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PREFACE

THE subject of ferroelectricity is still very young, and it is growing so
fast that the writing of a book about it presents particular difficulties.
In attempting it I have been constantly aware that the subject spreads
across conventional boundaries between branches of science, and that
those interested in knowing more about it will come to it with very
different backgrounds. I have therefore tried to take nothing for
granted beyond a familiarity with elementary principles of physics,
chemistry and mathematics, and to define and explain all the
specialized concepts of the subject either in an introductory chapter
or later in the text when they are first introduced. With regard to
crystallographic notation, a dilemma becomes apparent. Few
physicists and chemists have had a formal training in crystal geo-
metry; but those who have had such a training know it for a very
powerful tool in increasing our knowledge of solids. For the first
group, crystallographic notation is a difficulty which perhaps they
cannot give time to surmount; for the second, it is the most elegant,
concise and objective way of conveying the experimentally-derived
information needed for a proper understanding of the material and
as a basis of further advance. I have tried to meet the needs of both
groups by using the notation freely in compiling a record of facts
about each material, and by adding a verbal explanation, based on
first principles, at every point where it is needed to understand the
argument or the description of what is happening. In this way I hope
the book will be intelligible and readable to the first group without
inducing a sense of frustration in the second. As an additional help, a
short glossary of some of the crystallographic terms is included; those
who wish to go further in learning to use the notation are referred to
the preface to the International Tables for X-ray Crystallography
(1952), Vol. I.

This book sets out primarily to be a record of experimental facts.
Theoretical treatments are kept to a late stage when an assembly of
facts has been gathered by which they can be judged. Our knowledge
is advancing so rapidly that no theories can yet be regarded as
established; the fact which is evidence for one theory today may be
found equally in support of another quite different theory tomorrow
(as has happened once or twice already in the history of the subject).
It might therefore be actively misleading, as well as logically unsatis-
factory, to record the observed facts only in a context where their
relevance to some theoretical treatment could be made plain. On the

ix



PREFACE

other hand, the disadvantage of beginning with a compilation of
unexplained facts is its dullness, for our interest is generally only
aroused when we see relationships. It is a price that must be paid,
however, for a comprehensive understanding of the subject. Readers
who prefer to see the conclusions first and the evidence later can go
straight from Chapter 1 to Chapters 6, 8, 9 and 10; cross-references to
the earlier chapters are provided.

Underlying the whole treatment is the assumption that the physical
properties of a solid are closely related to its structure, and that the
first step in understanding the physical properties is to understand the
structure. Any explanation of the unusual electrical properties in
terms of interatomic forces must recognize that forces of the same
kind are responsible for holding the atoms in their equilibrium posi-
tions. It is therefore relevant to draw on our knowledge of structures
of chemically-related compounds which are not electrically abnormal.
The crystallographic approach draws attention on the one hand to
the great variety of structures which can actually exist, on the other
hand to regularities and recurrence of certain features which allow us
to classify and compare them. The kind of approach which substitutes
a simplified structure for that actually observed in ferroelectrics is to
be avoided, for it is in danger of throwing out the real hope of an
explanation along with the mathematical difficulties—the baby with
the bath-water.

Two omissions should be mentioned. Very little is said about the
mechanical properties of the substances dealt with, or their relation
to the electrical properties through piezoelectricity. These properties
are of great technical importance and have been much studied, but
they are not fundamental to our understanding of the nature of
ferroelectricity. Good accounts of them are available (notably in
Cady’s Piezoelectricity), and to describe them adequately here would
have taken up a disproportionate amount of space. An account of the
evidence from infra-red and Raman spectra is omitted for the
opposite reason: very few facts are available, and it is too early yet to
see them in any perspective.

With these exceptions, I have tried to make the account of the
materials dealt with as complete as possible, collecting together data
scattered through the literature not only for ferroelectrics but also for
antiferroelectrics and substances closely related to them chemically
and structurally. As yet we lack a word covering this whole class of
materials; since the others are of interest for their relation to ferro-
electrics I hope that the title of the book, chosen on grounds of
brevity, will not prove too misleading.

In a subject advancing as rapidly as this, it is inevitable that any
survey should have many omissions and many statements that will

X



PREFACE

need revision before even the book is in print. It will have achieved
its aim, however, if it displays our existing knowledge in such a way
that the foundations can be clearly seen; that their strength can be
tested; and that as rebuilding and extension become necessary these
can be done economically and with an understanding of their place
in the edifice as a whole.

I wish to express my thanks to all those who have read and com-
mented on parts of the book in manuscript, and particularly to Dr
R. E. Newnham who read it in proof and helped me to remove
numerous crrors. | owe a special debt of gratitude to Dr W. H. Taylor
for his encouragement from the time when the idea of writing the
book first began to take shape.

I wish also to thank the various authors whose diagrams I have
used as illustrations, and the editors and publishers of the following
journals for permission to reproduce them: Acta Crystallographica;
Helvetica Physica Acta; Journal of the Physical Society of Japan;
Philosophical Magazine; Physical Review; Proceedings of the Physical
Society; Proceedings of the Royal Society. I am particularly grateful
to the following, who let me have photographs or drawings from
which to make reproductions: to Mr H. S. Pease for Fig. 3.3 (a) and
(b), to Dr W. J. Merz for Fig. 4.6 (d),(e)and (f), and to Dr H. F. Kay
for Fig. 5.4.

Finally, I should perhaps say that I have not tried to give a
systematic account of work published after about the middle of 1955;
a few later papers are mentioned, however, where they are immedi-
ately relevant to topics discussed in the text and happened to come
to my notice while the book was being prepared for the press.

HELEN D. MEGAW

Cambridge
February 1956
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Chapter 1
INTRODUCTION

Wisdom will repudiate thee, if thou think to enquire
wHY things are as they are, or whence they came: thy task
is first to learn WHAT is.

BRIDGES: Testament of Beauty

1 Dielectric hysteresis

1.1. The discovery of the phenomenon later to be known as ferro-
electricity was made in 1921 by Valasek in an investigation of
Rochelle salt (sodium potassium tartrate tetrahydrate). This sub-
stance was believed to belong to the crystal class 222 (orthorhombic
hemihedral-holoaxial)*; it is water-soluble, easily prepared, easily
grown in large crystals, and has been much studied for its physical
properties since the time of Pasteur, who demonstrated its optical
activity. It has no centre of symmetry, and is therefore capable of
showing piezoelectricity—that is, the production of electrical charges
by the application of mechanical stress, and conversely of mechanical
deformation by an electric field. The magnitude of its piezoelectric
effect gives it technological importance, and for this reason it has been
extensively studied.

The new effect discovered by Valasek was a dielectric hysteresis.
He showed that for one direction in the crystal, parallel to the x axis,
the electric displacement D (measured by the charge on a condenser)
was not determined uniquely by the applied field E, but depended
also on its previous values. If the field was alternately increased to a
maximum and decreased through zero to a maximum in the opposite
sense, the displacement traced out a hysteresis loop, as shown in
Fig. 1.1. The resemblance to a ferromagnetic hysteresis loop (which
connects B, the induction, with H, the field) is immediately obvious.
The analogy between them was pointed out in Valasek’s first paper,
and it inspired much of the work that followed. It will be shown later
that it must not be pressed too far or it becomes misleading, but it
provides a useful approach.

It is to this analogy with ferromagnetism that ferroelectricity owes

* The crystal notation used throughout this book is that defined in the Inter-
national Tables for X-ray Crystallography, Vol. I (1952: Kynoch Press, Birming-
ham), to which the reader may be referred. It will only be explained in this book

when the understanding of the argument depends upon it. A glossary of crystallo-
graphic terms is given in the Appendix.



FERROELECTRICITY IN CRYSTALS

its name. The word seems to have been first used by Mueller in 1935.
The name is illogical, because the analogy is not perfect, and the
reference to iron is misleading. An earlier name, ‘Seignette-electricity’,
derived from its first discovery in Rochelle salt (Seignette salt), was
introduced by Kurchatov (1933) and has been widely used, par-
ticularly on the Continent. It too can be challenged, since we now
know that Rochelle salt is far from typical; but perhaps the real
reason for its rejection by many writers is its failure to fit comfort-
ably into the English language. As an adjective, ‘ferroelectric’ is
euphonious, while ‘Seignette-electric’ grates on the ear.
3 ?
—
260 / e
210 / / /
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Fig. 1.1. Dielectric hysteresis loop for Rochelle salt (Valasek, 1921).
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Fig. 1.2. Circuit for investigating hysteresis loop (Sawyer and Tower, 1930).

[.2. Experimental methods of recording the hysteresis loop are
senerally based on that of Sawyer and Tower (1930). The crystal
under test is in the form of a parallel plate with electrodes connected
to its surfaces, which are commonly silvered. The circuit is shown in
Fig. 1.2. A cathode-ray oscillograph is used. One pair of plates 44
measures the potential applied across the crystal itself, which is pro-
portional to the field, while the other BB measures the potential
across a condenser C in series with the crystal, which is proportional
to the charge on the crystal and hence to the displacement.



1.INTRODUCTION

1.3. The existence in any substance of a dielectric hysteresis loop
implies that the substance possesses a spontaneous polarization, that
is, a polarization which persists when the applied field is zero. This

P B

A

/

Y

Fig. 1.3. Dielectric hysteresis
loop: illustrative diagram.

is illustrated in Fig. 1.3, which shows
a loop of polarization P versus field
E (which is qualitatively similar to
the loop of D versus E, since D =
E + 4nP). The length OA represents
the spontaneous polarization P,; OC
represents the coercive field E,, the -
minimum field needed to reverse the
direction of polarization.
Spontaneous polarization corre-
sponds to intrinsic magnetization in
a ferromagnetic, but there is a very
important difference. A magnetic
moment in a specimen can be de-
tected and measured by its external
field. An electric polarization can
only be similarly detected if the
specimen retains electric charges on
its surface. Such charges become

neutralized in time—by leakage through moisture films or ionized
air, even if the material itself is perfectly non-conducting—and then

no external effect can be observed. 1f
however the sense of the polarization
can be reversed, new charges are formed
and can be detected. But if the applied
field is less than the coercive field,
reversal will not occur and the polariza-
tion will remain unobservable.

1.4. The exact shape of the loop
obtained experimentally depends on a
number of factors: the dimensions of
the specimen, the temperature, the
humidity (since Rochelle salt can
change its composition appreciably by
loss of water on standing in air), the
texture of the crystal and its previous
thermal and electrical history. It is now

—

.

Fig. 1.4. Dielectric hysteresis

loop for

a true

domain crystal.

single-

recognized that a curve such as that of Fig. 1.1 does not represent a
true single crystal; it results from the superposition of loops due to
smaller crystallites. In some cases, abrupt changes in polarization of
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individual crystallites can be observed as discontinuous jumps in the
curve, similar to the ‘Barkhausen jumps’ in ferromagnetic materials
(see Fig. 3.8). For very good single crystals, in favourable circum-
stances, the loop approximates to a parallelogram, as illustrated in
Fig. 1.4, and the change in polarization at the coercive field happens
in a single discontinuous jump.

However, actual crystals are never perfect, but are subject to local
stresses; and because of the piezoelectric effect, local stresses imply
local fields. According to the direction of these, the external field
required for reversal will be greater or less than the coercive field.
Thus even for the best available single crystals the loop is always
somewhat rounded at the corners.

2 The Curie point

With increase of temperature above 0° C, the hysteresis loop of
Rochelle salt changes its shape. The height decreases slightly, the
width decreases very much, until at about 24° C the sides of the loop

N T

26° 23.3° 21-8°

Lo

o -g°

15°

Fig. 1.5. Dielectric hysteresis loops for Rochelle salt at different tempera-
tures (Sawyer and Tower, 1930).

have merged into one line. Fig. 1.5 shows some early observations
with a cathode-ray oscillograph. The disappearance of spontaneous
polarization in Rochelle salt is comparable to the disappearance of
magnetization in iron at the Curie point, and Rochelle salt is
therefore said to have a ferroelectric Curie point, at 24° C. Below 0° C
the hysteresis loop closes up as the temperature decreases; the first
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stages of this effect are shown in Fig. 1.5. At about —20° C the spon-
taneous polarization disappears, and does not recur at any lower
temperature; this temperature is known as the lower Curie point. This
effect is quite without a parallel in ferromagnetism, where there is no
lower temperature limit to the ferromagnetic range. Subsequent work
shows that it is also unusual among ferroelectrics, most of which
retain their spontaneous polarization down to the lowest tempera-
tures investigated.

When a constant biassing field is used, it is found that the range of
spontaneous polarization is extended: the upper Curie point is raised,
and the lower Curie point lowered.

3 Dielectric constant

3.1. Another striking feature of Rochelle salt is its very high di-
electric constant parallel to the x axis within the ferroelectric range.
At the upper Curie point it rises to a peak value of as much as 4000
as compared with about 10 along the y axis (see Chap. 2, Fig. 2.2).
At higher temperatures it decreases according to a Curie-Weiss law
(Fig. 2.3): that is, the dielectric constant € and the temperature T are
related by an equation of the form
C

T—T,

where T, is a temperature close to the Curie point and C'is a constant
with the dimensions of temperature. At the lower Curie point it has
‘a second peak, dropping to low values according to a Curie-Weiss
law on the low temperature side.

e—1=

k4

3.2. The reason for the high dielectric constant can be seen qualita-
tively from the hysteresis loop (Fig. 1.3). It is first necessary, however,
to consider our definitions. Dielectric susceptibility # is ordinarily
defined as P/E, and permittivity or dielectric constant € as 1 + 47
In a normal material, P is proportional to E, and the definition is
adequate; here it is not. We may distinguish

(1) the overall susceptibility Pp/Ep, the ratio of the values of P and
E at the tip of the loop,

(2) the differential susceptibility, the slope dP/0E at any point,

(3) the initial or ‘small-signal’ susceptibility, the slope dP/9E at
zero external field,

(4) the saturation susceptibility, the slope at B.

If the material has been taken round the hysteresis loop already, the
initial susceptibility measures the slope at 4; it can be shown to be
equal to the slope for small fields applied to a new specimen.

B
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It is clear that the overall susceptibility is much greater than the
saturation susceptibility, which is the value when the continuously-
applied field is too great to allow reversal of polarization by the test-
ing field, and which is therefore of the same order of magnitude as for
materials—or for directions in the same material—not possessing
spontaneous polarization. It can also be seen in a qualitative way
how the susceptibility increases as the loop narrows in the neighbour-
hood of the Curie point; for the square loop of a true single crystal,
as the sides close together into a vertical line the susceptibility be-
comes infinite,

3.3. Tt follows from any of the definitions that the susceptibility and
the dielectric constant derived from it are strongly dependent on the
shape of the hysteresis loop, and hence, as we have seen, on the
texture of the crystal and its approximation to a true single crystal. It
is therefore not surprising that there is a good deal of disagreement
among different authors about the absolute values they report for the
dielectric constant of the same substance. Many of them have not
stated their definition of the constant, nor specified the conditions
under which it was measured—for example, whether the crystal was
clamped or free. Later writers generally measure the initial dielectric
constant of a free crystal. In this book, no attempt is made at critical
assessment of the values; the figures arc only given to illustrate
relative orders of magnitude.

As an illustration of the different values based on different defini-
tions, the work of Merz (1953) on a very good single crystal of
barium titanate may be quoted. This crystal showed a very square
hysteresis loop. The initial dielectric constant, derived from the slope
at A4 (Fig. 1.3), was about 200, while the differential dielectric con-
stant, derived from the slope at C, was of the order of 10

4 Crystal symmetry and the existence of spontaneous polarization

4.1. The existence of spontaneous polarization in Rochelle salt raises
a difficulty, for it is not compatible with the symmetry which the
crystal was originally believed to possess. This is a point which it is
worth looking into rather fully.

The existence of a symmetry element means that any vector in a
crystal is repeated according to certain geometrical laws which are
characteristic of the symmetry element. The resultant vector descrip-
tive of the crystal as a whole is obtained by adding all the separate
vectors derived from the initial one by the operation of the sym-
metry elements. For many combinations of symmetry elements the
resultant is zero. Consider for example a crystal having diad axes
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along x and y. The first diad repeats a vector with components u v w
to give another with components u v w. The second repeats them both
to give two more, # v w and @ ¥ w. (It can be seen that this implies a
third diad axis along z.) The sum of the components along each axis
is zero, and therefore the resultant is zero. If the diad axis along x had
been the only symmetry element, the resultant would have had a
component 2u in this direction. Hence the crystal class 2, with only
onc diad axis, allows a resultant vector along the axis; the class 222,
with three diads at right angles, has zero vector. The possible com-
binations of symmetry elements represented by the thirty-two crystal
classes can be divided in this way into those which allow a resultant
vector (the polar classes) and those which do not.

4.2. The importance of the distinction comes in connection with
physical properties which must be represented by a unidirectional
vector. Of these, pyroelectricity has received most attention in the
past. True pyroelectricity is the development of electric charges of
opposite sign at opposite ends of an unstressed crystal which is heated
(or cooled) uniformly. ‘False’ pyroelectricity is the similar develop-
ment of charges when there is a temperature gradient or when the
heated crystal becomes subject to stress. It is difficult to distinguish
between these experimentally, and for this reason they have often
been treated together, but the theoretical distinction is important.
True pyroelectricity implies a resultant vector in the crystal, and can
therefore only occur in the polar classes (sometimes called, for this
reason, the pyroelectric classes). (Neumann’s rule, which reiates
geometrical crystal symmetry to the symmetry of physical properties,
provides a different formulation of the same statement.) Piezo-
electricity and false pyroelectricity, on the other hand, must be
described by tensors, and the above argument does not apply; they
can occur in any crystal class (such as 222) which lacks a centre of
symmetry (except the cubic class 432).

Spontaneous polarization is also represented by a resultant vector
and can therefore only occur in the polar classes. We have just seen
that the class 222 is not polar; yet the evidence that Rochelle salt
belonged to that class seemed well established. The solution was pro-
vided by Jaffe in 1935. He realized that the evidence of spontaneous
polarization implied a lowering of the symmetry to class 2 (more cor-
rectly written 211, since the polar axis is still chosen to be the x axis,
and the y and z axes are now associated with no symmetry repetition).
This is monoclinic, and he predicted a departure of the interaxial
angle from 90° by 3'. Later work detected this and confirmed his
explanation; the details are given in Chap. 2. The position may be
summed up by saying that the true symmetry is monoclinic in the

7
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Curie range, but that the departure from orthorhombic is so small it
may easily escape detection except by very sensitive methods.

4.3. There is a close relation between spontaneous polarization and
pyroelectricity. The latter (as Lord Kelvin realized) implies the exist-
ence in the crystal of a polarization which changes with temperature.
The difference between this and the spontaneous polarization of a
ferroelectric lies in the fact that the latter is reversible. Suppose for a
given material the coercive fields were large and the applied fields
small; then the crystal would remain polarized in one direction, and
behave like a pyroelectric. Ferroelectrics in fact are all pyroelectrics.
The pyroelectric behaviour of Rochelle salt was demonstrated by
Mueller (see Chap. 2).

It does not follow that all pyroelectrics would become ferroelectric
if we could apply a large enough field. It mayhappen that the internal
forces resisting reversal of polarity are so large that they cannot be
overcome without breaking down the structure completely.

5 Dipole moment and dipoles

5.1. Spontaneous polarizatien may be defined in an alternative way
as the dipole moment per unit volume. This terminology may suggest
that we ought to be able, from the crystal structure, to pick out
dipoles each with its own dipole moment: that is, pairs of equal and
opposite charges, the product of charge and separation giving the
dipole moment. Unfortunately this procedure is generally not legiti-
mate at the present stage of knowledge. There is a dipole moment per
unit cell, but it cannot be broken up into separate dipoles without
introducing assumptions about the interatomic bonds. The reason is
clear: if the dipole is to have any physical meaning (as distinct from
a formal mathematical significance) the charges must be bound to
each other more rigidly than to other charges outside the dipole.

It is easiest first to consider examples where this holds good. Thus,
in a gas where each molecule has oppositely charged ends, the mole-
cules are dipoles; in an ionic crystal subjected to an external electric
field, so that there is a relative displacement of positive and negative
charges within the same ion, each ion is a dipole. In a crystal structure
containing molecules which may change orientation as a whole with
respect to the rest of the structure, these molecules may be dipoles.
The first theory attempting to explain the dipole moment of Rochelle
salt attributed it to the water molecules, which were supposed to be
able to rotate relative to the rest of the structure; they constituted
permanent dipoles. As we shall see later, this theory proved
unsatisfactory.

8
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In non-molecular crystals, however, the atoms are linked together
in a three-dimensional network by forces which, in general, are of the
same order of magnitude throughout. We cannot pick out pairs of
atoms which retain their special relationship whatever happens to the
rest, because they are bound to their other neighbours by the same
sort of forces as to each other. If the environment of the atoms is
symmetrical, this is exactly true. In sodium chloride, for example,
each sodium is equally associated with six chlorines. We can then
formally pair off each sixth-of-a-sodium with a sixth-of-a-chlorine,
and all these bonds have equal strength (‘electrostatic valence’). But
if an atom is in an unsymmetrical environment, there is no way
(except guesswork) of making an electrostatic division of its charge
between the various bonds, unless we know the distribution of its
charge (no longer spherical) in the field of all its neighbours. The
assumption of electrostatic point charges is no longer adequate; we
need a chemical approach, which can deal with bonds of homopolar
character.* No detailed theoretical treatment is yet available for
ferroelectric materials, where the bonds are probably semi-polar.
Such a theory is a goal to aim at, but cannot yet provide an unques-
tioned starting-point for identifying individual dipoles.

5.2. Itis however possible that dipoles may be identified empirically.
The recurrence of certain geometrically-polar groupings of atoms in
crystals with abnormal electrical properties is evidence suggesting
that the dipoles are associated with these groupings (cf. Chap. 6,§5.1).
In some types of materials the evidence already accumulated makes
the identification reasonably convincing, in others it is no more than
guesswork. We may hope for advances in knowledge as more work is
done on single crystals, correlating the electrical properties in particu-
lar directions with the directional features of the various structures.

It must nevertheless be emphasized that, while the dipole moment
of the unit cell is directly determined from observable quantities—the
spontaneous polarization and the cell volume—the identification of
the whole or any part of it with any particular part of the unit cell is a
step introducing further assumptions whose experimental justifica-
tion is always less direct and sometimes entirely lacking. It is there-
fore necessary to avoid using the idea of individual dipoles in stating
the experimental results of X-ray structure determination, which are
independent of electrical evidence. This has not always been done in
the literature, and it has sometimes led to confusion.

Various attempts which have been made to identify dipoles and to
estimate their magnitude will be considered in Chap. 10.

* For an account of homopolar or covalent bonds, see for example A. F. Wells,
Structural Inorganic Chemistry, 2nd edition (Oxford University Press, 1950).
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6 Nature of transition at the Curie point: pseudosymmetric structures

6.1. Outside the Curie range, Rochelle salt becomes truly ortho-
rhombic, and has the symmetry 222. Inside, it is monoclinic, with
symmetry 211. The change is a transition between two solid states,
from one crystal form to another. It happens reversibly without
breakdown of the structure as a whole. From the thermodynamic
standpoint the question arises, is it a first-order or a second-order
transition?

A first-order transition is one in which there is a discontinuous
change of volume and energy; the energy appears as a release of
latent heat in an infinitely narrow temperature range. A second-order
transition shows no discontinuity in the volume or energy—there is
no latent heat; but their temperature derivatives, the expansion
coefficient and the specific heat, show anomalies extending over a
finite temperature range. Other properties, such as the polarization,
show discontinuity in a first-order change but not in a second-order
change.

If, however, the discontinuities are very small, they are liable to be
masked or smeared out by other effects; for example, the transition
temperature may be very sensitive to applied stress. The detection of
discontinuities is then likely to depend on the refinement of experi-
mental methods and the perfection of the material available. Indirect
thermodynamic arguments (which will be referred to in Chap. 8) can
be used to formulate other criteria, but it is not at all clear how far
the distinction between first- and second-order transitions has any
physical significance in such a limiting case. In Rochelle salt, so far
as is yet known, the transition appears to be continuous. An attempt
has been made to collect the evidence concerning continuity and dis-
continuity in the chapters dealing with individual substances.

6.2. A more fundamental distinction has to be made from the
structural standpoint, between transitions which occur with and
without breakdown of the structure as a whole. The latter can occur
reversibly within a single crystal. It follows that the atomic displace-
ments at the transition must be small, and hence the change of
volume and of energy must also be small. The transitions which
occur in ferroelectrics are all of this type, but the type is by no means
confined to ferroelectrics; there are many important examples among
minerals. Some of these have been discussed by Buerger (1951). He
defines displacive transitions, which only involve very small distor-
tions of the atomic network, and contrasts them with reconstructive
transitions, in which the network is broken up into small parts and
reassembled. Thus, for example, the «—f transition in quartz, which
10



1. INTRODUCTION

occurs reversibly at about 550° C and involves a change of symmetry
but no breakdown of the structure as a whole, is displacive, while the
transition between quartz and tridymite or cristobalite, which involves
a change of linkage of the Si-O network, is reconstructive.

Buerger’s definition of displacive transition probably covers the
transitions in ferroelectrics, though it emphasizes only the crumpling
of the framework and not the small movements of atoms relative to
the framework which are important in ferroelectrics. A more useful
definition is that of pseudosymmetric structures. A pseudosymmetric
structure is one derived from a structure of higher symmetry by small
displacements of the atoms, such that atoms which in the high-
symmetry form were on special positions (i.e. mirror planes, rotation
axes, or centres) are released from them by the disappearance of a
particular symmetry element. In consequence, either the unit cell
changes its shape to a more general one—for example, a cube may
become a square prism, or a parallelopiped with a rectangular base
may become oblique-angled—or else a larger unit cell is formed from
two or more of the original units, which are now not truly but only
approximately identical. Examples of these will be met in the follow-
ing chapters. In either case, the change is a topological one—by
which we mean that there are no interchanges of atoms on different
sites, and no creation or destruction (geometrically speaking)
of linkages between atoms, though their relative lengths may be
altered.

From an experimental point of view, it is generally easier to learn
the shape and size of the unit cell than the positions of atoms within
it; indeed there are only a few pscudosymmetric structures for which
the exact atomic coordinates are known. This does not matter
seriously for a qualitative understanding of such structures, provided
their symmetry has been dctermined unambiguously, since the sym-
metry requirements, taken in conjunction with the fact that all dis-
placements from the high-symmetry form must be small, are often
enough to fix the atomic positions within narrow limits and give us an
idea of the general features.

6.3. Rochelle salt, within its Curic range, is a pseudosymmetric
structure. It appears unusual in the very small distortion of its unit
cell; but it may be that distortions as small as this occur elsewhere and
are overlooked because the substances concerned have not been
studied in as much detail.

It should be noted that there is no conclusive evidence that the
structure of orthorhombic Rochelle salt below —20° C is identical
with that above 24° C, though both are related by pseudosymmetric
transitions to the same monoclinic form.

11
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7 Twinning and domain formation

7.1. Pseudosymmetric structures commonly give rise to twin forma-
tion, especially when they involve changes in shape of the unit cell.
It is easy to understand why this should be so. Suppose an ortho-
rhombic unit cell (seen in plan in Fig. 1.6 (a)) becomes monoclinic,
retaining the axis perpendicular to the paper as symmetry axis. It can
do so with two orientations (Fig. 1.6 (b) and (c)) which are phys-
ically equivalent; for a perfect single crystal, not clamped in any way,
there is nothing to choose between them. If however the crystal is em-
bedded in an elastic medium, there will obviously be smaller stresses
developed at the boundary if it can keep its overall shape as little
changed as possible, and this it can do by twinning, as in Fig. 1.6 (d),

(a)

[ ] (W

(b) . (c)

(d)

Fig. 1.6. Diagrammatic illustration of twinning in a pseudosymmetric
structure.

(a) Crystal above transition point (high-symmetry form)
(b), () Low-symmetry form: two possible orientations
(d) Twinned crystal, with low-symmetry form in both orientations.

so that alternate lamellae have the orientation of (b) and (¢). Actual
crystals are generally clamped in some way, either by their neighbours
or their supports, or, if they are large, by their own inertia. Thus twin
formation is very likely, unless special precautions are taken to ensure
that the crystal is free. The arrangement of twins in any given sub-
stance depends on the detailed geometry of the two structures, the
case chosen for illustration being a specially simple one; but, what-
ever it is, an alternation of individuals is always to be expected. In
ferroelectric crystals such individuals are often known as domains,
since their role is somewhat comparable to that of ferromagnetic
domains, but the analogy is by no means exact.

7.2. Since twinning takes place at the transition from higher to lower
symmetry, the details of the texture can be influenced if, during this
12
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transition, the crystal is subjected to conditions which favour one
particular orientation. If, for example, pressure perpendicular to the
polar axis in the low-symmetry crystal raises the Curie point, then
linear compression of the solid just above the Curie point will encour-
age the growth of domains with their polar axis perpendicular to the
applied force. An electric field applied in a particular direction can
have a similar effect. In practice, good single-domain crystals are pre-
pared by an operation called ‘poling’, in which the crystal is heated
and cooled a number of times through its transition point while
subject to an electric field along the polar axis or to appropriate
mechanical stresses or to both together.

8 Other materials

Though Rochelle salt remained for some years the only known
example of a ferroelectric, others were discovered later. The known
ferroelectrics mostly fall into three main groups; the rest must still be
classified as ‘miscellaneous’. They will be dealt with in the chapters
that follow.

(1) Rochelle salt. This group includes, as pure substances, only
Rochelle salt itself and its deuterium-substituted analogue.
Solid solutions in which there is a small amount of isomor-
phous replacement of K and Na by other ions are also
ferroelectric. Ferroelectricity has not been conclusively demon-
strated in any of the pure isomorphous tartrates such as
NH,NaC,H,04.4H,0, though there are anomalous properties
below room temperature.

(2) Potassium dihydrogen phosphate, KH,PO,. The group of isomor-
phous substances comprises the dihydrogen phosphates and
arsenates of the alkali metals K, Rb, Cs, and their deuterium-
substituted analogues. Ferroelectricity in certain members of
the group was discovered by Busch in 1935, and the others have
been added by later work.

(3) Barium titanate, BaTiO4. The first published evidence on ferro-
electricity in this substance came in 1945 from Wul and Gold-
man in Russia; it had however been described a year or two
earlier by von Hippel and co-workers in reports with a limited
circulation in America. There are many substances belonging
to the same structure family (the perovskite group), and of
these there is evidence for ferroelectricity in PbTiO3, KNbOs,
NaNbO,, KTaO,; WO, and certain solid solutions. Another
substance which should be included here is LiNbO;.

(4) Miscellaneous. Certain other substances are believed to be ferro-
electric. They include cadmium niobate, Cd,Nb,O,, which has

13
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the structure of pyrochlore; guanidine aluminium sulphate
hexahydrate; and lithium thallium tartrate monohydrate,
LiTIC,H,04.H,O, which, though a tartrate of monoclinic
symmetry, is not isomorphous with Rochelle salt.

9 Summary of properties of ferroelectrics: definition

The properties which have been illustrated in the foregoing para-
graphs by Rochelle salt are also possessed by most other ferro-
electrics. It will be useful to summarize them, and consider which
must be regarded as fundamental and which as derived.

(1) They possess a dielectric hysteresis loop, indicating reversible
spontaneous polarization.

(2) They show disappearance of hysteresis at a certain temperature,
the Curie point.

(3) They have a domain structure, which may be visible in polarized
light.

(4) They have a high dielectric constant, rising to a peak at the Curie
point.

(5) The falling-off of their dielectric constant above the Curie point
follows a Curic-Weiss law.

(6) They possess a pseudosymmetric structure.

(7) Their symmetry places them in a polar class.

(8) They have a transition at the Curie point to a form of higher
symmetry.

(9) The Curie point is raised (or a lower Curie point lowered) by the
application of a biassing field.

(10) There is a sudden appearance of surface charges at the transition.

Of these, item (1) is characteristic of ferroelectrics and may be used
to define them:

A ferroelectric is a crystal possessing reversible polarization, as
shown by a dielectric hysteresis loop.

Items (6) and (7) are conditions that must be satisfied, and ferro-
electricity may be looked for in any crystal that does so; but unless
the pseudosymmetry is close to the true symmetry the coercive field
may be too large. Items (2) and (8) describe the effect of changing
temperature, provided that the ferroelectric form remains stable, but
it is quite possible that a transition to a different polymorph, or even
chemical breakdown, may intervene before the Curie point is reached
(see for example Chap. 7, § 3). Ttems (9) and (10) are useful confirma-
tion of (1), in cases where the Curie point is attainable. Item (3) is a
normal effect in pseudosymmetric structures, as we have seen, and is
in no way limited to ferroelectrics. Item (4) cannot be used as a
14
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criterion, since the shape of the curve is texture-sensitive, and not
distinctly different from that of substances which show no hysteresis
loops; also it is hard to define what is meant by ‘high’. It is never-
theless a useful clue. Item (5) refers wholly to the high-temperature
side of any possible Curie point, and provides no proof that the
material ever achieves a ferroelectric state.

Other criteria, based on various physical properties and their
dependence on temperature, stress, and applied field, are less direct;
since they are all ultimately dependent on the existence of a spontane-
ous polarization and polar symmetry, they will not be discussed in
detail here.

10 Antiferroelectrics

The analogy with ferromagnetism suggested that, just as there
are substances (called antiferromagnetics) with no external magnetic
moment because the individual magnetic moments of the atoms are
in antiparallel array, so there may be substances with no spontaneous
polarization because individual parts of the structure have polariza-
tions in opposite senses. Kittel (1951) predicted these, and called them
antiferroelectrics. It was not long before substances were found which
were considered to fulfil the prediction. The first of these was lead
zirconate, PbZrOs;. It had a transition point at which there was an
anomaly in the dielectric constant; the low-temperature structure
gave no dielectric hysteresis loop, but certain of the atoms had anti-
parallel displacements from their positions in the high-temperature
form (see Chap. 5 for details). These features were regarded as char-
acteristic of antiferroelectrics.

Unfortunately the early definitions treated atomic displacements
(incompletely known) as equivalent to dipoles, a procedure which (as
we have seen in § 5) introduces presuppositions which are themselves
ill-defined. It is desirable to look for something more exact, and more
easily stated in terms of observable properties. A definition must
include some reference to the electrical properties, otherwise it would
be too wide to be useful; but it cannot be based on the dipole moment
of the unit cell, since this is zero, nor on the dipole moments of parts
of the cell, since any identification of these comes at best from rather
indirect arguments, and at a later stage in our knowledge of the
material. It seems best to use the dielectric constant as a criterion.
The anomalies in this only appear at the transition point, and there-
fore an antiferroelectric can only be recognized as such at or near the
transition. It may be defined provisionally as follows:

An antiferroelectric is a substance of non-polar symmetry, showing
no dielectric hysteresis, which has a pseudosymmetric transition to
15
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a high-symmetry form accompanied by a sharp anomaly in the
dielectric constant.

This definition suffers from the drawback that the pseudosym-
metric character of the transition is not always easy to establish
experimentally. It is then useful to have a further criterion, based on
the fact that a biassing field applied to an antiferroelectric lowers the
temperature at which the anomaly occurs, i.e. decreases the antiferro-
electric range (by contrast with its effect of increasing the ferroelectric
range).

In practice the anomaly at the transition point of an antiferro-
electric generally has a shape more like a cliff than a peak (see Fig.
3.11). Itis very much like that of the dielectric constant at right angles
to the polar axis in a ferroelectric (for example ¢, in KH,PO,,
Fig. 3.10).

11 Relation between ferroelectrics and antiferroelectrics: line and cone
ferroelectrics

11.1. The point noted in the last paragraph leads us on to the ques-
tion whether a substance may at the same time be ferroelectric and
antiferroelectric. With the definitions as they stand, it clearly cannot
be; but something more needs to be said. The spontaneous polariza-
tion of a ferroelectric is in one direction only. If we restrict our
investigation to directions at right angles to this, it has no spontane-
ous polarization, and therefore (ideally) gives no hysteresis loop; on
the other hand, it may (though it need not) show the pseudosym-
metry and anomalous dielectric constant of an antiferroelectric. In
other words, a ferroelectric may have antiferroelectric properties at
right angles to its polar axis. These effects are only likely to be
detectable in single crystals, since they depend on direction.

The origin of these effects is clearly that there exist in separate parts
of the unit cell dipole moments so arranged in space that the sum of
their components in all directions except one is zero. If we assume
that the individual dipoles are all similar, then they must make the
same angle with the unique direction, and can be represented (in
direction, not in position) by a set of vectors lying on a cone about
that direction. The material is ferroelectric, because of the non-
vanishing component; it may therefore be called a cone ferroelectric.*

* These substances were originally called ferrielectrics (Cross, 1956); but the
analogy with ferrimagnetic materials is not very close. The characteristic features
of the latter are due to two kinds of atomic dipoles not related by the crystal
symmetry, and therefore (in principle) physically distinct, whereas cone ferro-
electricity results from a single set of related dipoles. Ferrimagnetism is essentially
one-dimensional, cone ferroelectricity three-dimensional.

16
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In directions perpendicular to the polar axis it has the properties of
an antiferroelectric.

The cone ferroelectric is the most general type of ferroelectric.
Possible examples include Rochelle salt itself; others are considered
in Chap. 5, § 4.11, and Chap. 7, § 2.3 and § 6.4. The point is discussed
theoretically in Chap. 8, § 5.2.

An important special case occurs when all the dipoles are neces-
sarily parallel because they lie on rotation axes of symmetry, as for
example must happen in tetragonal BaTiO;, where all atoms lie on
such axes. In this case the semi-angle of the cone is zero. To dis-
tinguish these structures, where necessary, from the more general
type, they may be called line ferroelectrics. Most theoretical work up
to about 1955 limited itself to structures of this special type.

11.2. In preliminary work on any substance, it is not always easy to
distinguish whether it is ferroelectric, or antiferroelectric, or neither.
Investigation of the dielectric hysteresis may be difficult if the material
is electrically-conducting; and where single crystals are not available
the shape of the dielectric anomaly may not be very distinctive.

An illustration occurs in the work of Grinicher and Jakits (1954)
on solid solutions of the perovskite family. They found transitions
accompanied by no anomaly in the dielectric constant, and others
accompanied by an anomaly whose temperature was independent
of the biassing field. Such transitions are neither ferroelectric nor
antiferroelectric.

A good many substances originally reported as ferroelectric are
now considered probably antiferroelectric; they are classed as such
in the next paragraph.

11.3. Examples of antiferroelectrics arranged according to structure
include the following:

(1) Rochelle salt group. It is possible that solid solutions
(K,NH,)NaC,;H,0,4H,0 may be antiferroelectric, as may
also be Rochelle salt itself below —20° C, but further work is
needed.

(2) KH,PO, group. NHH,PO, and ND,D,PO,, which are isomor-
phous with the rest of the group in their high-temperature
form, have a transition point below which they become
antiferroelectric.

(3) Perovskite group. PbZrOj is antiferroelectric, though solid solu-
tions with small amounts of impurities are ferroelectric. It is
probable that NaNbO; and WO; have forms which are anti-
ferroelectric as well as others which are ferroelectric.

17
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(4) Miscellaneous. 1t is probable that Pb,Nb,0, is antiferroelectric,
and also (NH,),H;104 and Ag,H;310¢. The evidence about
LiNH,.C,H,0,.H,0 is conflicting. Low-quartz, which has no
related ferroelectric, is nevertheless itself an antiferroelectric;
the anomaly in its dielectric constant has been demonstrated by
Perez (1950).

12 Polymorphism in ferroelectric and antiferroelectric materials

It is easy to see that a variety of pseudosymmetric structures may
be derived from the same high-symmetry form, if this contains several
independent sets of symmetry elements, any onc of which may be
removed alone. Thus for example a cube retaining its original volume
can suffer three different distortions, according to whether the sym-
metry axis retained is the tetrad (cube edge), the triad (body diagonal)
or the diad (face diagonal), and in each the atomic displacements will
be different. Again, the atomic displacements may be such that a true
repeat only occurs after twice the original cell length (or even some
higher multiple of it). The true cell is then some multiple of the
original cell, which is known as a sub-cell. The lattice corresponding
to the true cell is sometimes called a superlattice. Multiple structures
can be built up in a great variety of ways.

Since the structures are all nearly alike it is not surprising that the
same compound should sometimes occur in more than one low-
symmetry form (possibly under the influence of traces of impurities).
Some examples of this polymorphism are mentioned in § 11, and
these and others are discussed in more detail later in the book.

13 Paraelectrics

The word paraelectric has sometimes been used, by analogy with
paramagnetic, to denote the high-symmetry form of a substance
which, below its transition temperature, is ferroelectric or antiferro-
electric. It has also been extended to cover substances possessing
high-symmetry structures in a family which contains ferroelectrics,
even if they themselves never undergo a pseudosymmetric transition.
Both these usages are rather vague.
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Chapter 2
ROCHELLE SALT

One said it was a hedgehog
The second he said, Nay;
The third, it was a pincushion
The pins stuck in wrong way, . . .
And a hunting they did go.

ANON: The three jovial huntsmen

1 Orthorhombic crystal structure

1.1. The crystal structure of Rochelle salt was first determined by
Beevers and Hughes in 1941. Later work (reported by Shirane, Jona
and Pepinsky, 1955) has resulted in slight changes of atomic para-
meters*, but no major changes in arrangement, except as regards the
hydrogen atoms, which were only located indirectly in the earlier
work. The structure determination of Beevers and Hughes was made
at room temperature, but their results must be taken as applying to
the high-temperature orthorhombic form, since their resolution was
not great enough to show the effects of monoclinic symmetry, which
will be discussed later.

The cell dimensions at 20° C (determined by Ubbelohde and
Woodward (1946)) are as follows:

11-891 4- 0:007 A
14-264 -+ 0-008 A
= 6225 4 0:004 A

a
b
c

The space group is No. 18, P2,2,2, and there are 4 formula-units,
KNa(COO.CHOH.CHOH.CO0O0).4H,0, in the unit cell. The potas-
sium ions lie in special positions on the diad axes parallel to z, form-
ing two pairs not related to each other by symmetry; all the other
atoms are in general positions, giving sets of four which are crystallo-
graphically equivalent. Atomic parameters according to Beevers and
Hughes are given in Table 2.1.

The structure is most easily seen in projection on (001) (Fig. 2.1).
The tartrate ions lie inclined to this plane, and some of their atoms
overlap in projection. All sodium ions are in equivalent positions and
have the same arrangement of six nearest ‘oxygen’ neighbours lying

* The numerical values are not yet available.
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TABLE 2.1

Atomic parameters in (orthorhombic) Rochelle salt (Beevers and
Hughes, 1941), expressed as hundredths of the cell edge. These were
originally measured in sixtieths of the cell edge (Beevers, personal
communication); hence there is a rounding-off error in the second
figure.

Crystallographically equivalent positions are:
Npsrtnt-ypLi-xi+ynLxpe

Parameters
Atom e

x y z
K 0 0 05
K, 0 50 15
0(2) 22 20 12
OH(5) 16 36 0
H,O(7) 40 08 50
H,0(8) 25 05 p
H,0(9) 44 30 05
C(1) 15 18 28
C(3) 17 27 65

roughly at the corners of an octahedron. (We include hydroxyl
groups and water molecules under the term ‘oxygen’.) Of the two
different potassium ions, K, has four near ‘oxygen’ neighbours only
(the next nearest being at more than 3-2 A distance), while K, has
eight. The distances are given in Table 2.2.

C 21



FERROELECTRICITY IN CRYSTALS

@ na
O 0,0H,0r H;0
eC

Fig. 2.1. Rochelle salt: projection of structure on 001. Figures beside atom
give heights above plane z = 0 in hundredths of cell edge; to convert
into Angstrom units multiply by ¢/100. Positions of screw axes indicated
by arrows. Environments of representative atoms shown by dotted lines;
where these are crossed by a short line at right angles, they involve an atom
in the cell vertically above or below that whose height is marked.

Cation-oxygen distances in Rochelle salt (Beevers and Hughes,

TABLE 2.2

1941)
A

K,-O(1) 2-79 Na-O(1)
K,-0(9) 3-:01 Na-0(10)
K,-0O(8) 329 Na-0O(8)
K,-0O(10) 3:52 Na-O(7)

Na-O(3)
K,-O0(4) 275 Na-O(5)
K.-O(7) 2-75
K,-O(5) 2:96
K;-O(8) 3:07

A
2:29
2:31
2:34
2:39
2:49
2:52
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1.2. The positions of the hydrogen atoms were not found directly,
but were inferred from the short ‘oxygen’-‘oxygen’ distances, which
indicate the existence of hydrogen bonds. The relevant interatomic
distances are given in Table 2.3. Beevers and Hughes, considering

TABLE 2.3

Oxygen-oxygen distances

Atoms Coordinates of atoms Distance

involved (in hundredths of cell edge) A
O(1)-0(10) 112,10, 37 92,10, 55 2-56
0(2)-0(8) 22,20, 112 25,05, 87 2:67
0(2)-0(5) 22,20, 12 16, 36, 32 2:69*
0O(3)-0(6) 23,40, 82 29,24, 63 2:66*
0(3)-0(8) 23,40, 82 25,55, 113 2-89*

04)-O(7) 106, 37, 85 90, 42, 50 2:96
04)-0(9) 106, 37, 85 94,20, 95 2:83
0(6)-0(7) 29,24, 63 40,08, 50 273
0(6)-0(10) 29,24, 63 42,40, 45 299
0(9)-0(10) 44,30, 05 42,40, 45 2-86

0(2)-0(9) 22,20, 12 44,30, 05 3:07

0O(6)-0(8) 29,24, 63 25,05, 87 3-14
0(6)-0(9) 29,24, 63 44,30,105 | 320

* Distances calculated from Beevers and Hughes’ published coordinates
(other distances as given by Beevers and Hughes).

these distances, put forward a system of hydrogen bonds intended to
account for the ferroelectric behaviour; in particular they emphasized
the significance of the short bond O(1)-O(10), which lies parallel to
the x axis, the direction of spontaneous polarization. The theoretical
treatments based on this will be considered in Chap. 10. Here it must
be emphasized that their experimental evidence is not sufficient to
enable the hydrogen bonds to be recognized with certainty. There are
certain points, however, which should be noted (cf. Megaw, 1954). It
may be taken for granted on chemical grounds that atoms 5 and 6 are
hydroxyl groups carrying one hydrogen atom each, atoms 7, 8, 9, 10
water molecules carrying two hydrogens. It cannot be assumed that
all of these necessarily take part in hydrogen bond formation. (The
hydrogen atoms attached directly to carbon are in any case not con-
cerned in this, and will not be further discussed.) It seems unlikely
that distances of more than 3 A represent a hydrogen bond.
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2 Evidence for monoclinic symmetry

2.1. As we have seen in Chap. 1, the existence of a spontaneous
polarization along the x axis requires that the symmetry should be
lowered from orthorhombic (space group No. 18, P2,2,2) to mono-
clinic (space group No. 4, P2,11). (It is more conventional in a mono-
clinic crystal to let the symmetry axis be y, and write the space group
P2;; but in this case it would mean re-naming the axes at the transi-
tion point, which is undesirable. The space-group symbol as written
records a diad screw axis in the x direction, and no axes of symmetry
or normals to planes of symmetry in the y or z directions.)

The first clear statement of this change of symmetry was made by
Jaffe (1937). He recognized that the apparent orthorhombic features
in the Curie region are due to twinning of monoclinic individuals in

VAN

which the interaxial angle « (i.e. yoz) differs very slightly from 90°.
From measurements of the converse piezoelectric effect he estimated
that the change of angle was about 3'. This prediction was verified by
Mueller (1940a), who took a rectangular block of Rochelle salt with
a base 1 cm. square, glued mirrors on the four faces parallel to the
x axis, and made accurate measurements of the angles between them
as the temperature changed. He found a change of nearly 4’ at 0° C,
while at 25° C and above no change was detectable.

2.2. X-ray evidence

The monoclinic symmetry might be expected to affect the X-ray
diffraction pattern in three ways, (a) difference in spacing between
hkl and hkl planes, (b) difference in intensity between hk! and hkl, (c)
appearance of 0k0 reflections with k odd, which are forbidden in the
space-group P2,2,2. These will be considered separately.

(a) 1t is sufficient to illustrate this from spacings in the Ok/ zone.
The spacing of the planes 0k/, Ok/ are given respectively by

sin a[k2/b® + I2/c® — (2kl cos «)/(bc)] ~#
and sin a[k?/b% 4 12/c? + (2kl cos &) /(bc)] 1.
If « is nearly 90° the difference between these will be small, but may
be observable for high-angle reflections. If the crystal transforms as a
whole, rather accurate measurement of the positions of the spot will
be needed, but if it twins, both spots will appear close together on the
photograph, and from their separation « can be found. 1n this way
Ubbelohde and Woodward (1946) were able to determine the angle
from the splitting of the 0,12,6 reflection, and found for the departure
from 90° a maximum value of about 1-8'; outside the Curie range the
spots were single. It is worth noting that their crystals were from 0-7
to 1-6 mm. in size, and that the individual domains were smaller than
those observed by Mueller (1933); further, the hysteresis effects to
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which they attribute a scatter in individual measurements of lattice
dimensions in the Curie range (see § 6) might equally affect the
values of the interaxial angle.

(b) The very small change of angle, and consequent difficulty of
observing the doubling of reflections which should characterize a
twinned monoclinic crystal, explains a fact which had hitherto puzzled
workers on the subject—why intensities of hk/ and hkl always
appeared to be equal, as required by orthorhombic symmetry. We
can now see that the two components of the monoclinic twin will give
reflections which overlap; it is only careful work on high-angle
reflections that allows any of them to be resolved.

Nevertheless it is possible to use the measured intensities to show
that the true symmetry is monoclinic, with the help of a Fourier
synthesis. In projection on (001), the orthorhombic structure pos-
sesses a centre of symmetry which the monoclinic lacks. This means
that the structure factors of the monoclinic structure are complex
numbers; if we ignore this and replace them by their moduli, we are
introducing a centre of symmetry which should not be there. If we
take these moduli—the square roots of the observed intensities,
with signs calculated from the orthorhombic structure—and use them
as coefficients in the Fourier synthesis of an electron-density map, the
result is composite, and consists of a true map of the crystal super-
posed on a ghost map related to the first by the operation of the
symmetry centre. Thus the atoms appear as double peaks, or, if their
departure from centrosymmetric positions is small, as unresolved
elongated peaks. From the map itself it is not, of course, possible to
tell which of each doublet is a ‘true peak’ and which a ‘ghost peak’;
other methods must be used. But the existence of doubled peaks
indicates the monoclinic symmetry. Similar arguments are applicable
to the other projections; the artifically introduced symmetry is not
necessarily a centre, but depends on the plane-group of the projec-
tion, which is known in each case.

Work of this kind has been carried out by Sundara Rao, Frazer
and Pepinsky (see Shirane, Jona and Pepinsky, 1955). They used the
deuterium-substituted salt, which has a higher Curie point (see
Table 2.4) and is more stable against loss of water at room tempera-
ture. They were able to detect doubling of the peaks, notably that due
to displacement of the K atoms from their special positions.

It should be noticed that this method uses information from a large
number of reflecting planes. Earlier work which tried to study the
changes in individual intensities at the transition point was inconclu-
sive because of the difficulty of making corrections for extinction
effects, which may be very large, and which themselves change at the
transition.
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(c) In the orthorhombic space group P2,2,2, the screw diad axis
parallel to y requires the systematic absence of 0k0 reflections with
k odd. In the monoclinic space group P2,11 this diad does not exist
and the reflections are allowed. Experimentally they have not been
detected by X-rays in spite of search (but see below, § 2.3). Though
this fact speaks in favour of orthorhombic symmetry it is not con-
clusive, since we cannot say for certain that the reflections are com-
pletely absent—they might merely be extremely weak. When there is
other evidence for the lower symmetry their non-appearance merely
shows that any departure of atoms from the ‘orthorhombic’ positions
must be very small.

2.3. Hydrogen atoms in the monoclinic structure

The question of the hydrogen atoms is important, and needs
special consideration. Since the scattering of X-rays by hydrogen is
small, their exact position has not much effect on the observed
intensities, and the arguments used above do not apply to them. It
seems very possible that the whole system of hydrogen bonds may be
different in the orthorhombic and monoclinic forms; and that in the
latter they may not satisfy even approximately the orthorhombic
requirements, but that the two halves of the unit cell in Fig. 2.1 may
contain entirely different bond arrangements. Small changes of posi-
tion of ‘oxygens’ might easily change O-O distances by a few tenths
of an Angstrom, and therefore make available quite different sites for
the hydrogen bonds. Table 2.3 indicates some of the possibilities, but
is probably not exhaustive. It is quite possible that the structures
above 24° C and below —20° C are different in their bond systems,
though alike in their general arrangement of oxygens and cations and
in their orthorhombic symmetry.

Though the effect of the hydrogen atoms on the X-ray diffraction
is so small it is not wholly negligible, and if accurate intensity meas-
urements are available their positions can be found, both indirectly
from accurate O-O distances and directly as peaks in a ‘difference
synthesis’; but this comes only at the end of a long and careful process
of refinement. The situation is quite different with neutron diffrac-
tion, in which the scattering by hydrogens is relatively large, and their
contribution to the observed intensities is much more conspicuous.
Investigations of Rochelle salt and its deuterium analogue by neutron
diffraction have been made by Frazer, McKeown and Pepinsky
(1954). They obtained 0kO reflections of appreciable magnitude
with k odd, showing that the departure of hydrogen atoms from
positions of orthorhombic symmetry is much greater than that of
the atoms which contribute significantly to the X-ray intensities. It
is also reported (Shirane, Jona and Pepinsky, 1955) that there are
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differences in certain hydrogen bonds, but the details are not yet
fully known.

3 Chemical discontinuity at the Curie point

An interesting effect has been noticed by Hedvall and Pauly (1935).
Pastilles of Rochelle salt, carefully prepared to ensure uniformity,
were allowed to dissolve in 809, alcohol. The rate of solution
depended reproducibly on the temperature, but dropped sharply by
about 40%, at 22°C. The effect can be understood if the transition
involves a change in the hydrogen bond system, since the process of
solution probably begins with an attack on the hydrogen bonds; it is
not clear whether the difference between the temperature of the dis-
continuity and that of the electrically-determined Curie point is
significant.

4 TIsomorphous substances

4.1. There are other tartrates isomorphous with Rochelle
salt, notably NH,NaC,H,04,4H,0, RbNaC,H,044H,0, and
TINaC,H,0,.4H,0. None of these, however, has been conclusively
shown to be ferroelectric, though the sodium ammonium salt has
anomalous electrical properties at low temperatures (Jona and
Pepinsky, 1953), and this is true too of the solid solutions it forms
with Rochelle salt. The ferroelectric behaviour persists only in solid
solutions with very small amounts of the other constituent.

4.2. Other tartrates which have been reported to show ferroelectricity
at low temperatures, for example LiTIC,H,04.H,0, are not isomor-
phous with Rochelle salt and are dealt with in Chap. 7.

The only pure substance isomorphous with Rochelle salt which is
known to be ferroelectric is its deuterium-substituted analogue. The
properties of this (where they are known) are described in the follow-
ing section along with those of normal Rochelle salt.

5 Curie points and effect of pressure

5.1. The Curie points for normal Rochelle salt and its deuterium
analogue are given in Table 2.4.

TABLE 2.4

H compound | D compound

Upper Curie point 24° C 35°C
Lower —18°C -21°C

The difference is rather small (cf. KH,PO,, Table 3.3).
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5.2. The dependence of the Curie point of normal Rochelle salt on
hydrostatic pressure is interesting. Bancroft (1938) has shown that
the temperatures of both upper and lower points increase linearly
with pressure, the upper more rapidly. For a pressure of 2500
kg./cm.2, the temperatures are about 50°C and — 10° C respectively.

6 Thermal expansion and change of lattice parameters

Measurements of thermal expansion have been made by Valasek
(1922), Vigness (1935), Habliitzel (1935) and Ubbelohde and Wood-
ward (1946). Their results are summarized in Table 2.5.

TABLE 2.5

Thermal expansion of Rochelle salt
(Figures give expansion coefficients in deg.—* x 10°%)

X axis y axis z axis

Va|Vi| H | |UW|Va|Vi | H|UW|Va|Vi| H |UW

Below —20° C 551 60 30 41
Between Curie | 60 | 58 | 35 | 50 | 38 | 36 30 | 45|42 42
points to | to to to
70 | 82 53 58

Above 25° C 58 60 40 54 44 54

Key

Va: Valasek (1922). Optical interferometer; reports average value of
coefficients between —10° and 20° C.

Vi:  Vigness (1935). Optical lever; reports change of dimensions at
about 10 different points in temperature range 12° to 35° C.

H: Habliitzel (1935). Abbé-Pulfrich dilatometer; reports expansion co-
efficient, but not actual change of dimensions, at about 12 points

in temperature range —110° to 40° C. Few experimental details
iven.

UW: Ubbelohde and Woodward (1946). X-ray determination of lattice

parameters; report only average values of expansion coefficients
over temperature ranges —60° to 30° C., —30° to 25° C., and 25
to 40° C.

The agreement between different observers is not very satisfactory.
Habliitzel found a definite anomaly in the expansion coefficient
parallel to the x axis, and also along the normal to (011); there were
maxima at the two Curie points and a sharp dip between them, but
no discontinuous jump. Vigness, examining a smaller temperature
range in greater detail, found that at the upper Curie point the x
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coefficient did not change but there were small abrupt increases in the
y and z coefficients. Ubbelohde and Woodward found differences of
the same sign but larger magnitude between the y and z coefficients
above and below the Curic range as a whole, and no change in the
x coefficient.

The explanation of the discrepancies may lie, partly at least, in
the existence of thermal hysteresis. Ubbelohde and Woodward
remarked that in the Curie region ‘the lattice expansion could
assume a range of values, probably due to hysteresis’. This may be
associated with the development of pyroelectric charges on the
surface of the crystal; if these are wholly or partly retained the field to
which they give rise will affect the dimensions of the crystal. There
is agreement among the different workers that for reproducible
results, at least in the Curie range, the crystal must be held at
constant temperature for some hours. It was also suggested by
Ubbelohde and Woodward that variations in water content of the
crystal might occur; some of the electrical properties have been found
to depend on the humidity.

None of these authors detected a discontinuity of spacing at either
Curie point. An explicit search for this was made by Valasek, but
under conditions where it might have been masked by thermal
hysteresis. Ubbelohde and Woodward also looked for it, but do not
state an upper limit to the size of a discontinuity which could have
escaped dctection.

7 Specific heat

Measurements of specific heat have been made by Kobeko and
Nelidow (1932), Rusterholz (1935), Wilson (1938), Hicks and Hooley
(1938) and Bantle (1942). They are not in good agreement. At the
upper Curie point Rusterholz found an anomaly of peak height
6 cal. mol.~* deg.~%, area 2-1 cal. mol.7}, and characteristic A shape.
Wilson on the other hand found no anomaly here outside his experi-
mental error of about 0-5 cal. mol.~! deg.~?, but a small anomaly of
opposite sign and magnitude 1-0 cal. mol.~! deg.—* at the lower Curie
point (which had not been studied by Rusterholz). Later workers
could detect no measurable anomaly.

Wilson made the half-serious comment that the discrepancies
‘would seem to indicate some difference in the properties of Rochelle
salt of European and American origin’, but Bantle (1942) obtained
the same results in Europe as Wilson in Canada. The question of
variable water content is perhaps relevant here. It is also worth
noticing the kind of material used; Wilson worked with ‘small
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crystals’, Rusterholz with a powder, Bantle with crystal plates. If
thermal hysteresis plays any part, it might be more effective in
masking an anomaly in the larger specimens. On the other hand,
Wilson’s result is in better agreement with accepted theory than is
Rusterholz’s (cf. Chap. 10).

8 Dielectric constant

Measurements of the dielectric constant along the x axis for the
free crystal have been made by Mueller (1935), Bancroft (1938),
Habliitzel (1939), Mason (1939) and Holden and Mason (1940) and
are in satisfactory agreement. Habliitzel’s results for ordinary
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Fig. 2.2. Dielectric constant of Rochelle salt (Habliitzel, 1939):

(@) in direction of x axis (full line, ordinary Rochelle salt; dotted line,
deuterium-substituted compound)
(b) in direction of y and z axes (ordinary Rochelle salt)

Rochelle salt and its deuterium analogue are shown in Fig. 2.2 (@).
The peak values are about 4000 and 2000 respectively. Fig. 2.3 (taken
from Mueller, 1940) shows on a larger scale the dielectric constant
and the reciprocal susceptibility above the Curie point. The experi-
mental values are represented by the dashed lines. (For a discussion
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of the quantities represented by the full lines, see Chap. 8, §3.2.)
If the Curie-Weiss law held, the temperature variation of the reci-
procal susceptibility should be a single straight line. This is nearly

but not perfectly true.

1
25 30

1
35 40 45
Temperature in degrees C

Fig. 2.3. Rochelle salt above the Curie point (Mueller, 1940):
(a) Dielectric constant x 10~2, (b) Reciprocal susceptibility x 10.

Dashed lines give experimental values for free crystal, full lines values for
clamped crystal calculated with the help of other observed data.

The dielectric constants along y and z have also been determined
by Habliitzel. These are shown in Fig. 2.2 (b) for ordinary Rochelle
salt; the deuterium-substituted salt follows very nearly the same
curve. It is noteworthy that these show only a slight anomaly at the
Curie point. At low temperatures, well below the Curie range, all

three constants are of the
same order of magnitude.

9 Spontaneous polarization

and coercive field

These have been deter-
mined by Habliitzel (1939),
and his results are shown in
Figs. 2.4 and 2.5. For the
ordinary and deuterium-
substituted salts the maximum
spontaneous polarizations are
0-25 x 10-% and 0-37 x 108
coul. cm.~% respectively, the
coercive fields 200 and 400
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Fig. 2.4. Spontaneous polarization of
Rochelle salt (Habliitzel, 1939):

(a) ordinary, (b) deuterium-substituted.

volt. cm.* respectively. A set of hysteresis loops at different
temperatures is shown in Fig. 1.5.
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Fig. 2.5. Coercive field of Rochelle salt (Habliitzel, 1939):
(a) ordinary, (b) deuterium-substituted.

It has been shown that actual crystals have a spontaneous polariza-
tion in the virgin state, which is very stable against external fields
(Takahashi and Hara, 1949.

10 Barkhausen jumps and Weiss domains

Mueller (1933, 1935) made some interesting observations on
Barkhausen jumps in Rochelle salt. In series with a crystal of
Rochelle salt he had an induction coil, loosely coupled with another
which was connected to a loud speaker. When the field in the crystal
was slowly and continuously increased within a certain range of
values sharp clicks were heard. This range corresponded to the steep
part of the hysteresis loop. Above the saturation field no clicks
occurred; nor did they at any field for temperatures outside the Curie
range. They are caused by the sudden release of charge brought about
when large regions of the crystal acting as a single unit reverse their
polarity.

In some crystals Mueller was able to make these regions visible
by taking advantage of their pyroelectric properties. If a finely-
divided powder of sulphur, lycopodium and carmine is blown over
a charged crystal, oppositely charged faces attract red and yellow
particles and become correspondingly coloured. Mueller found that
this happened with small crystals, on faces parallel to (100), but for
large crystals the faces were covered with patches of red and yellow,
indicating opposite polarities in oppositely coloured areas. Occasion-
ally he obtained a regular chequered pattern of spots about 2 to 3
cm. apart. The pattern indicates the domain structure of the crystal,
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which in turn is determined by the particular array of internal
stresses imposed on the crystal in its growth from solution and
modified by subsequent thermal, electrical and mechanical treatment.

The domain texture has also been observed under the polarizing
microscope (Klassen-Neklyudova, Chernysheva and Shternberg,
1948; Furuichi and Mitsui, 1950; Chernysheva, 1950). It can be
altered by pressure, such as the application of a necedle to the thin
section, but the original pattern generally reappears on removal of
the pressure. When there is considerable deformation, hysteresis
may occur. Miyake (1947), using X-ray intensities to study the
domain texture, found that the changes produced on bending a plate
disappeared an hour after the plate had been released. The domain
texture can also be changed by applying an electric field. Mitsui and
Furuichi (1953) observed the propagation of domain walls, and found
they moved with a velocity of 0-2 cm. sec.~! for a field of 100 volt.
cm.~1. They also calculated the thickness of the domain wall, and
found it very small, of the order of 20 to 30 A—i.e. about two cell
widths.

11 Discussion: mechanism of the transition

It follows from the symmetry of Rochelle salt (§ 1.1) that the K
atoms play an essential part in the transition. Whatever displacement
or rearrangements are needed by the other atoms in consequence of
temperature changes, if they are achieved in one part of the structure
they can be achieved in the symmetrically-related part, since the
atoms are all in general positions. Further, any forces they exert on
the K atoms will be symmetrical, and will not tend to displace it
from its special position. Only if the K atom itself requires a different
environment will it move from the diad axis, and in so doing lower
the symmetry.

In this connection we notice the rather curious environment of K;.
According to Table 2.2, only four neighbours, two O(1) and two
O(9), are reasonably close, and even the distance to O(9) is somewhat
on the long side for K-O. It is not surprising to find that the K is
easily displaced, and that at a certain temperature it becomes
unstable. This does not seem likely to be a direct effect of thermal
expansion, which is very small, producing changes of distance which
are less than the usual limits of tolerance of ionic radii. On the other
hand, it may be an indirect effect, since the interatomic distance has
an influence on the degree of covalent character in the bond. In any
case, there is evidence that conditions are rather critical with respect
to K from the small amount of substitution of other atoms either for
it or for Na (which acts as a spacer) which can be tolerated without
destroying the ferroelectricity.
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The contribution of the hydrogen bonds to the transition is of
secondary importance, as can be seen from the rather small effects
of substituting D for H.
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Chapter 3
THE TETRAGONAL PHOSPHATES

And the mind must sweat a poison
. . . that, discharged not thence
Gangrenes the vital sense

And makes disorder true.

It is certain we shall attain

No life till we stamp on all

Life the tetragonal

Pure symmetry of brain.

C. DAY LEWIS: Transitional Poem

1 Introduction: potassium dihydrogen phosphate

The most important member of this group of substances is
potassium dihydrogen phosphate, KH,PO,. Like Rochelle salt, it
is a colourless, water-soluble substance, which can be grown in large
crystals from solution. Its Curie point is at —150°C. At room
temperature it is tetragonal, belonging to a class without a centre of
symmetry. Its ferroelectric properties were discovered in 1935 by
Busch and Scherrer. The magnitude of the effect is bigger than in
Rochelle salt, and the crystal structure is simpler; hence it has proved
a very interesting substance to study.

2 Crystal structure at room temperature

2.1. The room temperature structure was determined by West (1930).
It has been confirmed by later work (Frazer and Pepinsky (1953a)
using X-rays; Bacon and Pease (1953) using neutrons); as a result of
this, small amendments were made to the atomic coordinates, and
more direct information was obtained about the position of the
hydrogen atoms. _

The space group is No. 122, 1424; this belongs to the class 42m
of the tetragonal system. The cell-dimensions * (Ubbelohde and
Woodward, 1947) are a = b = 7-453 A, ¢ = 6-959 A. There are
4 formula-units per cell.

It is sometimes convenient to refer the crystal to new axes rotated
through 45° with respect to the first set. Then the space-group

* It is clear from the original paper that the lengths there called A were in fact
kX (see appendix) and they have been corrected accordingly throughout this
chapter. Other workers have used the figures without correction.
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symbol must be written F4d2; the new cell-dimensions are a = b
= 10-534 A, ¢ = 6:959 A, and the cell contains 8 formula-units.
The small cell is shown in Fig. 3.1, in projection on (001). (The

Axes

~ / ® K+P
\\ V4 Oo

(N V2 O H(in low temperature
v structure)

Fig. 3.1. Structure of KH,PO,, projected on (001), showing relation of
small unit cell (heavy full lines) and large unit cell (heavy dashed lines).
The z axis is directed upwards in both. Dotted lines show hydrogen bonds
(with displacement of H from the centre slightly exaggerated). Figures give
heights of atoms in A. Heights of K are omitted for clarity; they lic 3-47 A
above the corresponding P. (Note that the addition of 6:94 A to the height
of any atom will give the corresponding atom in the unit cell above.)

hydrogen atoms should be disregarded for the time being; they will
be discussed later.) The relation to the larger cell is indicated.
Atomic coordinates are given in Table 3.1.

2.2. The structure is most easily pictured as built up from K atoms
and PO, groups. These latter each consist of one P atom surrounded
by four O’s at the corners of a tetrahedron which is nearly but not
quite regular, being compressed by about 29, along the tetrad axis.
The K and P atoms lie vertically above one another, separated by a
height ¢/2. Tetrahedra which adjoin each other in projection are
separated by c/4 in height, and this means that the upper oxygens
of one tetrahedron lie nearly in the same (001) plane as the lower
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oxygens of its neighbour. Thus there are short oxygen-oxygen
distances lying nearly in the plane of the diagram (shown by dotted
lines in Fig. 3.1). These short distances are explained if they are
assumed to be hydrogen bonds, linking the tetrahedra together into
a three-dimensional network. The tetrahedra are also linked by the
cations. Each K has eight O neighbours, which may be grouped into
two interpenetrating tetrahedra, a steep one whose corners are
shared with PO, groups above and below the K atom, and a flat
one whose corners are shared with PO, groups in the same (001)
plane as the K atom (see Fig. 3.2). Thus there are two independent
K--O distances, which are nearly but not exactly equal (see Table 3.2).
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\
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Fig. 3.2. Environment of potassium atom. Projection of central part of cell
shown in Fig. 3.1; some of the atoms marked are the same as in Fig. 3.1,
while others lic in the cell above. Heights of K and O above base of cell are
givenin A. Fulllines connect K to O of steep tetrahedron, dashed lines to O
of flat tetrahedron.

All atoms of the same kind in the structure are symmetry-
equivalent. The K and P atoms lie on inversion centres on the tetrad
axes. The O atoms are in general positions,

2.3. It is worth considering the evidence for the location of the
hydrogen atoms which follows from the facts so far mentioned.
Though indirect, it led to conclusions subsequently confirmed by
neutron diffraction.

The short distance of 2:49 A between oxygen atoms not linked
to the same cation is strong evidence for the existence of a hydrogen
bond. The question arises, are the hydrogens at the mid-points of
the bonds, or are they off-centre? Here symmetry considerations are
important. The general position in the space group is sixteen-fold;
since there are only eight hydrogens, they must lie in special positions.
This requirement will be satisfied if they are at the mid-points of
the bonds. The only alternative possibility is that they may be
disordered, and randomly distributed between two off-centre
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TABLE 3.2
Bond lengths in KH,PO, (Bacon and Pease, 1955)

Length in A *
Bond R - o I
temp?:(r)zll?urc 132°K 77°K
P-O . . . . 1-51 4- 0-02
P-OH 1-541 -+ 0-005 | 1-541 + 0-004 1-59 &+ 0-02
) . ) s 2-84 + 003
) . ) s 2:78 + 001
K- OH}(ﬂ'lt) 2:825 | 0-004 | 2808 _I- 0-005 282 1 001
OH-O 2:492 + 0-005 | 2480 + 0-004 2491 + 0:004
O-H 1-07 - 0-01 1-:07 1 001 1:05 40014

* See footnote on p. 35.

positions. The X-ray evidence cannot decide between these two
possibilities.

2.4. The results of neutron diffraction go only a little farther. They
show an elongated peak at the centre of each bond (Fig. 3.3 ().
This may represent two superposed off-centre peaks, due to statis-
tically distributed hydrogens, or alternatively a single hydrogen at
the mid-point undergoing thermal vibrations which are of larger
amplitude along the bond than perpendicular to it. In the former
case the separation of the two positions is about 0-35 A. Both
interpretations are equally consistent with the experimental evidence.

3 Low-temperature structure

3.1. The symmetry of the low-temperature form was established by
de Quervain (1944). Detailed investigations of the atomic positions
have been made by Frazer and Pepinsky (1953a) using X-rays, and
by Bacon and Pease (1955) and Levy and Peterson (1954) using
neutrons.
The low-temperature form is orthorhombic, with its x and y axes
39



(a)

Fig. 3.3. Fourier synthesis, (001) projection, from neutron diffraction
(Bacon and Pease, 1953, 1955). (a) at room temperature, (b) at 77°K.

The heaviest peaks are K + P, with O only slightly weaker; the peaks
indicated by dashed contours are H. For comparison with Fig. 3.1, put the
K+ Ppeaksatx =4, y=4andx=1,y= 1.



3. THE TETRAGONAL PHOSPHATES

approximately at 45° to the original axes of the tetragonal form (i.e.
to the edges of the small tetragonal cell). The original square base
of the small cell has become a rhombus, and its diagonals are the
new axial directions. It is perhaps more convenient to adopt the
large tetragonal cell (see § 2.1) from the beginning, to avoid having
to make this change of axes. The relation of the different lattices is

Fig. 3.4. Potassium dihydrogen phosphate: comparison of lattices of high-
and low-temperature forms (distortion exaggerated) projected on 001.
ABCD—Base of large tetragonal cell
EFGH—Base of small tetragonal cell
A’B’C’D’—Base of orthorhombic cell
E’F’'G’H’—Rhombus inscribed in orthorhombic cell.

shown in Fig. 3.4. The ratio of the new cell edges is 0-992, and the

angles of the rhombus differ from 90° by 27" (de Quervain, 1944).
The orthorhombic space group * is No. 43, Fdd2, and the cell

contains 8 formula-units. The general position is still sixteen fold.

3.2. It is important to notice that the qualitative features of the
structure can be deduced directly from the symmetry of the pseudo-
symmetric transition, which fixes the nature though not the magni-
tude of the atomic displacements. This argument will be given before
considering the determination of detailed atomic coordinates.

* It should be noticed that the conventional order of symbols is different for
the tetragonal and orthorhombic systems. In F4d2 (tetragonal) the first symbol
(after the lattice symbol F) refers to the z axis, the second to the x and y axes,
and the third to a direction at 45° to x; while in Fdd2 (orthorhombic) the threc
symbols refer to the directions x, y, z respectively. The inversion tetrad axis 4
includes a diad axis 2 which is retained in the orthorhombic form; the ‘diamond’
plane normal d in the x and y directions is also retained; the diad axis at 45° is
destroyed.
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The lowering of symmetry releases the atoms from their special
positions in the high-temperature form. We postulate that displace-
ment of any one kind of atom implies displacement of all, since loss
of symmetry in the environment of one means that the others are
subjected to unsymmetrically-acting forces: that is, we do not impose
any further restriction on any parameter of any atom than is
demanded by the symmetry and by the fact that all displacements
are small. In this case, the K and P atoms are free to move in the
z direction, along what are now diad axes; the O atoms are divided
into two independent sets—on the upper and lower edges of the
tetrahedra respectively—and the H atoms are permitted to lie in
general positions, i.e. in an ordered set of positions not at the centre
of the O-O bond. The particular kind of ordering consistent with
the symmetry is shown by the small circles in Fig. 3.1. If every
H atom is assumed to belong to its nearer O, each ‘PO, group has
two OH groups for its upper corners and two O atoms for its lower
corners (where ‘upper’ and ‘lower’ are specified by an arbitrary
choice of sense of the z axis). On electrostatic grounds, we should
expect the sense of displacement of P to be downwards, away from
the OH.

Experimental work has confirmed these deductions. The actual
values of the coordinates have been found both by X-ray methods
(except for the H’s) and by neutron diffraction. The results are in
general agreement with each other, but the neutron work probably
gives more accurate values, and these are listed in Table 3.1. The
choice of origin along the z axis, which is arbitrary, has been made
so that the P atom has z-coordinate zero. Interatomic distances are
given in Table 3.2.

3.3. The effect of the transition is as follows. The framework of O
atoms changes very little, except that it suffers the small shear of the
lattice as a whole. Relative to this, P moves down about 0-05 A
while K moves up 0-06 A; H still lies on the O-O line, but is displaced
by 0-20 A from its centre (Fig. 3.3 (b)). The direction of the H dis-
placement is towards that O atom from which P has moved away,
thus making the distances P-O shorter than P~OH. Its magnitude is
significantly greater than that at room temperature assuming dis-
order; this indicates a shortening, and therefore strengthening, of
the O-H bond within an OH group, and a corresponding weakening
of the force of attraction to the more distant O. Of the eight O’s or
OH’s surrounding K, two (the OH’s of the steep tetrahedron) are
now at a greater distance than the other six, which are nearly equi-
distant; the difference is, however, small and perhaps within experi-
mental error.
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3.4. The thermal vibrations of the atoms have also been studied.
Contrary to earlier suggestions of strong anisotropy, Bacon and
Pease (1953, 1955) found that there was no significant difference,
either above or below the transition point, for the amplitude of
vibration of any atom in different directions (assuming that the
elongated H peak in Fig. 3.3 (a) is due to disordered atoms). They paid
attention in their work to the fact that in the low-temperature form
the z-coordinates of the atoms and the thermal amplitudes parallel
to the z axis cannot be deduced completely independently of each
other from the experimental data, since projections containing this
axis lack a centre of symmetry; thus both sets of quantities have
rather wide limits of experimental error. (The same difficulty was
encountered in BaTiO3, Chap. 4, § 3.2.)

4 Domain texture

4.1. Investigations of the domain texture have been made by de
Quervain (1944) and Ubbelohde and Woodward (1945). Twinning
takes place at the transition by rotation about the normal to (110)
or (110), which is the plane of composition. The two components of
the twin have opposite polarity. There is a tendency to repeated
twinning on the same plane in a given region of the crystal, forming
twin lamellae. De Quervain showed that the width of the lamellae
(measured where they intersect the (100) face) was between 0-05 mm.
and 0-001 mm., while the size of region indicated by Barkhausen
jumps was of the order of millimetres (von Arx and Bantle, 1944).
It must be remembered, however, that domain texture depends on
the growth of the crystal and its subsequent thermal and electrical
treatment, and results obtained for a particular crystal are not
universally applicable.

4.2. Some work of Jaccard, Kénzig and Peter (1953) on colloidal
KH,PO, is of interest. Working below the Curie point, they found
that in an insulating medium particles of less than about 1500 A
in size gave an X-ray pattern showing no line-splitting, i.e. no
transition to orthorhombic. In a conducting medium, the smallest
obtainable particles (about 500 A) of KD,PO, gave split lines. (No
difference is assumed between KH,PO, and KD,PO,, but the latter,
having a higher transition point, is ferroelectric at temperatures at
which conducting media are available, while the former is not.) The
authors explain this by postulating that very small crystals can only
transform as a single domain, because walls between domains have
a higher energy than the rest of the crystal, and this is relatively much
more important in a crystal of small volume. In a non-conducting
medium, the surface charges developed in a transition are not
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dissipated, and thus give rise to a field opposing the transition. If
the crystal is large enough to form domains, they may be of opposite
polarity, and so avoid the building-up of surface charges. Kinzig
(1952) found the wall energy to be 40 4 20 erg cm.~2. From calcula-
tions of this kind Kinzig and Sommerhalder (1953) estimate that
the domain walls are two to three cells thick.

5 Isomorphous substances

5.1. The list of other substances isomorphous with room-temperature
KH,PO, which have so far been investigated is given in Table 3.3.
All of them undergo a transition to a low-temperature form, but
the ammonium salts differ from the others as regards the nature of
the transition and the low-temperature structure. All the others
appear to have forms isomorphous with low-temperature KH,PO,,
and are reported as ferroelectric; the ammonium salts have a different

TABLE 3.3
Substances isomorphous with KH,PO,

Substance tg‘nrf;,résri;ilz?e Reference
_ K
KH,PO, 123 See text
KD,PO, 213 See text
KH,AsO, 92 See text
KD,AsO, 162 See footnote *
RbH,PO, 146 Matthias, Merz and Scherrer, 1947
RbD,PO, 218 Matthias, 1952b
RbH,AsO, 111 Matthias, Merz and Scherrer, 1947

RbD,AsO, 178 See footnote *

159 Seidl, 1950

CsH,PO, 143 Frazer and Pepinsky, 1953b
CsH,AsO, 143 See footnote *
CsD,AsO, 212 See footnote *

NH,H,PO, 148 See text
242 Matthias, 1952a; Mason and Matthias, 1952

ND,D,PO, 230 See footnote *

NH,H,AsO, 216 See text

ND,D,AsO, 304 Frazer, 1953

* These temperatures were found from cooling curves by Stephenson,
Corbella and Russell (1953); electrical work is not reported.
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low-temperature structure (described below) which is antiferro-
electric, and large crystals tend to shatter during the transition. The
common occurrence of ferroelectricity in structures isomorphous
with KH,PO, is in striking contrast with its absence in structures
isomorphous with Rochelle salt. Mixed crystals have also been
studied (e.g. by Matthias and Merz, 1946).

5.2. Some of the substances given in Table 3.3 also possess a second
form, which may in fact be the one more easily obtained. For
example, KD,PO, generally appears from solution as monoclinic
crystals, which change after some days to the tetragonal form
(Ubbelohde and Woodward, 1939). The two structures are related,
as is shown by the cell dimensions (@ = 737, b = 1473, ¢ = T-17 A,
B = 92°, for the monoclinic form) and by the continuous character
of the transition (Ubbelohde and Woodward, 1942). The detailed
structure of the monoclinic form is not yet known. The usual forms
of RbH,PO, and CsH, PO, are biaxial, and are probably isomorphous
with it, though this needs direct confirmation. In all cases, the tetra-
gonal form can be grown from the solution by seeding it with a small
crystal of KH,PO,.

6 Ammonium salts

6.1. Though NH,;H,PO, is isomorphous with KH,PO, at room
temperature, the cell dimensions are markedly different, as shown
in Table 3.4. The room-temperature structure has been investigated

TABLE 3.4

Cell dimensions at room temperature (small cell), in A

Substance | a c

i Reference
|
] . ‘ I I
KH,PO, 7-453 6959 | Ubbelohde and Woodward, 1947
KD,PO, 7-468 6930 | Ubbelohde, 1939

NH,H,PO, | 7479 7-516 \ Ueda, 1948
ND,D,PO, | 7-510 7-535 1 Wood, Merz and Matthias, 1952

* See footnote on p. 35.

by Ueda (1948), who finds that the interatomic distances are very

much the same as in KH,PO,, except for NH,-O. The distance

NH,-O' (flat tetrahedron) is 2:87 A (cf. K-O’ = 2:82 A), while

NH,-O (steep tetrahedron) is 3:09 A (cf. K-O = 2:89 A). Thus

NH, has 4 near neighbours and 4 rather further away, while K has
45



FERROELECTRICITY IN CRYSTALS

8 nearly equidistant. This difference is probably a consequence of
the tetrahedral structure of the NH, ion and its tendency to form
hydrogen bonds, though it should be remarked that the tetrahedron
of nearest neighbours is very much flattened.

6.2. The structure of ND,D,PO, below the transition point has
been determined by Wood, Merz and Matthias (1952); and it is
assumed that NH,H,PO, and NH,H,AsO, are isomorphous with it.
The structure is orthorhombic, but it is quite different from low-
temperature KH,PO,. Its axes do not lie along the base diagonals
of the small tetragonal cell, as do those of low-temperature KH,PO,
(cf. Fig. 3.4), but along the sides. In the tetragonal (high-temperature)
structure there are axes of symmetry along the cell sides and along
the cell diagonals, forming two independent sets; low-temperature
KH,PO, retains one set, and low-temperature ND,D,PO, the other,
neither acquiring anything new.

The cell dimensions of low-temperature ND,D,PO, are:
a=748 + 002 A, b=748 + 002 A, ¢c =753+ 002 A. The
space group is No. 19, P2,2,2;; and there are 4 formula-units per
cell.

The essential features of the atomic arrangement are shown in
Fig. 3.5. It can be seen that whereas in KH,PO, all H’s were attached

f?‘%
-

Fig. 3.5. Ammonium dihydrogen phosphate, low-symmetry form. Note:
this figure has been drawn to correspond with Fig. 3.1. The H’s have been
arbitrarily placed so that the x axis lies near the internal bisector of the
angle OH-NH,-OH. This is only permissible as long as we have no other
structural or physical means of distinguishing between the x and y axes.
If any other criterion is used for this purpose, it will be necessary either
to prove that the two definitions are consistent or to alter the arrangement
of H’s in the diagram.
46
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to the upper corners of PO, tetrahedra, here one upper and one
lower corner of each tetrahedron is used. In the vertical direction
as well as in the plane of the diagram every component of each
vector representing an interatomic distance or displacement is
balanced by an equal component in the opposite direction. This is a
consequence of the space-group, and does not depend on a detailed
knowledge of individual coordinates of atoms. It means that the
crystal cannot possess a spontaneous polarization; this is in agree-
ment with experimental observation. A structure possessing this
symmetry was in fact predicted independently of the experimental
work (Nagamiya, 1952).

An investigation of the atomic coordinates has been made by
Keeling and Pepinsky (1955).

6.3. It can be seen in a general way why NH,H,PO, should not
adopt the same low-temperature form as KH,PO,. We have seen
that in the high-temperature form the NH, group has four nearest
neighbours in a rather flattened tetrahedron. In the low-temperature
form, it follows from the symmetry that these four become crystallo-
graphically-independent; using the same kind of argument as for
KH,PO, (§ 3.2), we may distinguish two as O%*~ and two as OH".
On electrostatic grounds, it is likely that the nearest neighbours of
NH; should all be O%-, particularly if NH-O bonds are formed, as
seems probable. This is more difficult to achieve with the type of
ordering adopted in KH,PO,, which gives only two crystallo-
graphically-independent O or OH groups, than with that in
NH,H,PO,, which, as stated above, gives four.*

Though this seems a reasonable explanation, it cannot be taken
as proved. There are 4 independent O atoms each with 3 coordinates
to be determined, and neither N nor P need lie on a symmetry axis.
This means that the detailed arrangement of the atoms cannot be
predicted from the space-group and cell dimensions, as it can in
simpler structures.

7 Lattice parameters and thermal expansion

7.1. Lattice parameters of KH,PO, at different temperatures have
been measured by von Arx and Bantle (1944), using optical inter-
ferometry, by de Quervain (1944) using an ionization spectrometer,

* It is an apparent paradox that low-temperature NHH, POy, the most complex
of the three structures, should have a cell volume about equal to that of the high-
temperature structure, and half that of low-temperature KH,PO,. If we compare
the number of formula-units per lattice-point, however, the true relationship
appears: low-temperature KH,POj, like the high-temperature form, has 2, while
low-temperature NH,H,PQO, has 4. The volume of the cell depends on our choice
of axes, while the volume associated with each lattice-point is absolute.
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and by Ubbelohde and Woodward (1947) using powder photographs.
De Quervain’s work was the most detailed. Above the Curie point
he found expansion coefficients of 2:0 X 10~® and 4-2 x 105 in the
x and z directions respectively. At the transition from tetragonal to
orthorhombic there was an increase in the cell dimensions ¢ and a,
and a decrease in b. The values, read from his diagram,* of the
changes in spacing from 125° to 117° are as follows:

da= -+ 0040 A, 0b= — 0030 A, dc= -+ 0004 A.

The corresponding change in volume is 0-16%,. The published detail
is not sufficient to show whether the change is continuous or dis-
continuous within this temperature interval.

The change in angle dy between (110) and (110) can be calculated
from the lengths a and b. De Quervain has investigated it at various
temperatures, and his results are shown in Fig. 3.7.

7.2. It is interesting to notice that the expansion coefficients of
NH,H,PO, are quite different (Mason, 1946). The expansion
coefficient in the x direction is 3-2 X 105, nearly independent of
temperature. That in the z direction is about 0-3 x 10-% at room
temperature, increasing to 1-0 X 103 at — 50°C, below which
measurements were not made. (For the same temperature ranges the
values for KH,PO, were 2:7 X 10-% parallel to x, 4-5 x 10-%
parallel to z, both nearly independent of temperature.)

8 Specific heat and entropy

At the Curie point, the curve of specific heat versus temperature
has an anomaly of A-shape. Fig. 3.6 shows a typical measurement.

100+

Cal.mol ! deg™!
o
o
T

1 I 1 1 J
16 ns 120 122 124 126
Temperature in degrees K

F1g 3.6. Specnﬁc heat of KH2P04 (Bantle, 1942)

* There is a mistake in the labelling of de Quervam s dlagrdm the text shows
that his curves for (100) and (010) are drawn to half the scale of the rest.
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Different workers are not agreed about the details. Thus, for
KH,AsO, Bantle (1942) finds differences in the profile of the curve,
but not the area under it, for specimens of different crystal texture,
while Stephenson and Zettlemoyer (1944) find no such anomalies.
Again, Stephenson and Hooley (1944) give for KH,PO, a curve
which has a lower peak, but a broader spread at the base, than that
of Bantle (1942). The values of the heats of transition, and the
corresponding entropies, deduced from the shape of the curve, are
given in Table 3.5.

TABLE 3.5
Heat of transition, entropy, and change of entropy

Subst: l'{ea} of Entropy change | Entropy at 298° K l Auth
ubstance ctarl‘.mr?ll(l)llt.)P‘ cal. mol.~* deg.” '| cal. mol.~! deg."? uthor

KH,PO, 87 & 6| 074 £ 006 3223 .1 01 S

. 573 0-47 B

|

KD,PO, | 1003 047 B
e ; S B

KH,AsO, | 8 + 4| 090 + 005 3708 + 01 S

| 844 0-87 B

NH,H,PO, 154 4 5| 105 £ 004 3632 + 01 S
I R ST

NH4H2As04; 220 415 | 1-02 + 007 41112+ 01 | S

S == Stephenson and co-workers (1944), B == Bantle (1942)

It is possible that there may be variations of transition temperature
in different parts of a crystal sample caused by local stresses and
local fields. This idea has been used by Bantle to explain his results.
Slater (1941) suggests that the transition is intrinsically discon-
tinuous—associated with a true latent heat rather than an anomaly
of specific heat—the observed spread being due to the local variations
of transition temperature. Mason (1946) has calculated the range of
transition temperatures to be expected from the measured elastic
properties, and obtains a value of 2-3° rather less than the spread
observed by Stephenson and Hooley, but not very different from
that of Bantle. Recent work on a similar problem in BaTiOj; (see
Chap. 4) is in support of the idea of a discontinuous transition.
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9 Spontaneous polarization and coercive field

9.1. The spontaneous polarization of this group of materials has
been studied chiefly by Swiss workers, in particular by Busch (1938),
Bantle (1942), von Arx and Bantle (1943, 1944), Zwicker and
Scherrer (1944) and Beck and Grénicher (1950).

Spontaneous polarization is measured directly from the height of
the dielectric hysteresis loop when the applied field is big enough to
produce saturation. If the loop is square, there is very little difference
between remanent polarization (polarization at zero field) and satura-
tion polarization (polarization at the tip of the loop); the Swiss
workers generally measure the latter. Below the Curie point, it
increases abruptly and reaches a nearly constant value which persists
to the lowest temperatures at which saturation can be achieved

v
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Fig. 3.7. Spontaneous polarization (full curve) and angle of shear (observa-
tions shown by open circles) in KH,PO, (de Quervain, 1944).

(observations having been made down to 20°K by Barkla and
Finlayson, 1953). Fig. 3.7 shows the curve of polarization versus
temperature obtained by von Arx and Bantle (1943). The value for
KH,PO, is about 5 microcoul. cm.~%, and for the other isomorphous
substances it is of the same order of magnitude—about 20 times the
maximum value for Rochelle salt.

Von Arx and Bantle (1944) obtained very square hysteresis loops
(Fig. 3.8), by use of an experimental arrangement which took
15-20 minutes to trace out a loop. The steps at the corners are due
to Barkhausen jumps, in which large regions of the crystal reverse
their polarity simultaneously. Similar jumps were observed by
Zwicker and Scherrer in loops obtained by electro-optical methods.
It is worth noting that these square loops are associated with a
steeper drop of P at the Curie point than was obtained by earlier
workers.
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Fig. 3.8. Hysteresis loops in KH,PO,, showing Barkhausen jumps (von
Arx and Bantle, 1944).

(@) 116:8°K, (b) 121-5°K, (¢) 122:3°K, (d) 122-7°K, (e) 122:9°K.

(Ordinates give experimentally-measured strain, which is proportional to
spontaneous polarization.)

(b)

9.2. Fig. 3.7 shows a comparison by de Quervain (1944) of the
spontaneous polarization with the deformation of the unit cell
(measured by the change of angle of the original square). The close
fit of the circles (showing change of angle) on the full curve (showing
spontaneous polarization) is very striking. De Quervain goes on to
show that the ratio of polarization to strain is the same above and
below the Curie point, and is practically independent of tempera-
ture. Below the Curie point, the ratio of spontaneous polarization
to deformation involves experimentally-observed quantities directly.
Above it, the ratio of induced polarization to induced strain is equal
to the ratio of two experimentally-observed quantities, the dielectric
constant and the piezoelectric modulus, since

P, =¢,E,=¢ —)f'f-,

z ™z Gdas

where x, is the strain and dsq the piezoelectric modulus, both referred
to the axes of the small tetragonal cell. De Quervain gives the magni-
tudes of the ratios in terms of the large tetragonal cell:

(—Pz—> = 1-85 X 108 c.g.s. units
Xz + Yy/ below
24y,
He concludes that piezoelectricity and spontaneous polarization are
s1

( % ) = 195 X 108 c.g.s. units.
above
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connected with the same deformation of the elementary cell, and
thus both depend on displacements in the structure.

9.3. At low temperatures, Bantle (1942), working with KD,PO,,
observed rounded loops, indicating that saturation had not been
reached (see Fig. 3.9); similar loops were noted for KH,PO, by
Busch and Ganz (1942). This meant an increase in the coercive field
so that it had become greater than the applied field. With decreasing
temperature, keeping the same applied field, the loops became
narrower, and eventually closed up into a straight line. The effect set
in at about 80°K for KH,PO, and 150°K for KD,PO,, and had been

= LA, A

Fig. 3.9. Hysteresis loops in KD,PO,, showing how coercive ficld increases
with decreasing temperature (Bantle, 1942).

(a) 120-5°K, (b) 132:9°K, (c) 137°K, (d) 162°K, (e) 193-6°K

Maximum applied field 4 kV cm.~* in all cases. In (a) and (b), saturation
is not attained.

mistaken by earlier workers for a lower Curie point. Curves show-
ing coercive field versus temperature for KD,PO, have been given
by Bantle and by Zwicker and Scherrer. More recent work on
KH,PO, has been done by Barkla and Finlayson (1953). The
coercive field has an abrupt change of slope at 62°K, below which it
increases linearly with decreasing temperature to the lowest tempera-
tures observed, about 40°K. The coefficient, —0-3 kV cm.~! deg.~1,
was nearly the same for all specimens, but the constant value of the
field above 62°K differed from one to another, the majority lying in
the range 1-3 kV cm.~! (cf. Zwicker and Scherrer’s value of 2-5 kV
cm.~! for KD,PO,). The effect was reproducible after the specimen
had once been cooled below 62°K, and it showed no thermal
hysteresis.

10 Effect of field on crystal structure

A direct study of the reversal of the structure by a field applied
along the z axis has been made by Bacon and Pease (1955). They
examined intensities of neutron diffraction from planes parallel to
the two prism faces of their crystal, 4 and B, which were equal in
the high-temperature form. In the low-temperature form, with a
positive field, the intensity from 4 was very much smaller than that
from B; with a negative field, the values were reversed. From measure-
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3. THE TETRAGONAL PHOSPHATES

ments of angle, it was established that in the first case the reflection
from A was 400, and that from B was 040. The change of relative
intensities means that there has been a movement of atoms such as
to interchange the x and y axes; this is equivalent to a reversal of the
sense of the z axis. A corresponding reversal of intensities was
observed with the pair 16,0,0; 0,16,0.

11 Dielectric constant

11.1. Dielectric constants have been studied by many workers. For
KH,PO,, the constants ¢, and ¢, (referring to directions parallel to
the z and x axes respectively) both have values of less than 100 at
room temperature; but while ¢, rises at the transition point to a peak

10%
104 |

£

€031 /

T _J .
10 |-
| 1 | ) ]
50 100 150 200 250 300

oK
Fig. 3.10. Dielectric constant of KH,PO, (Busch, 1938).

height of about 30,000, £, remains nearly constant nearly down to the
transition point and then decreases very sharply. Fig. 3.10 shows the
shape of the curves (Busch, 1938). Above the transition point &,
satisfies a Curie-Weiss law with constants as follows (Mason, 1949):

3122
— 4.5 - — e e
% YT

where T is the absolute temperature.

11.2. The other ferroelectric phosphates behave similarly, but the
peak values are very different. For KD,PO,, ¢, is about 5000, while
for RbH,PO, and RbH,AsOy, ¢ (for the powdered material) is only
80-90 at the peak (Matthias, Merz and Scherrer, 1947).

11.3. The ammonium salts behave quite differently. In NH,H,PO,,
both ¢, and ¢, rise only slightly as the temperature falls, and drop
E 53



FERROELECTRICITY IN CRYSTALS

abruptly at the transition point (Fig. 3.11). In contrast to KH,PO,,
&, rises more rapidly and has a higher peak value than ¢, but both
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Fig. 3.11. Dielectric constant of NH,H,PO, (Matthias, Merz and Scherrer,
1947). !

remain fairly small. They show the kind of anomaly characteristic of
antiferroelectrics.

12 Discussion

12.1. We may close this chapter with a discussion of two points of
theoretical importance: the mechanism of the transition, and whether
it is a first- or second-order one.

12.2. Concerning the mechanism, it is clear that the ordering of the
H atom in its bond plays a very important part. This is obvious
from the large difference in transition temperature when D is substi-
tuted for H. We want to look further and ask whether this ordering
could itself be caused by any other individual feature of the structure.

It is first worth considering whether there is any sort of internal
clamping by which cross-connections between other atoms might
affect the length of the O-H-O bond and hence influence the ordering.
This can easily be treated rigorously, because of the simplicity of
the structure. There are five independent quantities which must have
their correct value: the distance P-O, the two distances K-O, the
distance O-H-O, and the angle between the bonds at P. If these are
all the requirements—if, for example, there is no restriction on the
bond angles at K—they can be met if the structure has five variable
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3. THE TETRAGONAL PHOSPHATES

parameters. This is in fact the case, since the two latticc parameters
(a and c) and the three atomic parameters of O (x, y and z) are
independently variable. Hence the structure can adjust itself to
satisfy the five requirements. This explains the rather wide range of
substitution of different atoms which is permissible in this structure.
It also shows that the ordering of H’s in their bonds is not forced
by some sort of volume effect.

We saw that the ordering of H’s implied a change in the environ-
ment of P, so that instead of having four equal neighbours it had
two pairs, a pair of OH’s and a pair of O’s, with consequent changes
in bond strength and bond length. It might be argued that it is this
change in the bond system of P which forces the ordering of H.
However, the rather small difference in the transition temperature
(Table 3.3) when P is replaced by As is evidence against this.

It therefore scems likely, though not finally proved, that the
ordering of H is spontancous, but that it can only take place, and
can only cause the transition, because the bond system of P can
rearrange itself to correspond.

12.3. We also wish to know whether the transition is continuous or
discontinuous. Some of the evidence on this point has already been
considered—the existence of a finite change of volume inside a small
temperature range; the A-shaped curve for specific heat, with the
different spreads obtained by different workers; the very sharp drop
of spontaneous polarization with temperature. All these can be inter-
preted by assuming either that the transition is continuous over a
rather small temperature range, or that it is essentially discontinuous
but that the temperature at which it occurs is sensitive to variations
of pressure or electric field, which may vary locally throughout the
sample. Theoretical arguments by Devonshire (1954), based on
experimental work by Baumgartner (1950, 1951) on the variation of
dielectric constant near the transition point, suggest that the transi-
tion is thermodynamically a second-order one. The question will be
discussed again in Chap. 10, but cannot be considered as finally
settled. '
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Chapter 4
BARIUM TITANATE

When Science once has reached this stage it really will be splendid,
All philosophic doubts will then be definitely ended,

And men will know exactly what they’re doing.

Each individual corpuscle will then have been detected,

We'll look up in a Bradshaw and we’ll find when one’s expected,
And follow out the course it is pursuing.

A. A. ROBB: Post-Prandial Proceedings of the Cavendish Society

1 Introduction

Barium titanate, BaTiO,, differs from the materials discussed so
far in being a ceramic, insoluble in water and melting at a very
high temperature (above 1600° C). When pure it is pale yellow in
colour, translucent, and with a very high refractive index. It is not
easily grown in single crystals; some of the best specimens are thin
plates of square outline, but twinning is very common. Most of the
early work was done using polycrystalline material.

Strictly speaking the substance should be known as barium
titanium oxide, since there are no discrete titanate ions, but common
usage has been allowed to override this distinction.

The ferroelectric behaviour of BaTiO, was discovered in America
during the war (von Hippel, Breckenridge, Chesley and Tisza, 1946);
and independently in Russia by Wul and Goldman (1945a, b; 1946),
to whom is due the first publication of it. The ferroelectric properties
exist at room temperature. The Curie point is 120° C, and there is
a change of structure at this temperature (Megaw, 1945). Above
120° C the structure is cubic, below it tetragonal; there are two lower
transition points at about 0°C and —90° C, with further changes
of structure.

2 Cubic (high-temperature) structure

Above 120° C, BaTiOj; has the ideal perovskite structure (Megaw,
1945). This is illustrated in Fig. 4.1. It is cubic, with space group
No. 221—Pm3m, cell edge about 4 A, and cell-content one formula-
unit. All the atoms are in special positions, as follows:

Ti : 000 (corners of cube)

Ba : 141 (body-centring site)

O : 100, 040, 004 (mid-points of edges of cube).
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4. BARIUM TITANATE

(It is legitimate, as some writers do, to take the origin at Ba and move
all atoms by 134; but a description
based on this makes it harder
to visualize the continuity of the
structure, and the practice is not
recommended.)

Each Ti is at the centre of 6
O’s, arranged at the corners of a
regular octahedron. The octa-
hedra are linked by their corners
into a three-dimensional frame-
work, enclosing large holes which
are occupied by Ba’s. Each Ba
has 12 equidistant O’s; each O is
adjacent to 2 Ti’s and 4 Ba’s.
The structure may alternatively
be thought of as a close-packing
of large atoms, one-quarter Ba and threc-quarters O, with small
Ti’s in its octahedral interstices.

Fig. 4.1. Structure of cubic BaTiO,.
Ti atoms are at centres of octahedra,
O atoms at their corners. Ba atom is
shown as hatched circle.

3 Tetragonal structure

3.1. At the Curie point, the transition only involves small changes in
the structure. The new structure is tetragonal, with an axial ratio

TABLE 4.1
Atomic positions in tetragonal BaTiO,
' Values of z
. I 2
Atom Coordinates () Evans, 1‘)523: struc- | Evans, 1953: struc-
Frazer, Dan- ture with most ture with less
ner and Pep- | plausible tempera- | plausible tempera-
insky, 1955 ture factors ture factors
Ti 0,0,0 0 0 0
Ba | 4,44+ zpa| — 0014 - 0012 - 0015
0, 0,0,% + z — 0037 — 0-038 — 0-039
0, 10, 22} — 0028 ~ 0012 ~ 0035
0’ %y 22

Cell dimensions at 20° C (Rhodes, 1951):
, ¢=4036A.

a=3992 A
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FERROELECTRICITY IN CRYSTALS

about 1-01 (Megaw, 1945; Rooksby, 1945); the space-group is No. 99,
P4mm (which implies that the tetrad axis is uniterminal), and the cell-
content is still one formula-unit. The atomic coordinates are given in
Table 4.1.

It is easiest to visualize this structure as derived from the cubic by
stretching it slightly parallel to one cube edge (see Fig. 4.2 (a)), and
releasing all atoms from their special positions so that they can have

(a)

‘~

AW
y , z
(b) (c) JJ/

Fig. 4.2. Unit cells of different forms of BaTiO;.
(a) tetragonal, (b) orthorhombic, (c) rhombohedral.

small displacements in this direction (Fig. 4.3 (a)). The choice of
origin is now arbitrary; it is most convenient to choose it so that Ti
remains at 000.

3.2. The sequence of evidence by which this structure was established

is worth considering. The tetragonal symmetry and cell dimensions

were determined from the positions of lines in powder photographs.

From these it follows that the space group can only be P4mm or

P4/mmm. In the latter, the atoms would retain their special positions,
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4. BARIUM TITANATE

having z-coordinates fixed at 0 or 4. But such a structure would have
a centre of symmetry, and this was ruled out by the observation that
the substance is piezoelectric (Kay and Rhodes, 1947; Blattner,
Matthias, Merz and Scherrer, 1947).

There remained the problem of finding the z-coordinates. In
principle this could have been done from a knowledge of the inten-
sities of the powder lines; in practice, the accuracy with which these
could be measured was insufficient. The coordinates have been
obtained only as a result of very careful measurements of intensities
given by a single crystal. A difficulty arises because the intensities
depend not only on the relative positions of the atomic centres but also
on the thermal vibrations which the atoms are undergoing. {A similar
difficulty in KH,PO, is mentioned in Chap. 3, § 3.4.) In a structure
lacking a centre of symmetry—as this does—it is not easy to separate
the two effects for atoms of low scattering factor. The difficulty is less
serious for neutron diffraction than for X-ray diffraction, because the
relative scattering factor of oxygen is much greater for the former.
Table 4.1 gives the results from neutron work (Frazer, Danner and
Pepinsky, 1955) and from X-ray work (Evans, 1953). For the latter,
two alternative models are included, one requiring temperature
factors considered less reasonable than the other, to show the limits
of uncertainty. The results from neutron diffraction confirm those
from X-rays and improve on their accuracy.

3.3. The bond lengths and bond angles based on the coordinates of
structure (1) are given in Table 4.2.

TABLE 4.2
Bond lengths and angles in tetragonal BaTiO,

1-869 A
2-167 A

Ti-0, 1999 A

Ba-0, 2824 A

2-800 A
2-886 A

Angle Ti-O,-Ti 171° 28’

Several important points may be noticed about this tetragonal
structure. First, the oxygen octahedra composing the framework are
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Ba Ti
atheight & at height 0

Fig. 4.3. Structure of BaTiO, projected on (010),
(a) tetragonal, (b) orthorhombic (referred to monoclinic axes).

very little distorted; the displacement of one set of oxygens relative
to the other is small. Secondly, the Ti’s are displaced relative to the
centres of their octahedra by 0-13 A. Thirdly, because these displace-
ments are parallel, the two bonds from O, to Ti are inclined at an
angle slightly different from 180°. (It should be observed that any
uncertainty in the z-coordinate of O, makes little difference in the
bond lengths but affects very appreciably the angle Ti-O,-Ti.)

4 Orthorhombic structure

4.1. Below 0° C the structure becomes orthorhombic (Rhodes, 1949;
Kay and Vousden, 1949); the absolute magnitude of the change is
again very small. The structure is most easily pictured as derived from
the original cube by stretching it along one face diagonal and com-
pressing it along the other, these diagonals becoming the new ortho-
rhombic axes (see Fig. 4.2 (b)). The third axis retains its original
direction but suffers a slight change of relative length. The new space
group is No. 38, Bmm?2, implying that the lattice referred to the new
axes is face-centred, and that the structure has a uniterminal diad axis
in the z direction. The cell-contents are 2 formula-units, that is, 1
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R YA R Y4
D—O0——C—X

c ) ] ) ® D
—o=B—C—0

3 (b)
O O
0x,0z Oy .
at height 0 at heightt3

showing atomic displacements (exaggerated).
Origin taken so that Ba is at 33} in both cases.

formula-unit per lattice point. All the atoms may have displacements
relative to one another parallel to the z axis.

4.2. Again in this case the X-ray evidence needed to be supplemented
by evidence of piezoelectricity before a higher space group, No. 65,
Bmmm, could be excluded. With that, the space group is unambigu-
ously determined, but it is still not decided whether the diad axis, and
hence the direction of displacement of the atoms, is parallel to the
long or short diagonal of the original cube face. Analogy with the
tetragonal form suggests that the atomic displacements are in the
direction of extension, i.e. of the long diagonal, and this has been
chosen as the z axis; the space group symbol is accordingly written
Bmm?2. 1t is important to notice, however, that this evidence is
indirect.

Table 4.3 gives a list of atomic coordinates compatible with the
space group; the actual parameters have not yet been determined.

4.3. For some purposes it is useful to retain axes corresponding in
direction to those of the original cube, and this has been done in the
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TABLE 4.3

Atomic positions in orthorhombic BaTiO, (space-group Bmm2)

Atom Coordinates

Ti | 0,00, %0,%
Ba %’ '3) ZBas 0; %9 3 + Zpa

Ol %+xh 09% + Zy %—x1303%+zl;
3—x,0,4+z; F+x,0,3+ 27

02 0’ %9 Zgs %’ ‘%7 Zy

projection of the structure shown in Fig. 4.3 (b). The cell then has
monoclinic geometry. The angle § is 90° 12’ (Rhodes, 1951). It is a
useful convention to distinguish all dimensions and indices referred
to such axes by enclosing them in inverted commas (Wood, 1951).

Cell dimensions at 4° C (Rhodes, 1951):
‘@ =‘c = 4017 A; ‘f =90° 12
a=5656A, b=3986A, c=5675A.

5 Rhombohedral structure

Below —90° C, yet another form is found (Rhodes, 1949; Kay and
Vousden, 1949). The unit cell is the rhombohedron formed by stretch-

TABLE 4.4

Atomic positions in rhombohedral BaTiO, (space-group R3m)

Atom

Ti
Ba
(o)

Coordinates, referred to hexagonal axes

0,0,0, 344 %%
0’ 0’ '1' + Zpa; %9 '}, % + Zpa; %, %’ % + Zpa

T+ 2%, & + X0, % + 205 & — X, & A X0, &+ 205
§ — X0, % — 2x0, % + 25 % — X0, — 2x0, F + 203
2x0, } + X0,k + 205 ¥ — X0, % + X0, % + 2o
%_“ xo,ﬁ“zxo,f‘:"}‘ Zys %_xo»ﬂ‘}' x0’3+20;
i""zxo,fi‘f‘xo,%‘*‘zo

Cell dimensions (Kay and Vousden, 1949):

Arhombohedral = 3-998 A, o = 890 527
Chexag. = 6:942 A, Qhexag. = 5-649 A.
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ing or compressing the original cube along its body diagonal (Fig.
4.2 (¢)), which becomes the permissible direction for atomic displace-
ments. The space group is No. 160, R3m, and the cell-content is one
formula-unit. The angle between the rhombohedral axes differs from
90° by 8’ (Kay and Vousden, 1949). 1t is not explicitly stated whether
the angle is acute or obtuse, but by analogy with the tetragonal form
one would expect an acute angle, and this has generally been taken
for granted though without proof. Here again, the detailed atomic
parameters have not been found. The coordinates, referred to
hexagonal axes (which are easier for purposes of calculation), are
given in Table 4.4.

6 Hexagonal barium titanate

When pure BaTiO, is quenched from high temperatures
(~ 1600° C) a different form is obtained. It is hexagonal; its structure
(worked out by Burbank and Evans, 1948) is not closely related to
those with which we have been dealing, and it does not undergo any
further transitions. The transition between it and the cubic form is
reconstructive, not displacive, and is very sluggish (Rase and Roy,
1955). It is not ferroelectric. It will not be considered further here.

7 Cell dimensions and thermal expansion

7.1. Careful measurements over a wide temperature range have been
made by Kay and Vousden (1949). Their results are shown in Fig. 4.4.

4-030 |-

4020 -
‘a’or ‘¢’

4.010
Cubic

4.000F a ] Tetragonal

/

Orthorhombic a
3:990 |~

Rhombo-
3.980}- hedral b

-~

3:970 1 | i 1 Il !
S -100 -50 0 50 100 150

Fig. 4.4. Variation with temperature of cell edges and cube root of cell
volume of BaTiO; (Kay and Vousden, 1949).

At the transition from cubic to tetragonal, there are discontinuous

changes in the axial lengths (which earlier work by Megaw (1947)

could not distinguish). The variation of axial ratio with temperature
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is shown by the dotted curve in Fig. 4.5. It can be seen that below the
transition there are further continuous changes of axial lengths in the
same direction, but the curves gradually flatten out towards 0°C.
Discontinuous changes occur again at the two lower transitions. All
the transitions show thermal hysteresis—that is, a difference between
the temperatures of transition according to whether the material is
being heated or cooled.

It is important to notice that there is a discontinuous (though small)
change of volume at the 120° transition.

7.2. The absolute values of cell dimensions and axial ratios deter-
mined by different workers do not agree exactly; those quoted in

C/a == rPT ——————
007+ | : T).! —— R,
stion Y i e
0-06 41+ [ D L VU Axial ratio
Iy |
o 005} | '
(8]
b I '
© 0.04f I \
c | :
S 003}-1005 | M
& ! |
1 |
002t | |
| [}
0-01 I ]
| §
| L 1 | L
2100 -50 0 50 100

°cC

Fig. 4.5. Variation of birefringence and axial ratio with temperature (Kay
and Vousden, 1949).

Tables 4.1, 4.3, 4.4 must be taken as typical only. Possibly some of
the variations may be explained by impurities or non-stoichiometric
composition of the material, but it seems likely that there is also an
effect of crystal size, and perhaps of imperfections in the crystal. It
has been shown (Harwood and Klasens, 1950) that the axial ratio
depends on the temperature at which the crystal was fired, decreasing
as the firing temperature decreases from about 1400°C to 900°C.
Below 800°C cubic crystals are obtained, with cell volume slightly
greater than the tetragonal form. Cubic single crystals of about
1 millimetre in size have been grown at 850°C (Novotsiltsev and
Khodakov, 1952); they are not ferroelectric but show an anomaly at
about —50° C, suggesting that they transform directly to rhombo-
hedral. Heated above 1100° C, they revert to tetraganal on cooling.
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8 Twinning and domain texture

8.1. When a single crystal undergoes transition from cubic to
tetragonal, the tetrad axis may be any one of the three original cube
edges, and in either direction along the edge. If the crystal is small and
perfect it may transform to a single tetragonal crystal; if it is subject
to local stresses, either from clamping by its neighbours or from
internal imperfections, it will twin in such a way as to reduce stresses
to a minimum.

Two kinds of twin are known. The first was described in detail by
Kay (1948). Two individuals are related by rotation about the normal
to a face of the form {101}, and this face is the composition plane
common to the two. The tetrad axes are approximately at 90°; more
exactly the angle between them is given by 2 tan~! ¢/a, which, for
¢/a = 1-011, is 90° 38’. Very commonly, twinning is repeated on the
same plane, giving rise to a series of lamellae (Fig. 4.6 (@), (b)). With
larger crystals, different regions use different planes of the same form
as twin planes, giving scts of lamellae at right angles to each other
(Fig. 4.6 (c), (d)). Large crystals may have even more complicated
arrangements based on the same law, sometimes giving very pretty
effects under the polarizing microscope (Matthias and von Hippel,
1948; Forsbergh, 1949). Extensive areas may be divided up into
regions of equal size, with the same domain pattern in each, regularly
repeated. This suggests some periodic regularity in the factors which
give rise to twinning, whatever they may be. (It is worth remarking
that periodic regularity has also been observed in the distribution of
dislocations in imperfect crystals, and the two effects may perhaps
spring from similar causes.)

The second kind of tetragonal twin was investigated by Merz
(1952). Two individuals are related by rotation about the normal to a
face of the form {100}, which is the composition plane. The tetrad
axes are thus at 180° to each other. Photographs are shown in Figs.
4.6 (e) and (f); in 4.6 (f), both the 180° twinning and the 90° twinning
may be seen.

Twinning also occurs in the orthorhombic and rhombohedral
structures (Kay, 1948; Forsbergh, 1949). In the orthorhombic form,
the individuals are related by rotation about the normal to a face of
the form {101} or {111} (two different laws); in the rhombohedral
form, by rotation about the normal to rhombohedral face (111).

The question of the movement of twin boundaries in an electric
field will be dealt with in § 15, and discussion of ‘boundary walls’
between domains will be left till then.

8.2. The evidence for the foregoing statements about twinning comes
partly from X-ray work, partly from optical studies. When a single
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B et
89025’ !

[ Birefringent  [_] Non-birefringent
4_* Direction of c-axes

(a) (b)

. (c)
Fig. 4.6.i. Domain formation in tetragonal BaTiO;

(@) Lamellar twinning on a single plane (011) (Kay, 1948)

(b) Lamellar twinning on (017) in a plane parallel to (001) (Kay, 1948)
() Crystal with different regions showing lamellar twinning on (011), (01 1),

(101), (101) (Kay, 1948)

68



(d) Complex crystals showing 90" twinning in different orientations
(Blattner, Kénzig, Merz and Sutter, 1948)
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(¢) Edge view of plate, showing 180° twinning (Hooton and Merz, 1955)

(f) Complex crystal showing both 90° and 180" twinning (Hooton and
Merz, 1955)

Fig. 4.6.ii. Domain formation in tetragonal BaTiO;
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crystal changes to a twin, single spots on an X-ray photograph are
replaced by paxrs or more complex groups. The relative displacement
of the spots, in magnitude and direction, shows the orientation of the
components of the twin, and the relative intensities their abundance.
This method of studying the transition was developed by Kay (1948).
It is generally not possible, however, to tell by this method how the
components are arranged within the specimen—for example, whether
they consist of multiple lamellae or of a pair of thick slabs—or what
their composition plane is.

Optical methods give fuller information. If a doubly-refracting
crystal section is examined between crossed nicols, it appears dark
(extinguishes) when the direction of the polarizing or analysing nicol
is parallel to a principal vibration direction—that is (for the cases
considered here) to a symmetry direction or its projection on the
plane of the section; if the section is perpendicular to a tetrad or
triad axis it is always dark. By this means the symmetry directions in
the crystal can be found. The distinction between the different sym-
metry directions is made by finding which has the greater and which
the lesser refractive index (slow and fast vibration directions respec-
tively); this assumes, of course, that the optical properties of a single
crystal are known. These are considered in the next section.

Tetragonal twins with their tetrad axes at 180° offer more difficulty.
While the 90° twins extinguish in different positions (because the
angle between the axes is not exactly 90°), thus marking out a clear
boundary, the 180° twins extinguish together. With careful illumina-
tion, however, the domain boundaries may be made to show as thin
white lines on a dark ground, presumably because of local differences
of refractive index due to boundary strains (Fig. 4.6 (e)). Another
very effective method is to etch the crystals with hydrochloric acid,
and examine them in reflected light (Hooton and Merz, 1955). The
positive end of a domain etches rapidly, the negative end hardly at all.

8.3. For a complete knowledge of the orientation of cach component
in the 90° twins, it remains to establish the sense of the uniterminal
axis. This cannot be done optically, but there is another line of argu-
ment. Consider a vector along the uniterminal axis. Components of
this perpendicular to the twin boundary cannot change sign on cross-
ing the boundary; otherwise, for example, if the vector represented a
separation of electric charge (i.e. a dipole) there would be a piling up
of charges on the boundary. In Fig. 4.6 (a), (b), (¢) and (f), the permis-
sible directions are represented by arrows. (The direction of all the
arrows at once might of course be reversed.) The formal statement of
the twin laws includes this condition about the sense of the axes.
Some interesting details of twin texture, observed experimentally
F 69
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by Hooton and Merz (1955), have been explained by them in terms
of this strong head-to-tail coupling across twin boundaries.

It is worth noticing that all twins actually observed are rotation
twins about an axis normal to the composition plane. Rotation twins
with a twin axis lying in the composition plane and reflection twins
with the twin plane coinciding with the composition plane are incom-
patible with the head-to-tail formation, and reflection twins with the
twin planc at right angles to the composition plane are less favourable
geometrically. This generalization applies to all crystals with polar
symmetry.

9 Optical properties

9.1. Barium titinate has a high refractive index, with a peak value of
2:46 at the Curie point (Busch, Flury and Merz, 1948). The double
refraction below the Curic point depends on temperature and on
wave-length. For the tetragonal form, Forsbergh (1949) found
n, — n, = — 0-055 for sodium light at room temperature (where
ng, n, are the refractive indices along the z and x axes). The crystal is
therefore optically negative; its indicatrix * is an ellipsoid of revolu-
tion, compressed along the z axis. The double refraction increases
considerably for wave-lengths towards the violet end of the visible
spectrum (Cross, Nicolson, Zlotnicki and Whiddington, 1950); its
magnitude is about 0-12 at 4000 A, suggesting that there may be an
absorption band ncar 3800 A. There is also an increase with decreas-
ing temperature (Kay and Vousden, 1949; Forsbergh, 1949); this
takes the form of a discontinuous jump at the Curie point, followed
by a steady increase as the temperature falls (Fig. 4.5). The shape of
the curve is almost exactly the same as that for the variation of axial
ratio with temperature, implying that the double refraction is propor-
tional to the difference of the axial ratio from unity.

At the 0° transition, there is another apparently discontinuous jump
in the double refraction (in which, as we shall see below, the change
of direction is more important than the change of magnitude); this
is followed by a steady increase. Forsbergh showed, by examination
of a small single crystal optically and electrically, that the smaller
refractive index in the (010) plane is associated with the direction of
the polar axis, i.e. the z axis. He concludes that this is the elongated
axis (cf. § 4.2) because in a homogeneous isotropic solid subject to
external stress the direction of extension is the direction of low
refractive index. This argument is plausible but falls short of complete

* The indicatrix is the ellipsoid whose radius in any direction is proportional
to the refractive index of the crystal for plane-polarized light with an electric
vector parallel to that direction.
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proof; however, it is in agreement with conclusions reached from
analogy with the tetragonal form.

9.2. The values of the three principal refractive indices can be
derived from the observations of Kay and Vousden (1949).* These
authors showed that the refractive index n,, in the direction of the y
axis, is greater than n,, in the direction of another cube edge. (The
original paper does not make this quite clear, because the terms ‘slow
direction’ and ‘fast direction’ are used in a sense not now generally
current; the above statement was confirmed personally by Dr Vous-
den.) They also measured the double refraction in cases of ‘sym-
metrical extinction’ and ‘straight extinction’ respectively, which they
called Ry and R,. By definition, Ry = n,-n, and R, = n,—-n,; to
a good approximation, n, = n,~4Rx (from the fact that the 010
section of the indicatrix is an ellipse with axes n, and n,). If values of
R, and Ry read from Fig. 4.5 are substituted in these expressions,then
just below the 0° transition n,—n, ~ 0, n,-n, = 0-073; and just
above the —90° transition the values are 0:019 and 0-075 respectively.
Thus at the upper temperature the indicatrix is nearly an ellipsoid of
revolution compressed along the new z axis; at the lower temperature
the two axes of the cllipsoid perpendicular to this have become
unequal.

In the rhombohedral form, magnitudes of the double refraction
have not been recorded, but Forsbergh (1949) has shown that the
sign is negative, i.e. that the indicatrix (here again an ellipsoid of
revolution) is compressed along the triad axis.

9.3. Throughout these investigations, the identification of directions
in the crystal was the vital point. This was made possible by two facts,
(1) that the crystals generally showed faces of the original cube as
bounding faces, (2) that application of an electric field could be used
to re-orient crystal domains with their polar axes in a known direction
relative to the field. This will be discussed in more detail later in the
chapter.

10 Latent heat, specific heat, and change of entropy

The variation of specific heat with temperature has been studied by
a number of workers. As in the other ferroelectrics, the anomaly is
small and difficult to measure accurately. Harwood, Popper and
Rushman (1947) found a peak at the 120°C transition with a height
of 0-61 cal. deg.~* mol.~! and a width (at base) of several degrees.

* These results are in substantial agrcement with the values obtained by Jona,
Shirane and Pepinsky (1955), who, however, make a different choice of axes.
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Later workers confirmed this qualitatively, but found a greater peak
height and widths varying from over 20°C (Sawada and Shirane,
1949) to about 3°C (Volger, 1952). An illustration is given in Fig.
4.7. Sawada and Shirane noted that their peak shape depended on the
texture of their sample (a ceramic). Anomalies were also found at the
two lower transitions.

1 1 ! | ]
o-n 80 100 120 140 160
oC

Fig. 4.7. Specific heat of BaTiO; (Shirane and Sawada, 1952).

The anomalous heat content is measured by the area of the peak
above its background, and values obtained by different investigators
are given in Table 4.5.

For the two lower transitions, the entropy changes have been
measured by Todd and Lorensen (1952). Values have been deduced
by Jaynes (1953) and Shirane, Danner, Pavlovic and Pepinsky (1954)
from the experimental curves of the other workers quoted above. The
results are recorded in Table 4.5, but in view of the unreproducibility
of the peak shapes it may be questioned how far they have meaning.

TABLE 4.5
Changes in heat content and entropy of BaTiO,

120°C 0°C —-90°C

transition | transition | transition Authors
Anomalous heat 47 16 — Blattner, Kinzig
change, in cal. and Merz, 1949
mol.~? 46 15 14 Volger, 1952
— 26 12 Todd and Loren-
sen, 1952
Entropy change, |0:12-0-130-06-0-09 | 0-04-0-07 | Shirane, Danner,
in cal. deg.—! Pavlovic and
mol.~? Pepinsky, 1953
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The experimental curves suggest that the anomalous heat changes
are not abrupt, but are spread over quite a large temperature range,
with a A-shaped peak. It remains possible, however, that this spread
is a secondary effect due to thermal hysteresis (which is known to
exist from the study of cell dimensions, cf. Fig. 4.4) and to local
stresses in the material. That this is in fact the true explanation is
proved by some interesting experiments of Roberts (1952). He used
the fact that an applied electric ficld will bring about the transition
from cubic to tetragonal at temperatures near the Curie point—
reversibly if the material is above the Curie point, irreversibly if it is
below it in the range affected by thermal hysteresis. Above the Curie
point, there was an adiabatic temperature change of 0-5° C, reversible
according to whether the field was switched on or off. Below it, there
was an irreversible change of 0-5° C, and no further anomaly in the
heat content as the crystal was cooled to lower temperatures. This
shows the existence of a true latent heat; Roberts estimated that its
value was not less than 15 cal. mol.7%.,

11 Spontaneous polarization and coercive field

The true value of the spontaneous polarization can only be found
by the use of single-domain crystals. Early investigations of the
hysteresis loops in BaTiO; were made with ceramic materials, where
the crystals are oriented in different directions, and only the com-
ponent parallel to the ficld contributes to the hysteresis loop. A true
single-domain crystal is characterized by an almost rectangular loop;
it is hard to illustrate, because on the screen of the cathode-ray
oscilloscope the almost-vertical sides do not show up. Only in so far
as different domains reverse their polarization at different field
strengths is there any rounding of the corners of the loop. If twinned
crystals are used, it is difficult to be sure whether all domains have
been aligned by the ficld; if some have not, the apparent polarization
will be too low. Improved production of single-domain crystals is
therefore likely to be accompanied by higher reported values of the
spontaneous polarization, and a greater sharpness of jump at the
Curie point. This has in fact been found with tetragonal BaTiO,.
Early measurements (Hulm, 1947; Merz, 1949) gave values of the
spontaneous polarization of about 16 microcoul. cm.~2? at room
temperature. Subsequent work by Merz (1953) and Cross (1953)
raised this figure to about 24-26 microcoul. cm.~2, with a discon-
tinuous jump of about 16-18 microcoul. cm.~% at the Curie point.
Both investigators made sure that their crystals were truly single-
domain by examining them under the microscope while they were
traversing the hysteresis loop. Cross’s curve for the variation of
spontaneous polarization with temperature is shown in Fig. 4.8. That
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of Merz is similar, except that his crystal had a rather lower Curie
point, which he attributed to impurities not likely to affect its other
properties.

With the two low-temperature forms, the directions of spontaneous
polarization are not normal to the surface of the plate used, which
was originally a tetragonal single crystal. In the orthorhombic form
they are likely to be at 45° to the surface, whether the crystal is single
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Fig. 4.8. Spontaneous poldrization in tetragonal BaTiO, (Cross, 1953).
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Fig. 4.9. Normal component of spontaneous polarization of BaTiO, in
low-temperature forms (Wieder, 1955).

or twinned; in a rhombohedral single crystal they would be at
cos~1 (1/4/3,) but the twinning is likely to be such that this is not true
of all domains. The quantity measured experimentally is the com-
ponent of P, normal to the surface. It is therefore not surprising
to find that experimental measurements vary from one crystal to
another. A representative curve obtained by Wieder is shown in
Fig. 4.9. At the 0° C transition, the drop in the component of P; is
roughly in the ratio 1/4/2, which is what we should expect for a single
crystal if the change in the magnitude of P, were small. (The accuracy
is not enough to rule out the possibility that some discontinuous
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change may occur.) At the —90° transition, the observed drop is
considerably greater than the ratio 4/(2/3) which would be expected
for a single crystal if P, itself remained unchanged; but, as suggested
above, no conclusions can be drawn from this because of the uncer-
tain effect of twinning. Earlier work by Mecrz (1949) on less perfect
crystals gave similar results. Merz also showed that the value of P,
remained nearly constant in the rhombohedral form down to 4-2°K.

The coercive field at room temperature is about 500 volt. cm.~! for
good crystals (Merz, 1953). At the approach to each transition, it
shows a decrease with increasing temperature, followed by a sudden
increase at the transition (Wieder, 1955). At very low temperatures it
increases rapidly as the temperature falls, reaching almost 10,000
volt. cm.™! at 4-2°K (Merz, 1951).

12 Pyroelectric effect

An interesting application of the pyroelectric effect has been made
by Chynoweth (1955). Single crystals were heated on one side by
intermittent illumination from a tungsten lamp, and the pyro-
electricity was detected by the currents produced in the circuit con-
necting the two sides.

13 Dielectric constant

13.1. The dielectric constant has a sharp peak at the Curie point; the
height and exact shape of the peak depend very much on the texture
of the material. Fig. 4.10 shows the curve obtained by Cross (1953),
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Fig. 4.10. Dielectric constant of tetragonal BaTiO; (Cross, 1953).

with weak fields, for the diclectric constant parallel to z. The steep

drop on the low-temperature side is very marked, and it seems pos-

sible that for a perfect single crystal it may be discontinuous;

Drougard and Young (1954) obtained a still more abrupt drop which
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they believe to be evidence for this. The dielectric constant perpen-
dicular to the z axis, ¢,, has been studied by Merz (1949) (Fig. 4.11).
It too drops steeply below the Curie point but reaches a minimum of
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Fig. 4.11. Dielectric constant of BaTiO, (Merz, 1949.
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Fig. 4.12. Variation with temperature of dielectric constant and its recip-
rocal (illustrating Curie-Weiss Law) (Merz, 1953). (N.B. Both Ty, the
temperature of the peak value, and T, the point at which the 1/¢ line cuts
the axis, are abnormally low because the specimen was not pure BaTiO;.)

about 3000 (at a temperature where ¢, has fallen to about 500) and
thereafter climbs to a new peak near 0°C. Values measured below
0°C cannot be given any clear meaning, as the directions in the
crystal to which they refer cannot be identified.
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13.2. Above the Curie point, the dielectric constant falls rapidly but
not abruptly with increasing temperature (Fig. 4.12). It has been
shown experimentally by many workers (for example Roberts, 1949;
Grinicher, 1949; Kénzig and Maikoff, 1951; Merz, 1953) that a plot
of 1/¢ against T'gives a very good straight line (Fig. 4.12). If the slope
of the line is 1/C, we may write

£ C
This expression is in fact the Curie~-Weiss law. Here C is the Curie
constant; T, lies in the neighbourhood of the transition temperature
but about 10 or 20 degrees below it.

There is disagreement between different workers about their experi-
mental values of C. Kinzig and Maikoff suggest that it depends on
the texture of the crystal, as they find values ranging from 1-5 X 10°
to 6:5 X 105 deg. for crystals from different melts. Values reported by
other workers lie between these extremes. The temperature T, is
affected by thermal hysteresis, but not in the same way as the
temperature T, of the peak in the dielectric curve; Kinzig and
Maikoff found, for the difference between values derived from runs
with increasing and decreasing temperature, 4T, = —6°C while
ATy = +1-5° C.

Kinzig and Maikoff (1951) have also investigated the effect of a
constant applied field. They find that it makes slight differences in the
Curie constant, but rather large differences in T;,. They attribute this
to effects of crystal texture, suggesting that there are gaps in the
crystal between the mosaic blocks, which lead to errors in the
measured value of &; these will be systematic for the particular crystal
in a given applied field.

14 Changes in the Curie point

14.1. Effect of pressure

The effect of hydrostatic pressure has been examined by Merz
(1950). For the cubic-tetragonal transition, he showed that with
increasing pressure the Curie point is lowered. At high pressures, the
effect is influenced by the pre-history of the crystal; but if the crystal
is compressed from above the Curie point, a straight-line relation-
ship between pressure and temperature is obtained with a slope of
— 57 x 10~® deg. cm.? dyne~!. For the tetragonal-orthorhombic
transition, increased pressure at first lowers the Curie point by about
3 X 107 deg. cm.? dyne~*. The effect appears to be reversed with
pressures above 500 atmospheres, but Merz suggests that this may be
only the consequence of a rearrangement of domain pattern.
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It was observed by Shirane and Sato (1951) that pressure applied
parallel or perpendicular to the electrodes raised the Curie point of
their sample. The effect of two-dimensional pressure perpendicular
to the tetrad axis was studied in detail by Forsbergh (1954). He
compressed a single crystal on its edges and found an increase
of the Curie point with pressure satisfying a parabolic law,
AT = 31 x 10717 p?, where p is in dyne cm.~2 There was thermal
hysteresis between the curves for increasing and decreasing pressures.

14.2. Effect of solid solution

So far, only the properties of pure (or effectively pure) BaTiO; have
been discussed. It will be seen in the next chapter that a very great
variety of solid solutions can be formed. In this section, we shall con-
sider briefly only those near the BaTiO; end of the range. The effect
of solid solution depends on the particular ion substituted. For
(Ba,Sr)TiO;, the Curie point decreases with increasing Sr content,
while for (Ba,Pb)TiOys, it increases with increasing Pb content (Rush-
man and Strivens, 1946).

It is interesting to compare the effect of solid solution with the
effect of hydrostatic pressure, since both alter the lattice constants.
Thus, Merz (1950) has calculated the variation of the Curie point
with lattice constant in two ways, (1) from the observed change of
Curie point with pressure, and the compressibility deduced from
Mason’s (1948) values of the elastic constants of ceramics, (2) from
the observed change of Curie point with composition and of lattice
spacing with composition in solid solutions of (Ba,Sr)TiO,;. He
obtained values of 3-3 x 10 and 2-8 x 103 deg. A~, which were in
good agreement. This suggests that the Curie point is essentially
determined by the lattice spacing. Results with other solid solutions
do not bear this out, however. For example, Dungan, Kane and
Bickford (1952), working on the system (Ba,Sr) (Ti,Sn)O;, found that
increasing amounts of Sn increased the lattice constant while lower-
ing the Curie point, though they confirmed the earlier result for the
effect of Sr.

14.3. Effect of electric field

The effect of a biassing field on the Curie point has been studied
by many investigators. Kinzig and Maikoff (1951) found that the
maximum for the dielectric constant was shifted to higher tempera-
tures by 1-2 X 10-3 deg. cm. volt.~*. This implies that if a sufficiently
large field is applied, a crystal becomes ferroelectric at temperatures
above its zero-field Curie point. The effcct of this on the hysteresis
loops has been studied by Cross (1953) and by Merz (1953). Curious
‘butterfly’ loops are observed, as illustrated in Fig. 4.13. (Such loops
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Fig. 4.13. ‘Butterfly’ loops for BaTiO; (Merz, 1953).
Temperatures indicated are differences from zero-field Curie point.

were first noticed with PbZrO,, which is dealt with in the next
chapter.) From measurement of these loops, Merz found that the
shift of Curie point is proportional to the field, and has a value of
1-43 x 10~ deg. cm. volt.”%, in good agreement with the work of
Kinzig and Maikoff.

15 Domain boundaries and effect of field

This problem has been studied in some detail by Merz (1952, 1954).
As we have seen, there are two types of boundary wall, those between
domains with their polar axes at right angles (90° walls) and those
between domains with their polar axes antiparallel (180° walls). Both
types can be moved by application of an electric field, but the latter
are of greater interest. Merz observed the domains directly with a
polarizing microscope, using a stroboscopic light source with a fre-
quency close to that of the alternating field (cf. Fig. 4.6 (f)). He also
made experiments sending an electric pulse through the crystal, and
measuring the ‘switching times’ necessary for reversal of polarity. He
found that the 180° walls are very thin, of the order of one unit cell
thick; this differs from the state of affairs in ferromagnetic materials,
where they are some hundreds of cells thick, but resembles that in
Rochelle salt (Chap. 2, § 10) and potassium dihydrogen phosphate
(Chap. 3, § 4.2). The wall energy (calculated from elastic constants
and the axial ratio), is 7 erg. cm.~%, about 5 times the value for
ferromagnetic iron, but considerably less than that for KH,PO,
(Chap. 3, §4.2). The width of the domains is about 10-% cm. Merz
further made the very interesting observation that, in the process of
reversal of polarity by an applied field, it is easier to start new
domains than to make the existing domains grow sideways. When
a field acting to reverse the polarity is applied, a crop of new domains
appears, starting at the surface or at internal imperfections. They
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grow in a forward direction right through the crystal, but their side-
ways growth is practically zero. Merz explains this from the thinness
of the boundary wall. Since the wall is only 1 cell thick, energy of the
order of magnitude of the whole wall energy is needed to move it
sideways by the width of 1 cell.

From his pulse experiments, Merz deduced the velocity of forward
growth. He found, at room temperature, an average velocity of
0:5 x 104 cm. sec.” ! for 2000 volt. cm. 1, from which he derived a
mobility of 2:5 cm.2volt.~sec. 1. This mobility increased with temper-
ature. For fields of some 10,000 volt. cm.~, the velocity is of the same
order of magnitude as the velocity of wall movements in ferro-
magnetics, but less than the velocity of sound in BaTiO;. The cor-
responding mobility in Rochelle salt is 2 X 10~ cm.? volt.~! sec.™ 1.

A suggested mechanism for the forward growth of these domains
has been discussed by Pulvari (1954). The experimental work has
been extended to the orthorhombic form by Wieder (1955).

16 Nature of transition

The accumulation of evidence from good measurements on single-
domain crystals seems to leave no doubt that the 120° C transition in
BaTiO; is essentially discontinuous, that is, first-order. (The same
is probably true of the two lower transitions.) Since, however, the
transition temperature can be altered by mechanical as well as
electrical stresses, it is not surprising that the behaviour of the crystal
near this temperature is highly texture-sensitive. In particular, it is
sensitive to stresses associated with the formation of domains.
Caspari and Merz (1950) noted differences of this kind between
different crystals, and explained them in this way, and Kiinzig (1951)
examined the effect by a study of the X-ray extinction. The existence
of domains is not in any way the cause of the transition, which is
ideally a discontinuous single-domain process, but they influence its
detailed progress and hence the value of many of the properties in the
neighbourhood of the transition point.
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Chapter 5
THE PEROVSKITE FAMILY

So pleas’d at first the tow’ring Alps we try,
Mount o’er the vales, and seem to trcad the sky,
Th’ eternal snows appear already past

And the first clouds and mountains seem the last:
But, those attain’d, we tremble to survey

The growing labours of the lengthened way,

Th’ increasing prospect tires our wand’ring eyes,
Hills peep o’er hills, and Alps o’er Alps arise!

POPE: Essay on Criticism

1 Introduction

1.1. There are a large number of compounds possessing structures of
the perovskite family—a term which is meant to include the ideal
perovskite structure itself (described in Chap. 4) and all other
structures which can be derived from it by small distortions and dis-
placements of atoms or by omission of atoms not essential to the
framework. Many of these compounds are ferroelectric or antiferro-
electric, but by no means all; it is useful to survey the whole family
and see what generalizations can be made and what differences noted.

1.2. General rules for ionic structures

Not all compounds with the formula ABOj; have a perovskite-type
structure. A criterion for the stability of the different types was put
forward by V. M. Goldschmidt (1926), based on the rules which he
had derived empirically for binary compounds which arc ionic or
predominantly so. They may be re-stated as follows:

(i) An ion has a radius which does not vary by more than a few
per cent in the different structures in which the ion occurs. The sum
of two such radii makes up the observed cation-anion distance. (The
same radius does not necessarily hold good for anion-anion contacts.)

(ii) When a cation and the surrounding anions are given their cor-
rect radii, all the anions must touch the cation; in other words, in a
model built of rigid spheres made to scale, the cation must not ‘rattle’
in the hole between the anions. The cation will be surrounded by as
many anions as can touch it, but no more.

These rules are empirical, but have proved their value in all the
work that has been done since they were formulated. It should be
noted that they are stated for ions; they are based on the concept of
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central forces. Homopolar forces, if they occur, are directed forces;
in that case the radii will depend on direction. Nevertheless the rules
represent a good starting-point for the study of all homodesmic
structures—that is, structures in which all the bonds are of approxi-
mately the same strength, so that a continuous three-dimensional
network is formed.

The rules allow us to predict the environment of any cation in an
oxide; thus Si will be 4-coordinated, Al 6, Ti 6, Ca 8, Ba 12. The
predictions are not always perfectly fulfilled; lower coordinations
occur frequently, higher very rarely; but they provide a useful start-
ing-point. Some of the common radii and coordination numbers are
given in Tables 5.1 and 5.2.

TABLE 5.1

Ionic radii of some common ions. (Empirical values adopted by
Goldschmidt for 6-coordination, with certain modifications by
later workers.)

Radius of 0%~ = 1-32 A

. A , 1
Ion Raglus Ion Raglus Ton Ra‘(lj‘lus ' i Radlus

Lit | 078 | Mg | 078 Al’+! 057 | Sitt \ 0-39
Nat | 098 || Catt | 106 | Fer+ = 067 | Tit* | 064
K+ 1133 | Szt | 127 | Zri+ f 077
Rb+ | 149 | Ba*t | 143 | Hf't | 074
Cst | 165 || Cd*+ | 103 ; Sntt 074
Pb2t | 132 ; Pbit | 0-84
| | Cetr 102

| i

TABLE 5.2

Observed coordination numbers of some important cations with O
as anion

Il

fon | Coprdinaion | yop | Coprdiatin
Lit 6 INES 4,6
Nat 6-9
K+ 8-10 Sit+ 4
Mgz+ 6 Tit+ 6
Ca?t 6-10
Sr3t 8-10
Ba?+ 8-12
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5. THE PEROVSKITE FAMILY

It is worth noticing that coordination numbers of 4, 6, 8, or 12 are
compatible with high point-group symmetry at the central cation,
while other numbers are not. Hence these coordinations and these
only will occur in simple high-symmetry structures. Substances with
simple structures are likely to be more abundant (because more easily
formed) and also better known (because more easily studied) than
very complicated structures.*

1.3. Application of rules to the perovskite structure

It will be seen that the ideal perovskite structure (Fig. 4.1) requires
one cation A to be capable of 12-coordination, the other B of 6-
coordination. This means that A must be rather large. If A, like B,
can only be 6-coordinated, an entirely different arrangement is taken
up, for example the ilmenite structure (FeTiOjz). Another way of
looking at it is to notice that the framework of linked BOg octahedra
determines the dimensions of the structure, and hence the size of the
A cation which will fit exactly into the hole between the octahedra. It
can easily be seen that the ideal relation between the radii is

R4+ Ry = V2(Rp + Ry),

where X is the anion (in this case oxygen). However, ionic radii are
not absolutely constant, but vary by a few per cent (even after making
appropriate correction for the fact that radii are consistently larger
for high coordination); hence we may expect a certain tolerance of fit,
which may be expressed by writing

R4+ Ry = tV2Rp + Ry),

where ¢ is a ‘tolerance factor’, nearly but not exactly unity.

Goldschmidt showed that the perovskite structure was formed
when this condition was satisfied. If + was very much less than 1, a
different structure appeared, generally the ilmenite structure. Unlike
the perovskite structure, this latter is specified by arbitrary para-
meters, and so can adapt itself easily to a range of different radii.

More recent work shows that while structures of the perovskite
family occur for values of ¢ down to about 0-8, the ideal cubic struc-
ture is found only if ¢ is much closer to unity.

Surveys of a large number of structures in terms of their ionic radii
have been made by Wood (1951) and by Keith and Roy (1954). They
confirm the general principle, while showing that it is by no means the
whole story.

* For a fuller account of the principles of structure building, reference may be
made to R. C. Evans, Crystal Chemistry (Cambridge University Press, 1939), or
to W. L. Bragg, Atomic Structure of Minerals (Cornell University Press, New
York, 1937).
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1.4. Classification of structure types

A useful classification of oxides with the formula ABO; may be
made as follows.

(i) Cubic perovskite. A large number of compounds possess the
ideal cubic structure, with cell edge a, about 4 A, and cell contents
one formula-unit. For many of them no other structure is known,
and they are not ferroelectric. (The older records of cubic structures
should be treated with reserve, as they did not always distinguish
between ideal cubic and pseudo-cubic.) The tolerance factor ¢ lies
between 1-05 and 0-90. They are recognizable by a very simple
pattern in their X-ray powder photographs (Fig. 5.1 (a)). Examples
are given in Table 5.3.

(ii) Distorted small-cell perovskite. A few substances for which ¢ is
nearly unity have one or more low-temperature forms with a dis-
torted small cell, i.e. they are no longer cubic, but if referred to
the original axes the cell edges are still approximately 4 A. What-
ever the choice of axes, they have still only one formula-unit per
lattice-point.

These substances are recognized in their powder photographs by
patterns resembling the ideal cubic, but with each single line replaced
by a group (Fig. 5.1 (b)). The detail of the splitting in each group can
be used to find the shape and size of the unit cell, and the crystal
system. If the change in axial ratio is small (Fig. 5.1 (b)) the splitting
of the high-angle lines is most informative; if it is large (Fig. 5.1 (c))
the splitting is only recognizable as such in the low-angle lines.

The outstanding example of this class is BaTiOg; others are KNbO4
and PbTiOj;. So far as is known, all structures of this class are ferro-
electric, and have a transition to the ideal cubic structure (often called
the paraelectric form, cf. Chap. 1, § 13) in which the ferroelectricity
disappears.

(iii) Distorted multiple-cell perovskite. Many substances possess a
distorted structure in which adjacent units of 4 A edge are not per-
fectly identical, though nearly so. The true cell is made up of a
number of these sub-cells. Thus if it is referred to the original axes, its
edges are all nearly multiples of @, ~ 4 A; but it may be more con-
venient to use axes on which they are nearly multiples of +/2a.

The existence of these multiple cells is recognized by the presence
of ‘extra’ lines on the X-ray powder photograph: that is, lines coming
between those of the ideal cubic pattern, which are themselves split
up into groups (Fig. 5.1 (d)). From the powder patterns alone it is
difficult if not impossible to find out which one or more of the cell
edges is doubled or multiplied by some higher factor. In many cases
the available information does not go beyond the bare fact that the
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unit cell is a multiple one. Only a few structures of this kind have
been more fully examined.

None of these structures have been shown to be ferroelectric,
though some of them are antiferroelectric. It is not impossible, how-
ever, for a multiple cell to possess polar symmetry (though it may be
physically less probable); examples are the cone ferroelectrics dis-
cussed in Chap. 1, § 11.1. Thus the existence of extra lines in a powder
pattern cannot be taken as proof that a substance is not ferroelectric;
still less, in absence of any electrical evidence, that it is antiferro-
electric.

Important examples of multiple-cell structures are CaTiOj,
PbZrO; and NaNbO;. These will be discussed below. Other examples
are given in Table 5.3.

(iv) Other types, including ilmenite type. These occur when the
factor ¢ falls below a limit which is about 0-75 for compounds where
A has valency 1, and which increases with the valency of A.

Some important types are based on a close-packing of oxygen
atoms, the 6-coordinated cations fitting into the interstices, and
causing some distortion from the ideal packing. In ilmenite itself, the
Fe and Ti ions occupy adjacent sites along the triad axis, so that their
octahedra of surrounding O’s have one face in common; successive
pairs are arranged in the sequence Fe,Ti,—,Ti,Fe,—,Fe,Ti, ... How-
ever, this is not the only way of placing cations between the O’s. Each
different way will lead to a different linkage of octahedra, but to very
similar cell dimensions, since these are determined primarily by the
oxygen packing. Thus the distinction between the different types,
though it is important, may easily be overlooked experimentally. The
ilmenite structure is the best known of the group, and it is possible
that many of the older records in which other substances are classed as
ilmenite type need to be reconsidered. An important example of wrong
attribution is LiNbOyj, a ferroelectric, which has the cation sequence
Li,Nb,-,Li,Nb,-,Li,Nb, . . . It will be considered in more detail below.

Other structure types can also be adopted by ABO; compounds
with low ¢ values, but we shall not be concerned with them in this
book. They include types related to the A and C sesquioxides, La,O,
and T1,03, and the YCrOj; type, which has some resemblance to a
heavily-distorted perovskite (Keith and Roy, 1954).

1.5. This classification is used and illustrated by more examples in

Table 5.3. Some of the substances listed have not been examined in

very great detail, and the classification must be considered pro-

visional. The table makes no attempt at completeness; for example,

only a few compounds of the rare earths are included, though con-

siderable work has been done on them (Naray-Szabo, 1943a, b, 1947,
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Jonker and van Santen, 1950; Grinicher, 1951; Keith and Roy, 1951;
Brous, Fankuchen and Banks, 1952; Yakel, 1955; Harwood, 1955).
Only pure substances have been included in the table. A very great
variety of solid solutions is known to occur, but it would be impos-
sible to consider them all within the limits of this book. Only in a few
cases—notably the compounds of Pb—do they show features unlike
those of the end-members of the series, and discussion of them will be
confined to such cases. The rest of this chapter will be devoted to
individual consideration of certain important substances.

TABLE 5.3

Classification of substances related to perovskite

I. Substances occurring only in SrTiO;, SrZrO;, STHfO,, SrSnO,,

ideal cubic form SrFeQ;, BaZrO,, BaHfO,,
BaSnO,, BaCeO,, EuTiO,,
LaMnO,

1I. Substances having at least one | BaTiO, (C, T, O, R),
form with a distorted small- | KNbO; (C, T, O, R),

cell structure (C = cubic, KTaO, (C, ?),
T = tetragonal, O = ortho- RbTaO, (C, T),
rhombic, R = rhombo- PbTiO,; (C, T)

hedral, ? = doubtful or not
fully investigated)
I11. Substances having distorted (a) CaTiOQ,, (CaZrQ,), (CdTiO,),
multiple-cell structures (CaSnO,)
(@) cell size V2a x 2a x V2a | (b) NaNbOs, (NaTaOy)

e Vg Vg | (©) PbZrO,, PbHfO,
(b) cell size V2a x 4a x V2a ) WO,

i ¢ 2v2a 3
() ool oo 2o 30 24 (@ PBTIO, (owtemp
(@) others WO, (hlgh-chp.),
NaNbO;, (high temp.),
NaNbOj; (low-temp.),
LaCrO,

IV. Substances having structures (a) FeTiO,, CdTiO,
based on close-packing (b) LINbO,, (LiTaO,)

(a) llmenite type

(b) LiNbO; type

Substances in brackets have not been investigated in detail and classifica-
tion is partly by analogy.
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2 Titanates of alkaline earth metals

2.1. Barium titanate, BaTiO,
This has been dealt with in Chap. 4.

2.2. Strontium titanate, SrTiO,

Single crystals are colourless, with a high refractive index. They are
synthesized commercially for use as ornamental gem-stones.

The structure is ideal cubic. There is no indication of a transition
down to the lowest temperature examined, 1-3°K.

The dielectric constant at room temperature has a high value,
about 220. Above this it falls with increasing temperature according
to a Curie-Weiss law, from which a transition point at 10°K was
predicted. Measurements at lower temperatures (Hulm, 1951) showed
that the extrapolation did not agree with experiment. From room
temperature to 50°K the observations fitted a Curie-Weiss law
e = C/(T — T,) in which T, = — 35°K; below that, ¢ had smaller
values than the law would suggest, and finally it tended to a constant
value of 1300 near absolute zero. The increase was continuous, and
there was no peak of any kind.

This example shows the danger of using experimental observation
of a Curie-Weiss law as a criterion of ferroelectricity.

2.3. Calcium titanate, CaTiO,

This occurs naturally as the mineral perovskite, which gives its
name to the family. Natural crystals are dark-coloured, lustrous and
much twinned. Synthetic crystals are red-brown, and also generally
twinned. The twinning has been discussed by Zedlitz (1939) and by
Bailey (1952).

Much work has been done on the crystal structure, but even yet
our knowledge is not complete. The lattice symmetry was established
by Megaw (1946), the true unit cell by Kay (1947), and the space
group and some of the atomic parameters by Bailey (1952).

The structure is orthorhombic, with cell edges approximately
V2a, X 2a, X \/2a,. In more detail, the values (Megaw, 1946) are:

a=>5370A, b=3815x2A, c=5432A
The lattice is primitive, the space group No.— 62Pcmn. The cell

contains 4 formula-units. The angle (101),(101) differs from 90°
by 40'.

2.4. Fig. 5.2 shows the relation of this structure to the ideal cubic.

ABCD is the base of the small sub-cell, which is distorted from a

square to a rhomb of angle 90° 40" (exaggerated in the diagram). The
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atoms have individual displacements which are not identical, though
symmetry-related, in adjacent sub-cells. In the y direction (per-
pendicular to the plane of the paper), a true repeat only occurs after
two sub-cells, and the same is true along the original x and z axes,
where the repeat distances are AE and 4J. However, sub-cell CFGH
is identical with sub-cell ABCD, i.e., referred to the original axial
directions the structure is B-face-centred. There are thus two lattice-
points associated with this large cell, which contains 8 formula-units.
But since the true symmetry of the atomic displacements is ortho-
rhombic, it is better to take the unit cell with base BFHD, with its x
and z axes parallel to the orthorhombic symmetry directions BF and

BD respectively. This is the cell described in the last paragraph.
The distortion of the sub-cell in CaTiO, resembles that in ortho-
rhombic BaTiO; (Chap. 4), where a

e — . ? similar change of axial directions had

s AN to be made. In BaTiO,, however, the

- 7 AN orthorhombic cell was face-centred,
(A A

and the sub-cell formed the true

\ ¢ 7 ° repeat unit; while in CaTiO; the
N 7 ) orthorhombic cell is primitive, and
7
- z
E ) A

eight sub-cells are needed to make
up a true repeat unit referred to the
original axial directions. A com-
. parison of the symmetry elements,
Fig. 52. Relation of CaTiO, fmd of sections of the structure shpw-
lattice to ideal cubic. Dotted 18 ghsplacement of atoms, is given
lines outline projection of true 11 Fig. 5.3.
unit cell. The space group Pcmn is centro-
symmetric. The Ti atoms are on
centres of symmetry. The Ca atoms, and one-third of the O’s, lic on
the mirror planes of symmetry midway between planes of Ti, their
positions in that plane being fixed by arbitrary parameters. None of
the parameters are known with certainty, though plausible guesses
have been made, based partly on packing considerations.

Each Ti is thus at the centre of an octahedron of O’s, which is
centrosymmetric but not perfectly regular. Each octahedron has the
same shape, but neighbouring octahedra are differently oriented in
the structure. The Ca is no longer regularly surrounded by twelve
O’s; it seems probable (though the experimental evidence is not con-
clusive) that it is nearer to six of them than to the others. This is what
would be predicted from the ionic radii of Ca and O.

2.5. The fact that natural crystals of perovskite are always twinned
has been interpreted by mineralogists to mean that at high tempera-
90
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(d)

Fig. 5.3. Comparison of symmetry and atomic displacements in ortho-
rhombic BaTiO, and CaTiO,.

(a) BaTiO,, space group Bmm2, (b) CaTiO,, space group Pcmn, (c)
BaTiOy, section parallel to (010), (@) CaTiO,, section parallel to (010).

tures there is a stable cubic form. That there is a tendency in this
direction has been shown by Bailey (1952). He found that while the
structure remained orthorhombic from —150° to 700°C, the angle
(ron,(ion changed from about 90° 54" at the lower end of this
range to about 90° 18" at the upper end. This is shown in Fig. 5.4,
together with the actual changes of length of the two cell diagonals.
Other workers have obtained no evidence of any transition up to
1200°C, above which observation becomes difficult. Naylor and
Cook (1946) found a small specific heat anomaly of 550 cal. mol.~*
at 1260°C, suggesting a transition to cubic at this temperature.

2.6. The dielectric constant of CaTiO; does not show any marked
anomalies. Grinicher (1951) found a value of 185 at room tempera-
ture, and a negative temperature coefficient of —1-6 x 10-3 deg.~.
(The corresponding values for SrTiO; are 220 and —3-7 x 103
deg.~1.) The increase of ¢ with decreasing temperature follows a
Curie-Weiss law in which C = 80 x 10* degrees, To = —171°K;
there is a sudden increase in both these magnitudes at —50° C, but
X-ray powder photographs showed no change of structure associated
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with it. Above room temperature ¢ tends to become constant, but
observations above about 300°C were made difficult by the crystal
becoming conducting. CaTiO,; cannot justifiably be classed as an
antiferroelectric on present evidence; its resemblance to SrTiOj in its
electrical behaviour would rather group it with the paraelectrics.

2.7. Solid solutions of CaTiO; have been studied by Grénicher and
Jakits (1954). They reported intermediate phases between the cubic

60— 550 (c)

501

Minutes
w
o
I
T
(5]
~
o

1 1 1 ! 1
200 100 O 100 200 300 400 500 600 700
°C

1 1 1 1 1

Fig. 5.4. Changes in unit cell of CaTiO, (Kay and Bailey, forthcoming).

(a) Difference of angle (101),\(101) from 90°
(b) Length of short diagonal of sub-cell, a
(¢) Length of long diagonal of sub-cell, ¢

small-cell and orthorhombic multiple-cell end members; the high-
temperature phase appears to be multiple-cell cubic.

The dielectric constant at each composition could be represented
by a Curie-Weiss law, whose slope and intercept changed at certain
temperatures. While the intercept—the Curie temperature To—
decreased continuously with increasing Ca content, the temperature
of the break in the straight line increased continuously. For certain
compositions, peaks in the dielectric constant were observed. It was
not certain whether the breaks in the straight line could be correlated
with a change of phase.

3 Zirconates and hafnates of alkaline earth metals

BaZrO; and SrZrOj, are cubic, with the ideal perovskite structure
(Megaw, 1946; Hoffman, 1935). So are BaHfO; and SrHfOj; (Shirane
and Pepinsky, 1953, quoting Grénicher unpublished). CaZrO; is
distorted multiple-cell, probably isomorphous with CaTiO; (Megaw,
1946).
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In solid solutions of Ba(Ti,Zr)O; increasing amounts of Zr raise
the temperature of the two lower transition points, until at a com-
position of 15%, (atomic) Zr the tetragonal and orthorhombic phases
have disappeared, and there is a direct transition from cubic to
rhombohedral (Sawaguchi, 1953). This may be compared with effects
in the series of solid solutions Pb(Ti,Zr)O; and (Pb,Ba)ZrO,
(see § 10.2, 10.9).

4 Niobates and tantalates

4.1. Many niobates and tantalates of the alkali metals, of formula
ABO;, belong to the perovskite family. The large alkali ion is 12-
coordinated, the small Nb or Ta ion is 6-coordinated. The com-
pounds LiNbO; and LiTaO; have a rather different structure in
which both kinds of cation are 6-coordinated; but they are related
to the perovskite structure in a way which makes it desirable to con-
sider them in this section.

4.2. Potassium niobate, KNbO,

Crystals of this are translucent, yellowish in colour, and much
twinned.

TABLE 5.4

Cell dimensions of KNbO; (Shiranc, Newnham and Pepinsky, 1954;
Shirane, Danncr, Pavlovic and Pepinsky, 1954)

Temperature ) Symmetry 3 Cell dimensions
425° C l} Cubic a = 40214 A
220° C Tetragonal a = 39972 A

¢ = 10166 A
25° C Orthorhombic * a = 56974 A
b=39711A
¢ =5722A
‘@ = ‘¢ = 40375 A
6'/;? — 900 15l
— 140° C Rhombohedral a = 4016 A
‘ a — 89° 50

* The choice of a and ¢ dircctions has been made to agree with that used
for BaTiO; (cf. Table 4.3) and does not follow that of the original papers,
which reverse them. (See appendix, ‘axes of reference’.)
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The structure is isomorphous with BaTiOj; in all its forms. The
lattice parameters are given in Table 5.4. At room temperature it is
orthorhombic, and the temperatures of all transitions are higher than
the corresponding transitions in BaTiO, (Table 5.5). The axial ratio
‘a’/b in the orthorhombic form is 1-017 at room temperature, drop-
ping to 1-013 just below the transition point. The axial ratio c¢/a in
the tetragonal form is 1-017, dropping to 1-012. The corresponding
values for BaTiO; are about 1-011 and 1-005 at the lower and upper
ends of the ranges respectively for both forms.

The changes of heat content and of entropy at the various transi-
tions have been measured by Shirane, Danner, Pavlovic and Pepinsky
(1954). Their results are recorded in Table 5.5 and compared with the

TABLE 5.5

Comparison of thermal behaviour of KNbO, and BaTiO, (Shirane,
Danner, Pavlovic and Pepinsky, 1954)

Transition

Cubic-tetragonal

Temperature

|
KNbO;

410°C | 120°C

BaTiO,

Change of energy
(cal. mol.= 1)

KNbO,

190 + 15| 47-50

BaTi10,

Change of entropy
(cal. mol.7! deg.™?)

KNbO, !

BaTiO,

028 [0-12-0-13

Tetragonal- 210°C 0°C | 854: 10, 16-26 0-17  |0-06-0-09
orthorhombic |

Orthorhombic- | ~40°C | -90°C | 32 -5 8-14 012 [0-04-0-07
rhombohedral

| |

corresponding values for BaTiO;. They consider that the greater
values for KNbOj are to be cxplained by the greater distortion of the
unit cell, as shown by its axial ratio.

A study of KNbO; by nuclear resonance has been made by Cotts
and Knight (1954). Their work makes it clear that all three transitions
are discontinuous in a given region of the crystal, though different
regions often undergo the transition independently. Beyond this their
detailed results were not easy to interpret; they will be referred to
again in Chap. 9, § 4.8.

The ferroelectric behaviour of KNbO, was first reported by
Matthias and Remeika (1951). They found values of the spontaneous
polarization ranging from 0-9 microcoul. cm.~% at room temperature
to 3-8 microcoul. cm.~2 just below the Curie point. Since the measure-
ments were made on multi-domain crystals, these values probably
represent lower limits. More recent work by Triebwasser and
Halpern (1955) gives a value of 26 microcoul cm.~2 near the
transition.
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The dielectric constant has been measured by Shirane et al.; their
results are shown in Fig. 5.5. There is very marked thermal hysteresis,
especially at the lowest transition. The resemblance to the corres-
ponding curve for BaTiO, (Fig. 4.11) is rather striking.

4.3. Potassium tantalate, KTaO,

This substance is cubic at room temperature (Vousden, 1951a).
The dielectric constant has been measured down to 1-:3°K (Hulm,
Matthias and Long, 1950). There is a peak at 13°K, of height about
5500; presumably this marks a Curie point. The presence of Na as
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Fig. 5.5. Dielectric constant of KNbO,; multidomain crystal (Shirane,
Danner, Pavlovic and Pepinsky, 1954).

impurity displaces the peak to a higher temperature. Nothing is
known experimentally about the structure of the low-temperature
form.

4.4. Sodium niobate, NaNbO,

There has been a good deal of disagreement between different
workers who studied this material. It scems probably that the
explanation lies in its possession of several closely-related forms
which differ very little in encrgy, and which are sensitive to small
amounts of impurity. More will be said about this below.

At room temperature the structure is orthorhombic, with a
multiple cell; it has been examined in detail by Vousden (1951b), and
will be described in §4.5. Early observations by Wood (1951) indicated
the existence of several transitions above room temperature; these
have been further studied by Shirane, Newnham and Pepinsky (1954)
and by Cross and Nicholson (1955). The room-temperature phase
persists up to about 360°, the ‘cxtra lines’ on the X-ray photographs
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becoming weaker with increasing temperature. At 360° (4- 15°) there
is a sharp transition, marked by a sudden change in the kind of
splitting of the X-ray lines and in the optical properties. The new
structure is again orthorhombic, though very closely pseudotetra-
gonal; and still has a multiple cell. The axial ratio ¢/a is 10023 at
375° and decreases at higher temperatures. The lattice parameters are
shown in Fig. 5.6.

Above 430° C, the X-ray pattern cannot be distinguished from
ideal cubic, but optical observations indicate transitions at about
450-470° C, 518° C and 640° C. Above this the material is certainly
cubic; between 518° and 640° C it is either tetragonal or nearly so,

384}
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tetrag.
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382} a'z ¢!
x \a: b
380
b
1 ) 1 1 ! ! !
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Fig. 5.6. Lattice parameters and cube root of volume of NaNbO, (Shirane,
Newnham and Pepinsky, 1954).

with the unique axis at right angles to its direction in the pseudotetra-
gonal form below 518°. It seems that optical methods are more sensi-
tive than X-ray for detecting small distortions in this material.
There is a further transition below room temperature, which was
detected by Cross and Nicholson (1955) by electrical evidence.
Though the structure of the low-temperature form is not known*,
certain features can be inferred; it will be discussed in § 4.10.

4.5. The room-temperature form (Vousden, 1951b) has cell dimen-

sions approximately Vv'2a, X 4a, X V'2ay; more exactly, they are
a=5568A, b=3880x%x4A, c=5505A

The change of axial directions from the sub-cell to the true cell is

exactly the same as in CaTiOjg (see Fig. 5.2); but Vousden’s choice of

* See footnote on p. 100 for a report of work which appeared while this
book was being printed.
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axes makes a the long diagonal. The detailed symmetry is however
different. The space group is No. 17, P22,2, and there are 8 formula-
units per cell. The angle (101)4(101) is 90° 40'. The symmetry
clements are shown in Fig. 5.7 (a).

Ya

(a)

' 2
(b) (c)
b
® Nb
W'\ b D Na
W, Oo
\.‘Q
(d) (e)

Fig. 5.7. Symmetry and structure of NaNbO, (orthorhombic room-tem-
perature form).

(a) Symmetry elements, () Sections at y = 0 (single arrows) and y = %
(double arrows), (c) Sections at y = 4, 3, (d) Sections at y = } (single
arrows) and y = # (double arrows), (¢) Sections at y = §, 4.

It is easiest to describe the structure by considering layers of atoms
parallel to (010). There are four such layers, nearly planar and very
similar to each other, containing Nb and O,; and four midway
between them, containing Na and O,. These are shown in Fig. 5.7
(b)-(e), with arrows indicating direction of displacements of the
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atoms. It should be noticed that the atom at the mid-point of each
layer need not by the symmetry have the same size of displacement
as that at the corner, but in fact it has. Similarly the displacements in
(b) and (d) need not be equal to each other, but in fact they are.
Displacements of Nb in (¢) and (e) are necessarily equal; those of
O, have not been determined with certainty and are therefore not
marked.

The displacements from the ideal positions (fixed relative to the
intersections of the symmetry axes) are all rather large, but lie very
nearly in the (010) plane. Nb has a displacement of 0-11 A in this
plane, Na of 0:15 A, O of about 0-2 A. Components perpendicular to
the plane are less than 0-05 A. The detailed values of interatomic
distances resulting from these displacements have not been worked
out.

The magnitude of the distortion in this structure is fairly large.
The axial ratio ‘a’/b is 1009 at room temperature, much as in
orthorhombic BaTiOy; but the shear angle is 40" as compared with
12’. The relative displacements of individual atoms arc very much
greater than for BaTiO,.

4.6. The variation of axial ratio with temperature is however rather
rapid. Just below the transition at 360°C, ‘@’/b has dropped to
1-002 and the shear angle to 23’ (Shirane, Newnham and Pepinsky,
1954). It is not known what changes have taken place in the atomic
displacements, but the fading out of the extra lines suggests that they
may be much reduced.

4.7. The optical properties show an interesting resemblance to those of
orthorhombic BaTiOj; (Jona, Shirane and Pepinsky, 1955). Both are
optically negative, with the shortest axis of the indicatrix lying along
the long diagonal of the rhomb and its longest axis perpendicular to
the rhomb (cf. Chap. 4, §9). The double refraction of NaNbOj is
somewhat greater than that of BaTiO; at 0° C, but drops rapidly with
temperature to about a quarter of its initial value just below the
transition point, the orientation of the indicatrix remaining un-
changed. This is in qualitative agreement with theoretical predic-
tions treating the observed dimensional changes as strains of a homo-
geneous medium, but quantitatively the changes in NaNbOj, unlike
those in BaTiO,, cannot be reconciled with reasonable values of the
elasto-optical constants. A similar difficulty is encountered for
PbZrO,, which is also orthorhombic (cf. § 8.3). In each of these three
crystals the shortest axis of the indicatrix lies in the direction of dis-
placement of the small cations, but there is no very obvious correla-
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tion between the magnitudes of the double refractions and the
magnitudes of the axial ratios for the different pairs of axes.

The variation of double refraction with temperature above 360° C
is shown in Fig. 5.8. Between 360° and 518° C the indicatrix is nearly
an ellipsoid of revolution, with its shortest axis lying along the
pseudotetrad axis. Arguments of the same kind as proved justifiable
for the room-temperature form suggest that the unit cell is elongated
along the pseudotetrad axis and that the atomic displaccments lie in
this direction. A further point of interest is the change of direction of
the pseudotetrad axis from z to x or y at 518° C.

4.8. The specific heat anomaly of NaNbOj; is 50 cal. mol.7? as
compared with 190 for KNbO, (Shirane, Newnham and Pepinsky,
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Fig. 5.8. Double refraction of NaNbO, (Cross and Nicholson, 1955).

(1954); it is suggested that this difference may be correlated with the
smaller axial ratio for NaNbO,.

4.9. The space group is non-polar, and thus ferroelectricity is for-
bidden. It is natural to enquire whether antiferroelectricity may
occur. It is compatible with the symmetry, which allows all the atoms
to be grouped into pairs with antiparallel displacements; but for a
definite proof of its existence we must look to the electrical evidence,
which will be considered in the next paragraph.

The existence of spontancous polarization was reported by
Matthias and Remecika (1951). They also investigated the dielectric
constant, and found anomalies near the two transitions. Vousden
(1951b) reported movement of domain boundaries with fields of
20 kV cm.~%. These facts indicate ferroelectricity, which, as we have
seen, is incompatible with the symmetry of the crystal. On the other
hand, Shirane, Newnham and Pepinsky (1954) could obtain no
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evidence of spontancous polarization in spite of careful search,
except for movement of domain boundaries in one or two cases for
fields of about 20 kV cm.*. They confirmed the anomaly in the
dielectric constant, but interpreted it as implying antiferroelectricity.
The difficulty was resolved by Cross and Nicholson (1954). They
showed that, although for small fields there was no dielectric
hysteresis at or above room temperature, for fields above 90 kV cm.=!
applied perpendicular to the y axis a double hysteresis loop was
developed. This resembled the ‘butterfly loop’ in BaTiOy above its
Curie point, and had a similar explanation, namely that the material
became ferroclectric when acted on by a sufficiently large field. This
implies the existence of a ferroelectric structure of only slightly
greater energy than the antiferroclectric. An earlier example of the
same effect occurs in PbZrO,, which will be considered in § 8.6.

4.10. Below room temperature, Cross and Nicholson (1955) found a
different effect. At temperatures below —120° C, the application of
fields parallel to the y axis gave rise to normal hysteresis loops if the
field exceeded a threshold value which decreased with decreasing
temperature. Once hysteresis set in, it persisted for lower field
strengths, and only disappeared if the material was heated above
— 55° C. There thus exist two slightly different structures in the
same temperature range between — 120° C and — 55° C; the room-
temperature form is presumably mectastable but is separated from
the truly stable low-temperature form by an energy ‘hill’ which can
only be surmounted with the help of the applied field.

4.11. Fig. 5.9 is a phase diagram showing the regions of different
electric behaviour. It is clear that the region of double hysteresis
loops corresponds to a second ferroclectric form, which is never
stable in the absence of a field.

The fact that the field inducing the transition to the low-tempera-
ture form is parallel to y suggests strongly that the polar axis of this
form is the y axis*, and hence that there will be relative displacements

* Work by Shirane, Johns, Jona and Pepinsky, reported at the 1956 annual
meeting of the American Crystallographic Association, confirms this conclusion.
The structure is monoclinic, with the unique axis y along a face diagonal of the
small cube, and the direction of spontaneous polarization approximately along
a cube edge, taken as the x axis. This latter is not a symmetry axis, but lies in the
symmetry plane; the class is m. The sub-cell is very nearly rhombohedral. No
antiparallel displacements of Nb relative to each other were observed. This does
not exclude the possibility of antiparallel components of individual dipoles,
since the O displacements (not known experimentally) may be antiparallel with
respect to each other and to Nb. The results so far neither prove nor disprove the
suggestion in Chap. 6, § 3.4, that the Nb displacements within the octahedra
may be roughly parallel to triad axes of the cube.
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of ions in the y direction. It is conceivable that these might be substi-
tuted for the x-displacements of Nb observed in the room-tempera-
ture form, but it seems more likely, as Cross and Nicholson suggest,
that they are superimposed on the existing displacements. The
material is then a cone ferroelectric (cf. Chap. 1, § 11.1, and Chap. 8,
§ 5.2), with the displacements lying roughly along the body diagonals
of the original cube; this arrangement would be a multiple-cell
analogue of rhombohedral KNbO;.

A similar argument suggests that in the unstable ferroelectric
form (the form appearing only in the region of double hysteresis
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Fig. 5.9. Field-vs.-temperature phase diagram of NaNbO, (Cross and
Nicholson, 1955).

loops) the polar displacements arc perpendicular to y. Cross gives
reasons for believing that the individual dipoles associated with these
displacements are now divided between two directions at right
angles, parallel to the original orthorhombic a and ¢ axes. If so, the
phase is cone-ferroelectric, with a structure different from either
normal orthorhombic NaNbO, or orthorhombic BaTiO;.

A direct determination of these structures would be of very great
interest.

4.12. Measurements of the dielectric constants have also been made

by Cross and Nicholson (1955). They are shown in Fig. 5.10. It is

noteworthy that in the room-temperature form the larger dielectric

constant is perpendicular to the direction of cation displacement, as

was true also for tetragonal BaTiO;. Above 360°, it was not possible
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to measure the dielectric constant parallel to the pseudotetrad axis z,
because of the habitual self-annealing of the crystals to give plates
parallel to (001). The very small anomalies at the higher transitions
in the dielectric constants parallel to x and y may be noted.

4.13. It is possible from the point of view of Chap. 6 to use the
optical and electrical evidence for a guess at the structural interpre-
tation. The 465° C transition may perhaps be due to the disappear-
ance of the displacement of Nb relative to the oxygen framework.
At higher temperatures, the individual NbOg octahedra would then
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Fig. 5.10. Dielectric constants of NaNbO, (Cross and Nicholson, 1955).

be centrosymmetric but tilted with respect to one another, probably
in the (100) and (010) plancs. The 518°C and 640° C transitions
would correspond to the removal of the tilt in two stages.

4.14. 1t is interesting to notice that solid solutions of NaNbO; con-
taining as little as 109, KNbOj; are ferroelectric and have phases
corresponding to those of pure KNbO; (Shirane, Newnham and
Pepinsky, 1954). The forced phase of NaNbOj; (§ 4.9) occurs as a
stable phase in this system (Cross, 1956); in this respect it behaves
similarly to the forced phase of PbZrOj; (see § 7.8, 7.9). The occur-
rence of small amounts of KNbOj; as an impurity in NaNbO; may
perhaps explain some of the discrepancies in the early work (cf.
§ 4.9).
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4.15. Sodium tantalate, NaTaO,

The structure of this substance is orthorhombic at room tempera-
ture, with cell dimensions a = 5524 A, b = 3-883xn A, c = 5478 A
(Vousden, 1951a); the angle (101),(101) is 90° 29".

It has been reported ferroelectric (Matthias, 1949 (a)) with a Curie
point at 475° C, above which it becomes cubic, but no further details
have been published. Cross (1956) finds certain similarities to
NaNbOs in its high-temperature transitions, but doubts whether it
is completely isomorphous.

4.16. Rubidium tantalate, RbTaO,

This is tetragonal, with a transition at 245° C to ideal cubic. It is
believed to be ferroelectric (Smolenskii and Kozhevnikova, 1951).

5 Lithium niobate, LiNbO,

5.1. The room-temperature structure is related to, but significantly
different from, the ilmenite structure (Bailey, 1952).

The space group is R3c; the unit cell is rhombohedral, with
a = 54920 A, « = 55° 53’, and contains 2 formula-units. (Referred
to hexagonal axes, the dimensions are ay = 5:147 A, ¢y = 13-856 A,
the cell-contents 6 formula-units.) The cations lie on the triad
axis, in pairs of sites (v, u, ) and (3 + u, ¥ + u, ¥ + u). For Lij,
u; = 018; for Nb, |u,| = 0-02, but the sign of u, relative to u, is
not known. The oxygen atoms lie on a single set of general positions
typified by (x, +—x-¢, } +¢), with x = 0-628 and ¢ not distinguish-
ably different from zero.

5.2. The structure is most easily pictured as built up from a hexagonal
close-packed array of oxygens (Fig. 5.11 (a)). This forms octahedra
with centres on the triad axes and shared faces perpendicular to the
axes. Two successive octahedra are occupied by the cations Nb and
Li, the third is empty, and then the sequence repeats: Nb, Li, empty
. .. The oxygen parameter, 0-628, is not exactly that required for
ideal close-packing, which is 0-583 or i%; the effect is to move the
atoms slightly in a plane perpendicular to the axis, as shown in
Fig. 5.11 (b), and to enlarge the Li octahedron on the side away from
Nb, while leaving the Nb octahedron small and regular. Neither
Li nor Nb is centrally placed in its octahedron; Li is displaced
towards the larger side.

5.3. The comparison of this structure with ilmenite (FeTiOj) is

interesting and important. Both are based on hexagonal close-

packing of oxygens; both use the same octahedral sites for the cations.
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Fig. 5.11. Structures based on close packing of oxygens (Megaw, 1954).
(a) Ideal hexagonal close packing, (b) Array of oxygens with parameters
as in LiNbO,, (¢) Array of oxygens with parameters as in FeTiO,, (d)
Array of oxygens as in ideal perovskite, with arrows showing deviation
from LiNbO,,.

In each case, contents of rhombohedral unit cell are shown projected on
(111) (hexagonal (0001)) except that in (d) the upper half of the cell has

been omitted. Figures give approximate heights of atoms above (0001)
in twelfths of c.

But whereas in LiNbOj, the sequence (representing an empty site by

X) is Nb, Li, X, Nb, Li, X, Nb . . ., in FeTiO, it is X, Fe, Ti, X, Ti,

Fe, X, Fe . . . The oxygen parameter in FeTiO; is 0-550, giving

the arrangement shown in Fig. 5.11 (c); the octahedra containing
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Ti and Fe are of equal size and similarly distorted. The structure
of FeTiO; is centrosymmetric; that of LiNbOj, is not.

5.4. The relation of LiNbO, to the perovskite structure is not as
immediately apparent, but is of more physical significance. If the
oxygen parameter increased to 0-75, the oxygens would take up the
positions shown in Fig. 5.11 (d) where they form a 3-dimensional
network of octahedra, linked by their corners, containing Nb
atoms—exactly the perovskite arrangement. The octahedra sur-
rounding Li lose their identity, becoming merged with the empty
octahedra to give a 12-coordinated site. If the Li atom moves to the
centre of this site, the complete perovskite structure is formed. (In
Fig. 5.11 (d) this is viewed in projection down the cube body
diagonal.)

The perovskite structure can therefore be derived geometrically
from LiNbO; by a continuous displacement of atoms—i.e. the
transformation is a topological one. Whether it is physically possible
is not known. The magnitudes of the atomic displacements involved
are rather large: 1-0 A for Li and 06 A for O. A similar transition is
quite impossible for the ilmenite structure, since the initial distribu-
tion of Ti is quite different, and interchange with Fe would be needed.

If LiNbO; is considered as a perovskite structure with very large
atomic displacements, it may best be compared with rhombohedral
BaTiOj;. The sub-cell of LiNbO, isa rhombohedron, with a = 3-762 A,
and a = 93° 40’; thus the cube is compressed along the triad axis,
whereas in BaTiOj it is believed to be extended. In BaTiO, the sub-
cell is assumed to be the true cell; in LiNbOj, adjacent sub-cells differ
only in the oxygen positions, an effect which might have escaped
notice experimentally in BaTiO;.

5.5. The existence of ferroelectricity in LINbOg has been reported by
Matthias and Remeika (1949); the effect is said to be observed at
temperatures above 200° C, and this probably implies a large
coercive field, but no further details are published. At room tempera-
ture the crystals are piezoelectric.

5.6. Lithium tantalate, LiTaO,

The structure of LiTaOjy is isomorphous with that of LiNbO,
(Bailey, 1952); the cell dimensions are a = 54703 A, « = 56° 10’
(or on hexagonal axes, ag = 5150 A, ¢y = 13-774 A). 1t is ferro-
electric, the effect setting in at about 200° C (Matthias and Remeika,
1949).
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6 Tungsten trioxide, WO,

6.1. Tungsten trioxide is not easily obtained in good single crystals;
most of the material is heavily twinned. The structure is of distorted
multiple-cell perovskite type, with the large cations entirely missing.
The room-temperature structure is pseudo-orthorhombic, with cell
dimensions approximately 2a, X 2a, X a,. There is some doubt
about the true symmetry. In the original structure determination by
Brikken (1931) it was reported as triclinic; more recent work by
Ueda and Kobayashi (1953) indicates it as monoclinic. The latter
authors give lattice paramecters as follows:

a=7274 4+ 0002 A, b= 75014 0001 A,
c = 3824 4 0003 A, 3 ==89°56".
The space group is No. 14, P2, /a; there are4 formula-units in the cell,
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Fig. 5.12. Room-temperature structure of WO, projection on (100)
(with atomic displacements exaggerated).

with all atoms occupying general positions. Fig. 5.12 shows the pro-
jection on (100). Atomic parameters are given in Table 5.6. The
oxygen positions were determined mainly from packing considera-
tions, and hence interatomic distances derived from them must be
treated with reserve.

6.2. The structure has a centre of symmetry, which serves as a fixed

origin from which to measure atomic displacements. The displace-

ments of W are anti-parallel in pairs related by the symmetry centre,

lying nearly but not exactly in the (010) plane along the two face-

diagonals of the sub-cell. Their lengths are about 0-2-0-3 A, much

larger than those in BaTiO; and comparable with those of Nb in
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TABLE 5.6
Atomic parameters in WO, (Ueda and Kobayashi, 1953)
X y z
w 0-256 0-271 * 0-053
Or 0-250 0-030 0
Orr 0 0-250 0
Oqr 0-250 0-280 0-500

General positions: x,y,z; %,7,2 t+x,t—y,z; +—x Lt yz

* In the original paper, the value of y — 1 is given as — 0-021, but this
seems to be a slip, as it is inconsistent with the bond lengths and bond angles
calculated by the authors.

NaNbO,. Considered alone, their arrangement in space also
resembles that of Nb in NaNbOj, but relative to the neighbouring
oxygens it is very different. The oxygen octahedra are distorted from
regularity, and the position of W within them is such that the two
W-0O distances in the z direction are very unequal their lengths ate
2:11 A and 1-71 A, as compared with 1-83 A and 1-87 A in the x
and y directions. These may be comparea with the similar but less
extreme differences of Ti-O distances in BaTiO,.

There is twinning on (110) (Ueda and Kobayashi, 1953) and the
domain structure resembles that in BaTiO, (Ueda and Ichinokawa,
1950; Rhodes, 1952).

6.3. Other forms have been reported at different temperatures, but
only onc examined in detail.

Above 740° C there is a tetragonal structure (Kehl, Hay and Wahl,
1952) with @ ~ 4/2a,, ¢ = a,; more exactly, the values at 950° C are
a= 5272+ 0002 A, ¢= 3920+ 0002 A
The space group is P4/nmm, the cell-contents 2 formula-units. All
atoms are in special positions on tetrad or diad axes. There are two
arbitrary parameters; the z-parameter of W is 0-06, while that of

O, cannot be accurately determined.

The characteristic feature of the structure is the displacement of
W from the plane of four surrounding O’s by 023 A. Octahedra
sharing corners in this plane have W displacements which are
alternately up and down; successive layers of octahedra in the z
direction are identical. The structure is that shown as a hypothetical
cxample in Fig. 6.2 (b); itis in fact the structure which might have
been predicted for BaTiOjy (see Chap. 10, § 9.3).
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The thermal expansion and volume change at the transition have
been studied by Ueda and Ichinokawa (1951).

Differential thermal analysis curves suggest a transition at 900° C
which does not correspond to any observed change of structure.

At — 50°C there is a transition below which the symmetry is
increased relative to that of the room-temperature form (Matthias
and Wood, 1951).

6.4. Investigation of the electrical properties is difficult, because of
the tendency of the material to become conducting. The dielectric
constant of the sintered ceramic is high, about 1000 at room
temperature (Ueda and Ichinokawa, 1950), but no spontaneous
polarization has been observed. At the transition above 700° there
is an anomaly of the dielectric constant (Sawada, Ando and Nomura,
1951), indicating that the room-temperature form is antiferro-
electric. The transition is also accompanied by a specific heat
anomaly, a contraction of volume, and a change in the domain
structure.

Hysteresis loops have been observed at —198° (Matthias, 1949),
showing that the low-temperature form is ferroelectric.

7 Compounds of lead: lead titanate

7.1. At room temperature, PbTiO; has a small-cell tetragonal
structure, isomorphous with tetragonal BaTiO; (Megaw 1946). The
substance has been studied in detail by Shirane and Hoshino (1951)
and Shirane, Pepinsky and Frazer (1955). The cell dimensions are
a=23904 A, c =4150 A; space group No. 99, P4mm; cell-content
1 formula-unit. The axial ratio, ¢/a, is 1:063, markedly larger than
for BaTiO;. Atomic parameters have been determined by neutron

TABLE 5.7

Atomic positions in tetragonal PbTiO, (Shirane, Pepinsky and
Frazer, 1955, referred to origin on Ti)

Atom Coordinates Values of z
Ti 0,0,0 0
Pb Lit+z — 0-041
0O, 0,0, z + 0-069
%’ Os 22} _ .
O, 0.4 2 + 0-069
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diffraction, and are given in Table 5.7, which may be compared with
Table 4.1 for BaTiO,. The striking feature here is the large relative
displacement of Pb. The oxygen framework remains almost undis-
torted, since the two independent O’s have no change of parameter
relative to each other. With respect to this framework, Pb moves
through 0-46 A and Ti through 0-29 A in the same direction, as
compared with displacements of 0-07 A and 0-13 A for Ba and Ti
respectively in BaTiOj.

7.2. There is a transition point at 490° C, above which the substance
becomes cubic. At low temperatures, a transition to a multiple-cell
structure has been reported at — 100° C when the substance is cooled
slowly (Kobayashi and Ueda, 1955). The new cell dimensions are
a' = da, ¢' = 2c.

628 <
62:6 [
83

62-41
\

622 \
=/

| 1 | { 1 —
100 200 300 400 500 600

°C

Fig. 5.13. PbTiOy: unit cell volume (Shirane and Hoshino, 1951).

7.3. Above room temperature, ¢ decreases and a increases, until just
below the 490° transition point ¢/a is 1:02. Fig. 5.13 shows the
variation of volume with temperature; the negative expansion
coefficient below the transition and the abrupt decrease in volume
at the transition point are worthy of notice. Numerical values are
given in Table 5.8.

There is also a contraction with increasing temperature at the
—100° C transition. In this region, ¢ has a negative thermal expan-
sion coefficient.

There is a specific-heat anomaly associated with the 490° transi-
tion. The peak is sharp, and the total energy very large (see Table 5.8).

7.4. The diclectric constant (measured on a ceramic specimen) has
a sharp peak at the transition point, of height 800, dropping to about
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TABLE 5.8
Xg‘iq ieé; Transi-
coeflicient e#g_léy Entropy
C x 108 | dv ;
ompound o x00 __| Reference
~ -1
deg.—? mcoall'._ 1 ca ii crgqll.

PbTiO,: Shirane and
Tetragonal —16 | _ 4. . Hoshino,
Cubic 45 | 044 IS0 160 gs,

PbZrO,: Sawaguchi,
Pscudo-tetrag. + 25 . Shirane
Cubic 4- 25 +027 440 and Takagi,

1951;
Shirane, 1952

PbHfO,: Shirane and
Pscudo-tetrag. U Pepinsky,
Tetrag. | 020 1953
Cubic + 27

Pb(Ti.g3Zr.4;)04: Sawaguchi,
j; TR 4007 100 | 022 1933
= Ly o4 35 | 0073
P Ly | 010 250 | 051

Pb(Ti.52Zr.45)04: Shirane and
Ao 3 Takeda,
Fu | 0 1952
Pu 80

(Pb.925Ba.075)Zr03 Shirane’

I + 22 1952;

Rhombohedral " 337 190 Shirane and
. — 024 230 Hoshino,

Cubic + 23 1954

(Pb.gssl'.o‘r,)zr()a Shiranc,

I 124 1952;

1 !F 8;8 ;5358 Shirane and
. W Hoshino,

Cubic + 32 1954 l
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50 at room temperature. Above the transition the curve follows a
Curie-Weiss law with a Curie constant C = 1-1 X 10° deg., which is
of the same order of magnitude as for BaTiO; (Shirane and Hoshino,
1951).

8 Lead zirconate, PbZrQ,

8.1. There has been considerable uncertainty about the symmetry of
the room-temperature structure. Powder photographs suggested that
it was tetragonal, with a multiple cell; the dimensions of the sub-cell
area = 4150 A, ¢ = 4-099 A, ¢/a = 0-988 (Ueda and Shirane, 1951).
With a single crystal, however, optical observations showed that it
was actually orthorhombic (Sawaguchi, Maniwa and Hoshino,
1951), and single-crystal X-ray photographs established the size of the
unit cell as approximately 1/2a, X 24/2a, X 2a,, and the space
group as Pbam or Pba. The cell-content is 8 formula-units. There
are antiparallel displacements of the Pb atoms along the x axis (i.e.
parallel to one face-diagonal of the sub-cell) of magnitude about
0-2 A; the parameters of the other atoms are not known.

8.2. There is a transition at 230° C, above which the structure is
cubic.

The expansion coefficients and the change of volume at the transi-
tion point are given in Table 5.8. The change of volume is an increase
(Shirane, Sawaguchi and Takeda, 1950).

8.3. The optical properties have been studied (Jona, Shirane and
Pepinsky, 1955). The crystal is optically negative, with the shortest
axis of the indicatrix along x and the longest along y, but the double
refraction is much smaller than that of NaNbO; or orthorhombic
BaTiO;. The greatest refractive index has a value about 2-2.

8.4. The anomalous energy of transition is large (Shirane, 1952), and
perhaps should rather be considered as a true latent heat (see Table
5.8).

8.5. The dielectric constant has a peak at the transition (Fig. 5.18),
and falls off above it with increasing temperature according to a
Curie-Weiss law, very similarly to BaTiO3 with ¢ = 1-2 X 105 deg.
and T, == 185°C. In contrast with BaTiO,;, however, it shows a
lowering of the Curie point when a biassing field is applied (Shirane,
Sawaguchi and Takagi, 1951). With moderatc applied fields
(E <23 kV cm.™) no hystercsis loops are observed below the
transition point. These latter properties are characteristic of an
antiferroelectric.
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To test this conclusion, Shirane, Sawaguchi and Takagi prepared a
specimen by cooling it through the transition point in an electric
field, and then shorting the faces through a galvanometer; on subse-
quent heating, no discharge current was observed at the transition
point, as would have been expected if there had been a sudden
destruction of spontaneous polarization—and as was observed when
BaTiO, was similarly treated. PbZrOj is therefore not ferroelectric.
In view of the dielectric constant anomaly, the low-temperature
form must be regarded as antiferroelectric.

8.6. When large fields of 30 kV cm.~! are used at temperatures near
the Curie point, hysteresis loops of a new kind appear (see Fig. 5.14).
The central part of the P/E plot is linear, but at cach end there is a

y—.—a

210°C 226°C 227°C 228°C

fzzzf{ 4 4 2450¢

Fig. 5.14. Hysteresis loops in PbZrO, (Shirane, Sawaguchi and Takagi,
1951).

Euwan = 30 kV cm.™L,

loop. These can be explained by assuming that the material becomes
ferroelectric when acted on by a sufficiently large field. This implies
that there must exist a ferroelectric structure with free energy only
slightly greater, in the absence of a ficld, than that of the stable
antiferroelectric structure; in the presence of a large field, its free
energy is less than that of the antiferroelectric (Shirane, Sawaguchi
and Takagi, 1951). The threshold ficld needed to induce the ferro-
electric phase can be determined from the hysteresis loops; its
variation with temperature is shown in Fig. 5.19.

8.7. Though the ferroelectric phase is not stable at any temperature
in the absence of a field for pure PbZrOg, it is stable at room
temperature for solid solutions containing small amounts of PbTiO,
or BaZrOj;. The structure of the phase is almost certainly that of the
rhombohedral phase in the system (Pb,Ba)ZrO,, considered in
§ 10.9.

9 Lead hafnate, PbHfO,
9.1. This is isomorphous with lead zirconate, PbZrO, (Shirane and

Pepinsky, 1953). The unit cell is slightly smaller (as is expected from
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he smaller Hf ion). The sub-cell has dimensions a = 4-136 A,
= 4099 A, c/a = 0991, and the extra lines resemble those of
'bZrOj; in position and intensity.

There are two transition points, near 163°C and 215° C. Above
15°C the structure is ideal perovskite. The intermediate form is
robably tetragonal multiple-cell; the sub-cell has an axial ratio of
997, and the extra lines are quite different from those of the low-
emperature form.

The variation of the dimensions of the sub-cell with temperature
re shown in Fig. 5.15. At both transitions there is an increase of

414
azb
» a:zb
j/
K y Cubic
.
1
R !
402 (azc)s —
c
1
]
]
[
Tetragonal
4.10
c
Pseudo- tetragonal
4-08
0 100 200 300

°c
Fig. 5.15. PbHfOy,: lattice spacing vs. temperature (Shirane and Pepinsky,
1953).

'olume. Numerical values of this and the expansion coefficients are
iven in Table 5.8.

1.2. The dielectric constant of a ceramic specimen is about 90 at
oom temperature, and rises to a pcak of about 550 at the upper
ransition. The lower transition is marked by a smaller anomaly.
Above the upper point the dielectric constant follows a Curie-Weiss
aw with a Curie constant of the same order of magnitude as for
3aTiO; and PbZrO,.

).3. No dielectric hysteresis loops could be found at any temperature,
vith fields up to 40 kV cm.~. A biassing field lowered the tempera-
ure of the peak corresponding to the upper transition. The inter-
nediate phase, like the lower, is therefore antiferroelectric.
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10 Solid solutions of PbTiO; and PbZrO; with Ba, Sr and Ca

10.1. (Pb,Ba)TiO,

There is a complete range of solid solutions between the two ends,
and no ncw phase has been recorded. All geometrical and physical
properties vary continuously, though not necessarily linearly, from
one end to the other (Shirane and Suzuki, 1951; Shirane and Takeda,
1951).

10.2. Pb(Ti,Zr)0,4

Here again there is a continuous range of compositions, but a
number of different phases occur (Shirane and Takeda, 1952;
Shirane, Suzuki and Takeda, 1952; Shirane and Suzuki, 1952). The

500
Pat
400
300
°c
3
200[\AB B
Fa
100 4
\
Aa:
1 | 1 | " 1 1 1 !
0 20 40 60 80 100

PbZr0a PbT103

Atomic percent of PbTiO3

Fig. 5.16. Phase diagram of Pb(Zr,Ti)O; (Sawaguchi, 1953).

phase diagram is shown in Fig. 5.16. From 1009, to 45%, (atomic)
Ti, the structure is tetragonal, isomorphous with that of pure
PbTiO;. Between 459, and about 5%, Ti, a new phase appears,
rhombohedral small-cell. Below 5%, Ti, at room temperature, the
phase is that of pure PbZrO,. The boundary between these two
latter phases is temperature-dependent, the rhombohedral phase
being stable for smaller amounts of Ti at higher temperatures. Near
the boundary of the cubic phase, at a composition of 3%, (atomic)
Ti, yet another phase has been reported (Sawaguchi, 1953). This
latter is easily masked by thermal hysteresis, so that it is only
observed in experiments with rising temperature.

The two end phases have properties which vary continuously from
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those of pure PbTiO; and pure PbZrO,. The lattice parameters at
room temperature are shown in Fig. 5.17.

10.3. The rhombohedral phase containing 5%, (atomic) Ti at 200° C
has lattice parameters a = 4-143 A, o = 89° 51’ (Shirane and Hoshino,
1952). The intensitics of the X-ray powder lines indicate a displace-
ment of Pb and (Zr, Ti) atoms relative to each other along the triad
axis; displacements relative to the O atoms could not be measured.
This, in the small cell, is only compatible with a polar space group;
the space group deduced is No. 160, R3m. The triad axis is the polar
direction.

4-2
a=b
= —
I RN
c
)
\
X \
4.0
Rhombohedral a:zb
39 Tetragonal
38
Pbzros 20 40 60 80 PbTiOs

Fig. 5.17. Lattice spacing of Pb(Ti,Zr)O; at room temperature (Shirane and
Suzuki, 1952).

The magnitude of the relative displacement of the cations has been
estimated by Sawaguchi (1953). Since there is no centre of symmetry,
the same difficulty occurs as with BaTiOj; in distinguishing between
the effects of atomic parameter variations and anisotropic thermal
vibrations of the atoms (sec Chap. 4, § 3.1); the best agreement with
experiment was obtained with a relative cation displacement of
014 A.

This rhombohedral phase seems to be isomorphous with the
rhombohedral phase of BaTiOs.

10.4. The intermediate phase marked 4f on the phase diagram
appears to be tetragonal multiple-cell, with ¢/a = 0-994 at 190° C;
the extra lines differ from those of the A« phase, which is identical
in structure with pure PbZrOj,. Possibly the Af phase may be the
same as the intermediate phase in PbHfO,.
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10.5. The thermal expansion coefficients, and the changes of volume,
energy and entropy at the transition points, are given in Table 5.8.

10.6. The electrical properties show marked variations, which, in
fact, gave the first evidence of the existence of different phases, and
which have been used to fix the phase boundaries.

For a given composition, the dielectric constant has a peak (or
shelf) at each temperature corresponding to a transition. Curves for
different compositions are illustrated in Fig. 5.18.

2000

1500

1000

500

i 1 1
100 150 200 250 300
°C
Fig. 5.18. Dielectric contant (Shirane and Takeda, 1952).
(@) PbZrOsg, (b) Pb(Zr.95Ti0.05)03, () Pb(Zrg.90Tig.10)Os.

The rhombohedral phase shows dielectric hysteresis loops for
small fields; it is therefore ferroelectric. As expected, the upper
transition temperature is raised by an applied field.

Neither of the multiple-cell phases A« or 4f gives loops with small
fields. The upper transition temperature is lowered by an applied
field. Both phases are therefore antiferroelectric.

10.7. That the lower transition point is associated with a true loss
of spontaneous polarization, and not merely a freezing-in of the
dipoles, was confirmed by the pyroelectric test (Shirane and Takeda,
1952). A specimen prepared by cooling from the cubic to the rhombo-
hedral phase in an applied field, and then shorting opposite faces
through a galvanometer, subsequently gave a discharge current when
it was cooled through the lower transition point. This can only
represent the disappearance of the bound charges associated with
spontaneous polarization. A similar discharge current was observed
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(as expected) on heating a prepared crystal through the upper
transition point. This behaviour may be contrasted with that of pure
PbZrO; (see § 8.5).

10.8. When moderately large alternating fields are applied to phases
Ax and Af hysteresis loops of ‘butterfly’ type are produced. The
explanation is similar to that for pure PbZrOjy: the application of a
sufficiently large field ‘forces’ the transition to a ferroelectric phase,
which is in fact the rhombohedral phase Fa (cf. § 10.3). The threshold
field needed at different temperatures for material of composition

kVem'
70

60| (a)
(b)
sof-
-
Ec 40
30}
201

10

A ! | Il 1 1
170 180 190 200 210 220 230
°C

Fig. 5.19. Threshold field for transition from antiferroelectric to ferro-
electric (Sawaguchi, 1953).

(a) PbZrO,, (b) Pb(Zr.9sTig.02)Os.

Pb(Zr.g5, Tig.92)O5 is shown in Fig. 5.19. The abrupt change in the
slope of the curve represents the boundary between the phases Ao
and Af.

10.9. (Pb,Ba)ZrO,

This system has been studied by Shirane (1952) and Shirane and
Hoshino (1954). It is of particular interest because, though neither
of the end members BaZrO,; and PbZrO; is ferroclectric, yet an
intermediate phase is ferroelectric.

The phase diagram at the PbZrO, end is shown in Fig. 5.20. With
very small amounts of Ba, the structure is pseudotetragonal multiple-
cell, isomorphous with pure PbZrO,. With slightly larger amounts of
Ba, a rhombohedral small-cell phase occurs. The lattice parameters
area = 4161 A, « = 89° 52', for a composition of 7-5%, (atomic) Ba
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Fig. 5.20. Phase diagram of (Pb,Ba)ZrO, and (Pb,Sr)ZrO; (Shirane and

Hoshino, 1954).
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Fig. 5.21. (a) Dielectric constant of (Pb,Ba)ZrO, (Shirane, 1952).
(i) Pure PbZrOs, (ii) 3% Ba, (iii) 7-5% Ba.

(b) Dielectric constant of (Pb,Sr)ZrO, (Shirane, 1952).
(i) 2% Srs, (ii) 5% Sr, (iii) 10% Sr.
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and a temperature of 185°C. From the intensities of the X-ray
powder lines it can be deduced that there are displacements of the
cations relative to each other along [111]. A similar state of affairs
is true for material of composition 30%, Ba at room temperature.
This structure is probably isomorphous with that of the rhombo-
hedral phase in Pb(Ti,Zr)O,, and with rhombohedral BaTiO,.

10.10. The expansion coefficients and volume and energy changes at
the transition points are given in Table 5.8. The increase of volume
from pseudotetragonal to rhombohedral is particularly large; from
rhombohedral to cubic there is a decrease.

10.11. The dielectric constant has a peak at the upper transition
point, which increases in height and decreases in temperature with
increasing amounts of Ba (Fig. 5.21 (a)). At the boundary of the
intermediate phase, there is a small anomaly.
The rhombohedral phase is  ,y cm™

ferroelectric, showing dielec- 30
tric hysteresis loops. The
pseudotetragonal phase shows

no hysteresis loops for small

fields; like pure PbZrO,, it is wr
antiferroelectric. 3

10.12. At compositions which
are normally antiferroelectric
up to the Curic point—for
example, 5%, (atomic) Ba—a
ferroelectric phase can be 0 L —
R 0 4 6
induced by a moderatc alter- PbZr03

" feld. Th h £ Atomic % of Ba
nating field. - Ihe graph ol pi. 522 Threshold field E, for ferroelectri
threshold field against com- 85,22 Threshold fleld E, for ferroclectric

5. phase of (Pb,Ba)ZrO, at room tempera-
position, at room tempera- ture (Shirane, 1952).

ture, is shown in Fig. 5.22.

It is natural to assume that this forced ferroelectric phase is
identical in structure with the ferroelectric phase occurring without
an applied field at slightly different temperatures or compositions.
(The alternative suggestion that half the dipoles of the pseudo-
tetragonal phase could be reversed in sign without affecting the
structure as a whole is quite incompatible with any theories of crystal
structure.) Direct confirmation of the identity of the two was ob-
tained by Shirane and Hoshino, who examined the X-ray powder
photograph at 202°C of a specimen containing 5% Ba, with and
without a d.c. field of 15 kV cm., and found patterns corresponding
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to the rhombohedral and pseudo-tetragonal phases respectively. The
change of volume in the forced transition was about the same as that
in the zero-field transition of a specimen with 7:5%, Ba.

10.13. (Pb,Sr)ZrO;

Solid solutions of SrZrO; in PbZrO, differ in certain ways from
those of BaZrO, (Shirane, 1952; Shirane and Hoshino, 1954). The
phase diagram is shown in Fig. 5.20. With small amounts of Sr, the
same pseudotetragonal phase is found as for pure PbZrO, and solid
solutions with small amounts of Ba. With slightly larger amounts of
Sr, however, a second phase is found which differs from that in the
(Pb,Ba)ZrOy system. It is tetragonal, its sub-cell having parameters
a = 4147 kX and c¢/a = 0-9955 for a composition containing 5%
(atomic) Sr and a temperature of 230° C. There are very faint extra
lines, of different spacing and intensity from those of the first phase;
to index them, a true cell with dimensions more than double the
sub-cell is required. At room temperature, for a composition con-
taining 30% Sr, ¢/a = 0-998. At intermediate compositions, at
appropriate temperatures, ¢/a varies continuously with composition;
the pattern remains similar, but the extra lines become broader
with increasing Sr c¢oncentrations. This phase appears to be iso-
morphous with the intermediate phase in PbHfO,.

Volume relations and transition energies are given in Table 5.8.

10.14. The dielectric constant shows peaks at the transition tempera-
tures (Fig. 5.21 (). That at the lower transition is much more marked
than in the (Pb,Ba)ZrO; system, but that at the upper transition
decreases rapidly in height (as well as moving to higher tempera-
tures) with increasing amounts of Sr.

No hysteresis loops were observed in either phase, even up to
fields of 40 kV cm.~. Both phases are therefore antiferroelectric.
This was confirmed for the intermediate phase by the pyroelectric
test: a prepared specimen gave no discharge current on heating
through the upper transition point.

10.15. (Pb,Ca)ZrO,

This system has not been studied in great detail, but it appears
to be similar to (Pb,Sr)ZrO, at the PbZrO, end (Shirane, 1952).

11 Summary

According to present knowledge, there seem to be 5 distinct phases
shown by the compounds PbTiO;, PbZrO,, PbHfO; and their solid
solutions with each other and with corresponding compounds of
alkaline earth metals. These are summarized in Table 5.9.

120



5. THE PEROVSKITE FAMILY

TABLE 5.9

Phases in perovskite structures containing Pb

Fo

Axor 1

Ap or
II or
inter-

mediate
phase

Structure type

Examples

Ideal cubic

Tetragonal small-cell
(isomorphous with
tetragonal BaTiO,).
Ferroelectric

Room temperature:
(Pb,Ba)ZrO, above 35%, Ba
(Pb,Sr)ZrO, above 35Y%, Sr

High temperature:
all compounds

Room temperature:
Pb(Ti,Zr)O, above 459, Ti
(Pb,Ba)TiO,, all compositions

Rhombohedral small-
cell (isomorphous
with rhombohedral
BaTiO,). Ferroelectric

Pscudotetragonal
multiple-cell.
Antiferroelectric

Tetragonal multiple-
cell. Antiferroelectric

Room temperature:
Pb(Ti,Zr)O; from 7-5 to 45% Ti
(Pb,Ba)ZrO, from 20 to 359, Ba
Near 230°:
Pb(Ti,Zr)O; at 5% Ti
(Pb,Ba)ZrO, at 7-5%, Ba
PbZrO, with applied field of
65 kV cm, !

Room temperature:
PbZrO,
PbHfO,
Pb(Ti,Zr)O; up to 7-5% Ti
(Pb,Ba)ZrO, up to 20% Ba
(Pb,Sr)ZrO; up to 279 Sr
(Pb,Ca)ZrO;, small amounts of Ca

Room temperature:
(Pb,Sr)Zr0,, 27 to 35% Sr
163-215° C:
PbHfO,
Near 230° C:
Pb(Ti,Zr)O; with 3% Ti
(Pb,Sr)ZrO,, very small amounts
of Sr
(Pb,Ca)ZrO;, with 5% Ca

121




FERROELECTRICITY IN CRYSTALS

References

BAILEY, P. (1952). Thesis, Bristol.

BRAKKEN, H. (1931). Z. Krist. 78, 484.

BRAGG, W. L. (1937). Atomic Structure of Minerals, Cornell
University Press.

BROUS, J., FANKUCHEN, I., & BANKS, E. (1952). Acta cryst. 6, 67.

COTTS, R. M., & KNIGHT, W. D. (1954). Phys. Rev. 96, 1285.

CROSS, L. E. (1956). Phil. Mag. series 8, 1, 76.

CROSS, L. E., & NICHOLSON, B. J. (1954). Research Suppl. T, 36.

CROSS, L. E., & NICHOLSON, B. J. (1955). Phil. Mag. series 7, 46,
453.

EVANS, R. C. (1939). Crystal Chemistry, Cambridge University
Press.

GOLDSCHMIDT, V. M. (1926). Skrift Norske Vidensk. Akad.
nos. 2 and 8.

GRANICHER, H. (1951). Helv. phys. Acta 24, 619.

GRANICHER, H., & JAKITS, O. (1954). Suppl. Nuovo Cimento 11,
480.

HARWOOD, M. G. (1955). Proc. phys. Soc. B, 68, 586.

HOFFMANN, A. (1935). Z. phys. Chem. B, 28, 65.

HULM, J. K. (1951). Proc. phys. Soc. 63, 1184.

HULM, J. K., MATTHIAS, B., & LONG, E. A. (1950). Phys. Rev. 79,
885.

JONA, F., SHIRANE, G., & PEPINSKY, R. (1955). Phys. Rev. 97,
1584.

JONKER, G. H., & VAN SANTEN, J. H. (1950). Physica 16, 337.

KAY, H. F. (1947). Thesis, Manchester.

KEHL, W. L., HAY, R. G., & WAHL, D. (1952). J. appl. Phys. 23,
212.

KEITH, M. L., & ROY, R. (1954). Amer. Min. 39, 1.

KIRIKAWA, K. (1952). J. phys. Soc. Japan 7, 331.

KOBAYASHI, J., & UEDA, R. (1955). Phys. Rev. 99, 1900.

MATTHIAS, B. T. (1949a). Phys. Rev. 75, 1771.

MATTHIAS, B. T. (1949b). Phys. Rev. 76, 430.

MATTHIAS, B. T., & REMEIKA, J. P. (1949). Phys. Rev. 76, 1886.

MATTHIAS, B. T., & REMEIKA, J. P. (1951). Phys. Rev. 82, 7217.

MATTHIAS, B. T., & WOOD, E. A. (1951). Phys. Rev. 84, 1255.

MEGAW, H. D. (1946). Proc. phys. Soc. 58, 133.

MEGAW, H. D. (1954). Acta cryst. T, 187.

NARAY-SZABO, 1. (1943a). Naturwiss. 31, 202.

NARAY-SZABO, I. (1943b). Naturwiss. 31, 466.

NARAY-SZABO, 1. (1947). Publ. Univ. tech. Sci., Bp 1.

NAYLOR, B. F., & COOK, O. A. (1946). J. Amer. chem. Soc. 68,
1003.

122



5. THE PEROVSKITE FAMILY

RHODES, R. G. (1952). Nature 170, 369.

SAWADA, S., ANDO, R., & NOMURA, s. (1951). Phys. Rev. 82,
952.

SAWAGUCHLI, E. (1953). J. phys. Soc. Japan 8, 615.

SAWAGUCHI, E., MANIWA, H., & HOSHINO, S. (1951). Phys. Rev.
83, 1078.

SAWAGUCH]I, E., SHIRANE, G., & TAKAGI, Y. (1951). J. Phys. Soc.
Japan 6, 333.

SHIRANE, G. (1952). Phys. Rev. 86, 219.

SHIRANE, G., DANNER, H., PAVLOVIC, A., & PEPINSKY, R. (1954).
Phys. Rev. 93, 672.

SHIRANE, G., & HOSHINO, S. (1951). J. phys. Soc. Japan 6, 265.

SHIRANE, G., & HOSHINO, S. (1952). Phys. Rev. 86, 248.

SHIRANE, G., & HOSHINO, S. (1954). Acta cryst. 7, 203.

SHIRANE, G., NEWNHAM, R., & PEPINSKY, R. (1954). Phys. Reyv.
96, 581.

SHIRANE, G., & PEPINSKY, R. (1953). Phys. Rev. 91, 812.

SHIRANE, G., PEPINSKY, R., & FRAZER, B. C. (1955). Phys. Rev.
97, 1179.

SHIRANE, G., SAWAGUCH], E., & TAKAGI, Y. (1951). Phys. Rev.
84, 476.

SHIRANE, G., SAWAGUCH], E., & TAKEDA, A. (1950). Phys. Rev.
80, 485.

SHIRANE, G., & SUZUKI, K. (1951). J. phys. Soc. Japan 6, 274.

SHIRANE, G., & SUZUKI, K. (1952). J. phys. Soc. Japan 7, 333.

SHIRANE, G., SUZUKI, K., & TAKEDA, A. (1952). J. phys. Soc.
Japan 7, 12.

SHIRANE, G., & TAKEDA, A. (1951). J. phys. Soc. Japan 6, 329.

SHIRANE, G., & TAKEDA, A. (1952). J. phys. Soc. Japan 7, 5.

SMOLENSKI, G. A., & KOZHEVNIKOVA, N. V. (1951). C. R. Acad.
Sci. U.R.S.S., 76, 519.

TRIEBWASSER, S., & HALPERN, J. (1955). Phys. Rev. 98, 1562.

UEDA, R., & ICHINOKAWA, T. (1950). Phys. Rev. 80, 1106.

UEDA, R., & ICHINOKAWA, T. (1951). Phys. Rev. 82, 563.

UEDA, R., & KOBAYASHI, J. (1953). Phys. Rev. 91, 1565.

UEDA, R., & SHIRANE, G. (1951). J. phys. Soc. Japan 6, 209.

VOUSDEN, P. (1951a). Acta cryst. 4, 373.

VOUSDEN, P. (1951b). Acta cryst. 4, 545.

WOOD, E. A. (1951). Acta cryst. 4, 353.

YAKEL, H. L. (1955). Acta cryst. 8, 394.

ZEDLITZ, 0. (1939). Neues Jahrb. Min. A, 75, 245.

For additional references, not dealt with in the text, see p. 149.

123



Chapter 6

DISCUSSION OF DISTORTED
PEROVSKITE STRUCTURES

. . . we think only to find
a structur of blind atoms to their habits enslaved.

BRIDGES: Testament of Beauty

1 Introduction

The last two chapters gave a detailed account of the most
important, or most fully-known, oxides with perovskite-type struc-
tures. We must now see whether any conclusions can be drawn as
to why and in what circumstances the different structures occur.

Two different kinds of distortion from the ideal structure can be
distinguished. In the first (best illustrated by CaTiOj3) the framework
of oxygen octahedra crumples and becomes puckered round the large
A cation, while the array of small B cations suffers only homogeneous
distortion; each B remains at the centre of its octahedron, though
this tilts and becomes irregular. An illustration of the effect is given
in Fig. 6.1 for an imaginary structure where the tilting is in one
plane only. In the second kind of distortion (for example, in tetra-
gonal BaTiOy) the B cation is off-centre in its octahedron; the octa-
hedra suffer homogeneous distortion and may become irregular, but
remain parallel and all alike. Both kinds of distortion may occur
at once, for example in room-temperature NaNbOj, but it is best
to consider them separately.

2 Packing distortion or crumpling

2.1. The first kind of distortion is purely a packing effect, of the kind
considered at the beginning of Chap. 5. It can be explained using
ionic forces only. It occurs in compounds where, if the ideal cubic
structure were adopted, the cation A would be too small to make
contact with its twelve oxygen neighbours. The high electrostatic
valence of the B-O bond (4/6 in CaTiOj;, 5/6 in NaNbOj), though
it requires that the BO4 group shall suffer little distortion, imposes
no obstacle to its tilting relative to its neighbours. Such tilting
would destroy the straight Ti-O-Ti linkage at the shared corners,
and give a bond angle at O differing from 180°. But there is no
reason to think that the 180° bond angle is generally the most stable
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6. DISCUSSION OF DISTORTED PEROVSKITE STRUCTURES

arrangement for O, even in cases like this where the O has only
two strong bonds. It would be so if the structure were purely ionic,
but for homopolar bonds the expected angle is 109°. In fact, a
kinked formation with some intermediate angle is commonly observed
in solid oxides at room temperature (for example, about 130° in
boron-oxygen groups; 142° and 150° respectively in two forms of
silica, low-quartz and low cristobalite; 165° in the Si,O, group in
tilleyite). Thus a departure from the 180° angle is likely to add to,
rather than detract from, the stability of an oxide.

2.2. We thus see that where there is a smallish A cation the B octa-
hedra may be expected to pivot about their centres in such a way

Side of sub-cell

Side of true cell

Fig. 6.1. Projection of imaginary structure, showing A displacements and
BO; tilts in one plane.

as to bring some of their oxygens into close contact with A. The
detailed way in which this is done cannot be predicted, but it is clear
that it cannot be done without using at least two sub-cells for the
new repeat unit.

Examining the list of structures in Table 5.3, and taking into
account the ionic radii given in Table 5.1, we see that the crumpled
structures are those of the moderately small A cations Ca, Na, Cd.
Compounds of Pb are an exception, which will be considered separ-
ately below. Tt is legitimate and useful to consider LiNbO, as an
extreme case of a crumpled perovskite.
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FERROELECTRICITY IN CRYSTALS

These distortions are of the kind considered by Buerger in his
discussion of displacive transitions (1951).

2.3. One point is worth noting. Some of the distorted structures with
small A cations become cubic at high temperatures; CaTiO, is a
doubtful example, but NaNbOj, certainly does. The question arises,
how is this compatible with the rules of ionic packing? Even if the
whole thermal expansion of the structure were attributed to the Na
ion, its radius would not become great enough to allow 12-coordina-
tion, according to the rules. Unless there are much greater changes
(of opposite signs) in the separate radii of cations and anions than in
their sum, the packing rules must be modified or abandoned. The
ionic radii are in fact empirically-based quantities, and we rely on
them because they give consistent results when used in room-
temperature structures. There is little or no information to tell us
what modification is needed to explain changes with temperature. We
know that the atoms are undergoing thermal vibrations of con-
siderable amplitude at room temperature, and that the amplitude
increases with temperature, but not many experimental studies have
been made of this ‘temperature factor’ at high temperatures, and its
effect on the relative'values of atomic radii has not been considered.
The problem is an interesting one, and awaits attention.

3 ‘Off-centre’ distortion

3.1. The second kind of distortion shown by perovskite-type struc-
tures is the ‘off-centre effect’—the displacement of the small atom B
- within its octahedron of oxygen atoms. The best-known example is
tetragonal BaTiOjg; here there is no tilting of the octahedra, and little
distortion. The same is true of PbTiO; and high-temperature WO,
and probably of the other ferroelectric forms of BaTiO; and the
three non-cubic forms of KNbO,. The off-centre effect also occurs in
NaNbO,, LiNbO,, and probably in room-temperature WO, though
in these it is combined with various distortions and tilts of the
octahedra.

Where the octahedra remain more or less regular, it is difficult or
impossible to explain the distortion using only ionic forces. Ionic
forces are central forces, and would be expected to hold the atom B
in a symmetrical situation among its neighbours. Instead, the arrange-
ment is very one-sided. This suggests that the bonds are to some
extent directed, in which case they must have some covalent character.
Support for this assumption comes from the actual B-O distances
where they are known, namely in tetragonal BaTiO; and PbTiO,.
The short Ti-O distances in these two structures are 1-87 and 1-78 A
respectively as compared with 1-96 for the radius sum. Such a
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contraction implies a considerable change in the interatomic forces.
There is some rearrangement of the electron cloud which changes
the balance between repulsive and attractive forces in this direction
and allows closer approach. This is merely a different way of saying
that some change in the homopolar bond system linking B to its
neighbouring oxygens has taken place.

3.2. In arguing that an off-centre B atom can only be explained by
homopolar bonding, it is not implied that a symmetrically placed
B atom is necessarily wholly ionic. If, in a crystal, an atom has a
regular octahedral environment, it may be explained as the effect
either of ionic packing or of an octahedral system of covalent bonds;
or of a combination of the two. The degree of covalent character
can be estimated from the bond length, if the lengths for the two
extreme cases are known (which is rarely true). Other methods of
estimating it indicate that even in MgO it may make an appreciable
contribution to the bond energy, and for the Ti-O bond, with its
high electrostatic valence, it will be larger still.

Thus there is nothing new in supposing that the perovskites, even
in the ideal cubic form, have a good deal of covalent character. The
unusual feature of the ‘off-centre’ structures is that the covalent bond
system is no longer strictly octahedral, as the ionic packing would
require; there is a compromise, and the off-centre position is the
result.

3.3. The covalent bond system adopted by an atom is characteristic
of the atom and its state of ionization. It is rather striking that so
many of the structures with off-centre B atoms are compounds of
Nbs*t. (To the list given above we should probably add Cd,Nb,O,
and Pb,Nb,0,, which are dealt with in Chap. 7.) It would seem that
this atom can form a bond system particularly favourable for the
‘off-centre’ compromise. Possibly Ta®" behaves similarly, but the
experimental evidence is rather scanty; if so, its transition to the
symmetrical form occurs at lower temperatures.

In contrast to Nb%*, the behaviour of Ti** is by no means uniform.
While in BaTiO,; and PbTiO, it is off-centre, in SrTiO; and CaTiO,
it is symmetrically situated. The explanation seems to be that, while
Ti normally has an octahedral bond system, the effect of abnormal
volume conditions (to which covalent bond character is very sensi-
tive) allows it to change to a less symmetrical arrangement. The
abnormal conditions are provided in BaTiO; by the large Ba ion,
which forces apart the oxygen framework, so that the average Ti-O
distance is longer than the usual sum of the radii; this brings about
the change of bond system and consequent off-centre position of Ti.
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In PbTiO; the effect does not depend purely on the size of the Pb ion
(which is smaller than Ba) but on its tendency to form covalent bonds,
which will be discussed in a later paragraph.

3.4. We notice that the off-centre displacement can take place in
three ways, illustrated by the three ferroelectric forms of BaTiO,.
In order of decreasing temperature the displacements are directed
towards a corner of the octahedron, towards the mid-point of an
edge, and towards the mid-point of a face; referring to the corners
of the octahedron towards which the cation moves, we may call them
one-corner, two-corner, and three-corner displacements respectively.
The same sequence of displacements occurs in KNbOj;, but with
different transition temperatures between them (Table 5.5). Again
there are indications of the same sequence, with higher transition
temperatures, in WO;.

It seems possible that the temperature ranges within which the
different displacements occur are characteristic of the chemical
nature of the atom. Thus in NaNbOj, where the detailed distortions
are quite different from those of KNbOj,, the two-corner displace-
ment nevertheless occurs in a form stable over roughly the same
range (—55° C to 360° C for NaNbOj, as compared with —40° C
to 210° C for KNbO,) and there are some indications that the forms
existing below and above this range may have three-corner and one-
corner displacements respectively (Chap. 5, § 4.10, 4.11). Again, in
Cd,Nb,0, (Chap. 7,§ 6.4), it is likely that the three-corner displace-
ment occurs in the form stablec below —88° C (the two-corner and
one-corner displacements being suppressed because they are not
possible derivatives of the ideal pyrochlore structure). The transition
temperatures, thus interpreted, are listed in Table 6.1. LiNbOj, is an
exception, which may possibly be explained by the high polarizing
power of the small Li cation.

TABLE 6.1
Transition temperatures in compounds of niobium
Compound | Copygmmetie | lgomerio | Zgomerto
KNbO, 410° C 210°C —40°C
NaNbO, 450-470°C * 360° C * —55°C*
Cd,Nb,0, — — — 88°C t*

* The correlation of these transitions with particular atomic displacements
is tentative (see footnote on p. 100).
t Centrosymmetric to 3-corner.
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These facts suggest that the variation in off-centre effects at
different temperatures is to be associated with a variation in the
homopolar bond system possible to the atom concerned.

3.5. If B atoms in adjacent octahedra have parallel displacements,
the two bonds at the O atom which forms the shared corner are no
longer at 180°. This, we have seen, may help the stability of the
structure at room temperature.

3.6. 1t is necessary to consider what causes the transition from the
ideal structure as the temperature falls. An exact theory would con-
sider the energy of the structure as a whole, but it can usefully be
approached by considering separately the energy changes in the bond
system of B and the pair of bonds at O. If each is dependent on
temperature—but differently dependent—the actual transition tem-
perature will be such that the two energy changes are equal and
opposite; but without other information we cannot say which energy
change is a gain and which a loss.

There is no theory of the temperature dependence of covalent
bonds, and so this account of the mechanism of transition must
remain qualitative only. That the bonds must be temperature-
dependent can be seen from the fact that transitions do occur at
certain temperatures*; it can also be shown from the following argu-
ment. A covalent bond can be expressed as the time-average of the
wave function for all different separations of the pair of atoms con-
cerned. The atoms are undergoing thermal vibrations, of amplitudes
which depend on the temperature. Hence the time-average of the
wave function depends on the temperature, and hence the bond
does so.

It may be possible to distinguish empirically between the bond-
changes of the different atoms from a survey of the behaviour of
different compounds in which they occur. For example, we have
already seen that Nb displacements generally disappear in the range
400-600° C, while W displacements persist above 900° C, and Ta
displacements may perhaps normally be limited to rather low tem-
peratures. There seems to be a tendency for the bond angle at O to
become 180° somewhere in the region of 500-1000°C; this is a
notable characteristic of high-temperature WO,, for example.
Evidence is still too scanty to lay down any definite rules, but there
is enough to suggest that this may be a hopeful approach.

* ‘Explanations’ involving entropy or free energy are only adequate when the
transition is regarded as a macroscopic process. When the discussion is in
terms of atomic positions and interatomic forces, the concepts of thermo-
dynamics must be replaced by those of mechanics.
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4 Pb compounds

4.1. In all the Pb compounds, the Pb is displaced relative either to
its surrounding oxygens (as in PbTiO,) or to a point fixed by the
symmetry (as in PbZrOy).

The explanation lies in the tendency of Pb?* to form unsym-
metrical covalent bonds, which is already known from the structure
of other compounds of Pb (discussed in a paper by Bystrom, 1947).
In tetragonal PbO, Pb lies at the apex of a flat pyramid with a square
base whose corners carry the O’s. In Pb;O,, and in orthorhombic
PbO, the pyramid has a triangular base, and is steeper—in fact, it is
almost a tetrahedron.

The first of these, the square-based formation, is found in PbTiOj,
where the pyramid height is 0-46 A as compared with 1-16 A in PbO.
This covalent system of Pb-O bonds creates conditions which favour
the development of unsymmetrical Ti-O bonds.

4.2. In PbZrOj, there is no evidence yet for the displacement of Zr,
and it is not necessary to assume that it occurs, though it may do so.
If the movements of Pb arc antiparallel, each Pb can achieve an
unsymmetrical Pb-O ‘bond system without much distortion of the
Z1Og octahedra, which may, however, be pivoted about Zr.

4.3. The same general principles, working out differently in detail in
the different cases, can account for all the phases in the solid solu-
tions of Pb compounds. In dealing with solid solutions, we have to
simplify the actual state of affairs by assuming that partial replace-
ment of one atom by another (for example, of Ti by Zr, or Pb by Ba)
gives rise, if random, to a kind of average atom intermediate in size
and properties between the two. All the solid solutions can be
explained qualitatively in this way—the existing state of knowledge
does not allow the explanation to be made quantitative.

One phase needs to be considered a little more fully—the rhombo-
hedral small-cell phase in (Pb,Ba)ZrO,. This is ferroelectric, and
analogy with other ferroelectrics strongly suggests that the Zr atom
is off-centre. If so, the conditions allowing it to form an unsym-
metrical bond system must come from a combination of two factors,
the large size of Ba and the tendency of Pb to form covalent bonds.
Each factor independently favours such a system, as we know; we
do not know how they combine, or what is the optimum balance
between them.

4.4. 1t is also an interesting point to enquire why a rhombohedral
distortion is favoured in so many of these compounds. One reason
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hat immediately suggests itself is the known tendency of divalent
?b to form strong trigonal bonds in its oxides, as mentioned in § 4.1.
This, however, would apply equally to the PbTiO, end of the series,
vhere the rhombohedral forms do not occur. Reasons for the differ-
:nce are more speculative. It may be that the larger size of Zr makes
>onditions more favourable for the trigonal bonding in Pb; or Zr
tself may tend to form a trigonal bond system rather than a tetra-
jonal. A third idea is that there may be some tendency to form
netallic bonds Zr-Pb, where the distance of shortest approach is
ilong the cube diagonal. In support of this is the fact that Pb-Pb
sonds play a significant part in PbO (Bystrom, 1947), and that one
would expect more tendency to similar bonds with Zr-Pb than
with Ti-Pb.

5 Relation of distortion to ferroelectricity and antiferroelectricity

5.1. Tt appears from our survey that the recurrent feature in all
perovskite-type compounds which show ferroclectricity or anti-
ferroelectricity is a polyhedron of oxygen atoms with a strongly-
bound metal atom slightly displaced from its geometrical centre. We
have interpreted this in terms of an unsymmetrical homopolar bond
system for the central atom. Atoms such as Na, Ca, or Ba, which
are held by predominantly ionic bonds, do not contribute in any
consistent way to the effects observed.

This suggests that the displacement of the atom from the centre
of its polyhedron gives rise to the dipole moment of the unit cell
which is characteristic of a ferroelectric, and to the mutually-
balancing dipole moments within a cell which are believed to mark
an antiferroelectric. For a B atom the polyhedron is an octahedron.
For Pb, the polyhedron is a cuboctahedron, but it is not yct clear
whether this unit is itself to be associated with a dipole moment,
or whether it is better to assume that the role of Pb is simply to
produce polarization in the octahedron round the B atom.

It is not implied that the dipole moment can be measured as the
product of ionic charge and displacement from the centre of the
octahedron, since the moment actually arises as a rearrangement
of the electron cloud associated with the bonds. This question is
taken up again in Chap. 9, § 4.7.

Distortion and tilting of the octahedra, if they occur, are not likely
to affect seriously the individual dipole moments, though they may
make it harder to sum them.

5.2. The question whether the displacements will be parallel or anti-

parallel is very much affected by the geometry of the linkage at the

shared corners. It is easiest to illustrate this by considering octahedra
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which are neither distorted nor tilted (Fig. 6.2). With parallel dis-
placements, the B-O bonds form an obtuse angle at O; with anti-
parallel displacements, they are at 180°. Hence, of the two, that
structure will be favoured which most nearly satisfies the bond angle
requirements of O.

It scems likely that this is an important factor in the tetragonal
structures of BaTiO; and PbTiOj, where the bond angles are 171°
and 163° respectively.

In high-temperature WO, the section parallel to (100) or (010)
resembles Fig. 6.2 (b). The W displacements are antiparallel and the
bond angle is 180°, as we should predict from the predominantly ionic

Fig. 6.2. (a) Section through line of octahedra with parallel displacements
of central atom.

(b) Section through line of octahedra with antiparallel displace-
ments of central atom.

character of O at high temperatures. In room-temperature WOj, the
oxygens have been located mainly by packing considerations rather
than direct X-ray evidence, and thus one cannot safely attempt to
draw conclusions from the 180° angle.

5.3. Where the oxygen framework can crumple round a small A
atom it is certainly possible to combine the ‘kinked oxygen’ with
antiparallel displacements, as happens in NaNbO;. In such circum-
stances there is so great a variety of ways in which the oxygen frame-
work can crumple that it is impossible to predict whether parallel
or antiparallel displacements will be favoured; we have examples of
the different results in LiNbO3 and NaNbO;. One might perhaps
wonder whether Li-Nb bonds are of significant magnitude to favour
the trigonal distortion in the former.
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»  Electrical properties of multiple-cell structures

Here a word may be added about the assumption which is some-
imes made that multiple-cell structures in perovskites indicate anti-
erroelectricity. This is not necessarily true: not all multiple-cell
tructures need have displacement of a covalently-bonded atom
elative to the oxygen framework, which appears to be fundamentally
issociated with the anomalous electrical properties. Neither need the
lisplacements within their sub-cells, where they occur, be oppositely
lirected; they may be equally inclined to a given direction, the polar
ixis, as in the cone ferroelectrics (Chap. 1, § 11.1)

On the other hand, no small-cell structure can be antiferro-
slectric, if we define a small-cell perovskite as one having a single
‘ormula-unit per lattice point. (This definition is more exact than
»ne based on the number of formula-units per cell, since the cell
volume depends on our choice of axes, and a non-primitive cell will
sontain several formula-units related by simple translation.) It is
>bvious that, if the displacements in an antiferroelectric are anti-
oarallel, the individual atoms must be capable of being grouped into
oppositely displaced pairs; hence the translation-repeat unit must
contain at least two formula units. The existence of a multiple-cell
structure in a perovskite is thus a necessary but not sufficient
condition for the occurrence of antiferroelectricity. (It may be noted
that a similar rule holds for structures of KH,PO, type, but not for
more complicated structures such as Rochelle salt, where the high-
symmetry form already contains more than one formula-unit per
lattice point.)

7 Conclusions

We may sum up the arguments of this chapter by saying that,
from the point of view of its ferroelectric properties, an oxide is
best considered as built up from Goldschmidt polyhedra of oxygens
each surrounding a ‘cation’ which is displaced in a specific way from
its geometrical centre. The formation of these units may be attributed
to homopolar forces; the empirical feature of interest is the way
they retain their identity from one structure to another. The indi-
vidual dipole moment is associated with the polyhedron and
probably remains constant, or nearly so, in different structures, for
the same temperature, provided there are no other highly polarizing
cations acting on the oxygens.

The polyhedra are linked by their corners so as to satisfy as well as
possible both the bond-angle requirements of the oxygen and the
packing requirements of any other cations. The detailed symmetry
of the structure, and the multiplication of sub-cells to form a larger
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true repeat unit, depend primarily on this ‘hinge effect’ and the
packing effect.

The net dipole moment is the vector sum of the individual dipole
moments of the polyhedra, whose placing in the structure is primarily
determined by forces of the same kind as are operative in ordinary
oxides without abnormal electrical properties.
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Chapter 7
MISCELLANEOUS STRUCTURES

Yet all experience is an arch wherethro’
Gleams that untravelled world, whose margin fades
For ever and for ever when I move.

TENNYSON: Ulysses

1 Introduction

Ferroelectricity has been reported in a number of other materials.
Some of the early reports have not been substantiated, and about
some there is still a good deal of uncertainty. This chapter includes a
number of examples for which a reasonable amount of information
is available, but it is necessarily very incomplete. Antiferroelectrics
as well as ferroelectrics are considered, since the relationship between
them is such that an understanding of one is likely to throw light on
the other.

The substances are so varied chemically that very little classifica-
tion is possible. As they stand, they may be divided into two broad
classes, oxides and hydrogen-containing compounds, but it is not
yet known whether hydrogen plays an essential part in all compounds
of the second class. It is possible, for example, that Ag,H;IO; is
more closely related to the oxides in the mechanism of its transition.

2 The double tartrates of lithium

2.1. Lithium ammonium tartrate monohydrate

This substance, LINH,C,H,04.H,0, was reported as ferroelectric
by Matthias and Hulm (1951). There has been some controversy
about its electrical properties, which will be discussed below.

The structure is not fully known, but some preliminary work was
done on the high-temperature form by Vernon and Pepinsky
(reported by Shirane, Jona and Pepinsky, 1955). It is orthorhombic,
with a = 7-86 A, b = 14-60 A, ¢ = 647 A, space group P2,2,2; cell-
content 4 formula-units. The NH, groups lie in special positions
on the rotation axes. In this feature, and in the space group, there
is a strong formal resemblance to Rochelle salt (see Chap. 2), but
the axial ratio and chemical composition (one molecule of water as
against four) are quite different, and the two structures are not iso-
morphous. The detailed placing of the tartrate groups is different,
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and there is no reason to expect any resemblance in the general
arrangement of the hydrogen bonds.

At low temperatures, about 80°K, neutron diffraction experiments
show the occurrence of 400 reflections with A odd (Shirane, Jona
and Pepinsky, 1955). This means that there is no longer a screw axis
parallel to x. Only one symmetry axis can be retained, and it must
be polar.

2.2. The dielectric constant in all three principal directions is small
at room temperature, having a value about 8. At a temperature near
100°K there is a small sharp peak in &,, with a height of about 20,
and a smaller, but rather broad, anomaly in &,. Above the transition
temperature the Curie-Weiss law is obeyed only over a very short
range (Jona and Pepinsky, 1953).

The existence of dielectric hysteresis loops below the transition
temperature was reported by Matthias and Hulm (1951) and by
Merz (1951), who agreed in finding a spontaneous polarization of
0-22 microcoul. cm.~2 along the y axis. (This may be compared with
0-25 microcoul. cm.~? for Rochelle salt.)

2.3. There may be dn explanation of the dielectric anomalies as
follows. The displacement of NH, ions from their special positions
in the high-temperature form has both x and y components; while
the latter are parallel for all the NH, ions, the former are anti-
parallel. It may be that the individual dipole components along x
(whether resulting directly from the NH, displacement or indirectly
from the consequent displacement of other atoms) are as large as,
or larger than, the components along y. The antiferroelectric pro-
perties will then be as important as the ferroelectric. It was pointed
out earlier (Chap. 1, § 11.1) that ferroelectrics may have an anti-
ferroelectric arrangement at right angles to their polar axis; but in
all substances examined in detail hitherto the ferroelectriccomponents
of the individual dipole moments are so large compared with the
antiferroelectric that it has been legitimate to neglect the latter. Most
treatments of ferroelectricity, theoretical or empirical, assume this.
There is no fundamental reason why it should always hold good,
and lithium ammonium tartrate monohydrate may be a case where
it does not.

2.4. Lithium thallium tartrate monohydrate

This is isomorphous with the lithium ammonium salt, but its
structure has not been studied in detail. The cell dimensions (Shirane,
Jona and Pepinsky, 1955) are a = 7-87 A, b = 14:68 A, ¢ = 6:35 A.

The ferroelectric behaviour was reported by Matthias and Hulm
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(1951). The Curie point is near 10°K, at which temperature there is
a flat maximum in g, of height about 600. Above this, the dielectric
constant falls off according to a Curie-Weiss law; below, it falls off
very slowly. There are dielectric hysteresis loops when the applied
field is parallel to x; at 1-3°K, the spontaneous polarization is
0-14 microcoul. cm.~2, and the coercive field has the low value of
0-12 kV cm.™L

It is at first sight unexpected that this lithium thallium tartrate and
the corresponding lithium ammonium salt, which are isomorphous
in their high-temperature form, should have different directions for
their polar axes. Comparison may be made, however, with KH,PO,
and NH,H,PO,, which also have isomorphous high-temperature
forms but quite different symmetries in their low-temperature forms.
It is quite likely that the different covalent bonding requirements of
NH, and Tl are responsible for the different atomic displacements
in the two low-temperature forms.

3 The guanidine aluminium sulphate hexahydrate group

A substance recently found to be ferroelectric at room temperature
is guanidine aluminium sulphate hexahydrate, CN;H(Al(SO,),.6H,O
(Holden, Matthias, Merz and Remeika, 1955). The space group is
No. 157, P31m, with three formula-units per cell, but the detailed
structure is not yet known.

It appears that the Curie point is unattainable, because the material
is still ferroelectric at a temperature (somewhere above 200°C) at
which chemical decomposition sets in.

The direction of spontaneous polarization is along the triad axis;
its magnitude is 0-35 microcoul. cm.~? at room temperature, where
the coercive field is about 1-5 kV cm.=*. The dielectric constants
are rather small, about 15 along the z axis and about 5 perpendicular
to it.

There are a number of isomorphous substances which are also
ferroelectric. Those so far known are the compounds in which Ga
or Cr replaces Al, SeO, replaces SOy, and D,O replaces H,O.

4 Lithium niobate group

LiNbO; and the isomorphous LiTaO; have been dealt with in
Chap. 5, with the perovskites. Though their structure is not itself a
perovskite type, it is topologically related to it, so that they are more
conveniently considered with that group.

5 The periodates

5.1. These compounds were investigated because of certain structural
resemblances between (NH,),H;10, and KH,PO,, and the close
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relationship which exists between the former and Ag,H3lO4, though
they may not be actually isomorphous. Both are antiferroelectric.

5.2. Ammonium periodate (NH,),H310,

This occurs in clear colourless crystals, with a platy habit per-
pendicular to the triad axis.

The structure was determined by Helmholz (1937); * it is illustrated
in Fig. 7.1. Tt is rhombohedral, with space group No. 148, R3, which
is centrosymmetric. Referred to hexagonal axes, the cell dimensions
are ay = 6:89 A, ¢y = 11:12 A; there are 3 formula-units in this

Fig. 7.1. Ammonium periodate: projection of structure on (0001). Octa-
hedra show oxygen positions; I lie at centres of octahedra, with N vertically
above and below them. Figures indicate approximate heights of centres and
corners of octahedra, in twelfths of ci. Dotted lines show hydrogen bonds.

cell, or 1 in the primitive rhombohedral cell. The coordinates of all
atoms except H have been determined, and are listed in Table 7.1.
The structure is composed of 10, octahedra lying on the centres of
symmetry, with NH, vertically above and below them on the triad
axes, so that they are 9-coordinated by O. Octahedra at successive
levels are joined by hydrogen bonds of length 260 A.

5.3. There is a formal resemblance between the structure of
(NH,)H;3104 and that of KH,PO, (see Fig. 3.1). The array of octa-
hedra on a rhombohedrally-centred hexagonal lattice in the one
corresponds to an array of tetrahedra on a body-centred tetragonal

* This structure has been questioned by Aboav, Grénicher and Petter (1955),
who find that (NH,),H,IO and (ND,),D;IO, have both the space group R3m,
like Ag,H;I0,.
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TaBLE 7.1
Atomic coordinates in (NHy),H,10¢ (Helmholz, 1937)
Space group R3

Kind of Coordinates referred to
atom hexagonal cell *
I 0,0,0
N 4+ (0, 0, w) with w = 0-34
o j:(xsyyz; }-’,x—)’,2§ }’*X,f,z)
with ((x == 0-216
{ y = 0232
z = 0-105

* Coordinates of all atoms are derived from these by opcration of lattice
translations 0,0, 0; 4, %, %; %, 1, 1. Axes x and y have been interchanged
from Helmholz’s, to be consistent with International Tables.

ittice in the other. The polyhedra are linked in each case by hydrogen
onds from an upper corner of one to a lower corner of the next.
n both, the symmetry is such that the H’s must either lie in special
ositions at the mid-point of the bond or be randomly distributed
etween sites equidistant from this point on either side. This has not
een studied in detail in (NH,),H;31O4.

4. At —20° C, a transition occurs to a low-temperaturej form. In
he unit cell of this, the hexagonal a axis is doubled and the hexagonal
axis unchanged (Busch, K#nzig and Meier, 1953). It may alterna-
ively be described in terms of a rhombohedral unit cell of the same
hape as the original but body-centred, with all axes doubled, and
he whole rotated through 180° about the triad axis. Since the sub-
tance was not piezoelectric at low temperatures, it is presumably
entrosymmetric (Baertschi, 1945).

For (ND,),D;104 the transition temperature is—7° C (Aboav,
Jranicher and Petter, 1955).

..5. Whether the mechanism of the transition resembles that in
{H,PO, is uncertain. In KH,PO, there was an ordering of H atoms
m off-centre sites in the hydrogen bonds, and off-centre displace-
nent of P atoms in their tetrahedra; neither the high- nor the low-
emperature form was centrosymmetric. In (NH,),H3IO; a similar
»rdering of H’s could occur, and off-centre displacements of I atoms
wre also possible. The latter would result in trigonal 10, groups such
1s have been observed in NalO, (MacGillavry and Panthaleon van
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Eck, 1943); displacements of this kind probably occur also in KIOj,
RbIO;, and CslOj3, which have multiple-cell perovskite structures
(Naray-Szabo, 1947). If either H or 1 moves from its centre of
symmetry, the structure as a whole may still be centrosymmetric,
with a rhombohedral lattice, if all axial lengths are doubled (which
does not fit the observations). Simultaneous displacement of both
kinds of atom would require some more complicated distortion. It
is not possible to draw definite conclusions from existing evidence;
but the small difference between the transition temperatures of the
hydrogen and deuterium compounds suggests that the ordering of
H or D does not play as important a part as in KH,PO,.

5.6. The physical properties have been studied by Baertschi (1945).
There is a sharp anomaly in the specific heat curve; the energy change
is 350 cal. mol.~}, and the entropy change 1-40 cal. mol.~! deg..
The dielectric constant at room temperature is about 190. It falls
rather sharply at the transition to about 15. The separate values of
¢, and &, measured on single crystals, are not very different from
each other, except that ¢, falls more slowly and less smoothly at the
transition. The shape of the curve, with its small peak and steep fall
on the low-temperature side, is very characteristic of antiferro-
electrics. No dielectric hysteresis loops were observed at any tempera-
ture.

5.7. Silver periodate, Ag,H 3104

This has been prepared in small single crystals of a pale yellow
colour. It is rhombohedral, with space group No. 166, R3m
(Grénicher, Meier and Petter, 1954). Referred to hexagonal axes,
the cell dimensions are ag = 5-944 A, ¢y = 12:710 A, with 3 formula-
units per cell. The primitive rhombohedral cell contains 1 formula
unit.

1t is possible to draw some conclusions about the structure from
this evidence. As in (NH,),H;lO;, the I atoms lie on symmetry
centres, with the other cations (in this casc Ag) on the triad axes
vertically above and below them. The O’s must lie at positions such
that 1 is octahedrally coordinated. There are, however, two distinct
possibilities, illustrated in Figs. 7.2 (a) and (b). The first, (@), resembles
(NH,),H;1O4 except in the azimuthal setting of the oxygen octa-
hedra. It offers the difficulty that some O-O distances, such as 9-11,
are unrcasonably short, even for hydrogen bonds. Perhaps there may
be a small rotation of the octahedra about the triad axes, which
would lengthen these bonds; it would require space group R3, not
R3m, but since the positions of the heavy atoms I and Ag are the same
in both, the difference might have escaped experimental observation.
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The second alternative, Fig. 7.2 (b), is related to the oxygen
packing in perovskite (see Fig. 6.8 (d)), from which it is derived by
a topological distortion similar to that suggested for LiNbO; (Chap.
5, § 5.4). The cation positions A and B in perovskite correspond to
Ag and I respectively, but half the latter have been removed, so that
the unit cell is doubled along the cube diagonal. The structure is
compressed along this diagonal, and small changes in atomic para-
meters are allowed. The Ag atom does not remain 12-coordinated,
for the distortion brings six O’s, octahedrally arranged, nearer to it
than the rest. This provides a more reasonable environment for it

=
w
©w

ik 5
i (Rl

(b)

Fig. 7.2. Silver periodate: two possible arrangements, projected on (0001).
Octahedra show oxygen positions; I lic at centres of octahedra, with Ag
vertically above and below. Figures indicate approximate heights of centres
and corners of octahedra, in twelfths of cq.

than can be achieved in Fig. 7.2 (@). The difficulty lies in placing the
H’s, unless they are allocated at random to half the O’s.

5.8. Bclow the transition, which lies at about —46° C, X-ray photo-
graphs showed extra spots, indicating a multiple cell (Grinicher,
Meier and Petter, 1954). The new cell is doubled in both the x and
the z directions. Optical observations show a domain texture.

5.9. The physical properties were investigated by Baertschi (1945).
He found an anomaly in the specific heat curve, less sharp than for
(NH,),H;10,, with an energy change of 240 cal. mol.~! and an
entropy change of 0-96 cal. mol.~* deg.~%.
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The dielectric constant was examined with a powder specimen. In
the transition region, over a range of about 20°, it fell from its room-
temperature value of 55 to about 18. No dielectric hysteresis loops
were obtainable. It seems certain that Ag,H3lOy, like (NH,),H 31O,
is antiferroelectric.

6 The pyrochlore group

6.1. Cadmium niobate

The ferroelectric properties of cadmium niobate, Cd,Nb,O,, were
first reported by Cook and Jaffe (1952).

Single crystals are pale yellow in colour, and grow with octahedral
faces, but are generally plate-like, flattened on (111).

The substance exists in its high-symmetry form at room tempera-
ture. It belongs to a well-known structure type, named after the
mineral pyrochlore, CaNaNb,O4F (Bystrom, 1944). It is cubic, with

TABLE 7.2
Atomic coordinates in pyrochlore structure
Space group Fd3m; Z=38
General formula ABOgX, where A is a large cation, B is a small
cation, and X is O, OH, or F. Origin taken at a centre of symmetry.

Kindof | Noof | Typeof Coondinse
A 16 (d) ‘}9 %1 &; %’ is iv 7‘f9 '5, ia is i’s i
B 16 ((') 0, 0, 0, Oa %1 ia '}’ 0, 7}’ 'i’ %s 0
X 8 (b) g’» %a g; 'g” 'g') 'g'
o 48 ) | Lwsl by L
%_'"st,%; ‘5%_"’%; %’%931'_“)

* Naming of sites follows notation of International Tables.
T Coordinates of other atoms derived from those quoted by the opera-
tion of the lattice translations, 0,0, 0; 0, 4, 4; 1,0, 4; 4, 4, 0.

For regular octahedra, u = .

a, = 10-372 A; the space group is Fd3m, and there are 8 formula-
units per cell. The atomic coordinates are given in Table 7.2. There
is one arbitrary parameter to be determined. A projection is shown
in Fig. 7.3.
The structure may be considered as a framework of NbOg octa-
hedra with shared corners throughout, built together to give large
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basket-like holes each holding four Cd’s grouped round a central O.
Each Cd has eight neighbours, six of them corners of NbOg4 octa-
hedra, and two, at a rather shorter distance, linked only to other
Cd’s. The Nb octahedra would be regular if the oxygen parameter
were exactly {5 (or 0-3125), and this is assumed as a first approxima-
tion. Its actual value * is 0-320 (Jona, Shirane and Pepinsky, 1955).
The corresponding Nb-O distance is 1-97 A, the Cd-O distances
2:61 A and 224 A. These may be compared with the distances in
Cd,Ta,0,, where Ta-O is 205 A, Cd-O is 2:50 A and 2:25 A
(Bystrom, 1944).

6.2. The pyrochlore structure resembles perovskite in being built up
from octahedra linked by corners only, and in having large holes
in its framework which are so-to-speak stuffed with atoms not
strongly bonded to the framework. It differs chemically, however, in
using anions as well as cations for its stuffing—there is an O sur-
rounded by four Cd’s which is not linked to any Nb. The formula
should thus really be written Cd,Nb,O4.O. Pyrochlore also differs
from perovskite in its geometrical complexity. There are 8 formula-
units per cell instead of 1; the Nb’s, though on symmetry centres,
do not lie on tetrad or diad axes, and the symmetry axes of individual
octahedra are not symmetry axes for the structure as a whole. This
means that the possible kinds of transition to lower symmetry will
not be closely comparable with those in the perovskite family.

6.3. The transition to the low-temperature form occurs at about
185°K. The structure is not known in detail, but some information
has been obtained from single-crystal X-ray studies (Jona, Shirane
and Pepinsky, 1955). It is non-cubic, as is shown by the splitting of
high-angle reflections, but the separations of the spots are so small
that the symmetry cannot be determined unambiguously. Rather
larger separations are obtained with crystals containing NaF in solid
solution, and from these it can be concluded that the low-temperature
lattice is not rhombohedral; all the evidence would fit the assumption
of a tetragonal lattice, but the possibility that it is orthorhombic is
not ruled out. If it is tetragonal, the pure crystal has an axial ratio
c¢/a of 1-0005, the material containing NaF one of 1:0011. These are
extremely small lattice distortions.

Optical investigations confirm the non-cubic character. There is a
domain structure, but it is on such a fine scale that it is not casily
interpreted.

* This has been recalculated to refer to an origin on the symmetry centre, in
agreement with Fig. 7.3. Many of the original papers use different origins.
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Fig. 7.3. Cadmium niobate: projection of part of unit cell on (001).

Figures indicate heights, expressed in eighths of cell side, with v = } for
ideal case; more generally, (2 + v) X § = u. For v > 4, the O’s of each
small triangular group move closer together, i.e. farther from Nb.

The intensities of the X-ray reflections show that there are dis-
placements of Nb relative to Cd. Displacements of either kind of
cation relative to O would have a much smaller effect on the inten-
sities, and there is no evidence to say whether they occur or not.

If the low-symmetry form is tetragonal, it is likely to have the
space group No. 109, F4,dm, whose symmetry elements are shown
in Fig. 7.4. This is more usually referred to x and y axes lying along
the diagonals of the cell shown, in which case it has the symbol
I4,md. The crystal class is 4mm, which is a polar class.
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Fig. 7.4. Symmetry elemcnts of F4,dm. (Unit cell is drawn to correspond
with that of Fig. 7.3.)

3.4. It is tempting to suppose, by analogy with the other niobates,
hat the Nb’s are displaced from the centre of their surrounding
sctahedra. Since the lattice distortion is so small, it is unlikely that
here are appreciable displacements of O’s relative to one another;
ve may therefore take an origin fixed relative to the oxygen frame-
vork and consider cation displacements with respect to this.

The Nb’s lie at some distance from the tetrad axis, an arrangement
vhich allows their displacements to have components perpendicular
o the axis though these components must add up vectorially to zero
yver the unit cell as a whole; the substance is in fact a cone ferro-
dlectric. Such perpendicular displacements would, however, bring
wo Nb’s close to one O, and leave other O’s remote from any Nb
for example, the two Nb’s at height 2 in Fig. 7.3 would approach
he O at height 2o, leaving behind that at 2-v). It is difficult to
iee how this could take place without a much larger puckering of the
) framework than the very small lattice distortion seems to suggest.

Components of the displacement parallel to the axis are also
illowed, and these are uni-directional, since the axis is polar. This
lirection coincides roughly with the triad axis of the octahedron,
vhich means that this kind of displacement brings each Nb into close
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contact with three O’s, and gives each O one close Nb neighbour
only. This seems easier to reconcile with the absence of distortion
in the oxygen framework. It is therefore likely that the substance,
while strictly a cone ferroelectric, approximates closely to a line
ferroelectric.

It is interesting to notice that the bond system of Nb then has
the same form as in rhombohedral KNbO,. The transition tempera-
ture for rhombohedral KNbO,, which represents the upper limit of
stability of the trigonal bond system in that structure, is —40° C
(see Table 6.1), which is roughly in the same range as the transition
temperature in CdyNb,O;. There is presumably no small distortion
of the pyrochlore structure which will allow the unsymmetrical bond
systems (orthorhombic or tetragonal) possible to Nb at higher
temperatures; hence the transition goes directly to the cubic form.

6.5. The energy change at the transition is 18 - 2 cal. mol.~?, the
entropy change 0-09 - 0-01 cal. deg.~* mol.~* (Danner and Pepinsky,
1955). These are of the same order of magnitude as the corresponding
changes in the —90° C transition of BaTiO; (see Table 4.5).

6.6. The dielectric ptoperties of the ceramic material have been
studied by Shirane and Pepinsky (1953) and by Hulm (1953). The
dielectric constant is 310 at room temperature; with decreasing tem-
perature it rises to a sharp peak at 185°K. There is a smaller peak at
about 80°K, which perhaps indicates a second transition. The 185°
peak height is about 5000; above the transition, the Curie-Weiss
law is obeyed.

Below the transition, dielectric hysteresis loops are observed, and
they persist down to the lowest temperature investigated, 1-2°K.
The spontaneous polarization of the ceramic at 100°K is reported
as 10 microcoul. cm.~2 (Jona, Shirane and Pepinsky, 1955).

6.7. Investigations of single crystals containing NaF in solid solu-
tion (Jona, Shirane and Pepinsky, 1955) give results which are some-
what different numerically from those for the ceramics. Since the
crystals occurred as plates parallel to (111), all measurements were
made in the direction normal to this, i.e. along the cube diagonal.
The transition temperature was about 160°K, much lower than for
the pure material. With a biassing field, the transition was shifted
to a higher temperature, the cocfficient being 1-5 deg. kV-! cm.
The dielectric constant was 850 at room temperature and 2000 at
the peak. The spontaneous polarization was about 6 microcoul.
cm.~%, If the polar axis is actually [100], the true value is about
4/3 times this, i.e. about 10 microcoul. cm.-2.
146



7. MISCELLANEOUS STRUCTURES

The numerical values of these quantities resemble those for the
perovskites rather than for the hydrogen-containing ferroelectrics.

6.8. Lead niobate

This has been studied by Cook and Jaffe (1952), Hulm (1953),
Shirane and Pepinsky (1953), and Jona, Shirane and Pepinsky (1955).

It has a structure of the pyrochlore family, but rhombohedral
rather than truly cubic at room temperature. The cell dimensions
are a = 10-675 A, o = 88° 50'.

Electrical measurements indicate a transition at a low temperature,
but no structural work has been reported.

The dielectric constant at room temperature is about 150; it rises
to a rather flat maximum, of height about 300, close to 15°K.
Above this temperature it follows a Curie-Weiss law giving a nega-
tive value of T, Below the temperature of the maximum no
hysteresis loops are observed, which shows that the material does
not become ferroelectric. Whether it is antiferroelectric is doubtful.

It is possible that the distortion from cubic at room temperature
is due to partially covalent bonding by Pb, as in the compounds of
Pb with the perovskite structure (cf. Chap. 6).

6.9. Isomorphous compounds

As in perovskite, there are in pyrochlore wide possibilities for iso-
morphous replacement by atoms whose size fits the oxygen frame-
work; but the permissible range of sizes is rather less. This is probably
a consequence of the fact that there are two different A-O distances
which must lie within permissible limits. It can be expressed in a
different way by writing down the relations between radii for an
ideal fit (as was done for perovskite, Chap. 5, § 1.3). There arc now
two such relations, which cannot be satisfied simultaneously, if the
condition for regular octahedra is maintained, unless different
tolerance factors are introduced. The relations are then as follows:

for A-O distances where O is linked also to B,
Vi .
Ra+ Ro=ti=3~(Rp + Ro) = 1;VI-89(Rp + Ro);

for A-O distances where O is linked to A’s only,
Vi2
Ryt Ro=ty—3~ (Rg + Ro) = t;V1-:33(Rg + Ro).
The first condition is best satisfied by ions very little smaller than

for perovskite, the second by ions considerably smaller. Though
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some adjustment can be made by allowing the O parameter to depart
from the ideal value of 5/16, the net result is that the range of permis-
sible sizes is likely to be rather narrower. For Cd,Nb,O,, where
the atoms A and B are near thc lower and upper limits of size
respectively for pyrochlores, the two factors ¢, and f, are 0-87 and
0-96.

Pyrochlores have, however, a further possibility of isomorphous
substitution: oxygen atoms at site X may be wholly or partly replaced
by OH or F, the electrostatic balance being maintained by appro-
priate substitution of other atoms for Cd or Nb. An example is
pyrochlore itself, CaNaNb,O4F. In some cases the site may even be
vacant or partly vacant; for example, a compound of composition
Pb,.sNb,O4.; has been reported by Cook and Jaffe (1953).

6.10. There are only a few compounds of the pyrochlore family whose
electrical properties have been studied. Of these, Cd,Ta,O, and
Y,Ti,0, are cubic, Pb,Ta,0, is rhombohedral; none of them show
any dielectric anomalies down to 90°K. Solid solutions in which
Cd is replaced by Ca or Pb, or Nb by Ta, have also been examined
(Jona, Shirane and Pepinsky, 1955). Ferroelectric properties were
only found towards the Cd,Nb,O, end of each series, and in every
case the transition temperature was lowered by the substitution of
the other component. The solid solution (Cd,Pb),Nb,O, was cubic
at room temperature up to 909, Pb.
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Chapter 8

THEORIES OF FERROELECTRICITY:
THE PHENOMENOLOGICAL APPROACH

’Gin a body meet a body
Flyin’ through the air,

’Gin a body hit a body,
Will it fly?>—and where? . . .

Ilka problem has its method
By analytics high;

For me, I ken na ane of them,
But what the waur am 1?

J. CLERK MAXWELL: Rigid Body Sings

1 Introduction

It is clear from what has been said in the foregoing chapters that
experimental facts about ferroelectricity have been accumulating
rapidly in the last fiftten or twenty years. It is not surprising to find
that theory has not been able to keep up with them: a theory devised
to account for one set of facts is faced, almost before it is published,
with a new set of facts which requires a new set of postulates. The
discussion in these three chapters will therefore be chiefly directed to
examining the postulates of the various theories and seeing how they
are related to each other. For the detailed treatment, reference should
be made to the original papers.

Two kinds of theory may be distinguished, the phenomenological
theory and the model theory. Their approaches and their purposes
are rather different.

A phenomenological theory takes as its starting point a formal
expression connecting all the properties of the material which are
relevant to the particular purpose of the moment. Such an expression
can always be constructed; where judgment comes in is in the decision
which properties are relevant. Next, assumptions are made as to
which of the coefficients change significantly during the process con-
sidered, and which are to be taken as constant. These are partly
based on experimental evidence, but again are partly a matter of
judgment. Then with the help of fundamental laws, such as the laws
of thermodynamics, mathematical relations are established between
the various quantities. If some of the quantities are known experi-
mentally, others can be calculated. There is thus a wide variety of
relations which can be submitted to experimental test. A ‘good’
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8. THEORIES OF FERROELECTRICITY

theory (i.e. a useful theory) is one in which many of the coefficients
are constants; but it does not provide any mechanism to explain why
this should be so, or to account in detail for the variation of the
others.

Phenomenological theories are very general in their scope, and can
give extremely useful results. They serve to pick out those relation-
ships which follow from fundamental laws and are independent of
any particular model, and to distinguish them from others which are
likely to give more insight into the actual mechanism. They provide
a mathematical framework which can be used in connection with any
particular model.

A model theory, on the other hand, begins by postulating certain
particular arrangements of charges or forces in the structure. The
model is devised to account quantitatively for some features of the
structure or of the changes undergone by it, and then it should be
possible to predict other consequences which can be tested experi-
mentally. For a model theory to be satisfying, it must either give good
quantitative agreement with observation over a wide range of proper-
ties in one particular case, or it must use the same kind of mechanism
to give reasonably good agreement in a large number of different
cases. Most of the model theories of ferroelectricity apply to a single
case, and have not been used to predict experimental behaviour out-
side the range of properties they were devised to fit. They will be
considered in Chaps. 9 and 10. The rest of this chapter will be devoted
to phenomenological theories.

2 Devonshire’s theory of barium titanate

2.1. A phenomenological theory of BaTiOj; has been put forward by
Devonshire (1949, 1951, 1954). He assumes that it is legitimate to
treat the material, in all its forms, as a strained cubic crystal, and
considers an expression for its free energy as a function of tempera-
ture, stress and polarization. If the stresses are taken as zero, the
expression can be written as a series involving powers of the polariza-
tion, P, the cocfficients being functions of temperature applying only
to the stress-free condition. These are distinguished by the superscript
X. In its most general form, the expression must have separate terms
and separate coefficients for the components of polarization along
each of the axial directions x, y, z, but to begin with we shall consider
the case where only one direction of polarization is concerned in a
transition. Devonshire found that it was necessary to consider terms
in PS. The particular free energy for the variables considered is the
elastic Gibbs function G,. Devonshire wrote:

G, — Gyo = §x*P? + }6¥ Pt + 3L¥PS (8.01)
where G, is the value of G, for the unpolarized, unstressed crystal.
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The meaning of y* can be seen by differentiating G, — Gyo with
respect to P.

G

= = AP+ EP 4 [P (8.02)
2
gg _ g.P,GE — X + 3EXp? | 5¢Xp (8.03)
E
(57:) — X (8.04)
P=0

Thus x¥ is the dielectric stiffness (or reciprocal susceptibility) for zero
polarization; since the susceptibility is large, it is effectively equal to
¢/(47), whence y¥ = 4n/e for the unpolarized crystal. For the
polarized crystal, the dielectric stiffness is given by 8.03, and thus the
dielectric constant depends on X and ¢4,

The magnitudes and signs of the constants x¥, £% and {¥ have an
important bearing on the nature of the transition. Consider a graph
of G; — Gy, against P. Since stable states are those with a minimum
free energy, this curve must have either a minimum at P = 0 or
(since the form of (8.01) is symmetrical in 4 P) a pair of minima sym-
metrically on either side. It can be seen from 8.03 that if ¥ is positive
there will be a minimum at P = 0, if it is negative, a maximum,
which implies a pair of minima on either side. The former condition
corresponds to a state of zero polarization, the latter to a pair of
oppositely polarized states. This is true whatever the magnitudes and
signs of &% and (*. But if either of thesc is negative and fairly large,
it is possible to have a pair of minima on either side as well as a
central minimum at P == 0. Then the relative stabilities of the un-
polarized and polarized states will depend on the relative depths of
the central and outer minima.

So far, we have considered the shape of the curve at a single
temperature. But the constants may be temperature-dependent, and
hence we expect the shape to change with temperature. Here two
important cases must be considered.

If ¥ and ¢¥ are positive throughout, and x* changes continuously
from positive to negative, we get the situation illustrated in Fig. 8.1(a),
where the family of curves represent the plots of G; — G, against P
at successive temperatures. Below the temperature for which y¥ =0
the single minimum splits into a pair, whose separation 2P, increases
as T decreases. There is no discontinuity in P. This state of affairs
represents a second-order transition. Since y* = 0 at the transition
the dielectric constant becomes infinite.

Alternatively, if £X is negative and (¥ positive (Fig. 8.1 (b)), there
will be a certain temperature range in which there are three minima,
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)
Gy~ Gyo
x*>0
x*=0
x*<0
—» P
(a)

Gy-6yo

()
Fig. 8.1. Variation of elastic Gibbs function with polarization at different
temperatures (schematic): (@) for a second-order transition, (b) for a first-
order transition (Devonshire, 1954).

and one particular temperature at which they are all of equal depth.
This is the transition temperature. Since G, — Gy = 0 for P =0,
and therefore in this case also for P = P,, and since G/0P = 0 at
a minimum, we have:

§FPE A+ AEPS 4 TP =0 (8.05)

and 2Py + PP+ YPF=0 (8.06)
X

Hence P?= — ii" (8.07)
X2

and o = _196 %Xl - (8.08)

On one side of the transition, P is zero, on the other it jumps suddenly

to the finite value P,— i.e., it changes discontinuously. At the transi-

tion x¥ is not zero but positive. Its zero value, found by extrapolation,

occurs at a lower temperature To. The dielectric stiffness, given by
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8.03, changes discontinuously because the polarization does so; hence
the dielectric constant changes discontinuously also.

Devonshire assumed that y* decreased linearly with temperature,
and that &¥ and (¥ were effectively constant. The experimental
evidence about x¥ comes from the Curie-Weiss law, that a graph of

1/e against T gives a straight line; the same graph establishes the
value of T,

2.2. Using these same assumptions, Merz (1953) has expressed
Devonshire’s relations in rather convenient form. He writes

¥ = 2A(T — T,)
= — 4B (8.09)
X = 6C

and then defines new ‘dimensionless’ units:

3C\#
Nk

o — ,1<3C>"E (8.10)
B\ B
. A[3C
- T T,
=405 )=
Then (8.02) becomes
e = 2pt — 4p® |- 2p° 8.11)

This allows convenient plotting of e against p for a succession of
values of ¢, as shown in Fig. 8.2. The curves are identical with those
of E against P at different values of 7 if the scale is multiplied by the
factors in equation (8.10).

It is at once possible from this figure to explain the existence of
dielectric hysteresis loops, since regions in which de/dp are negative
represent unstable states, and the crystal switches over to a state with
positive de/dp and the same e, as shown in Fig. 8.2 by the vertical
dashed lines. The figure also indicates how forced diclectric hysteresis
is brought about by large fields at a temperature above the normal
transition point, for example at ¢ = 1-5. Here there is only one stable
state for e = 0, but for a narrow region near e = 1 there are two
states with p having values of roughly 0-4 and 1-0. Dielectric
hysteresis loops are formed in this region, and in the corresponding
region near e = —1, the curve joining them being nearly a straight
line. Curves obtained experimentally are shown in Figs. 4.13, 5.14.

It should be noted that the existence of these forced loops is
dependent on the negative value of &¥. If &% is positive and constant,
0%¢/0p® has always the same sign as p (as can be seen from equation
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8.03), and therefore de/dp cannot change sign twice in a region
where p does not change sign, as would be needed to make the forced
loop. Thus forced loops can only be found in connection with a first-
order transition. (This assumes that |{¥| < |&X|; table 8.1 shows
this to be legitimate.)

The experimental curves of P versus E can be compared with the
theoretical curves of p versus e by finding the scaling constants P/p
and E/e from a few points on the curves (ideally two points on the
curve for t =0 or T = T;) and the scaling constant (T — T,)/¢

20

- 16
-5

Fig. 8.2. Reduced curves of polarization versus field at different tempera-
tures (Merz, 1953).

from these and the directly-measured values of 4 and T,. (It will be
remembered that Ty, is the temperature of zero dielectric stiffness for
the unpolarized state, found by extrapolation, and not the transition
temperature.) It is then possible to check whether the curves match
for other values of P, E, and T. Merz found very satisfactory agree-
ment. This confirms the assumptions made in drawing the theoretical
curves, namely that &% is negative, x¥ linear with temperature and
with a positive temperature coefficient, and &¥ and (¥ effectively
independent of temperature. The scalingfactors allow these constants
to be calculated. Merz’s values are given in Table 8.1.
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TaBLE 8.1

Constants in Devonshire’s expression for the free energy of BaTiO,
(quoted in c.g.s. units)

Author _ f}?{TZA_) ) ex tX
Merz (1953) 74 x 1075 | — 068 x 10-12 | 2-3 x 1022
Devonshire (1949) 10 x 10°% | —44 x 10-'2 |37 x 10-22
Recalculatedby Merz| 10 x 1075 | — 1-1 x 10712 | 2-8 x 10-22
(1953) from Devon- to to
shire’s paper, using — 12 x 10712 | 3.5 x 10-22
newer data

2.3. Devonshire (1949) also considered the more general equation
which can be used when the spontaneous polarization has com-

ponents in more than one axial direction. The equation correspond-
ing to (8.01) is

Gy — Gy = 3" (P2 4 P2 + P2 + ¥ (Pt + P2+ PO
+ X (P2 + P° + P + JA(P2P2 + P2P2 + P2P2) . (8.12)

The last term corresponds to an interaction between the components
of polarization along the different axes. Its coefficient 2 may be
positive or negative; if positive, it means that polarization along one
axis tends to prohibit polarization along an axis at right angles. (The
values of all the coefficients will of course change if a different set of

axes is chosen.) This expression has a series of minima for zero field,
satisfying the conditions:

P,=P,=P,=0 (@)
P,=P,=0, P,0 (b)
P,=0, P,=P,50 (c) ®.13)
P,=P, =P, 0 )

These represent respectively the cubic, tetragonal, orthorhombic
(referred to monoclinic axes) and rhombohedral forms. The relative
depths of the minima change with x*. If this decreases steadily with
decreasing temperature, and suitable constant values are chosen for
EX X and A, the sequence in which they occur is that actually observed
in BaTiO,.

Devonshire evaluated the constants é¥ and (¥ from the experi-
mental values of the slope and intercept on the temperature axis of
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the graph of 1/e versus T, and the spontaneous polarization at room
temperature. By putting the ratio 1/£¥ equal to 1-2, which gave the
temperature of the second transition correctly, he found he was able
also to give a correct prediction of the third. The experimental data
available in 1949 were rather rough; by substituting better later data,
Merz (1953) obtained values which agreed with those deduced from
his own work (see Table 8.1).

- - N ~
@ ) » o -

P¢ 1n microcoul. cm-?

IS

1 I 1 ! Il ! 1 | 1 1 i

0 0 20 30 40 50 60 70 80 90 100 MO 120

(b)

2
LET—i—an——r-——t-—-r—1"'|’ ] L

20 30 40 50 60 70 80 90 100 MO 120
°C

Fig. 8.3. Comparison of observed (full lines) and calculated (dotted lines)
values of (a) spontaneous polarization, (b) small-signal dielectric constant,
for BaTiO;. Theoretical curves from Devonshire’s theory with constants
evaluated by Cross (1953).

The constants being known, Devonshire (1949) was able to draw
theoretical curves for the free energy, the spontanecous polarization,
and the principal dielectric constants, over a range of temperature
which included the stability ranges of all four forms. The agreement
with the experimental curves for P, and ¢ was qualitatively good, but
not quantitatively exact. Fig. 8.3 (a) and (b) illustrate this; here the
constants for the theoretical curves were evaluated by Cross (1953)
from yet another set of experimental data.
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2.4. Devonshire also considered the effect of stress on the crystal.
For a clamped crystal, where the strain is zero, the Helmholtz free
energy A is the relevant function. It cannot be taken for granted that
the coefficients y, & etc. will be the same for the stress-free crystal and
for the strain-free crystal, because in a piezoelectric crystal the
polarization depends on the stress. Using the appropriate strain-free
coefficients, distinguished by the superscript z, we have for the
clamped crystal

A— Ay =3} (P24 P2+ P2 + (P A+PAH-PY . .. (8.14)
If the crystal is now allowed to change shape, and the strains are
measured as differences in dimensions from those of the clamped
crystal, terms have to be added involving the strains, the elastic
coefficients, and certain piezoelectric coefficients. The equation then is

A— 4= %%m(Pm2+Pw2+Pz2) + %Ew(Pm‘i'"}’PullePz‘;) -+

A (P,*P,*+ PP 2+ P2PR) + ...+ terms in (c;, )

-+ terms in (g;,x;,P) + ... (8.15)
where the ¢;’s are clastic coefficients, the g;’s piezoelectric coefficients,
the #;’s and «;’s components of the linear strains, and the P,’s com-
ponents of the polarization. Differentiation of 4 with respect to each
kind of strain gives the corresponding stress. If the stresses are zero,
the equations which involve them give the strains in terms of the
polarization. It turns out that the strains are proportional to the
square of the polarization. The numerical factors bring in the elastic
constants. These can be evaluated by calculating the theoretical
value of ecach kind of strain at a single temperature (in the range
where it can be manifested in a stable form of the material) and
equating it to a value derived from obscrvations of ccll dimensions at
that temperature. Once the numerical factors are known, the varia-
tion of the strains with temperature over the whole range can be
deduced. This has been done by Devonshire (1949). Again the agree-
ment between theory and experiment is good qualitatively, but not
exact.

In a later paper, Devonshire (1954) discusses the effect of clamping
on the nature of the transition. We have seen that the magnitudes and
signs of the coefficients y¥, &%, (X are important for the stress-free
transition; similarly it is x%, &%, £, which are important for the strain-
free transition. The relation between them can be found. It turns out
for BaTiOj; that x® == y¥ (as expected, because the unpolarized form
is not piezoelectric) but that whereas &¥ was negative, & is positive.
Higher powers were not considered, but it is probable that they too
have positive coefficients. If so, it means that the transition in
clamped BaTiO; is a second-order one. The point is of more
theoretical than practical importance, since it would be extremely
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difficult to devise experimental conditions in which a crystal of
BaTiO; could not deform at all during its transition.

2.5. From the theory as a whole it was possible to calculate various
other quantities, which agreed reasonably well with observation.

Two results in particular may be noted, which are quite general
and do not apply only to BaTiOj. Firstly, the entropy change at the
transition is given by the expression
1 pz,a}f __ 2nP?
29T c
where C is the Curie constant. This result was also shown to be a
general one by Jaynes (1953). Devonshire (1954) tabulates the
experimental data for several compounds and shows that the equa-
tion holds good; the relation has also been confirmed for KNbOj; by
Triebwasser and Halpern (1955) and for Cd,Nb,O; by Danner and
Pepinsky (1955). Secondly, it can be shown that for an antiferro-
electric the presence of a biassing field lowers the transition tempera-
ture. This is in accordance with experimental observation.

There is no a priori assumption made in the theory about the
nature of the transition, and Devonshire (1954) has in fact applied it
to the transition of KH,PO,, which he considers is second-order.
The conclusion that it is first-order in BaTiO; follows from the
particular values of the constants, which are derived experimentally.

S_'S():

2.6. Direct measurement of the coefficients &¥ and (¥ has been
attempted by Drougard, Landauer and Young (1955). They find that
&Y is by no means temperature-independent; it decreases by 509, over
a range of 30° above the Curie point. It is also sensitive to clamping
(as would be expected); this makes experimental work difficult. No
reliable results have been obtained for ¥,

2.7. It is possible to criticize Devonshire’s theory on logical grounds,
as has been done by Jaynes (1953). He argues that the use of a single
expression for the free energy above and below the transition implies
a continuity of the constants across the transition-point, while a first-
order transition is essentially discontinuous. This argument is valid,
but is met by the empirical answer that the same set of constants does
predict with reasonable accuracy the numerical values observed
experimentally in the two ranges. The objection could have been
stated in other terms as a criticism of Devonshire’s initial assump-
tion, namely that it is permissible to treat the substance in all its
forms as a strained cubic crystal. We know that the low-temperature
forms are not cubic; to say that they are derived from cubic by a
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system of internal stresses or ‘spontaneous strains’ is so artificial that
it may be misleading, since it glosses over the question of the structural
origin of stress and deformation. Nevertheless the difference from
the cubic form is so small that we may reasonably expect many con-
stants to remain the same for both, within our accuracy of measure-
ment. It is a matter of judgment, requiring experimental verification,
to decide which of them may be taken as invariant. The success of
Devonshire’s theory shows that the expression for the free energy is
at least very nearly continuous, or in other words that any discon-
tinuities are not important to the present degree of approximation.
Perhaps the argument can best be treated as an illustration of the
difficulty of achieving a satisfactory definition of first- and second-
order transitions where displacive or pseudosymmetric rather than
reconstructive transitions are concerned.

3 Mueller’s theory of Rochelle salt

3.1. Mueller, in a series of papers (1940a, b, ¢, d), put forward two
phenomenological treatments of Rochelle salt which have proved
very successful in correlating its properties and have contributed
much to subsequent theories of ferroelectricity. A full account and
discussion of this work can be found in Cady’s Piezoelectricity (1946);
what follows here is only a very brief outline of the postulates and
conclusions, to show their relation to the other theories.

In his first approach, Mueller postulated an internal field related
to the polarization by a polarizability which is the sum of two terms,
one due to distortion and one to orientation (see Chap. 9, §§ 2,
4.2 and 4.3). From these the dielectric constant, the Curie-Weiss
law, and other properties of the crystal outside the Curie range can
be correlated fairly successfully. Though phenomenological, this
treatment is so closely linked with model theories that it is better
considered with these in Chap. 9.

In his interaction theory, developed later, Mueller assumed that
piezoelectric stresses were proportional to the polarization rather
than the field, and that the expression for the field as a function of
polarization was not linear but contained a term in P3. If the two
free energies are expressed in powers of P (cf. equations (8.12),
(8.15)) they go as far as P4; they include terms which involve the
piezoelectric coefficients because they result from the interaction of
polarization with stress. Different but related expressions are
obtained according to the choice made for the reference state (the
strain-free crystal) in the ferroelectric range—whether this is ‘rhombi-
cally clamped’ to maintain the orthorhombic symmetry, or ‘normal’,
i.e. monoclinic and stress-free. The dielectric constants under various
defined conditions can be expressed in terms of each other and of the
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pontaneous polarization, using only coefficients which are experi-
1entally derived and which have been found temperature-independ-
nt. Thus for example if the variation with temperature of P, y¥ or 4®
; known, that of the others can be found.

Values of the same quantity calculated by different sets of equa-
lons do not agree perfectly, but the discrepancies are probably
7ithin the limits of experimental error of the observed data.

.2. Thisis as far as the phenomenological theory can take the matter.
Ve may ask which of the temperature-dependent quantities is most
ignificant for the explanation of the transition. Mueller put the
mphasis on x®, because it, for normal Rochelle salt, when plotted
gainst temperature gave a minimum with a value very close to zero.
fit were exactly at zero, it would imply that the clamped crystal just
voided becoming polarized at any temperature, and this might
rerhaps have some physical interpretation. On the other hand, it is
iow known that for deuterium-substituted Rochelle salt the curve of
“ cuts the axis at two well-separated points, giving a minimum below
ero, and no disappearance of the ferroelectric region. This suggests
hat the zero value of the minimum for the normal salt is simply
oincidence.

The temperature where spontaneous polarization sets in is fixed, in
he unstressed crystal, by the point where x¥ (not x*) becomes zero,
s was shown in Devonshire’s treatment of a second-order transition
§ 2.1). The peculiarity of Rochelle salt lies in the opposite signs of
he temperature coefficients of y* for temperatures above and below
he Curie region, and this is not explained.

Comment on the phenomenological theories

1. The theories outlined above have had considerable success in
«chieving their first aim, the derivation of useful relations between
he various properties of the substances concerned. In their second
im, the isolation of particular features which are likely to provide
ritical tests for the model theories, their achievements are more
loubtful. They have focussed attention on y, the dielectric stiffness
or zero polarization, and its variation with temperature. Experi-
nentally we know that in many substances it is linear, as shown by
he existence of a Curie-Weiss law. But a large number of laws of
emperature dependence will give a linear law as a first approxima-
ion for small temperature differences. Hence we may expect to find
1 linear law derivable from a large number of different models, and
ve cannot use it as a test by which to recognize the correct one: also,
:ases are known where the graph of y versus T shows a curvature just
ibove the Curie point (see Chap. 2, § 8), or has a discontinuous
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change of slope in a non-polar crystal without any obvious transition
(Chap. 5, § 2.7), or has hardly any linear range at all (Chap. 7, § 2.2).
If the approach which emphasizes the dielectric stiffness is to account
for the wide range of experimental facts, it loses its apparent advant-
age of simplicity.

4.2. 1t is of course true that every model theory can be expressed in
terms of a phenomenological theory, though it may need the intro-
duction of more non-negligible constants than have yet been con-
sidered. It does not follow that the thermodynamical relations always
give the quickest or most accurate ways of calculating numerical
values of any properties. The more constants that have to be intro-
duced, the more cumbrous do the theories become, and the less
direct their connection with experimentally observable quantities.

5 Phenomenological theory of antiferroelectricity

5.1. A theory of antiferroelectricity was first put forward by Kittel
(1951). He used a model in which the repeat unit associated with the
lattice consisted of a pair of oppositely directed dipoles, contributing
polarizations P, and P, respectively, and having an interaction
between them. He showed that there would be two possible stable
states, with P, == 4 P,. Though the model is rather unreal, as the
forces holding the dipoles fixed in position with respect to the lattice
would not be independent of their interaction, it has served as a use-
ful approach. For the case with P, == — P, the resultant polarization
is zero, and the material is antiferroelectric.

5.2. Devonshire (1954) has expressed the theory in a form which does
away with the need of a particular model. He supposes that there are
two polarizations P, and P,, which may be rewritten to give a
resultant ferroelectric polarization P and a quantity p which is
formally equivalent to an antiferroelectric polarization:

P=P,+ P
P = Pa - Pb}
If P, and P, are not in the same direction, these equations may still
be used if all the quantities in them are defined as vectors. The free
energy is then
Gy — Gyo = S YP2 + JEXPY {0APS 4 . ..
_f.,%x' pz + %f’XP‘i + %é"ﬁ'ps “+ ...
+ PP ... (8.17)
It depends on the particular values of the coefficients whether this can

possess a simple ferroelectric state (a minimum of G, — Gy, with P
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non-zero and p zero) or an antiferroelectric state (a minimum with
p non-zero and P zero) or both states in turn at successive tempera-
tures, or a ‘mixed state’ in which both p and P are non-zero. This
‘mixed state’ (which is a ferroelectric state according to the definition
of Chap. 1, §9) is prohibited if the cross terms such as 4Ap2P? are
positive and sufficiently large.

In terms of a model, Devonshire’s postulate implies that there are
two dipoles per lattice point; the ‘mixed state’ is an equilibrium
state such that neither the sum nor the difference of the vectors
representing the dipoles is zero. If the magnitudes of the vectors are
different they must be attributed to crystallographically non-
equivalent units of the structure, and therefore their mechanisms
need separate consideration from a physical point of view; the formal
theory which takes them together may not be very useful. If the two
vectors differ only in direction we have a special case of the cone
ferroelectrics discussed in Chap. 1, § 11.1. In these, the polarization
of the unit cell is the vector sum of polarizations of identical sub-
units oriented differently in space but all inclined at the same angle
to the polar axis. Devonshire’s theory applies formally to two
dipoles only, whereas a cone ferroelectric is not restricted to two
dipoles in the symmetry-equivalent set; possibly the theory could be
restated for the more general case.

Though earlier experimental and theoretical work dealt only with
line ferroelectrics with a single dipole per lattice point, possible
examples of cone ferroelectrics are now known (see Chap. 5, § 4.11,
and Chap. 7, § 2.3 and § 6.4) and are likely to increase in number.
An application of Devonshire’s theory to one such compound,
NaNbOj, has been made by Cross (1956). It is also quite possible
that complex structures may contain more than one set of crystallo-
graphically-independent dipoles; indeed, some of the known ferro-
electrics, such as KH,PO,, may be cases in point. Devonshire’s
treatment shows in a general way how a phenomenological theory
can be extended to such cases, but does not provide any way of
relating the cocfficients of the theory with any properties of the
separate dipoles.
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Chapter 9

MODEL THEORIES:
GENERAL BACKGROUND

. .. Turns them to shapcs, and gives to airy nothing
A local habitation and a name.

SHAKESPEARE: A Midsummer Night’s Dream

Introductory ideas

1. Model theories begin by postulating some mechanism in the
ructure which is likely to explain some of the properties; from this
ey go on to deduce various other properties. Historically, most
corics have used the idea of electrostatic dipoles, and it will be
nplest and most useful to consider this approach rather fully, even
ough later on we shall see that it needs to be widened.

2. Suppose a structure consists of, or contains, a set of small
poles held at fixed points in a regular array. There will be thermal
otions tending to destroy the regularity; we suppose that they will
ot seriously affect the positions of the dipoles * (an assumption
hich is often taken for granted, but needs to be explicitly stated) but
ay change either their orientations or their magnitudes. In the former
se we have permanent dipoles, which retain their individual dipole
oments unchanged, though the net dipole moment of the whole
ray is lowered or destroyed because of their different orientations
-which may be at random over all directions in space, or distributed
stween a limited number of fixed directions. The other type are the
ced-direction dipoles, where the formal separation of charge is
ways in a given direction, but varies in magnitude because of the
ermal motion. They include induced dipoles, which are always
wrallel to the field inducing them.

3. Forces tending to keep the array of dipoles in ordered formation
parallel or antiparallel—are of two kinds: the long-range forces,
sctrostatic in character, arising from the ficlds of the dipoles them-
lves, and the short-range or structural forces due to interaction
‘tween near neighbours.

* They will of course give rise to a thermal expansion, but this effect is small
'«d may be neglected in a preliminary discussion.
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Earlier theories dealing with induced polarization in ionic non-
polar crystals* (see for example Mott and Gurney, 1940) used only
electrostatic forces. The assumption that only such forces were
important was carried over into some of the theories of ferro-
clectricity and applied to polar crystals.* In the following sections,
therefore, we shall have to consider it rather fully.

If, in such a theory, the dipoles are of fixed-direction type, it means
that the whole separation of charges which constitutes the dipole is
caused by the action of an internal field which is itself caused by the
dipoles. This particular type of theory has been given the nickname
of ‘Bootstraps Theory’, because ‘it leads to the situation experienced
by Munchausen’s soldier who lifted himself out of the swamp by his
own bootstraps’ (von Hippel, 1950). It is a paradoxical situation, but
the arguments have been widely accepted. An example is Slater’s
theory of BaTiO; (1950) (Chap. 10, § 9).

When the dipoles are permanent, and the internal field serves to
orient rather than to create them, the same kind of paradox does not
arise. An example is Mason and Matthias’s theory of BaTiO; (1948)
(Chap. 10, § 7), which however has been strongly criticized on other
grounds.

It is, however, by no means obvious that short-range forces, not
electrostatic in origin, never contribute to the restoring forces. Such
forces certainly exist—if only to provide for the finite separation of
the array of atoms carrying the dipoles, or in other words for the
finite compressibility—and we cannot assume that their interaction
with the other forces is negligible. A theory in which short-range
forces provide the whole restoring force (or where long-range forces
are only included as a small correcting term) is Slater’s theory of
KH,PO, (1941) (Chap. 10, § 4).

2 Polarization and susceptibility in terms of long-range forces

2.1. Before we consider any detailed model, we must deal with some
phenomenological arguments (resembling those of Mueller for
Rochelle salt, cf. Chap. 8, § 3.1) which will be needed in handling it.

Consider an array of dipoles of net polarization P (total dipole
moment Pv, where v is the volume) acted on by an external field E.
If each individual dipole has a moment g (or, if they are permanent
dipoles, a moment with average component u parallel to P) and if
there are n dipoles per unit volume,

P =nu 9.01)
There is a local field acting on every dipole due to the whole array of

* Here and throughout this book the term ‘polar crystal’ is used in its macro-
scopic sense to mean a crystal of polar symmetry (see appendix).
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other dipoles. This can be expressed as a power series in odd powers
of P,
Eyge, = P — £XP3 — [XPpS 9.02)
The restriction to odd powers ensures that Ei.. changes sign but not
magnitude when P changes sign. For small fields, only the term in P
need be considered. Then if the effective field acting on the dipoles
is F,
F=E+ P (9.03)
2.2. We next assume that the net dipole moment is proportional
to the effective field inducing it, and define their ratio as the (macro-
scopic) polarizability, a,. It is at this point we postulate the absence
of any short-range forces which could affect the magnitude (or in the
case of a permanent dipole, the orientation) of the individual dipole.
Then since the polarization is the dipole moment per unit volume,

= f*:)l’F (9.04)

Combining equations (9.03) and (9.04), we have

P=E / (;i; - /3) (9.05)

By definition, the susceptibility % is g;, hence

/() S o

In this, 8 is constant, but v/u,, is temperature-dependent; the varia-
tion in v (the thermal expansion) is small, but that in «y, may be
larger. If at some temperature v/u,, becomes equal to 3, the suscepti-
bility (and hence the dielectric constant) becomes infinite. We may
call this temperature T,

2.3. The approximation made in (9.03) does not hold good if
spontaneous polarization has set in, because the higher terms in
(9.02) are now not negligible. Instead of (9.05) we have:

E— (1 - ﬁ)P - EXPY 4 LTPS 9.07)
oM

(Comparison with (8.02) justifies the use of these particular coefficients
for the higher terms.) For the susceptibility near the Curie point this
gives (cf. (8.03))
L (3’5) = (s —p) -3z szips 009
7 O0P/g=0 \am
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P, may be evaluated from (9.07) by putting E = 0, and is then
eliminated from (9.08). There are two different cases (discussed in
detail by Kittel (1953)) corresponding to first- and second-order
transitions (cf. Chap. 8, § 2.1). For a second-order transition &% is
positive, ¥ negligible, and (v/ay — ff) negative below the Curie
point, at which it is zero. For a first-order transition, £¥ is negative,
(X positive, and (v/oyr — ff) positive even below the Curie point. The
expressions for 7 just below the Curie point are as follows:

Second order: -1 = — 2(_1 _ ‘3)
! o (9.09)

. 1 v
First order: - = 4(_— — /3)
i M
We shall use T, to mean the temperature at which v/ = f, as
distinguished from Ty, the temperature where the susceptibility has
its maximum, i.c. the transition temperature.

3 The internal field

3.1. An carly treatment of the internal field was due to Lorentz
(1916). He showed that a randomly-placed array of point dipoles in
parallel orientation in an uninsulated body gave a field of 47P/3. An
array of similar dipoles on a simple cubic lattice also gave this value,
4nP/3, for the field acting at each dipole.

The condition of parallel orientation does not hold for models with
permanent dipoles, where misorientation follows as a consequence of
thermal motions. An alternative theory was put forward by Onsager
(1936), whose postulates implied that the neighbours of any mis-
oriented dipole at a given instant were in equilibrium with it—that
they followed its movements with no time-lag. In the Lorentz theory,
they remained completely unaffected by it. Devonshire (1954) sug-
gested that something between the two extremes was likely to be a
better representation of any actual system, but it is convenient to
consider the ideal cases. Onsager’s theory gives the value of the
internal field as P, where f8 is not constant but dependent on .

For dipoles of fixed direction, it would scem that the Lorentz field
is applicable, provided the further condition is satisfied that their
array is either random or on special positions on the triad axes of a
cubic structure. The cubic condition is fulfilled for all atoms in
certain simple structures, such as those of the alkali halides, but not
in BaTiO;. In rather complicated structures such as Rochelle salt,
where all or most of the atoms are in general positions, it is reason-
able to consider the array of atomic dipoles as random.

Where more than one kind of dipole is postulated, the Lorentz
condition may be applicable to one and not to the other. Thus each
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model must be examined separately, and particular assumptions
made. Sometimes an empirical factor f# s uséd mstead of the Lorentz
4n/3, and it is'later evaluated by comparison of the thcory with
experimental results. It is interesting to notice that it is often found
to be not very different from 47/3.

In other cases, notably BaTiO,, the variation of the field from
point to point inside the unit cell has been taken into account. Here
there are several independent dipoles in the unit cell, each repeated
by the lattice translations to give a set characterized by its own
internal field. The field due to a set i acting in a given dircction at a
given vector distance r; from the dipole in the same unit cell can be
calculated, and expressed in terms of a (scalar) constant f,. If the
polarization of this set of dipoles is P,, its contribution to the internal
field is . P;, and the total internal field at any point is the sum of
such contributions, where the f,’s are worked out for the vector
distances of the various dipoles from the point. This treatment is
used in Slater’s theory of BaTiO; (1950) (Chap. 10, § 9.2). For
details of the calculation of the f’s, sce Jaynes (1953).

3.2. We must next consider whether an internal field of any of these
types is adequate to explain the existence of a Curie point. Equation
(9.06) shows that the requirement is

1 *5.7¢

5T 9.10)
We have therefore to find the polarizability, oz, from independent
data as a function of temperature, and see if it gives a reasonable
prediction of the Curie point. This can easily be done (cf. § 4.3) for
polar liquids with permanent dipoles, such as water. It turns out that
the Lorentz theory gives a Curie tempcrature so high that water
would be ferroelectric at 100° C! The difficulty using this theory is to
explain, not why some substances are ferroelectric, but why others
are not. This was called by Van Vleck (1940) ‘the 477/3 catastrophe’
or ‘the Lorentz catastrophe’. It has since been met by the realization
that Onsager’s theory is more appropriate than Lorentz’s to such a
case.

It was originally thought that Onsager’s theory denied altogether
the possibility of a polarized state in a substance with permanent
dipoles. However, Pirenne (1949) has shown that, while the un-
polarized state always represents a minimum in the free energy, there
may be lower minima corresponding to polarized states—that is, a
first-order transition is possible though not a second-order one.

The more important type of model with fixed-direction dipoles
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cannot be dealt with till we have given some further consideration to
the interpretation of polarizability.

4 Polarizability

4.1. In equation (9.04) we defined oy, the dielectric polarizability of
the crystal structure. Its relation to the experimentally-observed
susceptibility, #, was derived in equation (9.06) in terms of an internal
field having a field constant 8. This equation may be rewritten

v 1M 9.11

v I+ fn ©.11)
If # has the Lorentz value 47z/3, this can conveniently be expressed in
terms of the dielectric constant, ¢ = 1 + 4a,

dray e —1 9.12)

This is known as the Clausius-Mosotti relation; it serves to define
apr in terms of the observable e. It holds strictly only for crystals
where the Lorentz theory applies, namely those with a random
arrangement of dipoles or cubic crystals where all ions are in special
positions on triad axes. Equation (9.11) is more generally applicable.

If the polarizability is to be of any use in a model theory, it will
need to be expressed in terms of the dipole moments of individual
dipoles. Before going into details, it will be useful to obtain some
general relations showing what happens when more than one kind of
dipole is present.

4.2. Suppose the structure contains two different kinds of dipoles
giving rise to polarizations P; and P,. These are additive, and their
sum gives the resultant polarization P. Both will give contributions
to the internal field at any given point, but they will not necessarily

have the same field factor. The equation corresponding to (9.03)
is then

F=E+ jiP,+ B,P, (9.13)

Let the first set of dipoles have a polarizability y,v, where y; is
defined by

Pl == '}/IF (9.14)
E + B,P,
Then F=" 5% 9.15
1 — s ¢ )
: E Bay
and —.nt L p {1 + _,‘_.-__L..} 9.16
1 — B : 1 — B ( )
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4ry, 4nP zf B }
1 —pn + E 11 + 1 —fin ©-17
n this context ¢ is the overall dielectric constant 1 -+ 4w P/E, not
¢ differential dielectric constant 1 -+ 47xdP/9E. Outside the ferro-
>ctric range the difference is negligible.)

Suppose it is in any way possible to measure ¢ under conditions
ch that P, = 0; let its value then be ¢,. Then

- 4P, _Ban_
=g 5 (1 + i *ﬁn%) (9.18)

yme of these relations will be useful for the theories considered in
1ap. 10.

1ence e=1-

3. The first important case to be considered is that of a set of
rmanent dipoles of fixed magnitude, subject to thermal agitation
id oriented by a field F. These are the postulates of the Langevin-
‘eiss theory of ferromagnetism; they lead to an expression for P in
rms of F as follows (assuming F small, so that it is far from

turation):
_ 9.19
3kTF ©-19)

ere u is the dipole moment of an individual dipole, n the number
:r unit volume, k Boltzmann’s constant, and T the absolute tem-
rrature. If the polarizability is «,,, we have

%or _ P (9.20)

‘e notice that this orientation polarizability per unit volume is
versely proportional to the absolute temperature. The susceptibility
llows from equation (9.06):

1/ () e

his is the Curie-Weiss law. It may be written

C
n = 4(T '“T(;) 9.22)
C nu? «
h et = Tor )
ere ekt . 9.23)
2
d T, = é"ﬁ_ = ﬂfi"f T 9.24)
3k v

4. For larger fields, we cannot expect the magnitude of the dipoles
» be independent of the field. A dipole consisting of a pair of nuclei
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embedded in an electron cloud will be affected in two ways by a
strong field: the distance between the nuclei will change, and the
electron cloud will be altered in shape. This distortion introduces
new terms into the expression for the polarization. It is nearly always
assumed that, to a first order of approximation, individual ions can
each be represented by a point charge plus a point dipole at the same
position. This will be accepted for the present, though it may need
reconsideration later.

In some of the models with which we shall be concerned, the
orientation and distortion terms are of very unequal magnitude. We
can in fact isolate the two extreme cases, and treat them separately
(and have done so to some extent earlier in the chapter): the fixed-
magnitude dipoles, where the effects of distortion are very small,
and the fixed-direction dipoles, where thermal agitation cannot
appreciably alter the direction (or balance of directions), and only
the distortion terms need be considered. The latter case is a very
important one, and must be examined in some detail.

It is not difficult, if necessary, to include terms for both types of
polarization at once, as is shown formally in § 4.2. We may notice
that, if one type of polarization is independent of temperature, the
expression for the diclectric constant will include a constant term.
For example, if in equation (9.14) Py (and therefore y,) does not vary
with temperature, equation (9.18) becomes

€= £q + igz (9.25)
where c is constant. If P,/FE has an inverse linear relation to T, the
law takes the form

c
& =¢y+ T T, (9.26)
If the graph of 1/e versus T'is to be a straight line within experimental
error (the Curie-Weiss law), ¢, must be small.

4.5. We must now distinguish between the two factors which to-
gether make up the distortion: the relative displacement of the cores
(the nuclei with their most tightly-held electrons) and the distortion
of the looser parts of the electron cloud. The former can only be
observed in an applied field which is static or of rather low frequency.
If the field frequency is greater than the natural frequency of the
atomic vibrations (which generally lies somewhere in the infra-red)
only the electrons will follow it, and the consequent polarization is
known as electronic polarization. We define an electronic polariza-
bility, «,, by an equation comparable to (9.12), but with the ordinary
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(low frequency) dielectric constant replaced by the ‘optical dielectric
constant’, the square of the refractive index n. Thus

dra, n*—1

ERE LY .2
Like (9.12), this is only valid if the field at each ion is a Lorentz one.
A more general equation, comparable to (9.11), can be used when
has a known value different from 47/3.

4.6. It is next necessary to see how the polarizabilities a s and «, can
be expressed in terms of individual atoms. Recent writers do not rely
on measurements of polarizabilities of free ions, but start with the
experimental values for crystals defined by (9.12) and (59.27). The
problem then is: can we allot a polarizability to each kind of atom
such that the sum will in all cases represent the observed polariza-
bility opr or o,? It is of the same type as the problem, solved by
Goldschmidt, of allotting a radius to each kind of atom such that the
sum always represents the observed interatomic distance.

This problem has been tackled by Roberts (1949, 1951) for the
total polarizability a,s, and by Tessman, Kahn and Shockley (1953)
for the electronic polarizability «,. Both scts of authors show that for
the alkali halides the additivity law is very well satisfied; in doing so
they confirm the correctness of the Lorentz field for this problem,
which had earlier been questioned (Mott and Gurney, 1940; but see
below, § 4.7). Both also extend their studies to other cubic crystals,
to obtain polarizabilities for a widc range of atoms. They find that
for many non-cubic crystals there is still a reasonable agreement
between oy, and v £ of; (Where the o; are the separate polarizabilities
per unit volume). Further, Roberts (1951) modifies the theory to
cover cases where the Clausius-Mosotti law does not hold, and f is
not the same at all points, by writing

vi=o i oy =v2y; (9-28)

For ions of the same valency, Roberts finds that the total polariza-
bility per ion varies linearly with the cube of the ionic radius, i.e. with
the ionic volume, a result which may be physically significant.

Tessman, Kahn and Shockley obtain a very considerable spread in
values of the electronic polarizability derived from compounds which
have some homopolar character. This is particularly marked for O%-,
where the polarizability seems to depend on the volume per oxygen
ion,

Some particular values of polarizabilities are given in Table 9.1.
They are only intended as illustration; there is a good deal of uncer-
tainty still about the best values to use, and the original papers should
be consulted.
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TABLE 9.1

Some atomic polarizabilities

Polarizability in A®
Atom Electronic polariz- . .
Total polarizability ability (Tessman, El:g%{ﬁ?'gsrc’glab‘;z‘
(Roberts, 1951) Kahn arl135§;1ockley, Slater (1950)
Ti 0-87 —_— 0-19
Ba 5-94 2:5 1-95
Sr 374 — —
Ca 2:55 —_ —
(0] 2:70 0-5to 32 24

4.7. It would be possible to use the difference of the observable
quantities a.p and «, to define an ionic polarizability «;,

' oy = gy — O (9.29)
(This has not been done with the actual experimental values; in view
of their present experimental limits of error, it might not be very
informative.) Then the dipole moment associated with ionic polariza-

tion could be expressed in terms of the number of ions &, the ionic
charge ze, and a displacement J:

Fa, == Flogy — o) = Nzed (9.30)

In this, 0 represents a separation between positive and negative
charges of magnitude ze. The question now is, can such charges be
found in the structure with such a separation? Can 6 be identified, for
example, in terms of the structure as determined by X-rays?

One treatment is due to Roberts (1950). He assumes a model in
which the whole distortion of the atom takes place without affecting
its outer boundary. Then ¢ is the distance between the nucleus of the
atom in its distorted and its undistorted positions. His arguments are
restricted to non-polar crystals*, and hence to the case of induced
polarization.

For a polar crystal*, it is very far from clear what physical meaning
can be given to the displacement in equation (9.30). A displaced atom
does not constitute a dipole, and since the displaced position is the
equilibrium position there is no necessary concentration of negative
charge in the central site from which it has been removed, even if that

* See footnote on p. 166.
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could be defined with respect to all the other atoms which may also
suffer displacements.

Takagi (1953) has faced this difficulty. He has shown that while no
meaning can be given to the ionic polarization of a single set of
translation-equivalent ions, the mutual polarization of a pair of sets
can be expressed in terms of their displacement relative to each other,
which is uniquely defined. The total ionic polarization of the struc-
ture is the sum of the polarizations of all the pairs.

There is another fundamental difficulty involved in equation (9.30).
The difference between aps and «, is not wholly due to displacements
of the cores in a static or slowly varying field. It was pointed out by
Eucken and Biichner (1934) that a change of internuclear distance
necessarily involved a rearrangement of the electron cloud. There is
in fact a short-range interaction between the true ionic polarization
and the true electronic polarization, so that what is measured depends
on both. We may express it otherwise by saying that «, as defined by
(9.29) contains a contribution from the outer electron cloud, which
could be rather large, and that neither z nor d has an independent
meaning.

An attempt has been made by Szigeti (1949) to deal with polariza-
bilities in an entirely different way. He defines them, for each atom,
in terms of natural frequencies in the crystal for applied fields of
different frequency. He does not use the concept of the internal field,
nor divide the polarizabilities into ionic and electronic parts. This
treatment, however, has only been applied to non-polar crystals*.

It is thus clear that ‘ionic polarization’ is a concept which cannot
very easily be given a physical meaning, because of the difficulty of
finding the effective charge. In particular, the individual dipoles in a
ferroelectric or antiferroelectric cannot be identified with the pro-
ducts of the charges corresponding to the valency and the observable
‘displacements’ of selected atoms.

4.8. The difficulty in giving a physical meaning to the ionic polariza-
bility brings us back to the doubtful validity of our original assump-
tion (§ 2.1), namely that all the restoring forces were long-range, and
that short-range forces were negligible. We may put this another way
by saying that it is not a good enough approximation to represent
each atom (or rigid group of atoms) by a point charge plus a point
dipole. The way out of the difficultyis not merely to add a quadrupole
term to the atom (as Szigeti (1950) has pointed out), but to consider
the actual ways in which the electron cloud becomes non-spherical.
From the quantum point of view we see that the effects of overlap at

* See footnote on p. 166.
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the contact between an atom and its neighbours will give rise on the
one hand to repulsive forces, on the other to attractive forces of
covalent character (see for example the treatment of the Si-O bond
by Fyfe, 1954). From the electrostatic point of view, we recognize
that it is necessary to place dipoles on the atomic bonds instead of,
or as well as, at the atomic centres. In this way, by either approach,
we have to take into account the short-range forces.

There is evidence from nuclear resonance experiments on KNbO,
(Cotts and Knight, 1954) that a treatment of this kind is necessary.
The direction and magnitude of the field gradient at the Nb atom
cannot be predicted, even qualitatively, by the use of simple models
based on point charges, and the authors conclude that their results
can only be explained by covalent bonding, where the field gradient
‘is generated by valence electrons which penetrate the ion core’.

It seems clear from these arguments that only quantum-theory
treatment can give an exact description; but that a reasonable electro-
static model might perhaps be devised if the concept of point atoms
were abandoned. Meanwhile, it might be fair to say of the model
theories outlined in Chap. 10 that the most successful quantitatively
are those which haye been least specific in interpreting ‘polariza-
bility’ in terms of particular dipoles in the structure.

5 Construction of a model theory

5.1. We can now re-state the method of constructing a theory in a
rather more general way. It is first necessary to pick out some feature
of the unit of structure which can exist in different states having
slightly different energies. Then the states corrcsponding to each
possible value of the energy must be enumerated.

Here the treatment for long-range and short-range forces differs.
For long-range forces, the state of each unit is independent of its
neighbours except through the effect of the internal field. Hence it is
easy to enumerate the possible states of the unit. The calculation of
the energy of each state involves an assumption about the field-factor
of the internal field; if the model postulates different kinds of dipoles,
there may be a separate factor for each.

With short-range forces, the state of each unit is affected so
strongly by the state of its neighbours that we cannot consider them
in isolation, but have to derive from the separate units the possible
states of the crystal as a whole. The energy of each unit, however, is
not dependent on the state of the whole, and enters into the energy of
the whole as a constant factor.

When the possible energy states of the independent units (the unit
cell or the whole crystal, according to the circumstances) have been
enumerated in terms of their energies, a partition function is con-
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structed, and the Helmholtz free energy obtained from it. From this
in turn various other quantities are directly derived, notably the
maximum polarization, the dielectric constant of the unpolarized
substance and its temperature variation (generally expressed in terms
of the constants C and T, of the Curie-Weiss law), the changes of
energy and of entropy at the transition. These can be compared with
experimental observation. Further assumptions introducing the
piezoelectric coefficients are needed if the detailed rate of rise of the
spontaneous polarization or the dielectric constants below the Curie
point are to be explained.

This is, in outline, the pattern followed by most of the theories
described in Chap. 10.

1t is worth noting the warning given by Devonshire (1954), that the
quantities most easily calculated from a model theory are usually not
those most easily observed. For example, theoretical calculations
usually give isothermal susceptibility at constant strain, and the
transition temperature of the clamped crystal, whereas experimental
obscrvations usually give adiabatic susceptibility at constant stress,
and the transition temperature of the free crystal. The differences
must be taken into account if a critical comparison of theory and
experiment is being made.

5.2. It should be noticed that the model theory has to begin by
postulating the nature of the low-temperature structure. In the
theories using short-range forces, this is done by specifying the type
of interaction between units; in those using long-range forces, by
specifying the direction of the dipole and the size of the repeat unit.
In both, this amounts to an acceptance of the particular kind of low-
temperature structure actually obscrved. For example, the assump-
tions made in Slater’s theory of KH,PO, (Chap. 10, § 4) do not hold
for NH,H,PO,, and there is nothing in the theory to show why it
applies to one structure and not to the other.

It is thus not true to say that ferroelectricity can be adequately
explained in terms of electrostatic dipoles, since this must always
include an empirical assumption about the kind of low-temperature
structure adopted. Further, it would seem that such theories cannot
explain antiferroelectricity without again introducing an arbitrary
assumption about the nature of the new lattice (which is formed,
as we have seen, from some multiple of the original unit cell). For
example, though Takagi (1952) has studied a model which could
show ferroelectricity or antiferroelectricity, the unit cell of the
antiferroelectric structure was a postulate for the theory, not a
deduction from it.

The type of theory we have considered so far must therefore be
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prefaced by other ideas which will serve to give a qualitative explana-
tion of the low-temperature structure. The failure of the long-range
forces to do so means that they cannot be considered as the cause of
ferroelectricity, whatever their contribution to the effect when it does
set in. It would in any case seem arbitrary to explain ferroelectricity,
which we have seen to be so closely dependent on crystal structure,
without reference to our knowledge of structure-building principles
in other low-symmetry compounds. This again focusses attention on
the short-range homopolar forces. Some suggestions for an approach
along these lines are made at the end of Chap. 10.
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Chapter 10

MODEL THEORIES:
PARTICULAR APPLICATIONS

The mind, that ocean where each kind
Does straight its own resemblance find;—
Yet it creates, transcending these,

Far other worlds, and other seas.

MARVELL: The Garden

1 Introduction

The account of the individual theories which follows does not
include very much of their detailed mathematical treatment. Emphasis
has been given to the assumptions put into the theories and the con-
clusions drawn from them, and an attempt has been made to state
them in terms which will allow comparison of one with another.

The theories are grouped according to the substance with which
they deal, and within each group are in chronological order. The last
section gives an account of the structural approach which is applic-
able to all substances.

2 Rochelle salt: theories of Kurchatov and of Fowler

The first theoretical treatment of ferroelectricity in Rochelle salt
was put forward in 1930 by Kobeko and Kurchatov. It assumed
rotatable dipoles, and was closely related to the Langevin-Weiss
theory of ferromagnetism. Fowler’s theory (1935) postulated the exist-
ence of certain preferred directions in the low-temperature structure,
and a cooperative transition between this ordered state and the dis-
ordered state of complete rotation. In both theories, the water mole-
cules were supposed to constitute the dipoles.

Later work on the crystal structure failed to provide evidence that
the water molecules were freely rotating in the high-temperature
form. The theories were also criticized on the ground that they took
no account of the piezoelectric effects. Nevertheless they provide the

starting-point from which a good deal of the more modern work has
developed.

3 Mason’s theory of Rochelle salt

3.1. The theory of Rochelle salt put forward by Mason (1947a, b;
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1949) postulates fixed-magnitude dipoles with two possible orienta-
tions of different energy.

The dipoles are associated with the short hydrogen bond O(10)-
O(1) (see Chap. 2, § 1.2), which lies nearly parallel to the polar axis.
On the bond are two potential wells in one of which the hydrogen
will lie (see Fig. 10.1); they are of unequal depth because of the
different environments of the oxygen atom at either end. The
potential barrier separating them is not very high, and for equilibrium
at a given temperature both wells will be occupied, though to unequal
extents.

If the separation of the wells along the bond is 4, and the bond

ol
— —

Fig. 10.1. Potential wells of unequal depth in a hydrogen bond.

makes an angle of 6 with the polar axis, the dipole moment of each
bond is taken as
1 = 3de cos 0 (10.01)

where e is the charge on an electron. The effect of any polarization of
the oxygen atoms is here explicitly neglected. The net contribution to
the dipole moment of the structure depends on the numbers of dipoles
pointing in each direction, i.e. on the numbers of atoms in each kind
of well.

There is a second hydrogen bond O(1)-O(10) related to the first by
a symmetry axis (see Fig. 2.1) and if there is no field it will have an
equal and opposite dipole moment. The effect of a field is to change
the balance between the numbers of atoms occupying the two kinds
of wells, and this effect is different for the two oppositely-directed
bonds.

The height of the potential barrier, measured from the mean level
of the two wells, is du, the difference in depth of the two wells 24.
The internal field includes contributions from the dipole polarization,
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P,, and from the polarization due to distortion (electronic and ionic
taken together), P,; it may be written
F=FE+ B4P; + B.P, (10.02)
where E is the applied field. For f, the Lorentz value of 47/3 is
assumed, and f3; is written as . The distortion polarization P, is
expressed in terms of a polarizability yv. To define it, we consider the
state of affairs at absolute zero, where P, must be zero, because all
hydrogen atoms are then fully ordered in the deeper wells. Thus the
limiting value g, which the diclectric constant & approaches at low
temperatures can be used to define y, by using equation (9.17) with
P, = 0 (compare equation 9.12).
dn g —1
37 T e, 2
Since the internal field is now known, it is possible to calculate the
potential energy uF due to the dipoles. If this is added to the energy
differences shown in Fig. 10.1, a partition function can be constructed
giving the distribution between the two wells. From this an expression
is found for P,/(nu) (which we may write P’ for short) in terms of
A/(kT) and a quantity a defined by the equation

g M

kT(1 — 4my/3)

Comparison with equation (9.20), for freely rotating dipoles, shows
that a is related to a polarizability.

Outside the ferroelectric range, P’ is zero, and within it, very close

to the transition, it must be small. Expansion in powers of P’ then
gives:

(10.03)

(10.04)

P = (1 — tanh? kAT>aP’ -+ terms in higher powers of aP’ (10.05)

The condition for spontaneous polarization is that this equation
should have non-zero solutions for P’; this happens if the coefficient
of the term in P’ on the right-hand side is greater than 1.

Thus the temperature at which ferroelectricity scts in is the value
of T satisfying the equation

A
- i) =1 10.06
a(l tanh kT) (10.06)
where a is defined by (10.04).

3.2. We.must now relate this to the experimental data. Of the quanti-

ties concerned in the left-hand side of (10.06), all are defined in terms

of observables except 4, u and 8. Of these, 4 can be estimated from
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the rate of falling off of the dielectric constant at low temperatures,
from which it is taken to be 2k7,/3. To obtain u as the product
zed, an estimate of § is needed. It can be taken as the difference of
two quantities: the actual O(10)-O(1) distance in Rochelle salt, found
by X-ray structure analysis, and twice the O-H distance in water,
found by infra-red measurements. With these assumptions, # can be
estimated from (10.06). It comes out as 4-4—not very different from
the Lorentz value of 4n/3.

Equation (10.06) can be used to predict the existence of a lower
Curie point. We multiply the left-hand side by T above and below.
The factor (1/T)[1 — tanh? 4/(kT)] can be plotted as a function of
T for any given value of 4; for the range of T with which we are
concerned, and 4 = 2kT,/3, it increases slowly as the temperature
decreases. The factor aT or

nu*
k(1 — 4ny/3)

is also temperature-dependent, because there is variation in » due to
thermal expansion, and also variation in x through its proportionality
to 4. If we assume (as Mason does) that the O-H distance remains
constant while the O-O distance is subject to the overall thermal
expansion of the crystal, we find a decrease in § (with decreasing
temperature) which is more important than the increase in n, and
causes a net decrease in a7 Since this factor decreases while the other
increases, there may be some lower temperature where the product is
again 1. This is the lower Curie point. Numerical values of the
quantities involved can be chosen so as to predict the temperature
actually observed.

The differences between the Curie points of normal and deuterium-
substituted Rochelle salt are explained in terms of a factor which
brings in the zero-point cnergy. The signs of the observed tempera-
ture differences agree with thosc expected for A4 ~ 2kT,/3.

The dielectric constants inside and outside the Curie range can be
calculated from the theory, and agree reasonably well with experi-
ment. On the other hand, the theory would predict fairly large
entropy and energy changes at the transition, which are not observed,
and this is a serious objection.

3.3. Other criticisms of Mason’s theory may be directed towards his

model. For this, we must first consider the chemical implications of

the two-well theory. If the hydrogen is in the deeper well, it is attached

to a water molecule, O(10) (see Fig. 2.1), while the oxygen at the

other end, O(1), forms part of a carboxyl ion belonging to a tartrate

group. If the hydrogen is in the shallower well, it is attached to O(1)
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and forms part of an electrically-neutral acid group, leaving O(10) as
a hydroxyl ion. There is no chemical evidence for this latter arrange-
ment; even if we could suppose it to be in tautomeric equilibrium
with the former, the balance-point could be nothing like as nearly
central as Mason’s theory requires.

A second difficulty is one common to many of these theories—the
nature of the dipole. An isolated proton does not constitute a dipole;
it is the OH group which does so. The O-H bond undoubtedly has a
good deal of homopolar character, as is made obvious by the fact
that the internuclear distance is roughly 1-0 A while the O radius is
1:32 A—that is, the H nucleus lies within the electron cloud of O.
Further, the very fact that the H atom can be detected by X-rays by
means of its electron concentration shows that it is not fully ionized.
Thus we are not likely to get a good approximation to the actual
dipole moment by considering the displacement of a proton relative
to a fixed set of negative charges. Mason recognized that the polariza-
tion of the oxygen atoms would be altered, but he did not consider the
difficulty serious. From any chemical point of view, however, it is a
vital matter.

Even if we consider the proton displacement to be significant, the
indirect method of estimating it cannot be taken as very reliable.
Neither the O-O distance nor its temperature cocfficient is accurately
known; the latter need not be the overall expansion coefficient of the
structure (as has been shown experimentally by Candlin, 1956). The
O-H distance in many compounds seems to be sensitive to the O-O
bond length. Thus predictions of the lower Curie point based on our
present knowledge of the temperature variation of d do not carry
great conviction.

The interest of Mason’s theory is that it does provide a single
mechanism to explain the two Curie points by explaining the reversal
in sign of the temperature coefficient of ¢, even though the experi-
mental data used for fixing the numerical values are not good enough.
On the other hand, we do not yet know whether the structure below
the Curie range is the same as that above it; if not, the fact that the
theory uses the same mechanism to explain the two transitions does
not tell in its favour.

4 Slater’s theory of potassium dihydrogen phosphate

4.1. Slater’s theory of KH,PO, (1941) differs from most other
theories of ferroelectrics in putting the emphasis on short-range forces
and neglecting long-range forces.

Slater begins by assuming that on every hydrogen bond there are
two equal and symmetrically-placed potential wells. The distribution
of H’s between them is subject to two conditions, (i) that there is one
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and only one H on each bond, (ii) that there are two H’s attached to
each PO, group (cf. Fig. 3.3). From (ii) it follows that there are 6
possible configurations for each PO, group, illustrated in Fig. 10.2.
Of these, (@) and (b) give a net O-H component parallel to z (the
tetrad axis) pointing up and down respectively; the other four give
a net O-H component in the plane of the paper (perpendicular to
z). Slater attributes a dipole moment to the displacement of H in the
bond; hence the direction of the net O-H component gives the direc-
tion of the dipole moment of the PO, group. He further postulates
—to explain the electrical properties—that a group or unit whose
dipole lies parallel to z has a lower energy than one perpendicular
to it. The energy difference of the two units may be called e,
Conditions (i) and (ii) mentioned in the last paragraph imply that
the orientation of any unit cannot be independent of the orientation
of its neighbours. Starting with a unit of given configuration, there

H H H H

H H ' H H H H
(a) (b) (c) (d) (e) (f)

Fig. 10.2. Possible orientations of PO,H, tetrahedra (z axis perpendicular
to paper).

are a limited number of ways in which another unit can be built on to
it. Slater enumerates all the ways in which a structure of » units per
unit volume can be built up to give any chosen energy. This was a
difficult piece of work. When complete, it gives the partition function.
From this are derived the Helmholtz free energy 4 in terms of the
dipole moment u, the energy difference ¢,, and a quantity x which is
the difference in the numbers of dipoles pointing in the positive and
negative directions. The polarization is then nux, and from the free-
energy equation it is found that

HE
Y 10.07
T uTg - ) (1907
h - ) 10.08
where q =: exp [ kT:l ( )
Hence we obtain the susceptibility:
2
g Lomux_ o omi (10.09)

E  E 2T(@q—1%
This becomes infinite at ¢ = 4, or

ey = kTyIn 2 (10.10)
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Expanding the denominator of (10.09) in powers of T' — T, gives,
near the Curie point,

_ome 1 10.11
T T, kin2 (10.1D
This is the Curie-Weiss law, with
C nu? &g C

— = =% 10.12
dn kIn2 "’ mutan ( )
These expressions may be compared with equations (9.23) and (9.24).

4.2. The entropy difference between the polarized and unpolarized
states can be calculated from the number of possible configurations,
which can be deduced directly from conditions (i) and (ii) (§ 4.1).
The discontinuous change at the Curie point is thus (R/2) In 2 or
0-69 cal. mol.~! deg.~!. There is a further continuous increase
above that temperature, making a total change R In (3/2) or
0-805 cal. mol.~! deg.~!. These changes are of the right order of
magnitude to agree with experiment (cf. Table 3.5).

The theory predicts a first-order transition. The phenomenological
argument from the constants in the frce-energy expression (Devon-
shire, 1954) suggests that it is second-order, and this has been used as
a criticism of Slater’s theory. There is no doubt, however, that the
observed transition is a very sharp one, and the question whether it
is discontinuous cannot be considered as finally settled.

Slater introduced modifications to allow for the polarizabilities of
the atoms other than H and their long-range interaction with the H
dipoles. Though their effcct was not negligible it could be dealt with
by including a correcting term in the theory as originally developed.

4.3. A scrious difficulty in accepting the theory in its original form
concerns the direction of the dipoles. Slater attributed them to the
displacements of H’s in the bonds, which are very nearly perpen-
dicular to z, yet the dipole moment of the crystal must be parallel to z.

This difficulty disappears if we realize that the movements of H
make the PO H, groups as a whole into dipoles; the P-OH bonds and
the P-O bonds will not be of equal strength, and thus P will be dis-
placed with respect to its neighbours. There may also be displacement
of K. Both P and K displacements lie along the z axis and are likely
to contribute more to the dipole moment than the H displacements.

Another objection to the theory is that it fails to predict the very
large change of Curie point when H is replaced by D.

It may also be noted that the theory does not predict the kind of
transition undergone by KH,PO,, namely to the tetragonal structure
of point-group mm2. As we saw, it accepts without explaining the
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empirical fact that dipoles are oriented along the z axis. The sub-
sequent discovery that low-temperature NH,H,PO, was ortho-
rhombic, with point-group 222 and dipoles oriented perpendicular to
z, makes it desirable to have a theory which would show why one
structure rather than the other was preferred.

In spite of these difficulties, it remains true that Slater’s theory has
proved extremely useful in the study of KH,PO,. The underlying
assumption that the transition involved order-disorder relations in
the hydrogen bonds has been directly verified by the neutron-diffrac-
tion work described in Chap. 3.

5 Mason’s treatment of potassium dihydrogen phosphate

5.1. Mason (1949) applied to KH,PO, the same theory he had used
for Rochelle salt (sce § 3) by putting 4 = 0, that is, by making the
two wells in the hydrogen bond of equal depth. This assumption is
the same as Slater’s, but thercafter the two theories differ, for Mason
uses only the long-range electrostatic forces and does not introduce
the condition that there should only be two H’s on each PO, group.
The same treatment as for Rochelle salt shows that at the Curie
point @ = 1, wherg a is defined by equation (10.04). The clamped
dielectric constant above the Curice point, ¢, is given by the relation

C

e R = o (10.13)
(cf. equations (9.18), (9.25)) where ¢, is no longer the dielectric con-
stant at absolute zero, because ‘the positions of the hydrogen nuclei
do not freeze out at low temperatures’, but a constant to be deter-
mined empirically. The experimental observations follow the Curie—
Weiss law; hence aT is constant and may be put equal to 7. The
only temperature-dependent factors in aT are n and u; since the
changes in n due to thermal expansion are negligible, 4 must remain
effectively constant.

5.2. Comparison with the observed values of C and T, enables 4 and
B to be calculated, and hence thc maximum spontancous polariza-
tion. The values so found are g = 0-81 x 10-'8 c.g.s. units,
B = 0-567. The calculated spontaneous polarization is much larger
than that observed; Mason considers that the observed value is too
low because the applied fields are not big enough to overcome the
large coercive ficld at low temperatures (cf. Chap. 3, § 9.3).

There is no explanation why the dipole moment x should be con-
stant in KH,PO, if it is temperature-dependent in Rochelle salt, since
the same method for evaluating 6 would apply to both cases.

The very low value of f§ required by this theory may also be noted.
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5.3. A rather more general treatment of a two-position dipole has
been given by Devonshire (1954).

6 Pirenne’s theory of potassium dihydrogen phosphate

6.1. Pirenne (1949) criticizes Slater’s theory for its neglect of the
long-range forces. He points out that the electrostatic energy of
dipole interaction is P2, and if {3 is of the order of magnitude of the
Lorentz factor, 4n/3, this is several times greater than the short-
range energy.

Pirenne postulates that the polarization may be divided into two
parts. The first is a proton part P,, wholly due to displacements of
the proton with a certain amount of tightly-bound electron cloud
which moves with it, the effective charge being pe, with p < 1. The
second part is a ‘ground polarization’ P, including all other effects
such as electronic polarization and displacement of other ions.

The proton polarization gives rise to an internal ficld with field
factor f3,. It is assumed that the ground polarization is proportional
to the proton polarization, so that we may write

P, = y(P, + P,) = yP (10.14)
The constancy of p is also assumed.

The potential well in which the protons move must be anharmonic,
in order to allow a polarized state to be in equilibrium. (This point is
discussed in connection with Devonshire’s and Slater’s theories of
BaTiOy,, § 8.1 and 9.1.) Pirenne found it satisfactory to assume a well
with a square profile in the direction of spontaneous polarization—
that is, one in which the polarization is saturated, so that increase in
potential energy does not result in increased displacement. This is in
fact the assumption of a fixed-magnitude dipole. The vibrations of
the proton are then treated by quantum mechanics. If the energy of
the first level is E,, all relevant properties of the material can be
expressed in terms of the four parameters /3, y, p and E,,.

Pirenne is concerned to explain the isotope effect—the difference
in the properties of KH,PO, and KD,PO,. In his model, this is due
to the fact that all levels are lower by a factor of 2 for D than for H,
and hence the polarizability, the polarization, and the Curie tempera-
ture are all higher for the D compound.

6.2. To obtain numerical values, Pirenne chooses his four para-
meters to satisfy three experimental quantities: the transition tem-
peratures of KH,PO, and KD,PO,, and the saturation polarization
of the former. He then calculates the saturation polarization of
KD,PO, and the Curie constants of both compounds (the constant C
in the Curie-Weiss law) and obtains good agreement. He also deduces
the change of energy at the transition, and finds it to be 25 cal. mol.~!
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for KH,PO,, 90 cal. mol.~* for KD,PO,. These are of the same order
of magnitude as the values observed (cf. Table 3.5) and the difference
between the two is in the same direction.

The numerical values of the parameters are informative. The field
constant § is 597, as compared with 47/3 = 4-19. The effective
charge p is 0-27, as compared with 0-40 for water; Pirenne is satisfied
with this order-of-magnitude agreement, but one may note that a
higher effective charge would be expected in KH,PO,, which has a
short O-O distance, 2:49 A, and a relatively long O-H distance,
1:07 A, than in H,O, where the situation is reversed, with
0-0 = 276 A, O-H = 0:99 A. The ratio of proton polarization to
total polarization, y, is 0-206. This is thought by Pirenne to be rather
low, but perhaps it should not be surprising in view of the rather large
displacements of the atoms other than hydrogen; the point is con-
sidered from the structural point of view in § 12.4.

The value of E, is 0-683 x 10~2 eV. This predicts an infra-red
absorption band in the region of 166 cm.~* for KH,PO,, and 83 cm.?
for KD,PO,. Pirenne considers that these may correspond to
observed bands at 195 cm.~* and 148 cm.™* respectively (La Lau,

1947).

6.3. Pirenne’s theory is satisfactory so far as it goes, but it leaves a
good deal of the mechanism unexplained. The difficulty that the
proton shifts are nearly perpendicular to the direction of spontaneous
polarization has not been cleared up, but may perhaps not be a
serious one in this treatment. A good deal of the interesting and
important detail is obscured by the assumption of an undifferentiated
‘ground polarization’. The low value of y found empirically suggests
that this ‘ground polarization’ has an important role, and seems to
some extent to justify Slater’s postulate that long-range forces could
to a first approximation be neglected.

The quantum-theory treatment of energy levels is undoubtedly
valuable. Its predictions will need to be correlated with the newer
experimental data, derived from neutron-diffraction experiments, con-
cerning the mean positions and thermal amplitudes of the protons.

This theory, like all the others, throws no light on the choice of
arrangement actually adopted by the ordered structure.

7 Mason and Matthias’s theory of barium titanate

7.1. The theory put forward by Mason and Matthias (1948) and
amplified and modified by Mason (1949) is essentially one of per-
manent dipoles, capable of taking up any of 6 different positions. At
high temperatures all positions are equally probable, at low tempera-
tures there is an ordered arrangement.
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The dipole arises as follows. It is supposed that, because of the
large volume available to Ti within its octahedron, its equilibrium
position will be an off-centre one, displaced towards one of the six
oxygens. This state of affairs would also be favoured by the existence
of homopolar forces. The potential wells are separated by an energy
barrier of height Au. The dipole moment is proportional to 4, ‘the
displacement of the titanium from the mid position of the unit cell’,
but there may be some added contribution ‘if the oxygen moves in
towards the titanium’. (It is not clear how ‘the mid position of the
unit cell’ is defined.) If the Ti atom carries a charge 4e,

= ded (10.15)

The polarization consists of two parts, a part P, due to dipole
polarization, and a part P, due to all other effects. Both contribute
to the internal field, and in the first form of the theory the field factor
47v/3 was used for both; but in the later modification a lower factor
B was assigned to the dipole part, because of the ‘shielding of
adjacent molecules’. (This is the same as Mason’s assumption in
Rochelle salt, § 3.1, equation 10.02.) As before, the dielectric constant
&0 at low temperatures, where the dipoles are completely ordered and
cannot change position, is used to define a polarizability yv. Com-
parison with equation (9.16) shows that, if we subtract the atomic
polarization

we obtain a ‘measured dipole polarization’ which is the product of
the permament dipole moment and a factor

Thus the effect of the shift of electronic charge is to enhance the
measured dipole moment. -

When an external field E is applied, say along the z axis, the
potential energy of the dipoles associated with two of the wells, those
at +(0, 0, 8), changes by +Fu, while that of the other four is
unaltered. Since Fu is known, a partition function can be constructed.
It is in the actual form of the partition function that this 6-position
theory differs from the 2-position theory of KH,PO,. If we write
P' = P,/(nu), where P, is the polarization along the z axis, it gives

o sinh [a(P' + Fﬁ—;;):l ) 1016

2 + cosh [a(P’ + —E_)]
pnu
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The condition for spontaneous polarization is that P’ shall have non-
zero values for E, = 0; this turns out to be
a>3 (10.17)

At the Curie point, therefore,

pnu?
S il ol | .18
kTl — 4my/3) (0.18)
prpz —_aT

or (10.19)

T = P

7 3k(l — 4y/3) 3
The dielectric constant above the Curie point is found from (10.16),
which gives

P a Ty

il S 10.20

ETHG—a) BT Ty (1020
Substituting this in equation (9.18), we obtain the equation for the
dielectric constant above the Curie point,

C
£ =g - T (10.21)
, 4naT Ji%
= ) 22
where C 3 (1 + i 471)//3) (10.22)

7.2. Equations 10.19, 10.21, and 10.22 allow the evaluation of § and
u from the experimental observations. Mason finds that 8 is 0-142
and u is 1:56 X 10~'® c.g.s. units. The very small value of § must
indicate strong shielding of the dipoles. From these numerical values
Mason calculates the spontaneous polarization and the dielectric
constant for the tetragonal crystal, and finds they agree with those
observed.

The theory has been extended to the two low-temperature forms
by assuming that at the transition to orthorhombic the crystal
becomes ‘ferroelectric along two directions simultaneously’ and at
the transition to rhombohedral along three. To achieve this, the Ti
atom spends equal times between two wells such as those at (4, 0, 0)
and (0, 0, §) in the orthorhombic case, and between three wells such
as those at (4, 0, 0), (0, d, 0), and (0, 0, é) in the rhombohedral case.

7.3. The theory has been criticized in considerable detail by Jaynes

(1953). He points out that because of the six possible positions of the

dipole it would predict an entropy change of k& In 6 per unit cell,

that is, of 3-6 cal. mol.~ deg.~, whereas the observed value (though

not very exactly known, see Table 4.5) is about 0-1 cal. mol.~* deg. 2.

Such a low entropy change is quite incompatible with an order-
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disorder transition (see, by way of contrast, the value for KH,PO,,
Table 3.5).

The first form of the theory, where  was given the value 47/3,
could not account satisfactorily for the constants in the Curie-Weiss
law. The modified form, which makes it an adjustable parameter,
cures some of the discrepancies but not all. Experimental observa-
tions of ¢ and T show that the constant & in equation 10.21 cannot
be greater than 10; yet from the theory it should be identified with the
low-temperature dielectric constant, which is of the order of 90.

Another difficulty, of the kind common to many of these theories,
is the meaning to be given to the dipole u. A displaced atom does not
in itself constitute a dipole, and cannot give rise to a Lorentz field
acting on other similarly displaced atoms.

The extension of the theory to the low-temperature forms is rather
unsatisfactory. It implies that while the tetragonal form is fully
ordered, a new disorder appears at the transition to orthorhombic,
where Ti has a choice of two sites. This kind of disorder at low
temperatures is very improbable, and there is no experimental
evidence in its favour.

8 Devonshire’s model theory of barium titanate

8.1. Devonshire (1949) considered the dipole moment of an atom
vibrating in the field of its neighbours. In contrast to most of the
other theorics, the dipole moment is not fixed-magnitude. It depends
on the displacement r from the equilibrium position. The potential
energy of the atom is of the form ar? + hrt. This increases more
rapidly with displacement than it would for a harmonic oscillator;
or, to put it the other way round, the displacement changes less for a
given change in potential energy. It is not, however, the extreme case
of a square well, or a fixed-magnitude dipole (cf. § 6.1), where the
displacement does not change at all with the potential energy.

The values of a and b are different for the different ions. They can
be evaluated from the force constants of the structure, which in turn
are derived by the application of the Born postulate, namely that
each pair of ions with charges e,, e,, separation r, has a potential
energy of the form

L Y T (10.23)

r ré

The dipole moment is proportional to the displacement r and to a
quantity z which represents the effective charge.
The partition function and hence the Helmholtz free energy is
constructed in terms of the a’s, b’s, z’s, and the field factor 8, which
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is given its Lorentz value of 47/3. By comparison with equation
(8.12), the constants y¥, £% and 4 are found in terms of a, b, z and f.

8.2. Devonshire made numerical estimates of various quantities
derived from these, and compared them with those derived by other
methods. Reasonable agreement was obtained.

The treatment shows that the temperature cocfficient of polariza-
bility is the sum of two terms: a small positive term resulting from
lattice expansion, and a larger negative term involving the first power
of the b’s, giving the direct effect of the thermal vibrations. Since
ferroclectricity requires a net negative temperature coefficient of the
polarizability, it is now seen to require an anharmonic term in the
potential cnergy of the atomic vibrations.

The theory has been criticized for its use of 47/3 as the field factor
for all atoms.

9 Slater’s theory of barium titanate

9.1. Slater’s theory (1950) has a good deal in common with Devon-
shire’s model theory, but introduces two new features, dealt with
below. On the other hand he does not evaluate the constants a and b;
and though he stresses the importance of the fourth-power term in
the potential energy (the term in b) in making ferroelectricity pos-
sible, he does not try to find an explanation for it in terms of structural
forces.

The first new feature of the theory is its emphasis on the physical
meaning of the polarizabilities. Each atom is assumed to have an
electronic polarization, and the Ti (but none of the others) has also an
ionic polarization. The corresponding polarizabilities are «; and «;.
We saw from equation 9.06 that the condition for an infinite dielectric
constant is

ﬁ"l‘}ﬂ =1 (10.24)
which becomes, when we replace the macroscopic polarizability by
the sum of the separate polarizabilitics, and 8 by the Lorentz factor

47/3,
4n oy o\
v (Z "y 7)) —1 (10.25)

The values of «;/v are known experimentally (sec Table 9.1); for Ti
and Ba, Slater used the results of Shockley (1948), while for O, since
it differed in different compounds, he chose a value to give the
electronic polarizability of the crystal as a whole correctly. He found

4n o
— 21 =061 10.2
3 , (10.26)
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which would give, if all the assumptions were correct,

g 039 (10.27)

9.2. The second new feature of Slater’s theory was his recalculation
of the field constants . Consider a simple cubic lattice (Fig. 10.3), of
side a, carrying point dipoles at the origin of coordinates A, the

A—

S

"

A 8 A
Fig. 10.3. Key diagram for discussion of Lorentz ficld at various points
on a simple cubic lattice.
Cell side AA” = a.

dipole direction being 4A4’. Then according to the Lorentz treatment
the field factor is 4m/3 at other lattice points of the set 4, such as
A', A", etc., but not at B, C, D, etc. It is however possible to evaluate
the field at all these points, and this has been done by Luttinger and
Tisza (1946, 1947). Their results are given in Table 10.1. The striking
feature is the very large valuc of the factor at points midway between
dipoles in the direction of their dipole moment.

If we change the origin, so that (0, 0, 0) is no longer the position of
the dipole but the point where the field is to be examined, the column
in Table 10.1 headed ‘coordinates’ becomes ‘components of vector
displacement of dipole from point where field is to be examined’.
We can then apply the results to BaTiO;. Using Fig. 10.3, and sub-
scripts referring to Table 10.1, we have

Fy = E + [f4Pri + BePua + BePor + (B + Bp)Poql
Fpo = E + [BePri + B 4Ppa + BcPor + (Br + Br)Posl (10.28)
For = E + [BEPri + BcPpa -+ BaPor + (Br + Br)Posl
Fop = E + [BpPri + BuPpa + BrPor + (Ba + Bc)Posl
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TaBLE 10.1

Values of field factor at points on a simple cubic lattice with dipole
placed at origin

Position of
point on | Coordinates Field factor 8
Fig. 10.3
A 0,0,0 } .
3
G %7 %a '5
B 14,0,0
%1' — 15040 = %’-’(1 — 3:58)
D 0,40
c 3,30 %’1 + 4334 = 43’7(1 +1:31)
F 30,4
} 4?” — 8668 == f%ﬂ(l — 2:62)
H 0,%, %

Since we know the polarization of each atom in terms of its polariza-
bility and the field acting on it, given by a set of equations such as

Py = <Oﬁ + Of—i>F'ri (10.29)
v v

the equations can be solved to give the separate polarization of each
kind of atom and the dielectric constant of the crystal as a whole.

9.3. Slater considers three cases.
(i) If the electronic polarizabilities are all zero, the dielectric con-
stant is given by

4ot
— v (10.30
e=1+ L 4 ay )
37w
Then at the Curie point we must have

4 o
fhbd J 10.31
3 (10.31)
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ii) If the ionic polarizabilities are all zero, we obtain an expression
the optical or high-frequency dielectric constant:

An 2 By
1-2X ﬂ:ral
ing the actual values of f;, the result is not very different from that
en all the f’s are taken as 4m/3.

iii) When an ionic polarizability is assigned to Ti, and the calcula-
n is carried out, it gives the result

e=1+ (10.32)

4n o,
.2 = 0-06 10.33
T ( )

tis, the ionic polarizability of Tiis only 1/16 of what it would need
be if there were no electronic polarizability (cf. (10.31)), or 1/6 of
at it would need to be if the field factor 4s/3 applied throughout
(10.27)). In other words, the effect of a fairly small ionic polariza-
n is enormously enhanced by the existence of a large electronic
arizability. The size of the enhancement is due to the particular
ues of the B factors, which in turn are due to the arrangement of
atoms in rows of alternating Ti and O parallel to the dipole direc-
n. To quote Slater: “The Ti ions, by their polarization, polarize the
pe 1] O ions, and these in turn act back on the Ti ions; and the
result is to build up the polarization of both types of ions, result-
.in linear chains of dipoles all pointing in the same direction, the
sitive end of one to the negative end of the other, and producing
ntaneous polarization below the Curie point.’

. This theory of Slater’s has proved very stimulating, but there are
ood many difficulties attached to it.

Cwo important criticisms are due to Cohen (1951). He pointed out
t, since the internal field acts on the displaced atoms, the correct
ues of § are those referring to the displaced positions, and not (as
ter assumed) those for special positions with all coordinates 0 or
Further, he found nothing in the theory to show why parallel dis-
cements are favoured in adjacent Ti-O chains; it would rather
igest that they should be antiparallel. A partial answer to this has
ce been given by Takagi (1953).

dne can also criticize the treatment of the polarizabilities. As we
7e seen (Chap. 9, § 4.7) it is not legitimate to equate the ionic
arizability with the difference between the experimental values at
ical and low frequencies. Further, there is no real justification for
igning the whole ionic polarization to Ti; it was done because the
10ormal volume available to Ti suggested a looseness of binding.
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Takagi’s analysis has shown, however, that ionic polarizations can
only have meaning with reference to pairs of mutually-displaced
atoms.

This difficulty has been avoided by Roberts (1951), who uses the
total polarizability. He solves a set of equations like (10.28) to find
empirical values for the field factors, using polarizabilities deter-
mined from simpler compounds (Chap. 9, § 4:6). The results are
different for different compounds, and markedly different from the
special-position values in Table 10.1. The work has been carried
further by Grinicher and Jakits (1954), who find that, in the series of
solid solutions (Ba,Sr)TiO,, the field factors all vary continuously
with Ti-O distance, but the curves have a rapid change of slope just
inside the boundary of the tetragonal phase.

If the theory has to be re-stated in terms of dipoles which will give
this particular variation of the internal field with Ti-O distance, it
has lost the simplicity of the original modcl. Possible rcasons for the
departure from theoretical values of the internal field are discussed
by Jaynes (1953).

9.5. One apparent gdvantage of Slater’s theory is the very natural
way in which it predicts that the direction of spontaneous polariza-
tion will be along the z axis, the direction of the Ti-O chains of
dipoles. This however becomes a disadvantage when we try to apply
the theory to other structures, or to the two low-temperature forms
of BaTiO;, where there are no such chains along the polar axis.

9.6. An application of the theory to a different structure, that of
ilmenite, was made by Schweinler (1952). Though the particular
mechanism of interaction between the ions was quite different, he
found that the order of magnitude of the polarizabilities to fit his
treatment was the same as for BaTiO,. It seems possible that this
type of theory is not as sensitive to the particular magnitudes of the
field factors f# as might at first have been supposed. There is in fact
no experimental evidence for the existence of ferroelectricity in the
ilmenite structure, since LiNbO, and LiTaOy, originally thought to
have this structure, are now known to be different (see Chap. §,§5.3).
Schweinler’s treatment is not concerned with the detailed atomic
displacements, and might perhaps be equally applicable to the actual
LiNbOj structure; but if so it suggests that this line of approach can-
not be of much use in predicting the occurrence of ferroelectricity.

A re-examination of Slater’s theory for BaTiO,, using Slater’s
postulates but a quantum-theory treatment, was made by Barrett
(1952). He found no significant differences from the original theory.
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) Jaynes’s mechanical-deformation treatment of barium titanate

).1. An interesting approach of quite a different kind has becn sug-
sted by Jaynes (1950). If the atoms can be treated as rigid spheres,
e type of deformation actually observed in BaTiO; can be explained
-an attempt at better packing conditions. Since the Ba-O contacts
e too tight, the O atoms are squeezed out, so that the Ba-O sheet
no longer plane but puckered. This gives an expansion per-
:ndicular to the layer and a lateral contraction in it. The two lower-
mmetry forms can be explained by further stages of the same
"0cess.
In this case, the polarization is wholly a dipole effect due to the
splacement of O with respect to Ba. This displacement can be
iculated geometrically in terms of the lattice strain. If we assume
iat the O atom has a charge 2e, and use the expcrimental value of
ie lattice parameter a, the strain is given in terms of the oxygen
pole polarization P,,

— 4&‘-’ = 3-8 x 10-12p2 (10.34)

he experimental value of the ratio of the strain to the square of the
olarization is 1-2 X 10712, suggesting that P, is just over half the
ital polarization. It is interesting to see that this crude argument
redicts the order of magnitude of the lattice strain correctly.

).2. Though the approach is interesting and unusual, it cannot be
tken very scriously as it stands. A displacement of the order of
iagnitude actually observed would increase the Ba-O distance by
bout 0-1¢,—an amount which is less by a factor of at least 10 than
1e limits of tolerance of the Goldschmidt radii.

1 Jaynes’s electronic theory of barium titanate

1.1. Jaynes (1953) has put forward another theory which he has
eveloped more seriously. He considers that the oxygen octahedra in
aTiO, are the significant feature—that the crystal’s ‘electronic
:ructure is such that the oxygen octahedron must be thought of as a
ngle unit rather than as a structure of several independent parts’.
[e assumes that its internal electronic quantum state is a linear com-
ination of two states of opposite parity which lie close together in
nergy, so that the combination has a non-zero dipole moment. Its
olarization depends on the internal field at the centre, which in turn
epends on the polarization and the field factor . There are also
ontributions to the total polarization from the electronic polariza-
'on of other atoms, and possibly from dipole polarization due to
isplaced atoms, each with its own field factor.
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For simplicity, he begins by considering the case where there is a
single field factor /3, and the polarization consists of a part due to the
octahedron, P,, and a part due to everything else, P,. Then

F = E + (P, 4 P,) (10.35)
A background polarizability yv is defined by the relation
P, =yF (10.36)

The polarization P, is due to the mixing of states in the octahedron.
To find it, Jaynes constructs the appropriate partition function, and
thence derives a relation between P,, E and T in terms of u, the
maximum dipole moment duc to the mixing of states; 4, half the
energy difference between the states; (3; and y. The Curie temperature
T, is given by

A 2K

tanh = (10.37)
kTy 1+ K
1 pre/o
h == 10.38
where K~ AL — py) (10.38)
The maximum polarization is
po— o T (10.39)
T1- /)’y v
At temperatures close above the Curie point,
= : 10.40
1) = ¢+ = T T ( )

where ¢; and ¢, are known functions of T,, 4, f and y. From the
experimental values of T, P,, and ¢, it is possible to evaluate 4, u,
and the function (1 — py).

11.2. There is not very much evidence with which to test the theory.
Jaynes finds that the theoretical entropy change agrees with that
observed. The energy difference between the two states of the
octahedron, 24, is found to be 4kT\; it is insensitive to possible
errors in the experimental data. It predicts an infra-red absorption
line at about 10 x 10~* cm.

The values of # and y (which are not separately determinable)
offer some difficulty. Reasonable values of y are only compatible with
low values of 8, about 0-5. This difficulty persists even in an improved
form of the theory where separate values of f# are determined for the
different atoms.

11.3. Jaynes suggests that one of the advantages of the electronic
theory is that it does not require the existence of atomic displace-
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1ents. One might rather say that it does not require the introduction
f dipole moments attributed to atomic displacements. It is notice-
ble, however, that the difficulties with the internal field characteristic
f so many of these theories have not been overcome; and, like most
f the others, it does nothing to explain the adoption of the particular
yw-symmetry form observed.

2 The structural approach

2.1. We have seen from the foregoing that the essential feature of a
10del is that it should provide a unit in the structure capable of
kisting in two states, one symmetrical and one polar, with an energy
ifference between them which is fairly small and is tcmperature-
ependent. (In Devonshire’s and Slater’s theories of BaTiOj, the polar
:ate is replaced by a continuous range of polar states.) If the sym-
1etrical state is achieved by a random distribution between two polar
ates (as in Slater’s theory of KH,PO,) the transition is an order-
isorder one; but this is not an cssential feature.

When the units are built together to form the crystal, the state of
ach unit, and of the crystal as a whole, will depend on the interaction
etween them. If we abandon the idea that the difference in energy is
self caused by the interaction, we have to explain it in terms of
1ort-range forces, affecting the relation of the atom to its near
eighbours —in other words, in terms of the atomic environment. It
. not easy to treat this quantitatively, but qualitatively we can make
useful beginning.

2.2. It was shown in Chap. 6 that ferroclectricity and antiferro-
lectricity in oxides is associated with the off-centre position of a
igh-valency ‘cation’ in an oxygen polyhedron; further illustrations
ere available from Chap. 7. We take this as the first postulatc of the
ructural theory, and qualify it by noting that the central atom must
ave appreciable covalent character—that its bonds to its neighbours
wsst be ‘semi-polar’ in the sense used by Eucken and Biichner (1934);
s, Ti, Nb, or W may show the effect, but probably not Na or Ba.
Whether Pb acts in the same way, or whether it merely serves to
olarize the octahedron surrounding another atom, is still an open
uestion.) The unit in these structures is then to be taken as the
olyhedron with its enclosed atom. In this respect the present treat-
1ent agrees with that of Jaynes (§ 10).

The second postulate is that the particular off-centre formation
dopted depends on the bond requirements of the enclosed atom,
ifluenced perhaps by the volume available to it and the degree of
olarization of the oxygens by any other cations.
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The third postulate is that there is interaction between the poly-
hedra through the oxygen atoms at the shared corners; that this
brings in the bond-angle requirements of the oxygens; and that these
will be strongly influenced by their packing with respect to their
other neighbours. It is in fact the environment of the other atoms
which decides whether a structure with individual polar units will be
ferroelectric or antiferroclectric.

These ideas have been developed for the oxide structures and their
qualitative application has been discussed in Chap. 6 (see also
Megaw, 1952, 1954). We cannot take them much further quantita-
tively. We can however see whether the same approach can be used
for the hydrogen-containing ferroelectrics.

12.3. Here we have to consider two possibilities: the off-centre
cation, and the behaviour of the hydrogen bond. Though each needs to
be considered separately, we must remember that they arc not inde-
pendent—that they will interact with each other through the short-
range forces. As with the oxides, the question whether a ferroclectric
or an antiferroelectric state is preferred will depend on the bond
systems and environments of the other atoms which link together the
polar units. .

In KH,PO,, for example, it seems clear that the encrgy states of
the hydrogen in its bond are largely responsible for the transition, as
suggested by Pirennc; but the different energy-levels of P in its central
and off-centre states must also be taken into account, and will
probably make the larger contribution to the dipole moment.
Whether the off-centre movement of K has any covalent effect is not
certain. It is however the particular environment needed by this atom
which determines the orientation of the ordered tetrahedra, and thus
causes the ferroclectricity; in NH,H,PO, the different requirements
of NH, lead to an antiferroelectric ordering.

In Rochelle salt, on the other hand, there is no order-disorder
effect in the hydrogen bonds, and the off-centre movement of K is
the cause of the transition, as we saw in Chap. 2, § 11. It is somewhat
unexpected to find a significant amount of covalent character in a
K-O bond, as this explanation implies. It is worth noticing, however,
that the K-O and Na-O bonds are the strongest intermolecular
forces in Rochelle salt, and that therefore the amount of covalent
character need not be absolutely large to be important. The H bonds
are of secondary importance only; their rearrangement comes about

through the action of short-range forces when the K atom triggers
the transition.

12.4. Though the structural approach is, at the present stage of
knowledge, essentially qualitative, one might attempt to see how it
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could be given a rather crude quantitative formulation in electro-
static terms. A permanent dipole moment must be attributed to the
oxygen polyhedron with its off-centre cation, and also to the OH
group. The former could be expressed as the product of an effective
charge on the cation and its displacement from the geometrical centre
of the octahedron, but this would only serve as a definition of the
effective charge. In neither case is the dipole an induced one; it may
produce electronic polarization in other ions in the structure, but it
will not itself be greatly influenced by any feed-back from them—in
other words, we expect a rather small field factor. It will however be
strongly influenced by interaction with its neighbours through sharing
of oxygen atoms in common. Thus the long-range forces, though they
may not be negligible in their contribution to the total energy, will be
of relatively small importance in deciding between the stabilities of
different possible structures. (The situation is closely analogous to
that which arises in considering the stability of polymorphic forms of
ordinary ‘ionic’ structures, where attempts to predict the occurrence
of NaCl or CsCl structures, for example, from their electrostatic
energy have not been very successful.)

12.5. These ideas are only tentative, but they suggest how a new
theory, bascd on covalent bond systems, could takc over many of the
concepts of the existing theories and give them meaning in terms of
crystal structure. They have the advantage of explaining how anti-
ferroclectric as well as ferroelectric states can arise in structures of the
same family. They have also served to explain qualitatively the exist-
ence of ferroelectricity or antiferroelectricity in the miscellaneous
substances of Chap. 7, so far as their structures are yet known. It
remains to be seen whether they will do so for other materials as new
knowledge is obtained.

Until theoretical knowledge of covalent bond systems in semi-
polar compounds is further advanced, we expect to obtain our in-
formation from studies of the bond-formations actually observed in
a wide range of such compounds at different temperatures. In tackling
the problem, whether quantitatively or qualitatively, we are likely to
gain more insight into the ways in which complicated structures are
put together. An inquiry that began with the electrical properties of
a few rather peculiar and abnormal materials has spread out and
deepened until now we see it as needing help from, and therefore
contributing to, our whole knowledge of the architecture of solids.
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GLOSSARY OF
CRYSTALLOGRAPHIC TERMS

(Words printed in italics indicate cross-references)

ANGSTROM UNIT. By definition, this is 10-1% metre. Older deter-
minations of crystal spacing (up to about 1942) were in terms of
Siegbahn’s table of X-ray wave-lengths, whose absolute values
were based on Millikan’s determination of the electronic charge.
When the error in this was realized, the unit in which spacings
had hitherto been expressed was re-named ‘kilo-X unit’ or kX.
In 1947 a new table of X-ray wave-lengths was adopted, with the
conversion factor 1 kX = 100202 A. The difference is only
important when spacings have been measured with an accuracy
approaching 0-29%,, or better. When early accurate results are
quoted by later authors, it is not always clear whether they have
known to make the appropriate correction to the units, and
confusion may arise. (Sec for example footnote on p. 35.)

vToM. Throughout this book, the word is taken to include charged
atoms or ions.

\TOMIC PARAMETERS. Parameters fixing the position of atoms
within the unit cell, relative to a chosen origin. They are now
generally stated as decimal fractions of the cell edges; formerly
they were often stated in degrees, i.c. three-hundred-and-sixtieths
of the cell edges.

XES OF REFERENCE (also called axes of coordinates, or crystallo-
graphic axes). Any set of three non-parallel lines, not all co-
planar, which are translation directions in the lattice may be
chosen as axes of reference. The usual conventions are as follows:
(i) Symmetry directions are chosen when they exist. (ii) Directions
not fixed by symmetry are chosen so as to define the unit cell of
smallest volume and, subject to this, the translation direc-
tions are those along which the shortest repeats occur and
between which the angles are <120° and >90°. (iii) If there is
a single triad, tetrad or hexad axis it is called z, if only one
symmetry direction of not morc than 2-fold symmetry it is
called y. (iv) The naming of the other axes of reference is decided
according to the axial ratio, the conventions used by chemists and
mineralogists being different.

There are however two principles which ought to over-ride
these: that if axes have already been allocated in earlier work to
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the substance being investigated or to a closely-related structure
they should not be changed unless the new axes are obviously
very much more convenient; and that when a structure of low
symmetry has a conspicuous relationship to a higher symmetry
the axes that display this naturally should be chosen. Changes of
axes should not be made merely to satisfy conventions of type
(iv); where this has been done in the literature it is liable to cause
confusion. The other conventions are based more strongly on
convenience, and cause more difficulties if they are disregarded;
but even so they arc not to be regarded as sacrosanct. It is some-
times useful (as in the case of an orthorhombic shear of a cube or
square prism) to define two alternative sets of axes for use in
different circumstances, and to state explicitly which is being used
on any given occasion. (The relation between hexagonal and
rhombohedral axes of reference is of this kind.)

Attempts have been made in the text to apply the principle of
uniformity between related structures, even when it means chang-
ing the axes chosen by authors who have done original work on
isolated members of a larger family. It is not easy to be completely
consistent, but the attempt is necessary in order to avoid even
greater confusion’in the future.

AXIAL RATIO. The ratio of the lengths of any pair of edges of the
unit cell. If two of the three non-parallel sides arc equal by
symmetry, it is usual to quote ¢/a, where c is the unique edge; if
the three are unequal, the ratios are conventionally written as
a/b:1:c/b.

AXI1S OF SYMMETRY. An n-fold rotation axis repeats every point in
the structure to give an equivalent point at the same distance
from the axis in a direction making an angle 27z/n with that of the
first point. An n-fold screw axis gives a displacement of (m/n) R
for each rotation of 27/n, where R is the repeat distance along
the axis and m an integer less than n.

The only values of n compatible with infinite three-dimensional
periodic repetition are 1, 2, 3, 4, and 6 (of which 1 is an identity
operation and should perhaps not be regarded as an axis).

See also inversion axis.

BODY-CENTRED LATTICE. See lattice.
CELL DIMENSIONS. Alternatively known as lattice parameters.

CENTRE OF SYMMETRY. A symmetry element at a fixed point in a
finite or infinite system, such that, for every point whose distance
from it has components u, v, w, there is another equivalent point
whose distance has components #, v, #. It is usual if possible to
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choose the origin of coordinates at a centre of symmetry; then for
every point x, y, z, there is an equivalent point X, 7, z.

LASS, CRYSTAL (or symmetry class). The class of three-dimensional
structures possessing the same point group of symmetry elements.
The symbol denoting the class states, in terms of an agreed
convention, the essential symmetry elements and their direction
relative to the axes of reference (compare space group).

OORDINATION NUMBER. The number of atoms which are immediate
neighbours of a given atom; in an ionic structure, the number of
anions surrounding a cation (see p. 84).

UBIC SYSTEM. See system.
IAD AXIS. A two-fold axis of symmetry (see also p. 7).

OMAIN (in a ferroelectric or antiferroelectric material). A part of
a twinned crystal which is itself a truc single crystal. A ‘single-
domain’ crystal is a true single crystal throughout.

ACE-CENTRED LATTICE. Sce lattice.

ORMULA-UNIT. The set of atoms named in the chemical formula.
In a homodesmic structure it is incorrect to speak of ‘molecule’
or ‘molecular weight’, since the molecule is coextensive with the
crystal. It is still often convenient to refer to a representative set
of atoms as a whole instead of naming cach kind individually,
and the term ‘formula-unit’ makes this possible.

ENERAL POSITION. A point in a structure not lying on a centre of
symmetry, rotation axis, mirror plane, or inversion centre. (Com-
pare special position.)

LIDE PLANE. See plane of symmetry.

(EXAD AXIS. A six-fold axis of symmetry.

EXAGONAL AND RHOMBOHEDRAL AXES OF REFERENCE. Any
crystal with a triad or hexad axis of symmetry may be described
on either hexagonal or rhombohedral axes of reference; but for
purposes of calculation, or for drawing diagrams of the structure,
as well as for describing the physical properties, the former are
nearly always much simpler. If the crystal actually has a rhombo-
hedral lattice, the relations between the most convenient unit cells
are:

ay = ap — bg, by =bgr — cr, ¢y =ag + bgr + Cr.
The rhombohedral unit cell then contains one lattice point, and
the hexagonal unit cell three, at (0, 0, 0) and +-(%, %, 3)-

[EXAGONAL LATTICE. A lattice which can be described using a
primitive unit cell with two equal sides inclined at 120° to each
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other and at 90° to the third side. This name is given to the lattice
whatever axes of reference are in fact used. (Compare rhombo-
hedral lattice.)

HOMODESMIC STRUCTURE. A structure joined throughout by inter-
atomic forces of the same order of magnitude (as contrasted with
a molecular structure).

HOMOPOLAR BONDS. Strong interatomic bonds which do not depend
on electrostatic central forces between charges of opposite sign.
(See footnote on p. 9.)

IDEAL STRUCTURE. A simple high-symmetry structure to which
some actual structure under discussion approximates. It may or
may not itself be the actual structure of some other material or
of the same material at a different temperature.

INDICATRIX. See footnote on p. 70.

INVERSION AXIS. An inversion axis of symmetry combines rotation
through an angle 2z/n with inversion about a point on the axis.
With one exception, inversion axes can be more simply (though
sometimes less elegantly) described as a combination of other
symmetry elements. The exception is the tetrad inversion axis, 4.
If this axis is parallel to z and the inversion centre at 0, 0, 0, it
gives a set of equivalent points at x,y,z; X,7,2; y,%,2; 7,x,Z.

KX UNIT. 1 kX = 1:00202 A; see Angstrom unit.

LATTICE. A lattice is a set of points which are identical in themselves
and in their surroundings (including in this both the content and
the orientation of their environment). All points of the lattice are
translation-equivalent: they may be derived from each other by
the repeated operation of three vectors, the primitive lattice
translations, chosen so that they mark out a parallelopiped with
lattice points at its corners only.

A lattice is characterized by the set of symmetry directions it
possesses, and their relation to the primitive lattice translations.
There are fourteen independent combinations, known as the
Bravais lattices.

For naming the lattice type it is more convenient to ignore the
symmetry (which is expressed elsewhere in the space group
symbol) and consider only the direction of the axes of reference
relative to the primitive translations. Thisis most conveniently done
in terms of the set of lattice points contained in the unit cell. The
same lattice may then have several different names according to
the choice of unit cell. (Exceptions are hexagonal lattice, rhombo-
hedral lattice, see below.)
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The following are the only names which can occur with con-
ventional choice of unit cells; other less conventional choices may
be made, but are harder to work with and have not been given
names. The conditions stated below must be satisfied whatever
point in the structure is taken as origin of the unit cell.

A primitive lattice (symbol P) has lattice points at the corners of
the unit cell only; there is one lattice point per cell.

A body-centred lattice (symbol I, for ‘innenzentrierte’) has
lattice points at the centre of the unit cell, the points with co-
ordinates (4,3,3), which are translation-equivalent to those at the
corner; there are thus two lattice points per cell.

A face-centred lattice has points at the centre of one pair of
faces (single-face-centred, symbol 4, B, or C) or all three pairs
of faces (all-face-centred, symbol F) which are translation-
equivalent to those at the corners; there are two or four lattice
points per cell respectively.

A rhombohedrally-centred lattice (symbol R) has a hexagonal
unit cell with points at +4-(%, 4, ) which are translation-equivalent
to those at the corners; there are thus three lattice points per cell.
It is a way of naming a rhombohedral lattice which specifics
particular axes of reference.

The name hexagonal lattice is restricted to the Bravais lattice
which can be described using a primitive hexagonal cell, whatever
axis of reference are currently being used; and the name rhom-
bohedral lattice to the Bravais lattice which can be described
using a rhombohedrally-centred hexagonal cell, whatever axes of
reference are currently being used.

The term ‘lattice’ is loosely used by some writers to mean an
assemblage of atoms, either all the atoms of the structure or a
selected set of them (sometimes called a ‘sub-lattice’). This is
unfortunate, as it can lead to a good deal of confusion. Any
account of crystal structures ought to keep strictly within the
correct geometrical definition. Alternative words for describing
sets of atoms are structure, framework, network, assemblage,
array.

TTICE PARAMETERS. The lengths of edges of the unit cell and the
interaxial angles.

RROR PLANE. See plane of symmetry.

NOCLINIC. See system.

LTIPLE CELL. A unit cell which can be divided into a number of

sub-cells, identical with each other in shape and volume, and

nearly but not quite identical in content. Two extreme types may

be distinguished. In the first the numbers and kinds of atoms in
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each sub-cell are identical but their coordinates differ slightly; in
the second the coordinates are identical but the atoms in at least
some of the corresponding sites are different. The second type
occurs chiefly in solid solutions (c.g. alloys with ‘superlattices’)
and too little is known about possible examples among ferro-
electrics and antiferroelectrics to include any discussion of it in
the text.

(The term ‘multiple cell’ has also been used, though not in this
book, as synonymous with ‘non-primitive unit cell’. The two
usages are quite different.)

‘OFF-CENTRE’ CATION. A cation enclosed in a nearly regular poly-
hedron of oxygen atoms, situated at a significant distance from
its geometrical centre.

ORTHORHOMBIC. See system.

PACKING REQUIREMENTS. The geometrical conditions which follow
from Goldschmidt’s rules for the arrangement of atoms in crystal
structures (see p. 83).

PLANE OF SYMMETRY. A mirror plane operates so that any point in
the structure is repeated on the normal to the plane at an equal
distance on the opposite side of the plane. A glide plane (applic-
able to infinite periodically-repeating structures only) operates so
that reflection across the plane, followed by a displacement of
half (more rarely, one-quarter) the repeat distance in some direc-
tion parallel to the plane, brings the whole system to self-
coincidence.

POINT GROUP. A combination of symmetry elements which, when
applied, leaves one point unaltered (it thus cannot include glide
planes or screw axes). There are 32 such combinations, and they
characterize the 32 crystal classes. (Compare space group.)

POLAR CRYSTALS. Crystals possessing polar symmetry. There is an
unfortunate ambiguity between this use of the phrase, which
refers to the geometrical and macroscopic physical properties,
and the use (not adopted in this book) which refers to the atomic
structure, meaning crystals possessing polar bonds, i.e. crystals
whose atoms carry opposite electrical charges. The latter are
more conveniently called ‘ionic crystals’.

POLAR SYMMETRY. Symmetry which allows a non-zero resultant
vector in the structure (see p. 7).

POLARITY OF BONDS. Relative magnitude of contributions of
electrostatic and homopolar forces to bond energy; for example,
in ‘semi-polar bonds’ both contributions are significant.
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POLARITY OF CRYSTAL. Sensc of the vector describing the uni-
directional property under discussion, e.g. spontaneous polariza-
tion or relative displacement of atoms.

POLYMORPHISM. Occurrence of a solid of given chemical composi-
tion with different crystal structures, i.e. in different phases.
These may be found in different temperature ranges, or may exist
together indefinitely at the same temperature (not necessarily in
equilibrium).

PRIMITIVE LATTICE. See lattice.

PSEUDOSYMMETRIC STRUCTURE. A structure derived geometrically
from a higher-symmetry ideal structure by small displacements of
the atoms from the special positions occupied in that structure; it
has thus lost some of the symmetry elements of the idcal structure,
without acquiring any others. (The atoms may still lie in special
positions of lower point symmetry: for example, in ideal perov-
skite the cations lie at the interscction of three tetrad axes, while
in tetragonal BaTiOj; they are still on the one tetrad which is
retained.)

PYROELECTRIC. See p. 7.

RHOMBOHEDRAL LATTICE. A lattice in which the three primitive
translations are equal and equally inclined to one another at an
angle other than 90°, thus defining a primitive unit cell which is
a rhombohedron. It is the only lattice possessing a symmetry
direction not coinciding with a primitive lattice translation which
is nevertheless named for the primitive unit cell, and the name is
generally retained whatever axes of reference are used to describe
it. The rhombohedral axes of refercnce are defined by the primitive
unit cell. The lattice may alternatively (and often more con-
veniently) be described on hexagonal axes of reference, in which
casc therc is a rhombohedrally-centred unit cell, with lattice
points at (0, 0, 0), 4-(%, §, 4). In either case the lattice symbol is R.

Note (i) that a hexagonal lattice and a thombohedral lattice are
essentially different, whatever axes arc used to describe them; (ii)
that a crystal of the trigonal system (i.e. with a single triad axis)
may have either a hexagonal lattice or a rhombohedral lattice,
while one belonging to the hexagonal system (i.e. with a hexad
axis) can only have a hexagonal lattice; (iii) that the cubic lattice
may be treated as a special case of the rhombohedral but not of
the hexagonal lattice.

The word ‘rhombohedral’ is restricted in this book to crystals
with rhombohedral lattices.

ROTATION AXIS. See axis of symmetry.
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SCREW AXIS. See axis of symmetry.
SEMI-POLAR BONDS. See polarity of bonds.

SPACE GROUP. A combination of symmetry elements which can
occur in a three-dimensional periodically-repeating structure.
The symbol denoting the space group states, in terms of an agreed
convention, the lattice type, the essential symmetry elements
present, and their direction relative to the chosen axes of refer-
ence. Since the symbol for the same space group may look very
different according to the choice of axes, and the rules for con-
version from one set of axes to another require practice before
they can be used with ease, the identity of the space group is also
made clear by quoting its serial number in a list in the Inter-
national Tables for X-ray Crystallography (1952); this number is
independent of the choice of axes.

To find the point group from the space group, the lattice symbol
P, A, B, C, F, I, or R must be dropped, all glide planes a, b, c,
d, or n must be replaced by mirror planes m, and the subscript
dropped from all screw axes.

SPECIAL POSITIONS. Positions in the unit cell lying on centres of
symmelry, rotation axes, mirror planes or inversion centres. An
atom on any one of these elements will not be repeated by that
element, and therefore fewer such atoms are needed for a sym-
metry-equivalent set than if they were in general positions.

SUB-CELL. See multiple cell.
SUB-LATTICE. See lattice.

SUPERLATTICE. This term results from an unfortunate mistranslation
of the German ‘Ueberstruktur’ or ‘overstructure’, and has added
to the misunderstanding of the term ‘lattice’. It was originally
applied to alloy systems, but has been used in the literature with
such a range of meanings that it cannot now be redefined, and it
is better to avoid it. In its commonest usage ‘superlattice’ is
synonymous with ‘multiple-cell structure’ and ‘superlattice reflec-
tions’ an abbreviation for ‘reflections peculiar to a multiple-cell
structure’.

SYMMETRY DIRECTION. A direction occupied by an axis of symmetry
(other than a 1-fold axis) or by the normal to a plane of sym-
metry or by both simultaneously.

SYMMETRY ELEMENTS. See axis of symmetry, centre of symmetry,
inversion axis, plane of symmetry.

SYSTEM, CRYSTAL. A group of crystal classes conventionally taken
together because their point-group symmetry has certain elements
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in common. Their description is most convenient in terms of
symmetry directions. The triclinic system has none (though it may
have a centre); the monoclinic system has one only, not higher
than 2-fold; the orthorhombic system has three mutually at right-
angles, none higher than 2-fold. The trigonal, hexagonal and
tetragonal systems have respectively a single triad, hexad or
tetrad axis (rotation or inversion). (In American usage, the
trigonal system is not separated from the hexagonal.) The cubic
system has four triad axes, equally inclined to each other, along
the body diagonals of the cube.

The symmetry directions are generally the most convenient
choice as axes of reference with which to describe the geometrical
as well as the physical properties of the crystal. An exception
occurs for those crystals of the trigonal system (in American
usage, included in the hexagonal system) which possess a rhom-
bohedral lattice, where the choice between hexagonal and rhom-
bohedral axes of reference has to be made in different ways for
different purposes.

When symmetry directions exist but are not chosen as axes of
reference, the geometrical description of the crystal will be that
appropriate to a system with lower symmetry than the true one
(e.g. a crystal of the orthorhombic system may be described in
terms of the monoclinic system).

TETRAD AXIS. A four-fold axis of symmetry.
TETRAGONAL. See system.
TRANSLATION-EQUIVALENT POINTS. See lattice.
TRIAD AXIS. A three-fold axis of symmetry.
TRICLINIC. See system.

UNIT CELL. A parallelopiped such that each edge lies in a row of
lattice points and is equal to the shortest repeat distance in that
row. The unit cell may be located anywhere in the structure, but
is most conveniently chosen so that its corner (which usually
serves as the origin of coordinates) is at a centre of symmetry (if
one exists). The directions of the edges form the axes of reference.
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(Authors’ names are not given except in connection with theoretical trcatments;
they will be found in lists of references at the ends of chapters.)

Abnormal
volume
Absorption band, 70
Alkali halides, 168, 173
Ammonium dihydrogen phosphate, 17,
45-7, 48, 53-4, 137, 1717, 186, 200
deuterium-replaced, 17, 46 -7
Ammonium hydrogen periodate, 18,
137-40, 141, 142
deuterium-replaced, 139
Ammonium-substituted Rochelle salt,
13, 17
Angstrom unit, 203
Angular changes, 24, 48, 51, 64, 65, 67,
91, 98
Anharmonicity, see vibrations
Anomaly in dielectric eonstant, sec
dielectric constant
Anomaly in specific heat, sec specific
heat
Antiferroelectric, definition, 15
examples, 17-18
Antiferroelectricity, nature of, 15-16,
133, 136
evidence for, 87, 92, 99-100, 108,
111-12, 119, 120, 140, 142
theories of, 131, 162-3, 177, 199-200
Antiparallel displacements, see dis-
placements
Arsenates, ferroelectric, 13, 44, 49, 53
Atomic paramcters, 203
‘Average atom’, 130
Axes of reference, definition, 203-4
choice of, 24, 41, 46, 62, 86, 96, 133,
2034
change of, 35, 62-3, 89~90, 96, 204
hexagonal and rhombohedral, 103,
205, 207, 209
Axial ratio, definition, 204
temperature changes in, 65-6, 70, 94,
96, 98, 109, 120
dependence on firing temperature, 66
in relation to physical properties,
98-9
(see also lattice parameters)

volume conditions, sce

Axis of symmetry, definition, 204
Axis, diad, 6-7, 26, 41, 205
hexad, 205
inversion, 41, 206
tetrad, 41, 67, 69, 145, 211
triad, 69, 103, 211

Barium titanate, structure, 17, 58-65,
132
propertics, 6, 65-80
theoretical treatment, 151-60, 166,
188-99
comparison with other materials, 13,
49, 86, 90, 94, 98, 100, 101, 105,
106, 107, 108, 109, 111, 112, 113,
115, 119, 124, 126, 127, 128, 146,
168, 169
Barium titanate, hexagonal, 65
Barium titanium oxide, 58
Barium zirconate, 88, 92, 112, 117, 120
Barkhausen jumps, 4, 32, 43, 50
Biassing field, see field and Curie point
Birefringence, see double refraction
Bond, covalent, 9, 33, 127, 128, 129,
130, 133, 137, 147, 176, 200
directed, 126
electrostatic, 9
homopolar, 9, 125, 183, 206
hydrogen, see hydrogen bond
ionic, 131
metallic, 131, 132
semi-polar, 9, 199, 208
energy of, 127
temperature dependence of, 129, 146
dipoles associated with, 8,9, 176, 180
Bond angles at oxygen atom, 62, 124-5,
129, 132, 133, 200
Bond lengths, 39, 54--5, 61, 107, 126-7,
183, 188
Bond strength, 9, 185, 200
Bond system, homopolar or covalent,
127, 129, 131, 199-201
of particular atoms, 55, 130, 131, 146
‘Bootstraps theory’, 166
Born theory of structure, 191
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oron compounds, 125
tutterfly loops’, 78, 100, 112, 117

admium niobate, 13, 127, 128, 142-7,
148, 159

admium tantalate, 148

aesium chloride, 201

aesium dihydrogen phosphate, 13, 45

aesium iodate, 140

alcium titanate, 87, 89-92, 96, 124,
126, 127

atastrophe, Lorentz, 169

ation size, effect on structure, 33,
85-7, 90, 93, 124-6, 127-8, 130,
131

ation, off-centre, 124, 126-30, 131,
133, 189, 199-201, 208

ell dimensions, see lattice parameters

entre of symmetry, 204

lack of, 1, 7, 25, 43, 61, 115

‘eramic material, difference from
single crystal, 73, 146

‘harge distribution in atom, 9 (see also
electron cloud)

‘harge on atom, effective, 131, 174,
187-8, 189, 197, 201

‘harge, surface, 3, 14, 29, 44, 116

‘hemical effect at Curie point, 27

'hemical nature of Rochellesalt, 182-3

lamped dielectric constant, see di-
electric constant

‘lamping, effect on crystal, 12, 67, 158,
159, 160, 161, 177

internal, 54

llass, crystal, 7, 205, 208 (see also
polar class)

of Rochelle salt, 1, 7, 24

‘lausius-Mosotti relation, 170, 173

Ylose packing, 59, 87, 103, 141

‘oercive field, see field

“olloidal potassium dihydrogen phos-
phate, 43

‘one ferroelectrics, see ferroelectrics

“ooperative transition, see transition

‘oordination number, 84-5, 93, 105,
124, 126, 140, 205

“ovalent bond, see bond

“ovalent forces, see forces

‘ristobalite, 11, 125

rumpled structure, 124-5, 132

‘rystallographic terms, ix, 1, 203-11

‘urie constant, 77, 111, 113, 159, 187,
191

Curie point, definition and occurrence,
4,14
particular cases, 27, 44, 58, 94, 95,
103
theoretical treatment, 157, 169, 187,
198
effect of biassing field, 5, 13, 14, 16,
78, 111-12, 113, 116, 146
effect of composition, 27, 78, 95, 119,
120, 148
effect of pressure, 13, 28, 77-8
effect of deuterium substitution, 27,
34, 44, 54, 140, 182, 185, 187-8
unattainable, 14, 137
of water, 169
Curie point, lower, 5, 52, 182-3
Curie-Weiss law, statement and occur-
rence, 5, 14
cxperimental results, 31, 53, 77, 89,
91-2, 111, 113, 136, 137, 146, 147
theoretical treatment, 154, 160, 161,
167-8,171, 172,177, 185, 186, 187,
190-1
Deuterium substitution, see Curie
point
Devonshire’s model theory of BaTiO,,
1912
Devonshire’s phenomenological theory
of BaTiO,, 151--60
Devonshire’s theory of antiferroelec-
tricity, 162-3
Diad axis, see axis
Dielectric constant, definition and dis-
cussion, 5-6
theoretical treatment, 152, 154, 160,
167, 170-2, 177, 181, 182, 189-91,
192, 194-5
of particular materials, 30-1, 53-4,
75-17, 89, 91-2, 95, 101-2, 108, 109,
111, 113, 116, 119, 120, 136, 137,
140, 142, 146, 147
near transition point, 5, 14, 55,167-8
clamped, 6, 186
optical, 173, 195
Dielectric constant anomaly as cri-
terion of antiferroelectricity, 15~
16, 17, 54, 99-100, 108, 112, 136,
142
Dielectric hysteresis, see hysteresis
Dielectric stiffness, see stiffness
Dielectric susceptibility, see suscepti-
bility
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Dipoles, fixed-direction, 165-6, 168,
172, 191, 193
induced, 165
permanent or fixed-magnitude, 8,
165-6, 168-9, 171, 172, 180, 187,
188, 191
point, 172, 175, 193
rotating, 171, 179, 181
nature and identification of, 8, 9, 15,
16, 17, 131, 133, 174, 177, 191,
199-201
in particular materials, 101, 136, 180,
183, 184-5, 189, 195-6, 197
in relation to bonds, 8, 9, 176, 180
distortion by field, 171-2
water molecules as, 8, 169, 179
Dipole array, 162, 166, 168, 193
Dipole moment, definition, 8, 166
direction of, 16, 17, 101, 163, 184-6
temperature dependence of, 182-3,
186
Dipole moments, and atomic dis-
placements, 15, 131, 174-5, 180,
182-3, 184-5, 189-90, 191, 199-
201 )
and spontaneous polarization, 8, 16,
163
of part of structure, 8, 9, 15, 16, 131,
133, 136, 163, 198, 199-201
in particular models, 180, 184, 186,
189, 191
Dipole polarization, sec polarization
Directed bond, see bond
Discontinuity at transition, experi-
mental, 10, 29, 49, 55, 65, 70, 73,
74, 75, 80, 94
theoretical, 152-4, 159-60, 185
Disorder, see order—disorder
Disorder in hydrogen positions, see
hydrogen
Displacement of atoms, antiparallel
or parallel, 62, 99, 106, 111, 129,
130, 131-2, 133, 136, 195
in multiple structure, 18
in pseudosymmetric structure, 10,
62-3, 65, 90, 98, 100-2, 103-5,
106-7, 109, 115, 119, 124-32, 136,
139-40, 144
in relation to dipole moment, 15,
131, 174-5, 185, 188, 191, 195,
196, 197-201
in relation to lattice distortion, 63,
65, 99, 197

Displacement of central cation in octa-
hedron, 62, 98, 101-2, 103, 105,
106, 107, 139, 191 (see also cation,
off-centre)

of hydrogen atom in bond, 38-9, 42,
182--5, 186, 187

of Nb atom, 98, 100-2, 103, 126-9,
144-5

of P atom, 42, 139, 185

of Pb atom, 109, 111, 115, 130

of Ti atom, 62, 126-9, 188-91

of W atom, 106-7, 126-9

of Zr atom, 130

Displacive transition, see transition

Distortion of electron cloud, see elec-
tron cloud

Domain, definition, 205

Domain size, 24, 43, 79

Domain texture (see also twinning), 32,
33, 67, 107, 108, 141, 143

cffect of pressure, 13, 33
visible in polarized light, 33, 69,
79

Domain walls, thickness of, 33, 44,

79

energy of, 43-4, 79

movement in field, 33, 79 -80, 99-
100

optically observed, 69, 79

Domains as twin components, 12, 43,
67, 205

Double refraction, 70, 71, 98-9, 111

Effective charge on atom, see charge
Effective ficld, see field
Elastic cocfficients, 49, 78, 158, 160
Elasto-optical coefficients, 98
Electron cloud of atom, distortion of,
127, 131, 172, 175-6, 183
Electronic theory of BaTiO,, 197-9
Electrostatic valence (see also bond
strength), 9, 124, 127
Energy, potential, 181, 187, 189, 191-2
zcro-point, 182
of structural unit, 176, 199
of structure, 129, 201
of transition (see also heat), 109, 111,
116, 119, 120, 140, 141, 146, 177,
182, 187
Energy difference, between polymor-
phic forms, see stability
between states, 184, 189, 198
Energy levels, 187-8, 200
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Entropy, experimental results, 48-9,
72, 94, 116, 129, 140, 141, 146
theoretical relations, 159, 177, 182,
185, 190, 198
Environment, atomic, 9, 85, 127, 199-
200 (see also bond system)
of particular atoms, 42, 54-5, 90,
138, 140, 141, 143, 145-6, 180
of NH, group, 45-6, 47
of potassium atom, 21, 33, 38, 42
Etching to show domains, 69
Eucken and Biichner’s treatment of
polarizability, 175
Expansion, thermal (scc also /lattice
parameters), 28, 48, 108, 109, 111,
113,116,119, 126, 165, 167, 182-3,
186, 192
Extinction, optical, 69, 71
X-ray, 25, 80

Ferrimagnetism, 16
Ferroelectric, definition, 14
characteristic properties, 14, 108,
131, 133-4, 199
distinction from antiferroelectric, 17,
99-100, 111-12, 116, 119, 132, 136,
200
Ferroclectricity, discovery of, 1
origin of name, 1
in multiple structures, 87, 133, 136
induced, 78, 100, 102, 112, 117, 119
Ferroelectrics, cone and line, 16, 17,
87, 101, 133, 145-6, 163
hydrogen-containing, 133, 147, 200
Ferromagnetism, analogy with, 1, 3, 4,
5,12, 15,16, 79, 80
Langevin-Weiss theory, 171, 179
Field, biassing, 17 (sec also Curie
point)
coercive, 3, 8, 14, 31, 52,75, 105, 137,
186
effective, 167
internal, 160, 166, 168-9, 170, 176,
180-1, 187, 189, 197, 199 (sce also
field factor)
local, 166-7
Lorentz, 168-9, 173, 192
threshold, 100, 112, 117, 119
orienting effect of, 13, 52, 71
Field factor, theoretical discussion,
169, 176, 193--5, 201
particular theories, 170, 181, 187,
189, 191, 192, 195, 196, 197-8

Field factor, numerical values, 182,
186, 187, 188, 190, 194, 198
Field gradient, 176
First-order transition, see transition
Force constants of BaTiO,, 193
Forces, attractive and repulsive, 127,
176
central, 83-4, 126
covalent, 176
directed, 9, 84, 126
clectrostatic or ionic, 9, 83, 124, 126,
166
homopolar, 84, 133, 178, 189
long-range and short-range, 165-6,
167, 175-8, 183, 185, 186-7, 188,
199--200
Formula-unit, 205
Fourth-power term in expression for
potential energy, 191, 192
Fowler’s theory of Rochelle salt, 179
Free cnergy (see also Helmholtz free
energy and Gibbs function), 112,
129, 151, 157, 159-60, 162, 169,
184-5
Frequency, of applicd ficld, 172, 175
of atomic vibrations, natural, 172,
175

General positions, see positions

Gibbs function, 151-3

Goldschmidt polyhedra, 133

Goldschmidt’s rules, 83-5, 208

Guanidine aluminium sulphate hexa-
hydrate, 14, 137

Hafnates, 92, 112-13
Heat of transition (see also energy of
transition), 49, 72, 94, 99
Helmbholtz frec encrgy, 158, 177, 184,
191
Hexagonal axes, see axes of reference
Hexagonal barium titanate, see barium
titanate
Hexagonal lattice, 205 -6, 207, 209
‘Hinge effect’, 134
Homodesmic structures, 84, 205, 206
Homopolar, see bond and forces
Hydrogen atoms, location of, 23, 26, 39
positions of, 38-9, 42, 47, 139, 141,
182, 186
ordering of, 42, 55, 139, 181, 1834,
200
cffective charge on, 188
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Hydrogen bond, 23, 26, 27, 34, 38-9,
42, 46,47, 54-5,136, 138, 139, 140,
180, 183, 184, 185, 186, 200

Hydroxyl group, 183, 184, 201

Hysteresis, dielectric, as criterion of
ferroelectricity, 14, 15, 16, 100,
108, 116, 119, 136, 137, 146

theoretical treatment, 154-5, 157

Hysteresis loop, double, 100, 112

forced, 78, 112, 117, 154-5
experimental methods for observing,
2
shape of, 3, 4, 50, 73
Hysteresis, thermal, 24, 29, 30, 66, 73,
77,78, 95, 114

Ideal perovskite, see perovskite

Ideal structure, 206

Ilmenite, 85, 87, 103-5, 196

Indicatrix, 70, 71, 98-9, 111

Infra-red absorption, x, 172, 182, 188,
198

Intensities of X-ray reflections, 25,
52-3, 61, 69, 115, 119, 144

Interaction theory, Muellet’s, 160

Internal field, see field

lIonic bonds, see bonds

lonic character of oxygen, see oxygen

Ionic radius, see radius

Isomorphous compounds, 27, 44-5,
137, 147

Isotope effect, see Curie point, effect of
deuterium substitution

Jaynes’s electronic theory of BaTiO,,
197-9

Jaynes’s mechanical - deformation
theory of BaTiO;, 197

Kittel’s theory of antiferroelectricity,
162

Kurchatov’s theory of Rochelle salt,
179

kX unit, 206

Lambda-peak, see specific heat

Langevin-Weiss theory, see ferro-
magnetism

Latent heat (see also heat of transition,
energy of transition), 73, 111

Lattice, 18, 206-7

Lattice parameters, 207
change with composition, 78, 115
change with temperature, 28-9, 47-8,
55, 65, 91, 94, 96, 100, 109, 113
dependence on crystal size, 66
Lead compounds, structural features
in, 120, 130-2
solid solutions of, 114-20
Lead hafnate, 112-13, 115, 120
Lead niobate, 18, 127, 147-8
Lead oxide, 130, 131
Lead tantalate, 148
Lead titanate, 13, 86, 108-11, 114,115,
126, 127, 128, 130-1, 132
Lead zirconate, structure, 111, 130
properties, 79, 111-12
antiferroelectric behaviour, 15, 17,
111-12
comparison with other materials, 87,
98, 100, 102, 113, 114, 115, 117,
118, 119, 120, 130--1
Line ferroelectrics, see ferroelectrics
Lithium ammonium tartrate mono-
hydrate, 18, 135-6
Lithium niobate, 13, 87,93, 103-5, 125,
126, 128, 132, 137, 141, 196
Lithium tantalate, 93, 105, 137, 196
Lithium thallium tartrate monohyd-
rate, 14, 27, 136-7
Long-range forces, see forces
Lorentz catastrophe, see catastrophe
Lorentz theory of internal field, 168-9,
170, 193
Lorentz factor (see also field factor),
169, 192
Lower Curie point, see Curie point

Magnesium oxide, 127
Mason’s theory of Rochelle salt, 179~
183
Mason'’s treatment of KH,PO,, 186-7
Mason and Matthias’ theory of
BaTiO,, 166, 188-91
Mechanical properties, x
‘Mixed state’, 163
Mobility of domain wall, see domain
walls, movement
Model theories, general remarks, 151,
161, 162, 163, 165
particular examples, 179-201
construction of, 176-7
Mueller’s theory of Rochelle salt,
160-1, 166
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Multiple cell, 207, 210
Multiple structure, 18, 86-7, 133
examples, 92, 95-6, 106, 109, 111,
113, 115, 116, 140, 141

Neumann’s rule, 7

Neutron diffraction,
X-ray, 26

results of, 26, 35, 39, 42, 52, 61,

108-9, 136

Niobates, general features of, 127

Non-polar symmetry, 7, 15, 99, 174,
175

contrast with

Nuclear resonance method, results of,
94, 176

Observable properties, required for
definition, 9, 15, 170, 175
used for checking theories, ix, 162,
177, 181-2, 186, 187, 190, 192, 198
Octahedra, as dipoles, 131
as structural units, 107, 131-2, 133~
134, 143, 197, 199
displacement of cation in, see dis-
placement and cation, off-centre
distortion of, 90, 107, 131
polarization of, 131, 199
regularity of, 61-2, 111, 124, 130,
143, 147
Octahedra, centrosymmetric, 90, 102,
138, 140
Octahedral bond system, 127
Octahedral environment, 127, 141
Octahedral framework, 59, 85, 102,
105, 109, 124-5, 127, 132, 133,
142-3, 145-6, 147
Octahedral sites for cations, 87, 103-5
‘Off-centre cation’, see cation
Onsager’s theory of internal field,
168-9
Optical evidence, for structure, 102,
111
for transition, 96, 143
for twinning, 69
Optical properties, 70-1, 98-9, 111
Order of transition, see transition
Order-disorder effects, 179, 186, 189-
191, 199, 200
Ordering of hydrogen atoms, see
hydrogen
Origin, choice of, 42, 59, 60, 143

Overlap between wave-functions, 175~
176
Oxygen atom, bond angle at, see bond
angle
environment of, 180, 183
ionic character of, 125, 132
polarizability of, see polarizability
polarization of, see polarization
Oxygen packing, 59, 87, 103, 105, 141,
197

Packing effects, 124, 126, 127, 132,
133-4, 197, 208
Paraelectric, 18, 86, 92
Partition function, 176-7, 181, 184,
189, 191, 198
Permanent dipoles, see dipoles
Permittivity, see dielectric constant
Perovskite (mineral), 89, 90
Perovskite family, 13, 17, 83-121
Perovskite structure, 124-34, 137, 140,
141, 143, 147
ideal, 58, 85, 86, 89
small-cell, 86, 133
Phenomenological arguments, 166, 185
Phenomenological theories, general
features, 150-1, 161-2
particular cases, 151-63
Phosphates, ferroelectric, 13, 44, 45, 53
Phosphorus atom, displacement of, see
displacement
environment of, see environment
Piezoelectric coefficients, x, 51, 158,
160, 177
Piezoelectric effect, 4, 179
Piezoelectricity, definition of, 1
occurrence of, 7, 61, 63, 105
absence of, 139
Pirenne’s theory of KH,PO,, 187-8
Plane of symmetry, 208
Point atoms, 9, 172, 175-6
Point dipoles, see dipoles
Point group, 208
Polar axes, direction of, 7, 63, 65,
100-1, 145
Polar classes, 7, 14, 115, 144
Polar crystals, 166, 174, 208
Polar symmetry, 166, 208
and ferroelectricity, 14-15
and multiple cell, 89
Polar units in structure, 9, 199-200
Polarity, of bonds, 208
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Polarity—contd.
of crystal, 32, 209
reversal of, 50, 79
Polarizability, 160, 170-6, 181, 185,
187, 189, 192, 194-5
background, 198
electronic, 172-5, 192, 194-5, 201
experimental, 173, 192
ionic, 174-5, 192, 195
macroscopic, 167,169,170, 173-4,192
orientation, 160, 171
total, 173, 196
temperature coefficient of, 192
Polarizability of oxygen atom, 173
Polarizabilities, additivity of, 173
Polarization, dipole, 180-1, 199, 197
electronic, 172, 175, 181, 187, 192,
197
ground, 187-8
induced, 166, 174
ionic, 174-5, 181, 192, 195-6
proton, 187-8
remanent, 50
saturation, 50, 187
spontancous, see spontaneous polar-
ization
theoretical treatment, 151, 156, 160,
162, 166-7, 170-2, 177, 184, 186,
189-90, 194, 196, 198
of oxygen atoms, 131, 180, 183, 195,
197, 199
interaction between ionic and elec-
tronic, 175, 195
Polarizing power of ‘cation’, 128, 131,
133, 199
‘Poling’, 13
Polymorphism, 18, 45, 95, 201, 209
Positions, general, 20, 38, 42, 205
special, 11, 20, 38, 42, 136, 210
Postulates, of model theories, 151
of phenomenological theories, 150,
160
of structural theory, 199-200
concerning low-temperature struc-
tures, 177
Potassium atom, environment of, see
environment
role of in transition, 33, 200
Potassium dideuterium phosphate, 45,
49, 52, 54, 187-8
monoclinic form, 45
Potassium dihydrogen phosphate,
structure, 35-43

Potassium dihydrogen phosphate,
properties, 47-54
theoretical treatment,

183-8, 199
comparison with other materials, 13,
16, 61, 79, 133, 137, 138, 139, 140,
163, 200
Potassium iodate, 140
Potassium niobate, 13, 86, 93-5, 99,
101, 102, 126, 128, 146, 159, 176
Potassium tantalate, 13, 95
Potential energy, see energy and fourth-
power term .
Potential wells, 180-1, 182, 183, 186-
187, 189-90, 191
Powder photographs, 60, 86, 91, 95-6,
111, 115, 119
Pressure, effect on Curie point, sce
Curie point
effect on domain texture, see domains

Principal vibration direction, see vibra-

tion direction (optical)

Pseudosymmetric structure, 11, 12, 14,

18, 209

Pscudosymmetric transition, see transi-

tion

Pyrochlore structure, 14, 128, 142-3,

147-8
Pyroelectric effects, 29, 32, 75
Pyroclectric test for ferroelectricity,
112, 116, 120

Pyroclectricity, definition, 7

and spontaneous polarization, 7, 8

54-5, 159,

Quadrupole term, 175

Quantum-theory treatment, 176, 187~
188, 196, 197--8

Quartz, 10, 18, 125

Radius, atomic or ionic, 83-5, 126, 147,
173, 197
Radii, additivity of, 83
Raman spectra, x
Reconstructive transition, see transition
Refractive index, 69, 70, 71, 111, 173
Repulsive forces, see forces
Reversibility of spontaneous polariza-
tion, 3, 8, 14
of structure, 52
of transition, 10
Rhombohedral axes, see axes of refer-
ence
Rhombohedral lattice, 209
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Rhombohedral phase in system
(Ba,Pb)(TiZr)O,;, 64-5, 93, 105,
112,114, 115, 116, 117, 119, 130-1

Roberts’s treatment of ionic polariza-
bility, 174, 196

Rochelle salt, structure, 11, 20-6, 33,
183

symmetry, 1, 6, 7, 10, 20, 24-6

properties, 1, 3,4, 5, 6,10, 11, 13, 14,
17, 27-33

theoretical treatment, 8, 160-1, 166,
168, 179-83, 200

comparison with other materials, 50,
79, 133, 135, 136, 186, 189

Rochelle salt, deuterium-substituted,
13, 25, 27, 30-2, 161, 182

Rubidium dihydrogen phosphate, 13,
45, 53

Rubidium iodate, 140

Rubidium tantalate, 103

Sccond-order transition, see transition
Scignette electricity, 2
Semi-polar bond, see bond
Sesquioxides, A and C, 87
Short-range forces, see forces
Silver hydrogen periodate, 18, 135, 138,
139-42
Single crystal, dielectric hysteresis, 4,
50, 73
Size of crystal, effects due to, 43 -4, 66
Slater’s theory of BaTiO,, 166, 169,
192-6
Slater’s theory of KH,POy4, 166, 177,
183-6, 187, 199
Sodium chloride, 9, 201
Sodium iodate, 139
Sodium niobate, structure, 95-8, 102,
132
properties, 98-102
forced change of phase, 100
theoretical treatment, 163
comparison with other materials, 13,
17, 87, 107, 111, 124, 126, 128
Sodium potassium tartrate tetra-
hydrate, see Rochelle salt
Sodium tantalate, 103
Solid solution, nature of, 130
examples of, 27, 78, 88, 92, 93, 102,
112, 114-20, 143, 146, 148
Solution of Rochelle salt, rate of, 27
Space group, definition, 210
discussion, 24, 41, 60-1, 63, 144

Special positions, see positions
Specific heat, 29, 48-9, 71-3, 91, 108,
109, 140, 141
Splitting of X-ray reflections, 24, 43,
69, 86, 96, 143
Spontaneous polarization, definition, 3
experimental values, 31-2, 50-2, 73~
75, 94, 136, 137, 146
as criterion of ferroclectricity, 14, 15,
16
as observable quantity, 3, 9, 116
direction, 137, 196
reversibility, 3, 8, 14
absence, 47
temperature dependence, 4, 116, 161
relation to strain, 51, 197
relation to symmetry, 6, 7, 99
rclation to pyroelectricity, 7, 8
comparison with theory, 157, 161,
167, 177, 181, 186, 190
Stability of polymorphic structures, 83,
95, 100, 112, 125, 129, 201
Stiffness, dielectric, 152-4, 161-2
Stress, effect on Curic point, sce Curie
point
Stresses, local, effect of, 4, 10, 33, 49,
55, 67, 73, 80
Strontium titanate, 89, 91, 127
Structural theory of ferroelectricity, x,
133-4, 199 -201
Structural units, octahedra as, see
octahedra
energy of, ste energy
Structure-building  principles,
124-7, 178, 201
Sub-cell, 18, 86, 89-90, 96, 105, 106,
111, 113, 120, 125, 133, 207
Superlattice, 18, 210
Surface charges, see charges
Susceptibility, dielectric, definitions, 5
initial, §, 6, 160
reciprocal, 30, 152
adiabatic and isothermal, 177
Symmetry axis, see axis
Symmetry change at transition, 33, 42,
47, 144, 177, 185-6
Symmetry direction, 210
Symmetry, polar, see polar
in relation to physical properties, 6,
7, 69
in relation to ferroelectricity and
antiferroelectricity, 14, 15, 16, 17,
47, 99

83-5,
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Symmetry, in relation to polymor-
phism, 18
of Rochelle salt, see Rochelle salt
System, crystal, 210-11
Szigeti’s treatment of polarizability,
175

Takagi’s treatment, of antiferroelec-
tricity, 177
Takagi’s treatment of ionic polariz-
ation, 175, 195-6
Tantalates, 93, 95, 103, 105, 127
Tartrates (see also Rochelle salt), 13,
14, 27, 135-7
Temperature factors (see also vibra-
tions, thermal), 61, 126
Temperature of transition, variations
in, 49, 80
theoretical treatment, 181, 187
Thermal expansion, see expansion
Thermal hysteresis, see hysteresis
Thermal vibrations, see vibrations
Thermodynamic arguments, 10, 55,
150, 160, 162
Tilleyite, 125 )
Titanium atom, displacement of, see
displacement
volume available for, 127, 189, 195
Tolerance factor, 85-7, 147-8
Topological character of transition, 11,
105, 137, 141
Transition, cooperative, 179
first and second order, 10, 55, 80,
152-4, 158-60, 161, 168, 169, 185
displacive and reconstructive, 10, 65,
126
pseudosymmetric, 11, 15, 16, 17, 42,
159-60
forced, 78, 100, 112, 117
mechanism of, 33, 54, 129, 139, 183,
200
volume changes at, 66, 108, 109, 111,
113, 116, 119, 120

Tridymite, 11

Tungsten trioxide, 13, 17, 106-8, 126,
128, 129, 132

Twin laws, 67, 70

Twin texture, see domain texture

Twinning, 12, 24, 43, 67-70, 89, 90, 107

Twins, 90° and 180°, 67-9, 79

Unit cell, 211
Uniterminal axis, 69

Vibrations, atomic, 72, 175, 187
thermal, 39, 43, 61, 115, 126, 129,
165, 168, 188
anharmonicity of, 192
Vibration direction (optical), 99
Volume changes, see transition
Volume conditions for cation, ab-
normal, 127, 189, 195, 199

Walls, see domain
Water, Curie point of, 169

effective charge on hydrogen atoms

in, 188

Water content of Rochelle salt, 3, 29
Water molecules as dipoles, 8, 179
Wave function of atom, 129
Wells, potential, see potential

X-ray evidence for atomic positions, 9,
26, 38, 42, 61, 63, 132, 182

X-ray method, compared with optical,
96

compared with neutron diffraction,
26
X-ray reflections, intensities, see in-
tensities
splitting, see splitting

Yttrium tantalate, 148

Zero-point energy, see energy
Zirconates, 92, 111-12

220


















	00000001.tif
	00000002.tif
	00000003.tif
	00000004.tif
	00000005.tif
	00000006.tif
	00000007.tif
	00000008.tif
	00000009.tif
	00000010.tif
	00000011.tif
	00000012.tif
	00000013.tif
	00000014.tif
	00000015.tif
	00000016.tif
	00000017.tif
	00000018.tif
	00000019.tif
	00000020.tif
	00000021.tif
	00000022.tif
	00000023.tif
	00000024.tif
	00000025.tif
	00000026.tif
	00000027.tif
	00000028.tif
	00000029.tif
	00000030.tif
	00000031.tif
	00000032.tif
	00000033.tif
	00000034.tif
	00000035.tif
	00000036.tif
	00000037.tif
	00000038.tif
	00000039.tif
	00000040.tif
	00000041.tif
	00000042.tif
	00000043.tif
	00000044.tif
	00000045.tif
	00000046.tif
	00000047.tif
	00000048.tif
	00000049.tif
	00000050.tif
	00000051.tif
	00000052.tif
	00000053.tif
	00000054.tif
	00000055.tif
	00000056.tif
	00000057.tif
	00000058.tif
	00000059.tif
	00000060.tif
	00000061.tif
	00000062.tif
	00000063.tif
	00000064.tif
	00000065.tif
	00000066.tif
	00000067.tif
	00000068.tif
	00000069.tif
	00000070.tif
	00000071.tif
	00000072.tif
	00000073.tif
	00000074.tif
	00000075.tif
	00000076.tif
	00000077.tif
	00000078.tif
	00000079.tif
	00000080.tif
	00000081.tif
	00000082.tif
	00000083.tif
	00000084.tif
	00000085.tif
	00000086.tif
	00000087.tif
	00000088.tif
	00000089.tif
	00000090.tif
	00000091.tif
	00000092.tif
	00000093.tif
	00000094.tif
	00000095.tif
	00000096.tif
	00000097.tif
	00000098.tif
	00000099.tif
	00000100.tif
	00000101.tif
	00000102.tif
	00000103.tif
	00000104.tif
	00000105.tif
	00000106.tif
	00000107.tif
	00000108.tif
	00000109.tif
	00000110.tif
	00000111.tif
	00000112.tif
	00000113.tif
	00000114.tif
	00000115.tif
	00000116.tif
	00000117.tif
	00000118.tif
	00000119.tif
	00000120.tif
	00000121.tif
	00000122.tif
	00000123.tif
	00000124.tif
	00000125.tif
	00000126.tif
	00000127.tif
	00000128.tif
	00000129.tif
	00000130.tif
	00000131.tif
	00000132.tif
	00000133.tif
	00000134.tif
	00000135.tif
	00000136.tif
	00000137.tif
	00000138.tif
	00000139.tif
	00000140.tif
	00000141.tif
	00000142.tif
	00000143.tif
	00000144.tif
	00000145.tif
	00000146.tif
	00000147.tif
	00000148.tif
	00000149.tif
	00000150.tif
	00000151.tif
	00000152.tif
	00000153.tif
	00000154.tif
	00000155.tif
	00000156.tif
	00000157.tif
	00000158.tif
	00000159.tif
	00000160.tif
	00000161.tif
	00000162.tif
	00000163.tif
	00000164.tif
	00000165.tif
	00000166.tif
	00000167.tif
	00000168.tif
	00000169.tif
	00000170.tif
	00000171.tif
	00000172.tif
	00000173.tif
	00000174.tif
	00000175.tif
	00000176.tif
	00000177.tif
	00000178.tif
	00000179.tif
	00000180.tif
	00000181.tif
	00000182.tif
	00000183.tif
	00000184.tif
	00000185.tif
	00000186.tif
	00000187.tif
	00000188.tif
	00000189.tif
	00000190.tif
	00000191.tif
	00000192.tif
	00000193.tif
	00000194.tif
	00000195.tif
	00000196.tif
	00000197.tif
	00000198.tif
	00000199.tif
	00000200.tif
	00000201.tif
	00000202.tif
	00000203.tif
	00000204.tif
	00000205.tif
	00000206.tif
	00000207.tif
	00000208.tif
	00000209.tif
	00000210.tif
	00000211.tif
	00000212.tif
	00000213.tif
	00000214.tif
	00000215.tif
	00000216.tif
	00000217.tif
	00000218.tif
	00000219.tif
	00000220.tif
	00000221.tif
	00000222.tif
	00000223.tif
	00000224.tif
	00000225.tif
	00000226.tif
	00000227.tif
	00000228.tif
	00000229.tif
	00000230.tif
	00000231.tif
	00000232.tif
	00000233.tif
	00000234.tif
	00000235.tif
	00000236.tif
	00000237.tif
	00000238.tif
	00000239.tif
	00000240.tif
	00000241.tif
	00000242.tif
	00000243.tif

