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CHAPTER I

INTRODUCTION

Although the study of ferroelectricity is of relatively recent
origin, it is a field which has shown phenomenal growth. The unique
properties of these materials (high dielectric constant, strong electro-
mechanical coupling, charge storage capabilities, etc.) have led to a
large amount of published work ranging from materials research and
fundamental theory to device applications. Several good reviews bf
this work have already been published (16, 17, 18, 19, 22) so no compre-
hensive review of past literature will be listed here.

From a crystallographic viewpoint, certain materials are charac-
terized by the presence of a spontaneous electric dipole within the unit
cell. That is, the center of negative charge does not coincide with the,
center of positive charge at zero electric field. Since the magnitudes
of these internal dipoles change with temperature, giving rise to
detectable surface charges, the materials have come to be called "pyro-
electrics." In 1917, during studies of the dielectric and piezoelectiric
anomalies of Rochelle salt, Anderson (1) and Cady (6) discovered
that its spontaneous internal polarization could be reversed by the
application of an electric field at certain temperatures. This gave
rise to hysteresis loops similar to those observed in ferromagnetism
and thus the phenomenon was given the name "ferroelectricity." This
correspondence, however, is sometimes misleading since ferromagnetism

5 &



occurs principally at the electronic level while ferroelectricity is
basically an ionic phenomenon. It is interesting to note that in much
European literature the term used is "seignettelectricity" from the
French term for Rochelle salt (Seignette salt).

Thus, a ferroelectric is a material exhibiting a reversible spon-
taneous electrical dipole within each unit cell. The existence of this
polarization at the macroscopic level is usually masked by surface
charges and is revealed by applying an electric field to reverse the
dipoles, causing a current to flow in the external circuit. The inter-
action of this internal polarization with the ionic positions in the
crystal lattice gives rise to the striking electrical, mechaniecal,
optical, and thermal effects associated with ferroelectricity.

During the course of ferroelectric investigations another class of
materials was found in which the basic cell exhibited a spontaneous
dipole but with neighboring dipoles antiparallel. In such materials
there is no macroscopic polarization but many of the other phenomena
characterizing ferroelectricity are present. In correspondence to
their ferromagnetic analogues, these materials are called antiferro-
electries.

Most ferroelectric and antiferroelectric materials have been grouped
into four chemical classes:

1. Rochelle salt and its isomorphous salts. These materials

are characterized by having both an upper and a lower temper-
ature limit to the ferroelectric region and are piezoelectric
in the non-ferroelectric state. Present theories attribute
their ferroelectric properties to orientations involving

the hydroxyl groups in this complex structure.



2. Potassium dihydrogen phosphate and isomorphous compounds.
These materials exhibit their ferroelectric properties
only at temperatures well below zero Centigrade. Their
behavior is attributed to an orientation of the phosphate
radicals by the hydrogen bonds. Ammonium dihydrogen phosphate
was one of the first studied antiferrcelectric materials.

3. The perovskite compounds. These materials have so far been
the most important group from an application viewpoint since
they exhibit strong ferroelectric properties at room temper-
ature, have high polarizations, and are mechanically stable.
Their ferroelectric properties are attributed to slight per-
turbations of the basic cubic perovskite structure. More will
be said about this class of compounds in the next chapter.

4, Miscellaneous structures. This includes many compounds,
usually of a complex layered structure, which cannot be
conveniently grouped under a single structure. In general,
these compounds have low polarizations with a corresponding
decrease in the anomalies observed in all properties.

Almost all ferroelectric materials exhibit a phase transition into
a more symmetric phase at some temperature. This more symmetric phase
is no longer ferroelectric; it exhibits normal dielectric behavier with
the exception that the dielectric constant decreases with rising temperw-
ature. Because of this decrease, this upper phase has been called
"paraelectric." It should be pointed out, however, that the internal
behavior of the paraelectric phase does not differ from that of a
dielectric in the same way that a paramagnetic material differs from a

diamagnetic one.



The temperature at which the ferroelectric or antiferroelectric
phase becomes paraelectric is known as the Curie temperature. This
phase transition has been studied quite thoroughly in many materials.

It has been found in some materials to be first order, in some second
order, and in at least one case a "higher than second order" transition
was reported (11). The transition is most easily detected by the
pronounced peak of dielectric constant occurring at that temperature

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

Besides the Curie transition there are other phase transitions which
may occur within a ferroelectric or antiferroelectric material. These
transitions involve minor shifts within the lattice and usually cause a
shift in the direction of internal polarization (the ferroelectric axis).
These again are accompanied by anomalies in all the properties connected
with polarization but usually to a much lesser degree than in the Curie
transition. Some of these changes will be discussed more fully in the
next chapter, which deals with the behavior of materials having the
perovskite structure.

A few materials exhibit phase transitions in which they change
from the ferroelectric to the antiferroelectric state. This phenomenon
was first observed in sodium niobate (7), which is antiferroelectric
between -60°C and -200°C and ferroelectric below -200°C. Within the
last few years it has been found that several lead perovskite solid
solutions also exhibit this behavior. It is these materials which are

of interest here.



It is the purpose of this research to study some of the thermo-
dynamic characteristics of the ferroelectric and antiferroelectric
phases in these lead perovskites. A survey of the chemical and crystal-
lographic characteristics of the perovskite structure has been made with
special emphasis on the role of ionic properties in the determination
of ferroelectric behavior. A review of the thermodynamics of ferro-
electrics and antiferroelectrics is given and a proposal outlined for
the relationships between the various phases which would lead to the
observed phase diagrams for ferroelectric and antiferroelectric phases.

Much of this study has been devoted to the refinement and inter-
pretation of the experimental techniques used in studying the various
phase transitions. Measurements have been made of dielectric constant
and loss as functions of both temperature and electric field. An
important finding of this work has been the development of the "loss
conductance as a more sensitive and accurate indicator of material
characteristics than the more conventional loss tangent or dissipation
factor. Polarization measurements have been made in the vicinity of
the ferroelectric-antiferroelectric transitions in an effort to explain
some of the anomalous hysteresis loops observed in this region. A
calorimetric study has been made to determine the specific heat and
heats of transition of these materials in order to approximate the
temperature dependence of the free energies of the various phases.

Finally, a correlation of this work with other work on perovskite
solid solutions has been made in an effort to determine some of the

patterns of behavior of this important family of materials.



CHAPTER II
CRYSTALLOGRAPHY AND CHEMISTRY OF PEROVSKITES

The perovskite family of materials has played a very important role
in the history of ferroelectricity. Because of their large polarizations
and high electromechanical coupling coefficients, these materials have
become the most commercially useful of all ferroelectric materials.
Barium titanate, the first ferroelectric perovskite discovered, has been
the subject of a vast amount of research which has led to much of our
basic knowledge about ferroelectrics in general. The fact that many of
the perovskites are soluble with one another leads to a whole range
of solid solutions which allow a variation of the ferroelectric proper-
ties to fit the convenience of the user. It is in this realm of solid
solutions that.the present study is most interested.

The basic perovskite lattice is of simple cubic structure having
the composition ABOB. The structural unit cell can be pictured as a
cube having A atoms at the corner, a B atom in the body center position,
and oxygen atoms in the face centers.

In making a transformation into a ferroelectric or antiferroelectric
phase, the basic perovskite cube must become slightly distorted. A one
dimensional distortion of the cube leaves the lattice in the tetragonal
symmetry. If this distortion is a lengthening of a cube edge, the
material becomes ferroelectric; if it represents a compression, the

material becomes antiferroelectric. A two dimensional shear of the cube
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leads to the orthorhombic phase in which the polarization axis lies
along a face diagonal. If the original cube is given a three dimen-
sional shear, the symmetry becomes rhombohedral with the polarization
2715 being one of the body diagonals.

The use of ceramic samples of perovskite materials leads to certain
interesting crystallographic results. In the absence of electric fields
or orienting stresses, the sample is nearly isotropic because of the
random orientation of the ceramic grains. The application of an
electric field to a sample in the ferroelectric phase, however, aligns
many of the ferroelectric domains ("poles" the sample) and produces a
distince anisotropy. This poled sample represents a symmetry charac-
terized by an infinite-fold rotational axis; i. e., the material is
isotropic in the plane perpendicular to the axis of rotation. This is
true regardless of the actual crystalline symmetry characterizing the
ferro;lectric state.

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

and the B-valence must be six, giving rise to both A+1 B’ 03 and
A+2 B+4 O3 compounds.

The concept of ionic size plays an important part in the determin-
ation of the ferroelectric properties of perovskite compounds. If the
ions fit ideally into the unit cube described above, it can be seen that
the sum of the A-ion diameter and an oxygen diameter makes up a face
diagonal of the cube, while the sum of a B-ion diameter and an oxygen

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

ions requires the following relation to hold:



R, + Ry = {Z (Ry + Ry)

Since the perovskite structure is observed in a large number of
compounds, this relation cannot hold ideally for all of them. It is
precisely this deviation from perfect packing which allows a slightly
distorted cubic structure possessing spontaneous polarization within
the unit cell to exist as a stable configuration. The deviations from
ideal packing are usually described in terms of a tolerance factor, t,
defined as follows:

RA+R0

LT Ry Ry

A value of t greater than one signifies that the B ion is small
enough to "rattle around" within the ionic framework of the A and O ions.
A value of t less than one indicates that the B ion is large enough to
deform the basic 306 octahedra of the structure. In a first approxima-
tion therefore, high values of t have been associated with ferroelec-
tricity and low values with antiferroelectricity. The tolerance factors
for the prineipal ferroelectric and antiferroelectric perovskite compounds

are given in Table I, obtained from Megaw (19).

TABLE I
TOLERANCE FACTORS FOR PRINCIPAL PEROVSKITE A*2 pt™ 03 FERROELECTRICS
w B fﬁb o e
Ti Zr Af Sn
A Ion (0.64) (0.77) (0.76) (0.74)
Ca (1.16) 0.89 0.84 0.84 0.85
sr (1.37) 0.97 0.91 0.91 0.92
Ba (1.52) 1.02 0.96 0.96 0.97
Pb (1.32) 0.98 0.93 0.93 *0.92

* not produced as a stable perovskite compound
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The ferrcelectric properties of these materials cannot be explained
completely on the basis of ionic size. Although the tolerance factor
for lead titanate is less then one, this compound exhibits the strongest
ferroelectric properties observed to this time., For this reason, atten-
tion must be directed to other properties of the ions, such as their
polarizability. Roth, in his classifieation of ABO3 compounds (21),
.discusses the effect of the polarizability of the A ion on the struc-
tural properties of the compound formed. He finds that for A ions of
low polarizabiliby (D0.60 XB) a cubic or pseudocubic structure is stable
over the whole range of B radii. For Pb +2, on the other hand, which has
a polarizability of 0.90 XB, ferroélectric and antiferroelectric struc-
tures ocecur for all B radii in the range between 0.65 X and 0.85 K.
This depencence of ferroelectrie propertigs on polarizability also
shows up inﬂihe“xaray structural studies of the ion displacements in
BaTiO3 and PbTiO3 (27)s In BaTiOB,’thé phase change from cubic to
tetragonal involves a shift of the Ba.+2 ion of 0.05'Z with reference
to the oxygen lattice. In PbTiQ3 this shift is 0.47 X. Thus the
increase of polarizability of the lead ion allows ionic motion an order
of magnitude greater than that observed in BaTiOB.

A third factor which enters into the formation of ferroelectric
structures in perovskite compounds ié the concept of directional or
covalent bonding. Megaw (20) has pointed out that any covalent charac-
ter in the bonaing of the ions leads to a minimal energy for certain
bond directiens which can influence the ability of the material to
undergo certain types of distortions.

From the viewpoint of electrostatices, the phenomenon of ferro-

electricity represents a cooperative interaction involving the orientation
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of a dipole in the field caused by surrounding dipoles, If dipoles are
arranged in a one-dimensional array as shown in Figure 1 (a) below, the
minimum energy is found when they are aligned in a parallel manner.

This then represents a ferroelectric array. If they are placed side by
side as in Figure 1 (b), the minimum energy is represented by an anti-
parallel (antiferroelectric) arrangement. In a two or three dimensional
array, the relative strengths of these two interactions determine

whether the material exhibits ferroelectric or antiferroelectric behavior.

— == il

(a) (b)
Figure 1. Representation of a Ferroelectric (a) and Anti-
ferroelectric (b) Dipole Array.
The interaction betwsen the dipoles and the internal field must be
strong encugh to override all factors which tend to disorient or destroy
them‘in order to produce a sfable ferroelectric or antiferroelectric
phase. Thus it can be seen that ferroelectricily represents a balanc=
ing of strong mechanical and electrical interaetiéhs in fhe produciion

of a stable distorted structure having spontaneous internal polarization.
Lead Perovskite Materials

The materisls of greatest interest in this study are the solid
solutions of lead zirconate titanate, lead zirconate titanate stannate,
and lead hafnate titanate. These compose a system of perovskite materials
having & common A ion with the variation in properties beihg attributed
to the varying characteristics of the B ions., Some of these characlter-

istics are given in the follewing paragraphs.
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The Tit¥

ion is the smallest of the perovskite B ions considered,
‘with a Goldschmidt radius of 0.64 X. The electronegativity of this
element is 2.27, meaning that its bonds with oxygen tend to be about
equally ionic gnd covalent. Because of its iconic size, the presence of

Tiw

in solid selutions tends to favor the ferroelectriec state. In fact,
lead perovskite solid solutions containing more than twelve per cent of
this ion tend to be ferroelectric under all conditions.

Zirconium posgesses about the same electronegativity as titanium
but has an ionic radius of 0.77 K. The consequent incregse in the
tolerance factor induced by the presence of this ion in lead perovskites
tends to favbr antiferroelectricity in its solid solutions.

4‘ion, although much heavier than the Zr+4 ion, is almost

The Hf¥
the same size, having a radius equal to 0.76 K. However, it is
somewhat less electronegative (2.1), which according to the criteria of
Sanderson'(23) and Wells (29) leads to a more ionic character in its
bonds with oxygen and to a somewhat smaller polarizgbility. This means
that within the framework of the perovskite lattice the hafnium ion car-
ries a slightly larger charge than the zirconium ion but is not quite as
susceptible:td the distortions of its electron clouds. This ion still
behaves very similarly to the Zr+4 ion with relation to its antiferro-
electric charagter.

The Sn+@ ien behaves quite differently from the other three ions
discussed here becguse of its basically different electron configuration.
The four valence electrons in the tin atom represent two s-electrons and
two p-electrons from the same shell, while for the others they are two

snelectroﬁs and twe d=electrons from the next smallier shell. Thus while

the ionie radius of this ion (0.74) is nearly the same as that of the
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zirconium or hafnium ion, it does not show the tendency to induce anti-
ferroelectricity nearly so strongly as these ions. The electronegativity
of tin is 3.10 leading te a much greater covalent character in its
oxygen bonds and a greater susceptibility to ionic deformaticn.

The compounds and solid sclutions invelving the above ions have
been the subject of many studies. These have in general attested to the
strong ferrcelectric character of lead titanate and the antiferroelectric
tendencies of lead zirconate and lead hafnate. Certain studies, however,
revealed deviations from the expected similarities in the characteristics
of the zirconate and hafnate solﬁtions, especially in the very low
titanate regions.

In his work on lead zirconate titanate, Sawaguchi (24) developed
the phase diagram fer the low titanate region given in Figure 2. It
can be seen from this figure that for solid solutions containing from
3 to 6% titanium, the material undergoes an antiferroelectric to ferro-
electriec transition on heating. That is, the rcom temperature phase of
these compositions is antiferrcelectric, but they also exhibit a high
temperature ferrcelectric phase before reaching the Curie temperature.

In a later study, Jaffe, Roth, and Marzulle (15) developed a
similar diagram for lead zirconate titanate containing 30% lead stannate
(Figure 3). They found that the addition of the stannate not only
incressed the compositional region exhibiting antiferroelectriec behavior,
but 5150 reversed the slope of the phase boundary separating the ferro-
electriec and antiferrcelectric phases. Thus for compositions containing
between 7 and 12% titanium, the room temperature phase is ferroelectric
and transforms inte an antiferroslectriec phase on increasing temperature

- before reaching the Curie transition temperature., Later work at Sandia
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Corporation and Clevite Research Laboratories revealed that this behavior
was also exhibited by solid solutions containing smaller percentages of
stannate.

Early work on lead hafnate by Shirane and Pepinsky (26) indicated
that this material behaved much like lead zirconate. This was to be
expected from the similarities in the character of the ions. However,
later work at Sandia Corporation by Hall (12) showed that solid solu-
tions of lead hafnate and lead titanate showed the ferroelectric to
antiferroelectric phase relationéhip characteristic of the lead zircone-
ate titanate stannate solutions (Figure 4).

This leads to a situation in which temperature dependence of the
phase stability of lead zirconate can be reversed either by adding lead
stannate to the solution or by substituting the extremely similar hafnium
ion for the zirconium ion. The present study on some of the thermo-
dynamic characteristics of the transitions was initiated in an effert

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

The purpose of this chapter is to outline some of the basic thermo-
dynamic considerations which are of importance in discussing phase
transitions in ferroelectric and antiferroelectric materials. This will
be done by first considering the relationships common to all phase transi-
tions £ogether with some of the factors which determine transition rates.
Then the thermodynamic properties of ferroelectrics and antiferroelectrics
will be related with an emphasis on the factors which govern the relative
stability of the various phases observed in the lead perovskites. Finally,
a discussion of the application of the Gibbs phase rule to these systems
will be given, together with a description of the informatien which may

be obtained from the various types of phase diagrams.
Thermodynamics of Phase Transitions

Phase transitions in materials are usually discussed in terms of the
Gibbs free energy. For convenient illustration one takes a simple homo-
geneous, isotropic medium where energy exchanges between the system and
its surroundings which arise from changes of temperature, pressure, or
electrical poteﬁtial difference lead to a free energy given by,

=]
]

internal energy

3
I

temperature

17
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S = entropy

P = pressure

V = volume

v = electrical potential difference
Q = dipolar charge

This may alsc be represented for polarizable materials in terms of
energy densities by the relation:
G!' =U! - TS' + p - EP
where the primes represent densities fo the symbolized quantities and

B

applied electric field

P = polarization (dipolar charge per unit area).

Using these definitions..the common thermodynamic relations for variation

of free energy may be derived:

(‘%‘%‘)p’v = s
(3},
= Q.

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

The type of phase relationship which is of most interest to this
study is known as palymorphism. Polymorphism is the existence of sewveral

crystalline modifications of the same substance. Phase transitions
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between polymorphic modifications represent the simplest crystalline
reactions since they involve no macroscopic motion of ions. Thé poly-
morphic structure which has the lowest free energy under a given set of
conditions will be the most stable structure. All of the other forms
will tend to transform into this structure, althqugh there may be energy
barriers which cause the reaction to go extremely slowly.

At absolute zero, zero pressure, and zero electric field, the
relative stability is determined primarily by the structure energies
of the various polymorphic forms. It should be noted that this is net
the total lattice energy but may be represented as the difference
between the energy of the given structure and that of avminimum energy
optimum packing configuration. There will be one of the polymorphic
forms which represents a minimum structural energy and this will be the
most stable form of the material in the absence of intensive variables,

As the temperature increases the temperature-entropy product becomes
the dominant term in the free energy equation. Although the internal
energy increases with tempersture, the magnitude of the change is ordi-
narily much smaller than that of the temperature-entropy product. Thus
the free energy becomes a monotonically decreasing function of temperature.
If the entropy of the form most stable at absolute zero is greater than
the entropy of other forms at all temperatures, this form will always be
the most stable and no transitions will cccur. However, if this is not
the case, there may exist a situation in which for U2> U1, Uz - TS2 =

U, - TS

1 This is illustrated in Figure 3.

1.
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Energy

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

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

U

- U1 =TS, - TS1 = T(S2 - S1).

2 2

The temperature is a positive quantity and S2 must be greater than
S1 in order for the curves to cross, so both factors on the right hand
'side of the equation are positive. Thus a polymorphie tranéition on
rising temperature must be accompanied by an absorption of heat. If
more than two structures are possible for the given material, there may
be temperature regions in which each is stable.

Under ordinary conditions an increase in the electric field applied

to a material produces a monotonic decrease in free energy in the same

manner as an increase in temperature. In this case the extensive variable

of interest is fhe dipole charge on the sample, or the polarization of the
material., For materials lacking spontaneous polarization, the induced

polarization, that polarizstion which is due to the application of an
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external electric field, is given by

g
P(E) = J9E a5 -—»‘j;oX(E)dE.
0 0

Thus materials having high susceptibility will, other factors being equal,
be more stable at high fields than materials of low susceptibility. In
ferroelectric materials the spontaneous polarization adds to this effect
immensely, assuming the polarization be be aligned with the field. If
the spontanecus polarization is oriented antiparallel to the external
field, however, the effect is to increase the free energy rather than to
decrease it. For materials possessing spontaneous polarizations and very
high coercive fields, it is possible that the free energy could actually
be increased appreciable by the application of an electric field.

On the other hand, the influence of an increase of pressure on the
free energy is opposite to that of temperature and electiric field, due
to the positive sign of the pressure-volume product in the free energy
equation. Thus an increase of pressure produces an increase of free
| energy and the most stable structures at high pressures will be those of
minimum volume.

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

where drastic rearrangements are necessary to form the new phase. For
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this reason, these transformations often exhibit large hysteresis and
quite often a phase may exist as a stable configuratien for long periods
of time at Lemperatures where it no longer represents the minimum free
energy in a polymerphic family.

Buerger (5) has given a crystallographic classification of phase
transitions in solids according to the types of microscopic bonding
changes necessary to form the new phase. He places all polymorphic
transitions into four groups:

I. Transformations of secondary coordination. These represent, in
general, changes in the weak bonded or non-nearest neighbor configurations.
In this type ef transformation the strong bonded (contacting atom) con-
figurations remain undisturbed and merely shift their spatial relations
to one another, A good example of this type of transformation is the
ferroelectrie transition in potassium dihydrogen phosphate, in which the
phosphate tetrahedra change orientation, causing miner changes in the
length of the hydrogen bonds. This type of transition is relatively
rapid and will take place at guite low temperatures unless the resrrange-
ment requires an actual reconstruction of the secondary bonds.

II. Transformations of disorder. This class includes changes in
rotational disorder (such as the alpha to beta quartz transformation) and
transformations of substitutional disorder (such as thoseloccurring in
alloys). In general, the first of these proceed rapidly while the last
are quite sluggish and take place only at high temperatures.,

ITI. Transformations of first coordination., These transformations
represent a change in the bond structure of nearest neighbors and distor-
- tions of the strongly bonded structural configurations. If the change is

merely a dilatation of the strongly bonded group (the case in perovskite



23
transitions) the transition may proceed rather rapidly. However, even
the simplest first coordination transitions usually become rather sluggish
at low temperatures. If the transformation requires a bond rearrangement
among nearest neighbors, the rate of change is exceedingly slow, allowing
seemingly stable structures to exist under conditions where they are not
energetically favorable,

IV, Transformations of bond type. In these transformations the
polymorphic structures possess entirely different bonding characteristics.
This is exemplified in the diamond and graphite configurations of carben.
Transformations of this type usually proceed rather slowly and are often
difficult to initiate. It is quite possible that the ferroelectric
transformations in perovskites fall partially into this class. In struc-
tures such as the perovskites, the ratio of ionic to covalent character
in the oxygen to metal bends is a function of bond length. Thus, the
distortions of the basic cuble lattice may cause a partial change of
bond type.

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

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

Antiferroelectric Transitions

In the special case of polymorphic systems involving ferroelectric
(FE) or antiferroelectric (AFE) phases, certain relationships are intro-
duced into the above free energy picture. The presence of a large
spontanéous polarization in the FE phase allows the electric contribution
to play a more dominant role in the transition behavior than is normal
in polymorphic transitions. The application of an electric field lowers
the free energy curve of the FE phase much more than that of either the
AFE or cubic (PE) phase. This causes a shift in transition temperatures
in such a manner as to increase the temperature range over which the FE
phase is stable, e. g., ferroelectric Curie temperatures are raised by
the application of an electric field. The only exception to this rule
might be in the case of small fields applied in the opposite direction
to the polarization of the FE sample. Since the field and polarization
vectors are antiparallel in this case, the free energy of the phase
would be raised instead of lowered. However, this leads to an instability
in that the decrease of free energy obtained by swifching is greater than
that obtained by a transformation to a new phase. Thus it would seem
that switching should occur first and the ultimate change in iransition
temperature should be nearly independent of the field directioﬂ.

In the transitions from AFE to a PE phase, the application of an
electric field tends to favor the PE phase. As will be discussed in the
section on dielectric measurements, the polarizability of the lattice in
the cubic phase is greater than that in the antiferroelectric phase.

Thus from the free energy equaﬁion, the application e¢f an electric field



25

1ower§ the PE free energy more than that of the AFE phase. This is
verified by the observation that antiferroelectric Curie temperatures
are lowered by the application of an electric field.

In the perovskite structure a transition from PE to FE is accompan-
ied by an increase in volume, while a transition from PE to AFE resﬁlts
in a decrease of volume. Thus the application of a hydrosfatic pressure
(which increases the free energy of each phase by an amount proportional
to the phase volume) leads to a favoring of the AFE phase over the PE
and FE phases, and a favoring of the PE phase over the FE phase.

The variation of the free energies of the different phases with
temperature depends on the relationships between the various factors which
determine the entropy of the system. Since there is negligible macro-
scopie ionig motion associated with the phase transformations in perov-
skite solid solutions, the configurational entropies of the three phases
are approximately equal. The entropy difference between the phases must
then be accounted for by either an order-disorder transformation or by
differences in‘the phase vibrational entropies. In the potassium dihy-
diogen phosphate family of ferroelectric materials, the constancy of thé
entropy change at the Curie transition throughout the family indicates
that the dominant mechanism is the order-disordér-one (18). In perovskites
on the other hénd, the entropy change at the transition varies widely
from material to matérial, suggesting that in this family the vibrational
entropy is dominant,

Following the reasoning of Buerger (5), it can be seen that the
cubic phase represents the highest entropy of the possible phases of a
perovskite structure. As an unpoled ferroelectric approaches the Curie

temperature the thermal vibrations and expansion of the lattice lower the
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coercive force to the point that domains have a certain probability of
becoming thermally switched., At the transition this switching takes
place rapidly enough that the time average of each ionic position becomes
the same as the position in the cubic state. This is equivalent to say-
ing that the ferroelectrically active ions oscillate about positions
which are equivalent to their positions in the cubic phase. Thus the
cubic phase may be regarded as a disordered equivalent of the polar phase
and therefore the phase of highest entropy. This is borne out by the fact
that the cubic.phase is always the most stable phase at high temperature.
The entropy relationship between the FE and AFE phases is more difw-
ficult to determine from basiec principles. Although the AFE phase shows
no net polarization, it can be considered as being composed of two sub-
lattices possessing equal and opposite spontaneous polarizations. Thus,
in perovskites, both the FEiand the AFE phases represent a polar distor-
tion of the original nenpolar lattice. The differences of the entropy
associated with these phases then result from small differences in bond
structure and in the vibrational configurations fo their lattices. It
is to be expected that these phases will have nearly equal entropies for
many compositions. Thus the reversal of direction of the phase transition
with temperature which was discussed in the previous chapter does not
result from a drastic change in the energy relations in either phase, but
rather from a small change which allows a slight entropy dominance of one
phase to become an entropy dominance of the other. Further remarks on
this subject will be included in the final chapter, which gives some of

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

The Gibbs phase rule may be stated in generalized form as

F=C-P+N
where
F = number of degrees of freedom in the system
C = number of chemical components
P = number of phases present

N = number of intensive variables.

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

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

D=C+ N1,
Thus the phase relation in a two component system under fixed external
conditions may be specified on a straight line, while those for a three
component system under fixed external conditions require a plane (the
common triangular compesitional phase diagrams). A plane is also re-
quired to plot the relations in a two component system as a funetion of

one external variable (temperature, pressure, etc.). To show the phase
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relationships in a solid solution family such as the lead zireconate
titanate stannates as a function of temperature, pfessure,,and electric
field would require a five dimensicnal phase diagram.

In a phase diagram of D dimensions, a single phase will be stable in
a D dimensional regi&n, transition conditions between two phases will
be represented by a D-{ dimensional phase boundary, and equilibrium be=-
tween three phases can occur only over a D=2 dimensional region. For
example, in a two dimensional phase diagram a single phase is represented
by an area, the boundary between two phases by a line, and the coexist-
ence of three phases by a single ﬁoint. This agrees with the Gibbs phase
rule which specifies that for C + N = 3 (the necessary condition for a
two. dimensional phase diégram), a single phase has two degrees of freedom,
‘a pair of phases has only one degree of freedom, and three phases can
exist together conly under an isclated set of conditions.

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

The derivation of specific thermodynamic data from phase diagrams

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

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

axj -9

where Xi and Xj represent intensive variables (generalized forces),
(in/axj) represents the slope of the phase boundary with all other
intensive variables held constant, and ax, anquxj represent the discon-
tinuous changes in the corresponding extensive variables at the transition.
The various types of phase diagrams and the informatien to be ob-
tained from each are given in Table II. Using these relationships and
thevmeasurements of polarization, cell volume, and specific heat of the
material, a free energy diagram explaining the phase relationship as a

function of the intensive parameters can be developed.
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TABLE II

PHASE BOUNDARY RELATIONSHIPS

Type of Phase Intensive Parameter Extensive Parameter
Diagram Boundary Slope Relationship (1st order

Transition)

Transition temperature oT AV TAV

Vs. pressure 9P/ g a5~ H

Transition temperature (aT VAP _ 4P

vs, electric field 3E o “ A5 T T aASV

Transition pressure (32) Vop _ AP

vs, electric field oE T T ATV

* H = Latent heat of transition,



CHAPTER IV
DIELECTRIC MEASUREMENTS

Measurements of the dielectric susceptibility and loss have played
an important role throughout the study of ferroelectries., It was the
extremely high values of susceptibility which first caused interest in
these materials and which later led to many of their impoftant applica-
tions. The variation of susceptibility with temperature has long been

the prime tool for precise determination of transition temperatures.
Dielectric Susceptibilities

In ferroelectric materials, the dielectric constant (k = 6;1 dD/dE)
and dielectriec susceptibility (xﬁ=€;1 dP/dE) become approximately the
same. Since these two factors are related by

k=X+1
and have magnitudes varying from a few hundred to a few thousand, there
is little error introduced by using them interchangeably. In general,
measurements determine k while most theories deal with ¥. In discussing
the dielectric susceptibility of a ferrdelectric material, however, it
is necessary to differentiate between the changes of polarization due to
switching and the "true" small signal polarization changes.

The abnormally high dielectric constants of ferroelectric and anti-
ferroelectric materials are due to the freedom of certain ions within

the pseudocubic lattice structure to move under the influence of small

bl
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fields., This leads to large ionic contributions to the susceptibility
and also to the extreme variations of dielectric constant with those
parameters which affect lattice spacings and orientations.

Using curves representing the variation of free energy as a function
of polarization (related to ioniec position) such as those in Figure 6
below, the behavior of the dielectric susceptibility in the vieinity of
the Curie temperature can be explained.

G

T<Tc

~/

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

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

For temperatures belocw the Cgrie temperature (T€T c,:)' the material is
ferroelectric and the susceptibility is determined by the ability of

the ion teo move about within one of the symmetric minima. A shift from
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one minimum to the other within this temperature region represents
switching rather than small signal dielectric behavior. At. the Curie
temperature (T = Tc)’ the free energy curve is flat at the bottom allow-
ing large ionic shifts with very small fields and thus extremely high

dielectric susceptibilities. Above the Curie temperature (T Tc), the

free energy exhibits a simple minimum but the ions are still relatively
free to move to both sides of this minimum under the influence of a small
field. This is the reason the susceptibility in the paraelectrié state is
higher near the Curie temperature than that of the ferroelectric state.
For antiferroelectric materials, the curves are similar, except
that the minima below the Curie temperature are not symmetric. That is,
the mechanical constraints in this phase cause one direction of ion
shift to be highly favored over the other. This leads to. a more re-
stricted ionic metion under the influence of a small external field and
thus to lower susceptibilities.
The nonlinearity of dielectric susceptibility may be measured by
making small signal capacitance measurements while superimposing a con-
stant biasing voltage on the sample. In the figure below, which is

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

Figure 7. Polarization vs. Bias Voltage Showing Nonlinear
Saturation Effect.
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temperature, the slope of the line segment AB (the tangent to the curve
at E = Eb) represents the dielectric susceptibility of the material at
a given bias as determined by small signal measurements. This is in
sharp contrast to the results of large signal dielectric constant mease
urements which require much larger bias voltages to achieve the same
slope, as is indicated by the line segment CD. Using‘small signal meas=
‘urements, the effect of dielectric saturation becomes apparent as a
decrease in the measured susceptibility with an increase in the bias wol-
tage. This effect is quite significant near a ferroelectric Curie point.
Measurements of the dielectric susceptibility in the paraelectric
region as a function of temperature show that it varies according to the
Curie-Weiss Law,

c

X="TF_7F
o]

where C = Curie constant

and T° = Curie-Weiss temperature.

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

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

materials this difference may be much greater, sometimes more than fifiy

degrees.
Dielectric Loss

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

changes in sample capacitance. This leads to no problems for studies
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such as those concerned with internal friction in quartz since loss var-
iations of interest occur under conditions where the sample capacitance
is constant., In ferroelectrics, on the other hand, many regions of
interest are accompanied not only by changes of loss mechanism but also
by extraordinary changes of sample capacitance. Thus the loss tangent
ﬁill be a poor indicator of actual loss values and may at times become
misleading. Fof example, near the Curie temperature of a ferroelectric
one would expect rather high dielectric losses since the material is eas-
ily influenced by small electric field gradients. However, the exception=
ally high dielectric constants in this region lead to very low values of
tan ¢ For this reason, it would seem more valid to report ferroelectric
data in terms of a dielectric constant and an "equivalent conductance."
From the definition of tan this equivalent conductance can be obtained
by the equation |

g = 27ifc tand

equivalent conductance

g:
f = measuring frequency
¢ = total capacitance.

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

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

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

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

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

the "conductance of a sample" rather than the "conductivity of a material.”
This ﬁiewpoint is also helpful in experiments where measuring systém

components contribute currents which are not small compared to the

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

complicated.
Measurement Equipment

Dielectric measurements for this study were made with a General
Radio Model 716C capacitance bridge. This was driven by a General Radio
Model 1302-A Oscillator. Null detection was accomplished with a General
Radio Model 1231 Filter and Amplifier with an oscilloscope as the final
null detection device. All measurements were made with a driving fre-
quency of one kilocycle and a peake-to-peak voltage of one volt. Using
this system, capacitances were measureable with a sensitivity of about
+ 1 ppf, and tan d with a sensitivity of + 0.0002.

The sample was maintained in an oil bath containing Dow Corning 200
silicone oil and equipped with an immersion heater ﬁnd magnetic stirrer.
Temperature measurements were made by means of thermometers places at
the sample position. A general laboratory thermometer was used for the
lower temperature regions, while one with an expanded scale was used
above 140° C for more accurate determination of the transition temper=-
atures. With this bath, measurements could be made in the temperature
region 20° - 230o C with the rate of change of temperature ranging from
3 c® per mirute at low temperatures to 0.2 c® per minute near critical
temperature regions.

In order to measure dielectric constant and loss as a function of
both temperature and electric field, a system was designed which would
allow dc voltages up to two kilovolts to be placed on the sample while

making dielectric measurements. This system is shown in Figure 8,
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The dc voltage was supplied by a Beta 10 kilovolt power supply which was
isolated from the sample by two 150 henry chokes. These provided a
separating impedance of 1.9 megohms as compared with a maximum sample
impedance of about 0.3 megohms at the measuring frequency of one kilo=-
cycle. At the same time they allowed the dc voltages to bé placed on the
sample with negligible loss. The bias voltage was separated from the
capacitance bridge by two 10 microfarad, 2 kilovolt oil filled capacitors.
- These provided dc separation with negligible measuring signal loss. The
measuring system introduced stray capacitances of the order of 1000 f
into the results which could be measured before introdueing the sample

and then subtracted from the sample readings.
Experimental Samples

The samples used in this study were furnished by Sandia Corporation
in the form of small ceramic discs of lead zirconate titanate stannate
and lead hafnate titanate. The compositions had all been made with a
small amount of szo5 additive to aid in firing and to reduce conductivity.
The samples were sintered at approximately 1400° C and were fitted with
baked silver electrodes. As a first step in the present investigations,
the samples were heated to 500° C for approximately two hours and
allowed to cool in the absence of an eleciric field in order to reduce
. the effects of past treatment. In measurements at bias voltages, the
measurements gt low bias were always taken before those at higher bias
so that any poling of the sample could be attributed to the bias used in

the measurement being made. The actual dimensions of the principal

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

DIMENSIONS OF SAMPLES USED IN DIELECTRIC MEASUREMENTS

Sample Diameter Thickness Densitg
(mm) (mm) (gm/cm”)
PZST6 16.09 1.74 774
95HN2 13.95 2.65 8.93
96HN2 14.17 2.09 9.00
97HN2 13.92 2,22 9.04
98HNA4 14,12 0.88 8.94
100HN2 14,18 1.75 8.99

Measurement Procedures and Calculating Techniques

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

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

3. Measurements of the capacitance and loss tangent of the sample
were obtained from room temperature to about thirty degrees above the
Curie temperature during both the heating and cooling portions of the run.

4, The sample dielectric constant at each temperature was calculated

using the equation:

K = t gTotal capacitance -~ System capacitance}
€o B

where t

sample thickness

K

and A electrode ares.

5..The sample conductance was calculated at each temperature using

the relation:

g = 2Wf (tan 4) (total capacitance) - g (system)
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Because of the large number of measurements made, it was found convenient

to use the IBM 650 as the principal means of data reduction.
Results
Lead Zirconate Titanate Stannate

The first samples studied were those of Pb(zro.éeTio.o7S“o.z5)03'

A tentative phase diagram for this material was worked out during the
summer of 1961 at Sandia Corporation and it was found to show both FE and
AFE phases over large temperature ranges. The present measurements
sorved two purposes: to check out the present measuring system and pro-
cedures,band also to refine the phase diagram for the composition.

Figure 9 shows typical curves of the dielectric constant and loss
which were exhibited by these samples. The dielectric constant curve
indicates the nature of the three transitions of interest. The Curie
transition, which exhibits about 3 c® temperature hysteresis with rising
and falling temperatures, is characterized by the highest peak of dielec-
tric constant. At temperatures above this transition there is a decrease
of the dielectriec constant following the Curie-Weiss Law.

The FE-AFE transition, which occurs on rising temperature in this
material, is accompanied by a small peak in the dielectric constant
curve and an extremely large one in the conductance curve. The AFE-FE
transition is shown con decreoéing temperature by a sudden drop in dielec-
tric constant to values corresponding to those observed with increasing
temperature. This phenomencn is also accompanied by a peak in the
conductance curve. However, this peak is: much smaller than that for

the transition observed on rising temperature.
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These curves show the advantage of equivalent conductance as a
measure of dielectric loss over the traditional tan §. For this material,
the loss maximum at the Curie transition is completely lost in the taﬁ £
curve. The relative magnitudes of the loss currents at the various
transitions are also given their proper perspective in the conductance
measurements. Thus, the FE<AFE transition, where mechanical losses
would be expected to be greatest, exhibits the highest maximum in loss
conductance,

Figure 10 shows the phase diagram for this material as a function
of temperature and electric field. This diagram indicates that for low
fields the AFE region is stable over a 24 degree range on heating and a
range of about 55 degrees on cooling., This large hysteresis is indicative
of the fact that the free energies of the FE and AFE phases show virtually
the same temperature dependence in the region of interest. As the elec-
tric field increases, the AFE phase is less energetically competitive
and finally is lost altogether. Thus we see that there are three regions
of interest given by this phase diagram:

a) Low fields - those for which the AFE phase exists over an
appreciable range of rising temperatures.

b) Mederate fields « those for which the FE-AFE transition and the
Curie transition cceour at temperatures differing by only a few degrees.

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

It is also interesting to note that the temperature at which polari-
zation disappesrs (the FE-AFE transition temperature for low and moderate
fields and the Curie transiticn for high fields) apparently has contin-

uous slope at the point where the AFE phase disappears.
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Figure 11 shows the dielectric constant at the transition as a
function of bias. Instead of the normal decrease of the transition
dielectric constant for large fields explained by saturation effects,
here there is actually an increase. This would seem to require an ex-
planation based on the intrusion of some ferroelectric character into
this transition, due to the nearly equal free energies of all three
phases in this region. For fields above that at which the AFE phaseée
disappears, normal saturation behavior is again evident.

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

assume a dominance of ferroelectric characteristics.
Lead Hafnate Titanate

Measurements were alsc made on the series of lead hafnate titanate
samples furnished by Sandia Corporation. These materials gave results
which were not as sharply defined as those obtained with the lead zir-
conate titanate stannate samples. This was primarily due to the extreme
dependence of the FE=-AFE nature of these materials on their composition.
The samples having a hafnate to titanate ratio of 95/5 were ferroelectric
at all temperatures. The 96/4 samples exhibited an FE-AFE transition at
low field but this transition was relatively near the Curie point and
was not nearly so sharp as in the lead zirconate titanate stannate
samples. The 97/3 samples were antiferrcelectric under nearly all condi-

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

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

It can be seen that with increasing bias field the peaks become guite
broad for the samples exhibiting ferroelectric behavior. Figure 18
indicates the variatien of Curie temperature with bias field for these
~compositions, ‘Transitions from ferroelectric to paraelectric are char-
acterized by an increase in the Curie temperature with bias field. For
ﬁhe 96/4 and 97/3 samples, antiferroelectric to paraelectric transitions
cause a corresponding decrease in transition temperature with field.
The results for the 98/2 and 100/0 samples were quite interesting in
that virtually no bias fiield dependence of transition temperature was
observed; thé transitions occurred within one degree for each sample
regardless of the bias field.

The effects of dielectric saturation, which are readily apparent in
the previous curves, are compiled in Figure 19. This decrease of peak
dielectric constant with increasing field is quite strong for the 95/5
samples (304 decrease between zero and five kilovolts per centimeter),
becoming less deminant as the materials become more antiferrcelectric
and the peak dielectric constants at zero bias become smaller. The
increase of peak dielectric constant which accompanied the disappearance
of the AFE phase in the PZST samples was not noticed in the 96/4 compo=
sition, but this was probably due to the lack of sharpness in the FEfAFE

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

characteristics at high fields.
Figure 20 gives a tentative phase diagram for the 96/4 composition.

As indicated above, the transitions were not sharp and thus the points

indicate only the most probable transition temperatures.
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CHAPTER V
POLARIZATION MEASUREMENTS

The measurement of polarization has also been of prime interest in
the study of ferroelectric materials since these materials are most com-
monly defined in terms of their possession of a spontaneous reversible
internal peolarization. This polarization has been used as the basis for
thé explanation of the other characteristic phenomena associated with
ferrcelectricity in studies beginning with the interaction theory of
Mueller (16) and culminating with the phenomenological theory of Devon-
shire (9). |

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

| The second method of measuring pelarization in theserméterials
utilizes the reversibility of the spontaneous polarization (25). If the
sample is placed in an alternating electric field having sufficient field

strength to reverse the polarization on successive half c¢ycles, a
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hysteresis loop results. The‘amount of charge flowing during a single
reversal then represents twice the polarization of the material. Also,
if the material is subjected to an even number of charge reversals, it
can be left in the condition existing before the measurement. Hysteresis
loops also have the advantage of giving not only the polarization of the
material, but also the electric field necessary to reverse this polariza-
tien, the "coercive field." By knowing this field together‘with the
polarization, the energy changes during charge reversal can be found.

The area inside a hysteresis loop represents the amount of electrical
energy which is converted to thermal energy during one cycle of the
applied alternating field.,

The randem nature of the grain pattern in ceramics leads to basic
problems in determining the actual spontaneous poclarization of their unii
cells. Since perovskite materials have the capability of being polarized
along several axes (three in the tetragonal phase, six in the ortho-
rhombic, and four in the rhombohedral), it would seem possible to obtain
ceramic polarizations within a few per cent of the single crystal polari-
zation by switching each grain into the lattice direction which most
nearly approximates the field direction. In practice, however, mechani-
cal constraints greatly hinder all but the 180° reversals in most materi-
als. In tetragonal barium titanate, for example, only about 15% of the
domains not originally optimally aligned can ever be switched 9O°° Thus,
the polarizations measured on ceramics give only a measure of the actual
polarization and precise results mus£ wait until measurements on single
crystals are made.

Hysteresis measurements have contributed greatly to the study of

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

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

P

b - — o —

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

The symbol E, is used for the field at which the AFE-FE %ransition takes
place, while Ea represents the field at which the FE-AFE transition is
observed. If Ef and Ea are approximately equal, a good estimate of the
difference in free energies of the two phases is given by the shaded area
shown in the figure. In many cases, however, the loops are quitevbroad !
and assumptions must be made regarding transition rates'énd transition
probabilities which seriously limit the precision of such estimates.

It has been found that very near the transition temperatures the
double loops sometimes reveal a measurable polarization at the zero
.field point. This phenomenon may be attributed to the coexistence of
ferroelectric and antiferroelectric regions within the sample, leading

to the superimposing of a normal ferroelectric hysteresis loop on the

double antiferroelectric loop.
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Experimental Equipment

The systems used for these measurements are shown in Figures 22
and 23. Figure 22 indicates the Sawyer-Tower (25) circuit used to ob-
tain hysteresis loops at 60 cycles. The driving voltage wés obtained
by connecting to the high voltage transformer of the Beta High Voltage
Power Supply immediately before the rectifying stages. In this way
a b60-cycle voltage continuously variable from 100 to 2000 volts was
available, The resistive divider employed a 100:1 ratio to allow the
presentation of the driving voltage as a horizontal sweep of an oseil-
loscope. The REC integrating network used a 10 microfarad capacitor and
a 20 megohm resistor to give an integrating time constant of 200 seconds.
The resulting hysteresis loops were then displayed on the oscilloscope
and photographed using a Polaroid camera.

For slowlooping measurements the circuit in Figure 23 was used.
Driving voltage was supplied by the Beta High Voltage Power Supply and
a 400 second integrating circuit was used to detect the polarization
changes. A Simpson vacuum tube voltmeter was modified to act as an
impedance matching device and allowed the hysteresis loops to be plotted
directly on an X=Y recorder. Calibration was done with the aid of a

Leeds and Northrup K-3 Potentiometer.
Calculation Technigues

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

(the change of sample polarization). The spontanecus polarization
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(PS) was then found by exirapolation of the linear segments at the top

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

by
p oY
s A
where CI = integrating capacitance
VV = vertical voltage
A = sample electrode area.

The coercive field of a ceramic sample is usually taken as that field on
a symmetric hysteresis loop at which the polarization becomes zero.

This is indicated by the horizontal sweep of the oscilloscope, which is
driven by the pgwer source through a voltage divider. If the voltage
scale of the oscilloscope and the resistive divider are known, the

coercive field is obtained directly.
Experimental Results

Results obtained with this equipment were similar to those previously
obtained on this class of materials. Figure 24 indicates the observed
polarization and coercive field as a function of the temperature, as
obtained in the present investigations on the 95/5 lead hafnate titanate
composition. The apparent decrease of polarization at low temperatures
and 60 ecycles is probably due to a failure to completely saturate the
hysteresis loops. The samples were not subjected to voltages much
greater than 10 KV/cem in order to insure against electrical breakdown.
Figure 25 is a similar plot for the 96/4 sample. Again the differeﬁees
between the slow loop polarization and that obtained at 60 cycles are

probably due to the limitations of the applied woltage.
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The loops obtained in the vicinity of the FE-AFE phase transition
with the 96/% material exhibited the characteriétic double loop form but
failed to close off ccompletely at zero field. In order to establish the
presence of some ferroelectric phase material within the sample above
the transition temperature, the samples were impressed with only the
positive half of the voltage cycle. This enabled the pesitive half
of the double loop to be observed in the absence of any ferrcelectric
switching. The results of this precedure are shown in Figure 26. The
fact that the antiferroeleciric loops close off al zero bias under these
eonditions indicates that a @értain portion of the material does remain
ferroelectric above the transitien itemperature. The repestability of the
loops is not sufficient to allow a guantitative description of the phenom-
enon, but qualitatively it appears that as much as 25% of the sample may
remain ferreoeleciric in the region up to five degrees above the transition
temperature.

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

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

Calorimetric measurements were made on samples of the materials
used in this study in order to determine their specific heats and heats
of transformation. The measurements were made in a calorimeter designed
specifically for measuremenis on thin discs of ceramic material.

Many of the basic ideas of adiabatic calorimetlry were first devel-
oped by Sykes (28). He designed a calorimetric system in which the
sample and its container were maintained near the temperature of the
calorimeter by means of a heating ccil, with a differential thermocouple
- used between the sample and the calorimeter to detect the growth of
temperature differences. By alternately heating the sample above the
calorimeter temperature and allowing it to cool slightly below that
temperature, Sykes was able to achieve nearly adiabatic conditions of
heating. This technique has been modified in the present study by using
the ceramic dises themselves to contain the electrical heater and the
detection thermocouple, thus doing away with the sample container. The
consequent reduction inithermal mass of the sample portion of the calor-
imeter provides much faster response to changes of input power, allowing
the sample to be maintzined at the same temperature as the calorimeter
for relatively long periods of time.

Two different types of measurements were made on the samples used

in this study. In the first type, the sample was mounted in the
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calorimeter and heated while the calorimeter cup iiself remained at room
temperature. This permitted the checking of the sample heater and
thermocouple and determination of the thermal loss characteristics of
the system., This informaticon was used to detect defects in the sample
mounting and to aid in the later and more accurate measurements.

In the second type of measurement, the sample was maintained in
an adiabatic relationship to the calorimeter while the calorimeter was
heated from room temperature to some temperature above the Curie point
of the sample material., In this way, the specific heat of the sample
could be determined throughout thé above temperature range, and the heat
of transition absorbed at the Curie point could be obtained. Since
these measurements were made under adiabatic conditions, they were more

accurate than those of the first type.
Deseription of Equipment

Figure 27 illustrates the design of the calorimeter., It is con=
structed of half-inch copper. The outside diameter is five inches and
the outside depth five and one=half inches. The inside chamber measures
three inches in diameter apd three and one-half inches deep. The entire
body of the calorimeter is bright nickel plated to resist corrosion and
to reduce the radiative emissivity of the chamber. The top of the
calorimeter is fitted with three vacuum feedthrough connections for the
thermocouples and the heater, as well as a threaded ground post and a
metal tube for attachment to the vacuum system. The abutting faces of
the calorimeter top and base are fitted with a set of small ridges
which permit the use of an aluminum or lead gasket for vacuum sealing.

The two parts of the calorimeter are connected to each other by six
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equally spaced 1/4" x 1" bolts. A notch is cut in the gasket to allow
the positioning of a copper constantan thermocouple junction near the
inside calorimeter chamber as the calorimeter temperature measurement
Junetiens,

Heating of the calorimeter was accomplished by means of a three
gallon o0il bath containing Dow Corning DC200 silicone oil., The bath was
fitted with a 1400 watt immersible heater at the bottom of the liquid
and was stirred by means of an Eberbach Model 58 variable speed stirrer.
4 thermometer was placed in the bath near the calorimeter and used
for thermocouple calibration. This bath was capable of heating the
calorimeter at rates up to ten degrees Centigrade per minute although
rates above three degrees per minute wefe not used during the measurements
of interest.

The maximum temperature variation in the region of the calorimeter
was less than one degree during all measurements. Considering the .
thermal diffusivity of the copper, the variation of temperature within
the calorimeter chamber was less than this. Since the sample was
maintained at the same temperature as the calorimeter cover during
adiabatic measurements, radiation exchanges to all parts of the chamber
were negligible. The caiorimeter was operated under forepump vacuum
conditions in order to reduce conduction losses during nonadiabatic

measurements.
Description of Samples

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

to be tested. One cf these was fitted with a series of grooves and a
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small flat well to contain the heater plate. This was originally done
by masking the sample and sandblasting it with No. 600 alundum powder.
Later it was found more convenient to sandblast the well to proper
depth and then to adjust the depths of the grooves with the aid of a
Gulton Mcdel DS<=10 ultrasonic drill. This technique allowed the heater
and the differential thermocouple junction to be sealed inside the
material to be tested. The sample was then mounted to the calorimeter
by means of the electrical connecting wires. Thus both the heat capacity
of the sample and the conductive losses to the calorimeter were kept
at a minimum relative to the mass of the material to be tested.
The sample heater was made of carbon. Originally the heaters
were polished into shape from small pieces of graphite rod, but it was
found that the use of pieces of carbon arc rod gave higher resistances
for the required dimensions, which facilitated measurement of heater
power., A typical heater had dimensions of 4 mm x 8 mm x 0.1 mm and a
resistance in the range from one to five ohms. This heater plate was
then mounted in the well provided in the sample and connections made
to the #30 copper lead wires with silver paint. The use of a heater
element in the shape of a flat plate allowed a large area of contact
between the sample and the heater and resulted in more uniform heating.
The heater was connected to a six volt battery and control was
achieved by means of a ten ohm wire-wound potentiometer. Typical
heating conditions consisted of a voltage of about 0.30 volts across the
heater and a current of 0.15 amperes through it. Under these conditions
the minimum power deviations obtainable were of the order of 0.3 milli-
watts. The voltage across the heater was measured by means of a micro-

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

The temperature of the sample was measured with a copper constantan
thermocouple junction planted in the sample. This junction was made
by spot welding a piece of #30 constantan wire to a piece of #30 copper
wire and was fitted in the grooves shown in Figure 28, The copper
wire was grounded to the copper of the calorimeter through the threaded
central ground plug. The constantan led to the reference junction of
the differential thermocouple which was fitted into one of the vacuum
feedthroughs as shown in Figure 27. It was found that the thermal
resistivity of the glass portion of the feedthrough allowed this junction
to heat slightly during the nonadiabatic runs. In order to give better
thermal contact between this junction and the calorimeter, a cap was
built to fit the exterior cantral pin of the feedthrough. A thin mica
sheet between the cap and the calorimeter cover gave good thermal
contact while providing electrical separation.

After insertion of the thermocouple junction and the heater, the

two discs comprising the sample were bonded together with Duroplastic

epoxy.

Measurement Techniques

Preliminary Measurements

Preliminary measurements were made on each sample by observing
the exponential rise and fall of the temperature of the sample when
power was applied to the sample heater and the calorimeter was kept at
room temperature. This technique allowed the sample heater to be

calibrated and permitted the determination of the conduction losses
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between the sample and the calorimeter. From these measurements it was
also possible to determine the room temperature specific heat of the
sample material.

If a2 sample of material is originally at a temperature higher
than its surroundings, and if it is postulated that conduction losses
are much larger than radiation losses from the sample, the following
condition must hold:

dT -
ca-{-i-a(T-To)—O

where ¢ = sample heat capacitance

3
i

sample temperature

To = surrounding temperature

)
]

thermal loss constant (quantity of heat lost per unit
time per unit temperature difference.)

Solving this equation for T,

T =T +aT e-at/e

where AT is the difference of temperature at time zero. This implies
that under the stated conditions, the sample will cool exponentially
with the exponential time constant determined by the ratio c/a.

Likewise, if the sample and its surroundings are initially at
the same temperature and power is applied to the sample, the following
relation holds:

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

where Q/t is the thermal power being applied to the sample.
Solving this equation for T,
e-at/c

T = T0 + (Tf = To)

where Tf represents the equilibrium temperature at which the thermal
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losses equal the power input. From this it can be seen that under these
latter conditions the temperature will rise exponentially to a final
equilibrium temperature, and that the exponential time constant will
be the same as that for the cooling curve.

Thus by observing a cooling curve for a given sample mounted in
the calorimeter, the ratio of the loss factor to the heat capacity of
the sample can be determined. By observing the equilibrium temperature

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

t
a:%

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

relation:

and the exponential time constant.

In making these measurements, the output of the differential
thermocouple was connected to the vertical input of a Moseley Autograf
Model 2A X-Y Recorder. The horizontal input was connected to an internal
750 second time base. Thus the actual exponential heating and cooling
curves were plotied by the recorder.

Cooling curves were observed over a range of twenty degrees for
the accurate determination of the time constant. Then heating curves
were observed for various power inputs. Since the time constant of
heating was already known, it was only necessary to record a heating
curve for a short time in order to calculate the final equilibrium
value of the temperature. When these equilibrium temperatures were
plotted as a function of power, the result was a straight line whose
slope gives the loss factor. Figures 29 and 30 represent such a plot

together with a plot of the cooling curve for a quartz sample which was
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used to check the system. The cooling curve has been plotted on a
logarithmic scale to verify the assumption that the loss is primarily
through conduction. The value of the specific heat of quartz given by
these plots is 0.187 as compared to a handbook value of 0.181. As was
stated earlier, it was found that the reference junction of the differ-
ential thermocouple tended to heat slightly above the actual calorimeter
temperature during nonadiabatic measurements. This caused the reading
of the difference temperatures between the sample and the calorimeter to
be slightly low, giving erroneously high loss constants. This in turn
led to values of the specific heat of the sample which ranged from five
to ten per cent high. After installation of the cap to improve thermal
contact between the reference junction and the calorimeter, this error

was reduced to gpproximately two per cent.

Adiabatic Measurements

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

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

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

The sensitive detection of adiabatic conditions was accomplished
by connecting the differential thermocouple directly into a Leeds and
Northrup Type K-3 potentiometer. At its most sensitive settings this
potentiometer gave approximately the sensitivity of its Leeds and North-
rup Model 2430 galvanometer (one-tenth microvolt per division) and the
versatility of the potentiometer circuit was invaluable during periods
of instability, troubleshooting, etc. Using this instrument it was
possible to keep the temperature of the sample within 0.05°C of that of
the calorimeter during all measurements, and to match the two heating
rates to within 0.01°C/minute. From the loss factors found in this
study, a temperature difference of 0.05°%C represents a deviation from
the measured input energy to the sample of only 0.2 milliwatts, which
is about the same as the sensitivity of setting the input power. This
number rapr?sents a deviation of less than one per cent of the smallest
heating rate normally used during the measurements.

During these first measurements with this system it was felt
advisable to use manual control of the sample power. In this manner
it was possible to better compensate for the magnitudes and rates of

change which were cccurring in the samples, and to adjust to the
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transient behavior and sensitivities of balance which were characteristic
of the system. In experimental studies where a large number of measure-
ments were to be made, however, it would be advantageous to automate
the sample power supply to allow adiabatic measurements to be made and
recorded automatically. The block diagram of a preliminary system for
this purpose is given in Figure 31. An amplifier having the charac-
teristics necessary for the detection and control of a temperature

mll between the sample and the calorimeter has already been designed
by Dauphinee and Woeds (8). A schematic for this amplifier is given

in Figure 32. A prototype of this amplifier was built, but was not used
in any of the measurements reported here.

During measurements under adiabatic conditions the horizontal
section of the X-Y recorder was again operated on the 750 second time
base. The vertical section was connected to the calorimeter thermo-
couple, which was balanced against a reference junction at 0° c. Thus
the curves obtained from the X-Y recorder were direct plots of the
calorimeter temperature against time. The rate of change of temperature
could then be obtained by measuring the slope of these curves. This
rate of change of temperature was thus determined as a function of the
calorimeter temperature.

The electrical power input to the sample which was necessary to
maintain it at the same temperature as the calorimeter was listed on the
X-Y recorder curves at intervals of from one to five degrees. From
this data a plot could be constructed which showed this power as a
function of the calorimeter temperature. The ratio of the value of
the power applied to the sample to the corresponding rate of change

of temperature gives the heat capacity of the sample.
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Figure 33 shows a typical plot of input power and rate of change
of temperature as a function of tmeperature. The effect of the heat of
transition at the Curie temperature is evident from this graph. In
order to calculate this heat of transition, the excess power applied to
the sample, represented by the peak in the power curve near the Curie
temperature, was plotted as a function of time. The area under this
curve thus gives the total excess energy applied to the sample during
the transition. Dividing this energy by the mass of the sample gives
the transition energy in units of calories per gram, which can be
converted to calories per mole by multiplying by the effective molecular

weight of the solid solution.
Experimental Results

Table IV lists the characteristics of the samples which were
obtained by the preliminary measurements. The sample mass listed
is that of the two ceramic discs after sandblasting and cleaning. The
tare heat capacity for each sample was calculated by multiplying the
masses of the thermocouple wires, the heater connecting wires, the
heater plate, and the epoxy binder by their respective specific heats.
Although the specific heat of the epoxy was not known exactly, a value
of 0.35 calories per gram per degree Centigrade was picked as being
typical of this material. The exponential time constants and loss
factors were determined from the curves shown in Figures 34 and 35.
The heat capacity of each sample was determined as outlined above, and

the specific heats calculated from the relationship:

_ Sample heat capacity - Tare heat capacity
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TABLE IV
DATA FROM PRELIMINARY THERMAL MEASUREMENTS

Sample Tare heat kpgg::“al . Heat  Specific Heat

Sample mass Capacit Factor Capacit
(gmy (cal/gndc) Constant .39 oc) (cal/&c§(cal/gm%)(cal/mol%)

(min)
95HN  6.91 0.027 5.50 0.100 0.550 0.076 32.1
96HN  7.72 0.020 6.48 0.075 0.490 0.061 25.8
97HN  6.23 0.028 5.30 0.079 0.420 0.063 26.7
98HN 7.04 0,028 5.61 0.067 0.375 0.049 20.8
100HN 7.28 0,028 5.78 0.085 0.495 0.064 273

Figures 36, 37, 38, 39, 40, and 41 show the variation of specific
heat with temperature for the matérials used in this study as determined
from the adiagbatic measurements. Each figure shows the characteristic
spike expected of a first order transition at the Curie temperature.

The variations below this temperature are much more diffuse and thus

less susceptible to interpretation. The 96/4 lead hafnate titanate

does not show a spike in specific heat at the FE-AFE transition, but
rather exhibits a general rise in the specific heat, as if the transition
is blending with the Curie transition. The PZST sample shows a very
small diffuse peak in the power input curve near the FE-AFE transition
temperature. The other materials show certain broad peaks and rises,

but nothing which can be quantitatively studied.

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

obtained from them. An estimate was also made of the energy involved
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in the FE-AFE peak in the PZST sample. Because of the blending of this
transition with the Curie transition, this estimate is of limited
accuracy but does indicate a very smgll heat of transition at the FE-AFE
transition téﬁperature.

The heats‘of tfansition calculated for these materials are smaller
than those reported for lead zirconate énd its solid solutions. This
fact will be discussed later together with a comparison of the tech-
niques used in obtaining them. The heat of transition of the 96/4
material prcbably appears higher than that of the other members of
this family of compositions because of the blending of the FE-AFE

transition with the Curie transition.

TABLE V
HEAT OF TRANSITION DATA

Sample ... Excess
Sample Mass Transition Heat of Transition

(em) Temperature (I;:i-; (cal/gm)(cal/mol) (cal/mol °c)

95HN 6.91 160 1.53  0.222 94 0.22
96HN 7,72 163 2,40  0.311 133 0.31
97HN 6423 167 1.49  0.240 102 0.23
98HN 7.0l 170 1.60 0,228 97 0.22
100HN 9,28 172 1.58  0.218 93 0.21
PZST (Curie) 5.17 152 1.87  0.362 126 0.30

PZST(FEQAFE) 5.17 130 0.079 0.015 5.3 0,013




CHAPTER VII
RESULTS OF RELATED WORK

This chapter presents certain results obtained during recent
studies by other groups which either extend the present study or which
can be useful in the interpretation of the present results.  Some of
the results of the study by Sawaguchi (24) on lead zirconate £itanate
are also presented and will be used for comparison with the conclusions
obtained for lead zirconate titanate stannate and lead hafnate titanate

in the next chapter.

Clevite'Work on Pbo.99Nb0.02(2r0.68Ti0°07Sn0.25)0.9803

A great deal of work on the lead zirconate titanate stannate compo-
sitions has been done during the last few years by the Electronic
Research Division of Clevite Corperation of Cleveland, Ohio. The work
of intérest to this study has been selected from three reports by
Berlincourt (2, 3, 4) of the Clevite group.

The work at Clevite'has included a study of the characteristics of
the FE<AFE transitions in the lead zirconate titanate stannate composi-
tion used in the present study and has obtained interesting results
concerning the pressure vs. volume relationships in this composition.
X-ray studies have shown the AFE phase to be the phase of minimum volume
with a change of about 0.36# occcurring during transitions between the FE

and AFE phasés. The change in volume produced in a sample of this

97
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‘material by the application of hydrostatic pressure was also determined.
Again the volume difference between the phases was found to be about 0.35%
with the transition occurring at a pressure of 38,000 psi.

Figure 43 compares the polarization changes produced in this compo-
sition by variation of temperature and pressure. It can be seén that
while the general shapes of the curves are the same, almost twice as
much depoling takes place before the abrupt transition when fhe temper-
ature is varied as occurs before a pressure induced transition.

Figure 44 indicates the variation of transition pressure of peled
ferroelectric samples as a function of a biasing electric field. Be-
cause of the oriented condition of the specimen, the transition pressure
for the FE-AFE transition decreases with negative bias until the bias
field reaches the coercive.field and switching takes place. For the
AFE-FE transition there is no original orientation of the poiarization
‘and the phase boundary is symmetrical.

A great déal of work has béen done by this group in the analysis
of the double hysteresis loops characteristic of‘field induced AFE-FE
transitions. Loops taken for PZST about 8 c® above the FE-AFE transie-
tion are quite broad, giving Ef equal to about 8 Kv/em and Ea about
4 Kv/cm. N

Figure 45 is a temperature vs. field phase diagram obtained by
field wariation at constant temperature. This is in contrast to the
technique used in the present study and described iﬁ Chapter IV, which
involved the variationvaf temperature at constant field., It is interest-
ing to note that the shaﬁe of thé curve representing the AFE-FE transition
with increasing field is similar to that which was shown earlier for

the FE-AFE transition with increasing temperature.
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Clevite Lead Zirconate Titanate Stannate Compositional Studies

In addition to the work on Pbo.99Nb0’02(2r0.68T10007Sn0¢25)0.9803,

the group at Clevite has devoted a great deal of work to compositional
studies in the lead zirconate titanate stanmnate family. One such study
was devoted to the compositions econtaining 25 mole per cent stannate ion
but with a variation of the zirconate to titanate ratio. In addition to
the 68/7 composition, the 76/5 composition was found to show both AFE
and FE phases. In the 70/5 composition the AFE phase exists over a mich
wider temperature range than in the 68/7 composition. With zero bias
the FE<AFE transition occurs at about 6500 and the Curis transition

at 160°C, With increasing bias the region of stability of the AFE phase
decreases and this phase is not present at biases greater than 20 Kv/em.
The 70/5 compesiticn showed good charscteristics in the FE-AFE transi-
tion but was extremely sluggish in the reverse reaction.

The FE-AFE boundary curves in the temperasture ws. composition
diagrams were found to be approximately parallel for 15, 25, and 30
mole per cent stahnate ion., This indicates that the reversal of slope
discussed earlier, which oceurs as a result of the addition of tin to
lead zirconate titanate compositions, is completed with less than 15
mole per cent tin, It was found that for a given molar fraction of
titanium ien, the addition'of tin tends to favor the AfE phase.

A study of the minor additions used to increase resistivity re-
vealed that La3+, which goes substitutionally into the A position, tends
to favor the antiferroelectric state, while Nb5+, which enters the B
position, favors the ferroelectrie state. Both additions tend to

depress the Curie temperature.
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Sandia Studies on Lead Hafngte Titanate Compositions

Studies at Sandia by Hall, Dungan, et al (i0,.12) have continued
to reveal new chafacteristics of the lead hafnate titanate compositions.

Measurements of the variation of Ef and Ea as functions of tempera-
ture for the 97/3 and 98/2 compositions revealed that at most temperatures
the double hysteresis loops were quite broad and that reliable estimates
of the free energy difference between the phases can only be obtained
near the transition temperature., However, it should be noted that at
temperatures more than 50 degrees below the zerc blas transition tempera-
ture, the phase change could be produced by fields less than 20 Kv/cm.

Samples having the same compositions as those used in the present
study were prepared using a higher purity Hfo2 than had previously been
employed (13). The electrical properties of the samples were quite
similar to those previously tested, but the compositional boundary
between the FE and the AFE phases covered a much smaller range. Using
the purer material, the 96/4 composition was ferroelectric between room
temperature and the Curie temperature while the 98/2 composition was
antiferroelectric over the same region. An AFE-AFE transition was
also observed which had not been reported previousiy.

Lead hafnate titanate samples without the nicbium addition were
also preparéd,l This modification increased the Curie temperature to
the 200° ¢C region and moved the AFE-FE phase boundary to the 95/5
composition. |

Dungan and Stark (10) have investigated the lead hafnate titanate
stannate compesitional family and find it to be strikingly similar to

the lead zirconate titanate stannate family.
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Hall, im his Ph. D. dissertation (14), investigated compositions in
the lead zirconste hafnate titanate series. In his study of the temperaw
ture vs. composition relations for materials having equal molar parts of
zirconium and hafnium, he found that the FE-AFE phase boundary had been
- displaced so as to enlarge the antiferroelectric stabilitly region, but
that the boundary slope was still in the same direction as in the lead
zirconate titanate compositions., In an extension of this work, he has
found that this slope does not appear to reverss until the compositions
contain ab@uﬁ 80 mole per cent hafnium. Thus the influence of the
zirconium ion on the relative stability of the various phases seems io
be stronger than that of the hafnium ion.

Sawaguchi (24), in his study of the high zirconium regions of the
lead zirconate titanate series, was able to construct a relative free
energy diagram for this system. From calorimetric data, he found that
the entropy difference between the two AFE phases (0.22 cal/mol °c)
was much larger than the difference between the high temperature AFE
phase and the FE phase (0.073 cal/mol oC)° These in turn were both
smaller than the entropy difference observed at the Curie transition
(0.51 calfmol °C).

From the double hysteresis loops exhibited near the transition
temperature, Sawaguchl was able to célculate the difference in free
energy between the FE and AFE phases in PbZrOB. The calculations show
a free energy difference of about 3 cal/mole at 215© C which decreases
to 1 cal/mole near 230° C. From this he concluded that the FE and AFE
phases would héve equal free energies at about 240° ¢. Unfortunately,
the paraelectric phase becomes dominant below this temperature so that

an AFE-FE transition is not actually obserwved.
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From the work with Pb(zr0.97TiO.03)03 and Pb(zr0.98Ti0.02)03”
Sawaguchl also determined that additions of 1éad titanate to lead
zirconate decreases the free energy of the FE phase relative to the
cubic phase at a rate of 0.5 cal/mol-at} and increases the free energy
of the two AFE phaées at rates of 5.8 cal/mol-at? and 2.3 cal/mol-at?

relative to the cubic phase.



CHAPTER VIII
CONCLUSIONS

Free Energy Relationships in

Pby. 99 Nbo.o_z (Zry 68 T1o.07 SPo.2570.98 O3

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

As was shown in Chapter III, the calculation of free energy involves '
a knowledge of the extensive variables = volume, polarization and en-
tropy. From the Berlincourt data the molar volume of this composition
is found to be about 42 cm3 and the volume in the AFE phase is approxi-
mately 0.35% less than that of the FE phase. The variation of polariza-
tion with temperature and pressure was indicated in Figure 43, while the
polarization dependence 6n electric field can be obtained from the plots
of dielectric susceptibility vs. field and‘a knowledge of thé spontaneous

polarization by using the relation,

E
P(E) = P, + Jf€ X(E) dE
(o]
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The calculation of the absolute entropy, however, is a much greater
problem. This requires a knowledge of the specific heat at all tempera-
tures above absolute zero. The variation in the vieinity of absolute
zero is quite important and is thus far not available. For this reason
the absolute entropy of this system cannot presently be calculated and
relative entropies must be used to determine the free energy diagrams.
The. entropy differences between the phases at the transitions are given
in Table V.

- A correlation of the results of the various measurements is useful
as a check on the experimentél valués obtained. The electrical and

thermal data can be compared by using thé relationship:

TR

0| T T &S
P

Using the values V = 42 cm3/mole

AP = - 16 x 10"’6 c*oul/cm2
AS = 0.013 cal/mole °C

a value of (bT/bE)p = 12.3 C%cm/Kv is obtained. This compares with a
value of about 9 Cocm/Kv which is obtained from the central slope of the
FE-AFE phase boundary in Figure 10. The discrepancy seems to indicate
that the value of entropy measured was slightly low. This is quite
possible since, as w#s pointed out earlier, the peak used in the calcul-
ation of that value was quite small and diffuse. It would seem a value
of about 0.02 cal/mole % might be more accurate for this transition.

The above relation also applies to the ferroelectric Curie transi-
tion at high fields. Here the poiarization used gonsists of the spontan-
eous polarization plus that induced by the field. Using a value of AP

-6

equal to about 22 x 10 coul/c_m2 and a value of AS = 0,30 cal/mole °c

(the entropy difference between the phases at zero field); a value of
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0.7%4 C%m/Kv is calculated. This compares with a value of 0.80 cOcm/Kv
measured Jjust above the triple point in the PZST phase diagram. In view
of the assumptions made, this would seem to be very good agreement.

A comparison of the transition temperature wvs. field phase diagrams
obtained by varying the temperatufe in one case and the field in another
leads to some interesting conclusions concerning the hysteresis in fhese
transitions. Figure 46 compares the FE-AFE transition with increasing
temperature to the AFE-FE ﬁransition with increasing field. Since these
transitions are in opposite directions, the true phase equilibrium
conditions must lie somewhere between them. But a comparison of this
figure with Figures {0 and 45 indicates that the true equilibrium line
lies much closer to the transition observed with increasing intensive
parameter than to that observed with decreasing intensive parameter.
Thus tﬁe shapes of the curves in Figure 46 are more representative of
the shape of the phase equilibrium line than are those for -the reverse
transitions. The rapid decrease of the slope of the FE-AFE transition
as this transition approaches the Curie point would seem to indicate
that these two trénsitions tend to blgnd causing the change of entropy
at the FE-AFE transition to ihcrease rapidly.

The results'obtained.wifh hydrostatic pressure can be compared with

the electrical results by the relation:

(a.n) - Wap
0E), = &Y
Using the values AP = 22 x 107 coul/cm?

0.35%
a value of 62.8 coul/m2 is found for (dp/bE)T. This compares with a

CAV/V

value of 65.4 eeul/m2 observed in Figure 44.
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From the pressure induced transition data it is possible to estimate
the free energy difference between the FE and the AFE phases at room
temperature. Sawaguchi (24) has shown that the free energy difference
between two phases observed during é forced ferroelectric transition is
essentially the pfoduct of the intensive variable necessary to force the
~transition and the corresponding change of extensive parameter. Authors
following him seem to have followed this method of calculation (e. g.,
the difference in free energy between the phases in the double hystere=-
gis 1o§p is represented by an area equivalent to the average field at-the
transition multiplied by the change in polarization). An assumption that
the difference in entropy and internal energy between the two phases are
approximately constant over the temperature range considered, on the
other hand, leads to a correctiqn of the above value by a factor of
As(T - To)’ where AS is the observed entropy difference, T is the tem-
perature of the forced transition, and Tois the temperature of the
transition with the intensive parameter equal to zero. Over the tempera-
ture ranges used in this study, howewer, this correction amouhts to less
than 204 of the principal term, so that the Sawaguchi assumption will be
used in subsequent calculations. The values given for free energy
differences between the phases should therefore be understood to give at
least a reasonable appfoximation to the true free energy differeénce.

Using the above apﬁroximation, Berlincourt!s pressure induced
transition data gives:

AG (molar) = pav
38 x 107 psix 15 x 10
el cal/mole

-8 cm3

it

While this is only an estimate, it is comparable to the values of

difference of free energy between the ferroelectric and antiferroelectric



i1

phases observed by Sawaguchi in lead zirconate titanate sclid solutions.
Because of the possible presence of hysteresis, this value should be
taken to represent an upper limit to the free energy difference between
the phases.

An estimate of the free energy difference at 135o C may be ob=
tained from the field induced hysteresis loops of Berlincourt. Since
these loops are broad, this estimate is of limited accuraéy but a maxi-
mum and minimum value can be established from Ef and Ea for the
transition. Again using the previous assumptions, the maximum value of
the change of molar free energy (given by AP Ep Vm) is 0.96 cal/mole,
while the minimum value for this quantity (given by 2P E, Vm)-is 0,43
calf/mole, |

In order to establish free energy differences invelving the para-
electric phase, the entropy difference af the transition must be used,
since this is the only information at hand regarding this phase. The
entropy difference of 0.30 cal/mol °C indicates that the free energy of
the cubic phase falls quite rapidly below that of the AFE phase above
the Curie temperature. FExtrapolations of this difference to temperatures
far from the Curie point depends on a knowledge of the curvature of the
free energy lines as a function of temperature. The curvature of these

lines is given by the relation:

(‘“TZ E,p @T E,p

Thus from the measurement of specific heat, the curvature of the free

HIUO

energy lines can be found, and the relative free energy curves calculated.
Figure 47 shows a plot of Cp/T calculated from the curve of Figure 41,

The peints in the vieinity of the Curie transition have been left out
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since the change of entropy in this region has been calculated as the
entropy chaﬁge at the transition. This plot indicates that the curva-
ture of the free energy lines is almost constant over the entire range,
decreasing only about 15% between 30° C and 170° C. There is no
noticeable abrupt change of curvature for the material in the cubic
phase, | |

Figure 48 is a construction of a rel;£ive free energy diagram using
the above curvatures and the free energy differences given earlier. In
this diagram the free energies of the different phases have been matched
at most prébable transition points between the various phases, the slopes
have been adjusted to give differences of free energy comparable to those
found for the forced transitions, and curvatures have been matched fo o
those found in Figure 47, The entropy difference relative to the entropy
of the FE phase at‘100o C has been used for the temperéture-entrdpy
product term. Therefore in order to show the true variations of free
energy WhichL@ceﬁr in the various phases with temperature a further
slope. equivalent to the absolute entropy of the FE phase at 1000 d must
be_éuperimposéd on each of the curves.  Even without this slope the free
energy change for each phase is about 150.ca1/mole over the 50 c® range
while the greatest measﬁred difference in free energy between tﬁo phases
in the same range is less than 10 cal/mole. From this it can be seen
that the variation of free energy with temperature completeiy dominates
all other variations in all three phases and that the differences in
free energies between the phases are quite minor compared to this
variation. |

In corder to show more clearly the free energy relationships explain-

ing the experimentai findings; plots of the free energies of the AFE and
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PE phases may be made relative to that of the FE phase at all temperatﬁres.
These are shown in Figures 49 and 50, The phase relationship pictured in
Figure 49 is for zero pressure and field, The FE-AFE equilibrium point
has been set at 125° C to be consistent with the hysteresis observed in
Figure 10; The AFE-PE equilibrium has been placed at the Curie tempera-
ture observed.ﬁith fising temperature because of the small hysteresis
connected with this transition. If the assumption is made that the
curvature of the free energy vs. temperature is approximately the same
in all three phases, the relative free energies may be approximated by
straight lines. The slopes of these lines have been chosen to fit

the entropy differences noted at the tfansitions and the free energy
differences found at temperatures near the normal transitions, but can
be considered only semi-quantitative. ILines have been drawn_at the
observed FE-AFE and AFE-FE transitions to show the probable free energy
differences éver which hysteresis effects can occur. These differences
are_approximately 0.10 cal/mole at the FE-AFE transition and about 1.75
cal/mole at the reverse transition.

Figure 50 represents the relative free energies at a field of 5
Kv/em. This field lowers the free energy of the FE phase approximately
1 cal/mole relative to the other phases and lowers the PE phase line
slightly with respect to the AFE phase line., Here the AFE-FE transition
was observed at a temperature corresponding to a free energy difference
of about 1.25 cal/mole. This decrease of energy difference necessary
to cause the transition was probably dve to the orienting nature of the
applied field. The FE-AFE transition occurs at a témpérature where the
PE phase becomes energetically competitive, leading to the possibility

of a blending of the transitions. At fields greater than about 7 Kv/em
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the AFE phase disappears completely since the Junction of the FE free
energy curve and the PE free energy curve occurs below the AFE free
energy curve., |

From this treatment it can ve seen that although the absolute values
of the free energies cannot be calculated exactly and approximations
must be made in order to calculate the free energy differences between
the phases, the behavior of the relative free energies of the various
phases leads to an explanation of the dependence of transition tempera-

ture and hysteresis characteristics on the external electric field.
Results for the Lead Hafnate Titanate Samples

As has been pointed out previously, the lead hafnate titanate
samples gave less quantitative information regarding free energies
since the transitions tended to be more diffuse. Thus a quantitative
discussion of the relative free énergies of these materials would not
be‘productive with the present results. Qualitatively, the fact that
AFE-FE transitions have been induced at temperatures as much as fifty
degrees below the normal transition temperature shows that the phases
are more neafly equal in free energy than corresponding phases in the
PZST material. Thus, in these materials too, the free energies and the

entropies of the FE and AFE phases show only a very slight variation.
Qualitative Theory of FE-AFE Transitions in Lead Perovskites

From the preceding discussions it appears that the reversal of the
direction of phaée transformation with rising temperature in these ferro-
electric materials does not represent a drastic difference in the

thermodynamie character of the material but rather a relatively minor
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difference which changes the delicate balance of thermcdynamic parameters
from= one mode of behavior to another., Regardless of whether the transi-
tion with rising temperature is FEuAFE or AFE-FE, both the free energies
and the entropies of the two phases are nearly equal under conditions of
room temperature, atmospheriec pressure, and zero electric field. If the
free energy of the FE phase ic lower than that of the AFE phase at room
temperature and the entropy of the FE phase is higher than that of the
AFE phase, the FE phase will prevail at all temperatures between room
temperatmre’and the Cﬁrie temperature, If the entropy of the AFE phase
happens to be greater than that of the FE phase, there is a possibility
that the AFE phase will become energetically favorable below the Curie
temperature and an FE-AFE phase transition may occur. Likewise, a room
temperature dominance of the AFE phase coupled with a'sliéhtly higher
entropy in the FE phase leads to the possibility of an AFE-FE transition.
Since the free énergies involved are small, the entropy differences
necessary are extremely minute.

It is interesting here to comﬁare the energies associated with the
FE-AFE transitions with those observed in other common transformatiecns.
Chemical transformation are accompanied by energy changes of ﬁheborder
of 104 t@.106 calories per mole. For example, the heat of combustion of
carbon is about 8000 calories per gram, or 100,000 calories per mole.
Changes of state normally involve changes of energy two erders of magni-
tude smaller than this. For example, the energy change during the
melting of ice is about 1440 calories per mole. Thus it can be seen
that the energy differences involved in FE-AFE transformations (about
10 calories per mole) are quite small when compared with most trans-

formation energies.
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By using the above considerations, the relationship between the FE
and AFE phases with regard to free energy and entropy may be outlined for
the iead perovskite compositioné used in this study.

In both pure lead zirconate and pure lead hafnate, the AFE phase is
the phase of minimum free energy. The free energy difference between the
FE and AFE phases at room temperature is great encugh that differences
in entropy cause no AFE-FE phase transformations below the Curie temper-
a§ure. However, the difference between the zirconium lon and the hafnium
ion is great enough to cause a difference in the entropy relationships
between the twe phases. In lead zirconate the entropy of the FE phase
is greater than that of the AFE phase, while in lead hafnate the oppo=
site is true, These differences are brought out by the addition of the
titanium ion. The addition of a small amount of titanium to lead zircon-
ate produces a situation in which the AFE phase is still dominant at
room temperature bul the larger FE phase entropy can lead to an AFE=FE
phase transformation at higher temperatures before the paraelectric phase
becomes dominant. In lead hafnate, on the cther hand, certain amounts
ofbtitanium ion produce a condition in which the FE phase is dominaﬁt at
room temperature bul the higher entropy of the AFE phase causes an FE-AFE
transformation to take place below the Cufie temperature. Thus, this
small entropy difference between the phases in the two materials
produces radically differing behavior,

The addition of a small amount of stannate ion to lead zirconate
titanate increases the entropy of both phases but affects the AFE phase
more than the FE phase, causing the AFE phase to become the phase of
highest entropy. Again when enough titanate ion is available to cause

the FE phase to be only slightly dominant at room temperature, the
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greater entropy of the AFE phase is sufficient to cause an FE-AFE
transformation to occur at higher temperature. Thus the behavior of
this material is found to be similar to that of lead hafnate titanate
rather than lead zirconate titanate.

This behavior of the FE and AFE phases would therefore seem to
emphasize that the only drastic difference between the two phases is in
the electrical properties. The fact that the unit cell polarizations
sum in the case of ferrcelestric materials and cancel in antiferroelec~ -
trics leads to large wariations in behavior with only minor structural
and energy differences. This in turn expiains the great influence that
structural and thermal parameters exert on the observed properties of

these materials.
Resume of Experimental Techniques

Dielectric Measurements

The most important resulis of the dielectric portion of this study
lie in the use of the equivalent conductance as a technique for the study
of FE-AFE phase transiltions and in the measurement of the dielectric
saturation associated with the peaks of dielectric constant in the
vicinity of the Curie transition.

As has been pointed out previously, the use of eguivalent conduc-
tance in the place of the more conventional tan § allows a truer
observation of the actual loss mechanism in the dielectric material. By
eliminating the effects of the rapidly changing dielectric constant in
the vieinity of a transition, it becomes easier te distinguish between
the various types of transition which ceccur, and allows a betier

estimate of transition temperatures.



The effect of dielectric saturation at high electric fields has a
pronounced bearing on the application of these materials in thermal-to=
electric energy conversion. The highest dielectric:.constants observed
in this study were found under triple point conditions, that is, near
that temperature and field at which the FE, AFE, and cubic phases show
nearly equal free energies. Unfortunately, this is also the region where
the dielectric constant is most degraded by the application of a furiher
electric field. Thus the conversion efficiencies and amplifications tol
be gained by thermally changing the dielectric constant are lessened and
stability becomes a problem. Because of the absorption of charge in the
unit cells of the FE phase as the temperature of the material decreases
from the Curie temperature, it seems that the best amplification charac-
teristies will be found by using the change of dielectric constant of an
AFE material in these parametric devices. Results of the present study
indicate that amplifications of three to five should be possible with

the present materials.,
Thermal measurements

This study has indicated that while thermal measurements are much
less sensitive than electrical measurements in the vieinity of an FE-AFE
transition, they nevertheless reveal valuable information concerning the
energy relationships between the phases. The interpretation of thermal
data with regard to accurate determination of excess specific heat and
heats of transition will require further study with improved ceramics
and single crystals. As was pointed out earlier, in this study only the
excess heat occurring in the spike ét the transition was used in calcu-

lating the heats and entropies of transition. Materials exhibiting
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sharper transitions should cause these peaks to be more pronounced and
thus give more accurate results,

A final result of this study is the indication that in many cases,
what has been considered as a single phase sample may actually contain
two or more phases coexisting over a temperature range which extends
many degrees away from the "transition temperature." One cause of this
behavior lies in the ceramic nature of the material with the accompany-
ing stresses and variations of particle size and texture, Another cause
probably lies in the lack of true chemical homogeniety throughout the
samples. Since the electrical character of these materials shows such a
strong dependence on structural characteristics, very slight compositional
variations will spread transitions appreciably, causing a blending of
transition characteristies when more than one transition is accurring in
any small temperature region. As material processing technigues are
improved, the experimental technigues described in this report will allow
much information to be gained about the thermodynamic characteristics of

ferroelectric and antiferroelectric phase transitions in lead perovskites.
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