring frequency was 200 kcps so it could not be

determined if other peaks wére present as would be expected.



CHAPTER V
DISCUSSION AND CONCLUSIONS

It was first suggested that the observed decrease in dielectric
constant with frequency could be due to some sort of Debye relaxation
process. If :his‘ﬁere true, the)sampie response could be répresented
in terms of equivalent circuit parameters, The simplest equivalent

circuit of this nature is given~1n Figure 18, where CO; C1 and R are

I
M
|

Figure 18. Relaxatipn Equivalent Circuit

constants. If the admittances of this circuit and that of a ferro-
electric. sample (Figure 4) are.equated, oﬁg obtains the follo&ing
relations |

C, = €, +8°C, /(% +wic D)

G, = gclz(,uz./(g2 '+w2012),
These‘expressions yield a single relaxation time (the R=C branch of
Figure 18), however, and since it proved impossible to fit the data
to them, it became apparent that the experimental.results could not
be represented in terms of a single relaxatioﬁwﬁf#;dée'ss°

Another standard equivalent eircuit is that shown in Figure 19.

This finds its primary utility in situations involving a resongnce:

phenomenon. The result of equating admittances is

43
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gZCI(l wcuzLC )
C =C +-
X o 82(1 “UJZLCI) +c92C12
qugC 2 :
G, = e :
TR 2 202 2.2 °

g (1 ~=w'LC))” +aw'C,
Inspection of the resonance expressions shows: that they differ from
those representing a relaxation process merely by the addition of the

term in brackets and hence that it is often difficult to decide from

experimental data which of the two types of processes is more prominent

O

1
g“’g
. O—

Figure 19, Resonance Equivalent Circuit

l I

in a particular case.

This simple model also proved inadequate to fit the data at hand
and it was deemed unprofitable to search for a more complicated
equivalent circuit until such time as a clearer picture of the micro=
scopic phenomena causiné the dispersion is available.

In light of previous investigations, two of the more plausible
physical explanations of the dielectric constant decrease W1th frequency
lie in (1) a-polarization switching due tO“domain;wal}\nmtjon, or (2)

a relaxation due to interfacial polarization. The iatter case, however,
need not involve a nonferroelectric layer adjacent”to the electrodes but
could be associated with thin layers between grgins in the ceraﬁico

Although the idea of an interfacial polarization has mefit, the _
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observed decrease in dielectric constant is larger than that found by
Gerson (Gl) in a similar(material and attributed by him to an inter-
facial polarization., The relative percentage changes of his results are
rougﬁly one-fifth to one-sixth of those observed in this work.

Consequently, an explanation of the dielectric constant decrease
with frequency found in'the present work will be sought in the mechanism
of a polarizatioﬁ swiﬁching due to domain wall motion. The work of
Landauer, Young and Dyougard (L1) suggests that a dielectric constant
measured during a switching process should display a dispersion with

changing switching frequency. Based upon Merz®s rate equation

dp
TEO( exp(-const/E),

they shqyed that the shape of the hysteresisAloop was dependent upon the
time alléwed for ‘the switching process. This implies that if switching
is taking pléce aﬁd the hysteresis loop changes shape with changing
frequency, the dielectric constant will also bevdependent uppﬁ frequency .
since k o« dP/dE, A simple check to show the nature of the-depeﬁdence
upon frequency of the dielectric conétant was performed by taking the
Slopes‘(dP/dE) of the hysteresis loops illustrated by Landauer, Young.
and Drougard, and plotting theﬁ against a frequency pafameter (found
from the approximate fise rates associated with the curves): When this
was done, the result wés a log linear dependence of dielectric constant
upon frequency over the frequency range employed in the present study.

These findings would lead one to beliéve that the dispersion
observed in the present work can also be explained in terms of some
nature of switching process. Generally polarization reversal is classi-
fied {nto three ty@esz (1) nueleétion of antiparaliel domains, (2)

forward domain wall motion, and (3) sideways domain wall motion. The
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latter two cases have been previously meﬁtioned in Chapter I. In light
of a large number of observations, Jona and Shirane (J1) have concluded
that the process of polarization reversal is governed mainly by domain
wall motiens. They point out in Chapter IV of their book that a 180o
wall is not very likely to move as a unit parallel to itself, but
perhaps sideways wall motion could effectively occur controlled by the
nucleation of reversed domains at an existing 180° wall.

For these reasons it seems féasible to propose a model similar to
that of Sannikov (S1) where a 180° wall is allowed to move sideways in
the presence of an external field. (In the context of the following
discussion it is to be emphasized that the term "external fieldﬂ means
fhe measuring field;)' Consider Figure 20 which depicts two antiparallel
domains existing in a single grain of the polycrystalline sample.
According to Sannikov, a sinusoidal field applied parallel to the domain
wall will cause it to oscillate with the frequency-of the exterﬁal field
but perpendicular to the field directions; This is due to a pressure
P = =2P°E exerted by the field on the wall, with Polthe static polariza-

tion in the uniform ferroelectric and E the applied field strength.

Figure 20. Domain Wall Motion Switching Model

In Figure 20-a, as the field increases in the direction shown, the
wall moves to the rigﬁt at the expense of the right hand domain. The

result is an increase of polarization along the direction of the field.
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This polarization is in addition to the increase in-polarization caused
by the "stretching" or "compression"-of the individual dipoles labeled:

P(s) and P(c) respectively in the figure. It is this latter stretching

that is normally considered in nonferroelectric materials and.repreéenp$g;£;'_>

the situation where hysteresis is not observed. More simply, in the
absence of any switching, the dielectric constant is measured soletly
due to this stretching or compression of individual electric dipoles,

Returning to the part of the polarization caused by the domain
wéll motion, it is then supposed that this polarization fluctuates
witﬁ the frequency of the field, taking on both positive and negative
values. In other words;, with the application of a periodic field
which has persisted for suffieient length of time, the total polar-
ization must also be periodic in time. Generally, however, this
polarization will not necessarily be in phase with E, but will show
a phase shift . Consider the expression

o= = = %* @ )
P=D-¢E (k 1)eoE,

with k* previously defined as

k* = k' = jk".
From these two expressions one obtains

P = (k' = l)eoE - jk"éoE9

showing the total polarization is composed of a real and an imaginary
part. The right hand term in the above expression represents a loss
in that it is 90° out of phase with the external field. This can be
depicted as in the vector diagram of Figure 21 where P, and Pn afe
given by

P1 = jk"eoE

=“'.0 .
Pn (k _1)eoE.,
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Figure 21, Vector Diagram Showing
~Components of Total Polarization
-From the figure the tangent of the phase shift angle is apparently. -
“kWéoE
ootan @ = EETTYEE
07
In Chapter III it was shown that
k" = kotan §,

so

kftan 6

tan @ = ;5= -

‘But k' = k? = 1, since k® is of the order of 500, and this results in
tan § = tan &

The loss ﬁart of the polarization P, is then representable as

1
P, = k%€ E tan 6.
1. o
This out-of-phase component results in an elliptical Lissajous figure
when plotted on a P<E diagram (Figure 22). The in-phase component of

the total polarization, Pn’ is represented in the figure as a.straight

line.

4 v

1;1/ I:n
XUt

Figure 22, Polarization Components
Plotted on a P=E Diagram

It should be pointed out that the component P does not. merely
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represent the- in-phase component of the 'switching polarization but rather.
the sum of all in-phase- components of polarization to stretching, com-

pression, switching, etc. In-like manner P ‘includes-the~t6ta1~of out-

1
ofaphase-p-arts-"resultingwf-rom~alf1<nature;of'losseso If all losses-are- - -
considered negligible #in comparison to domain wall motion loss, the .- -
magnitude of this particﬁlaf loss can then be directlyAcalculatedxfrom~
the area of the elliptical Lissajous loop. o B

At higher frequencies (Figure 20-b) it is supposed that the domain
wall boundary cannot continue to move along as well.with the rapidly
changing field. ThisJimpligs the effective distéﬁce the wall can move
from its equilibrium position (at no external field) decreases with in=
creasing frequency. Such an effect has been mentioned By Little (L2).

-If the wall is displaced by a smaller amount (x') at higher frequenétes,
the result is a decrgase in the total switching polarization from.Ps to
Ps°, and ultimately a decrease in the dielectric coﬁst—ant° Although the
total switching ﬁ?larization decreases, the component.of this polariza=
tion which represénts a loss may increase. This afises from ﬁheufact
that as the field oscillates faster and faster there should be a.
continuing increasg in the loss angle, It was actuallonbserved-in,thé
experimental work that the 1loss tanéent showed a slight increase with
increasing frequency. These suppositions are consistent with the results
of Sannikov’s theoretical treatment which leads to a complex.suscepti-
Abili;y showing the same frequency trend.

It is unfortunate that the actual total polarization due. to switching.
by domain wall motion cannot be obtained, for at best only the value of .
P, can be calculated. The total polarization P as shown in Figure 21 is

1

related to its components by
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P = (Pl?“ + Pﬂz)}E .
Since there is no unique way to determine the fraction of Pn resulting.
from the assumed switching mechanism, the value of P_ is likewise un-
obtainable.

It has been mentioned that the loss is characterized by the .area
enclosed by the ellipticél‘ioop° This enables one to determine the
various loop parameters from the conductance data.. Again it is pointed
out that interpretation of results from a microscopic point of view
must take recognition of the fact that the exper%@%ﬁéal<specimens.were-
made up of randomly oriented dq@éin regions. and that consequently the
values of the calculated dielectric parameters have true meaniag.only..
as being characteristic of the entire sample.

Thé power dissipation in a dielectric is normally calculable as

W= GV2 |
with V the rms value of the applied external voltagé. On the other
hand the value of energy density lost per cycle‘must be

U =wP.E

1 "max

where now P1 represents only that portion of the total polarization

. which is out of phase with the field and Emax is the maximum value of.

the sinusoidal electric field strength, To find the power dissipation

one multiplies this value by the sample volumg and the frequency, or
wf= Ust o

Combiﬁing these expressions one obtains a value for the appropriate

loss component of the total polarization,

| G, V2

1" wEVE __°
8§ max

P

For sample P;SIa6 (Vs = 0,3456 cm3) at room temperature , 102 cps
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A\
and with E = 14 volts/cm one £finds
max
G, = 8.5x 10°° mhos
and
2 =8
W= va = 2,65 x 10 ~ watts/sample,
hence
P, = 1.7 x 10°!! coul/em?.

The calculatéd P. is the result, as previously described, of all

1
loss mechanisms. For purposes of the following discussion, it will be
assumed that the domain wali motion loss is the only one of major'
consequence and Pl,.then, will be taken as a measure of the loss com-
ponent of the switching polarization Pso As such, it also serves as.
a lower limit value for Pse |

Using the value of Pi calculated above it is possible to obtain
the minimum portion of the sample contriﬁuting to the switching process.
Consider a cubic unit cell with an edge lgngth of 4.1 x 10’3 cm,.. . This ...

value is the approximate edge dimension of the unit cell in the para-

-electric -phase, but will suffice here. The unit cell volume is then.

found to be

v, = 6.9 % 10623_cm39
To reverse the polarization of the entire sample requires a coercive
field of the order of 5 kv/ecm with a Spontaneoﬁs polarization of
2.5 % 10=5 coul/cm2 (N1). Hence comparing the switching model polari-
zation to the entire sample polarization, one can obtain a rough
estimate for the fractional part F of the sample contribuﬁing to the

switching process,

(Pi)modél

o

F=5

e -
Psp entire sample
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At 102 cps
F = 6:8% 10",
From the sample volume and unit cell volume the total number of unit

cells in the uniform sample is found to be 5.0 x 102!

1015 unit cells eontribute to the switching process, This is something

, and hence--roughly

like one-milliionth of the sample.

Let us recapitulate the bases upon which this conclusion has been-
reached. It was assumed that é11-1osses_were due to domain wall motion.
Certainly some Joule heating losses are present but these should;beh
negligible since the dc resistivity of PZST-6 is around 109 ohmecm,
Furthermore there still exists the possibility of loss associated with
nonferroelectric regions in the sample and with the presence-of gemeral. ..
relaxation-type mechanisms common to all dielectf{c materials,. The

presence of any of these losses would result in the value of F.being .

" too large.

The use of only a component of the total switching polarization is
not as illustrative as would be the use of the actuél-value 2§, However,
since no unique method of calculating the part of Pﬁ which.4s. due. to
switching is possi.ble9 the value of Ps cannot be ascertained.

Although the calculation of the fraé;ional part of the sample
contributing to the switching process suffers from obvious weaknesses,
the fact of prime importance is that the experimental results can be .
reasonably interpreted in terms of a model of this nature.

The switching model would be strengthened if a larger ac measuring

field strength produced a larger dielectric constant., Such is indeed

the situation at the lower frequencies as depicted in Figure 13. This

should result from the added pressure on the domain wall causing a
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larger value of Pso A larger loss is also observed, again consistent
with the view that the phase of the switching polarization differs
from that of the field.

The results obtained from the dc bias measurements can also be in-
corporated into the model. At bias field strengths less -thdn: that
required for sample saturation, the dielectric constant versus frequency
results remain essentially unchanged. That is, the dependence  of
dielectric constant upon log frequency is still present as was illuse
trated in Figure 14. This does not necessarily contradict the model.
since it has been shown only a small number of unit cells (and hence
~domain walls) contribute to the switching process and the presence. of
the less=than=saturation dc field does not infer that all domain wall.
motion due to the ac field should cease.

At higher dc field strengths it is assumed that the majority of
the sample has a polarization in the direction of the field., Ideally
if the entire sample were poled in one direction, domain walls would
not exist. Plot C of Figure 14 illustrates that the relative pere
centage change (and slope) has decreased at the higher dc field in-
dicating. a lesser amount of switching taking place. Since the
equivalent conducﬁance is a. direct measure of thé loss mechanism, the
equivalent conductance curve of Figure 15 strengthens the idea that
the switching meehénism decreases with increasing dc¢ field strength
as expected,

Up until now the model has been discussed mainly in terms of the
ioss compoenent of the polarization. Recalling the equation expressing.
the dependence of the real part of the dielgctric constant upon

frequency
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9 = '} . 9 - g
k' o= k0 + k01 - a inE/E )],
it is now easier to understand this behavior on the basis of the model.

Because of its logarithmic nature, it seems reasonable that the term

on the right, representing the frequency dependent part, can be interauip'w.

preted as a contribution due to the domain wall motion. Mathematical
verification of this point, however, is dlfficult since: the - real part
of the dielectric constant is representative of the real part P of the
total polarization and the part of P which is due to domain wall motion
alone cannot be uniquely ascertainedo Qualitatively this idea is con-
sistent with the model which -assures us that as the frequenoy increases
(1) the domain wall motion loss angle increases and (2) the nagnitude
of PS decreases., Both of tnese effects lead to a decrease of'Pn (end
hence of k?), |

Thus far no mention has been made of the antiferroelectric sample
observations. However, comparing the results of k* versus f das depicted
in Figure 11, there at first appears to be a basic inconsistency in
that the antiferroelectric materials also obey an equation of the form

k°=k°+k°[1=aln(f/f)]
For sample 100 HN which is antiferroelectric at all temperatures, the
‘room temperature values of the constants in this equation are:
ki° = 367
ks° = 48
a = 0.,0543.

The use of ksv to designate a dielectric contribution due to switching
now appears as an unlike;y situation, since none should occur in the
antiferroelectric phase. An antipolar dipole array cannot display any

diclectric hysteresis,
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From examination of the slopes of the equivalent conductance curves,
however, it appears as though a hysteresis type loss is present. In fact

it is possible to caleculate a value of P For 100 ‘HN at 102 cps and

1°
room temperatures one finds a value of
P, = 9.0 x 107'% coul/en’.
This is about one-half the vaiue found in the ferroelectric sample, but
more significant is the fact that a polarization loss of this magnitude
is still present. Thus assuming that the ferroeiectric model and
mathematical treatment are valid, it appears that perhaps a part of the
antiferroelectric sample is sﬁitching° Since a purely antiferroelectric
material cannot display domain wall motion, this implies that both
ferroelectric and antiferroelectric phases exist in the polycrystalline
material, with the latter phase more dominant. Such an implication is
not as startling as it may first seem, for the free energies of the two
phases are quite close and it is conceivable that a distribution of
free energies may exist in the specimen. Further evidence along this
line lies in the peculiar hysteresis loops that have been observed in
other samples of the hafnate group near antiferroelectric-ferroelectric
transition points (N1). These loops are the double hysteresis loops
normally observed near the transition points superimposed upon a normal
ferroelectric loop and hence suggesting the coexistence of both phases.
In retrospect, the proposal that both ferroelectrid and antiferro-
electric phases may coexist in these ceramic specimens is based essen-
tially on the observed abnormal hysteresis loops and the.égreemehg of
the experimental results for the antiferroelectric samples with the
model proposed for ferroelectric materials. The fact that the anti-
ferroelectric changes have the same trend in reducea degree is pro-

vogative but must be interpreted with caution.



CHAPTER VI
AREAS FOR FURTHER STUDY

It is clear from the previous considerations that several obvious
areas for further study exist as well as some areas which are not so
obvious. A truly definitive experiment which couldépe performed to
validate or possibly disprove the ideas presented here would be most
desirable but it is stil} not at all evident what its nature should
be. -

Since the model given’in this study is essentially that of Sannikov
(S1), it would be worthwhile to judge whether or not the experimental
results obtained for the ceramic sampies could be fiéted to his—éxpresﬁ%
sion for susceptibility or to a modification of it. From the practical
point of view it would also be of importance to fit the results to‘a
more complex resonance equivalent‘cifcuit than that shown in Figure 19.

This should afford a hint as to what modifications might be necessary

in Sanhikovvs susceptibility expression in order to describe the be-

havior of polycrystalline materials like those employed here.

Externgion of the frequency range to lower frequencies should show
a further iﬁcrease in the dielectric constant; Gersonﬁé conclusion
that no switching was present in his iow frequency measurements waé
based upon the fact that the lead zirconate titanate sample without
niobia Added‘(to lower the coercive field), showed a larger change in
dielectfic constant over the frequency range than the sample with
njobia. Since it would be expected that the sample with the low coere
éive field should provide a better situation for a switching |

56
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mechanism to take place, he decided that perhaps he was observing a
phenomenon related to interfacial polarization. In the model proposed
here, however, the coercive field is not considered since it is supposed
that only a small portion of the sample actually partakes in the
switching process, Thus it seems plausible that Gerson'’s results could
be explained in terms of this model.

It would be interesting to extend the upper frequency ?ange for
several reasons. First, there should be a resonance at é«@{%ﬁ@r
frequency as predicted by Sannikov's theory; and secondly, a band of
piezoelectric resonance peaks ‘should follow the single peaks shown in
Figures 16 and 17 for the poled ferroelectric samples.

A less obvious area for further study is an investigation of the
possibility for a separation of loss mechanisms by use of the equiva=-
lent coqductance versus frequency results. For most ferroelectric
samples used here the hysteresis-type or switching losses are far more
~dominant than the Joule losses and the flattening in the low frequency
range of the equivalent conductance curveﬁWas sligﬁtly detectable only
in the antiferroelectric materials. HoweQer one polycrystalline sample
supplied by Sandia Corporation (but not studied extensively in this
work) showed interesting charaéteristics as depicted in Figure 23, The

composition of this ceramic was Pb(HEf )O3 and it was

0.8272%70.1128710,06

ferroelectric under normal laboratory conditions. As the figure illus-
trates, with increasing temperatures the presence of Joule losses is

more easily detectable, and in fact at the higher temperatures the Joule

" losses dominate.

Curves of this nature could provide a convenient means of separating.

the two sorts of loss mechanisms. Although other sorts of loss
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mgépanisms are neglected (such as frictional losses encountered- by

rotating dipoles), this area surely me%its further consideration,
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