
'Curie-peak' around the transition teniDsrature



_5. De door Ari-Gur en Benguigui bepaalde uitgestrektheid van het

existentiegebied der rhomboëdrische en tetragonale fasen, rond

de morfotrope fasengrens in het Pb(Zr,Ti)O systeem, is aan

twijfel onderhevig.

(P. Ari-Gur and L. Benguigui, J. Phys. D. Appl. Phys. £ (1975)

1856) .

6_. Glass en Duchek stellen ten onrechte dat het onverwacht is, dat

de door hen gevonden binding tussen een zwavel atoom en een sp

gehybridiseerd stikstofatoom een gedeeltelijk dubbel bindings-

karakter heeft.

(R.S. Glass and J.R. Duchek, J. Amer. Chem. Soc. 98 (1976) 965).

7_. Het verdient aanbeveling, de leiding van belangrijke voetbalwed-

strijden in handen van twee scheidsrechters te geven.



S T E L L I N G E N

behorend bij het proefschrift "Ferroelectric properties and dif-

fuse phase transitions in (Pb,La)Zr. C

M. Wolters.

45O3 ceramics" van

1_. De door Henninga en Rosenstein gegeven mogelijke verklaring

voor het verloop van de roosterkonstante (konstant worden) met

metde samenstellingsparameter a, in Pb La TiO,

x = 0.30, is onjuist.

(D. Hennings and G. Rosenstein, Mat. Res. Bull. 1_ (1972) 1505)

2_. Aan de gedetailleerdheid, waarmee Tofield en Scott de defekt-

struktuur van LaMnO, met behulp van neutronendiffraktie aan

een poeder menen te kunnen bepalen, dient te worden getwijfeld.

(B.C. Tofield and W.R. Scott, J. Solid State Chem. Ij) (1974)

183) .

3_. Sakata en Masuda geven onvoldoende argumentatie voor het aan-

wezig zijn van een antiferroelektrische fase- in. (Na. cBi_. c)

TiO3-SrTiO3 keramiek.

(K. Sakata and Y. Masuda, Ferroelectrics 7 (1974) 347).

Het toepassen van de Avrami-Evans vergelijking voor kristalli-

serende polymeren zonder rekening te houden met een induktie-

tijd, die nodig is voordat kiemvorming mogelijk is, kan tot

ernstige fouten leiden.

(J. Boon, dissertatie, Delft (1966)).

(P.J. Lemstra and G. Challa, J. Polym. Sei. Part. A-2, 13

(1975) 1809).

1-1.T+- T.>i 4-1-. ^.T-U => 1
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C H A P T E R

INTRODUCTION

I.I. HIGH-PERMITTIVITY FERROELECTRIC CERAMICS
(1,2,3)

Ferroelectric ceramics have recently become increasing impor-

tant as materials for electronic devices. Applications based on

dielectric, piezoelectric and semiconducting properties are al-

ready at an industrial stage, whereas applications related to py-

roelectric, electrooptic or storage effects are still in the de-

velopment stage.

In the last twenty years we have witnessed the development of

the ceramic multilayer capacitor. Today a significant portion of

ceramic capacitor sales is in the form of multilayers. In these

multilayer capacitors dielectrics are used which have been pre-

viously developed for disk capacitors. This type of ceramic die-

lectrics can be divided into two major classes: non-ferroelectric

ceramics based primary on TiO., and ferroelectric ceramics based

on bariumtitanate. The TiO2-based dielectrics have rather low per-

mittivities, while the BaTiO,-based dielectrics show high permit-

tivities. A rather small temperature coefficient of the permitti-

vity is also preferred in order to keep the properties of the ca-

pacitor fairly constant•during fluctuations in temperature. For

other properties which are related to the permittivity e, e.g.,

the piezoelectric coupling factor, a small temperature dependence

of e is also desired.

A range of materials based on BaTiO~ belongs to this class of

high-permittivity materials, all of which have a perovskite struc-

ture and possess ferroelectric properties. The permittivity of

these materials has values of 1000 or more. Many solid solutions,

sometimes with very complex compositions, have been used for in-

dustrial applications. The large variation of their physical pro-



perties (which is desirable for applications) is realized by

mixed-crystal formation of different perovskites, together with

additional doping with minor components.

For industrial applications polycrystalline ceramic materials

are preferred because they are produced cheaply and because it is

possible to prepare doped mixed crystals of almost any composition

with tailor-made properties. For fundamental work on ferroelectri-

city single crystals have been used. At this point, a special pro-

perty of polycrystaliine ceramic materials should be mentioned.

In single crystals, doping may lead to a change of fundamental

properties. In ceramics the microstructure (grain size, grain boun-

daries, porosity) causes an additional influence on the properties.

Doping the ceramic material can affect this additional influence

in a specific manner.

Hence, by modifying composition and microstructure, materials

with high permittivities and small temperature coefficients have

been realized. However, the causes of the occurrence of a small

temperature dependence of the dielectric constant are usually un-

known .

1.2 FERROELECTRICITY OF PEROVSKITE-TYPE MATERIALS
(4,5,6)

As has been mentioned before many known high-permittivity ma-

terials have been derived from the BaTiO., family. The general for-

mula of this family of compounds is ABO3• The unit cell for this

perovskite structure may have a cubic,tetragonal, orthorhombic or

rhombohedral symmetry. In this class of perovskite-type materials,

BaTiO. has been the most extensively studied. A review of the

properties of barium titanate has been given by Jona and Shirane

A large number of compounds of the type ABO., can be formed. Fur-

thermore numerous complex perovskite-type compounds (including

solid solutions) of the general form (A1 A" )(B1 B". )0- are
(8,9) i~x y 1~y J

known ' '.

Generally, below a certain temperature, called the Curie tem-

perature, many perovskites possess ferroelectric properties. A

ferroelectric crystal can be defined as a crystal which exhibits

a spontaneous polarization, the direction of this spontaneous po-

(7)



larization can be reversed by an alectric field. Above the Curie

temperature the materials are no longer polar and this state is

called paraelectric. In the group of materials under discussion,

the paraelectric-ferroelectric transition is usually accompanied

by small permanent relative displacements of ions from the sym-

metry positions in the paraelectric phase (displacive-type ferro-

electrics), together with a small distortion of the unit

cell. Local electric dipoles result from these ion displacements.

Local alignment of the electric dipoles gives rise to the exis-

tence of so-called domains in the ferroelectric state, charac-

terized by a single polarization vector. In the unpoled ferro-

electric state the o-'erall-polarization of the crystal is still

zero, due to randomisation of the domain vectors. By applying

high dc electric fields alignment of the domain vectors in the

direction of the field occurs. The direction of the resulting

overall polarization of the crystal can be switched by changing

the field direction. This process requires energy and gives rise

to the appearance of dielectric hysteresis between polarization

and field.

A dielectric anomaly usu-

ally occurs in the neighbour-

hood of the Curie temperature

which is shown as an example

in fig. I.l. for a single-

crystal of BaTiO . Generally,

around the Curie temperature

a high permittivity, but al-

so a strong temperature de-

pendence of e, is observed.

Even in ceramic materials the

peak of e at the Curie tempe-

rature can be rather sharp.

In a number of applications

this high permittivity is pre-

ferred, but a small tempera-

ture coefficient is also de-

sired. Therefore the so-called

80 100 120 140 160

TCC)

FIGURE I.I

The dielectric constant (c-direc-
tion) versus temperature for a
single-crystal BaTiO. (according
to Merz'0).



'Curie-peak' around the transition temperature should be flatte-

ned. In practice,this spreading of the phase transition was rea-

lized by changing composition and microstructure.
2+ 2+

In BaTiO^» the Ba ions can be replaced for example by Pb

ions. This compound, PbTiO,, is ferroelectric and tetragonal at

room temperature and has a Curie temperature of 490°C. Doping

with other ions in PbTiO-. strongly influences its ferroelectricThe effect of substitution of PbTiO- by rare earth

..4+
In the PbTiO, structure the Ti
4+

by Zr ions, which results in the well-known Pb(Zr,Ti)O

properties.

oxides (e.g. La_O, and Sm.,0,) on the ferroelectric properties ob-

tained around the transition temperature has been studied by

Keizer and Burggraaf (23'26 ' 27'28'29) and by Hennings (30).

ions can be partly replaced

material

system (usually called PZT ). Especially certain PZT compositions

around the morphotropic phase boundary, between the tetragonal

and rhombohedral phases, show excellent piezoelectric properties
(a )

. These electromechanical properties can be optimised by con-

trolled doping with various ions. In order to improve piezoelec-
(12)

trie properties of PZT materials, Carl and Härdtl v investiga-

ted doping with La O,.
1.3 THE LANTHANUM-SUBSTITUTED LEAD ZIRCONATE TITANATE SYSTEM

Lanthanum-modified lead zirconate titanate (PLZT) ceramics be-

long to the class of complex perovskite-type materials. The pro-

perties of PLZT ceramics at room temperature have been mapped over

a wide range of compositions by Haertling and Land and by
(12)

Carl and Hardtl . The schematic room temperature phase dia-

gram of this system is given in fig. 1.2 . It can be seen that

solid solubility exists throughout the system at moderate and low

levels of La content; however, at higher La concentrations mixed

phases (PLZT + La Zr.O , PLZT + La Ti 0.) have been detected*13'15!

Most of the subsequent work has been confined to the region

near the morphotropic boundary between the rhombohedral and te-

tragonal phases. Material near this boundary combines good opti-

cal transparency (when suitably prepared) with strong electro-op-

tic effects. For electro-optic applications materials of particu-
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FIGURE 1.2

Schematic room temperature phase diagram of the
(Pb.La)(Zr,Ti)O system (after Land et al. ).

lar interest have compositions in the range PLZT x/65/35 with

6 < x < 12, where x refers to the percentage of La substitution

in a ceramic with a Zr to Ti ratio of 65 to 35. Electro-optic ef-

fects in PLZT ceramics have made them potentially useful in opti-

cal display, information and image storage devices, modulators,

holographic storage media etc. v ' . Carl and Härdtl have

shown that certain compositions in the PLZT system also have good

piezoelectric properties, e.g. a high coupling factor.

In the schematic room temperature phase diagram of PLZT (fig.

1.2) an area has been cross-hatched. In this region a strong broa-

dening of the permittivity versus temperature curves has been ob-

served together with dielectric relaxation characteristics. The

nature of this intriguing region has not been well defined or cha-

racterised. Carl and Geisen described the behaviour of the

material in this area with the name quasiferroelectric, which

means that the material exhibits neither a 'true' ferroelectric

nor a 'true' paraelectric behaviour. Meitzler et al. termed

material in this cross-hatched area penferroelectric. In this case

penferroelectricity refers to the condition in which material is



non-cubic and polar, but with such a low spontaneous polarization

that in the absence of an externally applied field no domains can

be made visible within the material. Applying high fields results
/ 1 Q \

in a strongly polarized state. Keve et al. explained a num-

ber of properties in this region using a model of an electric

field-induced phase transition from a cubic phase a to a polar

phase ß. Most of these studies have been performed on PLZT compo-

sitions with a Zr to Ti ratio of G5 to 35.

In the PLZT system the causes of the broadening of the permit-

tivity curves and the nature of the cross-hatched region (region

between the ferroelectric and paraelectric phase) seem to be re-

lated. These phenomena will be studied in this thesis.

1.4 BROADENED PERMITTIVITY-TEMPERATURE CURVES

The reasons for the broadening of the Curie peak have not been

systematically investigated until now. The possible causes of this

spreading can be divided in three main groups:

a. Macroscopic large scale inhomogeneities of composition and stress

(large scale with respect to domain size). This kind of inhomoge-

neity can be detected by means of X-ray and microscopy tech-

niques. Improvement of the preparation procedure sometimes

leads to the disappearance of these inhomogeneities. These in-

homogeneities may be used advantageously e.g. in manipulating

the temperature coefficient of the dielectric permittivity (19)

b. Internal stress and stress distribution induced by grain size

effects (scale comparable with domain size). The effects of

grain size and stress are interpreted mainly in terms of in-
(20-23)

duced stress distribution due to domain clamping , but

may also be caused by strongly curved grain boundaries x

£. Microscopic inhomogeneities within one phase (scale 50-1000 8).

These kinds of inhomogeneities may be in thermodynamic equili-

brium at the high preparation temperature and may be frozen at
(24)). Thermallower temperatures (compositional fluctuations

polarization fluctuations (or heterophase fluctuations)

may be another form of (sub)microscopic inhomogeneities. These

i



inhomogeneities may lead to pronounced broadening of the Curie

peak as well as a frequency dependence of the dielectric per-

mittivity (relaxational polarization).

In fact, the broadening of the permittivity curves is due to

a spreading of the ferroelectric-paraelectric phase transition.

It means that at least in a certain temperature region, a mix-

ture of "phases" exists. This will influence the permittivity as

well as other properties such as polarization, heat capacity etc.

Especially in the case of c the classical definition of the no-

tion "phase" breaks down and must be carefully described. On a

macroscopic scale the material remains monophasic, there is no

question of "phase separation" in the classical sense. The con-

fusion concerning the phase transitions in materials of this

type is reflected in the nomenclature used to indicate them (dif-

fuse phase transitions, smeared-out phase transitions, phase tran-

sitions in "dirty" ferroelectrics).

1.5 THE AIMS AND STRUCTURE OF THIS THESIS

The present investigation is concerned with the study of the

causes of broadening of the permittivity versus temperature cur-

ves in a range of compositions in the (Pb,La)(Zr,Ti)O, system.

For this purpose PLZT ceramics with a Zr/Ti ratio of 55/45 and

variable La contents (2-15 at.%) have been chosen. These compo-

sitions have been chosen in order to avoid additional phase tran-

sitions such as the rhombohedral to tetragonal phase transition

(see fig.I.2). The La concentration has been varied to study the

influence of the La content on the degree of broadening of the

Curie peak.

As has been mentioned before many complex perovskite-type ma-

terials, to which PLZT belongs, show broadened Curie peaks. Usu-

ally this broadening has been related to the occurrence of fluc-

tuations in composition or polarization. A description of these

kinds of fluctuations and the conditions for their appearance

are given in chapter II. Theoretically, the consequences for the

dielectric behaviour as function of temperature and frequency are

described.



In section 1.4 it has already been argued that the preparation

procedure and the grain size may have an influence on the broade-

ning of the permittivity curves. Therefore the influence of cera-

mic processing on homogeneity and dielectric behaviour has been

investigated (chapter III) . In chapter IV the grain size de-

pendence of the dielectric properties has been studied. From this

study it was possible to determine the conditions by which grain

size can prevent broadening. The separation of the effects of ho-

mogeneity and grain size from the intrinsic causes of broadening

is absolutely necessary in studying diffuse phase transitions, and

therefore has received considerable attention.

Moreover, it is clear that knowledge about existing phases and

phase transitions is essential for a conception of the dielectric

and ferroelectric behaviour around the ferroelectric phase tran-

sition. For that purpose the study of phase relations as function

of ten.perature and electric field has been described in chapter V.

Special attention has been devoted to the possibility of phase

transitions driven by electric fields.

In chapter VI the dielectric properties of PLZT ceramics are

interpreted by considering the possibility of the appearance of

fluctuations around the phase transition temperature. The broa-

dening of the permittivity curves as well as the frequency depen-

dence of the dielectric properties have been studied.

Finally,conclusions are made about the possible causes of broa-

dening of the permittivity curves and the dielectric relaxation

characteristics of (Pb,La)Zr. 5 5Ti 0 4 5O, ceramics.
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C H A P T E R II

THEORETICAL CONSIDERATIONS

II.1. CLASSIFICATION OF PHASE TRANSITIONS IN FERROELECTRICS.

Structural phase transitions in ferroelectric systems can be

divided into different classes. The two main classes are displa-

cive phase transitions and order-disorder transitions ' . A

displacive phase transition means a transition from one (ordered)

crystal structure into another, in which each atom moves in rela-

tion to its neighbours by an amount which is small compared with

unit cell dimensions and without changing the coordination number,

whereby only the coordination symmetry changes. Many perovskite-

type compounds exhibit displacive transition behaviour. In order-

disorder transitions, the distinctive feature is the network trans-

formation, characterized by a reorientation of certain bonds, such

as the hydrogen-oxygen linkage configuration in KH_PO.

Another classification scheme for ferroelectric phase transi-

tions can also be made, and is based on the nature of the atomic

displacements involved in the polarization reversal. In one-dimen-

sional phase transitions the displacements are essentially parallel

to the polar axis. The ABO, perovskites and the complex perovskites

belong to this group. Further,two and three-

which will not

be dealt with here. The present investigation will be restricted

to displacive-type, one-dimensional transitions which occur in

many perovskite-type compounds.

Still another division can be made: in first- and second-

order transitions. For first-order transitions a disconLinuous

change in lattice constants, dielectric constant and polariza-

tion at the transition temperature will be observed. This tran-

sition will be accompanied by latent heat. Generally, a first-

(A1 A" )(B' B" )0
x i-x y l-y j . _.

dimensional transitions can be distinguished
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order transition is defined by a discontinuous change of the first

derivatives of the free energy function at the transition tempera-

ture. In second-order transitions the first derivatives are con-

tinuous, but in this case the second derivatives show disconti-

nuities at the transition. Therefore, in second-order transitions

the properti ..:- of the crystal (lattice constants, polarization)

change continuously with temperature. Only one phase exists at any

temperature and the transition can be described as a transition
(4)within one phase rather than between two phases .In the next

section (II.2) this distinction will be further elaborated.

For the study of broadened permittivity curves it is useful to

divide ferroelectric phase transitions into so-called sharp phase

transitions and diffuse phase transitions. For sharp phase tran-

sitions the occurrence of sharp maxima in the permittivity versus

temperature curves is essential. Diffuse phase transitions, on the

other hand, are characterized by broadened maxima in the permitti-

vity curves, together with a gradual change of other properties

(e.g. polarization).- around the transition temperature. For a more

extensive description of the difference between sharp phase tran-

sitions and diffuse phase transitions»reference can be made to sec-

tion II.3.1. This distinction in sharp phase transitions (II.2) and

diffuse phase transitions (II.3) will be elaborated in the remain-

der of this chapter.

II.2. "SHARP" PHASE TRANSITIONS IN DISPLACIVE-TYPE FERROELECTRICS

A thermodynamical description of phase transitions in displa-

cive-type ferroelectrics has been given by Devonshire . The

behaviour of a material around its transition temperature can best

be studied by examining its free energy. The most convenient quan-

tity is the elastic Gibbs function G, which is expressed as a func-

tion of temperature, stress and polarization. The elastic Gibbs

energy G is defined by:

G = U + X . x . - T S (eq.2.1)

in which X and x are respectively stress and strain, U is the in-

ternal energy, T the temperature and S the entropy. The differen-

tial dU of the internal energy of a material subjected to external

12



stress and electric fields is;

dU = TdS - X.dx. + EdP <eq. 2.2)

where E is the electric field and P the polarization. From these

definitions the differential relation:

dG = -SdT + + EdP (eq. 2.3)

can be obtained, which shows that G is a function of temperature

T, stress X and polarization F. If we take the stress to be zero

then we can expand G in powers of the polarization, in which the

coefficients are functions of temperature. If the crystal has a

centre of symmetry above the Curie temperature,only even terms are

significant and therefore G can be expanded in terms of P :

G =

(eq. 2.4)

By assuming that the ferroelectric structure shows only slight de-

viations from the cubic structure both phases can be described

with the same free energy function (eq. 2.4). In the one-dimensio-

nal case the spontaneous polarization lies along the z-direction.

If it is assumed that electric fields are only applied along this

direction, i.e. P = P = 0 , equation 2.4 can be rewritten as fol-x y
lows:

G = G + y- P2 + f- P4 + f- P6 + (eq. 2.5)

where G is the free energy for zero polarization and the coeffi-

cients are dependent on temperature. The field E is then given by:

E = || = ct'P + Y'P 3 + <$'P5 + ••• (eq. 2.6)

And for the reciprocal dielectric susceptibility the following

equation is found:

L| 56'P4 (eq. 2.7)

13



Therefore, above the transition temperature (with E = 0) the di-

electric susceptibility will be given by:

I/a1 (eq. 2.8)

It is clear that G will always have an extreme value when P is

zero; this will be a minimum if a' is positive. If, however, a'

is negative then G will be maximum when P is zero and it will have

at least one minimum value for a non-zero value of P. Hence, if a'

as a function of temperature changes continuously from a positive

to a negative value,the stable state cf the system will change

from a state with P is zero to a state where P is non-zero, i.e.

a ferroelectric transition is passed. Therefore, such a transition

occurs if a' can be approximated by a linear function of tempera-

ture:

= ß(T - T ')
o (eq. 2.9)

where T ' is the extrapolated Curie point. Equation 2.9 is the

well-known Curie-Weiss law, which is experimentally observed for

many ferroelectrics a-

bove the transition tem-

perature.

The nature of the

phase transition appears

to depend on the signs

of the other coefficients

in eq. 2.5. If the coef-

ficient Y' is positive

and <S' is negative the

transition has first-

order tharacter. By u-

sing eq. 2.5 and 2.9 the

free energy G as function

of the polarization at

different temperatures

Temp

FIGURE II.1
Free energy functions, for a ferroelec-
tric material with a first-order tran-
sition, in different temperature re-
gions (Fatuzzo and Merz 5), can be calculated (see

fig. II.1). At high

14



temperatures only one

minimum, corresponding

to P = 0 (non-polar

state), occurs, whereas

at low temperatures two

minima occur, correspon-

ding to the two opposite

values of the polariza-

tion (+_ P , polar phase) .

In principle, the tran-

sition will take place

if the minimum at P = 0

and the two other minima

at P = + P , have the
5

same depth, and hence P

will jump discontinuous-

ly from zero to a' finite
value + P at the tran-

~~ s

sition temperature Tr

(see fig. II.3a).

tastable phase can exist in certain temperature regions, e.g. in a

distinct temperature region below the transition temperature,the

non-polar phase can exist in a metastable state (fig. II.1) giving

rise to so-called thermal hysteresis.

In second-order transitions both coefficients <5' and y' in eq.

\

G

/

ctroeUctrit phase

V G ,

P

p a r a e l e c t r i e p h a s e

To

FIGURE II.2

Temp.

Free energy functions, for a ferroelec-
tric material with a second-order tran-
sition, in different temperature re-
gions (Fatuzzc and Merz 5).

O
A me-

a FIGURE II.3. b

Polarization versus temperature for f irst-order(a) and
second-order(b) transitions.
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2.5 are positive. Again, the free energy G as function of the po-

larization P can be sketched at different temperatures around the

transition temperature T

curve has two minima (+ P )
~— s

(fig. II.2). If T < TQ the G versus P

and shows one minimum if T > T (P=0).

The polarization shows no discontinuity at the transition tempe-

rature (fig. II.3b). Moreover,metastable phases around the tran-

sition temperature do not exist.

To Tc

FIGURE II.4.

Reciprocal dielectric constant versus temperature for se-
cond-order (a) and first-order (b) transitions.

The reciprocal dielectric susceptibility versus temperature

in the vicinity of the transition temperature is represented for

both first-order and second-order transitions in fig. II.4. For

second-order transitions the reciprocal susceptibility should be

zero at the transition temperature T . The slopes for the recipro-

cal susceptibility versus temperature in the ferroelectric and

paraelectric phases will differ a factor -2 (fig. II.4a). At the

first-order transition temperature the dielectric constant is fi-

nite and changes discontinuously (fig. II.4b).

In the vicinity of second-order phase transitions we must be

aware of the occurrence of critical phenomena . Near the cri-

tical temperature (transition temperature) long-range order va-

nishes, but a certain degree of short-range order remains, giving

rise to so-called fluctuations. As the critical temperature is ap-

proached, many properties exhibit singularities. In ferroelectrics,

for example, one finds for the susceptibility x °" [T —Tj ^, for

16



(T -T) and similar

etc. are termed criti-
(14)

the order parameter i.e. the polarization P

power-laws for other quantities. Here Y.Í

cal exponents. By using the "classical" Landau theory x•"•"•' for se-

cond-order transitions the "critical exponents"proved to be ß =

1/2, Y = If etc. The "classical" exponent Y = 1 thus corresponds

to the Curie-Weiss law. However, in a limited temperature range

around T (critical region) the exponent Y may have a value diffe-

rent to l. For a considerable number of ferromagnetic and liquid

systems the critical exponents y,$ , etc. experimentally show de-

viations from "classical" behaviour in a limited temperature re-

gion around the transition temperature.

• Unfortunately, critical phenomena have been observed in only

a few ferroelectrics. In only two material systems, having perovs-

kite structures (SrTiO, and LaAlO ) and structural (nonferroelec-

tric) phase transitions, critical phenomena have clearly been ob-

served and critical exponents have been derived from the measured

data on the temperature dependence of some physical quantities

' .In these material systems ß has the value of 0.33 + 0.01

and the critical exponent

|T -T|/T «0.05 around T

has values of 1.3 +_ 0.2, in a critical

Recently, Clarke and Glazerregion of

also observed critical phenomena in certain PZT crystals. In

a critical region (T -T)/T 0.06 around T , a non-classical criti-

cal exponent ß of 0.3 _+ 0.05 was found, whereas dielectric measu-

rements above T indicate an exponent y > 1.

Data on critical phenomena are derived from model calculations

and sometimes from experiments. These model calculations are usu-

ally derived for ferromagnetic systems. Stanley (13) has shown

that for example the critical exponent Y ranges from 1.25 (Ising

model, spin dimensionality D = 1) to 2.00 (Spherical model, D = <*>)•

Together with Y the critical exponent ß ranges from 0.31 to 0.50.

This concept of critical phenomena at a phase transition has

until now only been used in the case of second-order phase transi-

tions. Benguigui has, however, argued that in the neighbour-

hood of a tricritical point or an isolated critical point,the oc-

currence of critical phenomena for first-order transitions is also

possible.

The appearance of critical phenomena over a larger temperature

17



interval near a phase transition corresponds to a more or less

diffuse nature of the phase transition.

In recent years the mechanism of the ferroelectric phase tran-

sition has been extensively reexamined from the viewpoint of lat-

tice dynamics ' . This so-called Cochran's theory is believed

to be a particularly suitable explanation of ferroelectricity in

displacive-type ferroelectrics. Indeed, this lattice dynamical

theory can provide a good understanding of the mechanism of the

ferroelectric transition, using the concept of "soft modes" of the

optically active lattice vibrations. However, to study the in-

fluence of composition and microstructure on the phase transition,

this approach is less advantageous and therefore will not be used

in this thesis.

II.3. DIFFUSE PHASE TRANSITIONS IN FERROELECTRIC MATERIALS

II.3.1. Characteristics of Diffuse Phase Transitions

In the last twenty years many ferroelectrics have been reported

which do not exhibit the sharp permittivity peaks expected for

both first-order and second-order transitions at a definite tempe-

rature. These compounds have a phase transition region rather than

a phase transition point. In "classical" ferroelectrics the per-

mittivity reached its sharp maximum at the Curie temperature,

where the spontaneous polarization decreases to zero. However, in

ferroelectrics with so-called diffuse phase transitions, the per-

mittivity curve shows a pronounced broadening, whereas spontane-

ous polarization still retains a finite value far above the tempe-

rature where the permittivity is maximum . Then,a very gra-

dual change of other physical properties around the phase transi-

tion can also be expected, e.g. for the heat capacity, thermal ex-

pansion and thermal conductivity ' '.In addition, ferroelec-

trics exhibiting diffuse phase transitions usually show a rather

strong dielectric relaxation behaviour (20'21»24,25,26,29)^ w h i l e

the temperature dependence of the permittivity above the "peak"

1 note: In this section the main conclusions are printed in italics,

I
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temperature shows deviations from Curie-Weiss behaviour < 2 4' 3°- 3 2) >

For this gradual change of physical properties around the fer-

roelectric phase transition many confusing terms have been used

(e.g. diffuse phase transition, broadening, smearing-out, phase

transition in "dirty" ferroelectrics). To avoid confusion, diffuse

phase transitions and broadening of the permittivity curves will

be carefully characterised here.

nd

FIGURE II.5.

Permittivity (a) and polarization (b) as a function of tem-
perature around "sharp" phase transitions. (1st: first-order,
2nd: second-order).

For sharp phase transitions (see section II.2), the permittivi-

ty shows a sharp maximum at the transition temperature (fig. II.5a).

Theoretically ,this maximum value of e' will be infin?te for second-

order transitions, whereas Oe'/3T) win shOw discontinuities

for first-order transitions. Moreover, a decrease to zero is ob-

served for some other properties (e.g. polarization) at the tran-

sition temperature (fig. II.5b); this decrease will be disconti-

nuous (first-order transition) or gradual (second-order transi-

tions) , i.e. (9p/3T)T^.T^ will show discontinuities (first-order) or

OP/3T)
T+T, -*• « (second-order) .

However, diffuse phase transitions will be characterised by

broadening of the permittivity curves (and also diffuseness of

v.

i
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some other properties around the (average) transition temperature,

i.e. (5£'/3T) , = 0 (and T ' > T o). Moreover, the polarization) ,

fl
c

will show an inflection point at the (average) transition tempera-

ture, i.e. OP/3T)__ is maximum or (32P/9T2) = 0 ( see fig.
1~1o i~lo

II.6). Therefore, broadening of the permittivity curves (and of

FIGURE II.6.

Permittivity (a) and polarization (b) as a function of tem-
perature around diffuse phase transitions.

other physical properties) can be considered as a restricted fea-

ture of diffuse phase transitions. Generally, diffuse phase tran-

sitions will also be recognized in the temperature dependence of

other properties around the phase transition.

Often, it is assumed that in a certain temperature region around

the (average) phase transition temperature, a mixture of ferroelec-

tric and paraelectric "phases" is present. Whereas for sharp phase

transitions only one phase is found at any temperature except the

transition temperature in first-order transition where two phases

exist in equilibrium.

Diffuse ferroelectric phase transitions have been observed in

many complex compounds and solid solutions, all containing diffe-

rent ions at identical lattice sites. Especially, perovskites

of the ABO3 type with complex occupation of the B-sites,
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frequently show a strongly diffuse phase transition character,

diffuse phase transition behaviour and relaxation characteristics

nave been studied extensively in some complex perovskite-type com-

pounds, namely Pb (Mg.^Nb» ,J0, and Pb(Ni i/3Nb2/3^°3' b o t h i n

single crystal and in polycrystalline form (21,24,33-37).

There are various reasons for the diffuse nature of the phase

transition. In section 1.4 three main reasons for the occurrence

of diffuse phase transitions have already been given. These three

groups will be schematically repeated here (table II.1).

TABLE II.1

Reasons for the appearance of diffuse phase transitions.

I) Extrinsic

II) Intrinsic

1) macroscopic inhomogeneities of composition or
stres s

2) grain size (distribution)

fluctuations of internal parameters e.g.
a) compositional fluctuations (microscopic scale)
b) heterophase or polarization fluctuations.

The extrinsic causes usually have a kinetic origin, and therefore

can be affected by synthesis conditions; they will be treated in

chapters III and IV. The intrinsic reasons for diffuse phase tran-

sitions have a thermodynamic background, and have to be carefully

separated from influences originating from the preparation proce-

dure. In this chapter these intrinsic fluctuations and their con-

sequences for various physical properties around the phase tran-

sition will be discussed.

II.3.2. Fluctuations

a) General features

In general, we are concerned with the evaluation of statistical

averages of various physical quantities; these averages represent,

with a high degree of accuracy, the results expected to be obtained

from relevant measurements on a given system in equilibrium. Never-

theless, deviations from, or fluctuations around these mean values

occur. These fluctuations are usually small and no influence on

macroscopic properties is observed. Under certain circumstances,



however, these fluctuations may be rather large and have a strong

influence on a number of properties.

At all temperatures, fluctuations in parameters describing the

state of a material, e.g. polarization, stress and composition,

occur. In the thermodynamic theory of fluctuations (according to

Boltzmann's principle) the possibility w of a certain fluctuation

taking place is (38'39'.

w ^ exp (-AG/kT) (eg. 2.10)

In this equation, AG denotes the minimum free enthalpy necessary

for creating the given fluctuation. Deviations from the average

value of a physical quantity can be expected to occur only if the

free enthalpy differences between the average value (equilibrium

value) and a certain fluctuation are rather small, (e.g. do not

exceed kT considerably).

In materials in which identical lattice positions are occupied

by different ions (e.g. in (A1 A", )(B' B", )0o) compositional
(24 An) ^ ^

fluctuations are possible ftw m gy these fluctuations a devi-

ation of the mean distribution of the ions on the lattice sites is

implied. As a result, small areas with deviations from the

average A'/A"- and B'/B"-ratio may occur. The mobilities of the

ions must be rather high, in order to create such a fluctuation

(by means of diffusion processes); therefore, a high temperature

is required. Such compositional fluctuations are improbable at the

low temperatures, at which our measurements were performed, but,

at the preparation temperature of the material, the creation of

compositional fluctuations may be possible. By rapidly lowering

the temperature, these fluctuations may be "frozen" and have a sta-

tic character. As a result of this, the material, at room tempe-

rature, will consist of regions of variable composition around the

overall composition.

At moderate temperature, other types of fluctuations in para-

meters defining the state of the material may exist, which are

still "fluctuating". These kinds of fluctuations are of a dynami-

cal nature. In the neighbourhood of the first-order ferroelectric-

paraelectric transition ,metastable states are available (see II.2).

Therefore, in certain temperature regions around this transition,
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a fluctuation may reach such a metastable state, having then a

quasi-static nature. For example, a ferroelectric metastable phase

is possible in a restricted temperature region above the transi-

tion temperature (see section 11.2}. In this way, a "mixture" of

paraelectric and ferroelectric phases (heterophase or polarization

fluctuations v ')is formed.

In section II.2 it has already been argued that,around second-

order phase transitions,metastable states are not present. This

transition has to be considered as a transition within one phase

rather than a transition between two phases. Fluctuations in the

order parameter around this transition will have a dynamical cha-

racter.

The amount and magnitude of the fluctuations are important for

the physical properties. To illustrate this, a thermodynamic treat-

ment of fluctuations will be given here.

usually,the probability of a fluctuation is defined by

-v.AG'/kT
w

(38,39).

(eg. 2.11)

in which v is the volume of the fluctuation and AG' is the diffe-

rence in specific free enthalpy (per unit volume or per unit weight)

between the fluctuation and the average G' value of the material.

In which case, v defines the dimensions and AG' the "depth" of the

fluctuation. Therefore, the probability for fluctuations will be

high for small volumes and small specific free enthalpy differences.

In general, these fluctuations are not restricted to the para-

meters defining the state of the material (e.g. polarization), but

at the same time the volumes of these fluctuations will differ

from place to place. The relative amount of fluctuating material

with one specific deviation AG1 can be given by: (for T >> T )

/v-e-
VAG'l/kTdv / /dv (eq.2.12)

Â mathematical handling of eq. 2.11 and 2.12 is very difficult

if the parameters (involved in AG') as well as the volumes of the

fluctuating regions are distributed around the mean values.
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For a first approximation it is therefore assumed that the indi-

vidual volumes of the fluctuations can be represented by an ave-

rage volume v.

The free enthalpy difference AG of a fluctuation, having a fi-

nite volume v, compared with the equilibrium state can be expressed

by:

AG = AH - TAS (per volume v) (eq. 2.13)

where AH is the enthalpy difference and AS the entropy difference

between fluctuation and equilibrium. Eq. 2.10 and 2.13 lead to a

probability w:

AS/k -AH/kT
w % e .e (eq. 2.14)

Hence, an enthalpy difference between fluctuation and the average

state will result in a temperature dependent probability for this

fluctuation. However, when A# - 0, the probability will be indepen-

dent of temperature. This thermodynamical approach to fluctuations

will now be applied to compositional and polarization fluctuations

separately.

b) Çomgositional_flugtuations

A quantitative evaluation.of the distribution of compositional

fluctuations has been given for a solid solution of A and B metals

in reference 44. When the enthalpy difference AH = 0, i.e. the in-

terations between A-B, A-A or B-B are equal, a statistical treat-

ment will result in a Gaussian distribution of compositional fluc-

tuations around the average composition. The mean deviation of

this binomial distribution is

Ax x(l-x)/n (eq. 2,15)

in which x is the overall (fractional) concentration of one of the

components and n (̂  v) is the number of metal atoms in a (micro)

region which has a compositional difference Ax from the average com-

position. From eq. 2.15 it may be concluded that the width of the

distribution increases until the ratio of A and B concentrations in
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the overall composition approaches unity, and when the volume of a

fluctuation decreases.

In the above discussion, we have not been concerned with the

effects of temperature at all, because all arrangements of the

ideal solution have the same enthalpy (i.e. AH = 0). Hence, tem-

perature has no effect on the magnitude of the fluctuations, al-

though it will determine the rate of fluctuation. In most solid so-

lutions, however, the change in enthalpy (AH f 0) must also be con-

sidered. In this case, the fluctuations can again approximately be

described by a Gaussian distribution, with a mean deviation:

Ax =
2z. AH -1

(eq. 2.16)
I x(l-x) kT I

where z is the coordination number.

This equation 2.16 reduces to eq. 2.15 when AH = 0, being the con-

dition for an ideal solution. A similar result is obtained when T

becomes very large. At lower temperatures, the fluctuations depend

on the sign of AH. If AH is positive, there is a tendency to clus-

tering of equal atoms,and the fluctuations are larger than those in

an ideal solution. When AH is negative (tendency to ordering) the

fluctuations are always smaller than would be found in an ideal

solution.

Isupov et al. ' have used a comparable statistical treat-

ment for a quantitative evaluation of the distribution of composi-

tional fluctuations in solid solutions of the type A(B'B")O,.

The volume of the regions, which differ in composition as a

result of compositional fluctuations, affects the width of the

distribution of compositions (see eq. 2.15 and 2.16). Such micro-

regions, differing in composition have not been conclusively de-

tected by experiment until now. Unfortunately, the experimental

techniques to do this accurately,are still in the development

stage for the type of materials under discussion here (diffuse

X-ray and neutron scattering, transmission electron microscopy

(diffraction)). Isupov et al. ' ' assumed the dimensions

of the regions to be about 100-1000 Ã, according to the so-called

Kaiizig regions in BaTiO3 . The regions, considered in Känzig's

work, however, are not caused by compositional fluctuations, but

25
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by polarization fluctuations. Therefore, this assumption (of Isu-

pov) for the size of (micro)regions caused by compositional fluc-

tuations, may be rather arbitrarily, although sizes larger than

1000 8 are less probable.

An estimate of the width of the distribution of compositional

fluctuations for ideal solutions can be made with the help of eq.

2.15, by making assumptions about the average volumes of the in-

dividual fluctuations. For A(B'B")O3 compounds the dimensions of

the unit cell can be assumed to be about 4 R. Therefore, a fluc-

tuation with a size of 100 8 will contain approximately 25 tz

16000 unit cells. Some results of these calculations are presented

in table II.2. In table II.2, n is the number of unit cells

Table 11.2. The width of the distribution
of compositional fluctuations
(according to eq. 2.15).

Ax Ax

16000 0. 1
(100 X) 0.2

0.5
10
o:

1.5x10
-5

2.2x10
3.2xJQ
4x10

-3
-3

A(B',B")O, in one composi-

tional fluctuation, x is

the fractional concentra-

tion of one of the compo-

nents (e.g. concentration

of AB'O 3), and Ãx is the

2000
(50 Ï)

0. I
0.2
0.5

4.5x10
8x10

1.25x10

-5
-5
-k

6.7x10
9.0x10
1.1x10

-3
-3
-2

mean deviation of the dis-

tribution of compositions

around the mean concentra-

tion x. From these results

it can be concluded, that a rather small width of concentration

fluctuations can occur, if the volume of a fluctuation is fairly

small. Consequently,physical properties will also fluctuate (see

further II.3.3).

Hence, in (A' ,A") (B ' ,B") 0 , solid solutions e.g. (Pb,La) ( Zr3Ti)0 ,

compositional.fluctuations may occur. The width of the distribution

will be dependent on the volumes of the fluctuating regions, on

the ratio of A'/A" ions and B'/B" ions in the overall composition,

and on possible enthalpy differences (i.e. interactions between

A'-A', A"-A", A'-A", eta.). Microscopic compositional inhomogenei-

ties arising from nonstoichiometry may also be found , and are

also probable for (Pb,La)(Zr,Ti)O,.

Even if the material is perfectly homogeneous, fluctuations of
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internal parameters, e.g. polarization and stress, are possible.

In the vicinity of first-order transitions a specific type of

fluctuation may occur. These fluctuations may have a considerable

"life-time", because metastable positions are available. Around

such a phase transition,these fluctuations will be called hetero-

phase fluctuations, which,for the ferroelectrlc-paraelectric

transition,can also be termed polarization fluctuations. The short-

range order parameter should, if the metastable state is present

in the high-temperature phase, vary smoothly as a function of tem-

perature into the short-range parameter of the low-temperature

phase. Nevertheless,the long-range order parameter may still jump

from zero to a finite value at the transformation temperature

(for first-order transitions).

For the fluctuations of internal parameters, which are "fluc-

tuating", a simple mathematical relationship between the probabi-

lity of the fluctuations of a variable x and the free enthalpy of

the assembly in question can be derived. The magnitude of the fluc-

tuation of a quantity x is defined by:

(x-x)2 = Ax2 (eq. 2.17)

(see also eq. 2.15) where x is the average value of x, so that

x-x = 0 (eq. 2.18).

If the quantity x is one of the macroscopic variables which determine

the free enthalpy of a system (e.g. polarization), then the equi-

librium value of x can be determined from the free enthalpy. This

free enthalpy is by definition a minimum for the equilibrium va-

lue x of x, and we can define:

q = x - x (eq. 2.19)

as the deviation of x from equilibrium observed during a short time

interval within a finite volume. By keeping constant all other

variables which determine the free enthalpy (e.g. stress), the

free enthalpy can be expanded in terms of q:

G(q) = + higher order terms

(eq. 2.20)
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(compare with eq. 2.5 in section II.2).

Since q = 0 implies equilibrium, i.e. (~g—) _n
 = 0, and when

third power and higher order terms ir. eq. 2.20 can be ignored, the

result is that

AG G(q) - G 2 l

3x2
(eq. 2.21)

Eq. 2.21 connects a fluctuation of x with a fluctuation AG of the

free enthalpy. It has already been stated (see eq. 2.10) that the

probability of a fluctuation q from equilibrium will be

-AG(q)/kT
w(q) = const, e (eq. 2.22)

Since AG(q) is known from eq. 2.21, eq. 2.22 directly gives the

probability of a fluctuation of the magnitude defined by q. When

the variable q is replaced by x, a combination of eq. 2.21 and

2.22 gives:

w(x) = consc. (eq. 2.23)

This expression again denotes a Gaussian distribution with a mean

deviation:

kT

•32G(x)

3x2

— 2 2
= (x-x) = Ax (eq. 2.24)

This concept can be easily applied to polarization fluctuations,

where P is the fluctuating variable x. For example, in the para-

electric phase the free enthalpy has been schematically represen-

ted in fig. II.7 (see also fig. II.1).

The average value of the polarization at T = T will be P = 0.

However, at a given place or time a fluctuation will be found

with a value P deviating from the equilibrium value having a pro-

bability w expressed as:

w(P) const, e (eq. 2.25)
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in which AP is the mean deviation of

the Gaussian distribution. The function

G(P), sketched in fig. II.7, can be re-

presented approximately by

,2
G(P) = AP' (eg. 2.26)

Hence, the distribution of polarization

fluctuations aan be represented by a

Gaussian distriuution (as can be seen

by substitution of eg. 2.26 in eg. 2.25

and comparison of the results with eg.

2.23). This kind of polarization fluc-

tuations will have a rather dynamical

nature (lifetime T < 10~10 sec), because

no metastable states are present.

FIGURE II.7

Free enthalpy versus po*-
larization in the para-
electric phase (T > > T Q ) .

O
FIGURE II.8.

At the transition temperature,

no free energy difference between

the FE and PE phase exists. How-

ever, at a first-order transition

a potential barrier AG_ is present.

Schematically this has been shown

in fig. II.8. Variations in thermal

energy at the transition tempera-

ture T may result in the occurrence

Free enthalpy G versus order
parameter r\ at the transition
temperature T for a first-
order transition.

of local FE-PE phase transitions

and local PE-FE phase transitions.

These polarization fluctuations

appear and disappear relatively

guickly if the activation energy

is small. The relative amounts of the two phases, however, will

not change. If AG_ is egual to zero,the phase transition will have

second-order character. Therefore, a material with a small value

of AGT will exhibit a phase transition of the first kind that does

not differ greatly from a transition of the second kind.

In a restricted temperature region above T a metastable state

in the free enthalpy curve is present (see figs. II.9 and II.1).

This implies that metastable (micro)regions with an FE character
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FIGURE II.9.
Free enthalpy G versus order pa-
rameter n in a restricted tempe-
rature region above the first-
order phase transition.

may exist in the PE matrix.

These FE regions will be driven

back to the stable PE state by

the free enthalpy difference

AG, . However, to reach this PE

state,at least an activation

energy AG_ is necessary, i.e.,

a potential barrier has to be

passed. The appearance of this

activation energy leads to a

quasi-static nature of the

fluctuations (lifetime T >

10-10 sec). By means of

variations in thermal energy,

this barrier can be passed from

time to time. For the creation

of the polarization fluctua-

tions in the non-polar matrix

an energy AG. is required. A comparable description can be given

for the occurrence of quasi-static (metastable) PE microregions in

the stable FE phase.

The temperature regions, in which these heterophase fluctuations

are possible, are dependent on the free enthalpy difference (AG,)

between stable and metastable state. If AG, is rather small over a

large temperature interval, the appearance of a "mixture" of PE

and FE phases is probable in this teu rature region. The total

amount of the metastable phase is dependent on temperature and will

be proportional to e 3/ , in which v is the volume of a micro-

region in which the polarization appears and disappears alternate-

ly and AG,,the free enthalpy difference (per unit volume),is a

function of temperature.

The value of AG (or AGj) will not determine the relative

amounts of the two phases, however,it will influence the frequency

with which the fluctuations appear and disappear. In other words,

the lifetime of the metastable state will be determined by the ac-

tivation barrier AG2, and similarily AG2 will influence the rela-

xational characteristics of the polarization fluctuations.
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The G(P) function in the neighbourhood of a first-order transi-

tion is represented by eq. 2.5 (fig. II.9). In this G(P) function,

AG2 (potential barrier) will be represented approximately by

(T álp ' wnereas

Therefore, the probability of a fluctuation P will be:

2

1 Y'p
can be approximated by T a'P

w(P) = Const.e = Const.e
-v.a'PV2kT

(eq. 2.27)

Hence, it may be stated that the probability of a quasi-static

polarization fluctuation, occurring in the PE phase, at a tempera-

ture T (T.-T T ) is:

w(P) = Const.e

vg'P
2kT, (eq. 2.28)

Because T^ •x T (eq. 2.29), it aan be assumed that the probability

of finding a quasi-static polarization fluctuation in the PE phase

will be approximately given by:„
va 'P

wfPJ - Const.e
2kT,

(eq. 2.30)

which represents a Gaussian distribution, as has been shown before

(eq. 2.25).

The importance of the value of the free enthalpy difference

AG, between the FE and PE phaso can be illustrated in fig. 11.10.

To To

FIGURE 11.10.

Free enthalpy G as a function of temperature around the
first-order phase transition temperature.

In this figure ,a schematic relation between the free enthalpy ver-

sus temperature for both phases is given (a linear relationship
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is assumed in a first order approximation). Two temperature re-

gions can be distinguished, in which respectively the FE and PE

phases are stable, and with a phase transition at T = T , where

G „ = G , or AQ = 0. The probability for the appearance of a
v Af>/kT

metastable phase at T f T Q is e v>i 3' . This probability is

rather high if T is close to T (fig. II.10a) and moreover will

also be rather high in a larger temperature region around T ,when

the intersection of the G-T curves takes place under a small angle

(fig. II.10b). Assuming a linear relationship between free enthal-

py and temperature,it can be derived that the angle of intersec-

tion is determined by the difference in entropy between the two

phases. The'free enthalpy for the FE and PE phases can be repre-

sented by:

and

GFE - HFE

GPE = HPE

(eq. 2.31)

When H p, H , S and S to a first order approximation are in-

dependent of temperature, the following relations are derived from

eq. 2.31:

3Gr.Tp 9 G T ^

(eq. 2.32)- "S
FE

= "S

PE

which leads to

3 FE PE'
3T 'p,E (eq. 2.33)

When AS (= 3 - S „) is independent of temperature, this will re-

sult in:

AG - -AS(T-T ) (eq. 2.34)

for temperatures above T .

Hence, from eq. 2.34 can be seen that AS is decisive for the angle

of intersection. The assumption that AH and AS can be taken as be-

ing independent of temperature seems reasonable in a limited tem-

perature region around the transition temperature. A small entropy

difference leads to a small angle of intersection. Hence, small

entropy differences favour the occurrence of heterophase fluctua-
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tions in a large temperature interval. For the probability w of

the appearance of a metastable phase the following relation results:

w
v.AS(T-To)/kT (eq. 2.35)

in which S = S„p - S_p

Sinae, T is close to T 3 it aan be seen that not àS, but HS/T Í3

decisive for this probability at a .finite temperature difference

from T .J o

In general, smaller fluctuating regions will result in an in-

creasing width of the fluctuation distributions, as has already

been shown for compositional fluctuations.

The probability of fluctuations will usually be temperature de-

pendent, because of the enthalpy term AH in eg. 2,14. When this

enthalpy difference plays a role in the appearance of compositio-

nal fluctuations, these fluctuations can be influenced by a high

temperature treatment, followed by "freezing" in this state. How-

ever, the polarization fluctuations usually will not be affected

by this high-temperature treatment.

Hence, a distinction between polarization and compositional fluc-

tuations can probably be made by using a high-temperature treat-

ment.

II.3.3. Diffuse phase transitions in relation to fluctuations

a) £Llise_transition_;behavigur_and_çgmpgsitional_fluctuatigns

As has been shown in II.3.2 compositional fluctuations may oc-

cur in complex compounds. Generally,the Curie temperature is de-

pendent on composition. Therefore a distribution of compositional

fluctuations will lead to a distribution of Curie temperatures.

If there exists a linear relationship between transition tem-

perature and composition,which has been observed for many materials

note: eq. 2.35 can be derived from eq. 2.30 by introducing the
relation between AS and P as given by the Devonshire theo-
ry. Applying eq. 2.33 to eq. 2.5 results in AS = Jß PC2 =
a' p 2
„fT_T \> where Pc is the polarization at the Curie tempe-
rature. Introduction of this result in eq. 2.30 yields
eq. 2.35.
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this distribution of transition temperatures will be Gaussian too.

Here, we find an important rule: the stronger the Curie tempera-

ture dependence is on the concentration of components, the wider

the temperature range will be in which phase transitions oeaur (at

the same width àx of distribution of compositional fluctuations).

At high temperatures the whole volume of the material will con-

sist of the nonpolar phase. When the sample is cooled, some regions

will pass their phase transition temperature and be converted into

the ferroelectric state surrounded with nonpolar phase. At the

average transition temperature T the volumes of the FE and PE

phase will be equal. Hence, in a certain temperature region around

T the material can be considered to be a complex "mixture" of the

two phases.

To calculate the physical quantities of a material as function

of temperature around the average phase transition temperature

(e.g. permittivity versus temperature) the contributions of all

microregions have to be added. To perform this calculation,a num-

ber of possibilities exists. The phase transition in the local

microregions can have respectively a first-order or a second-order

nature and the contributions of all individual microregions can be

added in different ways. However, only one way of adding will be

correct (usually unknown). These contributions can be added e.g.

reciprocally (electrical circuit of capacities in series) or arith-

metically (electrical circuit of parallel capacities). This yields

the equations:

For arithmetical adding:

'•tot
(T) = J ej(T,Tfc)f(Tc)dTc

And for reciprocal adding:

'tot
(T) i-i,-1(T,T )f(T )dT

(eq. 2.36)

(eq. 2.37)

where f(T ) is the distribution function describing the distribu-

tion of Curie temperatures, and e'. (T,T ) is the dielectric constant

versus temperature around a first-order or second-order transition

in a local microregion, having a local Curie temperature T . Other

ways of adding may also be possible. In general, it is difficult
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to say which way of adding is physically reasonable, (see note p.37)

A quantitative calculation of permittivity curves for diffuse

phase transitions has already been made in literature (for the

induced (elastic) ion-electron polarization part of the permitti-

vity) . Diamond , Kirillov and Isupov
' „~~_-; J~—~J *-i— „_.!.„,_.; ̂i <-„ u^ a heterogeneous mix—

Kirillov and Isupov

Burfoot w u ' considered the material to be

ture consisting of polar and nonpolar phases. Diamond and Kirillov

described the local Curie temperatures by a Gaussian distribu-

tion and assumed that the phase transition of an indivi-

dual region has a first-order nature. Broadened permittivity

curves result by arithmetically adding the individual contributions

of the microregions. Clarke and Burfoot and Rolov used

the same calculation, but assumed the phase transition in local

microregions to be second-order, and also obtained broadened per-
(49i

mittivity curves. Burggraaf and Keizer added the contribu-

tions of the different regions (grains) reciprocally (for first-

order transitions), which also resulted in broadened permittivity,

versus temperature curves. In all these calculations contributions

to the permittivity originating from the reorientation of polari-

zation vectors were not involved and it was assumed that each in-

dividual microregion has exactly the same physical characteristics

around its local transition temperature; only the local transition

temperatures differ from each other. For microregions differing

strongly in composition, this assumption is rather vague. Generalr

ly, composition does not only affect the transition temperature,

but other physical quantities too (e.g. Curie-Weiss constant).

Hence, the results of calculations concerning broadening of the

permittivity do not seem to depend critically on the type of phase

transition of the individual microregions and the "mixing rule"

used.

In chapter VI some additional calculations will be made for the

induced electron-ion polarization part of the dielectric constant

as a function cf temperature.

b) Dieleçtriç_relaxation çgnnected_with_çom2ositional_fluctuations

In the former part of this section the effect of compositional

fluctuations on the induced polarization part of the permittivity
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has been discussed. However, in those temperature regions where

spontaneously polarized regions occur, the total polarization may

be divided into two parts: the induced polarization and the orien-

tational polarization. This orientational polarization is caused

by variation in (micro) domain structure, i.e. by a reorientation

of the entire microregions, by the motion of boundaries between

microregions, and by the formation of new microregions with a po-

lar axis close to the direction of the field. In other words,

orientational polarization is reduced to a variation of the direc-

tion of spontaneous polarization in certain regions. The non-orien-

tational induced polarization ,on the other hand ,is caused by elas-

tic electron and ion displacements due to the external field.

Here, we shall deal with the orientational polarization contri-

bution. Static compositional fluctuations themselves do not give

rise to dielectric relaxational phenomena. To introducs relaxa-

tional behaviour f the role of heterophase (polarization) fluctua-

tions in connection with compositional fluctuations, must be con-

sidered. If the temperature of a sample is near the transition tem-

perature of a group of microregions, the spontaneous polarization

will appear or disappear in these regions because of polarization

fluctuations. In this respect,the orientational polarization can

be connected with the relaxation of the isolated polar regions or

with the relaxation of the boundaries of these regions. At very

high frequencies,this orientational polarization contribution will

disappear.

Kirillov and Isupov ' ' ' have proposed a model explaining

the dielectric relaxation characteristics in materials in which

compositional fluctuations appear. These compositional fluctua-

tions result in regions with different local Curie temperatures,

distributed around the mean Curie temperature T . The result of

their calculation is given by eq. 2.38. Details of the calcula-

tion are given in appendix 2A at the end of this chapter.

i i . ( T"V 2

„2 (eq. 2.38)

max

This expression only describes the contribution of relaxational

elements e' to the dielectric polarization and for the case that
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e1 >> e! ,. Usually, e' will consist of e! , and e' and it is
or ind J ' xná or

necessary to separate these two contributions, e.g. by performing

high and low frequency measurements over a sufficiently large fre-

quency range. It will be difficult to give an exact formulation

for the total e'.

Smith and Cross have proposed another model for the broa-

dening of the permittivity curves in Pb(Mg. ,,N'D2/'5^3' anc^ t^1-'-s

model may be regarded as a modification of the theory of composi-

tional fluctuations by Isupov et al. The model of Smith and Cross

is based on the assumption that the material consists of two dis-

tinct ordered phases (or one ordered and one disordered). These

two phases have different Curie temperatures and both have a se-

cond-order transition. The minor phase is continuous and the two

phases can be considered to be electrically in series. However, to

explain the observed broadening, another assumption has to be made,

i.e., in a certain temperature region, depolarizing fields and

mechanical constraints have been assumed (without justification)

and should result in broadening. This model can be considered as

a simplification of that of Isupov et al. A serious draw-back

of the Smith/Cross model is that the coupling between polariza-

tion fluctuations and mechanical constraints and/or depolarizing

fields is not justified and seems doubtful, especially in second-

order transitions. Mechanical constraints can give rise to static
(49)

polarization fluctuations , however, they counteract fluctua-

tions with a more dynamical character and so suppress relaxatio-

nal behaviour. Hence, the model is not very consistent. A model

which does not make use of these types of constraints, is there-

fore preferable.

Note: Moreover, in ferroelectric ceramics, the dielectric constant
is an average value of the single crystal values E 1 , (per-
pendicular to the polar axis) and e \/ (parallel to ehe po-
lar axis). In this investigation, we have used this average
value.
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c) Quasi-static_gglarization_fluctuations_related_to_the_ghase

transition

In section II.3.2 it has been shown that the amount of quasi-

static polarization (heterophase) fluctuations in the PE matrix

can be given by eq. 2.12. When the volume of a fluctuation and the

mean deviation of the Gaussian distribution are known, the total

amount of quasi-static fluctuations can be calculated. Hence, above

the transition temperature,the material can be considered as a mix-

ture of two phases. These two phases will give a different contri-

bution to the induced polarization part of e'.By adding these two

contributions in a suitable way (e.g. reciprocally, arithmetically,

etc) the total dielectric constant (elastic part) can be calcu-

lated. Some examples of such a calculation will be presented in

chapter VI. It will be shown there, that quasi-static polarization

fluctuations may also give rise to broadening of the permittivity

curves and to relaxation phenomena.

Rolov and Fritsberg ' ' have used the concept of po-

larization fluctuations in describing the temperature dependence

of a number of physical properties around the FE-PE phase transi-

tion. Indications for the size of the microregions, in which the

polarization alternately appears and disappears, are crucial for

quantitative interpretation and were obtained (as Isupov did) from

the X-ray diffraction work of Känzig . The dimensions of these

Känzig regions are about 100-1000 2. The approach of Rolov and

Fritsberg yields an analytic expression for the temperature de-

pendence of the specific heat C(T) and a quantitative criterion

for the determination of the degree of broadening of the phase

transition in the form of the half-width of the C{T) maximum. Un-

fortunately, rather few data are available for establishing the

degree of broadening from heat capacity measurements. Rolov and

Fritsberg state that the permittivity curve may also be broadened,

but do not give an expression for the temperature dependence of

this permittivity.

The consideration discussed up to now shows that a diffuse

phase transition can be expected in so-called "weak" ferroelec-
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tries, which have a weak spontaneous polarization and éeformation

and, consequently have small values of As at the phase transition

temperature (section II.3.2). In general, the degree of broade-

ning of the specific heat C(T) will be dependent on AS/T , the

expression of which is equal to that achieved for fluctuations

in section II.3.2 (page 33). Broadened permittivity curves for

"weak" ferroelectrics have been obtained by Isupov ^53^ in con-

sidering the FE phase transition in the solid solution series

Na0.5Bi0.5TiO3-PbTiO3-

A model which uses structural considerations has been developed

by Cook (54~56).

He represented this type of heterophase fluctuations in binary

metal systems as quasi-static wave packets. The material within

the wave packet has the structure of the low-temperature phase.

Between the metastable wave packets and the stable phase,coherent

boundaries appear, which are continuously in motion and cause the

relatively slow net movement of the wave packet. Applying Cook's

model to an FE material leads to a quasi-static model of polariza-

tion fluctuations with microdomain boundaries which can be easily

influenced by weak fields and so gives rise to dielectric relaxa-

tional effects. A comparable concept for explaining the dielectric

behaviour in the FE phase of KSr NbrO ; was used by Clarke and

Burfoot . They introduced a 180 -(micro)domain-model, in which

unsaturated material in the lG0°-domain walls makes a large con-

tribution to the dielectric constant and loss. Analogy has been

made between the behaviour of domain-wall material and the dielec-

tric softening of bulk material at the FE-PE phase transition. The

material in the centre of the domain wall is considered to be PE.

In the unsaturated region,the force constants governing the motion

of the displaced cations, associated with the dipole moment, ap-

pear to be greatly reduced. This is held to be responsible for a

softening of the dielectric response and the resulting dispersion.

Weak electric fields, used in small-signal dielectric measurements,

may switch the direction of those dipoles inside the wall. The

differance with normal rotation of dipole vectors in "classical"

ferroelectrics during "poling" is that certain parts of the mate-

rial receive a zero polarization (due to fluctuations in thermal

energy) and in that situation are subjected to an electric field.
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If due to fluctuations in thermal energy, polarization returns,ma-

terial may be polarized in the field direction and relaxation occurs.

As has been shown before, the number of metastable microregions

(and therefore the number of boundaries) will depend on temperature.

Hence, the amount of material which can be switched by weak elec-

tric fields is proportional to this number of metastable regions.

Therefore, the number of relaxation units is not constant, but will

be a function of temperature, and the contribution of the relaxa-

tion process to the permittivity decreases with increasing tempe-

rature for T > T (frequency dependence decreases).

because the amount, of material showing relaxational characteris-

tics for polarization fluctuations can also be represented by a

Gaussian distribution, this contribution to the permittivity will

also lead to the quadratic law (see eq. 2.38), using an analogous

calculation method as has been used by Kirillov et al. This im-

plies broadened permittivity curves.

Compositional fluctuations in combination with polarization

fluctuations, as well as only polarization fluctuations, will re-

sult in relaxational phenomena and "the quadratic law". Therefore,

these two possibilities cannot be distinguished by considering

their relaxation characteristics and the temperature dependence

of their reciprocal dielectric constant.

As has already been noticed (section II.2), second-order tran-

sitions can be described as a transition within one phase rather

than between phases. The properties of the material change conti-

nuously with temperature, and at any temperature only one phase

exists. In other words, infinitely small variations in external

parameters (e.g. temperature, pressure, electric field) may lead

to passing of the phase transition in certain regions of the ma-

terials. These fluctuations cannot reach a metastable, quasi-sta-

tic state, as for first-order transitions. Therefore heterophase

fluctuations, connected with second-order transitions, have a

stronger dynamical character and are intrinsically oonnectad with
(38)relaxational phenomena

Around the transition temperature the whole material is continuous-

ly "fluctuating", which leads to the appearance of so-called cri-

tical phenomena. The temperature interval, in which these critical
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phenomena occur (the critical region) may be large when the energy

difference between the PE and FE phase is small in this tempera-

ture region (see also section II.2).

The critical fluctuations can be considered as plane waves

(modes) that extend entirely through the material/in contrast to

heterophase fluctuations around first-order transitions, which can

be represented as guasirstatic wave packets and therefore

they have the character of "quasi-local" modes.

II.3.4. Conclusions

Summarizing, a classification scheme, involving fluctuations

connected with the FE-PE phase transition, the nature of these

fluctuations, and their influence on FE properties and dielectric

relaxation, is given in table II.3.

Table II.3 . Classification scheme of fluctuations and their physi-
cal effects.

kind of fluctuation

compositional
fluctuations

heterophase
£luc tuations

"frozen"

nature

static

in combination
with

polari zat ion
fluctuations

"** relaxationai

around quasi-s tat ic

firs t-order
trans i t ions

effects on phy-
sical properties

diffuse phase
transition .of-
ten sensitive
for "annealing"

diffuse phase
transition,d i-
electric re-
laxat ion

diffuse phase
transition,di-
electric re-
laxation

polarization
fluctuations

around second- dynamical
order transi-
tions

critical pheno-
mena ,
dielectric re-
laxation at
(very) high
frequencies.
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At high temperatures,the creation of compositional fluctuations

may be possible, which,when lowering the temperature may become

"frozen". This will result in materials with (micro)regions of

different composition around the overall composition. The static

nature of compositional fluctuations results in a range of tran-

sition temperatures and consequently in a diffuse phase transition

behaviour. Moreover, in such materials,polarization fluctuations

do not occur automatically, but are possible and in this case will

give a relaxational contribution to the permittivity.

In the neighbourhood of first-order transitions,metastable

heterophase (polarization) fluctuations may appear in certain

(micro)regions. These fluctuations will have a partly quasi-static

nature (in the centre of the microregions), whereas part of it

(the coherent boundaries of the micro regions) will be easily in-

fluenced by weak electric fields (dielectric relaxation). The

temperature region, in which these fluctuations occur, will in-

crease with decreasing free enthalpy difference between the two

phases. The quasi-static nature of the polarization fluctuations

results in diffuseness of physical quantities around the phase

transition temperature and relaxation characteristics.

Around second-order ferroelectric phase transitions, fluctua-

tions in internal parameters (e.g. polarization) may lead to cri-

tical phenomena. The critical region, in which these critical

fluctuations occur, will be larger with a decreasing free energy

difference between the FE and PE phases in this temperature interval.

The critical fluctuations have a strongly dynamical character and

may lead to a kind of diffuseness of the phase transition and also

to relaxational phenomena.

In the material under study here (Pb,La)(Zr,Ti)O3, compositio-

nal fluctuations as well as polarization fluctuations may be pos-

sible. Both kinds of fluctuations give rise to broadening of the

permittivity curves, but it may be possible to distinguish these

fluctuations, by using high-temperature treatments ("annealing")

and frequency analysis. If enthalpy differences play a. role at

these high temperatures, (where compositional fluctuations occur)

the fluctuations of composition will be influenced. However, it

can be expected that the quasi-static polarization fluctuations
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are not affected by this treatment. Enthalpy differences for PLZT

compositions are probable, because of differences in ion charges

and sizes.
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APPENDIX 2A

Derivation of the "quadratic law" for the relaxational part of the

permittivity (according to Kirillov (33»36»37)>

The appearance of compositional fluctuations will usually re-

sult in regions with different local Curie temperatures distribu-

ted around the average Curie temperature Tr. Such a distribution

can be described by a Gaussian law (see section II.3.2)

Q = A exp -(Tc-Tr)
2/2 (eq. 2.A.I)

in which 6 is the variance of the distribution, A is a constant,

and T is the local Curie temperature, which is determined by the

local composition. Thus at T > T , a number of polar regions sur-

rounded by a nonpolar phase will exist in the material. A polar

region may be depolarized by fluctuations in temperature or elec-

tric field, after which the polar state may be restored with the

same or another direction of the electric moment (polarization

fluctuations). If the FE-PE phase transition has first-order cha-

racter /the states with different directions of the electric moment

and the state with electric moment zero,will be separated by po-

tential barriers. It is assumed,that the energy required for

depolarization and repolarization, i.e., the height of the po-

tential barrier, increases as the temperature deviates from the

local transition temperature. A result of such a temperature de-

pendence of the activation energy is,thac a microregion will have

a maximum contribution to the orientational polarization at the

temperature of its own local Curie temperature. The contribution

of the micro regions under consideration will decrease with both

decreasing and increasing temper?.cure,because of the rising of

the activation energy and will disappear at temperatures far from

the local Curie temperature.

For a first approximation, only regions with T = T (local Curie

temperature) will contribute to the polarization.

Hence, in a certain temperature interval, the number of rela-

xing elements is proportional to the number of microregions for

which T -AT < T < T +AT (where AT << T ). Therefore the distribu-
c c c



tion of relaxing units can be described by a Gaussian distribution

around the average Curie temperature T (eq. 2.A.I).

Then, the number n of relaxing units per volume unit is determined

by the expression:

T+AT/2r
n = N.A. J

T-AT/2
[- -T

r

which results in:

n = N.A.AT. exp[-(T-T )2/26j

where N is the maximum number of relaxing units.

The dielectric constant is given by:

(eq. 2.A.2)

(eq. 2.A.3)

e1 = e' + Bn (eq. 2.A.4)

where B is a constant and e'^ represents the induced polarization

contribution at frequencies which are high with respect to the

characteristic relaxation time.

Combination of eq. 2.A.3 and 2.A.4 results in:

T—r- = T ^ exp [(T-Tr)
2/2Ô2] (eq. 2.A.5)

max
This equation describes the temperature dependence of only that

part of the dielectric constant caused by relaxation of polar mi-

croregions (only above T ). A series expansion of eq. 2.A.5

leads to:

max

(T-T )"

2e'
max

(T-T )
(eq. 2.A.6)

In a temperature interval of about 0.66, fourth and higher order

terms in eq. 2.A..3 can be ignored, and by assuming that e' >>
or

a quadratic dependence of the reciprocal dielectric constant
on temperature is derived.

i
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C H A P T E R I I I

PREPARATION AND CHARACTERIZATION OF (Pb,La)Zr 55TiQ 4 5O 3 CERAMICS

IN RELATION TO THE HOMOGENEITY (INCLUDING MEASURING TECHNIQUES)

III.l. INTRODUCTION

(1,2,3)

The appearance of macroscopic inhomogeneities of composition

and stress is one of the "extrinsic" factors determining the dif-

fuseness of the phase transition (see 1.4 and II.3.1). These inho-

mogeneities usually originate from non-complete reactions during

preparation of polycrystalline materials and from strains related

to these inhomogeneities or from pressing operations during prepa-

ration. Optimizing synthesis conditions generally leads to the dis-

appearance of these kinds of inhomogeneities, which is absolutely

necessary when studying "intrinsic" diffuse phase transitions.

PLZT materials are generally made by a mixed-oxide process (MO)

starting with the individual oxides of lead, lanthanum,

zirconium and titanium. Careful selection of raw materials to en-

sure high purity and small particle size are critical factors

for the successful achievement of the desired final material quali-

ty (e.g. good homogeneity).

To improve the transparency of PLZT materials a number of pre-

paration processes has been developed, based on chemically pre-

pared (CP) powders. It has been shown, that the degree of optical

homogeneity in the ceramic specimen is related to the chemical ho-

mogeneity of the feed powders from which it is prepared (by sinte-
(4)ring or hot-pressing . As a result, PLZT powder technology has

undergone a recent and relatively rapid change. Processing has e-

volved from a conventional approach where the oxides of the indivi-

dual components were mixed mechanically (MO) through a stage

where lanthanum was added to the oxide powders as a nitrate solu-

tion , to "third generation" materials prepared by various me-

48



thods of solution chemistry ' ' .In the last mentioned methods

chemically homogeneous PLZT feed powders were prepared from organo-

metallic solutions. These solutions are hydrolytically and ther-

mally decomposed to yield the mixed hydroxides of Pb, La, Zr and

Ti. In these methods a better chemical homogeneity is achieved

through intimate contact and mixing of the constituent ions on a-

tomic scale. This condition is difficult to achieve when solid

powders are mixed mechanically as in conventional mixed oxide pro-

cesses. In all these processes the preparation of the feed powders

is followed by a final heat treatment (sintering, hot-pressing) in

order to obtain a dense ceramic material.

It has been argued that an optimal chemical homogeneity can be

expected by using CP powders. This optimal chemical homogeneity

is required for a good optical quality of transparent PLZT cera-

mics. However, it is not sure that homogeneity, to such a high de-

gree, is also required for ferroelectric properties. Using suita-

ble MO methods may give sufficient homogeneity to avoid a diffuse

character of the ferroelectric phase transition. This will be tes-

ted here by comparing some ferroelectric properties (permittivity

and P-E hysteresis loops) of materials prepared by both MO and

CP methods.

For a good comparison, other parameters of the material (e.g.

composition, density and average grain size) should be equal. Com-

parable grain sizes and densities can be achieved by choosing sui-

table sintering conditions (temperature, time). However, maintai-

ning the same composition is difficult, because one of the compo-

nents (PbO) is rather volatile at the sintering temperatures used.

Therefore, it is necessary to have a PbO atmosphere sufficient to

reach a constant (equilibrium) composition. This is usually done

by enclosing the samples in a container with a suitable PbO source

(e.g. PbZrO3).

For comparison between the MO and CP methods, PLZT powders ac-

cording to the following formula were prepared :

Pbl-0.75xLax(Zr0.55Ti0.45)O3+0.75x
 (3-X)

with x = 0.08, i.e., x = 8 at.% La. This composition will be indi-
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cated as PLZT 8/55/45. PLZT powders with the composition given in

eq. 3.1 contain a relatively high amount of PbO, which seems pre-

ferable when dense ceramics are to be sintered ' . During sinte-

ring the material may loose PbO (when approaching the equilibrium

composition), which results in a composition after sintering given

by:

:f\,

Pbl-axLax(Zr0.55Ti0.45)O3+x(1.5-a) (3.2).

Here, x = 0.08. The amount of lanthanum, zirconium and titanium in

the PLZT ceramics is almost independent of temperature and pres-

sure etc. during sintering. However, the PbO content in the mate-

rial is strongly dependent on temperature and PbO pressure. There-

fore, it is suitable to express the relative amount of PbO (with

respect to lanthanum) by the lead elimination parameter a, intro-

duced by Hennings et al. , which results in the representation

of PLZT compositions given by eq. 3.2.

In the next section the mixed-oxide and the chemical prepara-

tion methods will be described. After sintering powders to obtain

dense ceramics, the materials have been characterized by means of

microscopy, X-ray diffraction, chemical analysis (X-ray fluores-

cence) , dielectric measurements, and P-E hysteresis loop measure-

ments .

III.2 PROCESSING TECHNIQUES

III.2.1. Mixed-oxide method

A general flow-sheet for the mixed-oxide process is given in

fig. III.l. The specimens were prepared from pure (> 99.8%) oxides

PbO TiO2 and '. PbO and Ti0o were dried at 150 C

during 24 hrs. However ZrO2 was given a heat treatment at 1200 C

during 2 hrs, followed by milling, which is necessary to achieve

j_ PbO, Merck, pro analysi, > 99.94 %
2 La2O3, Fluka, puriss., » 99.99 %
2 TiO2, Titan Gesel., » 99.88 %
4̂  ZrO,, Koch-Light, » 99.90 % I
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]850°C/l6 hra

ïsostatic
cold-pres s ing

125O°C/16 hrs

core-drilling
si icing

a homogeneous reaction

(calcination) product as

shown by Keizer et al.

La,O3 is rather hygrosco-

pic and must be dried at

850°C during 16 hrs.

The constituent oxides

were mixed mechanically

during 1 hour in a Fritsch

pulverisette in batches of

about 60 gr. After mixing,

pre-firing of the powders

took place at 850°C during

16 hrs., followed by dry

ball-milling during 2 hrs.

Isostatic pressing at 4000

bar resulted in pre-formed

pellets of about 15-20 mm

high and 10 mm diameter.

These pellets were sinte-

red in almost closed Pt

crucibles in a controlled

O_ and FbO atmosphere at

1250°C during 16 hrs. A

suitable PbO atmosphere

Flow-sheet of the mixed-oxide w a s provided by PbZrO, pow-
process. 3

der in combination with a

constant gas-stream (O,) over the crucible.

From the sintered specimens discs were made with a diameter of

6 mm and a thickness of 0.5 mm. To relieve strains, resulting from

the mechanical processing, the discs were annealed at 900°Ç during

2 hrs. in an oxygen atmosphere and then slowly cooled. Some of

these discs were evaporated with gold electrodes in order to per-

form various electric measurements.

annealing 900 C/2 hrs
0,

electroding

testing

Fig. III. 1

III.2.2. Chemical preparation method

For the chemical preparation of PLZT powders, a synthesis via
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a viscous solution of a mixture of metal citrates was used. This

technique will only be summarised here but described extensively

in a future paper

Marcilly has described the synthesis of different com-

pounds via an amorphous organic (citric) precursor. This process

is based on the formation of complexes of the metal ions in ques-

tion with citric acid in

an aqueous solution. Par-

tial evaporation of this

solution results in an

amorphous viscous mass

(precursor), which decom-

poses if the temperature

is raised above a certain

critical value. After a

final heat treatment to

remove organic contaminants

the desired compound is

obtained. This process has

been used here for the

preparation of PLZT pow-

ders. For the preparation

O f Pb0.94La0.08(Zr0.55
Ti0.45)O3.06 ( P L Z T 8/55/45)
the flow-sheet for the
"citrate" method is given
in fig. III.2.

The starting materials

are Pb(NO,)o', La(NO,),-
2 3 2 3 33

6H2O , and citric acid ,

550 C/30 min.
0,

1275°C/16hrs
0,/PbO

FÍR. III.2 Flow-sheet of the chemical preparation

whereas TiOfNCX,)- and

ZrO(NO3)2 were prepared

from TiCl4
4and ZrOCl,.8H2O

5

J_ PbO(NO3)2, Baker, 99.6%
2_ La(NO3)3. 6H20, Merck,pa.
_3 citric acid, Baker,99.8%
k_ TiCl^, Fluka p.a.
_5 ZrOCl .8H20, Merck, >99%
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For the evaporation and thermolysis process a semi-continuous pro-

cess was developed which favours an unrestricted swelling of par-

ticles in the thermolysis stage resulting in flaky particles with

small crystal sizes. The milled, calcined powder was sintered fol-

lowing the same procedure as used in the MO method.

III.3. CHARACTERIZATION OF THE MATERIALS

The bulk density of the ceramics after sintering was measured

by the liquid (Hg) displacement technique. Grain sizes were deter-

mined from polished and etched cross-sections by the linear-inter-

cept method . I n some cases, considerable difficulty was expe-

rienced with the common HF/HC1 etching procedure (5% solution of

HC1 containing 7 drops of 35% HF/100 ml of solution), because the

etched domain pattern interfered with the delineation of the grain

boundaries. In such cases,, polished plates were thermally etched

at 1050°C for 15 min. in a PbO-rich atmosphere. This technique re-

vealed grain boundaries but no domain patterns. Chemical composi-

tion was analysed by means of X-ray fluorescence
(14)

In table

III.l composition, density (theoretical density 'v 7.85 gr/cm ) and

Table III.I Composition,density and grain size for coarse-grained MO and
CP PLZT 8/55/45 ceramics.

preparation sintering temp,
method time

MO
CP

)25O°C/]6 hrs.
1275°C/I6 hrs

compos it ion

La(at.%) Zr/Ti-ratio

mean grain density
size (um) (gr/cm3)

8. 1
7.9

55/45
56/44

1.19
1 .37

8. 1
7. 1

7.72
7.64

mean grain size are given for materials prepared by the MO and CP

method. From this table it can be seen that composition, density

and average grain size are almost equal for both the CP and MO pre-

pared materials. Therefore, comparison with respect to their homo-

geneity (X-ray diffraction) and ferroelectric properties is pos-

sible. The values of a (given in table Ill.i) are related to the

Pb/La ratio of the monophasic material; this a value has already

been defined in eq. 3.2 and is called the lead elimination para-

meter. This parameter was introduced by Härdtl and Hennings

when studying the defect structure of La-substituted PbTiO_ and
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Pb (Zr ,Ti)O-.. After sintering no second phase was observed by X-ray

diffraction and (scanning electron ) microscopy.

X-ray diffraction patterns were determined with a Philips X-ray

diffractometer by means of CuKa radiation using a Ni filter. Mea-

surements have been performed on powders (having an average powder

size of about 3 vim) obtained by milling the ceramic material, fol-

lowed by an annealing treatment (600°C/2 hrs) to relieve possible

strains introduced in the milling procedure. Unit cell measure-

ments were determined from several diffraction lines with an accu-

racy estimated to be + 0.001 8. The results are shown in table

III.2 and indicate no significant difference in unit cell dimen-

Table III.2 Unit cell parameters for coarse-grained MO and CP PLZT 8/55/45
ceramics.

preparation
me thod

MO
CP

mean grain
size (Mm)

8. I
7. 1

4.048
4.049

4.099
4. 102

c/a

1.013
1 .013

67. 16
67.23

1 1 1

0.19"
0.19°
0.19 (Si)

sions for CP and MO prepared material. The unit cell of these ma-

terials has a tetragonal symmetry. A non-complete reaction during

preparation may result in a material which consists of large-scale

(> 1 ym) regions with a distribution of compositions around the

average value (large-scale compositional fluctuations). These

kinds of compositional fluctuations will generally result in a

broadening of the X-ray diffraction lines. Therefore, a possible

broadening of these lines was determined by measuring the half-

width D of the (111) reflection line. This half-width of the (111)

reflection line (see table III.2) and the width of other reflec-

tion lines (which are difficult to measure because tetragonal

splitting of most of the reflection lines causes them to partly

cover each other) are almost equal and comparable with the half-

width of unbroadened reflection lines of Si. Hence, large-scale

compositional fluctuations are absent in the materials under dis-

cussion here.

A Wayne Kerr Universal Bridge type B 221 was used to measure

the capacity and conductivity of the samples at frequencies be-

J_ JEOL type JSM U3. I
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tween 500 Hz and 50 kHz. At frequencies between 50 kHz and 1 MHz a

Wayne Kerr Radio Frequency Bridge B 601 was used. Small-signal

dielectric measurements were performed with a maximum applied ac

voltage of 40 V/cm. The heating and cooling rates varied between

0.5 and 2.0 deg/min.

Large-signal P-E hysteresis loop data, i.e. remanent polariza-

tion (P ) and coercive field (E ) were obtained by means of a mo-

dified Sawyer-Tower circuit at a frequency of 0.05 Hz. Polariza-

tion was automatically plotted as a function of the electric field

using a voltage divider for the X-axis (E) and a series connected

3.14 uF integrating capacitor for the Y-axis (P). A dc power sub-

ply, balanced to ground and continuously variable between + 1 kV

(by means of a triangular voltage generator) was used.

The influence of the preparation procedure on the permittivity

around the phase transition is shown in fig. III.3 and table III.3.

T ' and T, are defined as thec b
temperatures where respectively

the real part of the dielectric

constant e' and the imaginary

part e" are maximum. These cha-

racteristic temperatures (which

will be discussed in chapters

V and VI) do not differ much

for chemically prepared mate-

rial and mixed-oxide material,

only the values of e' show
max

a relatively small difference.

In a limited temperature inter-

val (about 40 degrees for the

compositions under discussion

here) above T ' the reciprocal

dielectric constant can be des-

cribed by a quadratic law:

20000-

250
TfC)

FIGURE III.3

The dielectric constant e' as
function of temperature for coarse-
grained M0 and CP PLZT 8/55/45.

(3.3)

The importance of this law and the physical features behind it, 1
55
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Table III.3 Dielectric parameters for coarse-grained CP and MO PLZT 3/55/45
(heating, 10 kHz).

preparation
me thod

MO
CP

mean
size

3.
7.

grain
(pm)

1

Tc'(

171
171

°c>

.5

e'max

21 100
19050

V°c)

152
150

E"max

490
540

C(°C)

42
40

II

will be discussed in chapter VI. Here, this law will be only used

for describing the dielectric behaviour of the material. In table

III.3 the value of the factor C, which can be used to characterize

the degree of "intrinsic" broadening of the permittivity curve

(see chapter VI), is given. The value of this constant C is almost

independent of the preparation method used, though the values of

e' are different.

FIGURE III.4

P (polarization)-E(electric field
strength) hysteresis loop.
remanent polarization, Ec
cive field) .

c.oer-

(an example of a P-E hysteresis

loop is given in fig. III. 4, in

which the values of P and E
r c

have been indicated). Hence, from

measurements of these P-E hyste-

resis loops as function of tempe-

rature, the temperature depen-

dence of Pr and Ec is obtained.

The temperature dependence

of the remanent polarization P

may also be dependent on the

preparation procedure (or che-

mical homogeneity) '. There-

fore, ]?r was determined from

P-E hysteresis loop measurements

as a function of temperature

50 150

FIGURE III.5

Remanent polarization P versus
temperature for coarse-grained
M0 and CP PLZT 8/55/45.
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which is shown for P in fig. III.5. This temperature dependence

of P for MO and CP material shows an almost equal behaviour. The

temperature dependence of the coercive field E does not differ

for the MO and CP materials too. A further discussion about the

ferroelectric properties around the phase transition 'ill be given

in chapters V and VI.

III.4. DISCUSSION AND CONCLUSIONS

An "optimal" mixed-oxide method results in materials with fer-

roelectric properties which are comparable with those of chemical-

ly prepared materials. The macroscopic homogeneity of both mate-

rials does not show any difference (table III.2), whereas the dif-

fuseness of the remanent polarization (fig. III. 5) and the broa-

dening of the permittivity (fig. III.3 and table III.3) around

the transition temperature show an almost equal behaviour. Hence,

it can be concluded that mechanical mixing of the oxides, follo-

wed by a high-temperature treatment (solid state reaction), re-

sults in materials which do not differ in homogeneity with respect

to ferroelectric properties of CP ceramics. Therefore, measurements

on other PLZT compositions were performed on ceramics prepared by

the MO method.

With respect to optical properties, the chemical homogeneity

of the CP and MO materials may still differ. However, this diffe-

rence in chemical homogeneity will apparently have no dominating

influence on the ferroelectric properties. Schulze showed (by

means of Second Harmonic Generation techniques) that chemically

prepared PLZT ceramics are more homogeneous than PLZT ceramics

prepared by a mixed-oxide method.
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C H A P T E R IV

GRAIN SIZE DEPENDENCE OF THE DIELECTRIC BEHAVIOUR

AROUND THE PHASE TRANSITION

IV.1. INTRODUCTION

The grain size of a ferroelectric ceramic material can exert

an influence on its properties around the phase transition, as has

already been argued in sections 1.4 and II.3.1. In this chapter,

therefore, the grain size dependence of the dielectric properties

around the phase transition will be investigated. Our aim is to

avoid grain size dependence ("extrinsic" effect) of the dielectric

constant around the ferroelectric ph=ise transition, i.e., we wish

to determine the minimum mean grain size above which grain size

effects can be ignored. An extensive study of the physical reasons

for the broadening of the permittivity curves will not be given

here.

A reliable investigation of this grain size dependence is only

possible by keeping all other parameters constant while varying

grain size, i.e. density, composition and homogeneity should be

constant for all specimens. For this purpose samples were prepared

with composition PLZT 8/55/45, a comparable high density and homo-

geneity (determined by X-ray diffraction and microscopy), but ha-

ving different average grain sizes. To obtain these samples two

preparation procedures, a modified mixed-oxide method and a chemi-

cal preparation method were used.

IV.2. MATERIAL PREPARATION

By means of the "citrate" method, described in III. 2.2, a che-

mically prepared feed powder was obtained. Sintering this powder

(after isostatic pressing) at different temperatures and times re-
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suited in ceramics with almost equal high density (theoretical

density « 7.85 gr/cm ), but different grain sizes (see table IV.1)

No second phase was detected in these samples (by means of X-ray

diffraction and microscopy). All sintered specimens have almost

the same composition (see table IV.X), at least for a given pre-

paration procedure.

Table IV. I Composition, grain size and density of PI.ZT 8/55/45 ceramics.

prep.method sintering temp/

CP

MO
MO/HP

1IOO°C/l6hrs
1125 C/16hrs
1I40°C/16hrs
1200°C/16hrs
1240°C/16hrs
!275°C/16hrs

1250°C/16hrs
l250°C/16lirs +
I050°C/i5 min

composi tion

La(at.Z) Zr/Ti-ratio

8.0
7.9
7.9
7.9
7.8
7.9

8.1

7.9

56/44
55/45
55/45
56/44
56/44
56/44

55/45

56/44

1.37
1 .40
1 .44
1 .39
1 .34
1 .37

1.19

1.19

d e n s i t y
(gr /cm 3 )

7.54
7.59
7.72
7.71
7 .66
7.64

7.72

7.62

mean grain
size (pm)

0.6
0.9
2 .5
3.2
4 .5
7. I

8.1

•S 0 . 5

2000O

t

15000-

XXX»

5000-

O-

J 0-5

100 150 200 250

FIGURE I V . 3 .

Effect of grain size on e'-T
for MO PLZT 8/55/45. (subscript
indicates the mean grain size
(Um)).
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Homogeneous, small grain size samples of high density cannot be

obtained from mixed-oxide powders by a single sintering process.

In this case (mixed-oxide powders)} a special procedure was used,

which is schematically given in fig. IV.1.

In order to achieve a good homogeneity of the MO ceramics the

material was given a high-temperature treatment (1250°C/16 hrs),

followed by extensively wet-milling of the sintered specimens. The

resulting homogeneous powder , which had a small mean grain size

(< 0.5 urn), was hot-pressed at a maximum temperature of 1050°C

during 15 min. (to avoid grain growth) with a pressure of 200kg/

cm (to obtain high densities). To relieve strains, introduced by

the hot-pressing procedure, an annealing treatment was used at

1050°C during about 15 min., followed by slow cooling. The other

operations are the same as described in section III. 2. A large

grain size was obtained by using the "normal" MO method 'see III.2)

Composition, density and average grain size of the MO materials

are shown in table IV.1. Density and composition of the samples

are almost equal, whereas the grain sizes differ greatly.

IV.3. CHARACTERIZATION OF THE MATERIALS

The samples were characterized by means of X-ray diffraction

and small-signal (low voltage) dielectric measurements (see sec-

tion III.3).

For a good comparison between samples possessing different

mean grain sizes, the homogeneity should be equal. X-ray diffrac-

tion and microscopy techniques were used to detect this macros-

copic inhomogeneity and did not reveal any second phase. Large-

scaled compositional fluctuations around the average composition

will result in a broadening of the reflection lines and can be de-

tected by using X-ray techniques, applied on powders obtained by

milling the ceramic discs (see section III.3). The results have

been collected in table IV.2. Only at very small grain sizes

(< 1 um) can a broadening of the reflection lines and a decrease

of the unit cell parameters be observed. This broadening may also
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be caused by internal stresses, instead of by differences in homo-

geneity.

Table IV.2 X-ray diffraction data of powdered PLZT 8/55/45 ceramics

prep.method

CP

MO
MO/HP

(at room

mean
size

0.
0.
2.
3.
4.
7 .

8.
Í 0.

gr
(U

6
9
5
2
5
1

1
5

temperature)

ain
m)

a

4.
4.
4.
4.
4.
*•

*

(8)

044
051
04 8
048
048
049

048

4
4
4
4
4
4

4

c(X)

.096

. 10]

.10!

. 101

. 103

. 102

.099

c/a

.013

.012

.013

.013

.013

.013

.013

V(

67
67
67
67
67
67

67

X3)

.00

.29

.32

.20

. 24

. 23

. 16

"ill

0.22°
0.22°
0.19°
0.20°
0.19°
0.19°

0.19°
0.30°
0. 19°(Si)

* cannot be accurately determined because of broadening of the
reflection lines.

20000-

5000-

100 150

FIGURE IV.2

250
, Ti'C)

Effect of grain size on the di-
electric constant e' as function
of temperature for CP 8/55/45
PLZT. (subscript indicates the
mean grain size (ym)).

The effect of grain size

on the permittivity curves is

most clearly demonstrated for

CP material in fig. IV.2. A

small grain size leads to a

decrease of the maximum value

of e' and a small increase of

T ' (defined as the tempera-

ture where e' is at a maximum),

This influence is most pro-

nounced for average grain

sizes below 1 pm. The grain

size also affects other cha-

racteristic dielectric para-

meters. A compilation is given

in table IV.3. Here, T, de-
is

notes the temperature where

the imaginary part of e(e")

is at its maximum. The grain

size dependence of e" versus

T and of e' versus T are com-

parable, i.e. decreasing grain
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sizes lead to an increase of both T '

both e1 and e"
max max

and T, and to a decrease of
DIn a restricted temperature interval above

the reciprocal dielectric constant (1/e1) can be described

by the quadratic law (given by eq. 3.1). The constant C, in this

equation, has been given in table IV.3 for the different grain

Table IV.3 Dielectric parameters as function of grain size for
PLZT 8/55/45 ceramics (heating, 10 kHz)

prep.method

CP

MO
MO/HP

mean grain
size (iim)

0.6
0.9
2.5
3.2
4.5
7.1

S. 1
Í 0.5

178
176
175
174
172
171

171 .5
235

E'max

10400
15850
18000
18400
18650
19050

21 100
5550

V°C)

158
155
153
151
150
150

152
216

e max

160
320
420
470
480
540

490
90

C(°C)

41
42
40
40
41
40

42
73

sizes and is almost independent of grain size. A physical back-

ground of this quadratic law will be discussed in chapter VI. The

factor C in eq, 3.1 will be used here as an indication for the de-

gree of intrinsic broadening of the permittivity curves (see chap-

ter VI) . T • , E' and e" show a frequency dependent be-max max ** i r
haviour (in the frequency range of 1-100 kHz) for all grain sizes.

This relaxational effect is relatively small and will also be dis-

cussed in chapter VI.

The hot-pressed specimen (with an average grain size ..< 0.5 urn)

showed very deviating properties compared with the other samples.

For example, a strong decrease of e' _„ and e" (see table IV.3),
max max

together with a pronounced broadening (expressed in the half-

width of the permittivity curves) was observed (fig. IV.2 andIV.3). Moreover, T ' and increased noticeably (table IV.3). The

intrinsic broadening, expressed by the factor C in eq. 3.1, was

also affected (table IV.3). At room temperature, this fine-grained

MO material has a remanent polarization P of 6.7 uC/cm , whereas

all the other investigated CP and MO samples have P values of
2

about 20-23 yC/cm . (The coercive field E is about 10.5 kV/cm ,}•
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for all materials). Because the properties of this fine-grained

MO sample are so very different from those of the other samples,

it seems that there are different physical reasons for the phe-

nomena in both cases. Therefore, the interesting physical effects

of this hot-pressed (small grain size) material will not be fur-

ther discussed here, but deserve further investigation.

IV.4. DISCUSSION AND CONCLUSIONS

IV.4.1. Effects of grain size on "intrinsic" broadening

Grain sizes larger than about 5 urn do not significantly affect

the degree of extrinsic and intrinsic broadening of the permitti-

vity curves. All parameters (T ', e' and C) describing part of
C IH3.X

the permittivity curves (above T ') are equal (see table IV.3) for

these large-grained samples. All samples having grain sizes larger

than 1 urn already possess almost equal C values (table IV.3),

which probably means that the degree of intrinsic broadening of

these curves (in the temperature region T > T ') is equal (inde-

pendent of grain size and preparation procedure). At very small

grain sizes (below 0.5 urn) the intrinsic broadening of the permit-

tivity curves (indicated by C) also seems affected by grain size

effects (table IV.3).

Materials possessing large grain sizes still show broadened

permittivity curves, which now can hardly be ascribed to grain

size effects or macroscopic inhomogeneities; this will be further

studied in chapter VI. To avoid additional grain size effects, the

investigation'of ferroelectric properties around the phase transi-

tion has been performed on large-grained specimens (>• 5 um).

IV.4.2. Grain size effects in other ferroelectric materials

Grain size dependence of the permittivity as function of the

temperature in the PLZT system has already been investigated by

Okazaki et al. ' for PLZT 8/65/35. In the grain size range

from 4.0 to 1.0 pm an increase of T_' from about 125°C to 150°C
c

and a decrease of e' from about 7000 to 1600 was observed.
max
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for the chemical preparation of PLZT powders, a synthesis via
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These effects are most pronounced below 2.5 urn. These changes in

dielectric characteristics caused by grain size effects are compa-

rable (as well as in direction as in magnitude) with those of

PLZT 8/55/45, presented here.

The effect of grain size on the properties around the ferroe-

lectric-paraelectiic transition has also been investigated in
(3~7J pzT (PbZr T i ° + 1 weight % N b ^ ) ( 8 / 9 ) and

I n a]i these systems a smal-

BaTiO3
 ( 3 7 J , pzT (PbZrQ 52

Tin 48°3
 + 1 weight %

La-substituted PbTiO3 (PLT) '
I0'ri'

ler grain size leads to a decrease of e' and an increased broa-
max

dening (defined by the half-width) of the permittivity curves.

However, the grain size dependence of T ' is not the same. In

BaTiO3 and PZT (and also in PLZT 8/65/35), T ' increases at de-

creasing grain size (very small effects for BaTiO,), whereas a de-

crease of T ' has been found in PLT. Because of lack of X-ray data

and information about annealing procedures, it is not possible to

evaluate the homogeneity and the completeness of strain relieve

in all cases. These strains are introduced by hot-pressing proce-

dures at relatively low temperatures. The effects of inhomogeneity

or residual strains are often forgotten when studying grain size

effects. Hence, the grain size dependence on physical properties

can sometimes be disturbed by possible inhomogeneities of composi-

tion or stress (BaTiO3
 (5~7), PZT (8'9), PLZT 8/65/35 ( 1 ' 2 ) ) . For

BaTiO3 (
3'4) ana PLT I10'11' results are shown, which make these

inhomogeneities less probable.

IV.4.3. Interpretation of grain size effects in ferroelectric ma-

terials .

In this section an interpretation of grain size effects in

PLZT 8/65/35 is not given. As has already been argued, our aim is

to be acquainted with the conditions under which grain size depen-

dence can be avoided. Further investigations will be necessary to

determine the reasons for grain size dependence of the permittivi-

ty in PLZT 8/55/45.

Generally, the effect of the grain size is attributed to inter-

nal stresses . One of the most probable causes of internal

stress and stress fluctuations in fine-grained ferroelectric ce-

ramics is the clamping of domains at the phase transition and this I
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will be most effective if the grains and domains are of a compa-

rable size (for PLZT 8/55/45 the domain size in one direction was
/1 i \

estimated to be some tenths of a micron). Burggraaf and Keizer
have shown that surface tension effects in fine-grained ceramics

may also contribute to these stresses. Another model for the grain

size dependence of the ferroelectric properties is given by
Í1 2)Okazaki et al. ' , who explain their results in terms of a

space-charge layer. In both models it is assumed that the broa-

dening of the permittivity curves is caused by a distribution in

transition temperatures. This distribution of Curie temperatures

may be caused either by fluctuations in stress or in space charge

field.

The grain size dependence of T ' is less clear. Micheron et ai.

and Martirena and Burfoot ' ' have suggested that the

spreading in the distribution of Curie temperatures increases with

smaller grain size without making this assumption plausible. This

will result in an increasing broadening of the permittivity curves,

a decrease of e' and an increase of T '. Burggraaf and Keizer
(10 11) m a x c

' also discussed the grain size dependence of the diffuse-

ness of the phase transition in PLT in terms of a distribution of

Curie temperatures caused by stress fluctuations, while they calcu-

lated that smaller grain sizes result in an increasing average

value of internal compression stresses. The influence of these

compression stresses was compared with the effects of hydrostatic

pressure and leads to a decrease of the average transition tempe-

rature (and of T ') with respect to the stress free situation

(large grain size) at decreasing grain size. However, the occur-

rence of one-dimensional stresses may lead to an increase of T '.

IV.4.4. Conclusions

The present investigation clearly indicates a decrease of e'
max

and an increasing extrinsic broadening of the permittivity curves

for decreasing grain sizes, and these results are comparable with

grain size dependence in some other material systems (BaTiO_, PZT,

PLT). The grain size dependence of C (defined in eq. 3.1) can be

assumed for describing the degree of intrinsic broadening of the

permittivity curves and is almost independent of grain size for
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meter. This parameter was introduced by Härdtl and Hennings * '

when stadying the defect structure of La-substituted PbTiO, and

grain sizes larger than 0.6 pm. With the present results care

should also be taken regarding the possibility of the appearance

of small compositional fluctuations for CP materials (which all

received a different temperature treatment). Hence, for establis-

hing the grain size dependence of T ' for PLZT 8/55/45 ceramics,

additional experiments are necessary.

Finally it can be concluded that grain size eiffects on the in-

trinsic broadening of the permittivity curves can definitely be

avoided for average grain sizes above 1 ym. For grain sizes larger

than 5 ym the maximum permittivity and the temperature of this

maximum (T ') will also not be affected. Because the trend in the

discussed physical properties of other PLZT x/55/45 ceramics do

not differ greatly from those with x = 8 at.% La, it can be assumed

that grain size effects are avoidable by using samples with grain

sizes larger than 5 urn in all compositions investigated.
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C H A P T E R V

PHASE RELATIONS IN THE (Pb,La)Zr
Q

SYSTEM

V.l. INTRODUCTION

For an investigation of the nature (sharp or diffuse) of the

FE-PE phase transition in PLZT x/55/45, it is of great importance

to determine phases and transition temperatures. Therefore, expe-

riments were performed to detect the state (phase) of the material

and the transition temperatures. From these res'"" s a phase dia-

gram (T-x) for PLZT x/55/45 can be constructed. Moreover, informa-

tion can be obtained about a possibly diffuse character of the

phase transitions. The temperature and frequency dependence of the

dielectric constant around the phase transition, however, will be

further studied in chapter VI.

A schematic room temperature phase diagram of the PLZT system

has already been given by Haertling et al. , and is shown in

fig. 1.2 (chapter 1.3). From this diagram it can be deduced that

PLZT x/55/45 ceramics having relatively low La contents exhibit a

structure with tetragonal symmetry and FE properties (at room tem-

perature) , whereas materials with higher La concentrations show PE

features and have a structure with cubic symmetry.With increasing

temperature the FE phase will be transformed into the PE phase '.

Between the FE and PE phase a region is found (cross-hatched in

fig. 1.2), the nature of which is still unknown. Material in this

region does not show FE features or only weak FE effects '

are found in weak electric fields. However, if high electric fields

are applied the material clearly shows FE features (see also chap-

ter 1.3). Suggestions have also been made with respect to the ap-
(4 5)

pearance of an AFE phase in this region , mainly because so-

called double P-E hysteresis loops were found.

Hence, it is necessary to determine the possible FE, PE and AFE
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phases in PLZT x/55/45 as function of temperature and La concen-

tration. Especially, the "transition region" between the FE and PE

phase deserves attention with respect to the diffuse phase transi-

tion character.

A number of criteria for ferroelectricity can be summarized

(see also chapter 1.2). The defining property of a ferroelectric

is a reorientable spontaneous polarization. The direction of the

spontaneous polarization may be switched by means of an external

field. This effect leads to the P-E hysteresis loop, which is com-

monly considered to be the defining characteristic of a ferroelec-

tric. A ferroelectric has a polar structure; it has finite spon-

taneous polarization; it usually has a dielectric constant peak at

the Curie temperature, a domain structure, etc. If poled, it can

show piezoelectric effects. In FE materials a dc bias tends to sta-

bilize the polar phase.

On the other hand, PE phases will be characterized by a linear

relationship between polarization and electric field (absence of

P-E hysteresis loops). Generally, in the type of materials under

discussion here, a dielectric constant peak will not be found in

the PE phase (the dielectric constant will decrease with increa-

sing temperature) and the structure often will be cubic. Sponta-

neous polarization, a related domain structure and piezoelectric

properties will not be found.

Antiferroelectrics are difficult to distinguish from paraelec-

tric materials,but are characterized by a crystal structure which

can be described in terms of equivalent sublattices with equal but

opposite polarization. X-ray analysis, therefore, should show in

principle the existence of a superstructure. No net spontaneous

polarization will be observed. At the transition temperature to

the PE phase antiferroelectrics will show pronounced dielectric

and caloric anomalies, very similar to those observed in ferroe-

lectrics. Generally, the crystal structure is also closely related

to that of ferroelectrics; moreover, phase transitions between FE

and AFE states have been observed. Antiferroelectric to ferroelec-

tric phase transitions are usually accompanied by a large change

in (net) polarization without considerable change in unit cell de-

formation. In AFE materials an electric bias field depresses the
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dence of P and E is obtained,

56

f 7 8 \
AFE-PE transition temperature or may induce a polar phase .

The electrically induced AFE to FE transition gives rise to double

hysteresis loops. (These loops are very similar to those observed

in BaTiO, just above the Curie temperature, where it is possible
(9)to switch from the PE state into a FE state ) .

Hence, to characterize the different phases a number of expe-

rimental techniques are available. In this investigation, X-ray

techniques, P-E hysteresis loop measurements and small-signal

dielectric measurements (with and without dc bias) were used. Spe-

cial attention was paid to the occurrence of electrically induced

phase transitions (e.g. PE to FE or AFE to FE).

V.2. RESULTS

In the present investigation PLZT x/55/4 5 compositions, with

x ranging from 0 to 15 at.% La, were studied. These ceramics were

prepared by means of the mixed-oxide (MO) method described in

chapter III. After sintering the a parameter (defined in eq. 3.2)

has values between 1.10 and 1.20, densities were better than 97%

of the theoretical density and the average grain size was larger

than 5 ym (

V.2.1. X-ray measurements

At room temperature the symmetry of the unit cell and the unit

cell dimensions were obtained using the X-ray diffraction powder

technique, described in chapter III. For La concentrations

x <c 11.1 at.% a tetragonal symmetry was found, whereas for La con-

centrations >. 14.1 at.% a clear cubic symmetry was observed. The

unit cell dimensions as function of the La concentration, measu-

red at annealed powders (obtained by milling the ceramic discs),

are given in fig. V.l. A notable change in unit cell dimensions

takes place around x = 11.5 at.% La.

PLZT x/55/45 compositions with x between 11.5 and 14.1 show

neither a clear tetragonal structure nor a clear cubic structure.

For example, the (002) and (200) reflection lines do not show

either a clear tetragonal splitting, or fully coincide. Especial-

ly those (hk£) reflection lines (for which I > h,k) are somewhat
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1010 ±.

broadened. Therefore, the tetrago-

nal splitting cannot be determined

accurately at higher angles. How-

ever, the resulting reflection peak

(composed of the (002) and (200)

reflection lines) is asymmetrically

deformed at the low-angle side.

This points to the appearance of a

very small tetragonal splitting.

The shoulder (asymmetric deforma-

tion) at the low-angle side can be

ascribed to the (002) reflection

line, which has the lower intensity

of the two lines. CuKa2 radiation

can give a kind of asymmetric de-

foimation at the high-angle side,

but this cannot be the reason for

the effects at the low-angle side.

Therefore, these asymmetric re-

flection peaks indicate a tetrago-

nal symmetry with a very small distortion or indicate a mixture

of cubic and tetragonal phases.

The asymmetric shape of the

reflection peaks can be ex-

pressed quantitatively by the

ratio p/q (p and q are defined

in fig. V.2). This ratio p/q

has been calculated at 1/4 of

the peak height. For a number

of concentrations this ratio

p/q and the quantity p + q are

given in table V.l. From this

table it can be seen that ma-

terial with La concentrations

FIGURE V.1

Unit cell dimensions a,c and
c/a (fig. V.la) and unit cell
volume Vc (fig. V.lb) as
functions of the La concen-
tration (x) in PLZT x/55/45
at T = 20°C for annealed
powders .

Imax

max

20
FIGURE V.2

An asymmetric reflection peak.

of 12.0, 12.2 and 13.0 at.%

shows slight deviations from

cubic symmetry; increasing La
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Table V.i Characterization of the asymmetric
shape of the (OO2)-(2OO) reflection
peak in PLZT x/55/45 (20°C).

L_a_conc. (at.%) p/q

1 2 .
1 2 .

3 .
4 .
5
6

0
2
0
1

1
1
1
1
0
0

. 9

. 6

. 2

. 0

. 7

. 8

3 . 7
3 . 5
3 . 5
2 . 5
2 . 2
2 . 3

concentration gives a

decrease in the overall

distortion of the mate-

rial. The c/a ratio, in

these cases, cannot be

calculated adequately

from the X-ray reflec-

tion lines. From the a-

symmetric shape of the

<002)/(200) reflection peak the c/a ratio of x = 12.0 at.% was es-

timated to be 1.003 + 0-002.

For the unit cell dimensions as a function of La concentration

for annealed discs, an analogous behaviour as for powders was found

at T = 20°C. But the marked change in unit cell dimensions as a

function of La concentration occurs at different La concentrations

for powders and sintered discs lespectively. For powders this

change appears around x = 11.5 at.% and for discs around x = 11.0

at.% La. The unit cell volume for powders is larger than that for

discs of the same composition, which may be an indication of exis-

ting stress in the ceramic samples.

X-ray diffraction experiments as function of temperature were

performed on some PLZT powders using FeKci radiation. The tempera-

ture during one measuring cycle at a certain temperature was kept

constant within one centigrade. A high accuracy and reproducibili-

ty could not be achieved because the X-ray technique used here was

not optimally designed for this kind of measurements.

Four compositions were measured at different temperatures ((002)

and (200) reflection). The unit cell dimensions calculated from

these reflection lines are represented for PLZT 6.3/55/45 in fig.

V.3. At a certain temperature T a notable change in unit cell

dimensions occurs. Around this temperature the c/a ratio decreases

from about 1.004 to about I.001. Above T the material still shows

deviations from a clear cubic symmetry in a temperature range of

about 10 to 20 C above T (an exact determination of this tempera-

ture range is very difficult to achieve). This non-cubic symmetry

is again characterized by the asymmetric shape of the reflection

peaks. T decreases with increasing La concentration (table V.2).
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a,c (A)

f
405-

1.0.»-

c/a

t

woo-

200 300
•TCC)

100 200
-TCC)

300

F I G U R E V . 3

Unit cell dimensions as function
of temperature for PLZT 6.3/55/45
(annealed powders).

measurements as function

of La concentration con-

firm the measurements as

function of the tempera-

ture. At lower La con-

centrations the X-ray

experiments indicate the

occurrence of rather
I

Hence, at low La concentra-

tions and relatively low tempe-

ratures a clear tetragonal sym-

metry is found. Raising the tem-

perature leads to a phase tran-

sition. At this phase transi-

tion the unit cell dimensions

show a notable change, whereas

the high temperature phase

still shows deviations from

cubic symmetry in a temperature

range of about 10 to 20°C,

which may be an indication for

the diffuseness of the tetra-

gonal-cubic phase transition.

Above T the matrix may have a

basic cubj.c structure containing

"islands" of the tetragonal

phase. Room temperature X-ray

Table V.2 Crystallographic transition tempe-
rature as function of the La concen-
tration.

La cone. (at. ;

6.3
8. I
8.7

I I . 1

200
15 0
130
55

small jumps in the

unit cell dimensions at

the transition temperature, together with a smooth and continuous

curve at lower temperature. Hence, the transition in the lower

concentration range has characteristics of both first and second

order.

I note: The distinction between a small jump and an inflection
point, is difficult to ascertain in these cases.
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V.2.2. Small-signal dielectric measurements

Dielectric measurements (low-voltage, without dc bias) were

performed by means of the techniques described in chapter III. In

the present investigation e'-T and e"-T curves were analyzed (see

also chapter VI), and usually two characteristic temperatures

could be distinguished: T, (where the dielectric losses e" are

maximum) and T ' (where the dielectric constant e1 is at a maxi-
c

mum). At sharp phase transitions these two characteristic tempera-

tures almost coincide and are frequency independent.

For PLZT x/55/45 ceramics T and T ' are frequency dependent,

however, this frequency dependence almost vanishes below 10 kHz

(see chapter VI). Therefore T. and T ' measured at 10 kH2 are used

as characteristic temperatures. These characteristic temperatures

are, together with e' and e" presented in table V.3. T as

Table V.3 Characteristic dielectric temperatures versus
La concentration (heating,10 kHz).

La cone, (at.7.) T, (°C) e" m a x Tp' (°C) e' „

0
2.0
4.2
6.3
6.9
8. 1
8. 7

10.2
11.1
12.0
12.2
14.1

389
326
277
214
1 87. 5
152
1 26
91.5
62
37
37

X2 2

4100
1 90
98

1 20
400
490
550
750
880
620
600

•S225

389
335
284
225
201 .5
171.5
148.5
117.5
89
63.5
60
45

30500
19150
23800
20500
27800
2i 100
1 9200
15900
1 3 1 00
10900
9600
6000

well as T ' decrease with increasing La concentration, while the

difference T '-T. increases. The difference between T ' and T.

points to a diffuse phase transition behaviour, which has also

been suggested by Glass (see also chapter VI). There-

fore, T ' (which is also frequency dependent) probably can-

not be used as a true transition temperature. However, T, may

be connected with FE losses (domain effects) and may be used

as a transition temperature from an FE into a PE state or into a

weak FE phase. It should be mentioned that the temperature T, , mea-
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20C00

sured here on so-called thermally depoled samples, is almost e-

qual to the temperature T measured at poled samples {heating

curves). Therefore, T (at 10 kHz) can be related to the disappea-

rance of FE behaviour of the material. Comparison with the crys-

tal lographic transition temperature T shows that T, (10 kHz) is

almost equal to T (compare table V.2 and table V.3).

Thermal hysteresis (diffe-

rence between cooling and hea-

ting cycles) of the e',e"-T

curves (shown in fig. V.4) is

different of "classical" ob-

served thermal hysteresis.The

broadening of the permittivity

curves, indicative for diffuse

phase transitions (see section

II.3.1) will be further dis-

cussed in chapter VI.

•500

200
TCC)

V.2.3. High-Field electric

measurements

FIGURE V.4.

The dielectric constant e'(—) and
dielectric loss e" ( ) as function
of temperature for PLZT 8.7/55/45

To study high-fieId dielec-

tric properties, two kinds of

measurements have been per-

formed. By means of a modi-

(10 kHz, heating and cooling curve), fied Sawyer-Tower circuit

P (polarization) - E(electric

field) hysteresis loops were obtained at a frequency of 0.05 Hz

(see also chapter III). Dsing a General Radio Impedance Bridge,

1650 A, with dc bias fields between 0 and 12 kV/cm (apparatus

type John Fluke 412 B ) , capacitance and dielectric losses were

measured.

1 "thermally depoled" means heating to a sufficiently high tempe-
rature (> Tc') followed by slow cooling in a short-circuited con-
di t ion.

2 "poled" means applying high dc electric fields during a certain
time at relatively low temperatures.
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FIGURE V.5

P-E hysteresis loops for thermally depoled PLZT 11.1/55/45
ceramics at different temperatures.

At room temperature PLZT x/55/45 compositions with x « 11.1

at.% La exhibit square loops (fig. V.5a). Temperature dependence

of the hysteresis loops was studied for moderate La concentrations

(8.1 ^ x ^ 12.2). Compositions with La concentrations Í: 11.1 at.%

generally show a typical sequence of loops as illustrated in fig.

V.5. At low temperatures a square loop is found (fig. V.5a,b),

which changes into a double loop (fig. V.5c,d) with increasing

temperature. At still higher temperatures so-called slim loops are

found (fig. V.5e), which gradually approach linear behaviour. For

La concentrations £ 8.1 at.% the double loops are almost ab-
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FIGURE V.6

Remanent polarization P and
coercive field s |-rpngrhrF.c as
function of temperature for
PLZT 11.1/55/45.

sent and the single loops change

almost directly from a square

loop into a slim loop behaviour.

The remanent polarization

P and the coercive field

strength Ec, obtained from these

loops, as function of tempera-

ture, are shown in fig. V.6. At

a certain temperature (T ), a

sharp decrease of P is obser-

ved (inflection point). The cha-

racteristic temperature T can

also be deduced from E versus
c

temperature. At T the shape of

the P-E hysteresis loops change

from square into double loops.

The presence of square P-E loops

(and a high P and E ) indicates an FE behaviour of the material.

This has been confirmed by measuring the piezoelectric planar coup-

ling factor on poled samples (at room temperature). For PLZT x/55/

4 5 compositions with x = 6.3 - 11.1 at.% La, rather high k values

of 0.4-0.5 were found.

A small remanent polarization above T was observed. In a tem-

perature region of 10 to 20°C above T this P probably is a cha-

racteristic of the material, because a temperature dependence of

Pr is still observed. However, the finite P which is present up

to very high temperatures, and which is almost temperature indepen-

dent, may be ascribed to the measuring techniques (this effect was

also observed in BaTiO, ceramics ).
(3)Keve et al. also observed a small P above the transition

temperature in PLZT 9/65/35 (by means of P-E hysteresis loop mea-

surements) , of which the finite P was confirmed by piezoelectric

measurements. The temperature region in which this small P is

found is about 25°C. Keve et al. interpreted this remanence above

the transition temperature as the appearance of a small amount of

the FE phase in the PE matrix. Indeed, as has been shown in chap-

ter II.3.1, an inflection point T in the P -T curve (and hence
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a finite polarization above T } is an indication of the occurrence

of a diffuse phase transition. Another interpretation of this P

would be the appearance of a second FE phase above T with a re-

latively small spontaneous polarization; at higher temperatures

this phase is transformed into the PE phase. Because this last

transition is difficult to establish, these two possibilities can-

not be distinguished.

The temperature at which the polarization disappears, generally

indicates the FE to PE phase transition. When this transition is

diffuse, the inflection point of the P -T curve may be used as

the transition temperature. This transition temperature T as

function of the La concentration is given in table V.4. A compari-

son with other criteria for the FE-PE transition will be made in

section V.3.

' ,wv

Table V.4 The inflection point temperature in the
P -T curve as function of the La concen-
tration (heating).

La cone• (at.%)

10
10
1 ]
12.0

The relatively sharp decrease of P around T (fig. V.6) and

a thermal hysteresis in the P-E measurements points to a first-

order character of the phase transition.

For PLZT 12.0/55/45 and 12.2/55/45, double P-E hysteresis loops

were already observed at 20°C. At increasing temperatures, the

shape of the loops changed into slim loops. No change in P-E hys-

teresis loop shape was observed at T, (10 kHz). Therefore, T,

probably cannot be used as a phase transition' temperature. The

small P , observed at 20 C, was confirmed by piezoelectric mea-

surements (planar coupling factor) on poled samples. Weak, but

finite, piezoelectric signals were observed, which indicate that

the material will have weak FE properties in the poled state.

PLZT x/55/45 compositions with x £ 13.0 at.% La exhibit an al-

most linear P-E behaviour for temperatures

the PE phase.

20°C, indicative for
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ana
(13)

Electrically_induced phase transitions

The appearance of double P-E hysteresis loops for x = 12.0 and

12.2 at room temperature and for x < 11.1 at.% at temperatures

above T (fig. V.5c,d) is usually related to an induced FE phase.

Two possibilities exist, viz. an electric field induced phase tran-
( 9)

sition PE to FE (which has been observed in e.g. BaTiO '

an electric field induced AFE to FE transition (e.g. in PbZrO

To distinguish these two possibilities, electric-field induced

phase transitions in PLZT x/55/45 will be further studied by means

of P-E hysteresis loops (inducing initial runs) and dc bias mea-

surements.

In PLZT x/55/45 compositions with x = 10.5 - 11.1 at.% La an

electrically induced, non-reversible phase transition was observed

(which will be further elucidated here). Therefore, a careful dis-

tinction between the different states of the material should be

made (thermally depoled, poled, ac depoled). The thermally depo-

ling and poling processes have already been described in V.2.2,

whereas ac depoling means a continuous reduction of the ac field

(which initially was equal to the maximum field used in P-E hys-

teresis loop measurements). Hence, in the thermally depoled state

the material can be in phase A, while material of the same compo-

sition and at the same temperature which is in the ac depoled

state can be in phase B, though in both states a spontaneous pola-

rization exists. This situation will occur when for example an

electric field induces a non-reversible phase transition from A

into B.

In fig. V.5 the initial P-E curves are also shown, starting

from the thermally depoled state (for x = 11.1). A breakpoint is

noticed at a certain electric field, called the critical field

E . Such a marked breakpoint indicates the occurrence of a phase

transition, the induced phase being (meta)stable after removal

of the electric field. Therefore, the temperature dependence of

E was determined (fig. V.I), together with the temperature de-
pendence of E It showed a decrease of E and an increase of E

— c — cr

1 note: inicial curve is the first P-E curve (starting with zero
field) of material thermally depoled at a high temperature
(T > T ') .
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F1GÜKE V.7

Coercive field strength Er

critical field strength E
temperature for PLZT 11.1

and
versus
45.

with increasing temperature.
Furthermore, two parts of E

cr

as a function of temperature

can be distinguished with a

breakpoint at about T . The

breakpoint in the initial P-E

curve does not represent the

alignment of domains as is

usually found in ferroelectrics,

because E (characterizing

the breakpoint) increases at

increasing temperature, where-

as domain alignment will occur

at decreasing critical fields

with increasing temperatures.

This phenomenon of easier do-

main orientation is reflected

in the temperature dependence

of E .

r.7
\J

If
/I 5

E(kV/cm)

FIGURE V.8

P-E hysteresis loops for thermally depoled (a) and ac
depoled (b) PLZT 11.1/55/45 at 40 C
( 1 : E < E ; 2 : E > E ).

max cr max cr

Another indication for the electric field induced transition

is the change in the shape of the P-E loops for thermally depoled

material when E1 is passed (fig. V.8a). With electric fields

smaller than E only a small Pr is found. However, with electric

fields larger than E "normal" square loops with a high P are
cr £

1
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observed, while the value of P "jumps" at E = E . Hence, the

hysteresis loop characteristics of thermally depoled materials

change suddenly at E . Ac depoled materials below T show square

loops both at electric fields smaller and larger than E . At tem-

peratures above T no differences in the P-E hysteresis loops be-

tween thermally and ac depoled materials were found; the loops

have a double loop or a slim loop shape in both cases.

Further indications for an electric field-induced phase transi-

tion are given by the behaviour of e' and e". For x = 10.5 - 11.1

at.% La and T < T. , e' and e" for ac depoled and poled materials

are considerably smaller than those for thermally depoled materi-

als. This is also illustrated in fig. V.9, by the dependence of e'

(small-signal) on E, , starting from thermally depoled material
Q.C

(point T in fig. V.9). The values of e' and e" increase with in-

creasing E , but decrease sharply at a certain threshold E, (see

curve 1), comparable with E in the P-E measurements. Poled (see
C J-

point P in fig. V.9) and ac depoled materials do not exhibit this

remarkable decrease, but show the same behaviour as thermally de-

poled materials to which a dc bias field higher than E r has been

applied.

-5 5 10
E(kV|cm)

FIGURE V.9

The dielectric constant e' versus dc
bias field strength at 20°C for ther-
mally depoled PLZT 11.1/55/45.

FIGURE V.10

Dielectric constant E' and
dielectric loss e" versus
temperature for ac depoled
PLZT 11.1/55/45 (at 10 kHz)
(1 : no bias field: 2: bias
field ..f 9.43 kV/cm,

: E 1, — : £")•
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Table V.5 Variation of characteristic dielectric parameters
(at 10 kHz) by applying dc bias fields to ther-
mally depoled, ac depoled and poled PLZT 11.1/55/45.

dc bias (kV/cm) e" 'CO

thernally_ degoled:

0
1 .32

ac degoled:

0
1 .32
3. 77
9.43

go led:

0
1 .32
9.43

57
56

56
56
62
73

55
58
74

750
850

810
860
1 130
620

850
850
575

87
84

84
84
82
84

85
88
87

12500
12900

1 2800
12900
13800
12600

12600
13150
13000

In fig. V.10 the results of dc bias dielectric measurements

as function of temperature on ac depoled samples are shown. The

application of a dc bias field causes a shift of T to higher tem-

peratures, whereas T ' is only weakly influenced (see also table

V.5). For a thermally depoled material a small decrease of T^ (and

T ') was found for increasing dc bias electric fields smaller than

E (weak bias field) (table V.5), while T, increased for increa-

sing fields larger than E (rather strong bias field). This again

indicates the different state of thermally depoled materials and

materials which once have been subjected to fields larger than E

and ac depoied at temperatures below T, .

X-ray experiments did not show any detectable differences in

crystal symmetry or unit cell dimensions of the ac dapoled, poled

and thermally depoled materials. Neither were any superstructure

reflections found. The crystal structure was indexed in all cases

as weak tetragonal with a c/a ratio of 1.005 ( + 0.002) for

PLZT 11.1/55/45 (measurements performed on discs).

Qualitatively Çhe same results (as obtained foi x = 10.5 - 11.1

at.% La) are achieved for x = 12.0 and 12.2 at.% La. At tempera-

tures below T, an electrically induced phase transition is found.

However, this phase transition is reversible for x = 12.0 and 12.2

(contrary to the electrically induced phase transition in x =

10.5 - 11.1 at.% at temperatures below T, ). For x = 12.0 and 12.2

at.% La dc bias dielectric measurements show a small decrease of
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Table V.6 Characteristic dielectric temperatures
T^ and T c' as function of dc bias for
PLZT 12.0/55/45 (10 kHz, heating).

dc bias (kV/cm)

0
5.6

37
36

T and T ' with in-

creasing dc bias

field (table V.6).
Ecr)•

The decrease of T,
(Edc bias <

(possibly the tran-

sition temperature

to the PE phase) is an indication £or the appearance of an AFE-PE
( 7 fi }

transition ' . Therefore, the double P-E loops below T may be

ascribed to an AFE-FE transition (E > E ) and the double loops
above T, to a PE-FE transition,b

For thermally depoled materials with La concentrations ̂  10.2

at.% and at temperatures below T we did not observe an electri-

cally induced phase transition. For these compositions only domain

alignment,in the material which was already FE, was observed at

increasing electric fields.

In conclusion, the high-field measurements showed that PLZT

x/55/45 compositions with x .£ 10.2 possess clear FE properties

(square P-F loops, high P , high k ); this FE phase is transformed

into another phase at a temperature T , where the shape of the

loops changes and an inflection point in the P -T curves is found.

In a relatively large temperature interval above T , deviations

from pure PE behaviour are found (small remanence, deviations from

cubic structure, double and slim loops). PLZT x/55/45 compositions

with x 5. 14.1 at.% La clearly showed PE features at T > 20°C (ab-

sence of hysteresis loops). Thermally depoled materials (x = 10.5 -

12.2) did not show clear FE nor clear PE features. However, as

well as AFE features (electric field dependence of the AFE-PE

transition temperature), as weak FE properties (small remanent po-

larization) were observed. Applying high electric fields results

in a phase transition into the FE state for these compositions.

For PLZT 10.5/55/45 and 11.1/55/45 this phase transition is non-

reversible and the poled and ac depoled materials clearly show FE

features. For x = 12.0 and x = 12.2 at.% La ths= induced phase

transition into the FE state is reversible, so that the thermally

and ac depoled states cannot be distinguished.
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V.3. DISCUSSION AND CONCLUSIONS

V.3.1. Phase relations in PLZT x/55/45 for x ,< ]0.2 at.% La

The FE phase in PL2T x/55/45 is characterized by the appearance

of square P-E hysteresis loops (and hence high P and k values),

whereas the crystal structure is clearly tetragonal. At the phase

transformation temperature the shape of the hysteresis loops chan-

ges from a square into a double shaped loop and an inflection

point (T ) in the P -T curve is found. Moreover, the crystal di-

mensions show a notable change at this transition temperature (T ),

whereas the losstis are also maximum at this temperature (T, , 10

kHz). These characteristic temperatures are brought together in

table V.7 and almost coincide for x ̂  10.2 at.% La.

Within a relati-

vely large tempera-

ture interval above

the transit:' m tem-

perature , devia-

tions from pure PE

behaviour are found

(small remanent po-

larization, small

deviations from the

Table: V.7 Tra

La cone.(at.%)

1
1
1
I
1

0
2.0
4. 2
6.3
6.9
8. 1
8. 7
0. 2
0.5
1 . 1
2.0
2.2

Transition temperatures for PLZT x/55/45.

DC))

2 00^5

150 + 5
1 30 + 5

55 + 5

—r

153
130
9 1
62
51

<22

389
326
•m
214
187.5
152
126
91.5

62
3 7 •

37
.£22

389
335
284
225
201 .
171 .
1 48.
117.

89
63.
60
45

5
5
5
5

5

cubic structure).

These effects may be related to the diffuse character of the phase

transition. The occurrence of double P-E loops can be ascribed to

an electrically induced PE to FE transition, which occurs within

a relatively large temperature interval (about 10-20 C). These

double loops are comparable with the double loops observed within

a limited temperature region (about 5-10°C) above the FE-PE tran-
(9)

sition temperature in BaTiO3 .By using the thermodynamic des-

cription of phase transitions (see chapter II.2), the appearance

of double loops can be made plausible. The condition necessary for

observing double loops is the occurrence of two inflection points
(9)in the G(P) function (eq. 2i1).Therefore double loops can be

observed only between 1' and (see fig. II.l).

The appearance of double P-E loops within a rather large tempe-
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rature interval indicates that the energy differences between the

FE and PE phases are rather small within a large temperature re-

gion (see next section in which an estimate of these energy dif-

ferences will be made). These small energy differences favour the

appearance of a diffuse phase transition character (see eq. 2.11

or 2.27) .

The thermal hysteresis observed in the electric measurements

and the temperature dependence of the remanent polarization around

the transition temperature point to a first-order character of the

phase transition. With an increasing La concentration, however,

the transition may approach second-order character.

With increasing temperatures the hysteresis loops approach a

linear behaviour, which is indicative for PE behaviour. Moreover,

the structure becomes cubic at higher temperatures.

V.3.2. Phase Relations in FLZT x/55/45 for 10.5 •£ x „< 12.2 at.% La

a) ?2lëd_and_ac_deBgled_PLZT_10_.5/55/45_and_l1^1/55/45

Poled and ac depoled samples with x = 10.5 and 11.1 at.% La

show the same behaviour as samples with x ^ 10.2 at.% La, i.e.

below T (=T =T, ) the material is clearly FE (square loops, highp x ID

k , tetragonal structure), whereas at T a transformation into the

PE state occurs. At this transition, the shape of the P-E loops

and the unit cell dimensions show notable changes, whereas the

dielectric losses are also maximum (see table V.7}. Within a

rather large temperature region above the transition temperature

deviations from PE behaviour are again observed (e.g. small r.sma-

nence, non-cubic structure). Indications of deviations of a pure

cubic structure at temperatures far above the (average) transition

temperature were also obtained from preliminary EPR measure-

ments . At temperatures of about 100 C above the tetragonal-

cubic transition temperature of PLZT 10.5/55/45 and PLZT 12.0/55/45

indications of the occurrence of non-centrosymmetric B-positions

(Zr, Ti-positions) were found.

Ths double P-E loops above T can again be ascribed to the e-

lectrically induced PE-FE transition, because the temperature de-

pendence of E c r is indicative for the PE-FE transition (fig. V.7) .

The same behaviour is observed for the electric field dependence
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of the transition temperature for poled and ac depoled materials

(table V.5). In both cases, the transition temperature increases

with increasing electric field. This temperature dependence of E

can be derived from the Clausius-Clapeyron equation (9)

lã
8T

AS
AP

(eq. 5.1)

- S is negative. Hence, according to
IT III

E increases with increasing

For a first-order PE-FE phase transition the polarization diffe-

rence AP = PpE - P is positive. This is a transition from a dis-

ordered into an ordered state. Therefore, a large entropy diffe-

rence between the highly ordered FE and the random PE state will

be found, i.e. AS = S

eq. 5.1, 3E/3T is positive, i.e.

temperature.

Hence, poled PLZT 10.5/55/45 and PLZT 11.1/55/45 samples show

clear FE features and transform into a PE phase at T . Moreover,

electric fields can induce a FE phase in the PE phase within a

relatively large temperature interval (about 20°C) above T

(doable P-E loops). From these double loops an estimate of the

energy difference between the FE and PE phase is obtained. This free

enthalpy difference AG' is approximately equal to E x AP (at

a constant temperature), where E is the critical electric field

strength at which the FE phase is induced and AP is the accom-

panying "jump" in the polarization at E . Within a temperature

interval of at least 15 C above the transition temperature of

PLZT 11.1/55/45 this free enthalpy difference AG' ranges from about

0.04-0.10 cal/mol. Therafore, fluctuations in thermal energy (kT)

can result in local phase transitions, e.g. when v (volume of a
o -20

fluctuation) is about 100 A (approximately 2.5 x 10 mol) v.AG'

is almost equal to kT (at room temperature) and therefore polari-

zation fluctuations can be expected (see eq. 2.11 or 2.27). Fur-

thermore from P-E measurements an estimate of the transition en-

thalpy was made (DTA measurements did not give a value of the tran-

sition enthalpy, because obviously these enthalpies were too small)

By assuming AG' as a linear function of the temperature, i.e.

AG' = -AS'(T-T ) (see eq. 2.34), AS'was calculated from AG' values

as a function of temperature. This entropy difference is almost

constant and has a value of about 0.01 cal/mol°C within a tempera-
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ture region of about 15 C above the transition temperature T .

Therefore, this constant value of AS can also be considered as'the

transition entropy (at E = 0). At the transition temperature T

AG' = 0 (at E = 0), and therefore the transition enthalpy AH'is

equal to T .AS' (see eq. 2.13).

T a b l e V . 8 . T r a n s i t i o n e n t h a l p i e s a n d t r a n s i t i o n e n t r o p i e s of s o m e f e r r o e l e c t r i c s .

n a t e r i a l s y s t e m t r a n s i t i o n t r a n s i t i o n t r a n s ' t i o n t r a n s i t i o n r e f e r e n c e s
t e m p . T ( K ) h e a t e n t r o p y

° ( c a l / m o l ) ( c a l / m o l ° C )

! M i l ' { r r 1 . 5 I i O . 5 ) O J

( l . a - s u b s t . I'bl 1Ü _)
7 at .7. La )

1' 1 118

I' 1.1. I 11.1/55/45

FE-PE

FE-PE

AFE-PE

FE-PF

FE-PE

FE-PK

FE-PE

393

763

509

666

629

325

47

I 150

440

57

34

0 .

1.

0 .

0 .

0 .

0 .

,» 0.

1 2
51

87

09

05

03

0 1

1 4 , 1 5

I 6

17

18

1 9

] 9

20

For PLZT 11.1/55/45 the transition enthalpy and transition entro-

py are given in table V.8, together with the transition enthalpies

and entropies of some other ferroelectrics and antiferroelectrics;

It can be concluded that the transition enthalpy and entropy for

PLZT 11.1/55/45 are very small compared with those in the other

material systems. Especially the small value of AS/T (T is tran-

sition temperature) favours the appearance of fluctuations (see

eq. 2.35).

Because the physical behaviour of poled samples with x = 10.5

and 11.1 and that of samples with x ^ 10.2 are almost equal, it

can be concluded that all (poled) samples with x ,< 11.1 at.% La

are transformed into the PE state at T . This transition may have

a diffuse character due to the afore mentioned small enthalpy dif-

ferences between the phases.

b) Thermally_depoled_PLZT_x/55^45_with_10_15_^_x_^_l2_12_at_.%_La

Thermally àepoled material with x = 10.5 and 11.1 and thermal-

ly depoled as well as poled material with x •= 12.0 and 12.2 neither

show a "true" PE, nor a "true" FE behaviour. The nature of this ma-
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terial can be interpreted in two ways, viz. the material has domi-

nating AFE features or weak polar features ("quasi-ferroelectric").

For x .$ 10.2 at.%, the temperature where the losses are maximum

(T. ), is indicative for the transition temperature from FE to PE.

If it is assumed, that T, also indicates a phase transition tempe-

rature for x J 10.5 at.% La, it can be made plausible that this

will be a transition from AFE to PE

In thermally depoled materials of these compositions only weak

indications for ferroelectricity were found (a very low P illus-

trated in fig. V.Ba). An FE domain structure was also

not found (by means of chemical etching and microscopy). On the

other hand, there are indications that thermally depoled material

has AFE features. In AFE materials the transition temperature to

the PE state (here T, } should decrease with increasing dc bias

field ' . With very high dc electric fields, however, an FE

phase will be induced, whxch should result in an increase of T, .

This behaviour corresponds with our results (e.g. for PLZT 11.1/

55/45 see fig. V.7 and table V.5, and for PLZT 12.0/55/45 see

table V.6). Further evidence of an AFE phase is the absence of a

change in unit cell dimensions together with the large change in

Pr and e' at the electrically induced transition to the FE state.

Ac depoled materials and poled materials clearly show F£ fea-

tures (for x = ll.l and 10.5), which has been argued before, and

an increase of the transition temperature (FE to PE) with increa-

sing dc bias fields is found (table V.5, fig. V.10).

Hence, in thermally depoled materials (10.5 ^ x<ci2.2) and at

temperatures below T, , electric fields higher than E will induce

a phase transition from the AFE into the FE state. This transition

will be reversible for x = 12.0 and x = 12.2. Hows-er, for x = 10.5

and 11.I tne reverse transition will occur only by heating the ma-

terial above T, and slowly cooling it. Therefore, at temperatures

below T, and with fields lower than E a metastable FE phase can

exist.

The preceeding considerations make it possible to construct an

E-T phase diagram for (thermally depoled) PLZT 11.1/55/45, which
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The electric field strength
(E) - temperature (T) phase
diagram for PLZT N.l/55/45.

is represented in fig. V.U. The

phase boundary between the AFE and

the PE phase is characterized by the

transition temperature T, versus dc

bias field (see table V.5), which

gives a rather weak decrease of T,

with increasing field. The transi-

tion FE to PE is indicated by the

high temperature part of E versus

T above the breakpoint in fig. V.7.

This phase boundary between the FE

and PE phase can also be indicated

by the change of T^ at a higher dc

bias field (table V.5), which shows

a comparable temperature dependence,

although the absolute values are

different. Finally, the AFE to FE

transition is defined by the lower temperature part of E versus

temperature in fig. V.7.

A thermodynamic description of phase transitions in AFE mate-

rials (as function of temperature and electric field) has been gi-
(22)ven by Okada .He predicts a large positive slope of E versus

T for the induced first-order phase transition from PE into FE,

in accordance with our experiments and with the prediction of the

Clausius-Clapeyron equation (eq. 5.1). For an electrically induced

AFE to FE transition (first-order) Okada stated that E decreases
• cr

slowly when the temperature is raised, in contradiction to our ex-

periments which indicate a slow increase.

AFE and FE are both ordered states and should have almost simi-

lar values of entropy. Therefore, the sign of AS is difficult to

predict. The polarization difference certainly will be positive

(AP = P_„-PAI:,„) for first-order transitions, while AS will be

small. This shows that E is only slightly dependent on the tem-

perature, however, the slope of the E -T line is still unpredic-

table.

Comparison with the temperature dependence of E
CUT

to FE transition in some other material systems can be made.

for the AFE
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The critical switching field E decreases linearly with increa-

sing temperature in PbZrO,
(23)

in Pb(Zr 0_ 9 8Ti 0_ 0 2)O 3 and

( P b0.97 B a0.03 ) Z r O3
in accordance with Okad J. ' s treatment.

, Berlin-However, in Pb § Nb Q _ Q 2 j ( ZrQ _ „Sn,, _ 2 ? ) Q _ g 3 T i 0 _ Q 7 ] Q _ g{_ ^

court et al. observed a positive slope for E versus T, in

accordance with our observations. Obviously, in very complex sys-

tems a positive slope of E versus T will be found.

The electric field dependence of the transition temperature be-

tween lhe AFE and PE phase can also be discussed using the Clau-

sius-Clapeyron relation (eq. 5.1). For tnis transition the polari-

zation difference (AP i n d, ch. VI. p.lO3)AP = P-p- - P p E will be ne-

gative (first-order), because e >> e A F E (the permittivity of the

PE phase is larger than that of the AFE phase). The entropy dif-

ference for this phase transition will be negative (S'AFE - SPE
0),

because the AFE state is usually an ordered one and the PE state

disordered. Therefore, a negative slope of E c r versus T for the

AFE-PE transition will be found which corresponds with our results.

For PLZT ceramics with a high Zr content (e.g. orthorhombic

PLZT 10/80/20) an AFE phase and an electrically induced AFE-FE

transition was observed . However, for PLZT ceramics with a

Zr to Ti ratio of almost 55 to 45 an induced AFE to FE phase tran-

sition has not been previously reported in th~ tetragonal phase

area. Suggestions were made regarding the existence of an AFE phase

in some rhombohedral FLZT x/65/35 ceramics . These suggestions

have been based mainly on the occurrence of double hysteresis

loops, which is certainly not sufficient evidence for AFE. Carl
(4)

and Geisen rejected the AFE concept for PLZT 8/65/35, because

the losses were considered too high, in AFE materials having few

(and rather large) domains, low losses can occur, but this is not

a general phenomenon. Information about losses in antiferroelec-

trics is fairly scarce in literature, but in some PLZT composi-

tions (e.g. 8/80/20) having AFE properties, losses were observed

of about 4% (e1 --= 3000, e" = 120, tan 5 = 0.04)
(7,25)

Therefore,

the dielectric losses observed in our experiments may be reasonable.

Hence, the magnitude of these losses cannot be considered as an ar-

gument against the existence of an AFE phase. Furthermore, for the

PLZT compositions under consideration here, the energy differences
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between the FE, AFE and PE phases are rather small, i.e. a certain

amount of the FE phase can exist in the AFE phase. This will raise

the dielectric losses, in accordance with our experiments.

From this AFE concept it can be concluded that thermally depo-

led PLZT 11.1/55/45 and PLZT 10.5/55/45 possess dominating AFE

features at temperatures below the transition to the PE state. Ap-

plying electric fields gives a non-reversible field-induced phase

transition to the FE state. PLZT 12.0/55/45 and PLZT 12.2/55/45

also show AFE features, however, applying high electric fields

gives an electrically induced transition, which is reversible.

In addition to these phase transitions, a number of physical ef-

fects can be explained only, by assuming a mixture of AFE, FE or

PE "phases" (e.g. small remanent polarization at T > T , high di-

electric losses, and strong broadening of the permittivity curves).

The appearance of neterophase fluctuations around the

AFE-FE phase transition can result in broadened E'-E curves

which has been observed by Sohulze

x/70/30 compositions.

(7) in PLZT x/80/20 and

II

An alternative interpretation of the electrically induced phase

transitions and the nature of the thermally depoled state of these

compositions can be given by assuming a weak, polar character of

thermally depoled material, which transforms into a strongly pola-

rized state when high electric fields are applied.

This weak polar character can be ascribed to the existence of

a polar phase with a low spontaneous polarization (FE ) (termed
(5)penferroelectric by Meitzler and 0'Bryan ). However, this seems

unlikely because no differences in unit cell symmetry and unit

cell dimensions between thermally depoled (FE ) and poled or ac

depoled (FE,) states have been observed. Moreover, because of the

weak polar character hardly any difference can be made with a

mixture of phases.

The weak polar "phase" can also be compared with the term qua-
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(4)
siferroelectrie (QFE), introduced by Carl and Geisen .In this

QFE state they assumed the existence of spontaneously polarized

microregions, which represent regions of polar short-range order

(mixture of "phases"). When an electric field is applied and if

that field exceeds a threshold level the polar short-range order

transforms into a polar long-range order and the material exhi-

bits FE behaviour on a macroscopic scale. The polar short-range

order can be related to the occurrence of fluctuations around the

FE-PE phase transition. Hence, the main difference between the AFE

and QFE concept is the character of the "mixture of phases". In

the QFE concept, AFE phases being absent. However, the electric

field dependence of T^ cannot be explained in the QFE concept.

The same applies for the absence of a change in unit cell dimen-

sions together with a relatively strong change in P when the

electrically induced transition into the FE phase takes place.

The "QFE-phase" is, in our opinion, not a phase in classical

terms, but may be considered as a phase in which fluctuations oc-

cur i.e. a mixture of FE and PE microregions may exist within this

"phase".

V.3.3. Phase diagram (T-x) of PLZT x/55/45

From the X-ray diffraction data, small-signal dielectric mea-

surements and high-field electric (P-E hysteresis loops and dc

bias) measurements, presented in the preceeding sections, a number

of criteria can be deduced for the phases and phase transitions.

The characteristic temperatures were used to construct a T(tem-

perature) -x (composition) phase diagram for PLZT x/55/45, which is

presented in fig. V.12.

The phase boundary between the PE and FE phases is characterized

by T (change in hysteresis loop shape, etc.), T (crystallogra-

phic transition temperature) and T, (where the dielectric losses

are at a maximum). These three characteristic temperatures almost

coincide for x ^ 10.2 at,% (see table V.7).

Thermally depoled PLZT x/55/45 with 10.5 <í x ̂  12.2, which

transforms into the PE state at T, can be termed AFE. For
bx = 11.I and 10.5 ,

V.7). Because of lack of experimental data, an exact construction

almost coincides with T and T (table
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FIGURE V . 1 2

Temperature (T)-composition (x) phase diagram
of thermally depoled PLZT x/55/45 (at E = 0) .

Of the FE-AFE

phase boundaries

for x 5- 10.5 can-

not be given.

If an AFE phase

is present, a num-

ber of remarkable

effects can be ex-

plained by assu-

ming the existence

of heterophase

fluctuations. For

x £ 10.5 at.% La

a nixture of FE,

PE and AFE micro-

regions are pre-

sent within one

phase, and within

a certain tempera-

ture interval a-

round the transi-

tion temperatures.

This will be es-

pecially so at the

top of the AFE re-

gion of fig. V.12 (x 5. 10.5 at.% La) and explain the very diffuse,

but nevertheless (anti)ferroelectric natura of some of the

physical properties. For La concentrations < 10.2 at.% the diffuse

phase transition characteristics (small remanence, non-cubic struc-

ture, etc.) in a certain temperature region above the FE-PE tran-

sition temperature can again be ascribed to the existence of FE and

PE microregions within one phase.

Further experiments are necessary to improve the T-x diagram

and to determine the state of thermally depoled PLZT 10.5/55/45 -

PLZT 12.2/55/45 (i.e. to distinguish between the "AFE concept" and

the "QFE concept"). An interesting question would be if the AFE-FE

and AFE-PE phase boundaries will persist at lower temperatures and
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higher La concentrations and whether the nature of the phase

transition will become more or, on the contrary, less diffuse at

lower temperatures and for concentrations in the AFE region of

fig. V.12. Possibly, critical phenomena will also play a role at

higher La concentrations.

Hence, in c-y opinion the "transition region" between the FE

and PE phase, which has often been called a separate phase (pen-

ferroelectric, quasi ferroelectric), can also be interpreted in

terms of a PE phase in which fluctuations of a metastable phase

occur.

Finally, it can be concluded that in PL2.T x/55/45 the appea-

rance of FE, PE and AFL ("QFE") phases is possible, being depen-

dent on composition (x), temperature and electric field. In some

AFE ("QFE") compositions a non-reversible phase transition into

the FE state can be induced by means of electric fields. The phase

transition between FE and PE, and probably between AFE ("QFE") and

PE also has first-order character, though at higher La concentra-

tions the transitions will approach a second-order character.

These transitions show diffuse phase transition characteristics,

i.e. an inflection point in the P -T curve and broadened permitti-

vity curves. In a relatively large temperature region above these

transition temperatures, deviations from cubic symmetry, a small

remanence and a strong sensitiveness for electric fields is ob-

served. These phenomena may be ascribed to the occurrence of fluc-

tuations around these phase transitions. The dielectric behaviour

with respect to these flu tuations will be further discussed in

chapter VI.
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C H A P T E R VI

DIELECTRIC BEHAVIOUR IN RELATION TO DIFFUSE PHASE TRANSITIONS

VI.1. INTRODUCTION

The diffuseness of the FE-PE phase transition can, generally-

speaking, have three reasons (see 1.4 and II.3.1), namely macros-

copic inhomogeneities, grain size effects, and fluctuations. In

chapters III and IV it has already been shown that large-scale

macroscopic inhomogeneities and grain size effects can be ignored

when suitably prepared PLZT x/55/45 ceramics, which have average

grain sizes larger than 5 pm, are used. Measurements were perfor-

med on such ceramics.

Indications for the diffuseness of the FE-PE (and AFE-PE)

phase transition in PLZT x/55/45 have been shown in chapter V

(e.g. the inflection point in the P -T curve., asymmetric X-ray

line profiles indicating the existence of a non-cubic "phase" at

temperatures above the transition temperature, and small energy

differences between the phases over a large temperature interval

around the transition).

Compositional fluctuations and polarization fluctuations,in re-

lation to diffuse phase transitions,have been considered theore-

tically in chapter II. 3, together with the physical cor sequences

(temperature and frequency dependence of the dielectric constant)

of these fluctuations. These theoretical considerations will be

used here, to interpret for PLZT x/55/45 ceramics, the tempera-

ture and frequency dependence of the permittivity around the phase

transitions in terms of fluctuations. Consequently, the diffuse-

ness of the transitions is ascribed to the appearance of fluctua-

tions around the (average) transition temperature.

No distinction in the character of the FE-PE and AFE-PE tran-

sitions will be made here, because no essential differences have
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been observed regarding the dielectric behaviour (for both transi-

tions broadened permittivity curves were observed).

VI.2. RESULTS

The results of small-signal dielectric measurements show at

first sight, that in the composition range 0-14 at.% La, an in-

creasing broadening of the e'-T (and e"-T) curves occurs, compared

with for example the curves for coarsegrained BaTiO, ceramics
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FIGURE VI.1.

Dielectric properties (e',
e" , tani) as functions of
temperature for thermally
depoled PLZT 11.1 /55/45
(10 kHz, heating curves).

100 150
TCC) ~

FIGURE V I . 2 .

Temperature dependence of the
dielectric constant e' for
PLZT x/55/45 (10 kH2, heating
curve s) .

Examples are shown in figs. VI.1 and VI.2. At the same time, the

maximum value of e' (= e' ) decreases (see fig. VI.2 and table
max

decrease, while the difference be

increases, with increasing La concentration

V.3). The values of T. and T

tween and T

(table V.3).

The temperature dependence of the dielectric constant e' (fig.

VI.3) and of the dielectric loss e" is affected by frequency.
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Frequency dependence of the d i -
e l e c t r i c c o n s t a n t e ' a t d i f f e -
r e n t t e m p e r a t u r e s for t h e r m a l l y
depo led PI.ZT 1 2 . 0 / 5 5 / 4 5 .

T a b l e V I • 1 . D i e l e c t r i c d a t a f o r PLZT 1 2 . 0 / 5 5 / 4 5
a s a f u n c t i o n of f r e q u e n c y ( h e a t i n g ) .

f r e q . (kHz)

1
10
50

100
500

Tb(°C)

Í 22
35
47
51
53

e"max

?. 430
625
720
775
950

Tc'(°C)

54
62
74
76
79

max

1 1 100
10900
1 0000
10000
9500

Usually, T, , T ' and

e" increase with in-max
creasing frequency,

whereas e' shows amax
small decrease (table

VI.1). Frequency depen-

dence of the dielectric

constant, at different temperatures, is shown in fig. VI.4 over a

frequency range of 400 Hz - 1 MHz. This figure is representative

for the trend in alJ compositions. At frequencies above 1 MHz, ac-

curate measurements were not possible. Below 1 kHz, frequency de-

pendence was not observed and therefore the relaxational contribu-

tion to the permittivity will probably be then complete. Over the

whole measured frequency range, e" is almost constant (at tempera-

tures far above the transition temperature) or increases continu-

ously (no anomaly in the dielectric losses is found). At tempera-

tures far above the transition temperature, frequency dependence
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almost vanishes (see fig. VI.4). The frequency dependent contribu-

tion to the permittivity seems at a maximum around the phase tran-

sition (fig. VI.4). With decreasing La concentration, frequency

dependence of the dielectric properties diminishes. For example,

the experimentally observed frequency dependence of T ' can be

described by:

= k.ln (frequency) (eq. 6.1)

(2a)
with k decreasing with decreasing La concentration

An interesting feature is that in a certain temperature inter-

val, the dielectric constant as a function of temperature, for all

compositions and all measured frequencies, can be described in two

ways by a quadratic law of the type :
-1

(T-Tc = e
-I max - ( T - T > ) •

(eq. 6.2)

both above and below T ', however with different values of C_

(and C ) . In fig. VI.5, this quadratic dependence of the reciprocal

dielectric constant on temperature has been shown for T > T ' and

for two compositions. The temperature region, T-T ', where the

quadratic law (eq. 6.2) is valid, increases with increasing La

concentration and can reach 50°C or more (for x > 8.1 at.% La).

In table VI.2 the values of C- (and C) as a function of the La

concentration are given, and will be further discussed in section

VI.3.3.

Below T ', temperature dependence of the reciprocal dielectric

constant can also be described by the quadratic law (eq. 6.2) in

1. Note: The temperature dependence of the dielectric constant
above T ' can be more generally described by:

. t -1 , m (eq. 6.3)

If m = 1 in eq. 6.3, the classical Curie-Weiss behaviour
is found. In the present results for PLZT x/55/45, m was
determined as 2.0 ^ O.I in a relatively large temperature
interval.
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FIGURE VI.5.

Dependence of the reciprocal di-
electric constant on (T-Tc')

2 for
PLZT x/55/45 at 10 kHz (heating
curves, T > T c').

CC2

FIGURE VI.6.

Dependence of the reciprocal di-
electric constant on (T-Tc')

2

for PLZT x/55/45 at IO kHz
(heating curves, T < T c').

Table VI.2• Various parameters describing the dielectric beha-
viour of PLZT x/55/45 with the quadratic law (at
I 0 kHz, heating).

T > I.' T < T„

x(at.ü)

2. 0
4.2
6.3
6.9
8. 1
8.7

10.2
11.1
12.0
12.2
14.1

10" 3.E'
max

19.2
23.8
21 .7
28
21
19
1 6
13.1
10.9
9.6
6.0

c2(io
3 V 2)
5.4
4.0
2.3

(
(

.71

.36

.24

.07
).84
).86
.09
. 17

C(°C)

23
22
32
33
42
46
54
69
74
69
34

c2(.o
8 "e"2)

-
-

2.4
2.0
1 .4
1 .56
1 .90
2.03
3.08
1 .84

C(°C)

_
-
-

27
34
43
45
46
48
41
68

a smaller temperature region (fig. VI.6), which almost coincides

with the temperature region between T, and T ' (table V.3). This

temperature region again increases with increasing La concentration.

The values of C2 and C in eq. 6.2, for the temperature interval
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20000-

between ï and T ', are also given in table VI.2 (heating curves).

Part of the dielectric results presented here, have already

been published (see reference 2).

The preceeding results were obtained from small-signal dielec-

tric measurements, which have been performed on thermally depoled

materials using relatively low voltages (< 40 V/cm) . The dielec-

tric constant, however, can also be calculated from P-E hysteresis
1 3 P

loop measurements (e1 = —••??)•
E Q 0 £i

For a good comparison, e' de-

duced from such P-E measurements

should be determined,in prin-

ciple,from initial P-E runs in

low electric fields. Unfortuna-

tely, it is almost impossible to

obtain an accurate value of e'

from these initial P-E runs (be-

cause (!•£}„ „ is difficult to
n i E=U

determine). Therefore, e' has

been deduced from the slope of

P versus E, around E = 0, in on-

ly tlie double loops and the slim

loops, in which a rather large

linear part around E = 0 is ob-

served (see fig. V.5c-e).

For PLZT 11.1/55/45, the tem-

perature dependence of £'.__ and
e' ,n . i is given in fig.small-signal y y

VI.7. For temperatures at and
just above the transition tempe-
rature (T = T, ), e' „ a, 1.5-2.0

p b F—hi u

whereas at tem-

10000-

2000-
140

TPC)

FIGURE VI.7.

Temperature dependence of the
dielectric constant e' for
PLZT 11.1/55/45 (heating curve)
1: thermally depoled, 10 kHz,
small-signal, 2: poled, 10 kHz,
small-signal, 3: obtained from
P-h hysceresis loops.

x e small-signal'
peratures far above the transi-

tion temperature (T > T + 100°C),

e'p_E is almost equal to

1. note '• ïhe results were independent of the magnitude of the
voltage used (E < 40 V/cm).

â C
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small-signal * At the tran-

sition temperature (T ,,

E' seems to reach a maxi-

mum (see fig. VI.7), though

measurements of z' have

onjy been performed for

T > Tp.

The temperature depen-

dence of the reciprocal di-

electric constant for PLZT

11.1/55/45 is shown in fig.

VI.7a. In a temperature in-

terval T > T +10°C, a Curie-

Weiss behaviour is found:

C
E' = w

T-T
(eq. 6.4)

x (a t

1 0

1(1
1 1

1 2

. 1

.0

n

!o\

- 1

-7
- 1

-7

igh-

°C)

b
5
04
q

fie

C

2
2
9

1

Id measurements.

u(°c)

•'•>*'°Í
.8xI06

.8x10*

.7xlO6

TC'(°C)

93
-
52

Í20

T.(°

91
-

37

C)
kHz)

. 5

where C is the Curie-Weissw
constant, and T ' is the

extrapolated Curie tempera-

ture. C w and T ', deduced

from the temperature depen-

dence of E' _ (for the tem-
Ir ~ " I J

perature region T > T +.LO°C) are aiven in table VI. 3. C
,6 r, P

FIGURE VI.7a.

Temperature dependence of I/e'
for PLZT 11.1/53/45 (heating curve).

is very

high 2 x 10 C), v/bereas T compared with the transition tem-

perature T (=Tj-,) ' i s very low. (Possibly, these rather high va-

temperatures may be caused by the

occi'-rence of fluctuations around T ). However, considering the

temperature dependence of e'p_F directly above T (see fig. VI.7a),

lues of Cw and the very low T '

P-E
seems to approach T

VI.3. DISCUSSION AND CONCLUSIONS

The pronounced broadening of the permittivity curves indicates

a diffuse phase transition behaviour (see II.3.1) and can be as-

cribed here to the appearance ot fluctuations around the phase
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transitions. This broadening will be further discussed in section

VI. 3.3, after a discussion about the relaxational contribution to

the permittivity.

VI.3.1. Frequency dependence of the dielectric constant

A strong frequency dependence of the dielectric constant is ob-

served around the phase transition.

These relaxation phenomena cannot be attributed to classical di-

pole relaxation or the Maxwell-Wagner relaxation , because the

observed relaxation effects are associated with the phase transi-

tion. Moreover, high resistivities were measured(greater than

10 Scm at room temperature).

Generally, two contributions to the total polarization (and per-

mittivity) can be distinguished:

a) Relaxational polarization (P ).

This is caused by a reorientation of the electric moments of

polar microregions or of- parts of these regions (e.g. bounda-

ries) by a weak electric (alternating) field, with a relaxation

time T. Polarization fluctuations form a special case. They give

rise to relaxational phenomena and therefore to a frequency de-

pendent permittivity (see also chapter II.3, table II.3).

b) Induced (electron-ion) polarization (P. ) .

These two contributions to the permittivity can be separated

by performing dielectric measurements over a sufficiently large

frequency range. At sufficiently lorl frequencies,the contribu-

tion of E' will be complete, whereas at sufficiently high fre-

quencies only e'. , will remain.

The small-signal dielectric measurements of e' versus frequency

(fig. VI.4) indicate that the contribution of e' is complete for

frequencies below 1 kHz. However, e'. , and e' cannot be fully

separated, because our frequency range is restricted to frequen-

cies below 1 MHz. At frequencies above 1 MHz, a relaxational con-

tribution to the dielectric constant is still possible. Frequency

dependence of e' in PLZT ceramics (9/65/35) was observed up to
(4)

frequencies of at least 22 MHz , whereas at room temperature,

the relaxational contribution to e', is at least 60% '. Hence,

the dielectric constant of PLZT x/55/45, measured here in the fre-
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quency range of 400 Hz - 1 MHz, will be composed of the relaxatio-

nal contribution (e1 ) and the induced contribution (c'. , ) . The
or ind

method of adding these two contributions is not well understood,

because of their unknown interactions (see also chapter II.3).

In conclusion, a rather large relaxational contribution to the

permittivity has been observed around the phase transition. A se-

paration of the relaxational and the induced part of the permitti-

vity has not been achieved, because of the restricted frequency

range in which our measurements were performed. The relaxational

characteristics are probably related to polarization fluctuations

around the phase transition.

VI.3.2. Model-calculations for the temperature dependence of the

dielectric constant (induced part)

For the relaxational part of the permittivity, a quadratic

dependence of the reciprocal dielectric constant on temperature

has been derived when fluctuations around the transition are pre-

sent (see chapter II.3.3b, eq. 2.41). However, the temperature

dependence of e'. will now be considered, without taking into

account the relaxational contributions.

For sharp phase transitions, the elastic (induced) polarization

part of the permittivity shows a sharp maximum at the Curie tem-

perature (see chapter II.2), in contrast to the diffuse phase

transitions, where the permittivity curves around the phase tran-

sition are broadened (see chapter II.3.1). For compositional fluc-

tuations as well as for polarization fluctuations around the (ave-

rage) transition temperature, a quantitative model-calculation of

the e'-T curves will be presented here.

Çi9a§Il9§iSüi§ti2D_ f or_com£>ositional_ fluctuations

The distribution of compositional fluctuations can be represen-

ted by a Gaussian distribution (see II.3.2b). When a linear beha-

viour between transition temperature and composition is assumed ]

1. note: For PLZT x/55/45 an almost1inear behaviour between the
FE-PE transition temperature and the La concentration was obser-
ved (at least for x<ll.l at.%) with dTp/dx «25°C/at.% La (see
table V.3). A linear relationship was found in a number of
other ferroelectric materials, e.g. substituted PbTiO (6) and
substituted BaTiCK (7). i

104



the distribution of transition temperatures can also be represen-

ted by a Gaussian distribution around the average transition tem-

perature .

The average e'-T curve is calculated by the method briefly des-

cribed in chapter II.3.3a and which is described extensively in

appendix 6A, together with the results of the calculations. Here,

only the main results will be given.

The material can be considered as a mixture of "particles" (mi-

croregions), the contributions of which have to be added to the
f 8 9)permittivity. Several methods of addition are possible ' , and

usually it is unknown which "mixing rule" is the best one. In most

cases, reciprocal addition gives the better results, though for a

number of heterogeneous mixtures, arithmetical addition has given

better results than reciprocal addition ' . Therefore, in the

calculations performed here, two extreme methods of addition are

used. The contributions are added reciprocally (electrical circuit

of capacities in series) or arithmetically (electrical circuit of

parallel capacities). These two methods are only approximations.

In general it can be expected

that close to the phase transi-

tions, the material has to be

considered as an electrical

circuit of capacities (and re-

sistivities) connected both in

series and parallel.

Regardless of the method of

addition the individual contribu-

tions in the separate (micro)

regions, a broadening of model-

calculated permittivity curves

is obtained (see figs. VI.8 and

VI.9). In all cases, T ' is

higher than the average transi-

tion temperature T (see table

VI.4), because of the asymmetric

temperature dependence of z'

around I for an individual mi-

croregion (In table VI.4 and

Tr-50 Tr.DÜ

FIGURE VI.8.

Model-calculated e'-T curves for
rnmnn?itional fluctuations (ba-
sed on first-order; Cw = 5x10
?C; 6 = 40°C; AT = ]0°C; e'
2000). 1: arithmetical addition

2: reciprocal addition
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10000-

Tr-50 T,- Tr.50 Tr.XX)

- TCC)

FIGURE VI . 9 .

Model-calculated E ' - T curves for
compositional fluctuations (ba-
sed on second-order, C = 5x10
°C, 6 = 40°C, AT = ]°cy
1: arithmetical addition
2: reciprocal addition

figs. VI.8 and VI.9 the results

which are presented, are only

for a variance í of 40°C of the

Gaussian distribution of transi-

tion temperatures).

Moreover, a quadratic depen-

dence of the (model-calculated)

reciprocal dielectric constant

on temperature is obtained in a

rather large temperature region

above T ' (see table VI.4 and

appendix 6A). The temperature

region, in which the quadratic

law is applicable, increases

with increasing variance 6 of

the Gaussian distribution of

transition temperatures. The con-

stant C in the quadratic law

(eq. 6.1) is almost equal to <5

for first-order transitions

(see table VI.4, where C = 40 C or 39 C for first-order transi-

tions, based on 6 = 40°C) and C is somewhat lower for second-order

transitions (see table VI.4). From model-calculations of e'-T cur-

ves for other ó values, it is concluded, that C is equal to 6 for

first-order transitions, whereas C is proportional to 6 for se-

cond-order transitions (C R; 0.75 x 6) . At temperatures far above

Table VI.4• Various parameters describing the model-calculated E'-T curves.for compositional
fluctuations (based on { - 40°C, E - 2000, C^ b e o r - 5 x 10 °C, AT - IO°C for
first-order transitions, T • the average transition temperature).

quadratic law

arithmetically adding , first order
Tp + 20 12700 1.95 T '-T '+45

reciprocally adding , first orSer c

Tr + 45 7200 2.06 Tc'-Tc'+25
arithmetically adding , second order
T _ + 5 39000 2.08 Tc'-Tc'+30

reciprocally adding , second order
."_+ 12 15800 1.9 T ' -T '+30

Curie-Weiss law

temp.region C( C) temp.region

40

39

27

31

> Tc

> T
c

> Tc

> T

'+50

'+35

'+65

' + 50

4.5x10

5.0x10

3.7x10

5.0*10
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T ', the temperature dependence of the (model-calculated) recipro-

cal dielectric constant can be described by the Curie-Weiss law

(s><-<? table VI. 4) .

Modcl-calculation_for_golarization fluctuations

In the quasi-static approximation of polarization fluctuations,

the material can be considered (at temperatures above the first-

order transition temperature T ) as a PE matrix containing a cer-

tain amount of the (metastable)FE phase (polarization fluctuations).

The amount of the FE-phas> decreases at increasing temperature

according to a Gaussian distribution (see II.3.2c, p. 29). The

temperature dependence of ehe dielectric constant of the PE matrix

has a Curie-Weiss behaviour, whereas it is assumed that the dielec-

tric constant of the FF phase regions in the PE matrix is approxi-

mately constant (= e' ). The contributions of the FE (micro)re-

gion and the PE matrix have to be added up in a specific way. Here,

the same difficulty, i.e. which method of addition should be used,

arises with regard to compositional fluctuations. Therefore, we

have restricted ourselves to arithmetical and reciprocal addition.

The calculation method has been described in detail in appendix

6B, together with the results of the calculations. The main cha-

racteristics are given below.

Reciprocal addition leads to broadened permittivity curves

(fig. VI.JO), where 'I\' > T (T is transition temperature). For

the temperature dependence of the (model-calculated) reciprocal

dielectric constant, the quadratic law (eq. 6.1) is applicable

(see table 6.5), while the constant C in this law appears to be

proportional to í (variance of the Gaussian distribution) in caJ-

culating e'-T curves for different 6 values.

Table VI.5. Various parameters describing the model-calculated E ' - T curves.for polarization
fluctuations (based on 6 - 40°c, E a v - 2000, C„ t h ( i o r - 5 x 1 0 °C, AT - I 0°C,
'1 - the transition temperature).

quadratic law Curie Weiss law

temp.region C( C) ra temp.region C { C)

arithmetically adding
T
r 26000
reciprocally add ing
T +50 6330 2.0 T '->T '+30
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25000

20000-

15000-

10000-

5000-

Ccntrary to the previous me-

thod, arithmetical addition of

the contributions usually leads

to almost unbroadened permitti-

vity curves (fig. VI.10). Only

for very high values of C ,

a kind of broadening will also

be found. For arithmetical ad-

dition, the temperature depen-

dence of e' (above T ') can be

described by the "classical"

Curie-Weiss behaviour (see ta-

ble VI. 5). Apparently, arithme-

tical addition does not seem to

be the correct method in this

case, because no broadened per-

mittivity curves are obtained.

TCC)

FIGURE VI.!0.

Model-calculated e'-T curves
for polarization fluctuations,
(based on C = 5xlO 5°C, 6 =
40°C, e =wz000, AT - 10°C)
1: arithmetical addition
2: reciprocal addition.

In conclusion, the experimen-

tally observed quadratic law and

the broadening of tha permitti-

vity curves can be explained by

model-calculations of e'
ind - T,

based on the appearance of fluc-

tuations (compositional or polarization) around the phase transi-

tion, without taking relaxational phenomena into account. The broa-

dening mentioned and the quadratic law can also be explained by

just considering the relaxational contribution to the permittivity,

(which also explains the relaxational characteristics). The mea-

sured e', however, will consist of e'. , and e' . Unfortunately,
inct or

the method of adding these two contributions is unknown, therefore,

it is difficult to conclude whether the calculated temperature de-

pendence of the total reciprocal dielectric constant (composed of

e'. , and e' ) also results in a quadratic law, corresponding to

the experimentally observed results. The constant C in the quadra-

tic law can be considered as the degree of diffuseness of the tran-

sition.
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VI.3.3. Broadening of the permittivity curves

It has been shown experimentally, that the temperature depen-

dence of the dielectric constant for PLZT x/55/45 can be described

by the quadratic law, over a considerable temperature interval. In

table VI.2, the values of C,, C and e' have been collected for

all measured compositions,botn above and below T '. From this ta-

ble, it can be concluded that C passes through a minimum value

as a function of the La concentration 1, while C increases almost

continuously with increasing La concentration. In other words, the

diffuseness of the phase transition increases as the La concentra-

tion also increases. The model-calculations in section VI.3.2 do

not discriminate between compositional fluctuations and polariza-

tion fluctuations. Therefore, this point will now be discussed,

together with the relation between chemical composition and broa-

dening .

The occurrence of a distribution of local Curie temperatures

may be caused by compositional fluctuations in the solid solution.

Then it is possible to derive from statistical considerations

(see II.3.2b), that in a (pseudo)binary system and for a linear

relationship between composition and transition temperature, C will

have a maximum value when the ratio of the cation concentrations

(here concentrations of different types of ions in the same sub-

lattice) approaches the value one. Indeed, C increases together

with the ratio {|La| + |Pb-vacancies|}/|Pbj.

The relationship between the degree of broadening and the com-

position is less cleõir, when polarization fluctuations determine

the diffuseness of the FE-PE transition. An increasing La concen-

tration possibly results in decreasing energy differences (between

the FE and PE phases) over a large temperature interval, which

1. note: It may be suggested that C2 decreases with increasing La
concentration (0 < x < 10) for the FE-PE transition, but
increases for (x > 10) for the AFE-PE transition.
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favours the appearance of polarization fluctuations (see e.g. eq.

2.10) and therefore increases the diffuseness of the phase transi-

tion. These energy differences have only been determined accura-

tely for PLZT 11.1/55/45 (see chapter V, p. 86). The energy dif-

ferences for PLZT 10.5/55/45 and PLZT 12.0/55/45 have almost the

same values as that for PLZT 11.1/55/45 in a comparable tempera-

ture interval. For La concentrations below 10.5 at.%, the energy

(and entropy) differences have not been determined. Hov/ever, the

temperature interval above the transition temperature, in which

double P-E loops appear, is much reduced, which is an indication

for larger energy differences between the FE and PE phases. For

the appearance of polarization fluctuations, the creation of co-

herent boundaries (small interfacial energy) and the minimizing

of the strain energy is essential. Only when these conditions are

fulfilled , are small enthalpy differences (AH) probable.

The experimentally obtained C value can be very large (about

80 C here, see table VI.2). This means that, if compositional

fluctuations occur, a very broad distribution of compositions

around the overall composition will be present. If fluctuations

only occur in the Pb/La ratio, this means that Ax will be about

3 at.% La (dT /dx a 25°C), compared with the overall composition

of about 12 at.% La. In comparison with the calculated values of

Ax for compositional fluctuations, presented in table II.2 (chap-

ter II.3.2b), this value of Ax = 3 at.% La is large. Therefore,

compositional fluctuations in the Zr/Ti ratio and especially en-

thalpy effects must play a role, if the degree of broadening is

discuased in terms of compositional fluctuations only. Enthalpy

effects will give rise to influence of "annealing" (high-tempera-

ture treatment) and will be discussed in the next section. If

this broad distribution of compositions should occur, other pro-

perties (e.g. remanent polarization) will also be influenced and

the temperature dependence of these properties will probably be

more gradual than has been observed in this work. Consequently,

compositional fluctuations can hardly be considered as the only

reason for diffuseness. Probably, polarization fluctuations are

present at the same and also affect the degree of diffuseness of

the phase transition.
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97

It seems, that there is no sharp distinction between the di-

electric behaviour in the temperature region directly above T ' and

just below Tc' < T < T c ' ) , because the quadratic law (eq. 6.1)

can be used in both regions, however, with different values of

C2 (or C). In chapter V, it has been shown that T, rather than T '

has to be considered as the transition temperature. Therefore, the

quadratic law is essentially applicable in the "PE phase"

In conclusion, the degree of diffuseness of the phase transi-

tion can be expressed by the constant C of the quadratic law. In-

creasing diffuseness has been observed with increasing La concen-

trations. The large values of C can hardly be explained by compo-

sitional fluctuations only; polarization fluctuations also seem to

give a contribution to the degree of diffuseness of the phase tran-

sition. The appearance of polarization fluctuations also leads to

relaxational 'phenomena.

VI.3.4. "Annealing" experiments

Compositional and polarization fluctuations may be distinguished

by means of high-temperature treatments ("annealing") (see chap-

ter II.3, p. 33, table II.3). Compositional fluctuations in PLZT

ceramics will only be influenced by a heat-treatment if enthalpy

factors are involved. The differences in ion charges and sizes

between Pb and La ions(plus vacancies) at the A position in

the perovskite structure, probably lead to enthalpy effects, where-
4 + 4 +

as enthalpy effects for the B position (Zr and Ti ions having

the same valency and almost equal sizes) are less probable. When

enthalpy effects occur, the distribution of compositional fluctu-

ations will be affected (and can be "frozen") by using a suitable

annealing treatment (here, at an arbitrary temperature choosen at

1000 C). For the most effective annealing temperature, the value

of kT should be almost equal to that of AH (see eq. 2.14), how-

ever, this value of AH is unknown. For the distribution of polari-

zation fluctuations (which appear and disappear at relatively

low temperatures), it can be expected,however, that it will not

be influenced by this high-temperature treatment.

In order to investigate the influence of annealing, samples

(PLZT 11.5/55/45; a = 1.25) were annealed at 1000°C (+ 10°C) during
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respectively 500 and 1000 hours in a closed Pt crucible and sur-

rounded by PLZT powder of the same composition. After annealing,

the samples were cooled relatively rapidly. Core drilling and sli-

cing produced discs with a diameter of 6 mm and a height of 0.5 mm.

These discs were given a second, moderate temperature treatment

(600 C, 2 hrs, O?) to relieve strains resulting from mechanical

processing.

No weight changes were observed in these annealing treatments

and the composition is almost the same before and after annealing

(only a changed from 1.25 to 1.30), just as the homogeneity

(detected by means of X-ray diffraction).

The unit cell dimensions did not change in the annealing treat-

ment, whereas the dielectric characteristics also did not show

significant differences (table VI.5). Before and after annealing,

Table VI.6. Influence of "annealing" on dielectric
parameters of PLZT 11.5/55/45 (heating,
10 kHz) .

V c)heat trea tuent

"starting r a t e r i a l " 5 I+_2

500 hrs/1000°C 53+̂ 2

1000 hrs/1000°C 52+2

E' C(°C)

730

720

658

76+1

7.8+1

79+1

1 1600

1 1600

I 1600

87 + 2

9 2+_2

86 + 2

the characteristic temperatures T anr1 T ' are almost the same,

whereas C (in eq. 6.1) is constant within accuracy. Hence, this

experiment shows, that the degree of broadening of the permittivi-

ty curves does not change by the high-temperature treatment used.

Though only one accurate series of "annealing" experiments was

performed, it may be suggested that the occurrence of polarization

fluctuations around the phase transition is more probable than

the appearance of those compositional fluctuations which are affec-

ted by enthalpy effects. However, those compositional fluctuations,

independent of enthalpy factors (probably the distribution of Zr

and Ti ions)»cannot be distinguished from polarization fluctua-

tions in this way. Usually, differences in the Zr/Ti ratio in e.g.

PZT(11' and PLZT ( 1 2 ) will have relatively little influence on

the transition temperature. Therefore, the strong diffuseness ob-

sserved in the phase transition can hardly be explained by compo-
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sitional fluctuations in the Zr/Ti ratio only. Further annealing

experiments (e.g. longer times) are necessary to confirm this con-

clusion .

VI.3.5. Small-signal dielectric and high-field dielectric measure-

ments

Above the transition temperature T, (= T = T ), the tempera-
o x p

ture dependence of the dielectric constant obtained by respective-

ly small-signal and high-field (P-E) measurements is different

(see fig. VI.7). The e' ,, . , versus temperature curve is
small-signal

strongly broadened, showing a maximum at a temperature Tc' consi-

derably higher than T, , while the reciprocal dielectric constant

above T can be described by a quadratic dependence on temperature.

In contrast, E'D__ seems to be at a maximum at T, and the tempera-

ture dependence of e' above Tfa follows a Curie-Weiss behaviour

(with a high C value). In the vicinity of T, , deviations of the

Curie-Weiss law are observed.

In a large temperature region above T, , e' is considerably

larger than £ ' s m a n _ s i n a ] _ However, for BaTiO3 ceramics, equal

values of z'p_£ and z'sinall_signal are obtained; £'p_E as well as
£'small-signal f o l l o w t h e Curie-Weiss law, with e" s m a l l_ s i g n a l on-
ly showing deviations in a small temperature region (a few degrees)

(13)
Hence, BaTiO ceramics showabove the transition temperature

an equal behaviour in respectively weak and strong electric

fields, however, PLZT ceramics clearly show a "field dependance"

These effects may again be related to the appearance of fluctua-

tions. The relatively strong dc electric fields (used in P-E mea-

surements) seem to give a kind of "dipole contribution" to the

permittivity, which results in high e' „ values. At temperatures
XT ~*Ij

close to T, , the intensity of the fluctuations increases, which

results in a sharp increase of e'p_E (deviations of Curie-Weiss

behaviour). For temperatures far above T , the contribution of

dipoles (resulting from fluctuations) diminishes and e' and
P—E

e' ,, . , will be almost equal,small-signal ^
This different behaviour in weak and strong electric fields for

PLZT ceramics is also reported in literature. Schulze (14)
could
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only describe the temperature dependence of e' ., ^ , by the

Curie-Weiss law at temperatures far above 'I'c ' (T > Tc'+100°C) for

PLZT x/70/30 and x/80/20 compositions); in the temperature range,

T ' - T '+100, a quadratic dependence of the reciprocal dielec-c c
trie constant on temperature occurs as has been calcu-

lated by the author during this investigation by using Schulze 's
2xperimental data. Khalafalla et al. (15) described e' „ by the

Curie-Weiss law at temperatures directly above T ' (for PLZT

9/65/J5), almost in accordance with our own experiments for other

compositions.

VI.3.6. Conclusions

Around the FE-PE (or AFE-PE) phase transition, the permittivity

contains a considerable relaxational contribution. Unfortunately,

the relaxational part and the elastic (induced) part of the per-

mittivity could not be fully separated, whereby a separate treat-

ment is not possible.

The permittivity curves ara noticeably broadened, and show an

increasing broadening with increasing La concentration. The tem-

perature dependence of the reciprocal dielectric constant over a

considerable temperature interval can be described by the quadra-

tic law. The factor C in this law expresses the degree of diffu-

seness of the phase transition. The broadening of the permittivity

curves and the quadratic law can be explained by assuming fluctu-

ations (polarization and/or compositional fluctuations) around the

phase transition (diffuse phase transition). Regarding the relaxa-

tional part of the permittivity, the broadening and the quadratic

law were derived analytically (see chapter II.3), but for the in-

duced polarization part, the broadening and a quadratic dependence

were also obtained by means of model-calculations. Both considera-

tions are based on Gaussian distribution functions of fluctuating

properties. Unfortunately, the method of adding the relaxational

and induced part of the permittivity is unknown. The different

dielectric behaviour of PLZT ceramics in respectively weak and

strong electric fields may also be explained by the appearance

of fluctuations, which results in a large dipole contribution to

e' (the permittivity, obtained by P-E measurements) in the vi-

cinity of the transition temperature.
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Though compositional fluctuations can be expected in the "com-

plex" (Pb,La)(Zr 55Tin 4s'°3 s Y s t e m ' these fluctuations will

probably not be the only reason for the diffuseness of the phase

transition, because the observed high degree of diffuseness and

the insensitiveness to heat treatments can hardly be explained

by the appearance of compositional fluctuations only. Moreover,

polarization fluctuations are necessary for explaining the relax-

abional characteristics and the sensitiveness to electric fields.

Therefore, a considerable contribution of polarization fluctua-

tions to the degree of diffuseness is probable.
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APPENDIX 6A

A MODEL FOR CALCULATING THE E ' -T CURVE FOR COMPOSITIONAL FLUCTU-

ATIONS

The E'-T curves (induced part of the permittivity) can be cal-

culated quantitatively under a number of assumptions:

1) The material consists of a mixture of small regions with vary-

ing Curie temperatures and each having equal volumes. The dis-

tribution of Curie temperatures is approximated by a Gaussian

distribution function around an average transition temperature

T and with a variance 6.
r

2) There is no contribution of relaxational polarization.

3) The dielectric behaviour around the local Curie temperature of

an individual region is the same for all regions; only the

transition temperatures differ from each other.

The average value of the dielectric constant can now be calculated

in different ways, dependent on the order of the phase transition

in the separate regions and on the method of adding the contribu-

tions of all regions. In the present investigation the average

dielectric constant will be calculated in four (restricted) ways,

i.e. arithmetical and reciprocal addition of the individual con-

tributions and respectively for first- and second-order character

of the phase transition in the individual regions.

a) First-order phase transition; arithmetical addition.

The average value of the dielectric constant in the phase tran-

sition region can be represented by the following equation:

ƒ £'(T,Tc)exp[-(Tc-Tr)
2/62]dTc

oo

ƒ exp[-(Tc-Tr)
2/62]dTc

( eq . 6A.1)

w i t h £ ' ( T , T ) E' f o r T < T
- 1 - 1

C (T-T ' ) = C (T-T +AT) f o r T ^ T
WO WC C

(T ' is the extrapolated Curie temperature)
(eq. 6A.2)
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b) First-order phase transition; reciprocal addition.
CO

ƒ E1"1(T,Tc)exp[-(Tc-Tr) /6 JdT
"" 1 O

ƒ exp[-(Tc-Tr)
2/52]dTc

(eq. 6A.3)

with e'(T,T ): see eq. 6A.2.

c) Second-order phase transition; arithmetical addition.

<e'(T)> : see eq. 6A.1.

with e'(T,T C (T-T -
1

AT) 1 for T

for T > T (eq. 6A.4)

d) Second-order phase transition; reciprocal addition.

<e
,-1 (T)> : see eq. 6A.3.

with e'(T,T ) : see eq. 6A.4.

The assumed temperature dependence of the dielectric constant

around a second-order transition (for an individual region) deser-

ves explanation. As has already been mentioned in chapter II.2,

the slopes of the reciprocal dielectric constant versus tempera-

ture (Curie-Weiss behaviour) above and below Tc differ a factor

-2, whereas at T = T , e' should be in principle infinite at

T = T , i.e. T Q = T and hence AT = 0. For the above calculations,

however, it is necessary that e' at T should be finite, there-

fore second-order transitions have been approximated by assuming

AT = 1 C, which results in a rather large e1

max

For calculation of the average dielectric constant,assumptions

have to be made regarding the values of C , AT (for first-order

transitions) and e' . For perovskites,the Curie-Weiss constant

C ranges from 10 - 10 °C, whereas AT is about 10°C for first-

order transitions. An estimate of e' has been obtained from the
av

experimental results (e' at T << T ' ) .

The results of the calculations for a variance 6 of the Gaus-

sian distribution of 40°C are compiled in table 6A.1. Though none

of the equations 6.A.I - 6.A.4 can be expressed in simple analyti-
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cal functions, the results of the numerical calculations can be

represented by a simple relation in a certain temperature interval.

In general, the temperature dependence of the reciprocal dielec-

tric constant at temperatures above T ' can be given by eq. 6.3.

The coefficient in this equation has been determined in the present

investigation. When m = 1, a Curie-Weiss behaviour is found (see

eq. 6.3) and the Curie-Weiss constant CT and the extrapolated Cu-

rie temperature T ' are obtained. E'or m = 2, eq. 6.3. represents

the quadratic law and the constant C, determining the degree of

diffuseness, can be obtained.

For all four ways, of calculating the average dielectric con-

stant, broadened E' versus T curves are found (see figs. VI.8 and

VI.9),as well as T > T (see table 6A.1] Moreover, the tempe-

rature dependence of ehe reciprocal dielectric constant can be

represented by the quadratic law in a certain temperature region

above TQ'. The constant C in the quadratic law is propertional to

the variance 6 of the Gaussian distribution (and is for first-

order transitions almost equal to 6). At still higher temperatures

a Curie-Weiss behaviour is found. Generally, the extrapolated

Curie temperature T ' is lower than T ', however, for second-order

transitions and arithmetical addition of the individual contribu-

tions, T > T '
o c has been found.
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APPENDIX 6B

i
A MODEL FOR CALCULATING THE E'-T CURVE FOR POLARIZATION FLUCTUA-

TIONS

iE'ind)The temperature dependence of the dielectric constant

around the FE-PE phase transition can be quantitatively calcula-

ted in a first-order approximation under a number of assumptions,

viz.

1) At T>Tr (Tr = transition temperature, at which the amount of the

FE phase is equal to that of the PE phase) the material consist

of a matrix of the PE phase (predominant) containing a certain

amount of the FE phase (polarization fluctuations). The total

amount of the FE phase as a function of temperature is given by

part of a cumulated Gaussian distribution function around T

and with a variance 6.

2) There is no contribution of relaxational polarization.

3) A restriction is made with regard to temperatures above T .

4) The FE-PE phase transition at T has a first-order character.

The average value of the dielectric constant can now be calculated

by adding the contributions of the PE matrix plus that of the po-

larization fluctuations. In the present work, addition has been

carried out in two restricted ways, i.e. arithmetically and reci-

procally:

a) Arithmetical addition.

The average value of the dielectric constant in the phase tran-

sition region (T > T ) can be represented by the following

equation:
T o°

,(T) ƒ [-(T-Tr)
2/62JdTH£'FE(T) ƒ [-(T-Tr)

2/62]dTPE1

<£" (T)> = r [-(T-Tr)
2/62]dT

(eq. 6B.1)

with e' (T) = C (T-T ')P.L w o = C (T-T +AT)w r for T >^ T
r

F

av

T < T
r(eq. 6B.2)
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b) Reciprocal addition.

> = £'pE
Co

^(T) ƒ [- (T-Tr)
 2/ Ó2]

ƒ [-(T-T )2/62]dT

with E'pElT)
see eq. 6B.2.

dT

(eq. 6B.3]

This means that for the temperature dependence of t' in the PE

phase a Curie-Weiss behaviour is assumed, whereas for the dielec-

tric constant of the FE phase a constant value is assumed.

In eq. 6B.1 and 6B.3 we have ignored the integral

ƒ [-(T-T )2/52]dT with respect to I [-(T-T )2/fi2]dT. .

which is reasonable for >> 0 K.

The results of these calculations are given in table 6B.1 for

a variance & of the Gaussian distribution of 40 C. The coefficient

m in eq. 6.3 has been determined, and if possible the constant C

in the quadratic law (eq. 6.2) is deduced.

Arithmetical addition usually results in an almost sharp e'-T

peak (fig. VI.lO), unless C is very high (which leads to some

kind of broadening). This sharp e'-T peak is accompanied by a

Curie-Weiss behaviour above T ' (see table 6B.1) and also T ' ~ T .

Reciprocal addition, however, leads to a strong broadening

(fig. VI.lO), whereas the temperature dependence of the reciprocal

dielectric constant can be represented by the quadratic law in a

large temperature interval above T '. The constant C in the quadra-

tic law is almost equal to 5, and also T ' > T .
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Summary

A description of sharp and diffuse phase transitions in ferro-

electrios is given in chapter II, and is summarized here together

with the results of chapter VI. In a pronounced way, the diffuse

nature of the phase transition, as found in (Pb,La)Zr „Ti O

ceramics, is expressed in broadened permittivity curves.

The diffuseness of the phase transition can be the result cf

extrinsic as well as intrinsic effects. The extrinsic effects (ma-

croscopic inhomogeneities, grain size (distribution)) are general-

ly affected by the preparation procedure, whereas the intrinsic

effects (fluctuations in the parameters of state) are thermodyna-

mically defined.

The influence of "preparation inhomogeneities" can be elimina-

ted by using a suitable preparation method. Preparation, based on

mixing of the oxides gaves the same results as materials prepared

by wet-chemical methods (chapter III).

The average grain size does not affect the degree of diffuseness

when samples with mean grain sizes above 1 um are used, though a

relatively strong effect on some dielectric properties is observed,

for grain sizes up to 5 um (chapter IV).

In chapter V, the phase transitions in (Pb,La)Zr ..Ti ..O

were studied by means of X-ray diffraction analysis and dielectric

weak-field (permittivity) and high-field (dc bias and hysteresis

loop) measurements. At 20°C, compositions of La concentration

x -i 10.2 at.% La have a tetragonal symmetry and ferroelectric pro-

perties. At the temperature T , a phase transition into the para-

electric phase occurs, which has a first-order nature.An estimate

of the transition entropy (AS) can be made (% 0.01 cal/mol°C for

10.2 <: x < 12.0). For compositions of 10.5 < x £ 12.2 at.% La, an

antiferroelectric phase is found. In this phase the ferroelectric

state can be induced by means of an electric field. This electri-

cally-induced transition is reversible (for x > 12.0) or irrever-

sible (for x .$ 11.1).

The ferroelectric-paraelectric transition in (Pb,La)Zr Ti

O has a diffuse nature, which is observed in a pronounced way in

broadened permittivity curves; moreover, relaxational phenomena

are observed around T over a large frequency range (1 kHz - ^ 1 MHz)

123



whereas a quadratic dependence of the reciprocal dielectric con-

stant on temperature is found (chapter VI). From this quadratic

dependence, a parameter C is deduced which defines the degree of

intrinsic diffuseness of the phase transition; C increases with

increasing La concentration.

These phenomena can be theoretically ascribed to fluctuations

of the parameters of state around the transition temperature,

i.e. compositional and/or heterophase (e.g. polarization) fluc-

tuations (chapter II). A pronounced diffuseness of the phase

transition caused by compositional fluctuations can generally

be expected if two conditions are fulfilled: the material has a

complex occupation of identical lattice sites and the transition

temperature is strongly dependent on composition. Around a first-

order transition, quasi-static fluctuations of the metastable phase

(heterophase fluctuations) are possible. These fluctuations can be

described by a Gaussian distribution function as in the case of

compositional fluctuations. The spreading in the fluctuating para-

meters increases with decreasing AS/T ratio, which is in accor-

dance with our experiments.

Relaxational phenomena are intrinsically connected with hetero-

phase fluctuations, but can also be connected with compositional

fluctuations. When fluctuations are present, the relaxational con-

tribution as well as the non-relaxational (induced) contribution

to the permittivity, result in broadened curves and a quadratic

dependence of the reciprocal dielectric constant on temperature.

Therefore, the application of the quadratic law strongly indicates

the occurrence of fluctuation phenomena but cannot discriminate

between compositional and heterophase fluctuations (chapter VI).

The pronounced broadening of the permittivity curves in

(Pb,La)Zr_ „To 45°3 m a k e s it improbable that compositional fluc-

tuations are the only reasons for diffuseness. Consequently, he-

terophase fluctuations also seem to be an important reason for

diffuseness, which is confirmed by small AS/T values, deduced

from experiments.
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Ill

Samenvatting

De beschrijving van s_íierpe en diffuse fasenovergangen in fer-

roelektrika wordt gegeven in hoofdstuk II en wordt hier met de

resultaten van hoofdstuk VI samengevat. Het diffuse karakter van

de fasenovergang, zoals die gevonden wordt in (Pb,La)Zr- __Ti- ..O,

keramiek, wordt duidelijk weerspiegeld in brede permittiviteits-

kurven.

De verbreding van de fasenovergang kan zowel extrinsieke als

intrinsieke oorzaken hebben. De extrinsieke effekten (makrosko-

pische inhomogeniteiten, korrelgrootte(verdeling)) worden in het

algemeen beïnvloed door de bereidingsmethode, terwijl de intrin-

sieke oorzaken (fluktuaties in de toestandsgrootheden) thermody-

namisch worden bepaald.

De invloed van "bereidingsinhomogeniteiten" kon geëlimineerd

worden door het toepassen van een geschikte bereidingsmethode.

Een bereidingsprocedure, gebaseerd op het mengen van oxiden,

geeft dezelfde resultaten als materiaal bereid via nat-chemische

methoden (hoofdstuk III).

De gemiddelde korrelgrootte heeft geen invloed op de graad van

verbreding als preparaten met gemiddelde korrelgroottes boven 1 ym

worden gebruikt, hoewel nog een relatief sterk effekt op enige

dielektrische eigenschappen wordt waargenomen voor korrelgroottes

beneden 5 um (hoofdstuk IV).

In hoofdstuk V worden de fasenovergangen in (Pb,La)Zr_ .Ti ACPÏ

bestudeerd met behulp van röntgendiffraktie en zwak-veld (permit-

tiviteits) en hoog-veld (de bias en hysterese lus) metingen. Sa-

menstellingen met La concentraties x < 10.2 at.% hebben bij 20°C

een tetragonale symmetrie en bezitten ferroelektrische eigenschap-

pen. Bij de temperatuur TQ treedt een faseovergang op naar de para-

elektrische fase. Een schatting van de overgangsentropie (AS) voor

deze fasenovergang kan worden gemaakt (% 0.01 cal/mol C voor

10.2 ^ x <: 12.0 at.% La). Er wordt een antiferroelektrische fase

gevonden voor samenstellingen met 10.5 •§ x < 12.2 at.% La. In deze

fase kan een fexroelektrische toestand geïnduceerd worden door

middel van een elektrisch veld. Deze elektrisch-geïnduceerde over-

gang is reversibel (voor x > 12.0) of irreversibel (voor x < 11.1)

In (Pb,La)Zr_ -.Ti. 45°3 heeft de overgang ferroelektrisch -
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paraelektrisch € en diffuus (verbreed) karakter. Deze verbreding

wordt zeer duidelijk gevonden in brede permittiviteitskurven; bo-

vendien worden rond T relaxatieverschijnselen gekonstateerd in
o

een groot frekwentiegebied (1 kHz - > 1 MHz), terwijl een kwadra-

tische evenredigheid tussen de reciproke dielektrische konstante

en de temperatuur worden gevonden (hoofdstuk VI). Uit deze kwa-

dratische afhankelijkheid kan een parameter C afgeleid worden,

die de mate van verbreding van de fasenovergang geeft; C neemt

toe met stijgende La-koncentratie.

Theoretisch kunnen deze verschijnselen worden toegeschreven aan

het optreden van fluktuaties in de toestandsgrootheden rond de

overgangstemperatuur, d.w.z. samenstellings- en/of heterofase

(b.v. polarisatie) fluktuaties (hoofdstuk II). Een duidelijke ver-

breding van de faseovergang t.g.v. samenstellingsfluktuaties kan

in het algemeen verwacht worden wanneer aan twee voorwaarden vol-

daan is: het materiaal heeft een komplexe bezetting van identieke

roosterplaatsen en de overgangstemperatuur is sterk afhankelijk

van de samenstelling. Rond een eerste-orde overgang zijn quasi-

statische fluktuaties van de metastabiele fase (heterofase fluk-

tuaties) mogelijk. Deze fluktuaties kunnen, evenals samenstellings-

fluktuaties, met een Gauss-verdeling beschreven worden. De sprei-

ding in de fluktuerende parameters neemt toe met afnemende AS/T

verhouding, wat in overeenstemming is met onze experimenten.

Relaxatieverschijnselen zijn intrinsiek verbonden met hetero-

fase fluktuaties, maar kunnen ook verbonden zijn met samenstellings-

fluktuaties. Als er fluktuaties aanwezig zijn geven zowel de re-

laxatie bijdrage als de geïnduceerde (geen relaxatie) bijdrage aan

de dielektrische konstante aanleiding tot brede permittiviteits-

kurven en een kwadratische afhankelijkheid tussen reciproke di-

elektrische konstante en temperatuur. De geldigheid van de "kwa-

dratische wet" wijst dus in sterke mate op het optreden van fluk-

tuatieverschijnselen, maar kan geen onderscheid geven tussen sa-

menstellings- en heterofase fluktuaties (hoofdstuk VI).

De sterke verbreding van de permittiviteitskurven in het

(Pb,La)Zr. 55TiQ 45°! systeem maakt het onwaarschijnlijk dat sa-

menstellingsf luktuaties de enige oorzaak van verbreding zijn.
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Als gevolg daarvan schijnen heterofase fluktuaties ook een belang-

rijke reden voor verbreding van de fasenovergang te zijn, wat be-

vestigd wordt door de kleine AS/T waarden afgeleid uit de expe-

rimenten .
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List of frequently used symbols

symbol

PLZT x/y/z

PZT

FE

PE

AFE

poled

description

(Pb,La)(Zr,Ti)O compositions with a La

concentration of x at.% and a Zr/Ti

ratio of y/z

lead zirconate titanate, Pb(Zr,Ti)O

ferroelectric

paraelectric

antiferroeleetrie

material to which a high E has been
dc

units

applied

thermally depoled depoled by means of heat treatment

ac depoled

x

MO

CP

a

E 1

ind

or

T

T

depoled by means of continuous reduction

of the ac electric field

La concentration

mixed-oxide preparation method

chemical preparation method

lead elimination factor

real part of the relative dielectric

constant (permittivity)

imaginary part of the relative dielectric

constant

elastic (induced) part of the relative

dielectric constant

orientational (relaxational) part of the

relative dielectric constant

temperature

temperature, where e' is at a maximum

temperature, where e" is at a maximum

at.!
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V

de

P

Pr

G

G'

H

H'

S

S'

v

w

c

kV/cm

kV/cm

kV/cm

kV/cm

yC/cm2

crystallographic transition temperature

temperature, where the inflection point

in the P -T curve is found

transition 'Curie) temperature

extrapolated Curie temperature

local Curie (transition) temperature

average value (temperature) of the distri-

bution of local Curie temperatures

electric field strength

coercive field strength

critical field strength

dc bias field strength

polarization

remanent polarization

free enthalpy cal

specific free enthalpy cal/mol

enthalpy cal

specific enthalpy cal/mol

entropy cal/ C

specific entropy cal/mol C

volume of a fluctuation X

probability of a fluctuation

Curie-Weiss constant c

exponent in the law describing the -

reciprocal dielectric constant as

function of temperature

parameter in the quadratic law, des-

cribing the degree of diffuseness
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Ax

variance of the Gaussian distribu-

tion of transition temperatures

variance of the Gaussian di_ .ribution

of compositional fluctuations.
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ZO, DAT IS ER UIT, REEDS !

(S. v. Oekel)
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