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PREFACE 

:This is a final report on the study of ferroelectric-antiferroelectric 

transitions_ in~ conducted at Oklahoma State University 
• I ' 

during 1~62-63 under Sandia Corporation Purchase Order No, 16-8672. Cer-

tain of the "electrical data present.ed· have already,-been published in an 

. interim report dated December, · 1962 ... Majo:r advisor. for the project was 

Dr. E. E. Kohnke with Mr. John W •. Northrip acting as project leader. and 

.Mr. Gary A. Baum as technical ·assistant. 

The report consists of t~o p~ris. Section A describes the electrical 

~nd thermal work ~arried out-within the scope of the above mentioned 

P~r~hase Order. ~It wiil p· ro~id~-th~ basis of a Ph.D. dissertation for 
/ . 

Mr. Northrip. Section B-is the result of some extra measurements using -
the available experimental equipment and Sandia specimens. These were 

performed py Mr. Baum to satisfy M.S. thesis requirements and were con-

sidered of sufficient intere~t to-b~ included. 

"' The work described herein has been carried out using 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 

Inves.~igations have been. carried out to determine the character-

istics of ferroelectric andautiferroelectric transitions in.lead perov-
/ 

skites. Materials studied include.solid solutions o.f lead zircouate 

titanate, lead zirconate titanate ·stannate,. and leadhafuate titanate. 

These.solid solutions were chosen because compositions among them .possess 

a ferroelectric-to-antiferroelectric transiti·on with rising temperature 

while others.display an a11.tiferroelectric-to-ferroelectric transition 

under the same conditions. 

Dielectric constaut and loss were determined as functions of temp-

erature·and applied electric field,· with an emphasis being placed on the 

use of loss couductance rather than tan.5 as.a method of e;xamining the 

loss mechanisms in. these materials.· By this· technique, the variation of 

transition temperature with external electric field w~s determined. The 

decrease of peak dielec~ric constant with.external field characteristic of 

. dielectric saturation was found to be especially pr·omiueut in transitiQns 

involving a ferroelectric phase. Hysteresis measurements were made pri-

·marily inan effort to separate the ant.i~rroelectric dbuble loop behavior 

from the normal ferroelectric loops uear transitions. It was found that 

parts of some samples retaiued ferroelectric character many degrees. above 

the normal transition temperature. Measurements of specific heat as.a 

function of temperature were used to determine the relative free energies and 

entropies of the phases. 

From .. the results of these studies it appears that the reversal ef 

transition.direction mentioned above results from very slight shifts in 

.the relative magnitudes of the free energy and the entropy of the ferro-

electric and antiferroelectric phases ot these materials, rather' than from 

some wide change in their structural or chemical character. 
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. CHAPTER I 

.INTRODUCTION 

Although the study of ferroelectricity !is of relativeiy ·recent 

origin,. it is a .field which l).as shown _:phenomenal growth .. The unique 
.,.. . 

. properties of these·materials (high dielectr~c constant, strong electro-

mechanical coupling, charge storage capabilities, etc.) have ·led to· a 

large amount of published work rangi~g.'from.materials.research:and 

fundamentai.theory to device applicati6~s. Several ~ood ~e~iews_of 

this work·have dlready been publi~hed (Kl, Ml, Il, J2, Sl) so no·compre-

hensive review of past literature will.be attempted here. 

From ·a trystallogrc;~phic viewpoint,. certain materials are cha.ra·c.:. 

t.erized by ·the presence of a spontaneous electric dipole ~ithin the unit 

cell. That is, .the center of negative charge does not coincide with the 

center of pos~tive charge-at -z~ro-el~~t~ic f~eld. Since the magnitudes 

of thcoc intsrnal .rlipnl.es. change-with temperature,.giving rise to 

detectable· surface charges,. the material~ have ·conie1 to, be called "pyro-

electrics''. In.l917, during studies of the dielect~ic ~nd piezoelectric 

anomalies of Rochelle salt, Anderson (Al),. and. Cady (Cl) ·dis~overed 

.that its spontaneous internal.polarii~tion could be reverse~ by_·the 

· app~ication of an electric field at certain temperatures. :_This gave· 

rise ~o hysqeresis loops simil~r to those observed .in ferro~~gnetism 

and thus the phenomenon was given. the name· "ferroelectricity'.'. . This. 

correspondence,.liowever,. is sometimes misleading since·ferroniagu~tism 

1 
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occurs principally at the electronic level while ferroelectricity is 

basically art 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-

taneous electrical dipo~ie ·within each unit cell. The e~istence of this 
. , . 

polarization at the mac~oscopic lev~l is usually~asked by surface 

charges. and is revealed by applying an electric field to reverse-the 

dipoles, causing a curr~nt to flow in the external. circuit. . The inter-

action of this internal polar"ization with the· ionic positions in the 

crystal lattice gives rise t6 the itriking electrical, rn~chanical, 

optical, and thermal effects-associated with ferroelectricity. 

During the course of ferro~lectric investigations another class 

of materials was found in which the basic cell exhibited a spontaneous 

dipole but with neighboring dipoles antiparallel. In such materials 

there is no macroscopic polarization .but many of the other phenomena 

characterizing fer~oelectricity are present .. In correspondence to 

their ferromagnetic analogues these-materials. are called antiferro-

electrics . 

. Most ferroelectric and antiferroelectric·materials have-been grouped 

into four ~hemical classes: 

1. .Rochelle salt and its isomorphous salts. These materials 

are characterized by·havirig poth an upper and a lower temper-

ature limit to the ferio~lectric region .and are piezoelectric 

in the non-ferroelectric state. Present theories attribute 

their ferroelectric properties to orientations involving 

the hydroxyl groups in this complex·structure. 
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2. Potassium .dihydrogen phosphate-and isomorphous compounds. 

These materials exhibit their ferroelectric properties 

only at· temperatures .:well below zero, Centigra<fe. Their 

behavior is attributed io an orientation of the phosphate 

radicals by the.hydrogen.bonds. Ammonium.dihydrogen.phosphate 

·was one of the first it~died.~ntiferroelectric materials. 

3. The perovskite-compounds .. These materials have so-far been 

the most important gr.otip from .an .application viewpoint since 

they exhibit strong fe-rroelectric :properties. at room .temp'er-

ature, have high pol~rfzations,.and are mechanically stable . 

. Their ferro~lectri~·prbperties are attributed to slight per-

turbations of the basrc cubic perovskite ·structure. . More will 

be said about this class of compounds in the next chapter·; 

4. . Miscellaneous structures. I·. This. includes many compounds, ·· 

usually of a. complex laye·red structure, which cannot be 

conveniently grouped ·uiider.a .single-structure. In general, 

these ·compounds ·have'· low· polarizations with a .. corresponding 

decrease in the anbmalies"observed in all.properties. 
'·. 

Almost all.ferroelectric.materials exhibit a phase·t:ransllion .into 

.a more symmetric. phase at some temperature. . This more symmetric phase 

is no-longer ferroelectric;_it exhibits·normal dielectric-behavior with 

t:he ex~..:~ption that the dielect.r.ic ·constant decreases· with ·rising temper-

a Lure. Becauce of this rlP.cre.ase, this upper phase. has been called 

11 paraelec~ric11 
•. It should be pointed out,_however,_that the internal 

behavior of the paraelectric phase does not differ from that of a 

dielectric in the s~me way tha·t a :paramagnetic material differs· from. a 

diamagnetic one. 
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The temperature at which the ferroelectric or antiferroelectric 

phase ·becomes paraelectric is known· as the Curie· te,mperature. This 

phase transition has been studied quite thoroughly in many:materials. 

... 
It has been found in some materials ·to. be ·first order, in some second 

order, and i~ at least one case a "higher than second order" transition' 

was reported. (Gl) ... The transitfon .is most easily_ detected by the 

pronounced peak of dielectri~. con.stant occurring at that temperature 

or by.the discontinuous releis~ of polarization charge .if the transition 

is of first order. All other prope~ties connected with the spontaneous 

internal polarization .{piezoelectric behavior, optical birefringence, 

etc.) also undergo drastic changes at this temp'erature. 

Besides the Curie transition there are other phase transitions which 

may occur within a ferroelectric or antiferroelectric·material .. These 

transitions involve minor shift~ within the lattice and usually cause a 

shift in the direction of inierrial ~~larization (the· ferroelectric axis). 

These again are accompanied by anomalies-in all the properties connected 

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

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

next chapter, .which deals wifh~the behavior of materials having the 

perovskite structure. 

A few materials exhibit phase transitions in which they change 

from the ferroelectric to the·antiferroelectric state .. This-phenomenon 

was first uLs8rved in. sodium riiobat.e (C2), which is antiferroelectric 

0 0 0 
between ~60 C ·a~d -200 C·and ferroelectric-below -200 C. Within the 

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

solutionc ::~lso exhihi t this behavior .. It is these ·materi.;tls. which are 

of interest here. 
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It is the purpose of this ·research to study some of the thermo

dynamic characteristics of the ferroelectric and antiferroelectric 

phases in these-lead perovskites. A survey of the chemicaland crystal

lographic characteristics of the. perovskite structure has been made :·with 

special emphasis on the role of ionic properties in .the determination 

of ferroelectric behavior. A review of the thermodynamics of ferro

_electrics and antiferroelectri~s· is given and a .proposal outlined.for 

the relationships between .the-~aiiqus phases which would lead to the 

observed phase diagrams for ferroelectric and antiferroelectric phases . 

. Much of this study·has be~ri devoted to the-refinement and.inter~ 

pretation of the experimental techniques used.in studying the various 

phase transitions .. Measuremerits:have been.made·of dielectric constant 

and loss as functions of.both temperature:and electric-field. An 

important finding.of this work:has been the development of the·"loss 

conductance'' .as a. more sensitive ~rid.accurate indicator of material 

characteristics than the mor~ 6onve~tional loss tangent or dissipation 

factor. . Polarization measurements· have.· been .made _-in the vicinity of 

the ferroelectric-antiferroelectric:transitions:in.an effort to expli{n 

s"6cie of the anomal<;>us hysteresis loops observed .in this region. A 

calorimetric study has been .. niade ·to determine the specific heat· and · 

heats of transition of these materials in order to approximate-the 

temperature dependence ·.of the free energies of the various phases. 

Finally a ~orrelation of fhij ~ork with other work on perovskite 

solid solutions has been made -in an-effort to determine some of the· 

patterns of behavior in this important family of materials. 

(j 



... CHAPTER II 

CRYSTALLOGRAPHY AND CHEMISTRY OF'·PEROVSKITES 

The perovskite family rif materials has played .a. very important role 

in the history of ferroelectr~ciity. ~ec~use of their l~rga.polarizations 

and high electromechanical coupii.ng ·coefficients,,. these· materials· have 

become the most commercially useful of· all. ferroelectri:c ·materials. 

Barium titanate,. the first ferroel~ctric perovskite discovered, has been 

the subject of a vast amount of research which had led 1to much of our 

basic knowledge about ferroelectrics in general .. The fact that many of 

the.perovskites are soluble·\.lith:one.another has·led.to a whole range 

of solid solutions which.allow a variation of the ferroelectric proper-

ties to fit the convenience of the user, 'It is in.this realm of solid. 

solutions that this study is most. interested . 

. The basic. perovskite lattic·e·. if? of. simple cubic st;ructure having 

the eu111position AB0
3

• . The s;tr1J(·tiir~i unit cell can be pictured ·~s a 

.cube having A .atoms at the corrier,.a B·atom in.the body center position, 

and oxygen atoms in the·face centers . 

. In making a transformation into a ferroelectric or antiferroelectric 

phase, the·basic perovskite cube must become slightly,distorted .. A one 
l 

dimensional distortion of the ctib~·leaves the lattice in the tetragonal 

symmetry. If this distortion :ls. a .lengtherling of a cube edge, the 

material becomes ferroelectr:lc;. if it represents a. ·compression, . the 

material becomes antiferroelectric~ A t~o dimensional s~ear ot the cube 

6 
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leads to the orthorhombic phase ·in· which. the polarization .axis ·lies 

along a face diagonal .. If the original cube -is given a three_ dimensional 

shear, the S)TIIlilletry. becomes rhombohedral with .the polarization axis 

·being one of the body diagonals~ 

The use of ceramic sampie·s··-·o-f ·perovskite materials leads to certain 

interesting .crystallographic resufts •. In the absence of electric-fields 

or orienting stresses,. the sample·,-is nearly· isotropic .because ~f the 

random .polarization of the cer.ami'c grains. . The application of an 

electric field to a sample in. the ferroelectric phase,. however,. align·s 

many of the ferroelectric domains ("poles" the sample) .and produces a 

distinct anisotropy. This poled sample represents a symmetry charac-

terized.by an.infinite-fol~ i6tational axis; i.e.,. the ~aterial .is 

isotropic in the plane perpendicular to the axis of rotation. This is 

true regardless of the actual' cr-ystalline symmetry. characterizing the 

ferroelectric state. 

To fit the cubic pattern of the-perovskite structure, the A atoms 

must have a coordination number of twelve and the B ·atoms a coordination 

number of six .. From the viewpoint of valence the sum of the A-valence 

and the B-valence must be six giving rise to both A+l H+) 0 and 
·3 

A+2 B+4 o
3 

compounds . 

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

ation of the ferroelectric prnpP.rties of perovskite compounds. If.the 

·iuu:s fit ideally into.the nnft c1,1be described .above, _it can.be·seen that 

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

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

. di::~meter makP.s up a cube edge .. For this reason,. p_erfect packing of the 

ions requires the following relation to hold: 



Since the perovskite structure.· is observed . in. a .large nurQber of 

comp.oun1s,. this relation cannot hold ide~lly. for all of them. ·.It is 

precisely. this deviation from perfect packing which allows a slight~y 

distorted cu~ic structure possessing spontaneous polarization within 

the unit cell to e.xist .as a stable configuration .. The deviations from 

ideal packing are usually described ·i~·. terms of a tolerance ·.factor,. t, 

. defined as follows: 

R + R 
_ A 0 

t - -~<~ .+ Ro) 

A value oft greater than on~ signifies that the B:ion.is small 

8 

enough to "rattle around" within the-ionic framework of the A ·and 0 ·ions. 

A value oft less than one indicates that the B ion is large enough to. 

deform the basic B0
6 

octahedra of the structure. In a first approxima-

tion therefo~e, 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 B+4 0
3 

FERROELECTRICS 

B Ion 
Ti Zr Hf Sn 

A Ion (0.64) (0. 77) (0.76) (0.74) 

Co. (1.16) 0.89 0.84 0.84 0.85 

Sr (1.37) 0.97 0.91 0.91 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 per.:ovskite compound 
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The f.erroe.lec.tr.ic pr..o.perties of .the.se .. materials. cannot .. be explained 

i': 
completely. o_n the basis of ionic size .. Although the tolerance factor 

for lead t.itanate .. is less than one, this compound exhibits the s-trongest 

ferroelec.tric properties observed to this time. For· this reason, atten-

tion must. be directed to other properties of the ions, such as their 

polarizability. Roth,. in his classification of. AB0
3 

compounds (Rl), 

discusses the effect of the polarizability of the A ion on the struc-

tural properties of the compound formed. He finds that for.A ions of 

low polarizability (>0.60 :
3

) a cubic or pseudocubic structure is stable 

over the whole range of B radii. For Pb+2 , on the other hand, which has 

a polarizability of 0.9o·:
3

, ferroelectric and antiferroelectric struc-
0 0 

tures occur for all B radii in the range between 0.65 A and 0.85 A. 

This dependence of ferroelectric properties on polarizability also 

shows up in the x-ray structural studies of the ion displacements in 

BaTi0
3 

and PbTi0
3 

(S2). In BaTi0
3

, the phase change from cubic to 

+2 0 
tetragonal involves a shift of the Ba ion of 0.05 A with reference 

0 

to the oxygen lattice. In PbTi0
3 

this shift is 0.47 A. Thus the 

increase of polarizability of the lead ion allows ionic motion an order 

of magnitude greater than that observed in ~aTi03 . 

A third factor which enters into the formation of ferroelectric 

structures in perovskite compounds is the concept of directional or 

covalent bonding. Megaw (M2) has pointed out.that any covaleat charac-

tP.r tn the bonding of the ions leads to a minimal energy for certain 

bond directions which can influence the ability of the material to 

undergo certain types 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 fielq caused.: by surrounding dipoles. If dipoles are 
! 

arranged in a one-dimensi~nal arr9y a~ shown.irt Figure-l.(a) below, the 
:. t 

minimum energy is found "!hen they: are:' aligned in a parallel manner. 

Thi' ~hen represents a ferroeleetri~ array. If they are placed side by 
' 

side as in. Figure 1 (b),. the mi'nimum ':en~rgy ·is represented by an. anti

parallel (ant:iferroelectric), airaiigem-en·t •. In a two or three dimensional 

array.,_ the relative strengths. of these two interactions determines 

whether the rpaterial exhibits-ferroelectric or antiferroelectric behavior. 

' ' 

(a) (b) 

Figure 1 •. Representation of a-Ferroelectric _(a) and Anti
ferroele~tric (b) Dipole Array. 

The intera~tion b~tween the dipolei and the internal field mu~t be 

strong enough to override all factors which tend to disorient or destroy 

them in order to produce a stable ferroelectri~ o~ antiferroelectric 

phase .. Thus it can be seen thaE .. 'ferr·oelectricity represents a balanc-

ing of strong mechanical and electrical interactions in.the production 

of s' atable distort~d structure possessing spontaneous internal polarization . 

. Lead Perovskite-Materials 

The materials of greatest interest in this st:udy are the solid 

solutions- lead zirconate -titanate; le.ad zirconate titanate -stannate, 

and lead hafnate titanate. Thes~ c~mpose a system of perovskite materials 

having _a common A ion.with the ·variation in properties being attributed 

to the varying characteristics of the B ions. Some 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 .R. . The electronegativity of this 

element is 2.27,.meaning that its bonds ·with oxygen tend to be about 

equally ionic and covalent. Because of its ionic size, the presence of 

Ti*4 in solid solutions tends to favor the ferroelectric state. In fact, 

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 conseque11t. i11crease .. in. the 

tolerance factor induced by the presen-ce of this ion in .lead perovskites 

tends to favor antiferroelectricify in its solid solutions. 

+4 . +4 
The Hf Lon,_although much heavier than the Zr ion is almost 

0 
the same size,. having a radius ·equal"to 0. 76 A1•,· · Jiowever', it 'iS, 

somewha~ less electronegative (2.1) which according to the criteria of 

Sanders9n (S3) and Wells (Wl) leads to a more ionic character in its 

bonds with oxygen.and to a somewhat 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 distorfions of its electron clouds. This ion stili 

behaves very similarly to the Zr+
4
- ion-with relation to its antiferro-

electric character • 

. The Sn +4 ion behaves quite· differently from the other three ions 

discussed here because of its basicalty_different electron configuration • 

. The four valence electrons in thi ·tin 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 strorigly as these ions. The electronegativity 

of tih is 3.10·le~ding to a much sir~nger covalent character in its 

oxygen bonds and a gr~ater susc-eptibility to. ionic deformation. 

The compounds and solid solutions ·involving t_he above ions have 

been the subject of many studies •. These have in general attested to the 

strong ferroelectric character Df lead titanate and the antiferroelectric 

tendencies of lead zirconate and lead hafnate. Certain studies,_however, 

revealed deviations from the expected similarities in the characteristics 

of the zirconate and hafnate ·solutions, especially in the very;low 

titanate regions • 

. 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 containing from 

3 to 6% titanium, the material-undergoes an antiferroelectric to ferro• 

electric transition on heating. ·.That is, the room .. temperature phase of 

these compositions is.antiferroelectric,. but they also exhibit a·high 

temperature ferroelectric phase·b~fore re~ching the Curie temperature . 

. In a later study, Jaffe, Roth, ·and Marzullo.(J3) developed a 

similar diagram for lead zirconate"titanate containing.30% lead. stannate 

(Figure 3) .. They found that the -~ddition of the stannate not only 

incrcoacd the compositj.om1l region e:x:hibiting .antiferroelectric behavior, 

but also reversed thP. slope of the phase ,boundary separating the ferro

electric and antiferroelectric phases .. Thus for compositions containing 

between. 7 and 12% titanium, the rooin temperature phase. is fert·oelectric 

anrl transforms into an antiferroelectric phase on increasing temperature 

before reaching the Curie transition temperature .. Later work at Sandia 
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Corporation and Clevite Research Laboratories revealed that this behavior 

was also exhibited by solid solutions containing smaller percentages of 

stannate. 

Earlywork on.lead hafnate by Shirane and Pepinsky (SS) fndicated 

that this materiaJ behaved .much like lead zirconate. . This was to. be 

expected from the. similarities in the character· of the ions. However, 

later work at Sandia Corporation ~by Hall (Hl) showed that solid so'lu-

tions of lead hafnate ~nd lead.tita~•te showed the f~rroelectric to 

antiferroelectric phase -relationship characterisitic of the lead zirconate 

titanate stannate solutions (Figure.4). 

This leads·to a situatien in which temperature dependence of the 

phase stabilit~ of lead zirconate·can be reversed either by adding lead 

stannate to the solution or by ·substituting the extremely similar hafnium 

ion for the zirconium. ion. The present ·study on some of the thermo-

dynamic characteristics of the tran~itions was initiated in an effort 

to examine the factors responsible for this behavior . 

../ 
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CHAPTER III 

THERMODYNAMICS OF PHASE TRANSr'TIONS IN FERROELECTRICS AND ANTIFERROELECTRICS 

The purpose of this chapter is to outline some of the basic thermo

dynamic considerations which are of importance in discussing phase transi

tions in ferroelectric and antiferroelectric ~aterials; This will be done 

by first considering the relationships common to all phase transitions 

together with some of the factors which determine transition rates. Then 

the thermodynamic properties of ferroelectrics and antiferroelectrics will 

be related with an emphasis on the factors which govern the relative 

stability of the various phases observed in the lead perovskites. Finally, 

a discussion of the application of the Gibbs phase rule to these systems 

will be given, together with a description of the information which may 

be obtained from the various types of phase diagrams. 

Thermodynamics of Phase Transitions 

Phase transitions in materials are usually discussed in term~ uf tl~ 

Gibbs free energy. For convenient illustration one takes a simple homo

geneous' isotropic medium where considering energy exc.hanges betwe~n the 

system ann its surroundings to arise from changes of temperature, pressure, 

or elA~trical potential difference, this free energy is given by, 

G = U - TS + PV - vQ 

U internal energy 

· T temperature 

S = entropy 

17 
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p pre.ssure 

V = volume 

v = voltage 

Q = dipolar charge 

This may also be represented for polarizable materials in terms of 

energy densities by the relation: 

G' = u•·- TS' + 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 ~ay be derived: 

l e ~ j _8 
\ 0 Jp, v 

~T,v V 

t~ ~)r,p = -Q. 

A transition occurring with a discontinuity in one of the above 

quantities is called a first order transition. A transition.in which 

all of the above· quantitiE;!s are continuous, but where one of ·their 

derivatives (the second derivative of free energy with respect to an 

intensive parameter) is discontinuous, is called a second order. transi-

tion. Higher order transitions may be defined cimilarly. 

The type of phase relationship which is of most interest to this 

study is known as polymorphism. Polymorphism is the existence of several 

crystalline mo~ifi~ations of the same substance. Phase t~ansitions 



. • 

19 

between polymorphic modifications represent the simplest crystalline 

reactions since they involve no macroscopic·motion of ions. The poly-

morphic structure which has the· lowest free energy under a given set of 

conditions will be the most stable structure, All of the other forms 

will tend to transform into this structure, although there may be energy 

barriers which cause .the reaction to go extremely. slowly. 

At absolute zero, zero pressure, and zero electric field, the 

relative stability is determined primarily by the structure energies 

of the various polymorphic forms. It should be noted that this is not 

the total lattice energy but may be represented as the difference be~· 

i 

twe·en the energy of the given stru'fture and that of a minimum energy 

optimum packing configuration. There will 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 temp~rature increases the temperature-entropy product becomes 

the dominant term in the free energy equation. Although the internal 

energy increases with temperature, the magnit~de of the change is ordi~ 

narily much smaller than that of the temperature-entropy product. Thus 

the fr.ee energy becomes 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 temperatures, this form will always be 

the most stable and no transitions ~ill o~cur. However, if this is not 

the case, there may exist a situation. in which" for u2>:u1 , u2 - TS 2 = 

u1 - TS 1 . This is illustrated in Figure 5 . 
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Under these conditions there will be a transition from phase 1 to 

phase 2. Since this transition is accompanied by a discontinuous change_ 

in entropy as shown by the slopes 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 rifling 

temperature can be seen from the retation: 

The temperature is a positive quantity and s
2 

must be greater than 
,.· 

s
1 

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

side of the equation are positive. Thus a polymorphic transition on 

rising temperature 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 detrease in free energy.in the same 

manner as an increase in temperature. 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 

Thus materials having high susceptibility will, other factors being equal, 
. . 

be more stable at high fields than materials of low susceptibility. In 

ferroelectric materials the spontaneous polarization adds to this effect 

immensely, assuming the polarization to be aligned with the field. If 

the spontaneous polarization is oriented antiparallel to the external 

field however,. the effect is to increase the free energy rather than to 

decrease it. For materials possessing spontaneous polarizations and very 

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 ~hat of temperature and electric field, due 

to the positive sign of the pressure volume product in the free energy 

equation. Thus an increase of pressure produces an increase of free 

energy and the most stable structures at high pressures will be those of 

minimum volume. 

The experimental determination of the relative free energies of 

several phases in a polymorphic system is greatly hindered by the wide 

variation in transformation rate observed in such systems. In general, 

there exists an energy barrier between two phases which have equal free 

energi~~ and an activation energy is requirerl tn carise the transformation 

to take place. Because of the relative immobility of ions within a solid 

lattice, this may lead to an extremely slow rate of transition in cases 

where drastic rearrange,ments are necessary to form the new phase. For 
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.th_is rea.son, these transformations often exhibit large· hysteresis and 

quLte. o£.ten .. a phase may. _exis.t. as. a stable configuration for long. ... periods 

of time at temperatures where it no .longer represents the minimum free 

energy in a polymorphic. family. 

Buerger (Bl) has given ~ crystallographic classification of phase 

transitions in solids according to the types of microscopic bonding 

changes necessary to form the new phase. He places all polymorphic 

transitions into four groups: 

I. Transformations of secondary coordination. These represent, in 

general, changes in the weak bonded or non-nearest neighbor configurations. 

In this type of transformation the strong bonded (·corrtacting 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 relatively 

rapid and will take place at quite low temperatures unless the rearrange

ment requires an actual reconstruction of ·the ~econdary bonds. 

II. Transformations of disorder. This class includes changes in 

rotational disorder (such as the Q' - 13 quartz transformation) and trans

formations of substitutional disorder (such as those occurring in alloys). 

In general, the first of r.hese proceed rapidly .while the last are quite 

sluggish and take pl~ce only at high temperatures. 

III. Transformations of first coordination. These- transformations 

represent a change in the bond structure of nearest neighbors and dis.

tortions of the strongly bonded structural configurations. If the change 

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

the. s.implest .first coordination transitions usually become rathe.r sluggish 

at low temperatures. If the transformation requires a bond rearrangement 

among nearest neighbors, the rate of change is exceedingly slow, allowing· 

·seemingly stable structures to e·xist under conditions .where they are· not 

energetically favorable. 

IV. Transformations of bond type. In these transformations the 

polymorphic structures possess entirely different bonding characteristics. 

This is exemplified in the diamond. and graphite configurations of carbon. 

Transformations of this type usually proceed rather slowly and are often 

difficult to initiate. It is quite possible that the ferroelectric trans-

formations in perovskites fall partially into this class. In 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 

of the basic cubic lattice 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 ~ew phase spreads rapidly throughout the lattice 

once it is nucleated, the transition.rate is usually somewhat slower lu 

finely 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 singlA cryAtals. 
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. Applications of the Above Considerations to Ferroelectric and 1 

Antiferroelectric Transitions 
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In the special case of polymorphic systems involving ferroelectric 

(FE) or antiferroelectric (AFE) phases, 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 contribution to 

play a more dominant role in the transition behavior than is normal in 

polymorphic transitions. The 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 transition temperatures 

in such a manner as to increase the temperature range over which the FE 

phase is stable, e.g., Ferroelectric Curie temperatures are raised by 

the applicationof an electric field. The only exception to this rule 

might be in the case of small fields applied in the opposite direction 

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 lower.ed. However,. this leads to an instability 

in that the decrease of free Qnergy obtAined by switching is greater than 

. that obtained by a transformation into a new phase. Thus it would seem 

that usually switching should occur first and the ultimate ~hange in 

transition temperature should be n~arly independent of the field direction. 

In the transitions from AFE to a. PE phase, the application of an 

. electric 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 antiferroelectric phase. 

Thus from the free energy equation, the application of an electric field 
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lowers .. the PE free energy more than the AFE. This is verified by the 

observation that Antiferroelectric Curie temperatures are lowered by the 

application of an electric field. 

In the perovsk~te structure a transition from PE to FE is accompanied 

by an inc.rease in volume, while a transi"tion from PE to AFE results in a 

decrease of volume. Thus the application of a hydrostatic pressure (which 

increases the free energy of each phase 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. 

I 

The variation 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 phases must then be 

accounted for by either an order-disorder transformation or by differences 

in the phase vibrational entropies. In the potassium dihydrogen phosphate 

family of ferroelectric materials, the constancy of the entropy change at 

the Curie transition throughout the family indicates that the dominant 

mechanism is the order-disorder one (Kl). In perovskites, on the other 

hand, the entropy change at the transition varies widely from material 

tn mAterial~ suggesting that in this family the vibrational entropy is 

dominant. 

Following the reasoning of Buerger (Bl), it can be seen that the 

cubic phase represents the highest entropy of the possible phases of a 

perov,skite structure. As an unpoled ferroelectric approaches the Curie 

temperature the thermal vibrations ancl expansion of the lattice lower the 
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coercive for.ce to the point that domains have a certain probability of 

bec.oming the.rmally. switched. At the transition this switching takes place 

rapidly enough that the time average of each ionic position becomes the 

same as the position :Ln the cubic state. This is the same as saying that 

the ferroelectrically active ions oscillate about positions which are 

equivalent to th~ir positions in the cubic phase. Thus the cubic phase 

maybe regarded as a disordered equivalent of the polar phase and there

fore the phase of highest entropy. This is borne out by the fact that 

the cubic phase is always the most stable phase at high temperatures. 

The entropy 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 considered as being composed of two sub

lattices possessing equal and opposite spontaneous polarizations. 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 bond 

structure and in the vibrational configurations of their lattices. It is 

to be expected that these phases will have nearly equal ·entropies for 

many compositions~ Thus the reversal of direction of.the phase tran1;lLlon 

with temperature which was discussed in the previous chapter does not 

result from a drastic change. in.the energy relations in either phase, but 

rather· from a sma:ll change which Rllows a slight entropy dominance of one 

phase to become an entropy dominance of the other. Further remarks on 

this subje~t will be inc_luded 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 

F = number of degrees of freedom of system 

C = number of chemical components 

P = number of phases present 

N number of intensive variables. 
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The number of degrees of freedom represents the number of var.iables 

.whi~h may be changed independently 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 

experimental studies. 

The phase relationships for a given system are usually given in the 

form of graphs called phase diagrams. In these plots, which use composi

tional relations and intensive parameters as variables, each phase extends 

over that set of points specifying the conditions under which it is most 

atable. In general, the number of dimensions, D, required by such a plot 

is given by 

D = C + N.- 1. 

Thus the phase relat'ion· 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 triangular compositional phase diagrams). A p·lane is also required 

to plot the relations in a two component system as a function of one 

external variable (tempeiature, pressure, etc.). To show the pha~e 
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relationships ina solid solution family such as the lead zirconate 

titanate sta.nnates as a function of temperature, pressure an·d 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 two phases will 

be repres.ented by [D -· 1] dimensional phase boundary, and equilibrium be-

tween three· 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 specifies that for C + N = 3 (the necessary condition for a two= 

dimensional phase diagram) a single phase has two degrees of freedom, a 

pair of phases has only one degree of freedom, and three phases can exist 

together under only an isolated set of conditions. 

In working with systems involving ferroelectric solid solutions, the 

chemist or ceramist is, in general, interested in the variation of prop-

erties with composition. Phase diagrams used by cerami~ts· generally 

depict either relationships involving composition alone or relationships 

between composition and one intensive variable,. usually temperature. The 

physicist or engineer, on the other hand, is usually interested in the 

characteristics of a single sample, which represents a single composition 

because of the low internal mobility of the ions. Phase diagrams of 

inte:r:t!St to the phycicist depict. the relationship between phases as two 

I 

intensive parameters are varied (transition temperature vs. electric 

field, etc.). 

The deriv;.~ti.nn ef specific thermodynamic data from phase diagrams 

involving composition as a variable is complicated by the fact that a 
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change of compo.si.tion 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 involve4 in the free energy equations. 

In phase diagrams involving two or more intensive variables, the 

slopes of the phase boundaries can be used to determine the relationships 

between the 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)= 
~X. 

J 

8x. 
- _.1. 

t::.x. 
~ 

where X., X .... represent intensive vartabies (generalized forces), 
~ J 

( 0X./ 0X.) represents the slope of the phase boundary with all other 
~ J 

intensive variables held constant, and 8x., t::.x . ••• represent the dis-
~ J 

continuous ch~nges in the corresponding exten&ive 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 relc:1tiuusl1ips 

and the measurements of polarization, cell volume, and specific heat of 

the material, a free energy diagram explaining the phase relationship as 

a funclion of the intensive parameters can be developed. 



TABLE II 

PHASE BOUNDARY RELATIONSHIPS 

Type of Phase 
Diagram 

Transition temperature • · 
vs. pressure 

Transition temperature 
vs. electric field 

Transition pressure 
vs. electric field 

Intensive Parameter 
Boundary Slopes 

* H = Latent heat of transition. 

.Extensive Parameter 
Relationship (1st order 

Transition) 

Vb.P = _1L_ 
D.V . - b,V/V 
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CHAPTER. IV. 

DIELECTRIC M~SUREMENTS 

Measur.ements of the dielectric susceptibility and ·loss have played 

an.important role throughout the study of ferroel~ctrics. It was the 

extremely high values of susceptibility which first caused interest in 

these materials and which later led to many of their important applica-

tions. Th~ variation of susceptibility wit~ temperature has long been 

the prime tool for precise determination of transition temperatures. 

Dielectric Susceptibiliti~s 

-L In ferroelectric materials, the dielectric consta·nt (k = € dD/dE) 
0 

and dielectric susceptibility {x= € -l qP/dE) becpme approximately the 
. 0 

same. Since these two factors are related by 

k=X..+l 

and have magnitudes. varying from a few hundred to a· few thousand, there 

is little error introduced by using them interchangeably. In general, 

me<fsurements determine k while most theories deal with X. In discussing 

the dielectric susceptibility of a ferroelectric material, however, it 

is nP.cessary to differentiate between· the changes of polarization due te 

switching and the "true" sma 11 signa 1 polarization changes . 

The abnormally high dielectric ~onstants of ferroelectric and anti-

ferroelectric materials are due to the freedom of certain ions within 

the pseudecubic lattice structure to move unde.r the influence of small 
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fields. This lead.s 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 the variation of free energy as a function 

of polarization (related to ionic position) such as those in Figure 6 

below, the behavior of the dielectric susceptibility in the vicinity of 

the Curie temperature can be explained. 

T=T 
c 

T<T 
c 

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 simple ini.nimum, art extemleu minimum and o double 

minimum. The 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 ionic 

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 temperature (T<T ), the material is 
c 

ferroelectric 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 repre'sents switch-

ing rather than small signal dielectric behavior. At th~.Curie tempera-

ture (T = T ), the free energy curve is flat at the bottom allowing 
c 

large ·ionic shifts with very small fields and thus extremely hi'gh di-

electric susceptibilities. Above the Curie temperature (T>T ), the free 
c 

energy exhibits a simple minimum but the ions are still relativ~ly free 

to move to both sides of this minimum under the infhience of a sma 11' 

field. This is the reason the susceptibility in the paraelectric state 

is higher 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 mechanical constraints in this phase cause one direction of ion 

shift to be highly favored 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 nonlinearity of dielectric susceptibility may be measured by 

making ·small signal capacitance measurements while superimposing a con~ 

stant biasing voltage on the sample. In the figure below, which is 

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

Figure 7. Polarization vs. ·. Bi~s 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) represent& the dielectric susceptibility of the material.at. 

a given bias as determined by ·small signal mea~urements. This is in 

sharp contrast 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 smail signal measurements., 

the effect of dielectric saturation then becomes apparent as a decrease 

in the measured susceptibility with an increase in the bias ~oltage. 

This ·saturation is quite significant near a ferroelectric Curie point. 

Measurements of the dielectric susceptibility in the paraelectric 

region as a function of temperature show that it varies according to the 

Curie ... Weiss Law, 

X = 

where C = Curie constant 

and T =Curie-Weiss temperature. 
0 

c. 
T - T 

0 

I 

For materials in the FE phase, the Curie-Weiss temperature is usually 

only a few degrees different from the Curie temperature, while for anti-

ferroelectric materials this dif±erence ~ay be wuch greatcrt eomatimes 

more than fifty degrees. 

Die lee tr ic Loss 

Mnst.publications of dielectric measurements on ferroelectric mate-

rials have reported dielectric loss measurements in terms of tan 6, 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·· capacitance .is 

constant. In ferroelectrics, 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 loss 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 one would 

expect rather high dielectric losses since the materia-l is easily influ

enced by small electric field gradients. However, the exceptionally 

high dielectric constants in this reg{on lead to very low values of tan 6. 

For this reason, it would seem more valid to report ferroelectric data 

in terms of a dielectric constant and an "equivalent conductance". From 

the definition of tan 6 this equivalent conductance ~an be obtained by 

the equation 

g = 2nfc tan 6 

g equivalent conductance 

f measuring frequency 

c = total capacitance. 

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

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

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

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

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

the i·,c.onductance of 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 

RadioModel 716C capacitance bridge. This was driven by a General Radio 

Model 1302-A Oscillator.· Null detection was accomplished with a General 

Radio Model 1231 filter anc:l amplifier with an oscilloscope as the final 

riull detection device. All measurements were made with a driving fre

quency of one kilocycle and a peak-to-peak voltage of one volt. Using 

this system capacitances were measureable with a sensitivity of about 

± l~~F, and tan o with a sensitivity of± 0.0002. 

The sample was maintained in an oil. bath containing. Dow Corning 200 

silicone oil_ and equ.ipped with an immersion heater and magnetic stirrer. 

Temperature measurements were made by means of thermometers placed at 

the sample position. A general laboratory thermometer was used for the 

lower temperature regions, while one with art expandeJ s~ale wa~ used 

above 140°C for more accurate determination of the transition temperatures. 

With this.._bath measurement"s could be made in the temperature region 20-

230°C with the rate of change of temperature ranging from 3 C
0 

per minute 

at low temperatures to as low as 0.2 C
0 

per minute near transition points. 

In order to measure dielectric constant and loss as a functi6n of 

both temperature and electric field, a system was designed which would 

allow de voltages up to two kilovolts to be placed on the sample while 

making dielectric measurements. Thi.s system is shown in Figure 8. The de 
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Figure 3. Block Diagram of Dielectric Measurement Apparatus. 
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voltage was supplied by a Beta 10 kilovolt power supply which was isola

ted from the sample by two 150 henry chokes. These prov~ded a separating 

impedance of 1.9 megohms as compared with a maximum sample impedance of 

about 0.3 megohms at the measuring frequency of one kilocycle. At the 

same time they allowed the de voltages to be placed on the sample with 

negligible loss. The biasing voltages were separated from.the capacitance 

bridge by two 10 microfarad, 2 kilovolt oil filled capacitors. These 

provided de separation with negligible measuring signal loss. The 

measuring system introduced stray capacitances of the order of 1000~~ 

il).to the results which c·ould be mea'sured before iri,troducing the sample 

and. then .subtracted from.the 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 Nb
2
o

5 
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 investi

gations, the samples were heated to 500° C for approximately two hours 

and allowed to cool in. the absence of an electric field in order to reduce 

the effects of past trP.A.tment, In measurements at bias voltages, the 

mea.surements 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 mea:s·urement being made. The actual dimensions of the principal 

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



TABLE III 

DIMENSIONS OF SAMPLES USED IN DIELECTRIC MEASUREMENTS 
! 

Sample Diameter Thickness Densit3 
(mm) (mni) (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 
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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 

b~ used for the ~1m placed on it. 

3. Measuremen~s of the capacitance and loss tangent of the sample 

were obtained from room temperature to about thirty degrees above the 

Ctirie temperature during both the heating and cooling portions of the run. 

4. The sample dielectric constant at each temperature was calculated 

using the equation: 

k = t (Total capacitance - System capacitance) 
e: A 

0 

where t = sample thickness 

anq A electrode area. 

5. The sample conductance was c;a.lculated at each temperature using 

the relation: 

g 2nf (tan 6)(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 

Ti
0

.
07 

Sn
0

_
25

)03 . 

A tentative phase diagram for this material was worked out during the 

summer of 1961 at Sandia Corporation and it was found to 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 and loss 

which were exhibited by these samples. The dielectric constant curve 

indicates the nature of the three transitions of interest. The Curie 

transition, which exhibits about 3 C
0 

temperature hysteresis with rising 

and falling temperatures, is characterized by the highest peak of di

electric constant. At temperatures above this transition there is a 

decrea::;e of the dielectric t:>onst;:mt followin:g the Curie-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 one inthe conductance curve. The AFE-FE 

transition is shown on decreasing temperature by a sudden drop in di

electric constant to values corr~sponding 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 dielectric. loss over the· traditional tan o. For this material, 

the loss maximum at the Curie transition is completely lost in the tan. o 

curve. The relative magnitudes of the loss currents at the various 

transitions are also given their proper perspective in the conductance 

measurements. Thus, the FE-AFE transition, where mechanical losses 

would be expected to be ·greatest, exhibits the· highest maximum in. loss 

conductance. 

Figure·lO show~ the phase diagram for this material as a function 

of temperature and electric field. This diagram indicates that for low: 

fields the AFE region.is stable over a 24 degree range on heating and a 

range of about 55 degrees on cooling. This large hystere·sis is indicative 

of the fact that the free energies of the FE and AFE phases show virtually 

the same temperature dependence in the region of interest. As the electric 

field is increased, the AFE phase becomes less energetically competitive 

and finally· is lost altogether. Thus we see that there are three regions 

of interest given by this phase diag~am: 

a) Low fields - those for which the AFE phase exists over an 

appreciable range of rising temperatures. 

b) Moderate fields - those for which the FE-AFE transition approaches 

the Curie transition rather slowly and the AFE phase is "squeezed out". 

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

It is also intP.r.esting 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 

~lopP At the point where the.AFE.phase disappears. 
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Figure 10. Phase Diagram of PZST as a Function.of Field and Temperature. 



44 

Figure 11 shows 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 intrusion.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 at which 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 w.ith increasing bias while the Curie-Weiss 

temperature increases as the electric field causes the material to assume 

a dominance of ferroelectric characteristics . 

. Lead Hafna te Titanate 

Measurements were also made on the series of lead hafnate titanate 

samples furnished by Sandia Corporation. These materials gave results 

which w,ere not as sharply defined as those obtained.with the lead zir

cona.te titanate stannate samples. This was primarily due to· the extreme 

dependence of the FE-AFE nature of these materials on their composition. 

The ~au1ples having a hafnatP./titanate ratio of 95/5 were ferroelectric 

at all temperatures. ThP. 96/4 samples exhibited an.l"E-AFE transition at 

low field but this transition was relatively near the Curie point and 

was not nearly so sharp as in the lead zirconate titanate stannate 

samples, The 97/3 samples were antiferroelectric under nearly all condi

tions. Some ferroelectric nature cuuld be imparted to thts 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° C at all observed biases. The samples con

taining hafnate/titanate ratios greater than 97/3 were antiferroelectric 

under all observed conditions. 

Figure 13, 14,. 15, 16, and 17 show the behavior of these materials. 

It can be seen that with increasing bias field the p'eaks 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 are char

acterized by an increase in the Curie temperature with bias field. For 

the 96/4 and 97/3 samples, antiferroelectric to paraelectric transitions 

cause a corresponding decrease in transition temperature with. field. 

~he results for the 98/2 and 100/0 samples were 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 in 

the dielectric cons~ant curves, are compiled in Figure lY. This decrea~e 

of peak dielectric constant with increasing field is quite strong for 

the 95/5 samples (30% decrease between zero and five kilovolts per centi

meter), becoming less dominant a~ the materials become more antiferro

eleL: tric and peak dielectrj.r. constants at zero bias become smaller. ·The 

increase of peak dielectric constant which accompanied the disappearance 

·of the AFE phase in the PSZT samples was not noticed in the 96/4 composi-

tion, but this was probably due to the lack of sharpness in the FE=AFE 

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

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 ~o~t probable transition temperatures. 
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CHAPTER V 

POLARIZATION MEASUREMENTS 

The measurement·of polarization has also been of prime interest in 

the s.tudy 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 as the basis for 

the explanation of the other characteristic phenomen~ associated with 

ferroelectricity in studies beginning with the interaction theory of 

Mueller (M3) and culminating with the phenomenological theory of Devon

shire (Dl). 

Two principal methods' have been used to measure the polarization of 

a given ferroelectric sample. The first uses 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 polari~ation is zero in the nonferroelectric 

phase, the charge which flows through the measuring circuit during the 

phase transition must represent the original p~larization 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). If the 

sample is plal:ed in an alternating electr.ic field having sufficient field 

strength to reverse the polarization on successive half cycles, a 
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hysteresis loop result~. The amount of charge fiowing durin~ a single 

reversal then represents twice the polarizatio~ of the material. Also, 

if the material is subjected to an even number of charge reversals, it 

can be left in. the condition existing before the measurement. Hysteresis 

loops also.have the advantage of giving not only the polarization of the 

material, but also the.electric field necessary to reverse this polari

zation, the "coercive field". By knowing this field along with the 

polarization, the energy changes during charge reversal can.be found. 

The area inside a hysteresis loop represents the amount of electrical 

energy which is converted to thermal energy during one cycle of the 

applied alternating field. 

The random nature of the grain pattern in ceramics leads to basic 

problems in determining the actual spontaneous polarization of their unit 

cells .. Since perovskite materials have the capability of being polarized 

along several axes (three in the tetragonal phase, six in. the ortho-·· 

rhombic, and four in the rhombohedral), it would seem possible to obtain 

ceramic polarizat.:ions within a few per cent of the single crystal polari

zation by switching each grain into the lattice direction which most 

nearly approximatP.s the field direction. In practice, however,.mechanical 

constraints greatly hinder all but the 180° reversals in most materials . 

. In tetragonal barium. titanate, for example, 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 actual 

polarization and precise results must wait until measurements on single 

crystals are made. 

Hysteresis measurements have contributed greatly to the study 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. 

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

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

place, while E represents the field at which the FE~AFE transition is 
a 

observed. If Ef ~nd 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 ~·st:t~ 

mates. 

It ha~ been found that very nP.Ar the transition temperatures the 

double loops sometimes reveal a measurable polarization at the zero 

field point. This phenomenon mai be attributed to the coexistence of 

ferroelectric and anti.ferroelectric regions within the sample,. leading 

to the superimposing of a normal ferroelectric hysteresis loop on the 

double antiferroelectric loop. 



Exp~rimental- Equipment 

The systems used for these measurements are shown.in.Figures 22 

and 23 .. Figure 22 indicates the Sawyer-Tower circuit used· to obtain 

hystere.sis. loops at 60 cycles. The driving voltage was obtained b.y 

connecting to the high voltage transformer of the Beta High Voltage 

Power: Supply. immediately before the rec tify.ing stages. In. this. Wqy 

a 60-cycle voltage continuously variable from-100 to 2000 volts was 

available. The res~stive divider employed a. lOO:l ratio to allow 

60 

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 resistor to give an integr~ting time constant of 200 

. seconds. The resulting hysteresis loops were then displayed on the 

oscilloscope and .photographed using a Polaroid camera. 

For slow-looping measurements the circuit in.Figure 23 was used. 

Driving voltage was supplied 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 was 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 No~thrup K-3 potentiometer. 

Calculation.Techniques 

The vertical sweep of the oscilloscope or X-Y recut·der 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 :;pontaneouo polari:zatj on 
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(P ) .wa.s .then £o.und by extrapolation of the linear-·segments at the top 
s 

.and bottom. of the· loop back to zero field. ·This polarizqtion. is given 

by 

p 
·s 

where.C
1 

= integrating capacitance 

VV vertical voltage 

A 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 oscilloscope, which is 

driven by the power source through a voltage divider. If the voltage 

scale of the osc il.loscope and the resistive divider ratio are kno~\ the 

coercive field is obtained directly . 

. Experimental Res.ults 

Results obtained with this equipment were quite similar. to those 

recently obtained at Sandia Corporation .. Figure 24 indicates the 

observed pnlArization and coercive field as a function of the temperature, 

as obtained in the present investigations on the 95/5 lead hafnate 

titanate compo'sition. The apparent decrease of polarization at 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 plot for the 96/4 sample. Again the dif-

ferences between the slow loop polarization and that obtained at 60 

cycles are probably due ~o the limitations of the applied voltage. 
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. The loops obtained in the vicinity of the FE-AFE phase transition 

with the 96/4 material exhibited the characterist~c double loop form but 

failed to close off completely at zero field. In order to establish the 

presence of some ferroelectric phase within the sample above the transi

tion temperature, the samples were impressed with only the positive half 

of the voltage cycle. This enabled the positive half of the double loop 

to be observed in the absence of any 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 qualita

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 successfully accomplished at S:;tndia Corporation 

and those results are given in a lat~r chapter. 
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CHAPTER VI 

THERMAL MEASUREMENTS 

Calorimetric measurements were made on samples of the materials 

used in· this study,in order to·determine their specific heats·and heats 

of transformation. The measurements were carried out in.a calorimeter 

designed specifically for measurements on thin .discs of ceramic material . 

. Many of the·b~sic ideas_pf adiabatic calorimetry•were first devel

oped by Sykes (S7), He designed.a calorimetric system.in which the. 

sample and its container were maintained near the temperaiure 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 

temperature 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 

heating. This technique has been modified in the-present study by 

m;lug the ceramic .disocs themselves t:o. contain the electrical heater 

and the detection thermocouple, thus doing away with the sample container • 

. The consequent reduction in thermal mass of the ·sample portion o.f the 

calorimeter provides·much faster response to changes of input -power, 

allowing the sample to be·maintained at the same .temperature as the 

calorimeteF for 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 

tPmperatur~. 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 temperature heat capa.city and thermal loss 

parameters of the sample. . This: information was necessary to detect 

defects .in the sample mounting .and to facilitate the procedures· used 

later for more accurate and complete measurements. 

·In the second type of measurement, the sample was maintained .in 
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an adiabatic relationship to the calorimeter while the calorimeter was 

heat~d from room temperature to some temperature above the,Curie·point 

of the .sample material, In this way, the specific heat of the sample 

could be determined throughout the above temperature range, arid the heat 

of transition absorbed at the Curie·point could be obtained. Since 

these measurements were made under adiabatic conditions, they were more 

accurate than those of the first type. 

Description of Equipment 

Figure 27 illustrates t~e design of the calorimeter .. It is 

constructed of half-i~ch copper. The outside diameter is five inches 

and the outside depth five and one-half .~nches. The inside chamber 

wea~ures three inch~s in diameter and three and one-half inches deep. 

The entire body of the calorimeter 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 threaded 

.ground post and a metal tube for attachment to the vacuum system. . The 

abutting faces of the calorim~ter top and base are fitted with·a.set 

of small ridges which aid in the use of an aluminum.or lead gasket for 

vacuum sealing. The twp parts of the calorimeter are· h.~lu together by 
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six equally spaced 1/4" x ·.1 11 bolts. A notch is cut in the gasket to 

allow the burial of a copper constantan thermocouple junction .near the 

inside calorimeter chamber as·the calorimeter temperature measurement 

junction . 

. Heating of the calorimeter was accomplished by means of a three

gallon oil bath containing -Dow Corning DC200 silicone oil. . The bath 

was ·fitt.ed .with a :1400 watt immersible ·heater at the bottom of the 

liquid and stirred by·means.of an Eberbach Model 58 variable speed 

stirrer. A thermometer was placed in the bath near the calorimeter and 

used .for thermocouple calibration. This bath was capable of heating 

the calorimeter at rates up to ten degrees Centigrade-per minute although 

r.ates above three degrees per minute were not used during the measure

ments of interest. 

The maximum temperature variation in the region of the calorimeter 

was less than. one degree during all·. measurements. Considering the 

thermal diffusivity of the copper, the variation of temperature within 

the calorimeter chamber would' have· been •.less ·than this. . Since -the 

sample-was maintained .at the same-temperature as the calorimeter-cove~ 

during.adiabatic measurements~ radiation exchanges to all.~arts of the 

chamber were negligible .. The· calorimeter was operated under.· forepump 

vacuum conditions -in 'o.rder to .reduce conduction losses· during.·nonadiaba

tic measurements. 

Description of Samples 

Figure·28.illustratei 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 ~hese was fitted with a.series of grooves and a 
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small flat well to coniain th~ heater plate. This was originally done 

-by masking the sample a~d sandblasti~g it with No. 600 alundum Powder. 

Later it was found more convenient to sandblast;the well to proper 

depth and then adjust the de~ths Of the grooves with the aid of a Gulton 

Model DS-:- 10 ultrasonic drill. This t·echnique allowed the heater and 

the differential thermocouple-junction to·be sealed inside the material 

. to be tested. The sample could then ·.be ·mounted to the calorimeter by 

means of the electrical connecting wires. Thus both the heat capacity 

of the sample and the conductive losses·to the calorimeter were kept 

at a minimum relative to the mass of ferroelectric material to be tested. 

The sample heater was ~ade of carbon.· .Originally ·the heaters 

were polished into shape·from small-pieces of graphite rod, but it was 

·found that the use·of pieces of carbon.arc rod. gave·higher resistances 

for the required dimensions, which facilitated measurement 6f 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 

theri mounted in the well provided in the sample and connections made 
.. 

to the #30 copper· lead wires with silver paint. The us~. :of ·a·"heai::er 

element in the. shape of a flat plate· allowed a ·large ·area of contiH.:'l. 

between the sample and the heater and resulted.in more uniform heating. 

The heater was connecf~d to a six-volt battery and contror.was 

achieved by means uf a ten .ohm wire-w('lllnd potentiometer.. . Typical 

.heating conditions consiated of 8 voltage of about 0.30 volts across the 

heater and a current o'f 0.15 amperes· through it. . Under· these· conditions 

the minimum power deviations obtainable -·were of the order of 0. 3 .milli-' 

watts. The voltage across 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 measurement,. and the current was measured by ··means of a Simpson 

Model 269 milliammeter. 

The temperature of the sample·was measured with a copper constantan 

thermocouple junction .planted in the sample. This· junction was made 

·by spot welding .a.p~ece of #30 constantan wire to.a.piece of #30 copper 

wire ·and was fitted .. in· the grooves as shown in Figure· 28. The copper 

wire was grounded to the copper of the-calorimeter through the threaded 

central ground plug. The constant.an .led to the reference· junction of 

the differential th~rmocouple which was fitted into one of the·vacuum 

feedthroughs as shown.in Figure 27. It was found that the thermal resis-

tivity of the glass portion of the feedthrough allowed this junction to 

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 ~entral. pin of the.feedthrough. A thin mica 

sheet betwe.en the cap and the calorimeter cover gave good thermal .con-

tact while ·providing electrical separation. 

After insertion of the thermocouple junction aml th~· 'heatc~, ·the · 

two discs comprising the sample were-bonded. together with· Duroplastic 

epoxy. 

.Measurement Techniques 

Preliminary Measurements·· 

rreliminary m~asurAments were made ·on each sample by observing 

the exponential rise and !all of the temperature of the·sample·when 
I 

.power was app·lied to the sample heater and the calorimeter w.as kept at 

room tempec-.<~ture •. This technique allowed the sample heater to be 

calibrated and permitted the determination of the conduction.losses 



,.···. 

75 

between the sample and the calorimeter. From these·measurements it was 

also possible to determine the room temperature specific. heat cif the 

sample·material. 

If a sample of material is originally at a. temperature higher· 

than. its surroundings, .. and. if it is postulated that conduction .losses 

are much.larger than radiation.losses from the sampte, the:foLlowing 

condition must hold: 

where c sample heat capacitance 

T = sample temperatu~e 

T surrounding temperature 
0 

a,= thermal loss constant .(quantity of heat lost ·per unit 
time· per. unit temperature difference). 

Solving this equation for.T, 

T .= T + 8T e~at/c 
o. 

where 8T is the temperature difference at time zero •. This implies 

that under·the stated conditions, the sample·will cool exponentially 

with .the exponential t'ime con.stant c}etermined by the ratio c/a . 

. Likewise, if the sampl~ and its surroundings are initi..<~lly at 

the· same temperature and powe'r is applied to the sample, the· folTowing 

relation holds: 

~ dT/dt + a (T - T ) - Q/t = 0 
0 

where Q/t is the thermal power ·being.applied .to the sample. 

Solving this equation .for T, 

where Tf represents the·equilibrium temperature at which~the thermal 
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losses equal the power ·input •. From this it can be seen that· .under these 

latter conditions the temperature will ~ise exponentially ·to a 'final 

.equilibriUIJl temperature, and that the exponential.time·constant will 

be the same as that for the cooling curve. 

Thus by observing a cooling curve for a given ~ample·mounted .in 

the calorimeter, the ratio of the loss ·factor to the heat capacity of 

the sample can be determined .. By observing·the equilibrium.temperature 

obtained by a given.power input, the loss factor can be·found from the 

relation: 

- Q/t 
a .. - (T - T ) 
. . f 0 

The·heat capacity of the sample is·then the-product of this loss ·factor 

and the exponential time constant. 

In making these·meas~rements,_the output of the-differential 

thermocouple was connected to the vertical input of a .Moseley Autograf 

Model 2A·X-Y'Recorder. The horizontal input was connected to an .internal 

750 second time·base. Thus the actual exponential heating and cooling 

curves ·were plotted by the ·recorder. 

Cooling cu~ves we~c observed over 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 ·known·, . it was only ·necessary. to record a heating 

curve for a.short time in order to calculate the final equilibrium 

value of the temperature. ·When these. ·equilibrium temperatures were 

plotted as a function of power, the result was a straight line whose 

slope gave the loss ·factor. ·Figures 29 and 30 are such a plot and 

a plot of the cooling curve for .a quartz .sample which was used Lu check 
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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 specific heat of quartz given by these 

plots is 0.187 as compared with a handbook value of 0.181. As was 

stated earlier, it was found that the reference junction.of the differ

ential thermocouple tended to heat slightly above the actual calorimeter 

temperature during nonadiabatic measurements. This caused t·he re.ading 

of the difference temperatures between the sample·and the-calorimeter 

to be slightly low, giving erroneously high. loss constants. This :in 

turn led to values of the·specific heat of the·sample which ranged from 

five to ten per cent high.· Afte'r installation .of the cap to improve 

thermal contact between the reference ·junction and. the calorimeter, 

. this error was reduced to approximately two per cent. 

Adiabatic Measurements 

The most precise measurements of this thermal study were those . 

made under adiabatic conditions. As outlined in the introduction to 

this chapter, these·conditions.were achieved.by using a differential 

thermocouple as a null detector and varying·Lht: input power to the 

sample to maintain it at· the same temperature and the· same rate of 

temperature change as the calorimeter. 

In m~king_these measurements,. it was found most convenient to 

apply a constant.amount of power to the oil bath throughout a complete 

run. This caused the ·rate of heating of the oil to increase during the 

early·part of a run until a steady set of heating conditions was 

obtainerl, and then to decrease slowly ·throughout the rest of the r~n 

as losses to the surroundings became greater.. The reason that a 
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constant input power was chosen .lay in the high thermal mass of the 

calorimeter and the oil bath. In contrast to.the sample,.which could 

achieve a stable set of thermal conditions within 40 secorids 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 under the cons.tant input pow·er 

conditions. 

The sensitive detection of adiabatic conditions was accomplished 

by connecting th~ differential thermocouple directly into a .Leeds and 

Northrup Type K- 3 potentiometer. . At its most sensitive settings this 

potentiometer gave-approximately-the sensitivity of its·Leeds and Northrup 

Model 2430 galv~nometer (one~tenth microvolt per division) and ·the' 

versatility of the potentiometer circuit was invaluable -during periods 

of instability, troubLeshooting; etc. . Using this instrument it was 

possible to keep the temperature. of the sample within 0.05°C of that 

of the calorimeter during all measurements and t~ match the t~o heating 

0 
.rates to within 0.01 C/min .... From the loss factors ·found in .. this 

study'. a temperature difference of 0. 05 °C represents C:l deviation. frnm 

the measured .input energy to. the sample of only ·0.2.milliwatts, ~hich 

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 

input power used during· the meas\lrements .. The·probable·error in 

matching the heating rates is also less than one-per cent of the smallest 

heating rates_normally used.during the measurements . 

. During these first measurements w.ith this system .it was felt 

advisable to use· manua·l 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 the samples, and of the transient 

times and accuracies of balarice·which were characteristic of the system. 

Where a large number of measurements were to be made, however, it would 

be advantageous to.automate the sample power supply·to allow adiabatic 

measurements to.be made and recorded automatically. The block diagram 

of a preliminary system for this purpose is given.in_Figure 31. An 

.amplifier baving the ch~ra~teristics necessary:for the detection and 

control of a temperature riull between the sample and the·calorimeter 

has been designed by Dauphinee and Woods (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·measurements under adiabatic conditions the horizontal 

section of the X-Y recorder was again op~rated on the 750 second time 

base. The verti~al section was connected to the calorimeter thermo

couple,.which.was referenced against a.junction.at 0° C. Thus the 

.curves from the X-Y.recorder·were direct plots of the calorimeter 

temp~rature against time. The rate of change of temperature could then 

be obtained by·measuring the ~lope of these curves, This rate of 

change of temperature was thus determined as a function of the temper-

ature. 

The power input to the sample which was necessary to maintain it 

at the sam.e temperature 'as the calorimeter was listed on the X-Y 

recorder curves at intervals of a few degrees •. From this data a plot 

could be constructed showing this power as a .function of temperature . 

. The ratio of the value· of the·power applied to the salllple at a given 

temperature to the corresponding,rate of change of temperature give~ 

the heat capacity of the sample. 



· Reference· 
Temperature 

·Regu.la.ted. 
·Te:mperature 

Input 
Chop 

·Ac 
Amplifier 

Low· Pass: 
:Ff l:ter· 

. ) 

Output 
. hoppe 

+----1 ~---.... 
t . l.. .·'\.·-

' "''"'. 

Figure 31. Block.Diagram of Automated Thermal Measurement Apparatus. 

• 00 
N 



:1, 
!f 0 

R12 R13 R14 R1s 
27K 27K. 27K 27K +500 

Volts 

C1o · Cu C13 
Reg.· 

20.1 20I 20I. 
Bus Line 

·Ru 
56K 

R7 Re Rg· R1o 
56 0K 2.7M 56 0K 2.7M 

Rs 
680.n. 

~ Cs C14 II[ 4 4 0.01 

Figure 32. Amplifier Schematic. for Automated System (All Capacitances in mfd). 

(X) 

w 



84 

Figure· 33 shows a typical plot of input power and rate of .change 

of temperature ·as a.function of temperature. 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 the 

Curie temperat·ure,. was p1ottec1 as a function of time .. The area under 

this curve then gives the total excess energy applied to the sample 

during the tran~;ition. . Dividing this energy by· the mass of the sample 

gives the transition energy in units of calories per gram, which can 

be converted to calories pe~ mole-by multiplying_by the effective 

molecular weight of the solid solution-. 

Experimental .Results 

Table IV lists the characteristics of the·samples which were 

obtained by the preliminary measurements. The sample-mass listed 

is that of the two cera~ic discs after sandblasting and cleaning. The 

tare heat capacity foi each sample was calculated by multiplyirig·the 

masses of the thermocoupl'e ·wires, the heater connecting wires,. the 

heater plate, and th~ e~oxy binder by their respective specific heats. 

Although the specific heat ·of the epoxy was not known exactly, ·a v·alue 

of 0.35 calories. per g~am per degree Centigrade was picked as·~eing 

·representative for this ~l~ss of material .. The exponential. time con-

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 outlined .. above, and th~:specific·heat of each material. calculated 

from.the relationship: 

Sample heat capacity.- Tare heat capacity Specific heat = 
1 

x Mol. wt. 
Samp e mass 
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'l'ABLE IV 

DATA FROM PRELIMINARY THERMAL MEASUREMENTS 

Sample Tare heat 
Exponential 

Loss Heat Specific Heat Time _ 
Sample mass capacity Constant 

Factor Capacity 
. (grn) (cal/gmOC) 

(min) 
(cal/min°C) ( ca 1 jQc) ( ca 1 I gm°C)(ca 1 /roo 1 °C) 

95 HN 6·. 91 gm 0.027 5.50 0.100 0.550 0.076 32.1 

96 HN 7. 72 gm 0 .. 020 6.48 0.075 0.490 0.061 25.8 

97 liN .6.23 gm 0.028 5.30 0 .. 079 0.420 0.063 26.71 

98 HN 7.04 gm 0.028 5.61 0.067 0.375 0.049 20.8 

100 HN 7.28 gm 0.028 5. 7.8 0.085 0.495 0.064 27.33 

Figures 36, 37, 38, 39, 40, and 41, show the variation of specific 

heat with temperature for the materials used in this study as determined 

frOI_Il "the adiabatic measurements. Each figure shows the characteristic 

spfke expected of a first order transitiqn at the Curie tempe·rature. 

The variations below:this temperature are much more diffuse and thus 

le~s susrieptible to interpr~tation. The 96/4 lead hafnate titanate 

composition does not show a .spike in specific heat curve at the FE-AFE 

transition, but· rather exhibits a· general rise -ln the specific ·heat, 

as if the transition is blending with the C~rie transition, The PZST 

sample s·hows a very sma'il diffuse peak in the power input curve near 

the FF.-AFE transition temperature .. The other-materials show certain 

hrnad peaks and rises 1 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. 7able V lists the 

pertinent data for these calculations and the heats of transition 

obtained from them. An es.timate was also made of the energy involved 
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in the FE-AFE peak in the PZST sample. Because of the blending of this 

transition with the Curie transition dati this estimate is of limited 

accuracy but does indicate a very small heat of transition at the FE-AFE 

transition. 

The heats of transition calculated for these materials ·are smaller. 

than those reported for lead zir~onate and its solid solutions. This 

fact will be discussed later together with a comparison of the techniques 

used in obiaining them. The heat 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 transition. 

Sample 

95 HN 

96 HN 

97 liN 

98 HN 

100 HN 

PZST (Curie) 

PZST (FE-AFE) 

Sample 
-Mass 

(gm) 

6.91 

7. 72 

6.23 

7.04 

7.28 

5.17 

5.17 

TABLE V 

HEAT OF TRANSITION DATA 

Transition 
Temp. 

160 

163 

1 n7 

170 

172 

152 

-130 

Excess 
·Heat 
(cal) 

1.53 

2.40 

1.49 

1.60 

1.58 

1.87 

0.079 

Heat of Transition 6S 
(cal/gm)(cal/mol) (cal/mol °C) 

0.222 94 0.22 

0.311 133 0.31 

0.240 102 0.23 

0.228 97 0.22 

0.218 93 0.21 

0.362 126 0.30 

0.015 5.3 0;013 



CHAPTER VII 

RESULTS OF'RELATED WORK 

This chapter presents certain.results obtained during recent studies 

by other gro.tips which either extend "the present study or which can be 

useful in the interpretation of the present results. Some of the results 

of .the study b~ Sawaguchi (S4) on lead zirconate titanate are also 

presented a~d will be used for comparison with the conclusions obtained 

for lead ~irconate titanate stannate and lead hafnate titanate in the 

next chapter. 

A great deal of work on the lead zirconate titanate stannate compo

sitions has been done during.~h~ la§t few years -by the Electronic Research 

Division of Clevite Corporation of Cleveland, Ohio .. The work of interest 

to this study has been selected from three reports"·by Berlincourt (B2, 

B3, B4) of the Clevite group. 

The work.at Clevite has included a study of the characteristics of 

the FE-AFE transitions in the lead zirconate titanate stannate composition 

used in the present study and has obtained interesting results concerning 

the pressure vs. volume relationships ·in Lltl6 compoGition. X-rAy studies 

have shown the AFE phase to b'e the phase of minimum volume with a change 

of abouL O.J6% occurring dur5ng transitions between the FE and AFE phases. 

The change in volume produced in a sample of this mAterial by the 

91 
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appl:j_cation of hydrostatic pressure was also determined. Again the 

volume. difference between the. phases was found to be ab~ut 0. 35% with 

the ·transition occurring. at a pressure of about 38,000 psi . 

. Figure 43 compares the polarization changes produced in this compo

sition by variation,of temperat~re and pressure. It can be seen that 

while the general shap_es. of the curves are the same, almost twice as 

much depol{~g tak~s place before· the abrupt transition when the temper-

ature is varied as occurs before a pressure-induced transition. 

Figure 44 indicates the variation of transition pressure of poled 

ferroelectric samples as a function of a biasing electric·field. Because 

of the oriented-condition of the specimen, the transition _pr~ssure for 

the FE-AFE transition decreases with negative bias until the bias field 

reaches the coercive 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 deal of work has been done by this group in the analysis 

of the double hysteresis loops characteristic of field induced AFE-FE 

transitions. Loops taken for PSZT about 8° C above the FE-AFE transition 

are quite broad, giving Ef equal to.about 8 Kv/cm end Ea about 4 Kv/cm. 

Fi~ure 45 is a temperature vs. field phase diagram obtained by 

field variation at constant temperature. This is irr contrast to the 

technirtne used in this study and described in Chapter IV, .which involved 

thP. 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 Hafriate 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 Ef and.E as functions of tempera-. . a 

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 

of 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 less than 20 Kv/cm. 

Samples having the same compositions as those used in the present 

study ·were prepared using a higher purity Hf0
2 

than had previously:been 

.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 smaller range. Using the 

purer ·material, .the 96/4 composition was ferr0electric·between r00m 

temperature and the Curie temperature while the 98/2 composition was 

antiferroelectric over. the same region. An AFE-AFE transition was 

also observed.which·had n0t been reported previously. 

Lead hafnate titanate samples without the ni0bium.addition were 

also prepared. This modification increased the Curie temperature to 

the 200° C region and moved the AFE-YE phase b0uu~dry. to the 95/5 

composition. 

Dungan.and Stark (D3) have investigated the lead hafnate titanate 

·stannate compositional·fam:i.ly and find .it to·be strikingly similar t0 

the lead zirconate·titanate sl~onate 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 r~lations for ~aterials having equal molar parts of 

zirconium and hafnium,.he·found that the FE-AFE phase boundary. had. been 

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 exten·sion 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 relative stability of the various phases seems to be 

stronger than that of the hafnium .ion. 

Sawaguchi (84),. in his study. of the high zirconium.regions of 

the·lead zirconate titanate series, was able to construe~ a relative 

free energy diagram .for thfs system •. From calorimetric data, he found 

. 0 
that the entropy differenc~ between the two AFE phasea (0.22 cal/mole ) 

was much larger than the difference between the high temperature AFE 

phase and the FE phase (0.073 cal/mole
0
). These in turn were both 

smaller than the ~ntropy difference observed at the Curie transition 

0 
(0.51 cal/mole ) . 

. From the double·hysteresis loops exhibited near the transition 

temperature, Sawaguchi ~~s ~ble to calculate the difference-in free 

energy between the FE and AFE phases in PbZr0
3

. The calculations show 

A fr.ee ·energy difference of about 3 cal/mole·at 215° C which decreases 

0 
to·l cal/mole near 230 .C .. From this he concluded that the·FE and AFE 

phases would have equal free energies at about 240° C. Unfortunately, 

the paraelectric phase ·becomes dominant below this temperature so that 

.an AFE-FE transition is n6t actually observed. 
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Prom the work·with P~(Zr0 . 97Ti0 • 03 )o3 and Pb(Zr0 . 98Ti0 . 02 )q
3

, 

Sawaguchi also determined that additions of. lead titanate to lead 

zirconate decreases the free energy pf the FE phase ·relative to the 

cubic phase·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%. 
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CHAPTER VIII 

.CONCLUSIONS 

· · Fre.e tnergy Relationships in 
., 

Pbo.99 Nb0.02 (Zio:6a Tio:o7 sn0.2s> 0.98 °3 

The most complete set of data.available for any of the compositions 

used. in this ~tudy is that on .the PZST samples. For this material one 

now has thermal, electrical, and pressure relatio~ships which involve all 

three phase~. This composition.also gave the sharpest transitions and thus 

the rnost 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 th.e ideas thus obtained then applied to the discuss-

ion of the other compositio~~· 

As was shown.in Chapter III, 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 ~o 

be about 42 cm3 and the volume in. the AFE phase is approximately 0.35% .less 

than that in the FE ~phase. The variation of polarization with temperatt).re 

and pressure was indicated in Figure 43, while the polarization dependence 

on.electric field can be obtai~ed from the plots of dielectric suscepti-

bilityvs. field and a knowledge of the spontaneous polar:lzation by using 

the r.elation, 
E 

P(E)=P.+je x(E). dE 
S' 0 I 

0 

106 
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The :ca.l.cula tion of. the .absolute .. entropy,. howe-ver:, .-is a--much .g.r.ea.ter. 

problem. This . .requir:esa:knowledge of the specif-ic heat· at--all tempera-

.. ture.s above a.bso.lute. zero. The variation .. in .-the· vicinity of..abs0lut·e· 

zero is quite important and is thus far not available. For this reason 

the absolute entropy of this system cannot presently be calculated and 

relative entropies must be used to determine the free energy diagrams . 

. The entropy differences between the phases at the transitio'9-s are given 

in Table V. 

A correlation of the result·s of the various measurements is useful 

as a check on the experimental values obtained. The electrical and 

thermal data can be compared by using the relationship: 

:' 
Using the values 

[~T\ = 
~ai). 

p 

.. V = 
b,P = 
&S·~ 

.3 
42 .em /mole 2 ~ 16 .x·lo-6 caul/em 

. 0 
0.013 cal/mole . 

a value of (aT/E~E) ·' = 12.3 cm
0

/Kv is obtained. This compares with a 
. p, 

. -:·-o 
value of about 9·CT)l./Kv ·which .. is obtained from the central slope of the 

FE-AFE phase boundary in Figure 10. The discrepancy seem!! to indicate 

that the value of entropy measured was slightly ·low .. This is quite 

possible since, as was pointed out earlier, the peak used in the cal-

culation of that value was quite- small and diffuse. It would seem a 

0 
value of about 0.02 .cal/mole might be more accurate for this transition. 

The above relation also applies to ·the ferroelectricCurie tran$ition 

at high.fields. Here the polarization used consists of the spontaneous 

polarization plus that induced by the field. Using a value of &f equal 

. . ~6 2 0 
to about Z2 x ·10 · coulombs/em and a value of &S = 0.30 cal/rnole (the 
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entropy difference be.tween the phases at zero· field), -a v~lue- of 0. 74 

cm
0

/Kv,.is .. calc.ulated. This compares-with a value .of .. 0.80 c.m'!./Kv measured 

just above the·triple point in the PZST phase diagram. In viewof t-he 

.assumptions 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 .another 

leads to some .interesting:conclusions concerning ·.the ·hyste_resis .in .these 

transitions .. Figure 46 compares the FE~AFE transition with -increasing 

temperature to the AFE-FE transition with increasin~:field. Since t~ese 

transitions are in opposite directions; the true phase equ~librium.con-

ditions must .:lie somewhere between them. 
t; 

But a ~omparison .of this figure 

with Figures ·10 and 45 indicates that t:he true equilibrium -line ·lies 

much closer to the transition observed with increasing:intensive para-

meter than to that observ_ed with decreasing.intensive parameter .. Thus 

the shapes of the curves in,Figure 46 are more representative of the 

shape of the phase ~quilibrium·line than are those for the reverse 

transitions. The rapid decrease of the slope of the:FE-AFE. transition 

as this. transition approaches the· Curie p.oint would seem ·to .indicat.e 

that L:he::;e two transitions tend to blend causing·the change of entropy 

at the FE-AFE transition to increase rapidly. 

'J;'he results obtained w-ith hyd!'ostatic pressure can ·be compared with 

the electrical results by the r.elation: 

Us·ing~the values 

-6 2 
AP = 22 x: lO · coul/cm 

D.V/V = 0.35% 
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Figure 46. Comparison of Transitions Observed with Increasing Temperature 
and Increasing Field for PZST. · · · 



a·va1ue of.-6.2 .. 8 co.ullm
2 

is found for (0p/ 0E)T .. This.compares·wHh a 

2 
value of 65.~ coul/m observed in.Figure 44. 
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FTom the pressure-induced transition data: it is· possi-ble to· estima,te 

the free energy difference between the FE and.the·AFE .phases at -room 

.temperature. . Sawag;uc):'li (S4) has shown that the free energy difference 

between two phases observed during a ·forced .ferroelectric transition is 

essentially t~e product of the intensive variable necessary.·to force the 

t·ransition and the corresponqing .,chang;e of extensive parameter. Authors. 

' following him seem to have· followed this method of calculation .(e.g., . the 

difference in ~free energy between the phases .. in the douqle hysteresis 

.loop ·is represented by an area equivalent to the average field at the 

transition multiplied by the change in polarization). An ·assumption that 

thP. difference in entropy and internal energy between the two phases are 

aJ>proximately constant over the temperature range consic}ered, on the 

other hand, leads to ·a .correction of the above value by a factor of 

6S(T:_T) where ~S is the observed entropy difference, T.:i,s the temperature 
0 

of the forced transition, and T .is the temperature of the transition with 
0 

the ·intensive parameter equal to zero. 0ver the temperature ·ranges used 

in this study.ltowever, this correr.ti.on amounts to.less than-20% of the 

principal value, .so that the:Sawaguchi assumption .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 

reasonable approx-imation to the true ·free energy difference . 

. Using the above approximation, Berlincount's pressure-induced 

transition gives: 

~9 ~ PAV 3 -8 3 
- 38 x .10 psi x .15 x.lO em 

6G(molar) ·= 9.4 cal/mole 
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Wh:Ue this .is .. only an estimate, it is .comparable to the· values·.·Of dif-

-ference .. of .. free .energy. ·be tween. the · ferroe lee tric and antiferroe lee tric 

phases observed by ·,Sawaguchi .in ~lead .z:irconate titanate solid s9lutions . 

. Because of the possi9le presence of hysteresis, this value should be 

taken :to .represen~ an .upper :limit to ·the free energy differenc-e between 

the phases . 

. An .estimate of the free energy difference at 135° may:be obtained 

:from .the field-induc'ed·hysteresis :loops of Ber-lincourt. Since these 

·loops are ·broad ~his estimate :is of.limited accuracy but a maximum and 

minimum value can be establisl').ed from .. :Ef and-.Ea for the ·transition. 

-Again using:the previous asst~ptions, .the. following values are obt~iried: 

Maximum value: 

~G(molar) 8PEfV~olar)= 0.96 cal/mole 

·Minimum .value: 

~G(molar) = 6PE V(mola~ = 0.48 cal/mole. 
a 

I~ order to establish free energy differences involving the para-

electric .phase, the entropy difference a~ the transition m~st be used, 

since this is the only. information at hand regarding -:this phase. The 

entropy diffen~w.::e of 0.30 cal/m0)P
0 

indicat:es that the free energy of 

the cubic phase falls quite rapidly below that of the AFE phase above 

the Curie temperature .. Extrapolations of this difference to tempera~ures 

.far. from the Curie point depends on a:knowledge of the curvature of the 

free _energy.:lines as a .function .of temperature. 

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

(~2G) - (as) --~. -::;;z ·- -
(IT E o,T E,p .T 

,p 
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.Thus . .fr.om.the.measurement of specific heat; the·curvat·ure of the 

.Figure 47 shows a plot of .Cp/T·calculated .from :the c:urve ·of Figure Al. 

The points in the vicinity. of the Curie transition h,ave ·been-.,left out 

· .s.ince 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 _ _-} in.es is ~lmost constant over the entire range, 

. 0 0 
decreasing only about: 15% be tween. ·30 C -and ) 70 C. There is no notical;>le 

abrupt change of curvature··for the material in the cubic phase . 

. Figure 48 is a construction .of a relative free ·energy diagram :using 

--the aboy.e curvatures and th,e free energy differences found earlier. .In 

.drawing -:this diagram only ·the entropy difference relative to the entropy 

0 
.of the ·FE phase at :lOO.C has been.used .. Therefore to obtain the true 

free energy differences ·from ·this state a :further slope equivalent to the 

absolute entr~py of the FE phase at :100°C must be superimposed on each 

oJ· the curves .. From·.this it .can :be seen .that the variat·ion .of free energy 

with .temperat-ure completely dominates ~ll other variations .in all three 

phases and that the differenc:es in .free energies between the phases are 

quite minor compared to this variation. 

In order to show a-free energy relationship-explaining :the experi-

mental findings .Figure 49 can-be used. In this figure the free energies 

o.f the AFE and PE phases have been .plotted relative to that of the ·FE 

phase at all temperatures .. The phase relationship pict.ured is for zero 

pressure and field. 
0 

The FE-AFE equilibrium :point has been .set at :12.5. C 

to be consistent with the hysteresis· obseryed in .. Figure ·10. .The AFE-PE 

equilibrium has been placed at t}:le Curie t.emperature obser'ved with rising 

·:t.emperature 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 differences present at the temperatures 

at which these transitions occur. The fr·ee energy difference is approxi-

mately 0.10 cal/mole at the FE-AFE transitior:t and nearly 1. 75 cal/mole at 

the reverse transition. 

Figure 50 represents the relative free energies at a field of 5 

Kv/cm. This field lowers the free energy 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 corresponding to about 1.25 cal/mole. The 

FE~AFE transition occurs at a temperature where the PE phase becomes en-

ergetically competitive, leading to the possibility of a blending of the 

transitions. At fields greater than about 7 Kv/cm the AFE phase disappears 

completely since the junction of the FE free·energy curve and the PE free 

energy. curve occurs below the AFE free-energy curve. 

From this tr.eatment it c&n be seen that although the absolute values 

qf the free energies cannot be calculated exactly and approximations must 

be made in or;der to calculate the free energy differences. between the phas·es, 

the behavior of thP. rel.ative free energies of the various P,hases l~ads to 
. ';· 

an explanation of the dependence of transition.temperature and hysteresis on 

the external electric field. 

Results for the Lead Hafnate Tit;~nat~ Samples 

As has been pointed :out previouslj, the leaq hafnate titanate samples 

gave less quatttitative information regarding free energies since the trah--

sitions tended to be more diffuse. Thus a quantitative discussion of the 
. -~-. ' 

relative free energies of these materials woulu not be productive wtt:h the 

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 tbe preceding discussions it appears that the rever.sal ·of the 

direction of phase transforma.tion with rising temperature in ~hese ferro

electric materials does not represent a drastic difference in the thermo

dynamic character of the material but rather a relatively minor difference 

which changes the delicate balance 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 tbe 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 pre

vail at all temperatures between room temperature and the Curie temperature·. 

If the entropy of thP. AFE phase qappens 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.· 

Ottur. Likewise, a room temperature dominance of the AFE pbase coupled 

with.a slightly higher entropy in the FE phase leads to the possibliity 

of an AFE-FE transition. Since t.he free energies involved are small, the 

~ntropy differences necessary are extremely minute. 

It is interesting hereto compare the energies associated with the 

FE-AFE transitions with those observed in other conuuOft transformations. 

Chemical transformations 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 100,000 calories per mole. Changes 

of state normally involve· changes of energy two orders of magnitude 

smaller thart this. For example, the energychange during the melting 

of ice is about 1440 calories per mole. ·Thus it can be seen that the 

energy differences involved in FE-AFE. transformation·s. (about 10 calories 

per mole) are quite s.mall when compared with most transformation energies. 

By using the above considerations,the relationship between the FE· 

and AFE phases with regard to free energy an~ entropy may be outlined for 

the lead perovskit~ t~mpositions used in this study. 

In both pure lead zirconate and pure lead hafnate, the AFE phase_ is 

the phase of minimum free energy. The free energy difference between the 

FE and AFE phases at room temperat~re is great enough that differences in 

entropy cause no AFE-FE phase transformations below the Curie temperature. 

However, the difference between the zirconium.i~n and the hafnium ion.is 

great.enough to cause a difference in the entropy relationships between the 

two phases. In lead zirconate the entropy of the FE phase is greater 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 z:i.rconate produces a situ

ation in which the AFE phase is still dominant at room temperature but the 

larger FE phase. entropy 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, cert~in amounts of titanium ion pro

duce a condition in whLch the FE phase is dominant at room temperature but 

the higher entropy of the AFE phase causes an FE-AFE transf~rmation to take 

place below the Curie· temperature. Thus, this small entropy difference be

tween the phases in the two materials produces radically differing bel~avior. 
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The addition of a small amount of stannate ion to lead zirconate 

titanate increases the entropy of both phases but affects the AFE phase 

more than the FE phase~ ca~sing the AFE phase to become the phase·of 

highest entropy. Again when enough titanate ion is available to cause the 

FE phas·e to be only slightly dominant at room temperature, the ·greater en

tropy of the AFE 'phase is sufficient to cause an FE-AFE transformation to 

occur at higher temperature. Thus the behavior of this ~aterial is 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 oiJ,ly drastic difference between the two phases is in the 

electrical properties;. The fact that the ~.Jrtit cell polarizations sum in 

the case of ferroelectric·materials and.cancel in antiferroelectrics leads 

to large variations in behavior 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 ExperimeiJ,tal Techniques 

Dielectric Measurements 

The most important results of the d~electric portion of this study 

lie in.the use of the equivalent conductance as a technique for the study 

of .FE-AFE phase transitions and in.the measurement of the dielectric satur

ation a·ssocia ted with the peaks of dielectric constant in the vicinity of the 

Curie transition. 

As ll.as been pointed out previously, the use of equivalent conductance 

in the place of the: more conventional tan o allows a.truer ~bservation of 

the actual loss mechanism .in the dielectric materiaL By eliminating the 

effects of the rapidly t:h-3nei.ng dielectric constant in. the vicinity of a 
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transition, it becomes easier to distinguish the various types of trans

formations which occur and allows a better estimate of tr.ansition temper

aturef?. 

The effect of dielectric saturation at high electric fields qas a 

pronounced bearing on. the ap.plication of these materials in. thermal-to

electric energy conversion~ The highest dielectric con.star:tts observed in 

. this study were fo~nd under triple pairit conditions, that is~ near that 

temperature and field at which the F~~. AFE, and cubic phases show nearly 

equal free energies. Unfortunately, this is also 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 

gained by thermally_changing the dielectric constant are lessened and 

otability becomes a problem. Because of the absorption of charge in_the 

unit cells of the FE phase.as the temperature of the material decreases 

from the Curie temperature, . it seems ·that the best amplification. charac

teristics will be found by using the ch:ange of dielectric constant of an 

AFE 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 accurate determination of excess specific heat.and 

heats of transition will require further study with improved c,eramico 

and single crystals. 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 transition entropies. Materials exhibit

ing sl).arper transitions should cause these peaks_ to be more pronounced 

and thus give·more accurate results. 

A fin1:1.l result of this ·stutly is the indication. 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 

behaviqrlies in. the ceramic nature of the material ~ith the accompany-

ing stresses and variations of particle size and texture •. Another cause 

probably lies in.the lack of true chemical homogeniety throughout the 

samples. Since the electrical .character of these materials shows such.a 

strong dependence on. structural characteristics., very slight compositional 

variations will spread transitions appreciably, causing a blending of 

transition.characteristics when more othan one transition_is occurring in 

any small temperature region. As 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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SECTION B 

·DISPERSIQN Q[:DIELECTRIC -CHARACTERISTICS 



ABSTRACT 

The frequency_ dependence ef the die,lectric parameters of some poly-

crystalline-mat~r.ials exh~biting ferroel~ctricity and/or antiferroelec-

tricity was examined under varying conditiens of temperat~re.~nd static 

electric field. 
2 

Werk was perfermed in the frequency range from.lO to 

5 10 cps en le~d zircenate·stannate titanate and lead bafnate titanate 

selid solutions. The· dielectric· censtant and "equivalent conductance" 

were determined ever a ran~eef temperat~res extending frem 20°C to 200°C 

·and up to field strengths of-8 Kv/cm altheugh the most extensive measure-

ment·s .were made ·at room temperature· and zere field. Both ferroelectric 
• . • •:. t . 

and antiferreelectric ph~ses of the materials were investiga~ed and the 

trends ef the re1:;ults cempared. 

The samples· in general showed a leglinear decrease in dielect'l;ic 

censtant with. in~: rea sing frequency;·· The antiferreelectric samples 

displayed a decrease apprm~imateTy ene-third to one-hai'f that o.f the 

ferreelectric m~terials . . Fei jll samples, the'equivalent conductance 

values plotted en a, leg-log sc~Ie against frequency yielded a 'straight 

line with a slepe of very nearly one, suggesting the pre;!sence of 

hysteresis-type -lesses .. These ·-variations with frequency could be altered 

in varieus degree by·changingtemperature or field. -Using as a basis the 

apparent hysteresis-type,loss mechanism, a medel is preposed which explains 

the equivalent conductance results and alse remains consistent with the 

dispersien .in the dielectric constant .. The model involves the concept of 

minute pelarizatien reversals"by dmnain wall motien .. The results at 

varying temperatU,res anrl field strengths are also incerporated into the 

model .. The experimentol findings for hnth the ferroelectric and 

iii 



antifetroelect.ric eompositions show a great deal of consistency:with the 

model, and with this as a foundation, it is suggested that perhaps the 

solid soluti~~ :sam~les are neit&er-~urely ferroelectric nor purely 

.antiferroelectric·but rather a combination.o.f the two phases with one 

more dominant. 

lv 
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CHAPTER ~ 

INTRODUCTION 

·Definitions of Terms 

A ferroel~ptJ:'iO mat;:~rial may be 4eHned· as .. one wh-ich· shows both 

a spontaneous elec:t;ric pC?larizatiQfl an4·hyst;:eJ:'esis ~ffeets ~n the-: 

relati<;m betweert dielectric displacement and e~ectric f~elc;i. Such 

anom~l(!?us behavior is normally o~servec;i within specific t;:~tr~pel'at·ure- · 

regions, above which the mat;erial displays a normal dielectric be-

havior and no longer posses~es ~ spontan,ec;>us p0 lar~zat;io~. this uppel,' 

tem~era,t1,.1re poiq.t has <;orne tc;> be c:al1ed the GJ.,IJ:'~e tempe.ratl,lJ:'e (or Curie 

point) anq above ~t the ma,terial is said to be "pal!'~ele.ctric"~ . The 

terms "ferroelect;ric", "Cl:l;rie point" and "pa,rae1ectric" orig.i.nate from· 

the simqarHy· of behavior between ferroelectr.ic;:s and f-err~etics 

and, although t;:he p~ysical causes of their beh~viors are q.uit:;~ dHfera 

et)t, they have been carriec:J over from the stu~y of ferromagnet;iQs .• 

Above the Curie point the parae~ectric (Qr non .. po1ar) phase .obeys 

a Curie.,Weiss law» 

c € == E + 
c;> T ;., T 

0 

where Cis the Curie constant and T .the Curie.,.Weiss temperature. I,n 
.o 

the viCinity of the Curie .. Weiss temperature the dielectric constant: be .. 

comes very large. For a second order phase·t:.ransition from the ferroQ 

electric (polar) phase to the nonopola;r phase, the Gurie t:e.mpe;rature (Tc) 

and Curie.,.We~ss temper~t;:ure (T
0

) nearly coincide, but _for m~·!ferials which 

undergo first order pha~e changes, T
0 

and Tc do not coin.cide. 

1 . 
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Within a ferroelectric material, a~ignment of the electric dipoles 

may extend over only a portion· of· the material, while another re·gion may 

possess dipo~es aUgn~:!d ·in some· o~h~r direction. A regton in which the 

spont·aneous polarization· is dl· in ·~he same direction is said to be a 

dom~in. Different dolllai·ns are separated by walls, and in the tetragonal 
.... ·, 

f~:rroele~triC·'p~rovs~ites such as barium tit~q.~te, these are generally 

referred to as 90° or 180° domain waHs. Ba-s~c;:ally, a '180° wall is one 

in which the polariza,t~ons 91'\ either side of ~he wall are antiparallel, 

a,nd a 900 wall ex~sts when the polari~a~ions on either ~ide are normal 

to ea,ch other. In the latter case the po~itive end of on~ domain must 

be perpenqic\,llar to the negative end of the seqond d()main, ,since there 

.~ can be no charge existing on t11e domain wall \tself. 

A typical ferroelectric hysteresis Joop is l llustrated in Fig~- 1. 

At t;he origin, 0? . the domains are orien~ecL_so that the net polarization 

Figure 1. Ferroelectric Hysteresis Loop 

is 2;ero. · As the field is increased, the domains tend to align wi.th the 

f.ield until at portion AB all the domait'\S are aligned to form one single 

domain anQ. a statze of $~turation exists. A~ the field is red\,lced to z.ero, 

oome domains remain aligned irt their previous dire~t;ion and so the polar ... 

ization does not go to zero~ Th~s there exists a remanent polarization 

indicated ~n the fig\,lre as OC. The linear portion AB of the curve 

extrapolated back to the polarization axis represen~s the spontaneous 

polarization Ps (OD) of the material. The value of the .field required to 
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t;'ed\,lce the pol~rizat-ion· to zero is called th~ ~oercive f~eld Ec (OE). 

In ad4ition to ~he ferroe~e~t-ric mate·ri·als, there exists a group 

of. materials in which. neighboring dlpoles are antiparalle!'. Such 

matet;"ials a1:e saiq· to be "antipol-ar" in COI'!lparison to those which are 

caUed "polar" where n,eighbor~ng dipol~s are parallel. A subs-tance 

which exhibits such an antiparaUel dipole array is said to be anti"! 

ferro~lectric·~ A more formal definition of an antiferroelectric 

ma1:erlal ls "an antipola:J;" material whose f1:ee energy is comparable to 

that of a polar mater~al" (Jl). The problem of antiferroelec~ricity 

" has rec~ived gener~l treatment by Kanzig (Kl) and FC)rsbergh (Fl). 

Prior to the last decade, the most extensive inve~tigations were 

done on three fert;"oelectric materials: Rochelle salt, pota!!S~4m di~ 

h~drosen phosphate, and barium titanate, Recently many new·ferroelec-

3 

tries ~nd antiferroelectrics have been discovered. ~s Jona ~n9 Shirane 

(Jl) mention in their book, however, "our kno~ledge o~ the basic 

pheno~non has not been appreciably enhanc!f!d," 

Some of the more notable works in the literat1,.1re providin~- review~ 

of ferroelectric properties an,d problems involved in the fi-eld of ferro"! 

electricity are given in referenCQli Fl, J.l, Kl, K2, and Ml. The readel( 

is referred to these works for a more complete dlsct,lssion of fe-rroe1ec<;! 

tries and antiferroelectric$. 

In the study af ferroeleetrics the dielectric constant has played 

an important role. The dielectric constant k ~~ not;"mally defined as the-

derivative of the ele~tric displacement D, with respect to the field E, 

or 

From the relationship (in MKS 

k=..f..= 
E 
0 . 

units), 

1 dO 
TCiE 

0 



one can obtain th~ susceptibility X, defined as 

or 

X= l~ 
EO dE 

X=k .. lo 

In the v\cini ty of a Curie point, or where ever k is muc~ greate-r than-

one, th~ s~sceptibility and d~ele~tric constant become nearly equal, or 

. 1 dO ··! 1 dP 
k:;~-~=--o 

~odE ~odE 

Selected Background 

4 

Since the dielec~ric const~nt exhibits an anomaly ~t . .t:he transition 

temperature betwe~n structural phases, it ~s us~lly measur~d as a function 

of temperature and/o~ field. ·~ss emphasis has been placed upon measure .. 

ment;s of dielectric characteristics as a functtqn of freq~ncy. thos.e 

studies which have been done were almost exclusively performed. on barium 

titanate ~~·probably since it was one pf the first ferroelectrics to dis!!' 

play striking characteristies, was relatjvely easy to produce, and showed 

excellent commercial possibilities. 

Such an early investigation of diele.ctric constant as ,a.f.unct.i.on. of. 

frequency was done by Roberts (Rl) on polycrystalline barium tita~te. 

Roberts found no pronounced anomaly in dielectric characteristics within 

the frequency range o~ 1 to 25 megacycles per second... He found a -ptezo.., 

electric resonanc~, however, when the samples were polarized in a .strong 

electric field. 

Had Roberts extended his measurements into the microwave range~ he 

would have discovereq a relaxation spectrum as did vonHippel and 

Westphal (Vl) and later Powles ~nd Jackson (Pl). The imp.ortant feature 



of this relaxation· is an ab:~;upt de<rtease in· dielectric COf\stant-by mor~ 

8 than an order of magnitude, beginning near 10 cycles per second and 

10 
tapering·off pas!: 10 <rycles per secondc. 

5 

Kittel (K3) was one of th~ first to propose a workable, qualitative 

explanation of this···phenomenon. · He introduced the i-dea that the observed· 

dispersion wa·s due to processes of domain·wall di·splaeement. A domain 

wall displacement, in a direction perpenqicular to· t~ wall, will hl ... 

cre~se· or decr~a$e· ~he ef~~ctiv~ polarization pa;rallel to the· wan. 

Recently Sannlkov (S1) has presented a more rigorous· approach considering 

the frequertcy dependence of the dielectric constant assoc.i..a.ted with 

domain wall displacements. Sannikoy 9 s expr~ssion for the co~plex 
' 

electric susceptibility X* 1s 

In ~his equation w0 (=2TTf0 ) is the resonance freq1,1ency of .the ,ma.tertal, 

~ ~n~ ut' are two ionic damping frequencies,~(~2nf) is the frequency 

of the applied ~ield and X0 i~ th,e susceptibqi ty at W= 0 and is re.lated .. 

to the resonance frequency by 

Xo 4P 2 
= 'Q 0 

1M%· a 
In this expression P0 is the static polarization in the uni~orm ferro~ 

electric 9 1 is the mean domain width 9 and M the e~fe-etbre mass of the· 

domain wall. Although Sannikov•s result is valid only f;or ferroelect;rics 

which unqergo second order phase changes into the·nonpolar phase anq 

asst,tmes domain walls undergo only smatl distortions, it yields satisfac.tory. 

numerical results for the obse:rved phenomena in barium titana.te. 

It is de~irable to know more about the phenomenon which. takes .... plac.e 

when the polarization _is reversed from one direction to another .. (sw.i.t.ching). 
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A potential me·an~ of obtaining information al;>out t:his process is by making 

dielectric constant measurements (siqce k~dP/dE) while the··sample is 

being simultaneously switched by a slowly varying biasing field (~weeping 

field). · 

One·of the earliest of such experiments was done by Orougard ~nd 

Young (01), who subjected~ single crys~al of barium titanate to a low 
, .. 

amplitude_audio frequency sine wave to measurt;! the dielectric constant 

and at: tlte same· time imposed a slowly varying· field to _produce switching. 

Drougard and Young regar9ed their results, among other thi~gs, as giving· 

no indication of dona ~n walls moving to any appreciable extent in re·sponse 

to the audio frequency field. 

~imilar investigations by Drougard, Funk and Young (02) stu~~ed the 

dielect:ric characterist~cs as a function of me~suring frequency, sweeping 

frequency, sweepi~g voltage and the rate of switching polarizat~on 

(current). They found that the measuring frequency and the switching 

current were ,both significant variables. At constant switch~ng current, 

f! . the real part of the complex dielt;!ctric constant, k 0 , showe~ a strong 

frequency dependence 9 decreasing as the measuring frequency was increased. 

This frequency dependence was described by a Debye relaxation type of 

spectrum~ 

o a 
koo · + ""t'""-~+_..,.jw..,.rr""' 

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

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

a 

2 2 ° 1 +C.U T 

For single crystals of barium t~tanat:e an9 at var~ous switching current 

11 The comple~ dielectric constant; is discus.sed fully .in Chapter III;; 



densities the value of 'l' Wl;lS around 5.2 ~ 5.5 micros~conds. 

Merz (M2) also did extensive study o~ the switching process. He 

found experimentally that at low· fields, the· rate at which the polar~ .. 

zation reverses itself is proporti-onal to exp( .. oe/E), where o< is a 

temperature dependent qu~ntity, and E is the applied field. In other 

words, the fi~ld at which-a crys~a1 will switch its ~irection of 

polarization depends on the tit11e that is allowed for the switching, or 

more simply, the ~ate at which '"he hysteresis loop is traversed 

determines the shape of the loop. Using Merz 0 s e~ponential- law as a 

basis-, Landauer, Young and Dro_ugar~ (Ll) _assumed the rate at which 

polarization is reversed may be given by 

-~~ = F(P)~xp(.,o</E(t))., 

where_F(P)-permits the switc):ling rate to depend on the extent.-to which 

the crystal has already reversed its polarization as well as on the 

field. Making seve~al assumptions concerning the f1;mctions F(P) and 

E(t) this equation was integrable an9 gave rise to a ~a~ily of curves 

showing the dependence of the coercive field of barium titanate on the 

rise rates and the applied field. The results of Drougar~, Funk and 

Young (02) are thus partially explained by the work of Landauer, Young-

and Drougard using Merz 0 s exponentlal law, but the question of whe.ther 

exp( .. o</E) was a rate of domain nucleation (formation of· new domains) or 

a-rate of domain expansion ~emained essentially unanswered. 

The increase in dielectric constant dl.lring switching as found by 

Drougard, Funk and Young was also tnvestigated by Fa.tuzzo (F2) who~ in 

7 

addition to observing their low freq~ency relaxation, also discovere~ a 

9 new relaxation above 2 x 10 cycles. These relaxations were also present 

in triglycine sulfate, another ferroelectric. Fat~zzo 0 s model attributes 
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the incr~ase· in ·dielectric constant ·and losses to· osci llatlon·s of· t;he 

"side" walls of the domains in the case of the high frequency relaxation, 

but in the case of the· lower frequ~ncy re~axation, to oscillations of 

11 front" wa-lls of the· n,ewly forme-d domains. The moc;lel proposed agrees· 

well·with the experi~ntal results. 

:rn general» a ferroele·ctric domain is sald to grow through· (1) for ... 

ward--domain wall--motion in·wh-ich· case ~he wall-moves in the direction 

of the ferroelectric axis (2) sideways domain wall motion whe-re· the· wa-ll 

moves in· a dire~tion perpendicul~r to th~ ferroele~tric axis» or (3) 

by ·a combination· of ·the·se two. 

Little (L2) studied the dynami~ behavior of domain walls in barium 

titanate single crystals by optical techniques. She observed the 180° 

walls moving perpendicular to the polar axis, an -e.ffect Merz did not 

perceive. It was found· frof!l electrical measurements that the· equi.v:alent· 

susceptibility was strongly dependent upon both measuring field strength 

and frequency, in agreement with DrQug~rd, Funk and Yo-ung (D2) •. The 

dependence upon frequency was at~ributeq to the optically observed -domain 

4 wall motion which damped out around 10 cycles per second. Little also 

con~luded that 180° doma·in·walls did not move sideways in reasonable 

laboratory times with fields less than-2-.4 kilovolts per cent-imeter (kv/cm). 

Chynoweth (Cl-), studying ferroelectric Barkhausen pulses in barium 

t·i tanate~ theorized that a Barkhausen pulse could arise from the- nucleation 

and growth through the thickness direction of a domain, Since the· charge 

represe~ted by the Barkhausen pulse accounted for only 0.1 to 1 per cen~ 

of the tota-L charge required for complete polarization reversa,l, Chynoweth 

proposed a further growth of these domains through sideways expansion., 

hence accounting for the entire charge. 
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Although· the· experimental investi-g·ation~ ·ment;ioned··thus far have-

been- varied in· techn-ique and- conclusi-ons·, they were, all· s~mHar--in that 

they were performed··wl·th··me-tal ·elect-roded .. sample-s·~ In-order-to·-el·if!li:na.t:e•·"·: 

internal stresses and· def~aUons ·caused· by-meta·l eleet:rodes·; :.M~-lle·r·· (M3) 
• • I ~ 

used single crystal bar~um titanate samples with· aqueous LiCl electrodes-.- · 

The· samples· were observed to unde-rgo .. ·polari-~ation reversal-w.i:,th,·electr-ic 

f-ields of- se:ve.r~l ·hundreds of volts--per cent-im&ter~ a value -much less- than·· · · 

that quoted by Little. ·M-iller ascertained that pol·ari·z·ation' re:ve,rsa-1 

0 can take place by extensive si-deways motion ·of a few· 180 domains. IT\ 

addition it was found that polarization reversal could be accompUshe.d. 

with few or even no Barkhaus~n pulses, and that B;arkhausen pulses oc.curred. 

when two growing domains came together. 

Using the same techniques, Mqler and Savage (M4, MS) have done 

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

function of temperature and field. They have also studied careful.ly. the. 

geometry. of-·4-ndividual domains and have proposed a- 'ID9de_l· for .the.; mechani.sm .. 

by which the· ~ry moves. Later work· by Mille:~:" ~nd Savage-.·(M6?.M7-) in"' 

''. 0 . 
eluded ·the· investigation of 180 domain wa·ll··motion with meta-l· electroded. 

barium titRnate crystals. Wall velocities ·Were stud-i-ed -as· functia.ns- of 

electric field, crystal thickne13s 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 the pronounced, 

dependence· upon sample thickness was attributed tQ.>AaM-erroe~le.~tric 

surface latrs adjacent to the metal ele.cfr~~es. Mil-le·r and .. SaNage,,_ 

expanded on a surface layer mode 1 proposed by D.ro.ugard and Landaue,r. (03.). 

to .explain the switching speed dependence upon sample ~hickness as. 

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

Helq E to a value Eb in the bulk of ~he material. Since the surface·· 

layer is assumed· to bave···a low diele~tric constant, an appreciable' part 

of the applied voltage appears across ito From this it can- -be--·seen· 

that the: thinner the crystal, the mo:re ·important the surface ·la-ye·r--be~ · 

comes. There is a conslderable 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 m()st consistent with experimental 

results. They estimate .the thickness to be of t,he order of .100 Angs.troms 

and the dielectric constan~ to be about 100. 

In light of a number of theoretical and experimental observations, 

Gerson. (Gl) reasoned that t;he dielectric constant of ferroelectrics. 

should increase at very low frequencies since there should be a _ccmtribu .. 

tion to the dielectric polarization -due to switching. Using lead, tltana:te. 

zirconate ceramics, he determined the dielectric properties in,._the 

frequency z:ange Oo 1 to 10 cycles per secondo A sligl)t incJ;'e~se· in 

dieleetric ... constant was c;>bserved but this was· i-n.t:erpreted as an effect 

due to interfacial polarization rather than an effect due .to ferroelect;ric 

switchlngn 

Nature of t~e Present Investigation 

rhe purpose 0~ this study has been to determine if there--ex-i-sts any 

frequency dependence of the dielectric characteristics in lead hafnate· 

titanate and lead zireonate stannate titanate compositions within the 

frequency range 102 to·105 cycl~s.per second and if possible t.o correlate 

the observed behavior with the previous experlmental studies.Jnantioned~ 

Anothe:r interesting aspect to consider here is that the dielectric 
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behavi·or· of antiferroelectri-c··~t~ri·al~ ·a~ ·--well as ferroelectric .mate.:r-1-als> 

was stud·ied· ·in hopes of ~aining further insight into the cb~·r·a-c·te~i·s·ti-cs 

o~ ~his class of substan~eso 
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CHAJ>TER II 

DESCRIPTION OF SAMP~S 

~ntroduc~ory Sta~ements 

All -the samples employed ·in this work were polycrystaUine, .(.ce-rami.c) 

solid solutions of various members of the pe~9vskite fami-ly. The•·:·gene·ral.-.c 

formula of the compounds be lo~g'l ri.g to thi$ family is ABo3• . In .. -the· 

formula A is a monovalent, divalent'"o.~:::trivalent metal and B is a penta~ . .. .. , .. • .. · 
..... 

valent, tetravalent o_r trivalent metal respectively. The ideal perovskite 
.,· 

structure is illustr:at.ed 4n F:igure 2. A complete and compr~hensive 

Figure 2. The Perovskite Stru~t~re 

discussion of the perovskiteotype oxides, their solid solutions. and. the 
> 

related phenomenon of ferroelectricity is g~ven by Jona and Shira,ne· (Jl)~ 

All- samples were furnished py Sandia Corporation and wi.th the 

exception of PZST~6 were prepared by Co Hall of that corp.oratio.n. The 

samples were solid solutions of lead ltaenate ti tana,te and lead. zir.conate 

stannate. titanate. In addition all sa~ples had Nb
2
o

5 
added (one. per 

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

coercivJ·field of'the sample by an appreciable amount and to raise its 

'12 
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resistivity b.y several orders of magnitude (Bl)~ Gerson (G2) studied 

the variations in ferroelectric characteristics due to the addition of 

niobium and lanthanum, and concluded that this·leq 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 are~. 

Lead Zir.conate Stannate n tanate 

The majority of experimental work in this st1,1dy was done on sam"'· 

ple PZST~6 whose composition is Pb(Zr0 •68sr0 •25n 0 •07 )o3• This sat1_lple 

was extremely well"'behaved 9 exhibtting both a ferroelect~ic and an 

antiferroelectric pha~e and well defined transition regions~ With zero 

electric field upon ~ncreasing temperature the sample exhibited ferro= 

electric properties up to 127 °C and became ~ntiferroelectric from 127 °C 

0 0 to 151 C. At 151 C (the Curie point;) the sample transfc;>rmed into the 

paraelectric (cubic) phase: With decreasing ~emperature the antiferro= 
0 . 

electric phase persisted down to 97 C at which point the sa~ple became 

ferroelectric once again. This composition in the ferroelectric phase 

hss a rhomboh~dr.al unit cell structure 9 and in the ~ntiferroelectric 

phase a pseudotetragonal structure. Figur~ 3 is a pha~e diagram of 

PZST~6 as a function of field and temperature (Nl). 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 ~itanate. The composition Pb(Hf0 •95Ti 0 , 05 )o3 was ferroelectric 

at temperatures below the Curie point (159 °C), while the composition~ 
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Sample 

PZST-6 

95 HN 

96 HN 

97 HN 

100 HN 

. . * 
Compos it ion·· 

Pb(Zr0.68Sn0.25 

Ti0.07) 03 

Pb(Hf0.95Tio.o5)o3 

Pp(Hf0.96~i0.04)03 

Pb(Hf0.97Ti0.03)03 

PbH£03 

*All compositions have one 
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TABL~ I 

·LIST OF SAMPU:S 

·' 

Area Thickness Density Cu,rie 
Temp. 

2 (em ) (em) 3 (gm/cm ) ( eC) 

1. 986 0.174 7.94 151 

1.528 0.265 8.93 159 

1.577 0.209 9.00 164 

1.524 0.219 8.99 170 

1.579 o. 175 8.99 170 

~~ 

per cent by weight 9f Nb2o5 ~dded •. 
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Pb{Hf Ti )0 ·and· PbHfO · were· anti ferroelectric· all· the···way-·to their 0.97 0.03 3 3-· . . . . 

Curie· points. The· composition Pb(Hf · Ti )0 · ·stwwed tr~~s- of -anti .. 
. o~ 96 o.o4 . 3 · ·• 

fe·rroelectri·ci ty in a -~11· temperature· range· at- low fields -·and· ot-herw-ise· 

was ferroelectric. Northrip (Nl) ·has done· extensi·ve work on the· ·t·he·rmal:· 

and ·electrical propertie$ of the· lead- hafnate titanate· system .. and ·t;he .. · 

reader· is referred· to his .. work fo:J; ·a more·~ comp-~te ···dis·cussi·on ·of. these,·-.· 
. ! 

compost tf9ns. Sample densities and dimensions are +ecorded in Table I. 



CHA,.P·TER I II 

INSTR~NTATION AND PRO~PURE 

Gene.ral Considerations 

A capacitor, connected to a sinusoidal voltag~ source 

V = V exp(jwt) 
0 

will $tore, with a vac~um dielectric, a charge 

Q = C Vo 
. 0 

C is called the geametrical (or vacuum). capacitance of the capaci.tor., 
0 

and, fringing ef~ects neglected, is equivalent· to ~A/d where e
0 

is the··· 

parmi t t i vi ty of free space, A the surface are~ of one capaci to1=' plat&.,·' and, . 

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

Ic = ~ = "'·•C V dt J- 0 

== I9e~p ~ (wt + f)] 
0 leads the volt~ge ~y a phase angle of 90 • 

If the capaCitor is filled with oo~ subst~11~~ 9 the capacitance 

increases to 

where e 0 and k' represent the real parts of the compl~x permit.tivity and ... 

diel~ctric constant respectively. In addition to the charging current 

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

It "" Ic + Il. 

In other words, the capacitor can be characterized by a loss parameter 
• 

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

17 
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as either a seri~s or parallel resistance. 

A ferroelectric is convent-ionally represen~ed in, parallel notation 

as the equivalent circuit· of Figure 4. In the circuit, Rx repr~s~nts 

R "" 1/G 
X X 

Figure 4. Ferroelectric E.quival~nt Circuit 

the loss component (Joule heating~ hysteresis los~s 9 etc.) and ex the. 

pure capacitive component. The loss curren~ therefore is expressible as 

Il "" GxV' 

and so th~ total current traversing the capacitor is 

. . 
A vector diagram for this equivalent parallel circuit is shown in Figur~ 

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

Figure 5. Vector Representation 

·Hence the dissipation factor D, defined as the cotangent of the phase 

angle is 

Gx 
D = cot 6 "" tan 6 =-

wex 

It is customary to describ~ the charging current and the los,s. current.by 

the introduction of a complex permittivity, 
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or a complex dielectric constant, 

* k* = t- = k' ~ jk", 
<;) 

where ~" and k" are the loss factor and re lat~ ve loss factor respectively. 

The total curr~nt may now be written 

and the loss tangent become~ 

E" k". 
tan cS = 'iO "~' 'ko"·· • 

In the past 9 loss mechanisms in ferroelectrics have been recordeq in 

terms of tan d, since this value is usually directly readable or calculable 

from the measuring apparatus. However, ~s Nor~hrip (Nl) points.out, this 

method of measur~ng losses gives a number which depends not only onthe 

value of the loss current but also on the val~e of the capacitive current. 

In other words changes of tan 6 are caused by both changes in loss 

mechaq.ism and changes in capacitance. For orditlary dielectrics this 

creates no special problem but i~ ferroele~tri~s many regions ~ .interest 

are accompanied by both changes in loss mechanism and very large.changes 

in capacitanc~ (e.g.; ncar a Curie point). For this reason the loss 

tangent is not a particularly sensitive indicator of loss mechanism 

changes when dealing with ferroelectrics. Northrip has proposed the use 

of an "e.quivalent conductance" defined as 

G = 2rrfC tan 6. 
X X 

The term "equivalent" denotes that all types of losses are considered. 

k convenient aspect of the use of "equivalent conquctancetl rather 

than the loss tangent is that it permits corrections to be made "t;Ji.th 

relative ease for losses and capacitances in the measuring system, since 
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.conductances in parallel are additive. More will be s~id 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 1610gA. This 

assembly is a general purpose capacitance bridge integrated with the 

necessary generator, amplifier and cables. It is pqssible to determine 

dissipation factor and equivalent series capacitance ~rom zero to 1150 

micromicrofarads ~~f) with this a~sembly over a frequency range from ~0 

5 to 10 cps. At a frequ~ncy setting of one kilocycle per second (kcps) 

the capacitance range extends to one microfarad. A block diagram of the 

assembly ~sed for zero bias measurements is shown in Figure 6. 

! 
Bridge Sample Holder Oscillator 

and .. 
GR 13Q2coA GR 716 .. c Sample 

I 

I I 
I 
I 
I 

Filter Aniplifier Oscilloscope 

GR 1231"!~5 GR 1231gB · Tekt:ronic 503 
·. 

' 

Figure 6. · Block Diagram of Assembly for Zero Bias Measurements 

The oscilloscope connected to the output of the 1231gB amplifier was 

used as a null detectqr to provide for a more sensitive balance of the 
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The frequencies at which the sample capacitance and loss could be 

most easily determin~d were dictated by the frequency settings on the 

General Radio Type 1231QPS filter. These frequencies were 0.1, 0.2, O.S, 

1, 2, S, 10, 20, SO~ and 100 kcps. A frequency setting of SO cps was 

also available 9 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 60Qcycle noise. 

Occasionally it was necessary to subst~tute a HewlettQPackard 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 11SO~~f were required 

2 s over the frequency range frotJ~ 10 ~o 10 cps~ it was necessary to cali= 

brate capacitors for use as external standards over this frequency range. 

An explanation o~ the use of these external· standards as well as ~orrecQ 

tions made for them follows. 

Consider Figure 7 which is a circuit diagram of the General Radio 

l16=C Capacitance Bridge~ In this modified Schering bridge, Cn is the 

precision internal standard reading from 100 to 11SO~. Ca is the var= 

iable air capacitor and decade capacitor, whi·ch compose the dissipation 

factor controls. Ra and Rb are the r'~io arms controlled by the range 

selector on the bridge. Equal ratio arms are provided at 0.1, 1, 10 and 

100 kcps and multiplying factors of 10, 100, and 1000 are provided at 1 kc. 

The previously mentioned external standards were used in parallel 

with en~ and allowed measurements of capacitance greater than 1150~f 

to be made over the desired frequency range. In Figure 7 the ealibrated 
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Figure 7o Simplified Bridge Circuit 

external standard is represented in parallel notation as Cs and Gso 

When an unknown capacitance (C 9 G )" is balanced against C and the 
X X n 

external standard the capacitance is given by 

c = c + c 0 x n s 

The bridge~> however 9 reads a value of the loss tangen~ that is not 

unique to G but rather to a value slightly leas than the true. val~ 
X 

of G • The error induced is due to the loss factor of the external 
X 

standard. The magnitude of thi~ loss is of the order of the loss tanQ 

gent of the internal standard, both being quite· small~> and so no 

cor~ections were made for eithero This induced an error in the calcuQ 

lated value of G of less than 2 per cent of its actual value,. The 
X 

value of G is thus calculated from 
X 

G · "" 2rrfC tan <5 • 
X X 

The use of external standards extended the effective capacitance range 

22 
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to OoOl _,Pf 9 well over -the values of capacitance of the samples used.· 

Mica capacitors with values near 1000~ 2000 and 5000,#<-f were calibrated 

for use as external standards· over the· p:r;eviously mentioned frequency 

-range. Mica capacitors were used because of their relatively low loss. 

The cable from the bridge to the ~ample holder, as well as the samQ 

ple holder itself, also presented a capacitance 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. pa~allel with the sample so that the actual value.s 

of the unknown are 

and 

ex = c + c Q c ~ n s c 

G :, (C + C )tan 6 - G 
X X C ·' C

0 

The calculated value of G is sti 11 smaller by an amount le.ss than 2 
X 

per cent of the actual value due to the loss in the external,standarcfii 

The cable and sample holder~ however 9 required calibration for capacitance 

and equivalent conductance over the mentioned frequency range,. 

Using this method of measurement, the ca,.pacitance ca.uld be. determi.ned 

to within t W-tf and the dielectric loss to within t 0.0008. These 

limitations are inherent in the bridge and external standards with this 

nature of measurement and exclude any errors due to environmental changes 

affecting the external system. The latter~ however 9 are apparent-ly small 

and ~y be considered negligible. 

The output of the General Radio amplifier was nonQlinear·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 vari~tion in measuring field. strength wa& 

less than 10 per cent 9 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 
cxd 

k' = ~oA ~ 

where A, d and Cx are the sample surface area~ thickness and capacitance 
I 

respectively. 

Bias Measurements 

A block diagram of the assembly used for measurements with a biasing 

de voltage impressed across the samp+e is depicted in Figure 8. A Beta 

10 kilovolt de power supply 'IA'~S! us.ed to provide biases up to 2000 volts 

across the sample. 

. To Bridge 

Circui;~l-~ • Isolation 

·Beta 10 kv 
-, 

Sample and I 
de Power I T ! Sample I AA lA 

Supply ~ 1·~ Mvn j I Holder 
I 

L ~ --- ___ J 

Figure 8. Block Diagram of DC Bias Measurement Assembly 

The isolation circuit was employed to keep the de off the bridge 

circuit as well as to effectively keep the ac measuring voltage 

across the sample. The 10~f oil capacitor offered an ac impedance of 

the order of 103 to 105 times smaller than the sample impedance itself, 

over the entire frequency range. The isolation circuit caused some 

inconvenience in making the de bias measurements in that it offered a 

100 second time constant to the power supply. In other words~ for the 

uias acroaa the sample to read within one per cent of its final value~ it 

was necessary to wait at least 5 time constants before taking a reading. 
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Although--t-ime· consuming·»· this presented- no special difficulty. 

The· power supply meter, readings· did·not agree with· the actual 

voltage· impressed across the sample· so it was convenient to.,mak~-a table 

(Table II) showing both 9 tog~ther with the corresponding field strengths 

for that parUcular sample. The use of these tables allowed ·reproduction 

of settings with comparative ease. 

TABLE II 

COMPARISON. OF. POWER SUPPLY VALUES TO ACTUAL VAl-UES 

Voltage Impressed Corresponding 
Across Sample Field Streng,th 

(for PZSTo6} 
(volts) · (volts} (kv/cm} 

100 . 98 0.56 
200 199 1.14 
300 280 1o61 
400 375 2o 16 
500 480 2.76 
600 560 3.22 
700 660 ~.79 
800 760 4.37 

1000 960 5.52 
1200 ·1140 6.55 
1500 1440 8.28 

As would be expected\) the power supply and isolation circuit 

introduced a large capacitance and loss into the measurements. This. 

capacitance was of the order of 1700 to 1750~f and the loss tangent 

about 0.01 to 0.1. This presente.d no special problem\) however 9 :as. both 

C and G for the system were determined over the employed frequency range. 

and the corrections in sample capacitance and loss could then be made as 

mentioned earliero In order to lteep errors at a minimum it was. necessary 
'' 

·to_ calibrate ~he system for capacitance and lqss at each of . .t.he._hu:s. 

voltage setti~gs usedo 
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In·general~ however~ the bias measurement results must be examined 

with caution ~ince the large number of correct~ons necessary, can provide 

a large sou~ce of error. This results from the fact that the power supply 

calibration requireq the use o~ large external standards as did the actual 

bias measurement. TheS!e large external standards in turn had been. 

calibrated against a smaller external standard. While these calibrations 

and correction's cause only a small error (about 1%) in dielectric 

constant 9 whose total range extends·over approximately a tenth of an 

order of magnitude, a sizeable error is prevalent in the equiv~lent 

conductance results due to the expanded range (three orders of magnitude). 

Also 9 errors in capacitance and loss tangent can provide a considera-ble 

error in equivalent conductance since it i~ proportional to the product 

of these two values. Normally the magnitude of the~e errors is less than 

10 per cent of the given value of equivalent·conductance. Although this 

represents quite a large error~ the general trend of the results can still 

be ascertained. 

Sample Holder Assembly 

The sample holder assembly (Fll.gure 9) was constructed by J. Northdp_ 

of this ~aboratory. The ·sample itself was held between two large brass 

plates and immersed in Dow Corning 200 Silicone oll.l. A 250 watt immersion 

heater controlled by a variac was used in conjunction. wll.th a magnetic 

stirrer. The thermometer was kept close to the sample to prevent ·any 

errors due to possible gradients ll.n the oil bath. 

The external surfaces of the 3000 ml be~ker containing·the oil were 

covered with a reflective eoating and insulati.on to reduce thermal losses 

due to radiation and conduction. ·with these precautions and the variac 
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A MEASURING APPARATUS 

THERMOMETER, 

HEATER 

... 
SAMPLE 

OIL BATH 

c ' J ) 
. MAGNETIC S Tl RRER INSULATION 

0 OFF- -FAST 

Figure 9o Sa~ple Holder Assembly 
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0 controlled heater 9 temperatur~s from 25 to 230 C could be·achi~ved 

0 
~d held constant within * Oo5 Co Measurements were not ~de too 

near the transition points of the sample used, so that any change in 

capacitance due to thermal drift would be small in comparison to the 

dependehce upon frequencyo 



CHAPTER :J:V 

RESULTS 

Zero Bias Measurements 

A typical result of the dielectric constant versus measuring 

frequency investigations is depict~d in Figure 10, for sample PZST~6 

at zero biasing field and low (less than 20 volts/em) measuring field 

strengths~ Recalling that at 25 °C this sample is ferroelectric, one 

observes from the fig~re that the dielectric constant displays a 

linear log dependence upon the measurin~ frequency. This c~n be most 

~asily represented by an equation of the form 

ko ~ k 9 + b ln(f/f ) 
0 0 

where b and k 0 are constants wi:t-h k 0 the dielectric COt'\Stant at 
0 0 

'~·.:,~q~~"l'~to f
0

. __ equal .to one cycle per second. 
·~:_ . 
'· It is also ppssible to express the dependence as 

ko = ki 0 + ks 9 [1 ~ a ln(f/f
0

)] 

where n~ ki 0 represents a frequet'\CY independent contribution to. the 
:L 

dielectric constant and the frequency dependent term appears in a 

mathematical form more convenient to the later dis~ussion. The-values 

of the ¢~nstants for the curve in the ferroelectric phase·in Figure 10 

are: 

ki 9 = 385 

k 0 = 188 
s 

a "" 0.0469. 

To provide some means of comparing d~ta it was found useful to 
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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 dielectri~ constant over the previously 

mentioned frequency range 9 and then converting th~s ratio to a percentage 

change. It must be understood that this cal~ulated va-lue is only meant 

to offer some comparison basis among the observed results. The percentage. 

change for Figure 10 (ferroelectric curve) is approximately 12 per cent 

and this value is rather typical of the changes ~n the other ferroelectric 

materials tested. A more complete comparison wi 11 be offered later .• 

When the PZST~6 sample was heated above the ferroelectric .. antife·rro~ 

electric transition temperature so that the s~mple was in ~he-~ntiferroq 

e l~ctri-c ·phase the relative percentage· change was reduced to around. 3 
.; 

per cent. The chofce ... of a percentage change to depict ·-resul-t-s. rat-her 

than tt):e. slopes of the carves is evident from Figure 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 intel;'est here and so no further menti-on wi 11 ·be made of this 

phenomenon. 

The results of the dielectric;: constant ve~sus frequency st-udies at 
.1 

roo~ temreratures (23 .to 26 °C) and low measuring field st·rengths Ue.ss 

than 20 volts/em) are i11ust.rated· 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 to:7 per cen~ for the two antiferro~ 

electric samples. 

Figure 12 is an equivalent conductance versus freqeency plot for 

sample PZSTq6 at various temperatures and low measuring field strengths. 
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The log .. lcig plots A and B for the sample in the ferrc;>electric 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 th,e antiferroelectric phase at a temperature 
. 0 . 0 

of 137 c. It lies below the ferroelectric plot at 124 C with.both the 

capacitance and the loss tangent 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 ferroelect;ric s.tate 

to'too9 as compared to 0.025 at 102 cps). In the paraelectric phase · 
I . . 

. 0 
(plot D ~t 170 C) the loss tangent dec;:reases from about 0.01 to O.Q03 .in 

the frequency range 102 to 5 x 104 cps and then increases abruptly 

5 -to 0.045 at 10 cps. 

·. ·; If only two loss mechanisms are considered, namely hysteres~s and . 

ordirulry Joule h,eatin:g, it would appear from Figure 12 that the loss 

mechanlsm in the- ferroelectric state could. be attributed almost solely 

to hysteresis since a pure loss of this- ~ype would be representable on 

a log-log plot as a straight line with a slope of one. A l<:>ss. due .. to 

frequency independent Joule heating alone, however, would be a -line. 

parallel to th~ abscissa in Figure 12o 

The a~tiferroe1ectric equivalent co~ductance ver~us frequency curve 

displays a slight flattening at the lower frequencies. This sugges-ts a 

relatively greater importance for Joule heating losses at low fr~quencies 

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 character~st,i.c of the data obtaj.ned from the other· samples. 

Later, mention-will be mad!;! of a sample whose eq\,livalent conductance 

verous frequency curves show a very pronounced flattening at higher 
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temperatures a~d low frequencies~ perhaps offering some means of 

separating the total loss mechanism into its components. 

In several eases measurements were made with the measuring field 

strengths near s·o volts/em. The results shqwn in Figure 13 illustrate 

an enhanced dielectric constaritp·as compared to the. low measuring field 

stret)gth 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 Fig~re 13 the 

samples were more lossy in the higher field strength case than in the 

low strength situation. 2 At 10 cps» the loss tangent was 0~0255 as 

compared to 0.0237 for sample PZSTo6. This will be discussed more 

fully later. 

Bias Measurements 

The results of the de bias measurements are shown in Fig.ures 14 

-and 15. Figure 14 depicts dielectric constant versus frequency with de 

···bias- as-a--parameter.· Curve· A of Figure 14· shows the zero .bias -.situation 

·after the samplie had been depoled by heating above the Cu1rie point and-

Slowly cooling h1 the ~bsenee of a bias Held" 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 t;his 

reason the linear portion of the curve has been extended in a straight 

line (dotted portion), rather than to the measured point, since previous 

measurements have revealed a completely :Unear log depend~nce upon 

·.frequency at ~erq bias. Curves B and C display a hook at the upper 

frequency end which appears to be the-beginning of the reso~ance process 

discussed in the next section. The calculated slqpe§,: and -per~nta.ge 

changes pertain only to the linear portions of the plots. 
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The fact that the high f~eld strength curves lie below the zero field 

strength curve can be found upon conslderation of Figure 15. me dielectric 

constant ve;rsus de field strength curve stt.ows an abrupt .d,ecrease abov'?,. 

4 kv/cm. This can be expl~ined upon the ba~is of the hysteres-is loop o.£.. 

Figure 1. Since k o< dP/dE the dielectric constant gives the. slope of the 

hysteresis loop caused. by the. ap.plication of a de field. The linear 

portion of the dielectr~c constant curve below 4 kv/etn· of .. ·Fi£4~~~-the.n ... 

c~!~espof\ds to portion QF of Figure 1. The decrease in dielectric 
/;;.·~-~ 

constant past 4 kv/cm ~ndicates the decrease in slope of region -~~Yof 

Figure 1. In the saturated region of the hysteresis loop the slope should. 

eventually reach a constant value which would require another censtant 

Unear region in Figure 15 past 8 kv/em. Readings at higher----fie-ld 

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 eqqivalent conductance C\lrve of Ftgure 15 illustrates a general 

decreasing trend of losses with increasing fie~d strength~ 

Poled Sample Measurements 

The ferroelectric samples were poled by placing a vol~age, of 150.0 

to 2000 volts across them while at a temperature at least 30 degrees 
$ 

above their respective Curie points 9 and then allowing~t~em to slowly 
~j 

cool with the bias remaining. This was done in hopes of detec.t~ng- a .. 

piezoelectric resonance s~milar to that observed in pelyc:rystalline 

barium titanate by RQberts (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 9 the elastic compliance 
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coefficientsp s
33

P for these materials ~re~ 

(PZST.,.6) 

(95 HN) 

. s33 =t 3. 71 x 10"'
11 

·-11 s3:r .. 1.3a x 10 

These values are calculated frotn the .eq\Jation 

s =. ·,' 1 : ~ 
33 

4(tF >7o r 

42 

2' 
em /dyne 

2' 
em /dyne. 

where t is sample thickness,,..p is density and Fr the resof\ant ·frequency. 
·~ ._::. ., 

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

·'cweak compared to the other resonance peaks. l]nfortuf\ate ly the upper 

limit on the measuring frequency was 200 kcps so it could not be· 

determined if other peaks were present as wo\;lld be expected • 



CHAPTER V 

DISCUSSION AND CONCLUSIONS 

It was first suggested that the observed decrease in dielectric 

constant with frequency cou!d be due to some sort of Debye relaxation 

process. _If t;his were true, tpe sample response could be represented 

in t:erms of equivalent circuit parameters~ The simplest equivalent_ 

circuit of thfs nature is given in Figure H~» where C
0

·, c
1 

and R are 

0 I ·:L 

J~c~ 
<<D 

co I 
1/$; 

Figure 18. RelaxatiP.~ Equivalent Circuit 

constants. If the admittances of th~s circuit and that of a fe-rro"' 

electric .. saptp~e (Figure 4) are equated, on,e obtains the following 

relations 

2 2 . 2 2 ex = t
9 

+ g c
1
/(g +w c

1 
·) 

22 2. 2 2 
Gx = gC1 w./(g +w c1 ). 

These expressions yield a single relaxatiqn time (the R.;C branch of 

Figure 18), however» and since it proved impossible to fit the data 

to them 9 lt became apparent that the experimental results could not 

be represented ln t:erms of a single relaxatioa·':P.,~P.ce·ss. 

Another standard equivalent circuit is that shown in Figure 19. 

This finds its primary utility in sltuat:·ions involving a resonance 

phenomenon. The result of equating admittance~ is 

43 
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c = c 
X 0 

Inspectiqn of the resonance expressions shows: that they differ from 

those representing ~ relaxation process merely by the addition of the 

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

experimenta.l data which of the two types of processes is more prominent 

0 

I :::::L 
c1 

c R = 1/g 
0 

L 

Figure 19. Resonance Equivalent Circuit 

in a particular case. 

This simple model also proved inadequate to fit the data at hand 

and it w~s deemed unprofitable to search for a more complicated 

equivalent circuit until such time as a clearer picture of the micro= 

scopic phenomena causing the dispersion is avaiiabl~. 

In light of previous investigations, two of the more plausible 

physical explanations of the dielectric constant,decrease with frequency 
·~ ·. 

. ..-, 

lie in (1) a··polarization switching due to dbmain.:wall '!lot.ion, or (2) 

a relaxation due to interfacial polarization. The latter case, however, 

need not involve a nonferroelectrio layer adjacent to the electrodes -but 

could be associated with thin layers between gr~ins in the ceramico 

Although the idea of an interfacial polarization has merit, the 
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observed decrease in dielec~ric constant is larger than that found by 

Gerson (Gl) in a similar material and attributed by him to an inter~ 

facial pol~rization. The relative percentage changes of his results are 

roughly oneQfifth to oneQsixth of those observed in this work • 

Consequently~ an explanation of the dielectri~ constant decrease 

with frequency found in the present work wi 11 be sought in the mechan-ism 

of a polarization switching due to domai~ wall motion. The work of 

Landauer, Young and Drougard (11) suggests that a dielectriq. constant-

measured during a switching process should display a dispersion with 

changing switching frequency. Based upon Merz 8 s rate equation 

dP 
d~ 0( exp (Qconst/E), 

they sh~ed that the shape of the hysteresis loop was dependent upon the 

time allowed for ·the swi-tching process. This implies that if switching 

is taking place and the hysteresis loop changes shape with changing· 

frequency~ the dielectric constant will also be dependent upon frequency. 

since k 0( dP /dEc. A simple check to show the nature of the· dependence 

upon frequency of the dielectric constant was performed by taking the 

slopes (dP/dE) of the hysteresis loops illustrated .by L~ndauer, Young .. 

and Drougard, and plotting them against a frequency parameter (found 

from the approximate tise rates associated with the curve~)~ When this 

was done, the result was a log linear dependence of dielectric constant 

upon frequency over the frequency range employed in the present study. 

These findings would lead one to believe that the dispersion 

observed in the present work can also be explained in terms of some 

nature of switching processo Generally polarization reversal is classiQ 

fied into three types~ (1) nucleation of aq.tiparaUel domains, (2) 

forward domain wall motion, and (3) sideways domain wall motion. The 
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latter tw9 cases have been previously mentioned in Chapter I. In light 

of a large number of observations~ Jona and Shirane (J1) have co~cluded 

that the process .of polarization reversal is governed mainly'by domain 

wall motions. 0 Th,ey point out in Chapter IV of th~ir book that a 180 

wall is not very likely to move as a ~mit; parallel to itselfp b~;~t 

perhaps sideways wail motion could effectively occur controlled by the 

0 nucleation of reversed domains at an existing 180 wall. 

For these reasons it ~:~eems feasible to propo:;e a model similar to 

0 that of Sannikov (51) where a 180 wall is allowed to move sideways in 

the presence of all external field. (In the context of th~ following 

discussion it is to be emphasized that the term "external field" means 

the measuring field.)· Consider Figure 20 which depicts two antiparallel 

domains existing in a single grain of the polycrystallilte sample. 

According to Sannikov, a sinusoidal field applied parallel to the domai~ 

wall wi 11 cause tt to oscillate with the frequency of the external field 

but perpendicular to the field. direction. This is due to a pressure 

p = =2P E exerted by the field on the wall, with P
0 

_the static polariza= 
0 

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

a 

Figure 20. Domain Wall Motion Switching Model 

In Figure 20~a, as the field increa~es in the direction shown, the 

wall moves to the right 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 ~llcrease in-polarization caus~d 

by the "stretching" or "compression"·of the individual dipoles labeled· 

P(s) and P(c) respective-ly in the figure. It is this latter stretching 

that is normally considerea in nonfe:r:roelectric materials and represent~ . 

the situation where hysteresis is not observed. More simply, in the 

absence of· any switching~ the dielectric constant is measured sole-ly 

due to this stretching or compression of individual electriG dipoles? 

Returning to the part of the polarization caused by the domain 

wall motion, it is then supposed that this polarization fluctuates 

with the frequency of the field 9 taking on both positive and negative 

values. In other words; with the application of a p~rioqic f~eld 

which has persisted for sufficient length of time, the total polar= 

ization must also be periodic in time. Generally, however, this 

polarization will n9t necessarily be in phase with E, but will show 

a phase shift 0. Consider the expression 

P = D = E E = (k* ~ l)f E, 
0 0 

with k* previously defined as 

k* = k 0 = jk11
o 

From these two expressions one obtains 

P == (k 0 = l)EE = jk"E E 
0 0 9 

showing the total polarization is composed of a rea~ and an ~maginary 

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 Fig\,\re 21 where P1 and Pn a-re 

given by 

Pl = jk"E
0

E 

p =· (k 0 
Q 1)~ E. 

n o 
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Figure 21. Vector Dt~gram Showing 
. _·components of· Total Polflrization 
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From the figure the tangent of the phase shift ang_le is apparently· · 

In Chapter III it was shown that 

so 

k 9 tan 6 
tan f/J = k' = 1 

·But k' ~ k 9 ~ 1, since k 9 is of the order of 500, and this results in 

tan f/J ~ tan 6. 

The loss part of the polarization P
1 

is then representable as 

p = koE E tan 6. 
1 . 0 

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, P , is represented in the figure as a. st.raight 
n 

Hne. 

E-+ 

Figure 22. Polarization Components 
Plotted on a P~E Diagram 

It should be pointed out that the component P does not.merely n 
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represent the· inaphase·component of·the ·switching polarization but rather 

the sum of all inaphase· components·of·polarization to stretching~ coma 

pression 9 switching, etc. In·like manner P ·i-ncludes· t;he··to·ta-1-of cuta ' 1 

ofaphase· parts resulting ·from· all· nature: of losses. If all losses,--are--

considered negligible c~n comparison to domain wall motion loss\)- the· · · · · 

magnitude of this particular loss can then be directly calcula·te-d from· 

the area of the elliptical Lissajous loop. 
···: .·. 

At higher frequencies (Figure 20-b) it is supposed that the .domai.n 

wall boundary cannot continue to move along as well with tl1.e rapidly 

changing field. This impli_es the effective distance the wall can. move 

from its equilibrium position (at no external field) decreases with ina 

creasing frequency. Such an effect has been mentioned by Lit.tle: (~:). 

·If the wall is displaced by a smaller amount (x') at higher frequencies, 

the result is a decrease in the total switching polarization from.P to 
s 

P s 0 , and ultimately a decrease in t-he dielectric const·ant. Although the 

total switching ~~·larization decreases, the componettt---Of this poladza'"' 

tion which represents a loss may increase. This ~rise~ from thec.·fact 

that as the field oscillates fastelf and faster there should be. a,. 

continuing increase in the loss angle. It was actually observed -in -the, 

experimental work that; the loss l;angent showed a slight increase wi.th 

increasing frequency. These suppositiOJ'S are consist.ent with the .results 

of Sannikov 0 s theqretical treatment which leacj.s to a comple.x. .. sus.ceptia 

bility showing the same frequency trend. 

It is u~fortunate that the actual total polarization due. to sw.i tching ... 

by do!Min ·wall motion cannot be obtained~ for at best only the, va-lue of . 

P
1 

can be calculated. The total polarization P as shown in Figure -2-l is 

related to its components by 
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Since there is no unique way to determine the fraction of P resulting n 

from the assumed switching mechanism, the value of Ps is likewise un~ 

obtainable. 

It has been mentioned that the loss is characterized by the -area 

enclosed by the elliptical 'loop. 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 t):le exper~~;~~al specimens. were-,,, ~. . 

made up of randomly oriented domain regions. and that consequently the 
,~·· 

values of the calculated dielectric parameters have true meaning. .. only ... 

as being characteristic of the entire sample. 

The power dissipation in a dielectric is normally calculable as 

w = G v2 
X 

with V the rms value of the applied external voltage. On the other 

hand the value of energy density lost p~r cycle must be 

U =lTP E 1 max 

where now P1 represents only that portion of the total polarization 

which is out of phase with the field and E is the maximum value of max 

the sinusoidal electric field strength. To find the pow~r dissipation 

one multiplies this value by the sample volume and the frequency, or 

w = uv f 0 s 

Combining these expressions one obtains a value for the appropriate 

loss component of the total polarization, 

a v2 
X 

pl = wfV E • 
s max 

For sample PZS'ra6 (V = 0.3456 cm3) at room temperature ~ 10
2 cps 

s 



,. 

and with E = 14 volts/em one finds max 

and 

hence 

2 ~8 
W = G V = 2o6S x 10 watts/~amplep 

X 

oll 2 P1 = 1o7 x 10 coul/cm o 
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The calculated P1 is the result~ as previously described, of .all 

loss mechanisms. For purposes of the following discussion, it will be 

assumed that the domain wall motion ~oss is the only one of maJor 

consequence and P19 .then, will be taken as a measure of the loss com~ 

ponent of the switching polarization P o As such, it also serves as. s 

a lower limit value for P • s 

Using the value of P1 calculated above it is possible to obtain 

the minimum portion of the sample contributing to the switching process. 

o8 
Consider a cubic unit c~ll wit~ an edge length of 4.1 x 10 . em •.... T-h-is ..... 

value is· the approximate edge dimension of the un\ t ce 11 in the pa-rao 

·e-lectrioe ,phase, but will suffice here. The unit cell volume is then 

found to be 

o23 3 v = 6.9 x 10 em • c 

To reverse the polarization of the entire sample requires a coercive 

field of the order of 5 kv/em wHh a spontaneous polarization of 

~s 
1 

2 2.5 x 10 coul em (N1). Hence comparing the switching model polario 

zation to the entire sample polarization, one can obtain a rough 

estimate for the fractional part F of the sample contributing to the 

switching process, 
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1--

2 
"t 10 cps 

o7 
F ... 6·o8·x 10 • 

From the sample volume and unit ceU volume the· total number·ofunit 
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. 21 
cells in the uniform sampl~ is found to be 5.0 x 10 I) and hence -roughly 

15 10 unit eeus· contribute to the switching process<~ This is somet;hi-ng 

like ~ne~millionth of ·the sample-. 

Let us recapitulate th~ bases upon which this conclusion ha~ been·· 

reached. It was assumed that all lQsse~ were dt,1e to d9main wall motion. 

Certainly some Joule heating losses are present but the~e should: .. be, 

9 negligible since the de resistivity of PZST~6 is around 10 ohm~cm. 

Furthermore there still ext"sts the possibility of loss·associatedwi-th 

nonferroelectric regiot').s in the sample and with the presence-of·geM£:&1 

relaxation~type mechanisms conunon to all dielectric materials 9 .. The 

presence of any of these losses wo.uld result in th~ value of· F. being. 

too large. 

The use of only a component of the total switching pola~izatio.n is 

not as illustrative as would be the use of the act.ual value ~iJ·!' However, 

since no unique method of calculating the part of P· which-4-s due. to. 
n 

switching is possible 11 the value of P cannot be ascertained. s 

Although the calculation of the frac~ional ~;>art 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 ¢ausing a 



larger value of P • A larger loss is also observe-d, again consistent s 

wi"th the view that the phase of the switching po~arization differs 

from that of the field. 
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The results obtained from the de bias measurements can also be in"' 

corporated into the modelo At bias field strengths less -th~: 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 illus-

trated in Figure 14. This does not necessarily contradi.ct 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 de field does not infer that all do.main wall. 

motion due to the ac field should cease. 

At higher de field strengths it is assumed that the majority of 

the sample has a polarization in the direction of the field., Idea-lly 

if the entire sa~ple were poled in one direction, domain walls would 

not exist. Plot C of Figure 14 illustrates that the relative per"' 

centage change (and slope) has decreased at the higher de field in"' 

d1cating.a lesser amount of switching t.~k:tng place. Since the 

equivalent conductance is a.direct measure of the loss mechanism, the 

equivalent conductance curve of Figure 15 strengthens the idea- that 

the switching mechanism decreases with increasing de field strength 

as expected. 

Up until now the model has been discussed mainly in terms of the 

loss component of the polarization. Recalling the equation expressing. 

the dependence of the real part of the dielect-ric constant upon 

frequency 
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k 0 = k1° + k 0 [1 Q a ln(f/f )] 11 s 0 . 

it is now easier to under~taqd this behavior on the basis of the model. 

Because of its logarithmic nature, it seE:lmS reasonable that the term 

on the right 11 representing the frequency dependent part 11 can· be, inter~. 

preted as a contribution due to the domain wall motion. Mathematical 

verification of this point 9 however 11 is difficult since the ·real part 

of the dielectric constant is repre~entative of the real part Pn of the 

total polarizatiqn and the part of P which is due to domain wall motion n . 
.. 

alone cannot be uniquely ascertained. Quali~atively this idea is conQ 

sistent with the model which·asst,Jres us that; as· the frequency increases 

(1) the domain wall ~otion loss angle increases and (2) the magnitude 

of P decreases. Both of these effects lead to a decrease of P (and s n . 

hence of k 0 ). 

Thus far no mention has·been made of the antiferroelectric sample 

observations. However, comparing the re~ults pf k' versus f as 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 

kO = ki 0 + ks 0[1 Q a ln(f/f
0
)]. 

For sample ~00 HN which is antiferroelectric at all temperatures 9 the 

room temperature values of the constants in this equation are: 

ki 9 = 367 

k 0 = 48 s 

a = 0.0543. 

The use <;>f ksg to designate a dielectric conttibution due to switching 

now appears as an unlikely situation, since none should occur in the 

ant.iferroelectric phase. An antipolar dipole array cannot d_isplay any 

dielectrie 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 calculate a value of P1• 

room temperatures one finds a value of 

2 For lOO·HN at 10 cps and 

~12 2 
P1 = 9.0 x 10 coul/cm • 

This is about one~half the value found in ~he ferroelectric sample, but 

more significant is the fact that a polarization loss of this magnitude 

is still present. Thus assuming that the ferroelectric model and 

mathematical treatment are_valid, it appears that perhaps a -part of the 

antiferroelectric sample is switching. 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 impl-ication 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 hysteresi~ loops that have been observed in 

other samples of the hafnate group near antiferroelectricQferroelectric 

transition points (Nl). 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 9 the· proposal that both ferroelectric and antiferroQ 

electric phases may coexist in these ceramic specimens is based essenQ 

tially on the observed abnormal hysteresis loops and the. ~_greement of 

the experi~ntal results for the antiferroelectric samples with the 

model proposed for ferroelectric materials. The fact that the antiQ 

ferroelectric changes have the same trend in reduced degree is proQ 

vo~ative but must be interpreted with caution. 
' 



.. 
. )~ 

CHAPTER VI 

AREAS FOR FURTHER STUDY 

It is clear f~om the· previous consid~rations that several obvious 

areas for further study exist as well as some arf!as which are not so 

obvious. A truly definitive experiment which could:;::be 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 

(Sl), it would be worthwhile to judge whether or not the experimental 

results obtained for the ceramic samples could be fi t;ted to his- expres\!fl~' 

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 circuit th~n that shown in.Figure 19. 

This should afford a hint as to what modifi~ations might be neqessary 

.in SannikovQs susc€'ptibility expres!'lion in order to describe the be= 

havior o~ polycrystalline ml!te.rials like those employed here. 

Exteri.sion of the frequency range to lower frequencies should show 
f· 

a further increas~ in the dielectr~c constant. Gerson·0:13 conclusion 

that no switching was present in ~is low frequency measurements was 

based upon the fact that the lead zirconate titanate sample withuut 

niobia added (to lower the coercive field) P showed a larger change in 

dielectric con~tant over the frequency range than the sample with 

ntobia. Since it would be expected that the sample with the low coer .. 
I~ . ' 

cive 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 p~rtakes 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 tange for 

several reasons. 
I"' • •• :~~'";,. 

First 9 there should be a re~onance at a--~,g~r 
,·' ~·· : •,..> 

frequency as predicted by Sannikov 0 s theory~ and secondly, a band of 

piezoelectric resonance peaks 'should follow the sif\gle peaks shown in 

Figures 16 and 17 for the poled ferroelectri~ samples. 

A less obvious area for further study is an investigation of the 

possibility for a separation of loss ~chanisms by use of the equiva~ 

). 

lent co~ductance versus frequency results. For most ferroele·ctri<;: 

samples used here the hysteresisQtype or switching losses are far more 

dominant than the Joule losses and the flattening in the low frequency 

range of the equivalent conductance curve~jw~s slightly detectable only 

in the antiferroelectric materials. However one polycrystalline sample 

supplied by Sandia Co:r;poration (but. not studied ex.t.ensi vely in this 

work) showed interesting characteristics as depicted in Figure 23~ The 

' 
composition of this ceramic was Pb(Hf0 •8272zr0 • 1128Ti 0 •

06
)o3 and it was 

ferroelectric under normal laboratory conditions. As the figure illusQ 

trates~ with increasing temperatpres 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. Althoug~ other sorts of loss 
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AT VARIOUS TEMPERATURES FOR 

COMPOSITION 

fb<Hf0.8272 Zr0.1128 Tio.os) 0 3 

Figure 23. Equivalent Conductance Curves Showing the Presence of 
Joule- Lo.~ses at· High Temperatures . 
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I 
~eflanisms are neglected (sue~ as ·frictional losst;!s encountere·c;l· by· 

rotating dipoles), this ar~a surely me~its further consideration. 

J 

• 
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