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PREFACE

The discovery of the diffraction of X-rays by a crystal grating
and the subsequent development of the technique of crystal
structure analysis have led to the accumulation during the
last fifteen years of a great mass of experimental data on the
internal structure of a wide range of crystalline materials.
Already these data have been summarized and reviewed in
several works, but hitherto the summaries have been primarily
topographical in their approach and have followed a classi-
fication based on composition and morphology alone. Crystal
chemistry is not, however, a purely descriptive science, and
it is in the interpretation of the observed crystal structures
and in their correlation with physical and chemical properties
that the chief significance and interest lies. The time has now
pome when a sufficiently wide and diverse range of compounds
has been investigated for some of the general principles of
crystal architecture to have emerged, and in this book an
attempt is made to survey critically the broad field to which
X-ray methods have been applied and to codify some of these
principles. The field is indeed a broad one, for there are
aspects of crystal chemistry of significance to the chemist,
the physicist, the metallurgist, the geologist and even the
biologist, while on the theoretical side many of the results
have an important bearing on the work of the mathematical
physicist. For this reason the approach followed is one which
demands little detailed crystallographic knowledge on the
part of the reader and which seeks rather to emphasize the
applications of the general principles of crystal chemistry in
these several fields than to describe the specialized details of
the results. It is therefore hardly necessary to remark that no
attempt has been made to notice all, or even many, of the vast
number of crystal structures which have been analysed, and
only those structures which seem most suited to illustrate the
principles here advanced have been described: the others,
together with much important work which fyas appeared
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while the manuscript was in preparation or passing through
the press, will serve to fill in the details but not to change the
outline of the picture here painted. The reader with more
specialized interests will find in the generous provision of
references material for the further study of the applications
of the subject in his own particular field.

Throughout the book atomic radii andinteratomic distances
are expressed in terms of the Angstrom unit, 1 A.=10%cm.
References are given according to the "Harvard System" in
the form recommended in the 2nd edition of the World List
of Scientific Periodicals (Oxford University Press, 1934).
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PART |
THE CRYSTAL LATTICE

CHAPTER |

INTRODUCTION

HISTORICAL SURVEY

The systematic investigation of the relationship of crystalline
form to chemical constitution may be said to date from the
invention of the goniometer by Carangeot in 1780. Im-
portant contributions had been made earlier than this, not-
ably by Steno, who remarked in 1669 that quartz crystals,
whatever their origin or habit, always preserved the same
interfacial angles, and by Guglielmini, who in 1688 extended
Steno's observations to many other minerals, and also dis-
covered the constancy of cleavage directions in crystals. In
the absence of any quantitative data, however, progress was
necessarily slow, and the vast field opened up by the gonio-
meter is revealed by the mass of material which appeared
in the years immediately following Carangeot's invention.
As early as 1783 de ITsle (1783) published four volumes
of data incorporating his observations on many common
minerals, while in the next year Haiiy (1784) enunciated the
laws which govern crystal symmetry and paved the way for
his later discovery of the law of rational indices, which, in
1801, he substantiated by a comprehensive crystallographic
survey of the mineral kingdom (Haiiy, 1801).

The researches of Haiiy may well be said to have laid the
foundations of modern crystallography, but it was not until
the invention of the reflecting goniometer by Wollaston in
J809 that further progress was possible. The contact gonio-
meter had served to provide the data for Hatty's researches
on crystal symmetry, but an instrument of an altogether
different order of accuracy was required before crystallo-
graphy could lay claim to the title of an exact science. The
application of the reflecting goniometer to crystallographic

ECC |



2 INTRODUCTION

research resulted in the rapid accumulation of a great wealth
of exact experimental data not only on naturallj occurring
minerals but also on artificial crystals of chemical importance,
and it was these data which provided the material for the
discovery of isomorphism by Mitscherlich in 1819. The work
of Mitscherlich at once directed attention to the chemical
significance of crystal form and habit, and from 1820 on-
wards crystallographic research for nearly a hundred years
was concerned primarily with the relationship of crystalline
form to chemical constitution. Here we can mention only a
few of the more important contributions. Pre-eminent stands
the work of Pasteur on the enantiomorphism of tartaric acid,
of the greatest significance in the later developments of
chemical theory. Other researches were concerned with the
physical and crystallographic properties of substances chemi-
cally closely related, and as early as 1840 K opp observed that
the tendency to form mixed crystals increased with increasing
similarity in molecular volume. Later in the century Hiort-
dahl and Groth showed that in a series of organic com-
pounds systematic substitution brought about a progressive
change in crystal form, while important observations on the
physical properties of substances chemically closely related
are associated with the names Retgers, Liebisch, Gossner,
Barker and Tutton. The great volume of crystallographic
data on both inorganic and organic compounds which accumu-
lated during the period was tabulated in Groth's monumental
Chemisette Krystallographie (Groth, 1906-19).

Although the work of the second half of the nineteenth
century provided many data which have been of the greatest
value to subsequent investigators, it cannot be said to have
led to developments in any way comparable in importance
with the discoveries of Mitscherlich and Pasteur in the first
half of the century. In part this was due to the fact that most
of the substances investigated were of far too great chemical
complexity, but more particularly was it an inevitable con-
sequence of the fact that the external crystal form, closely
prescribed by rigid rules of symmetry, can necessarily give
but avery limited expression of the internal constitution and
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shell contains eighteen electrons and a single electron occupies
the outermost N shell. After copper no further increase in
the number of electrons in the M shell takes place, and further
electrons enter the N shell giving rise to the series of elements
from zinc to krypton closely analogous to the elements in
the preceding period of the table.

The elements from scandium to nickel, corresponding to
the expansion of the M shell from its original limit of eight
to the new limit of eighteen electrons, are termed 'transition
metals', and the temporary abeyance in thefilling of the N
shell, in consequence of which all these elements have only
one or two electrons in this outer shell, confers a metallic
character on all the members of the series. The fact that itis
energetically possible for further electrons to enter the M
shell whilethe A" shell remains partially filled revealsthat the
additional M electrons cannot be very much more tightly
bound than those in the N shell, and the variable valency
which the transition metals show is indeed an expression of
this fact. Thus, while the scandium atom has the electron
configuration 2, 8, 9, 2 that of the trivalent scandium ion
Sc*+ is 2, 8, 8, so that, strictly speaking, trivalent scandium
is not a member of the transition series at all. Again, the
configuration of copper is 2, 8, 18, 1 and the M shell is com-
plete, but in the ion Cu?+ the configuration must be 2, 8, 17,
and divalent copper should therefore be regarded as a tran-
sition metal. Zinc, however, shows no tendency to occur as
atrivalent ion so that by the time this element is reached a
stable M shell obtains.

The fifth period. An exactly analogous phenomenon occurs
in the fifth period of the classification. After the krypton
configuration 2, 8, 18, 8 has been augmented by the addition
of successively one and two electrons in a new 0 shell to give
rubidium and strontium, further growth of this shell is tem-
porarily suspended and a second series of transition metals
from yttrium to palladium corresponds to the continued
‘inner building' of the N shell. Once again, after this shell
has reached its [imit of eighteen electrons, further building
takes place in the outermost shell and a series of elements,
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silver to xenon, closely resembling the series preceding each
of the other rare gases, is formed.

The sixth and seventh periods. the rare earths. In the sixth
period the elements caesium and barium correspond, analo-
gously to the other alkali and alkaline earth metals, to the
addition of one and two electrons in a new P shell outside
the xenon configuration of 2, 8, 18, 18, 8. Once more the
further growth of this outermost shell is suspended after
the alkaline earth, and a transition group, beginning with
lanthanum, is initiated by the addition of a single electron
in the O shell. Here, however, a new phenomenon appears,
for immediately after lanthanum the further growth of this
transition group is in its turn suspended, and the next four-
teen electrons added enter the still deeper N shell, giving
rise to the group of 'rare earth' elements of atomic numbers
58 to 71. The very close chemical resemblances of all these
elements find an immediate explanation in the identity of
the electronic configuration of the two outermost shells.

After the completion of the rare earth group, the growth of
the transition group, suspended after lanthanum, is resumed
and the series of elements hafnium to platinum results.

Following platinum the growth of the P shell continues
giving rise to the elements from gold to radium emanation,
so that the configuration of this last inert gas is 2, 8, 18, 32,
18, 8. Radium emanation is followed by the as yet undis-
covered alkali metal of atomic number 87 and by the alkaline
earth radium, corresponding to the addition of one and two
electrons in a new Q shell. After radium the growth of the
new shell is again suspended, and the remaining four elements
of the periodic classification constitute the beginning of an
incomplete group of transition metals corresponding to the
further growth of the P shell. In uranium of atomic number
92, the last element in the series, the configuration is, there-
fore, 2, ft, 18, 32, 18, 12, 2.

Table 4 shows an alternative presentation of the periodic
classification designed to emphasize the development of
the extranuclear structure of the atom and to show the
positions of the transition and rare earth elements in the
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series. The former metals are enclosed in a single and the
latter in a double frame. Lines connect analogous elements
of similar chemical properties.

TABLE 4
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It must be emphasized that in this very brief discussion
of the electronic structure of the elements no attempt has
been made to consider the mass of data on which this struc-
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ture is based, and similarly no account has been given of the
distribution of the electrons in each shell over the various
sub-groups into which magnetic and spectroscopic evidence
shows that they are divided. Nor has any attempt been made
to.account for the particular electronic distribution found,
although a very satisfactory explanation of this distribution
is given by Pauli's exclusion principle. For a discussion of
these points the reader is referred to the many detailed
accounts already available (Paneth, 1926; Andrade, 1927,
Sidgwick, 1927; Clark, 1934; Born, 1935).

We now pass on to consider the nature and properties of
the ionic, homopolar, metallic and van der Waals bonds in
terms of our simple picture of atomic structure.

THE IONIC BOND

The ionic, polar, heteropolar or electrovalent bond is physically
the simplest of the four types of interatomic binding force,
and arises from the electrostatic attraction between oppo-
sitely charged ions. The lack of chemical activity of the inert
gases reveals the stability of their electronic configuration,
and this configuration can be achieved by other elements by
the loss or gain of one or more electrons. Thus sodium, by
the loss of a single electron, becomes the positively charged
ion Na+ with the extranuclear configuration of neon, but
with the electrons somewhat more tightly bound than in the
rare gas due to the influence of the increased nuclear charge.
The readiness with which this electron is lost is revealed by
the low ionization potential of 512 volts. Similarly the
magnesium atom can acquire the neon configuration by the
loss of two electrons, but here the tendency to ionize is less
marked, for not only must two electrons beremoved instead of
one, but also are the individual electrons more tighly bound.
Thisisreflected inthelarger values of theionization potentials
of 7-75 and 22-6 volts corresponding to the formation of the
ions Mg+ and Mg+ respectively.

The tendency to form positive ions thus falls off rapidly
in the sequence of elements following each of the inert gases,
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and practically is mostly limited to the transition and rare
earth elements and those of groups 1 to 4 of the periodic
table. Elements in the later groups, immediately preceding
an inert gas, can attain the configuration of this gas by the
addition of one or more electrons to form negative ions. Thus
chlorine and sulphur give rise to the ions Cl- and S* both
having the argon electronic structure. The electrostatic
attraction between oppositely charged ions of this kind
constitutes the ionic bond, and sodium chloride, NaCl, or
magnesium sulphide, MgS, are typically ionic compounds.

It is clearly necessary, in addition to the electrostatic
attraction, to postulate the action between the ions of some
repulsive force which under equilibrium conditions will be
equal to the Coulomb attraction. This force cannot be given
any immediate or simple physical explanation, and a dis-
cussion of its origin is deferred until Chap. in. Here, how-
ever, it is sufficient to say that the low compressibility of all
ionic crystals reveals that, whatever its nature, it must be
aforce varying very rapidly with interatomic distance, and
certainly very much more rapidly than the inverse square
law of Coulomb attraction. The nearly constant radius of a
givenion in all the compounds in which it occurs is another
manifestation of this same rapid variation with distance, and
to afirst approximation we can, for our simple picture, regard
the ions in an ionic structure as rigid charged spheres of
characteristic constant radius.

Structural characterigics of the ionic bond.

Structurally the characteristic properties of ionic crystals
arise immediately from the simple picture of the ionic bond
as one which can be exerted between a given ion and an
indefinite number of neighbours of the opposite sign, and
one which isin no way spatially directed. In consequence,
the structure of an ionic crystal is largely determined by
purely geometrical considerations, beingin fact thatinwhich
each ion is surrounded by the largest possible number of
oppositely charged neighbours. For a given ion the number
of immediate neighbours might be indefinitely large if the

2-2
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radius of the neighbours was small compared with that of the
central ion, but such an arrangement would not necessarily
be physically possible, since in a structure we must satisfy
not only the condition of geometrical packing but also that
of electrical neutrality. Thus in sodium chloride the radius
of the sodium ion isso much smaller than that of the chlorine
ion that there is room round the latter for twelve or more
sodium neighbours. Electrical neutrality,however requires
that, the number of sodium and chlorine ions shall be equal,
and, therefore, that the co-ordination or arrangement of
neighbours around each shall be the same. Round the sodium
ion only six chlorine neighbours, arranged regularly at the
corners of an octahedron, can be accommodated, and this,
therefore, is the type of co-ordination not only round the
sodium but aso round the chlorineion. In caesium chloride,
on the other hand, the two ions are
more nearly comparable in size and
eight chlorine neighbours can now be
packed roundthe alkali metal. The struc-
ture is, therefore, the quite different one
illustrated in Fig. 2, inwhich the ion of
each kind is now surrounded by eight B

neighbours symmetrically disposed at Fig. 2. The dructure of
the corners of a cube. caesum chloride, CCl.

These two quite different structures for substances so
closely related emphasize how far more important are geo-
metrical than chemical considerations in determining the
structure adopted. They also emphasize certain general
features of ionic structures. Thus we see at once that the
molecule AX, as such, has no existence in the structure. In
sodium chloride each chlorine ion is associated equally with
six sodium neighbours and stands in a privileged relation to
no one of them. Similarly each sodium is associated equally
with six chlorine ions. In no sense is the univalency of
chlorine to beinterpreted asimplying that the chlorine atom
is the source of a single bond and such a formula as Na—Cl
is misleading. In so far as bonds are to be regarded as
originating from the chlorine ion at all, the number of such
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bonds is six, but that number is a geometrical property of the
‘ructure as a whole and not a characteristic of the chlorine
ion: in caesium chloride, as we have seen, the number of
bonds from each chlorineion is eight. The univalency of the
halogen ions is simply an expression of the unit charge which
they carry and is no measure of the number of other ions to
which they may be immediately linked.
The structural characteristics of ionic compounds are
discussed in detail in Chaps, VII-X.

Physical properties of the ionic bond.

Many of the mechanical, thermal, electrical, optical and
other physical properties of ionic crystals may be accounted
for qualitatively in terms of our description of theionic bond.

The strength of theionic bond is reveal ed by the mechanical
strength, hardness and relatively high melting point of ionic
crystals. Quantitatively, however, the mechanical strength
is not a valuable criterion, for it is a 'structure sensitive'
property very susceptible to the exact physical conditions
under which it is measured and one for which itis difficult to
obtain significant values.

Hardness. Some data on the hardness of ionic crystals are
given below. The hardnesses are expressed in terms of Moh's
scale, and the interatomic distance A-X is also given in each
case. These data not only show the general order of magni-
tude of the hardness of ionic crystals but also reveal the
change in the strength of the ionic bond in a series of closely
related structures. Thus in the series of oxides BeO, MgO,
Ca0, SrO, BaO the increasing size of the metallic ion brings
about an increase in the A-X distance, and this results in
a corresponding reduction in bond strength immediately
reflected in a rapid decrease in hardness (Goldschmidt,
1928a; Ephraim, 1931):

BeO | MO | CaO | SO | BaO

A-X 165 210 240 257 2.77
Hardness 90 6.5 45 35 33
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In exactly the same way the progressive substitution of
the anion by one of greater radius causes a decrease in hard-
ness as in the series CaO, CaS, CaSe, CaTe:

Ca0 CaS CaSe CaTe
6 3.17
29

A-X 2.40 2.84 2.9
Hardness 45 40 32

Equally marked is the change in bond strength due to a
change in the charge of the ions. This may be illustrated by
such a series as NaF, MgO, ScN and TiC in which the inter-
atomic distance remains nearly constant while the ionic
charge increases progressively, or again by such pairs of
compounds as LiCl and SrO or LiBr and MgSe:

NaF MgO ScN TiC

231 2.10 2.3 2.23
Hardness 3.2 6.5 7.8 8-9

Licl | S0 | LiBr | MgSe

A-X 2.57 2.57 2.75 2.73
Hardness 30 35 25 35

Melting point. The melting point, or temperature at which
the energy of thermal agitation is sufficient to disrupt the
interatomic binding forces, is aso a rough measure of the
strength of these bonds, and, although the problem is here
complicated by other phenomena (Pauling, 1928a), the
general trend of the melting points of ionic crystals reveals
the same variation with interatomic distance and ionic
charge shown by the hardness data. Thus in the series of
alkali halides NaF, NaCl, NaBr, Nal the melting point falls
progressively with increasing interatomic distance:

NaF NaCl NaBr Nal

A-X 2.31 2.79 294 3.18
Melting point ° C. 988 801 740 660
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and the same effect is shown by the series NaF, KF, RbF
andCsF:

NaF KF RbF CsF

4-X 2.31 2.66 2.82 2.98
Melting point ° C. 988 846 775 684

The influence of the ionic charge is revealed by a comparison
of the melting points of such a pair of compounds as NaF
and CaO:

NaF Ca0
A-X 2.31 240
Melting point ° C. 988 2570

Thermal expansion. As a class ionic crystals have relatively
small coefficients of thermal expansion corresponding to
the strong interatomic binding forces, and the data given
below for the coefficient of expansion a of a number of such
structures may be later compared with figures for the thermal
expansion of structures in which other types of force operate.
Within the field of ionic crystals the thermal-expansion data
again show the progressive increase in binding force accom-
panying a decrease in interatomic distance or an increase in
ionic charge, so that in the series NaF, NaCl, NaBr and Nal
the coefficient of expansion shows a continuous increase:

NaF NaCl | NaBr | Nal

A-X 2.31 2.79 2.94 3.18
ax10° 39 40 43 48

The expansion coefficients of the ionic halides of divalent
metals are considerably smaller:

CaF,
4-X 2.39
ax10° 19

Electrical properties. lonic crystals are non-conductors of
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electricity since the electrons are all securely bound in the
atomic orbitals of the individual ions. They do, however,
show an internal photoelectric conductivity with a limiting
frequency corresponding to the ionization potential. Since,
however, this frequency is normally relatively high, corre-
sponding to wave-lengths in the ultra-violet, the effect is not
marked in most ionic crystals. in the molten state con-
ductivity by ion trajisEfort occurs,and a relatively high
conductivity of the melt is a charactprigtic property of ionic
structures(Biltz, 1924; Biltz andKlemm, 1924; von Hevesy,
1928; Eucken, 1930).

The dielectric constant of ionic crystals is at high fre-
quencies simply the additive effect of the polarizabilities of
the separate ions. At low frequencies, however, further
polarization may occur, the positive ions as a whole vibrating
against the negative and giving rise to a dielectric constant
characteristic of the lattice.

The essentially electrical character of the ionic bond is
revealed by the dissociation which it experiences in a medium
of sufficiently high dielectric constant. Thus most halides are
soluble in water while sulphides and oxides, where the binding
is stronger, are insoluble: they would probably be soluble
with dissociation in a solvent of still higher dielectric constant
if one were known. lonization in solution is not, however, a
safe criterion for the ionic bond, for the character of the
binding may be affected by the solvent, and many compounds
which are soluble with dissociation are probably not ionic in
the solid state.

Optical and magnetic properties. The optical and magnetic
properties of ionic crystals are to a first approximation those
of the aggregate of ions, and refractivities and susceptibilities
are additive. The refractivity of the individual ions is a
measure of the deformability or, polarization of the electronic
structure by the electric vector of the incident light, and is
therefore largest for ions with a large and loosely bound
electron configuration. This is illustrated by the data for the
molecular refractivities of the series of ions F-, Cl-, Br-, |-
where the increase in the ionic dimensions is accompanied by
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a corresponding increase in molecular refraction (Fajans,
1925):

F- | ¢l- | Br- |-

Molecular refraction 25 90 126 190

or by the series 0?7, F-, Ne, Na", Mg?* inwhich the influence
of an increase in nuclear charge in a series of ions with the
same electron configuration is clearly shown:

o- F- Ne | Nat+ | Mg 1

Molecular refraction 70 25 10 05 03 1

These figures emphasize that the overwhelming contribution
to the refractivity of any ionic compound is that due to the
anion.

In unsymmetrical structures ionic refractivities are no
longer additive and the polarization of a given ion is deter-
mined not only by the electric vector of the light wave but
aso by the field due to the polarization of its neighbours.
This effect is structurally of great practical importance, for
it is only in such cases that the optical properties can give
any clue to the crystal structure. The point is discussed more
fully later.

The absorption of simpleionic crystalsinthe high-frequency
region is again simply that of the ions, and the crystals are
therefore generally transparent and colourless except in the
case of the transition and rare earth elements where absorp-
tion occurs in the visible. At low frequencies the effect of the
lattice begins to be felt, and there is always a characteristic
frequency v, usually far in the infra-red, for which the positive
and negative ions vibrate against each other. At this fre-
quency there is heavy adsorption and selective reflection
giving rise to the Reststrahlen of Rubens.

A general account of the physical properties of the ionic
bond has been given by Fajans (1925, 1928a).
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THE HOMOPOLAR BOND

The electron transfer from the electropositive to the electro-
negative element which occurs in ionic compounds, and by
means of which each atom achieves the stable electron con-
figuration of an inert gas, clearly cannot be responsible for
the formation of such a molecule as that of chlorine, Cl,.
The two chlorine atoms in this molecule, each with an outer
shell of seven electrons, can, however, both attain the stable
argon configuration by a sharing of two electrons in a way
which may be represented figuratively thus:

A+ Cl >0 QL

where the dots represent the valency electrons of the outer-
most shell. Sueh a mechanism of electron sharing as respon-
sible for the formation of the homopolar or covalent bond was
proposed simultaneously by Lewis (1916) and by Kossel
(1916), whose work may be regarded as the foundation of
modern valency theory. We cannot here discuss the extensive
developments of these views or the light which they have
thrown on chemical combination in awidefield of inorganic
and organic chemistry: for such a discussion the reader is
referred to the works of Lewis (1923), Sidgwick (1927, 1933),
Ephraim (1928), Noyes (1935), Speakman (1935) and others.
We shall, however, give a brief account of the physical pro-
perties which the homopolar bond confers on the bodies in
which it occurs, and of the structural characteristics which
these compounds show.

The conception of a homopolar bond as due to a sharing of
electrons between the atoms which it binds together im-
mediately gives rise to an important distinction between it
and the ionic bond, for it is clear that the number of homo-
polar bonds by which a given atom can be linked to others
is limited. Thus, in the case of the chlorine molecule, each
atom is able to achieve the stable electronic configuration by
sharing one of its electrons with the other atom, so that the
single chemical bond corresponds to a sharing of two electrons,
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one provided by each atom, and in forming this chemical
bond each atom has effectively increased by one the number
of electrons in its valency shell. Once this shell has attained
the stable inert gas configuration no further homopolar bonds
will be formed, and hence quite generally the number of
vhomopolar bonds which can originate from an atom is equal
to the number of electrons required to complete its outermost
shell. An element in the nth group of the periodic table can
therefore be the source of (8~n) bonds, so that while the
halogens are univalent, oxygen in the sixth group is divalent,
as in the oxygen molecule
.0:07,

and carbon in the fourth group is tetravalent as in methane
or carbon tetrachloride

H .Gl

H:'C'H -C:C:Cl".

H .Cl

A further respect in which the homopolar bond stands in
marked contrast to the ionic is in the fact that the several
bonds from a polyvalent atom are in general mutually dis-
posed in some characteristic spatial configuration. Thus, for
example, in a structure in which the oxygen atom occurs
between two atoms A and B to which it is bound by homo-
polar links, it is found to be displaced from the line AB so
that the angle between the two bonds from the oxygen atom
is less than 180°. Similarly the four homopolar bonds from
a carbon atom are always found to be directed towards the
corners of a regular tetrahedron.

Structural characterigtics of the homopolar bond.

The characteristic properties of the homopolar bond out-
lined above have a most profound influence on the type of
structure adopted. Primarily the nature of the structure
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depends upon the number of homopolar bonds in which each
of the atoms can take part, so that, considering first the
elements, it is clear that the halogens can form only diatomic
molecules. The halogens, therefore, can never form homo-
desmic solidssincetheindividual diatomicmolecules, strongly-
bound within themselves by homopolar forces, can only be
linked to each other by residual bonds. With adivalent atom,
such as oxygen or sulphur, other alternatives arise/ The
simplest is the formation of a diatomic molecule linked by a
double bond 0=0, but instead, each atom might be linked
by a single bond to two others, each of which inits turn was
similarly linked. In this case either closed rings of any
number of members or indefinitely extended chains could be
formed. Both such arrangements are actually found in
crystals and will be considered in the appropriate place, but
again the structures cannot be homodesmic since neither
arrangement can give rise to a structure coherent in three
dimensions. The same remarks apply to the homopolar
structures of trivalent elements, and it is only in the fourth
group of the periodic table that the quadrivalency of the
elements gives rise to the possibility of a three-dimensional
homodesmic structure in which every atom is linked to four
neighbours.

Diamond, The ideal example of such
a homopolar structure is that of dia-
mond illustrated in Fig. 3. Here it will
be seen that each carbon atom is sur-
rounded by only four others and that
the neighbours are all arranged sym-
metrically at the corners of a regular FIQ
tetrahedron. Every carbon atom is diamond, C.
similarly co-ordinated.

Certain features of the diamond structure call for special
notice. In the first place the structure is a very 'open' one.
If space is to befilled by a packing together of equal spheres,
this may be most economically done if each sphere is sur-
rounded by twelve neighbours, and this arrangement, which
is found in the crystal structure of many metals, is an ex-
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pression of the tendency of each atom to surround itself by
the largest number of neighbours geometrically possible. In
diamond, although the atoms are all equivalent, there is no
such tendency, and each atom is surrounded only by the
four neighbours to which it can be linked by its four valency
bonds.

A second feature of the diamond arrangement is that the
binding throughout the whole structure is essentialy
‘chemical' in character, a fact which may be represented
symbolically by writing the structure in the form proposed
by Lewis:

. C C C C
: 0 C C C
: C O C C
: C C C G
This representation emphasizes that, just as we regard the

unit :Cl: Cl: as a molecule in chlorine, so must we

consider the whole crystal as a single molecule of indefinite
extent in diamond. Thisisyet another example of a structure
in which chemical forces are identical with those which
determine the physical coherence of the crystal.

Zincblende. Another structure closely related to that of
diamond is the zincblende, ZnS, arrange-
ment which isillustrated in Fig. 4. This
differs from diamond only in that ad-
jacent atoms are of opposite kind so that
each zinc atom is surrounded by four
sulphur atoms at the corners of a tetra-
hedron, and each sulphur atom by four
zinc atoms similarly disposed. Itwould Fig- 4 The structure of

. . . . zincblende, ZnS.
at first sight appear to be impossible for
such a structure to be homopolar, and that would indeed
be the case if it were necessary that the two electrons
constituting a homopolar link should be derived one from
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each of the atoms which they unite. It seems, however, that
this condition is not necessary and that in fact the zincblende
structure may arise whenever the total number of valency
electrons is just four times the total number of atoms. This
point will be discussed more fully later but may beillustrated
here by the compounds Agl, ZnS and A1P, all of which are
homopolar with the zincblende structure.

The zincblende arrangement is another example of a
structure in which the molecule as such has no existence® and
in this case it is clearly impossible to convey the homopolar
character of the binding by any formula representing a single
molecule ZnS. The relationship between the zincblende and
diamond structures emphasizes again that the bonding in
diamond is essentially chemical in nature and that diamond is
to be regarded no less as a compound of carbon with carbon
than is zincblende as a compound of zinc with sulphur.
These points are discussed in more detail in Chap. vi.

Physical properties of the homopolar bond.

Mechanical. The strength of the homopolar bond may be
fully as great as that of the ionic, so that mechanically homo-
polar and ionic crystals have substantially similar properties,
and hardness, strength, melting point and thermal expansion
are not particularly valuable criteria of the bond type.
Homopolar compounds do, however, show considerable
variations in their physical properties, and melting points
and hardnesses range over wide limits. Thus, zincblende is a
soft mineral readily scratched with a knife and easily decom-
posed by heat, while diamond is the hardest of all known
substances and melts above 3000° C. The coefficient of
thermal expansion is comparable with that of ionic crystals,
but again considerable variations as between different homo-
polar compounds are found (Klemm, 1928).

Electrical properties. Homopolar compounds differ from
ionic electrically in that they are non-conductors in the
molten state, and this is often regarded as a criterion of the
homopolar bond (Biltz and Klemm, 1924, 1926; von Hevesy,
1928). Homopolar compounds are not soluble in water, but
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in thisrespect do not differ from many ionic compoundswhich
are also insoluble. Nor does solution with dissociation neces-
sarily preclude the existence of the homopolar bond in the
solid state (Pauling, 19326), for the presence of the solvent
may modify the type of binding. Thus, although hydrogen
chloride is dissociated in solution there is considerable
evidence that in the gaseous and solid states the binding is
homopolar (Pauling, 1932 a).

Optical properties. It is in their optical properties that
homopolar compounds differ most markedly from compounds
of other types, and this difference arises from the character
of the binding in which the electrons are linked, not in atomic
orbitals of individual ions, but in diatomic orbitals em-
bracing two neighbouring atoms. The tightness of the binding
of these electrons may vary between wide limits. Indiamond
the binding is very secure and the electrons contribute to
the absorption only in the ultra-violet, so that the crystal
appears colourless. In zincblende or silicon, on the other
hand, the binding is less tight so that absorption occurs in
the visible spectrum and the substance is coloured or opague.
In tin the binding is so loose that the element has many of
the properties of a metal.

Generally the electron levels are so high that they give rise
toavery highrefractiveindex, which, together withthe colour,
produces a resinous lustre very characteristic of homopolar
compounds. The high electron levels aso give rise to photo-
electric conductivity when the crystals are illuminated by
light in their absorption bands. With diamond this occurs
only in the ultra-violet, but silicon is a photoelectric con-
ductor in the visible while in tin the conductivity approxi-
mates to that of a true metal.

The character of the electron binding is also illustrated by
the optical propertiesin solution. In purely ionic compounds
the absorption in solution is substantially the same as that
inthe solid since the electronic distribution in theionsremains
unaltered in the dissolved state. In homopolar compounds,
on the other hand, the electronic distribution in solution is
profoundly altered since the diatomic orbits are no longer



32 INTERATOMIC BINDING FORCES

possible, and the characteristic absorption is entirely different
from that in the solid (Ephraim, 1928).

THE METALLIC BOND

The forces responsible for the coherence of a metal have not
usually been regarded as chemical in nature at all, and few
attempts have been made to explain them in terms of chemical
valency theory, although, somewhat illogically, alloy sys-
tems have often been so interpreted. The characteristic
physical properties of the metals, however, early gave rise
to speculations on the ultimate nature of the metallic state
and many of the optical properties, and especially the thermal
and electrical conductivity of metals, received a very con-
vincing explanation in terms of the free-electron picture of
Drude. On this theory a metal is to be regarded as an
assemblage of positive ions immersed in a gas of free electrons.
The attraction between the positive ions and the electron gas
gives the structure its coherence, and the free mobility of this
electron gas under the influence of electrical or thermal stress
is responsible for the high conductivity. In terms of this
picture many of the physical properties of metals can be
given a very satisfactory qualitative and even quantitative
description, but there are nevertheless many properties of
which no such explanation seems possible. Moreover, the
Drude theory gives very little account of the nature and
character of the interatomic binding forces in a metal and
therefore, from a structural point of view, is obviously of
limited application. In the last few years, however, very
substantial advances have been made in the theory of the
metallic state, and it is now possible to give a theoretical
description of the simple metals almost as complete and
exact as that which can be given of ionic crystals. Further-
more, these advances have been achieved very largely in
terms of the crystal structures of the metals, so that from our
present point of view the conclusions reached are particularly
significant. We shall not, therefore, give any further account
here of the Drude theory, or of its application, for a discussion
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of which the reader is referred to the comprehensive surveys
of Hume-Rothery (1931), Borelius (1935a) and others. In
this chapter we shall briefly enumerate some of the properties
and characteristics of metals which are of structural signi-
ficance, and give in Chap, in an account of the more recent
work on the theory of the metallic state.

Structural characterigics of the metallic bond.

The attraction between the positive ions and the electron
gas which is responsible for the coherence of a metal confers
neither spatial nor numerical limitations on the metallic
bond: the bonds from any one atom must be regarded as
spherically distributed and as being capable of acting on as
many neighbours as can be packed round that atom. This
picture leads us to expect that in the metallic elements highly
co-ordinated structures will obtain, and, in confirmation of
this, the structure of the majority of the true metalsis found
to be one in which the co-ordination is the maximum geo-
metrically possible. The actual structures satisfying this
geometrical conditionwill be described inthe chapter devoted
to the structures of the metals, and here it is sufficient to
emphasize that structurally it is this close aggregation which
IS the characteristic of the metallic state. Thisis aso shown
by liquid metals where the packing, although statistical, is
almost as close as in the solid so that a very small volume
change occurs on melting true metals.

The metallic bond thus resembles the ionic in giving rise
to highly co-ordinated structures, but it differs from the
ionic bond in that it is exerted not between two atoms of
chemically widely different character but between either
identical atoms, as in the metallic elements, or between
chemically similar atoms, as in the alloy systems. In ionic
structures the necessity for electrical neutrality prescribes
the relative number of atoms of each kind which occur, but
in metallic systems there is no such condition to be satisfied,
and the structure adopted is determined solely by geometrical
considerations.- The architecture of metallic systems is thus
particularlyflexible,and it is thisflexibility which occasions

ECC
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much of the difficulty and confusion which arises when
attempts are made to interpret alloy systems in terms of
views of chemical combination based on the properties of
ionic or homopolar compounds. The laws of constant com-
position and of simple proportions arise in ionic compounds
through the demands of electrical neutrality: in alloy systems
no such demands exist and the composition is often neither
constant nor simple.

The crystal chemistry of metallic systems is discussed
systematically in Chaps, 1V and v.

Physical properties of the metallic bond.

Electrical and optical properties. The majority of the
physical properties which distinguish metals from other solids,
and which confer on them their ' metallic' character, are due
to the free electrons. Thus the characteristic thermal and
electrical conductivity and the optical opacity and high
reflecting power are all to be explained in terms of the
mobility of these electrons. The electrons, although able to
move readily throughout the structure, are held within the
solid as a whole by potential fields at its surface, so that,
corresponding to the binding of the electrons into atomic and
molecular orbitals in ionic and homopolar structures, the
electrons in a metal may be regarded as bound in macro-
crystal orbitals embracing the structure as a whole. The
tightness of the binding of these electrons is determined by
the height of the surface potential barrier, and physically
finds expression as the photoelectric threshold or thermionic
work function corresponding to the minimum amount of
photo or thermal energy which must be imparted to the
electrons before they can be removed from the solid. The
photoelectric effect in metals is the precise analogue of the
internal photoelectric effect in homopolar structures. In the
one case a quantum of light energy exceeding a certain
critical value gects an electron completely from the solid, in
the other case the electron is ejected from the molecular
orbital in which it is normally bound but remains within the
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crystal, to which it imparts metallic conductivity until it
again becomes bound in a molecular orbital.

The electrical and optical properties of the metals, although
throwing much light on the nature of the metallic state, are
essentially non-structural properties inasmuch as they persist
substantially unmodified in the liquid. They can, therefore,
necessarily give only limited information about the con-
stitution of metallic crystals, and it is to other properties,
and particularly to mechanical properties, that we must
turn for further information in this direction.

Mecttanical properties. The pronounced qualitative re-
semblances which all metals display in their electrical and
optical propertieshave no immediate parallel intheir mechan-
ical characteristics, in respect of which the metallic elements
show a great diversity of behaviour emphasizing the wide
variations in the strength of the metallic binding as between
one element and another. Thus, in hardness, they range from
the extremely soft alkali metals to the very hard chromium or
tungsten, and this ange of propertiesis similarly reflected in
awidediversity of melting pmntsextending from — 39° C. for
mercury to about 3300° tC for tungsten. The coefficients of
thermaf expansion also show a corresponding variation from
values of (the order of 80 x 10-° for the alkali metals to values
of the order of 5x 10° for the hard metals.

The mechanical property of metals, however, which most
strikingly distinguishes them from most other solids, and
which givesthem much of their technical importance, istheir
malleability. This property is essentially a structural cha-
racteristic and arises from the very simple crystal structures
and the undirected nature of the metal bonds, as a result of
which the crystal may glide by a relative displacement of
closely packedlayersinthelattice. Inordinary polycrystal-
line specimens the phenomenon is complicated, but in single
metal crystals gliding occurs under the acetion of vanishingly
small stresses and is found to take placg on just those planes
and in just those directions in the structure in which the
atoms are most closely packed and which in consequence are
energetically most favoured. lonic and homopolar crystals,

3-2
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with their relatively more complex structures, cannot gene-
rally deformin thisway and so are brittle. Even among the
metals, those with complex structures and the alloys in
which foreign atoms disturb the regularity of the lattice are
markedly less malleable.

THE VAN DER WAALS BOND

The residual or van der Waals bond differs from the three other
types of interatomic binding force which we have discussed
in that it is not responsible for the coherence of any solids
which lie within the range of normal experience, so that its
properties cannot be described in terms of simple and com-
monly occurring substances. Nevertheless, the residual bond
does actually occur as an attraction between the atoms and
ions of all solids, but it is so weak compared with the ionic,
homopolar and metallic forces that its effect is completely
masked in any structure in which it occurs in conjunction
with any of these stronger bonds, and in such cases its effect
is quantitatively small and qualitatively insignificant in its
influence on the properties. The only solids in which the
properties of the isolated residual bond can be studied are
those in which neither ionic, homopolar nor metallic forces
can occur, and homodesmic residual structures are therefore
confined to the inert gases in the solid state to which they
condense at low temperatures. The very low melting points
of all these gases reveal the weakness of the residual link.
The conception of a weak force of attraction between atoms
and molecules already chemically saturated was first intro-
duced by van der Waals (1873) to account for the behaviour of
actual gases, and has since been invoked in problems of
capillarity and adsorption, but in the earlier work no attempt
was made to explain the nature of this force or the mechanism
inwhich it had its origin. Later, however (Debye 1920), the
force was qualitatively described as due to the polarization
of the electronic configuration of each atom by the field of
its neighbours, this polarization resulting in an attraction
between the dipoles thus created. Recently the nature of the
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van der Waals force has been the subject of much work, and
it is now clear that such a simple picture cannot give an
adequate account of the interatomic attraction, and that, in
particular, such polarization cannot lead to any attraction
at all between atoms or molecules of a symmetrical structure
such as that of the inert gases. Once again we defer until
Chap, in any discussion of this more recent work and confine
ourselves here to an elementary account of the structurally
important properties of the residual bond.

Structural characterigics of the van der Waals bond.

Structurally the residual bond bears a close formal resem-
blance to the metallic bond as one which can link an atom to
an indefinite number of neighbours, and onewhich isspatially
undirected. This resemblance finds expression in the close-
packed structures of the solid inert gases, and the mechanical
properties of these gases in the solid state, if they were
systematically investigated, would doubtless be found to be
closely parallel to those of the metals. It iseven possible to
imagine an 'alloy' chemistry based on systems of two or
more inert gases at low temperatures.

Although homodesmic residual compounds can occur only
with the inert gases, heterodesmic compounds in which the
properties are determined largely by residual forces are of
common occurrence, for in any structure in which discrete
molecules without external field occur the binding between
these molecules can only be of the residual type, and the
structure is then determined by the shape of the molecules
and theway in which they can pack together. Such structures
areillustrated in the simplest possible case by solid oxygen or
chlorine. Here the diatomic molecule X, istightly bound by
strong homopolar forces, but these forces are completely
satisfied within the molecule and can contribute nothing to
the intermolecular binding, which is therefore residual in
type. In conseguence the elements are gaseous under normal
conditions and condense to the solid only at low temperatures.
By far the most important molecular structures in which the
molecule as a whole is preserved as a separate entity are,
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however, those which embrace the whole field of organic
chemistry, and, although in some cases the intermolecular
forces in organic compounds are not purely residual in
character, these compounds do on the whole show the
characteristic physical properties associated with a weak
binding force. They are discussed in detail in Chap. XI.

Physical properties of the van der Waals bond.

The physical properties of molecular structures fall into
two classes according as to whether they arise from the
character of the binding or from the electronic configuration
in the atoms or molecules concerned. In the former class
are the mechanical and closely associated properties, in the
latter the electrical and optical properties.

Mechanical properties. The weakness of the residual bond
is revealed by the low melting point, softness, high com-
pressibility, high thermal expansion and low heat of sub-
limation of a molecular structure. The low melting points
and softness of molecular substances are facts of such common
experience as to need no discussion here. Data on the com-
pressibilities of crystals are summarized by Reis (1920) who
gives the following range of values for structures of different

types:

Structure type Compressibility

Metals (excluding alkali metals) 0-3- 45 x 10-* cm.? kg.

Alkali metals 9-61
Refractory oxides 05 1
Sats 1-6
Molecular compounds 20-50

It will be seen from these figures that the compressibilities
of molecular compounds are considerably greater than those
of other structure types with the exception of the alkali
metals.

Data on the coefficient of thermal expansion of molecular
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compounds are very meagre, but here again the values found
for the few substances that have been investigated show that
the expansion of these compounds is considerably greater
than that of other structure types. The following summary of
coefficients of cubical expansion is again due to Reis:

Structure type cubic%]oef@f('pgfnsion

Metals (excluding alkali metals) 2-13 x10-*
Alkali metals 1825
Refractory oxides and sulphides 1- 6

Salts of oxyacids 3-10 J
Metal halides 6-13

Oxalic acid 26

Urea 2

Naphthalene 3?2

Once again the values for-the molecular compounds are
significantly greater than for the other structures.

The heat of sublimation of molecular structuresis a further
indication of the weakness of the residual bond. Thus the
heat of sublimation of solid chlorine is 4-5 kcal./mol., and
this may be contrasted with the heat of dissociation of the
diatomic molecule, which has the much greater value of
58-5 kcal./mol. corresponding to the rupture of the far
stronger homopolar bond. In hydrogen the contrast is still
more marked and the heats of sublimation and dissociation
are 0.5 and 100 kcal./mol. respectively.

Electrical and optical properties. The electrical and optical
properties of molecular crystals are ailmost entirely those of
the atoms or molecules of which they are composed, and are
substantially the same in the solid asin the liquid and gaseous
states. This is due to the fact that the electronic structure
of the atom contributeslittleto the weak residual binding,
so that the electron systems do not interpenetrate and the
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eectrons may still be referred to their atomic or molecular
orbitals. The analogy with meta structures here, of course,
completely bresks down, and molecular crystals are nearly
all transparent, non-conducting, diamagnetic substances. The
electrical and optical properties can, therefore, naturally give
little information about the nature or structural character-
istics of the van der Waals bond.

This condudes our qualitative account of the four types of
interatomic binding. For reference, a summary of their
principal physica and structural properties is given in
Table 5.

TABLE 5

PHYSICAL AND STRUCTURAL PROPERTIESASSOCIATED
WITH THE FOUR INTERATOMIC BONDS

Property lonic Homopolar Metalic van der Wads
Mechanicd | Strong, giving Strong, giving Vaiable strength. | Wesk, giving soft
hard crystds hard crystals Gliding common | crystes
Thermd | Fairly high M.P. | HighM.P. Low | Vaiable M.P. Low M.P. Lage
Low coeffident | coeffident of ex- | Long bauid in- coefficient of ex-
of expanson. panson. Mde | terva pansion
lonsin melt culesin melt
Electricd | Moderate insu- Insulatorsin solid | Conduction by Insulators
lators. Conduc- | and melt eectron trans:
tionby iontrans- port
port in melt.
Sometimes solu-
bleinliquidsof
high dielectric
condtant
Optica Absorptionand | High refractive | Opague: Proper- | Propertiesthose
and meg- | other properties | index. Absorp- tiessmilarin of individual
netic primarily those | tion profoundly | liquid moleculos, and
of theindivvual | different in solu- therefore smilar
ions, and there- | tion or ges in solution or
foresmilarin (0723
solution
Structural | In on-directed, Spatialy directed | Non-directed, Formally andlo-
giving structures | and numericelly | giving structures gous to metallic
of highco-ordi- | limited, giving of very high ond
nation gructures of low | co-ordination
co-ordination and high densty
and low density
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THE CLASSIFICATION OF CRYSTAL STRUCTURES

The four types of interatomic binding described in this
chapter are the only substantially distinct types of bond
which occur in the solid state, and by reason of the character-
istic properties, both physical and structural, which they
confer on the bodies in which they are found, these four types
of bond afford the most convenient basis for a classification
of crystal structures. This classification is immediately
applicable to homodesmic structures, while heterodesmic
compounds will be considered in each case under the heading
of the weakest binding present, for, as we have already
emphasized, the specifically crystalline character is deter-
mined by the weakest binding force. Thus, for example, all
organic compounds, as well as a few inorganic bodies, fall
into the section devoted to the residual bond.

In certain cases the type of binding cannot be unambigu-
ously determined, for between the homopolar bond and the
metallic, on the one hand, and the homopolar and the ionic,
on the other, there is no sharp distinction but a gradual
transition, which is correspondingly reflected in the crystal
structure. Infact, the structural propertiesillustrate, perhaps
more convincingly than any other, the continuous character
of this transition. In such cases the section under which the
compounds concerned are classified is a matter of arbitrary
choice determined by practical convenience. The fact that
the metallic structures are in many ways the simplest, while
molecular structures are in some respects the most complex,
makes it desirable in our systematic discussion to follow an
order different from that adopted in this chapter, and our
four fundamental sections of crystal chemistry will be:

(1) Metal systems;

(2) Homopolar compounds;

(3) lonic compounds;

(4) Residual, or molecular, compounds.

The classification within each section will be primarily into
homodesmic and heterodesmic compounds, while the hetero-
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desmic structures will be further subdivided according to the
general shape of the molecules or atomic aggregates which
they contain. Here, however, it is impossible to generalize,
and the details of the classification can only be considered in
terms of particular cases.

We give in Table 6 a condensed diagrammatic representa-
tion of our scheme which serves to illustrate the general lines
of the classification. Thistablewill be elaborated and explained
in detail as each class of compound is discussed.

Before finally passing on to a systematic account of the
structural properties of chemical compounds we give in the
next chapter a more quantitative account of the nature and
properties of the interatomic binding forces discussed quali-
tatively above. In recent years the development of the new
quantum mechanics, and particularly the results of X-ray
structure analysis, have redirected attention to the nature of
the chemical bond, and now it is possible, in the case of
many simple compounds, to give a very satisfactory quanti-
tative account of their properties in terms of the forces
responsible for their formation. These methods are, however,
as yet only in their infancy and can be applied only to the
very simplest of the compounds which have been surveyed
by the X-ray crystallographer. The rapidity with which our
knowledge of the cohesive forces in solids has developed gives
every reason for believing that it will not be long before this
limitation is removed, but it is quite clear that the quanti-
tative expression of the several types of interatomic bond must
nevertheless experience considerable modification before any-
thing approaching finality is reached. On the other hand we
may hope that qualitatively little alteration will be necessary,
and it therefore seems desirable to separate the qualitative
treatment given in this chapter from the more tentative
quantitative approach outlined in Chap. in.
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TABLE 6
THE CLASSIFICATION OF CRYSTALS
Metallic Homopolar
Homodesmic Hetorodesmic Homodesmic Hoterodesmic
Moreor less | Thetruemetals | Zn, Cd, Hg, Sn Diamond, Si, Ge | Compounds of B
dosepacked | Alloys of thetrue | Alloysof themore | Compounds of B ub-group motals
crysals metalswith one | metallic B sub- sub-group de- with P, S, ec,
another group metals ments among eg. nickel
with oneanother | themsdves, eg. arsenide and
or with true zincblende, pyritestype
metals wurtzite, etc. gructures
Chain crystals —_ S$ Te —_
DS
Layer crysals - As, S, Bi —_
Graphite
MoS,
Framework Inter stitial —_ —
crysals sructures
Tonic van dcr Waals
| sodesmic Meodogmic | Anisodesmic | Homodesmic | Heterodesmic
Moreor less | Halidesand Borates Saltsof almost | Theinert Molecular
dose-packed | oxides of Orthoslicatcs | all inorganic | gases gasss eg. 0,
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CHAPTERIII

QUANTITATIVE LATTICE THEORY

THE EARLY LATTICE THEORY OF
IONIC CRYSTALS

The elementary picture of the ionic bond discussed in the
last chapter, which treats this bond as arising from the elec-
trostatic attraction between oppositely charged ions, is one
which readily lends itself to a precise quantitative treatment,
and attempts to calculate theoretically the properties of
ionic structures have been the subject of much work during
the last twenty years. We shall not here discuss any of the
work onlatticetheory prior to the development of the method
of X-ray analysis, for although, as early as the middle of the
eighteenth century, speculations on the subject, which are
now of the greatest historical interest, were attributed to
Boscovich (1763), any work before 1912 was necessarily
somewhat artificial, in that it was undertaken without any
knowledge of the actual structures of the substances dis-
cussed.

The Born-Lande theory.

The foundations of modern lattice theory werelaid by Born
and Lande (1918), and it is in terms of the ideas originally
outlined by these authors that almost all the more recent
developments have been expressed. Although the work of
these authors has undergone considerable modification and
development, not least at the hands of Born himself, the
original theory still conveys many of the essential features
of the argument and provides a convenient basis on which to
discuss its later developments.

The electrostatic potential energy of a pair of ions con-
sidered as point charges z;e and z,e at a distance r apart is
given by

u = zzelr,



THE EARLY LATTICE THEORY OF IONIC CRYSTALS 45

so that if the ions are oppositely charged this is the amount
of work which is necessary to separate them to infinity. Such
afunction clearly cannot express the potential energy of ions
in a crystal, since it takes no account of the repulsive forces
which must operate at close approach to confer on the ions
their characteristic radii. Born and Lande expressed this
repulsive force by writing for the potential energy of a pair of
ions the expression
u = 22 €r + bir",

In this equation the first term, as before, represents the
electrostatic potential energy, and for oppositely charged ions
is, of course, negative. The second term is an empirical expres-
sion of the repulsive potential and contains the constants b
and n, to be experimentally determined. To represent arepul-
sion b must be numerically positive.

The potential energy per pair of ions in a crystal structure
is not the same as that of an isolated pair of ions in free space,
and its evaluation necessitates the summation of the mutual
potential energies of all the charges in the lattice. When the
effect of this mutual interaction is taken into account the
energy is found to be given by the equation

u= Azz€elr + B, . (1)

where A is anumerical constant of the order of unity, termed
the Madelung constant, and B is a second constant still to be
empirically determined. The value of the Madelung constant
depends upon the particular structure considered, and its
exact calculation is mathematically very difficult. It has,
however, been evaluated by Madelung (1918) and by Ewald
(1921) for most simple highly symmetrical structures, while
W. L. Bragg (1933 a) has shown that very elementary
arguments can often give a close approximation to the true
value.

The greater part of the early work on lattice theory was
undertaken with reference to the alkali halides, and it will
simplify our discussion if we develop our argument in terms of
these salts. For univalent ions equation (1) becomes

u=-Aelr+ B .. 2
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From this equation we canimmediately find arelation between
A and B by expressing the condition that the equilibrium
distance ro between adjacent ions is that at which the potential
energy isaminimum. This conditionis

au) 27,2 n, 1
- = Ae“/r°-nB/r'+ ==0,
(ar r-ro
whence B = Ae?r,"!In,
2
so that = -—‘ie—(l-i).
Tg n

or, for one gram molecule,

NAe* 1

U=—= (.1—;1).. . ©)

where N is the number of ion 1l|5airs per gram molecule.

The value of n can be deduced from the experimentally
observed compressibilities, for we can see in a general way that
a large value of n represents a rapid variation of repulsive
force with distance and correspondingly a small compressi-
bility. For the detailed calculation the reader isreferred to the
original papers, but it may be readily shown that the com-
pressibility kis given by

k= 18r'lA€i(nHl),

from which equation n may be determined since all the other
quantities are known. In this way Born and Lande derived
for a number of alkali halides values for n of the order of 9,
indicating a very rapid variation of repulsive force with dis-
tance. Attempts to calculate n theoretically gave the much
lower value of about 5. 1t will be seen, however, from equation
(3) that the total lattice energy is not greatly altered by small
changes in n since the contribution of the repulsive energy is
in any case small compared with that of electrostatic attrac-
tion.

The Born-Haber cycle. The energy | U\ of equation (3) isthe
amount of work, per gram molecule, which must be expended
to disperse the crystal to an assemblage of widely separated
ions. As such it cannot immediately be compared with any
measurable quantity, and, in particular, is not to be identified
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either with the heat of sublimation, which is the energy neces-
sary to disperse the crystal into a molecular gas, or with the
chemical heat of formation. A comparison with experimental
data can, however, be made by means of the cyclical process
first advanced by Born (1919a) and by Haber (1919). This
process may best be illustrated by a concrete example such as
that shown in Fig. 5.

Nags ~+ Clyr
- UN aClt
—INa +Eg
1 ¥
NaClyia Nag“ + Clgas
\ —8Na -1 'DCI
- QN aCl L Y
Nu's«:rlid + ) Clzgas

Fig. 5. The Born-Haber cycle applied to sodium chloride.

Consider one gram molecule of sodium chloride in the
crystalline state. By the expenditure of an amount of work
equal to — U yac this may be converted into a gas of ions Na+
and Cl~. The conversion of these ions into neutral atoms
involves the expenditure of an amount of energy J?%;, the
electron affinity of the chlorine atom, and the recovery of
an amount of energy 7yna the ionization energy of sodium.
If the sodium now be allowed to condense to the solid, and
the chlorine atoms to associate to Cl,, a further amount of
energy Snat%D¢ is recovered. Here Sy, is the heat of
sublimation of sodium and Dy the heat of dissociation of
chlorine per gram molecule. Finally, if the sodium and
chlorine thus obtained are allowed to combine chemically the
heat of formation Quacs 1S recovered.

In performing this cycle of operations the total energy
interchange must clearly be zero, so that we have

- Unaci-+ Eg— Iy S ¥%Da Qnaat = 0. (4)
In this equation all the quantities are known except Uyaci,
which we wish to determine, and E; which cannot be
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readily measured physically. In the absence of values for the
electron affinity of the halogens it is therefore not possible to
use the Born-Haber cycle to provide a direct check on the
values of the lattice energy deduced from equation (3). Itis
possible, however, to obtain an indirect check, for we may
transpose equation (4) into the form

YDei - -Eci © -Unaci - Ina --Sna -Qnac,

and in this equation all the quantities on the right-hand side
except Ungicr are known. If, therefore, we insert for Uygic the
value given by the Born-Lande theory, and so evaluate
YD) — Ey, the value obtained should agree with that derived
in a similar manner from any of the other alkali chlorides.
A similar check can be carried out using the fluorides, bromides
and iodides.

A test of this kind was made by Born (1919a), and Table 7
shows the values of ¥:Dx — E4 thus derived for each of the

TABLE 7

VALUES OF (%Dx —Ey) FOB THE HALOGENS DEDUCED
FROM THE ALKALI HAL1DES

(After Born, 1919a)
Values in kcal./g. atom

F cl Br 1
Li -58 -60 -58
lgla 23 (-53) (-59) (-53
28 -63 -65 -63
Rb (-77)
Cs -61
Mean -26 -62 -61 -59

The values in parentheses are less certain.

halogens from data on the various alkali halides. When we
remember the number of quantities involved in this com-
parison, and the fact that the lattice energies are of the
order of 200 kcal. per gram molecule, the agreement must be
considered very satisfactory. Actual values for the lattice
energies are tabulated in Table 8. These values are those
deduced on the Born-Lande theory from equation (3) using
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the empirical value n = 9 for the exponent of the repulsive

potential.
TABLE 8

LATTICE ENERGIES OF THE ALKALI HALIDES DEDUCED
FROM THE BOBN-LANDE LATTICE THEORY

(After Born, 1919a)
Valuesin kcal./g. mol.

F Cl Br I 1
Li -231 -179 -167 -153
Na -220 -182 -168 -158
K -210 -163 -155 -144
Rb — -144 -140 -138
Cs J— -156 -150 -141

Application to other physical properties. The Born-Lande
theory enables not only the lattice energy but aso other
physical properties of the structure to be calculated. We have
already seen how the compressibility of a crystal may be
deduced and have shown that experimental values for this
quantity arein fact required to determine the value of n. The
theory was early applied by Born (19196) to calculate other
elastic constants and also the characteristic frequency of lattice
vibration, corresponding to the infra-red Rcststrahlen fre-
guency, and wassoon extended to deduce coefficients of thermal
expansion and breaking strengths of simpleionic crystals. In
most cases values in satisfactory agreement with experiment
were obtained.

An application of the lattice theory to deduce the physical
properties of more complex structures was made by W. L.
Bragg and Chapman (1924) and by Chapman, Topping and
Morrall (1926). These authors, by regarding certain rhombo-
hedral carbonates and nitrates as purely ionic structures,
were able to deduce values for the characteristic rhombo-
hedral angles in close agreement with those experimentally
observed. In asimilar manner Bollnow (1925) considered the
structures of rutile and anatase and explained this dimor-
phism of Ti0, as due to the nearly equal lattice energy of
these two structures. He was also able to deduce values for

ECC 4
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the axial ratios in close agreement with experiment. We
cannot, however, discuss here these purely physical applica-
tions of the early lattice theory since we are primarily con-
cerned withits structural importance, and for them, aswell as
for a more detailed account of the development of the theory,
we refer the reader to the works of Heckmann (1925), Born
(1926), Born and Bollnow (1927), Grimm (1927), Herzfeld
(1928), Eucken (1930), van Arkel and de Boer (1931), Sherman
(1932) and Born and Goppert-Mayer (1933).

THE QUANTUM THEORY OF THE
VAN DER WAALS BOND

In the original Born-Lande lattice theory no attempt was
made to take account of the van der Waals forces between the
ions in the crystal structure. These forces are normally very
weak compared with those acting between electrically charged
ions, so that in ionic structures their effect is usually quali-
tatively insignificant. It does not follow, however, that they
can be safely ignored in a quantitative treatment, and it is
easy to understand, for example, that the van der Waals
contribution to the total lattice energy might be the ultimate
factor in determining which of two structures, otherwise
energetically nearly equivalent, was actually adopted. In any
case, for purely molecular structures, alattice theory analogous
to that already discussed for ionic crystalsis required.

The London theory.

The earliest attempts to explain the forces of van der Waals
attraction were not concerned with these forces in solids but
arose from their importance in the kinetic theory of gases. In
1912 Keesom regarded all molecules, although uncharged, as
having a dipole moment and attributed the forces to the
attraction between these dipoles. This so-called orientation
effect gave rise to an interaction energy of the form

U:A/r6'l/k'|'
but such an expression was shown to be inadequate by Debye
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on the grounds that the temperature variation which it
predicted was not in accordance with experiment. Moreover,
itisdifficult to understand how the atoms of the inert gases or
such molecules as N, and 0, could possess a permanent dipole
moment. While the orientation effect may exist in the case of
unsymmetrical molecules some further type of force must also
occur, and this Debye explained as an induction effect in which
the attraction occurred between the dipoles induced in each
molecule by thefield of its neighbours. In this way an inter-
action energy, againinversely proportional to the sixth power
of the distance but now independent of temperature, was
obtained.

The development of the wave mechanics revealed that there
weredifficultiesin explaining thevan der Waalsforcesinterms
of either of these effects, for it was shown that the atoms of the
inert gases must be exactly spherically symmetrical and can
show neither permanent nor induced static dipole. Further-
more, in such moleculesas H,, N,, 0,, etc., although electric
moments are permitted (actually the wave mechanics in-
dicates quadripole moments), the forces deduced are only
about 1/100 of those experimentally observed. On the other
hand, however, the wave mechanics introduces another type
of interaction, a so-called dispersion effect, which cannot be
explained in terms of classical mechanics at all but which
arises from a dynamic polarization of the molecules associated
with their zero-point motion. It is not easy to explain in
physical termsthe exact nature of thisnew type of interaction,
but London (1937), in an excellent general review, has ex-
pressed it thus:

"1 f one were to take an instantaneous photograph of a
molecule at any time, one would find various configurations
of nuclei and electrons, showing in general dipole moments.
In a spherically symmetrical rare gas molecule, as well as
in our isotropic oscillators, the average over very many of
such snap-shots would of course give no preference for any
direction. Thesevery quickly varying dipoles, represented by
the zero-point motion of a molecule, produce an electric field
and act upon the polarizability of the other molecule and

4-2
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produce there induced dipoles, which are in phase and in
interaction with the instantaneous dipoles producing them.
The zero-point motion is, so to speak, accompanied by a
synchronized electric alternatingfield, but not by aradiation
field: the energy of the zero-point motion cannot be dissipated
by radiation.”

The exact treatment (London, 19306; Eisenschitz and
London, 1930) gives for the dipole-dipole interaction energy
due to this dispersion effect the expression

3 hvya®

4 s

where Vg is the proper frequency of the two molecules, a their
polarizability and h Planck's constant. In this expression the
first termis simply the zero-point energy of the two isolated
molecules, and the second term the interaction energy corre-
sponding to the van der Waals attractive force.

The wave mechanics treatment leaves unaltered the ex-
pressions given by Keesom and by Debye for the orientation
and induction effects which obtain with molecules having
permanent dipoles, so that in the general case the total con-
tribution to the van der Waals energy is made up of three
different constituents, each, however, inversely proportional
to the sixth power of the distance. The relative magnitudes of
these three contributions are shown in Table 9. It will be

u = 3hvy—

TABLE 9
THE THREE CONSTITUENTS OF THE VAN DER WAALS ENERGY
(After London, 1937)

The values are the contribution to the lattice energy for unit
intermolecular distance expressed in ergsx 10

Orientation Induction Dispersion
effect effect effect
CO 00034 - 0057 - 6/5 1
HI 0-35 - 168 -3820
HBr i 6.2 - 4.05 -176.0
HC1 18.6 - 54 -105.0
NHg 84.0 -100 - 930
H,0 190.0 -100 - 470
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seen that in all cases the influence of the new dispersion effect
is considerable and that in most cases thisis by far the largest
contribution. Except in very strongly polar molecules, such
asH,0, theorientation effectisnegligible, andevenin HCI its
contributionis not large. The induction effect can be ignored
in almost every case.

The repulsive forces. The wave mechanics treatment also
throws light on the nature and origin of the repulsive
forces which in molecular no less than in ionic structures
must exist to confer on the atoms or molecules their charac-
teristic sizes. Here again, in describing qualitatively the
character of these forces we may quote the explanation of
London (1937):

"Even if amolecule does not show any permanent multipole
but has, on an average, an absolutely spherically symmetrical
structure, e.g. like the rare gases, quite apart from all the
effects due to the internal electronic motion, the mean charge
distribution itself gives rise to a strong, so to speak 'static’,
interaction, simply owing to the fact that by penetrating each
other the electronic clouds of two molecules no longer screen
the nuclear charges completely and the nuclei repel each other
by the electrostatic Coulomb forces. In addition to this, and
simultaneously, a second influenceisto be considered. Already
the penetration of the two electronic clouds is hampered by
the Pauli principle: two electrons can only be in the same
volume element of space if they have sufficiently different
velocities. This means that for the reciprocal penetration of
the two clouds of electrons the velocity and therefore aso
the kinetic energy of the internal electronic motion must be
augmented: energy must be supplied with the approach of
the molecules and there is consequently a repulsive force
between them."

The exact calculation of the repulsive forces presents con-
siderable difficulties and cannot be carried out as readily as
that of the forces of van der Waals attraction, so that, so far.
the calculations have been madein detail only for the simplest
case of helium. The quantum mechanics does, however,
indicate that an inverse power law cannot adequately express
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the potential of these forces, and that an exponential law of
the form u = be—rlp

gives a more appropriate representation (Unsold, 1927,
Bruck, 1928). It is not yet, however, possible to calculate the
values of the constants b and p and these quantities must,
therefore, be empirically determined.

If we take into account the several contributions discussed
above, the total lattice energy of a molecular structure may
be expressed in the form

U = 3hvy+be"r—c/rS, . (5)
where the three terms represent respectively the energy of the
zero-point motion, of the repulsive forces, and of the forces of
van der Waals attraction. The analogy between the lattice
theories of molecular and ionic crystalsis emphasized by com-
paring equation (5) withthe corresponding expression (2), p. 45,
for the lattice energy of ionic structures.

Application of the theory. The theory thus developed has
been applied to the crystal lattices of the inert gases and also
to the structures of such gasesasH,, N,, 0,, Cl,, CHy4, CO, NO,
etc., in all of which the intermolecular forces are purely
molecular in type, and values for the heats of sublimation
have been obtained in satisfactory accord with experiment.
In molecular structures there is no necessity to invoke the
Born-Haber cycle in comparing the theory with observation
since the lattice energy corresponds to the dispersion of the
structure into an assemblage of molecules (as contrasted with
an assemblage of ionsin theionic case), and istherefore directly
comparable with the heat of sublimation. Table 10 shows
a comparison of the calculated and observed heats of sublima-
tionin afew molecular structures and it will be seen that the
agreement is quite good. Born and Mayer (1932) have em-
phasized, however, that this agreement is to some extent
illusory in that the calculated energies do not include the
contribution of therepulsivetermin equation (5) and that this
contribution is not necessarily negligible compared with that
of the van der Waals attraction. Nevertheless, the comparison
shows that the new theory does at least give values for the
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lattice energy of the right order of magnitude, whereas all the
previous treatments gave values some one hundred times too
small.

The very small values of the lattice energies shown in
Table 10, compared with those of ionic structures (Table 8,
p. 49), reveal the weakness of the residual bond.

TABLE 10
LATTICE ENERGIES OF SOME MOLECULAR STRUCTURES
Vduesin kcal./g.mol.

Calculated Observed heat
lattice energy of sublimation

Ne -0.47 0.59
-1.64 186
-2.08 2.03
CH, -2.42 2.70

General accounts of thelatticetheory of molecular structures
and of the quantum theory of the residual bond have been
given by London (1929, 1937), Lennard-Jones (1931 a, b) and
by Slater and Kirk wood (1931), and the reader is referred to
these works for a more detailed account of the matters here
discussed.

THE LATER LATTICE THEORY OF
IONIC CRYSTALS

TheBorn-Mayer treatment.

The quantum treatment of the van der Waals forces and the
development of a lattice theory of molecular structures by
London and hisco-workersledtofurther work onionic crystals
and to alattice theory of these structuresin which the van der
Waals forces, neglected in the early work of Born and Lande,
were taken into account. Although the Born-Lande theory
had achieved considerable success in describing the properties
of many ionic structures, and especially of those of the alkali
halides, it had gradually become clear that it suffered from
serious limitations. Thusthe lattice energies of divalent ionic
compounds, such as the oxides and sulphides of the group 2
metals, were not in very good agreement with the value
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deduced from the Born-Haber cycle, while Slater (1924)
showed, from accurate measurements on the compressibilities
of a number of alkali halides, that the value of n could not be
regarded as constant and equal to 9, as Born and Lande had
proposed, but varied between wide limits. Equally serious was
the fact that the value determined from the pressure variation
of compressibility was entirely different from that deduced
from the compressibility itself, as is shown by the following
data:

LiF | NaCl Kl

n from compressibility 5.9 91 105
n from pressure variation of compressibility 14.3 9.8 6.8

An extension of the lattice theory by Lennard-Jones and
Taylor (1925), Lennard-Jones (1925), and Lennard-Jones and
Dent (1926) led to values of n dependent on the types of ions
concerned, and a similar general treatment was given by
Pauling (1928a), but we shall not discuss this work here as it
has since been largely developed and generalized in the later
work of Born and Mayer (1932) now to be described.

Born and Mayer write the lattice energy of an ionic crystal
in the form

u=—Aetfr+ Be TP —cfrS+e. (6)
This expression may be compared with the corresponding
equation (2), p. 45, of the old theory. The first term remains
unaltered and is the contribution of the energy of electrostatic
attraction. The exponential repulsiontermreplacestheoriginal
empirical term B/r". The third term represents the effect of
the van der Waalsforces, and the last term is the contribution
of the zero-point energy. The exponential term for the repul -
sive energy, although it is to be preferred on the grounds of
the quantum theory to the original term, was introduced by
Bornand Mayer as a purely empirical expression in which the
constant p was determined as before from compressibility
measurements. It was found that the values of p thus de-
duced for all the alkali halides never differed by more than
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about 6 per cent from their mean: we have already seen
that in the original expresson nvaried between about 5 and

11 for different alkali halides.
A rigid caculation of the contribution of each of the four

terms of equation (6) to the lattice energy of all the alkali
halides has been made by Mayer and Helmholz (1932) and
their results are summarized in Table 11. These vaues show
that the contribution of the zero-point energy isin all casss
very small, but that the influence of the repulsive forces and
of the van der Waals forces cannot be ignored, and, in fact,

TABLE 11

LATTICE ENERGIES OF THE ALKALI HALIDES DEDUCED
FROM THE BORN-MAYER THEORY

(After Mayer and Holmholz, 1932)

W @16 | o6 ©) ™ | ®
Lattice Ob-
vander | Re Zeo- enagy
Sat Oguéog;b Wads | pulsve | point Tg}rﬁ gﬁ% Orli a?%rerr ﬁ;{%
e ener e
Ergs/mol. x 10-* Kcal./g. mol.
LiF -1981 | -0.09 | +306| +027| -1657 -240.1| -255.3
LiCl -1551 | -025 | +18| +017| -13.73 -199.2| -199.9
LiBr -1442 | -023 | +15 | +0.11| -1298 -1883| -186.0
Lil -1310 | -0.26 | +127| +0.08| -1201 -174.1| -168.9
NaF -17.22 | -014 | +245| +020| -1471 -2134| -2220
NaCl -1418 | -0.20 | 4163| +012| -1263 -183.1 | -182.7 | 1813
NaBr | -1339 | -019 | +143| 4010| -1205 -1746| -1723
Nal -1235 | -022 | +119| +008| -11.30 -163.9 | -1591
KF -1493 | -024 | +1% | +015| -13.06 -189.7 | -1925
KC1 -1271 | -027 | +1499| +010| -11.39 -1654 | -164.0
KBr -12.11 | -025 | +129| +008 | -1099 -159.3 | -156.1
Kl -11.30 | -0.26 | +110| +007 | -10.39 -150.8 | -143.7 | 1538
RbF -1414 | -027 | +18 | +010| -1252 -181.6 | -1821
RbCI -1220 | -032 | +138| +008| -11.06 -160.7 | -157.2
RbBr | -11.60 | -0.28 | +12 | +006 | -10.60 -1535 | -1494 | 151.3*
Rbl -1086 | -0.28 | +107 | +005| -10.02 -1453 | -140.0
CF | -1326 | 045 | +166| +008 | -1197 -1737 | -1709
COl | -1128 | 053 | +123| +007 | -1051 -1522 | -1452
CBr -10.81 | -0.48 | +114| +0.06 | -10.07 -1463 | -1394
Cd -10.19 | -046 | +101 | 4005 | - 959 -139.1 | -131.2 | 1415

* Hdmhdz and Mayer (1934).
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that thevan der Waals contributionisamaximuminjust those
structures in which the electrostatic energy is smallest. The
total lattice energy deduced from the Born-Mayer theory does
not for any of the salts differ greatly from that derived in
terms of the old Born-Lande theory, but it will be seen from
the table that in the case of some of the salts, for which direct
measurements of the lattice energy are available (Mayer,
1930; Helmholz and Mayer, 1934), the new treatment does
give slightly better agreement with experiment. Similarly
the new values of the lattice energies, when introduced into
the Born-Haber cycle, give appreciably more consistent values
for the electron affinities of the several halogen atoms, so that,
in fact, the values derived in this way are probably the most
reliable estimates of these quantities yet available.

Similar calculations for the ionic oxides and sulphides of
certain divalent metals have been made by Mayer and
Maltbie (1932) and their results are shown in Table 12. In
this case compressibility data were available for only one of
the bodies considered, namely MgO, and the value of the
constant p in the repulsive energy term was therefore assumed
to be the same as that found from the alkali halides. A con-

TABLE 12
LATTICE ENERGIES OF SOME OXIDES AND SULPHIDES
(After Mayer and Maltbie, 1932)

@
@ € @ ©) (6)
van der Re- Zero
Salt Cé)]uéromb Waals | pulsve | point Ts?}nﬁl (ezrﬁ%/.
¥ energy | energy | energy
Erggmol. x 1012 Kr%%II'/ g
MgO -76.3 -0.1 +115 +0.3 -64.7 - 939
Cal -66.7 -0.2 + 93 +0.2 -57.4 -831
S0 -60.6 -0.2 + 78 +0.1 - 529 -766
BaO -570 -0.3 + 7.0 +0.1 -50.2 =727
MgS -62.5 -0.2 + 74 +0.2 -55.2 -800
CasS -57.5 -0.2 + 68 +0.1 -50.9 -737
SS -55.3 -0.2 + 6.0 +0.1 -47.4 -686
BaS -49.8 -0.2 + 53 +0.1 -44.6 -647
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sideration of Table 12 shows, as is naturally to be expected,
that the total lattice energy of the oxides and sulphides is
considerably greater than that of the alkali halides and that
in these structures both the zero-point energy and the con-
tributiondue tothevander Waalsforcesareentirely negligible.
An attempt to confirm these values of the lattice energy by
employing them in the Born-Haber cycle, equation (4), p. 47,
to deduce the electron affinities of the oxygen and sulphur
atoms gave the values for these quantities shownin Table 13.
The agreement is less good than with the alkali halides, but
is nevertheless in this case conspicuously better than that
given by the application of the original Born-Lande theory.

TABLE 13

THE BORN-HABER CYCLE APPLIED TO CERTAIN
OXIDES AND SULPHIDES

(After Mayer and Maltbie, 1932)
All energies in kcal ./g. mol. of the salt

@
@) €] @ ©) (6) (7
Heat ,
Latica | Heat | ofsub | OTds ISR T
Salt enerlgy of for- |limation| S2°% | energy | Oand S
mation Ofal 0f 0, of | Sura
Qux met and S, met (2)-(6)
| M EX
MgO -939 145 34 59 521 -180
Ca0 -831 151 44 59 412 -165
SrO | -766 140 39 59 384 -144
BaO =727 133 38 59 350 -147
MgS -800 81 34 66 2%% -10928
CaS -737 113 44 66 -
SS -686 112 39 66 384 - 8
BaS -647 110 38 66 350 - 83

Since its original development the Born-Mayer theory has
been applied to a number of structures and it has also under-
gonemodificationindetail. ThusMayer (1933 a) hasshown that
the term c¢/r® introduced by London to express the van der
Waalsenergy isinadequatein the case of the alkali halides, and,
by taking into account the dipole-quadripole interaction
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ignored by London, has added a further term of the form
D/r® to the total lattice energy. Inthisway avan der Waals
energy contribution is obtained about twice as large as that
deduced by Born and Mayer. The implications of this work,
as well as of the application of the lattice theory to other
simple compounds by Mayer (1933b), Mayer and Levy (1933)
and by Huggins (1937), will be considered in the next section,
where the structural significance of the lattice theory of ionic
and molecular compounds is discussed.

The application of the Born-Mayer theory to the calculation
of the elastic constants and other physical properties of the
alkali halides has been considered by Zdanow, Erschow and
Galachow (1935) and by Jensen (1936).

THESTRUCTURAL SIGNIFICANCE
OF LATTICE THEORY

The structural importance of the quantitative lattice theory
discussed in the preceding sections lies in the light which it
throws on the stability of crystal structures, on the types of
binding which occur in different structures, on the conditions
which determine the appearance of different structures in
substances chemically closely related, and, quite generally,
on the problems of polymorphism and morphotropy.* Wemay
consider these several points separately.

The sability of a crystal structure.

In general, among homodesmic structures the most stable
are those which have the largest lattice energy,t and it is
clear that in determining the stability of a crystal the lattice
energy is as fundamental a quantity as, say, the heat of sub-
limation or the chemical heat of formation. From equation
(1), p. 45, of the elementary Born-Lande theory we see at
once that the most stable structures are those containing

* Morphotropy may be defined as a progressive change in crystal struc-
ture brought about by systematic chemical substitution.

T Lattice energy is, of course, negative. In speaking of a large lattice

energy we adopt the conventional usage and imply a numerically large value
of this negative quantity.
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small and highly charged ions. This isin accordance with the
data given in the last section, where the lattice energies of
oxides and sulphides of divalent metals were seen to be much
greater than those of the alkali halides, and is aso in accord-
ance with the generally greater hardnesses and higher melting
points of the former group of compounds. We have already
shown in detail in Chap.ll that among compounds of ions
with a given valency, as for example in the whole series of
alkali halides, the highest melting points and greatest hard-
nesses are associated with the smallest interionic distances.
Detailed data illustrating these points have been collected
by Fajans (1925).

In heterodesmic structures the stability no longer neces-
sarily bears any immediate relation to the lattice energy since
the breakdown of such crystalsin general takes placein several
stages. The first of these may represent the failure only of some
of the weakest bonds in the structure and may leave undis-
sociated stable molecules or complex groups, the energy of
which makes a large contribution to the total lattice energy.

The stability of hypothetical compounds. The lattice theory
can be applied not only to actual structures but also to
imaginary structures or to the structures of chemical com-
pounds which have never been prepared, and in fact as early
as 1923 Grimm and Herzfeld (1923) applied the Born-Lande
theory to explain the non-existence of such compounds as
NeCl, NaCl,, MgCls, etc. If we imagine, say, NeCl to be an
ionic crystal with the sodium-chloride structure, the heat of
formation of this body is given in terms of the Born-Haber
cycle by arelation analogous to equation (4), p. 47, viz. :

¥noei= = Unect + By — Ine — Sno — 1D,
Subtracting from this the corresponding equation for sodium
chloride we have, neglecting the heats of sublimation Sy,
andSy. which are small compared with the other quantities,
@recr— @xacr= — (Unecr = Unact) — (e — Ina)»

so that the differencein heat of formation of thetwo compounds
isequal to the difference inlattice energies less the difference in
ionization energies of the cations. The lattice energies of the
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two structures cannot be very different and, therefore, the
difference in heats of formation arises primarily from the
difference in ionization energies of neon and sodium. These
ionization energies are respectively 496 and 118 kcal. per
gram atom and their difference is larger than the heat of
formation of sodium chloride. That of neon chloride is there-
fore necessarily negative and the structure is unstable. In a
similar way the heats of formation of other imaginary com-
pounds are found to be very small or negative. The data in
Table 14 show the heats of formation of existing and hypo-
thetical chloridesdeducedinthisway. Inmost casesthevalues
for the hypothetical salts are negative and in all cases they
are substantially smaller than those for the compounds which
have a real existence.

TABLE 14

HEATS OF FORMATION OF EXISTING AND
HYPOTHETICAL, CHLORIDES

(After Grimm, 1928)
Valuesin kcal./g. mal.

NeCl

- 260

NaCl

+9%

CCl CSC'Z

+ 105 -60

MgCl MgCl, MgCl,

+15 + 150 -200

AlCI A1C1, AlCl, A1Cl,
+45 + 80 + 160 -840

Lattice theory and morphotropy. The calculation of the
relative lattice energies of the several different structures with
which a given chemical compound might crystallize, with a
view to explaining why one particular structure is actually
adopted, presents considerably greater difficulties. These
differences in lattice energy as between different structures are
generally quite small so that significant conclusions can only
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be drawn if the individual lattice energies can be calculated
with considerable precision. Thus Hund (1925) showed that
in terms of the Born-Lande theory the sodium-chloride struc-
ture should be more stable than the caesium-chloride arrange-
ment for all the alkali halides, so that thistheory was not able
to account for the occurrence of the latter structure in the
three salts CsCl, CsBr and Csl. On the other hand, Hund also
showed that the two structures differed little energetically so
that nothing short of a very exact theory could be expected
to reveal the difference. In the later work of Born and Mayer
(1932) thisparticular transition was considered in more detail,
and it was found that even when the contribution of the van
der Waals forces was taken into account the sodium-chloride
structure still appeared to be the more stable for all the alkali
halides. I f, however, the van der Waals contribution was about
twice as large as that given by London's theory the occurrence
of the caesium-chloride structure for three of the salts could
be explained. Aswe have already mentioned, Mayer (1933a)
has since shown that the van der Waals energy given by
the London theory is considerably too small, so that the
transition may now be satisfactorily regarded as due to the
influence of the van der Waals forces.

L attice theory and chemical binding.

Quantitative lattice theory can give much information
about the type of binding force which occurs in a crystal
structure. Thus, for example, if the observed | attice energy of
a compound differs greatly from that deduced theoretically it
Is a clear indication that the type of binding which actually
occursisdifferent fromthat assumedinthecalculation. Grimm
and Sommerfeld (1926) treated in this way the case of the
compound IC1, which they regarded as an imaginary ionic
structure [+C1-. The calculated values for the lattice energy
and heat of formation deduced on this assumption were found
to be entirely different from those experimentally observed.

A less extreme but more important illustration of the
application of lattice theory to determine the type of inter-
atomic bindingis given by the work of Mayer (1933b) and of
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Mayer and Levy (1933) on the lattice energies of silver and
cuprous halides. Lattice theory shows that for all the silver
salts therock-salt structure should be the most stable. Actually
this arrangement obtains in AgF, AgCl and AgBr, butinAgl
the lower co-ordinated zincblende structure is found. No
reasonable adjustment of the lattice energy can make this
structure the more stable and it is accordingly deduced that
inAglthebindingisno longertrulyionicbutisinsteadpartially
homopolar in character. In agreement with this deduction
Franck and Kuhn (1927) have shown spectroscopically that
the structure is composed of atoms and not of ions. In the
case of the cuprous halides the zincblende structure is to be
expected in all the salts and thisisindeed the structure actually
found. In passing from the chloride to the iodide, however,
the observed lattice energies show increasing departures from
the calculated values, as is seen from the data in Table 15.

TABLE 15
LATTICE ENERGIES OF CUPROUS HALIDES
(After Mayer and Levy, 1933)
Values in kcal./g. mol.

CuCl CuBr Cul
Observed value -222 -216 -213
Calculated value -216 -208 -199
Difference 6 8 14

Again this effect isto be associated with the increasingly homo-
polar character of the bond as the distortion or 'polarization’
of the anion increases.

The brief account which we have given of the structural
importance of the lattice theory illustrates in a general way
some of the directions in which it may be applied, but it also
emphasizes some of the inevitable shortcomings of the quanti-
tative treatment. Thus we have seen that to be of any practical
utility the lattice theory must give avery exact expression of
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the lattice energy, for as between different possible structures
the energy differences may be small, and quite trifling con-
tributionsto the total energy may ultimately determine which
structure actually obtains. When we consider how frequent
have been the modifications and developments of the theory
of even such simple structures as those of the alkali halides it
is clear that it must be a long time before lattice theory can
handle adequately the more complex structures to which
X-ray methods of analysis have been applied. While every
attempt to further the precise quantitative expression of
chemical linkage is to be welcomed, we must for the present
be content to give a purely qualitative account of the pro-
perties of the vast majority of known structures.

In the case of the homopolar and the metallic bonds the
difficulties in the way of an exact quantitative treatment are
even greater, and, although the theory of metals has recently
developed to an extent which promises soon to rival the theory
of ionic crystals, the very simplest of homopolar structures
still prove to be mathematically very intractable. Never-
theless, the modern theory of these binding forces is of the
greatest importance, for it has given rise to many significant
developments in the purely qualitative description of them
even when a quantitative application is not possible. For this
reason we now pass on to consider the more recent work on
structures in which homopolar or metallic forces are operative.

THE QUANTUM THEORY OF THE
HOMOPOLAR BOND

The Heitler-London theory.

We have already given in Chap, Il a general account of the
physical properties and structural characteristics of the
homopolar bond as well as of its qualitative description by
Lewis and by Kossel. The first attempt to apply the new
quantum theory to the bond was made by Heitler and London
(1927) in a discussion of the hydrogen molecule. We cannot
here give any account of the mathematical background of the
Heitler-London theory, but physically the homopolar binding

ECC 5
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of two atoms appears in this theory as an 'exchange' pheno-
menon. |f two atoms, each containing a single electron, such
as two hydrogen atoms, approach one another, the inter-
action energy of the two systems may correspond to an
attraction between them. This is the case if the spins of the
two electrons are oppositely directed, and under these con-
ditions the 'resonance’ effect between them may be pictured
as an oscillatory interchange of the electrons between the two
atoms in such a way that they can no longer be associated
with either atom in particular but appear instead to be a part
of both atoms. In this treatment we see a more precise expres-
sion of the older picture of shared electrons as responsible for
the homopolar bond, and also of the conception of valency
saturation, forineach bondthe spinsof two electrons neutralize
each other and the two electrons involved are incapable of
forming further bonds. An atom can only take part in a homo-
polar binding when it contains one or more electrons with
unneutralized spins.

The original Heitler-London theory is mathematically far
too formal to be of great practical utility in any structural
problem and, moreover, even in the simplest cases, is not
quantitatively sufficiently accurate to provide data of any
valuein latticetheory. Thus, in the simple case of the hydrogen
molecule, the calculated heat of dissociation is only about
60 per cent of the experimental value, while the many-bodied
problem of a crystal structure eludes treatment altogether.
At the same time the mathematical rigidity of the theory
precludes even its qualitative application in such cases. We
shall therefore not give any further discussion here of the
Heitler-London theory, but pass on instead to consider some
of the later and less formal treatments of the homopolar bond
which have arisen from it and which are of the greatest value
in the interpretation of the crystal structures of homopolar
compounds.

The reader who wishes for a further account of the Heitler-
London theory is referred to the general reviews of Pauling
(19286), Rodebusch (1928), London (1928, 1929), Heitler
(1930) and of Born (1931).
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The Pauling-Slater treatment.

Although the Heitler-London theory has proved to be
quantitatively disappointing and although it is, in itsrigid
form, of very limited applicability, the method of treatment
introduced by Heitler and London is nevertheless of general
validity, and their theory may be regarded as laying the
foundation of much of the more recent work on valency theory.
In the hands of Pauling, Slater, Lennard-Jones, Mulliken and
others the theory of the homopolar bond has been developed
and extended in a semi-empirical and less formal manner which
has enabled it to be applied, at least qualitatively, to a far
wider field than could ever be covered by therigid analysis of
Heitler and London, and which has brought to light many
results of the greatest structural and physical importance.
It is entirely outside the scope of this book to attempt to give
any account of the detailed features of the work of these various
authors and, indeed, it is questionable whether such a treat-
ment would in any case be of much value. The quantum theory
of the homopolar bond cannot be regarded as having reached
anything approximating to a final stage in its development
and, while change is so rapid, its more detailed aspects, and
certainly its quantitative treatment, can scarcely be regarded
as more than ephemeral. Nevertheless there have emerged
certain general features of the theory which have stood the
test of time, and here we shall content ourselves with a quali-
tative discussion of some of the structurally significant aspects
of the newer work.

Directed valency. The original Lewis theory of the homopolar
bond was able to account for the valencies of the various
elements in most of their compounds in terms of the picture
of electron sharing. The theory could not, however, offer any
explanation of the observed spatial distribution of the valency
links which is such a characteristic property of the homopolar
bond and which differentiates it so sharply from other types
of interatomic binding force. In the newer picture, in which
thebondisattributed to asharing of two electrons of oppositely
directed spins, this spatial distribution of valencies receives

5-2
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a more satisfactory explanation. Thus Slater (1931 a, 6, ¢) and
Pauling (1931a) have shown that a complete description of
the homopolar bond must include a specification of the state of
guantization of the electrons taking part. They conclude that
p-electrons give rise to stronger bonds than s-electrons and
that if an atom takes part in several p-electron linkages these
linkstendto be perpendicular to each other. Thus, inammonia,
nitrogeninits normal state has threep-electrons and the three
bonds are therefore so directed as to give a pyramidal struc-
ture, a conclusion which is in accordance with the observed
dipole moment of the molecule. In a similar way the mole-
cule of water is not linear, although here the bond angle
differs from 90° owing to interaction between the hydrogen
atoms.

When the binding electrons are not all of one kind further
complications arise. Thusin its normal state the carbon atom
has only two electrons with unshared spin and so can be linked
intwo single or one double bond asin CO. A very small energy
increment, however, is sufficient to bring about a change of
quantization by transferring one of the s-electrons to the
p state, so producing four electrons with unpaired spins and
the possibility of acorresponding number of homopolar bonds.
In the vast majority of carbon compounds the atom must be
excited in thisway, and Pauling (1931 a) has shown that when
such a change of quantization occurs all the bonds are sym-
metrically directed towards the corners of a regular tetra-
hedron. This conclusion is, of course, in complete accord with
all the crystallographic and other evidence on the disposition
of the carbon valencies. Even when the number of bonds
formed is fewer than four, such bonds as occur are mutually
inclined at the characteristic tetrahedral angle of 109° 28'.

W ith atoms of higher atomic number, inwhich d- aswell as
8- and p-electrons may take part in homopolar binding, the
possibility of higher and also of lesssymmetrical co-ordination
arises. If the co-ordination round a given atom is 6-fold
Pauling's treatment shows that its neighbours may be dis-
posed either at the corners of a regular octahedron or in aless
symmetrical arrangement at the corners of a trigonal prism,
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and this latter type of co-ordination is in fact observed in
MoS,. When the co-ordination is only 4-fold, the four neigh-
bours of an atom may lie either at the corners of a regular
tetrahedron or, if certain conditions are satisfied, in a plane at
the corners of a square. This latter somewhat unexpected
co-ordination is of quite common occurrence in structures of
the type ABXssuch asK,;Ni(CN)y4, K,PtCly, etc., in which
the B atom is surrounded by four X neighbours, and it is also
found in simpler structures such as PtS and PdO. Its explana-
tion must be regarded as a considerable achievement of the
new quantum theory.

Resonance structures. One of the most significant deductions
of the quantum theory of homopolar binding is the fact that
in many structures a single electronic configuration corre-
sponding to a certain static distribution of bonds does not
obtain, but that rather several alternative configurations,
corresponding to different possible bond distributions, may
simultaneously co-exist. The actual structure cannot, there-
fore, be represented by a unique molecular formula, but only
by a combination of several possible formulae. In such cases
the molecule or crystal is said to ‘resonate’ between these
various structures. This resonance phenomenon can occur
whenever the several individual structures are comparable in
energy, but the particularly important point which emerges
from the treatment is that in such cases the influence of
resonance confers additional stability on the structure, so
that it becomes energetically more favoured than any of the
single structures of which it is built up.

One of the most important resonance structures, and the
one which has been discussed in the greatest detail, is that of
benzene. The familiar Kekule theory treated this molecule as
an equilibrium between the two arrangements

U

and in fact these are two of the possible structures of the ring.
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The Dewar formula

although it has never been regarded as of great chemical
significance, isalso another possible structure, and Pauling and
Wheland (1933) have now shown that the actual arrangement
must be regarded as a resonance between the five canonical

00080

By far the greatest contribution to the structure, however, is
made by the two Kekule formulae, resonance between which
stabilizes the molecule to the extent of about 135 electron
volts as compared with a single ring of three double bonds.
Similarly, in naphthalene the observed arrangement is a
resonance between no fewer than forty-two canonical struc-
tures, and again it is this resonance which confers stability
on the molecule.

From a structural point of view these deductions from the
quantum theory are of the greatest importance in that they
often provide a far more successful interpretation of the
observed crystal structures than was possible in terms of
older ideas. Thus, to revert to the case of benzene, the precise
equivalence of all six carbon atoms arising from the resonance
interpretation of this molecule is in exact accordance with
the X-ray evidence, which reveals the molecule as a perfectly
regular plane hexagon. Moreover, the characteristic carbon-
carbon distance of 143 A. isvery nearly the arithmetic mean
betweenthevalues 1.54 and 1.35 A ., characteristic respectively
of the single and double bonds.

M any other structuresare known inwhich resonance between
two or more configurations of homopolar binding must occur.
Thus Slater (1931a) has suggested that many examples of
polymerization may be casesinwhich valency bonds formerly
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operative within the molecule have partly changed over to
the role of intermolecular forces, while Pauling and Wheland
(1933) have attributed the stability of certain free radicals to
the existence of resonance among several possible structures.
Pauling and Sherman (1933 a) have considered a number of
complex organic compounds and shown on energetic grounds
that resonance must take place. A simple example is the
complete degeneracy which exists in the anion of a carboxylic
acid between the structures
0 0O~
R—¢”  and R—¢_ ,
NO- A%

a degeneracy that results in a crystal structure in which the
cation appears equally bound to the two oxygen atoms. Many
other examples of resonance which have important structural
implications are best considered when the individual crystal
structures are under discussion.

The purely chemical implications of resonance have been
discussed by Sidgwick (1936, 1937).

Resonance between homopolar and ionic structures. Reson-
ance between different structures is not confined to purely
homopolar compounds, but can also occur between a homo-
polar and a corresponding ionic configuration. In fact, such
a possibility has already been adumbrated in our discussion of
the lattice energies of silver and cuprous halides, where we
saw that in certain salts the binding was partially ionic and
partially homopolar in character. This wider conception of
resonance opens up the possibility of a completely continuous
transition from the homopolar to the ionic bond. Thus, the
halogen acids can all be regarded as resonance structures
between the configurations

Ht " X:- and H X,
but there can be no doubt that in HF the former configuration
makes the larger contribution while in HI the effect of the
polarization of the iodine atom makes the latter configuration
increasingly important.
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Such a resonance between ionic and homopolar configura-
tions undoubtedly occurs in a very great number of simple
crystal structures. In many silicates, for example, although
the binding can generally be regarded as purely ionic, Slater
(1931 a) has shown that certain of the bond angles depart from
those to be expected in a typically ionic structure and imply
some measure of homopolar binding. In such cases the ionic
and homopolar descriptions do not, however, differ funda-
mentally and it is of little consequence whether we describe
the binding as homopolar, or asionic with strong polarization
of the anions. In theionic picture a transfer of electrons from
cation to anion is supposed to take place but increasing polar-
ization attracts them back again, reducing the dipole moment
of thelink until ultimately atypically homopolar bond results.
The purely homopolar bond is probably an idealized abstrac-
tion except between two atoms of the same element.

We shall find many other examples of resonance between
homopolar and ionic bindings and of the continuous nature
of the transition between them when we consider individual
structures in detail.

One- and three-electron bonds. The possibility of a homopolar
bond being formed not by two electrons but by one or by three
has occasionally been somewhat arbitrarily advanced to
account for the formation of various individual compounds
which could not be explained in terms of the ordinary valency
theory, and it is one of the most successful achievements of
the new quantum treatment that it can account for the occur-
rence of such bonds and at the same time explain their rarity.
Pauling (19316) has shown that a single electron bond can
exist between two atoms A and B only if thetwo statesA ' + B
and A+ 'B can exist with substantially the same energy. In
the same way a three-electron bond between the atoms
is possible only if the configurations A: + .Band A. +:B Bare
energetically approximately equivalent. In terms of the
one-electron bond Pauling (19316) has been able to explain
the anomal ous behaviour of boron trihydride which occurs

only in the associated form B,Hgs. This substance Pauling
writes
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H H
H:B:B:H
H H

with two hydrogen atoms attached by one-electron bonds.
The formula must not, however, be interpreted as implying
that any particular pair of hydrogen atoms is singled out for
this type of binding. Instead, the various configurations with
different pairs of atoms attached in this way are all included
in the final structure and this additional degeneracy provides
further resonance energy, thus increasing the stability of the
molecule.

The bond energy associated with one- and three-electron
linkages is roughly one-half of that of the normal two-electron
bond.

Physical properties of the homopolar bond. The new quantum
treatment has enabled certain of the physical properties
associated with the homopolar bond to be theoretically ex-
plained. Bond energies and the spatial disposition of valencies
have already been briefly discussed. Pauling (1931a) has
considered the question of rotation about the homopolar bond
and shown theoretically that there must be free rotation about
a single bond but no rotation about a double bond, a con-
clusion in agreement with common chemical experience. The
magnetic properties of homopolar compounds have aso been
discussed by Pauling (1931a) who has shown that these pro-
perties may be of value in identifying the type of binding in
any structure. Paired electrons contribute nothing to the
magnetic moment of a molecule or complex ion so that the
observed moments determine the number of unpaired elec-
trons present.

For a detailed account of the quantum theory of the homo-
polar bond the reader is referred to the papers of Pauling
(1931 a,b, 1932a,b), Pauling and Wheland (1933), Pauling
and Sherman (1933 &, b), Pauling and Huggins (1934) and of
Slater (1931 a,b, ¢). Summaries and general reviews have been
published by Mulliken'(1931, 1932), Pauling and Huggins
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(1934), van Vleck and Sherman (1935) and by Dushman and
Seitz (1937).

THE THEORY OF THE METALLIC STATE

The simple Drude-Lorentz free-electron theory of metals,
briefly described in the last chapter, was developed primarily
to account for the thermal and electrical conductivities of
metals and for the Wiedemann-Franz Law connecting these
quantities. It is well known that in its original form this
theory encountered difficultiesin explaining the specific heats
of metals, to which the free electrons appeared to make no
contribution. This difficulty was resolved by Sommerfeld
(19286), who showed that, as a consequence of the exclusion
principle, the great majority of the electrons in a metal must
have energies far exceeding those of thermal agitation, all the
low energy states being completely occupied by the maximum
number of electrons which they are allowed to accommodate.
Only at very high temperatures does the electronic energy
change appreciably with temperature, and it is, therefore, only
at very high temperatures that the electrons make any con-
siderable contribution to the specific heat. In spite of this
success, however, the Sommerfeld treatment still handled
only avery arbitrary selection of metallic characteristics, and
in particular threw no light on many of those properties which
are structurally the most important. Thus the theory could
give no picture of the metallic bond sufficiently rigid for any
quantitative discussion of the cohesion of metals. Nor could
it account for the various characteristic metal crystal struc-
tures or explain the difference between them, and still less
could it provide any systematic basis for the co-ordination of
the great mass of empirical material on alloy systems which
had been collected.

The Bloch theory.

The first attempt to represent the essentially crystalline
character of a metal was due to Bloch (1929), who extended
Sommerfeld's treatment by taking into account the wave
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nature of the electrons and by regarding the electrons, not as
perfectly free, but as moving under the influence of the
periodic field of the crystal lattice. For a free electron the
energy is given by

1
= 20— L2
E = jmv =3 k2,

and is proportional to the square of the momentum k, so that
these two quantities are related by a parabolic law of the type
shown in Pig. 6. The exclusion principle forbids any two
electrons to have the same set of quantum numbers, and in
conseguence all the energy states up to some maximum energy

Momentum.
Fig. 6. The energy of a free electron as a function of its momentum.

E., are practically completely filled, while only at very high
temperatures do many electrons have an energy greater than
En. This may be expressed in a slightly different way if we
represent the state of each electron by a point whose position
is determined by the three componentskKc,, K, and k, of its
momentum k. The energy of the electron is then proportional
to the square of the vector joining its representative point to
the origin of the momentum space thus defined. The exclusion
principle now requires that each electron shall have to itself
a spherical shell in this momentum space, so that the whole
assemblage of the many electrons in the crystal will occupy
a spherical domain whose size is determined by the total
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number of electrons. This is the picture which arises from
Sommerfeld's treatment of the electrons as entirely free.
When the periodicfield of the lattice is taken into account
Bloch showed that the energy of the electron no longer varies
continuously with momentum but experiences discontinuous
changes at certain critical momentum values in away shown
diagrammatically in Fig. 7. At some distance from these
critical momentum values the energy approximates to that of
a free electron, but just below these values the energy is
abnormally depressed and just above them it is abnormally
raised. Corresponding to each of these discontinuities there
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Fig. 7. The energy of an eectron in a crystal lattice as a function of its
momentum. Energy valueslyingin the ranges 4£,, 4E,, etc. are completely
forbidden.

is a range of energy A&,, AE,, etc., whichis completely for-
bidden. The whole assemblage of electrons now no longer
occupies a continuous range of energies but is, instead, divided
into a series of discrete so-called 'Brillouin zones'.

In the one-dimensional illustration just discussed, a range
of forbidden energy must always occur at the zone boundary,
but it can be shown that thisis not necessarily so when the
problem is considered in terms of the three-dimensional
momentum space. In this case the energy discontinuities are
found to take place when the representative point describing
thestateof anelectron crossesoneof anumber of setsof planes,
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and it can be shown that these planes are, in fact, parallel to
all thegeometrically possible crystal faces, sothat theBrillouin
zones now become a series of concentric polyhedral figures.
For different directions of the vector k the energy discon-
tinuitiesdo, ingeneral, leavedifferent energy rangesforbidden.
It may, therefore, happen that a forbidden range for one
direction of k is completely covered by allowed ranges for
other directions, and in this case, although an energy increase
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Fig. 8. Two-dimensional representation of the zone system in some hypothetical
metal. The curves are contours of equal energy and the straight lines the
zone boundaries across which energy discontinuities occur.

always occurs in crossing a zone boundary at a given point,
there may nevertheless be electrons at certain places in an
outer zone with energies less than those of other electrons in
aninner zone. Thispointismade clear by thetwo-dimensional
exampleillustratedin Fig. 8. Herethefirst zone boundary is
the square A BCD and the curves are contours of equal
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energy. At some distance from the boundary of the zone
these contours are nearly circular, as would be the case for
free electrons, but near the boundary they are considerably
distorted. In the inner zone the points of maximum energy
are the corners A, B,C and D and the energy at these points
may be greater or less than that at a point such as X in the
outer zone. If it is greater there is an 'overlap' of the zones
and no range of forbidden energy; ifit is smaller the zones are
discrete and the reverse is the case.

The energy discontinuities at the boundaries of the Bril-
louin zones may be given a simple physical interpretationin
termsof thedeBrogliewavesassociated withthefreeelectrons.
The value of the momentum at which each discontinuity
occurs is just that for which the corresponding wave-length
satisfies the Bragg equation for reflection in the crystal planes
parallel to the zone boundary, and thewidth A of the dis-
continuity isroughly proportional to the intensity of X-ray
reflection from these planes. It is impossible for an electron
moving in the appropriate direction to have an energy in the
range AE since such an electron trying to enter the crystal
from outside would suffer total reflection.

Electrical conductivity. Electrical conductivity appears in
thispictureinanentirely new way. L et usconsider astructure
in which there is no overlapping of zones, and let us suppose
that the number of electrons is just such that one zone is
completelyfilledwhile the next above it isempty. Itisthen
clear that it is not possible for the electronsin such a structure
to receive a small energy increment since this would bring
them within the forbidden range. Under the influence of an
electric field the electrons can acquire no drift velocity and
the substance is an insulator. In this way we see that a free
electron does not necessarily give riseto conductivity: only if
a zone is incompletely filled or overlaps a higher zone can
conduction occur.

Different possible zonal configurations are shown diagram-
matically in Fig. 9. The shading represents possible energy
states while those actually occupied are shown in black. In
Fig. 9 athe condition is that of an insulator since one zone is
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completely filled and the one next above it is empty. If the
energy gap between the two zonesisvery small, asin Fig. 9ft,
the crystal will still be an insulator at the absolute zero but
may acquire conductivity at higher temperatures if the energy
of thermal agitation is sufficient to lift some electronsinto the
empty zone. In this case the conductivity increases with
temperature and the substance behaves as a semi-conductor.
The energy state of a normal conductor is represented in
Fig. 9c and 9d. In the former case the zones are discrete but
the lowest zone is only partly filled, while in the latter an
overlap takes place and the crystal is a conductor whether the
lowest zone is completely filled or not.
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Fig. 9. Zonal configurations in different solids:
(8 an insulator; (b) a semi-conductor; (c) and (d) a conductor.

The Brillouin zones of permitted energy values may be
regarded from a somewhat different point of view by con-
sidering the relationship which they bear to the energy levels
of theindividual atoms of the metal concerned. Itis clear that
if we imagine a metal lattice to be continuously expanded the
zone system must experience profound modification, and must
ultimately degenerate into the atomic energy levels of an
isolated atom when the interatomic distances become suffi-
ciently large. Fig. 10, p. 80 (Seitz and Johnson, 1937b), shows
schematically the behaviour of the atomic energy levels of an
alkali metal asthe latticeis contracted. Theindividual levels
are seen gradually to broaden out and ultimately to overlap
in such a way that at the equilibrium spacing represented
by A the overlapping is complete, filled and unfilled zones are
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brought together and the metal becomes a conductor. If the
equilibrium spacing were somewhat greater, corresponding
to a point such as B at which the lowest zone does not overlap
the one next above it, conductivity could occur only if this
zone was incompletely filled.

This intricate broadening and overlapping of the zones is
a characteristic of practically all metals and arises from the
profound influence which the formation of the lattice exercises
on the electronic orbits of the individual atoms. In such a
case the association of the zones with the individual atomic
states becomes more symbolical than real, but, as we shall
$e below, in non-metals, where the atomic orbits are less
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Fig. 10. Therelation between the zonal configuration and atomic energy
levels in an alkali metal.

radically modified, it is still possible to correlate particular
zones with particular atomic energy levels. The overlapping
of zones which occurs in the metals becomes increasingly
probable as the atomic states become more densely packed,
and for thisreason conductivity is much more common among
heavy elements than among those of low atomic number.
Similarly, in agiven group of the periodic classification con-
ductivity tends to increase with increasing atomic number, as
for example in the elements diamond, silicon, germanium, tin
and lead.

Structural properties. Prom a structural point of view the
most important applications of metal theory are concerned
with the character of the metallic bond and with the lattice
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energetics and stability of different structures. These problems
have been discussed by Wigner and Seitz (1933, 1934) who
have considered in particular the cubic body-centred arrange-
ment of sodium. If we imagine in such a structure that a set
of planesis constructed bisecting the lines joining each atom
to its nearest and next nearest neigh-
bours, thewhole lattice isdivided into 4™~ " Z=I7""""2
a series of polyhedra, of the form shown ‘s
inFig. 11, one surrounding each atom. |
Since the free electrons in the metal !
will tend to be dispersed as widely as |
|
|
|

iy

possible, there is a large probability
that in each such polyhedron one, and
only one, electron will be found. The |/ ™" ¥

potential energy of the crystal canthen Fig ;. The polyhedrd
be treated as made up of the energy doman surrounding eech
of thechargeswithintheindividual atominacubicbody centredstructur
polyhedra together with the mutual

energy of the polyhedra themselves. The former contribu-
tionissimply that of an electronin thefield of the ion, while
the latter is negligible since the separate polyhedra are el ectri-
cally neutral and very nearly spherical, so that the crystal
Is therefore held together primarily by the attraction between
each ion and the electron in its own polyhedron. This attrac-
tion is also responsible for the coherence of the separate
polyhedra, since any expansion of the metal is accompanied
by an increase in their size and a corresponding increase in the
mutual potential energy of the positive ion and electron
which each contains.

It is not so immediately evident why the ions in the metal
maintain their characteristic separation, corresponding to an
effective radius considerably greater than that of the sameion
in polar crystals, but this point is made clear when the kinetic
energy of the free electrons is taken into account. An electron
movingwith avelocity visassociated with ade Broglie wave
of wave-length h/mv, and if such an electron is boundin a
block of metal of linear dimensions L only discrete velocities
corresponding to standing waves of wave-lengths 2L, 2L/2,

ECC 6
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2.L/3,..., 2LIn,... are permitted. These velocities are, therefore,
nh/2mL and correspond to the energies n*h?/8mL% By the
exclusion principle not more than two electrons can have the
same energy so that in the whole block all possible energy
states up to very high values of n must be occupied, and since
the energy of each electron is proportional to L™ the total
kinetic energy is also proportional to this quantity. It follows
that a compression of the metal results in an increase in the
kinetic energy of the free electrons.

The total contribution of the free electrons is therefore, on
this picture, made up of two components: (1) the kinetic
energy, just discussed, which is proportional to L-2 or to
V"#3 where Visthe volume of the metal, and (2) the potential
energy of the electron in each polyhedron in the field of the
positive ion, which is, of course, proportional to - V'**. The
sum of these two components gives a function of the form
shown inFig. 12, in which the position of the minimum
determines the equilibrium conditions and actual interatomic
distances in the crystal.

Energy

\ X atomic volume

Fig. 12. The energy of the eectronsin metallic sodium as a function of the
atomic volume.

When applied to the alkali metals this treatment gives
values for the cell dimensions, compressibility and other
physical propertiesin satisfactory agreement with experiment
(Wigner and Seitz, 1933, 1934; Slater, 19346; Millman, 1935;
Seitz, 1935; Fuchs, 19364, b), but for copper, silver and gold
similar calculations yield far too large values for the com-
pressibilities, so that these metals are much harder than the
theory demands (Fuchs, 1935; Knitter, 1935). Theexplanation
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of this discrepancy appears to lie in the fact that in these
elements theionic radii are relatively much larger than in the
alkali metals and approach much more nearly to one-half
the actual interatomic distances. Before the equilibrium con-
dition represented by the minimum in the energy function of
Fig. 12 isreached the positive ions come into contact so that
the structure is determined primarily by the stacking of these
ions in geometrically the most compact way. For this reason
the elements copper, silver and gold have a cubic close-packed
structure whereas that of the soft alkali metals is the less
highly co-ordinated cubic body-centred arrangement.

The stability of metal structures may be regarded from a
somewhat different point of view in terms of the Brillouin
zones of the lattice, for, as we have seen, the energy of states
just below the surface of a Brillouin zone is abnormally low,
and that of states just above the surface abnormally high. It
follows that, other things being equal, those structures will be
most stable in which a given zoneis as nearly full as possible
and yet in which there is a minimum of overlapping into
another zone. This viewpoint has been extensively applied to
the metallic elements to explain their observed structures, and
Jones (1934 6) has been able to account for the structure of
bismuth in this way. It is, however, in the interpretation of
alloy systems that the method has achieved its most striking
success, and we accordingly postpone any further account of
it until these systems are considered in detail.

Other physical properties. The application of the Bloch
theory to many other physical properties of metals has also
been considered and a lattice theory of the metallic state has
now been built up scarcely less complete than that which Born
and his co-workers have developed for ionic crystals. Some of
these applications have already been adumbrated, and others
include the work of Mott (1935) on the magnetic properties
of the transition metals, and, from a somewhat different point
of view, that of Gombas (19354, 6, 1936 4a, b, c) on the lattice
theory of the alkali metals. We cannot, however, here discuss
these applications of the theory: an adequate discussion would
occupy a disproportionate amount of space, and in any case

6-2
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admirable accounts are readily available in the works of M ott
and Jones (1936), and of A. H. Wilson (1936), and in the
excellent review of Seitz and Johnson (1937 a, 6, ). The par-
ticular features of the Bloch theory which are of structural
significance are discussed in the reviews of Evans (1936)
and of Mott (1937). Less up-to-date but more comprehensive
accounts of the theory of metals have been given by Hume-
Rothery (1931), Slater (1934 a) and Borelius (1935 6).

A GENERAL THEORY OF THE SOLID STATE

The account which has been given in this chapter of the
quantitative theories of the several types of interatomic
binding represents a very considerable advance in our under-
standing of the solid state. At the same time, however, it is
difficult to escape the conclusion that the series of ad hoc
treatments so lacking in co-ordination, which appear to be
necessary to describe the various types of solid, must ulti-
mately undergo some measure of unification before anything
approaching finality can be reached. Thus most of the earlier
work on metal theory was developed primarily to explain
the conductivity of the metals, in respect of which property
they differ from the best insulators by a factor of the order of
10%, and this somewhat arbitrary concentration of attention
on certain particular properties has tended to conceal the fact
that in many other respects metals and non-metals are
qualitatively very closely alike. We have already seen that
between the metallic and the homopolar bonds, on the one
hand, and between the ionic and the homopolar on the other,
there is no sharp distinction, but instead a smooth and con-
tinuous transition. Any theory of the solid state, to be aesthet-
ically satisfying or physically significant, must ultimately
embrace within a single unified framework these three prin-
cipal manifestations of interatomic cohesion.

In the zone theory, applied so successfully by Bloch and
others to the metallic state, we see what promises to be the
beginning of such aunification. Inthistheory, aswe have seen,
conductivity no longer appears as a particularly significant
property of the metallic state but instead asan almost fortuitous
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property determined by the accidental configuration of the
zones. The distinction between metals and non-conductors is
no longer a fundamental distinction between free and bound
electrons (for even an insulator may contain free electrons),
but rather a relatively trivial distinction between different
possible zonal configurations. Itisasyet far too early to give
any detailed account of the application of zone theory to ionic
and homopolar structures, but already it has yielded pro-
mising results in the case of thefew simple structuresto which
it has been applied.

The alkali halides have been discussed along these lines by
Shockley (1936) and by Ewing and Seitz (1936) who have
traced the development of the zones from the energy levels of
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Fig. 13. Therelation between the zonal configuration and atomic energy
levelsin lithium fluoride.
theisolatedionsconcerned. Fig. 13 (Seitzand Johnson, 1937D),
illustrates the formation of the zones in the case of LiF, and
a comparison with the corresponding diagram for a metal
(Fig. 10, p. 80) shows that here the zones preserve their
identity in a much more definite manner. Attheequilibrium
spacing represented by A the zones are narrow, so that the
ionic character of the orbitsislargely preserved, and the zones
donotoverlap. Nopartially filled zones exist and the substance

Is an insulator.

The application of the zone theory to homopolar compounds
has been discussed by Kimball (1935) who has considered the
structure of diamond. In this case, where the atomic energy
states are well separated, the zones which develop as the
lattice spacing is diminished intermingle and then separate
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again into groups in a manner illustrated in Fig. 14. At the
equilibrium spacing the filled zones extend up to the edge of
theforbiddenregion, by which they arewidely separated from
the unoccupied levels, so that diamond must be an insulator,
as isindeed the case. At the same time, the behaviour of the
zones suggests an explanation of the conductivity of carbon
inthe form of graphite. In this structure the distance between
certain neighbouring carbon atoms is considerably greater
than in diamond. The detailed form of the zone development
must of course bedifferent fromthatillustratedin Fig. 14, but
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Fig. 14. The relation between the zonal configuration and atomic energy
levels in diamond.

If the same type of intermingling and subsequent separation
occurs it may happen that the large carbon-carbon distance
correspondsto the point of overlap, inwhich case conductivity
could freely take place. If thisisindeed so the conductivity
of graphite arises as an immediate consequence of the large
spacing between the layers in the structure.

A general account of the zone theory of solids, including a
description of its application to many physical properties
outside the scope of our present discussion, has been given by
Seitz and Johnson (1937 a,b, c).

This concludes our general discussion of the several types
of interatomic binding force which occur in crystal structures
and of the properties associated with each of them. We now
pass on inthe remaining chapters of this book to asystematic
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account of the same field, but considered this time from a
detailed structural point of view. The classification of chemical
elements and compounds in terms of the binding forces which
are responsible for their existence, and therefore indirectly in
terms of the crystal structures which they possess, necessarily
diverges widely from the more conventional classifications,
but that does not mean that such a classification is in any way
more artificial or less significant. The solid stateis aforbidden
field in chemistry and its nature can only be determined by
extrapolation from the behaviour of substances as liquids and
gases. Such an approach has tended both to conceal many of
the essential characteristics of the solid state and to confer
on solids, quite erroneously, many of the properties of liquids
and gases. Thus the conception of the molecule has come to
play far too great a part in chemistry, for while the molecule
isavery real entity in the gaseous state, thisis by no means
necessarily so in solids: here it is the exception rather than the
rule for the molecule to have a discrete existence. Initsturn
this picture of the sanctity of the molecule has created a
quite false impression of the importance of the classical laws
of chemistry. The laws of constancy of composition and of
simple proportions now appear as trivial and insignificant
consequences of geometrical requirements rather than as
profound and fundamental expressions of the laws of nature.
The conception of valency, too, so successful in organic
chemistry, has been widely, and sometimes blindly, appliedin
fields altogether outside its scope, until, on chemical grounds
alone, it has become clear that certain classes of compound
refuse resolutely to conform to accepted chemical principles.
This is notably the case with intermetallic systems, but we
shall find that it is also true of other types of compound, in-
cluding many which have beenrevealed, and which could only
have been revealed, by X-ray methods. If the classification to
befollowed hereisunconventional itiscertainly not arbitrary,
and it must be increasingly from a structural viewpoint that
chemistry in the future will be written.

The reader who wishes to remind himself of the details
of our classification should refer back to the last section of
Chap. 11, p. 41.
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SYSTEMATIC CRYSTAL CHEMISTRY

CHAPTERI V

THE METALLI C ELEMENTS

INTRODUCTION

It isthe aim of our discussion of systematic crystal chemistry,
to which the rest of this book is devoted, to investigate the
relationships which exist between the structure and the
chemical constitution of crystalline substances. In this way
we may hope to be able to interpret as many as possible of the
physical and chemical properties of these substances in terms
of their crystal structure, and, quite generally, to establish
a correlation between particular properties and individual
structural characteristics. ldeally, we should be able, on the
one hand, to give a very comprehensive account of the pro-
perties of any given body knowing only its structure and the
types of binding force in operation, and, on the other, to be
able to propose, and even to synthesize, structures having
any desired combination of properties whatsoever. We are
asyet along way from thisidealized goal, but X -ray methods
have now been applied to a sufficiently wide range of bodies,
representative of inorganic, organic and even biological
chemistry, for anumber of general principlesto have emerged,
and we have already learned to recognize the structural
significance of many of the properties of these substances.

We shall here make no attempt to describe the detailed
features of all, or even of many, of the known structures.
Such descriptions are already available in the works to be
mentioned below, and in any case it isnot our desire to present
crystal chemistry in the form of a purely descriptive science.
Here our interest in the structures lies only in the general
principles which they illuminate, and in so far as detailed
descriptions are necessary they will be confined to structures
of common occurrence and general interest. Frequently the
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detailed features of a structure are unimportant or in-
significant, and then an idealized or simplified description will
serve our purpose. Sometimes a purely qualitative account
of only certain aspects of the structure will suffice to illustrate
the general principles involved.

At this stage it is convenient to refer briefly to two works
which review in a purely descriptive way the whole field of
published structure analyses. The more comprehensive and
detailed of these is the Strukturbericht published as a supple-
ment to the Zeitschrift fur Kristallographie. The first volume
of this work describes, with references, all the structures
published in the period 1913-28. The second, third and
fourth volumes cover the periods 1928-32, 1932-35 and
1936 respectively, and further volumes are in course of com-
pilation. A less comprehensive but more readily accessible
work covering much the same field is Wyckoff's The Sructure
of Crystals, the second edition of which, together with its
supplement, describes all the important structures published
up to the end of 1934. Wyckoff'sbook is particularly valuable
for its critical apprizal of the reliability of the published
structures and for the excellence of its diagrams. In both
of these works the treatment is purely descriptive and no
attempt is made to discuss the chemical significance of
the structures observed or to classify these structures along
the lines to be followed here. Instead, the classification is
designed solely for convenience of reference and is made
in terms of the chemical formulae of the bodies concerned.
In either work the reader will find full descriptions of
most of the structures mentioned here, and also references
to the original structure analyses. In this book we shall in
general refer explicitly only to papers in which the chemical
implications of the observed structures are discussed, and
not quote works of purely structural interest.

We now proceed to our systematic survey of crystal
chemistry following the classification outlined in Chap.lI.
In this chapter we shall illustrate some of the general features
of metal structures by reference to those of the metallic
elements, and in Chap, v exemplify these features in greater
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detail by a study of alloy systems. Such a distinction, as we
shall see, is in many respects artificial, but it offers the
practical advantage of enabling the structural characteristics
of the metallic bond to be discussed in the first instance in
terms of relatively simple systems.

THE STRUCTURES OF THE METALLI CELEMENTS

Clasdfication.

The crystal structures of the metals make it convenient to
divide these elements into the two groups shown in Table 16,
p. 92. The metals in the larger of these groups may be termed
true metals and include the alkali and alkaline earth metals,
beryllium, magnesium, copper, silver, gold and the transition
elements. All of these metals have simple crystal structures
and exhibit to a more or less marked extent the properties
generally characteristic of the metallic state. The remaining
metallic elements, those of the B sub-groups, have more
complex structures and show to a greater or lesser extent
significant departures from typically metallic properties.

The true metals.

All the true metals so far studied, with the exceptions of
manganese and uranium, have one or more of three typical
structures :

A; . The cubic close-packed structure.
A; . The hexagonal close-packed structure.
A,. The cubic body-centred structure.

The first two structures are alternative ways of packing
equal spheres as tightly as possible in space. A single layer
of spheres can be tightly packed in only one way, namely that
which obtains when the spheres occupy the corners of an
equilateral triangular network as shown by the circles marked
1 in Fig. 15. In this arrangement each sphere is in contact
with six neighbours at the corners of a regular hexagon. |f
a second similar close-packed layer is superposed upon the
first, the spheres in this second layer occupy the positions 2,
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and each sphere isin contact with three spheresin the layer
below. (The second layer could, of course, equally well
occupy the positions 3, but it is clear that in an indefinitely
extended structure no difference between these two arrange-

TABLE 16
THE CLASSIFICATION OF THE METALLIC ELEMENTS

Truemetals B sub-groups
Transition metals 2 3/4|5]|6
Li | Be
Ay | A
Na | Mg Al | S
A3 Al

Ca|< |Ti |V |Cr{Mn|  Fe|Co|Ni|ICu|Zn|Ga|Ge|As| &

Ao | A A | A AA
As As A AA]L

LRerYZrNbMoMaRuthd Cd|in|Sn| S| Te
A | A //.-\\2 A | A As A f1 A4
S

>

Hf | Ta| W |Re| Os| IT | Pt | Au|Hg Pb | Bi

As | A [ Ay [ | As | AL (A AS

p=

Ra| Ac| Th | Pa| U
A

* And the other rare earth dements. Only Ce (A; As), Pr (Az), Nd (A3) and
Er (As have been studied.

A; = cubic dose-packing.
A, = cubic body-centred structure.
Az = hexagonal dose-packing.
Several of the dements are polymgg)hous and have other more complex
gructures in addition to those indicated.

mentsexists.) A thirdlayer may be added in one of two ways,
for either it may be so disposed that it lies vertically above
the first layer, or alternatively it may occupy the positions 3,

in which case all three layers are different. The former
arrangement, whichisthat illustrated in Fig. 156, is hexa-
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gonal close-packing and the sequence of layersis 121212...
continued indefinitely. A unit cell is shown by dotted lines
in Fig. 156, and is illustrated separately in perspective and
plan* in Fig. 16. The second arrangement is cubic close-
packing. Here the layers repeat 123123123..., for it can
readily beseenthat if afourth layer isadded to thefirstthree
in such away as to occupy neither the positions 2 nor 3 it

Q@G@Q@CD Op0
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0696%6° 6%
{a) (A1) by (A3)
Fig. 15. The close-packing of spheres: (a) cubic close-packing; (6) hexagonal
close-packing. In (b) the hexagonal unit cell is outlined. The numbers

correspond to the successive layers of the structures. In both arrange-
ments each sphere is surrounded by 12 equidistant neighbours.

Oz

Fig. 16. Plan and perspective diagram of the unit cell
of hexagonal close-packing.

must fall above thelayer 1. Itisnot, perhaps, immediately
apparent that this arrangement has cubic symmetry and is,
in fact, an arrangement of spheres at the corners and face

* |n plans of structures the positions of atoms not in the plane of the
diagram are shown by expressing their distance above that plane as a frac-
tion of the height of the unit cell. The reader should, if possible, accustom
himself to envisaging any structure and its co-ordination from the plan
alone; with all but the simplest structures a per spective diagram isgenerally
too complex to be of much value.
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centres of a cubic unit cell. The point, however, is made clear
by Fig. 17, which represents eight unit cells of cubic close-

packing. Here the face-centring
of the unit cell is evident but the
close-packed nature of the layers
normal to the cube diagonals is
also emphasized.

In both close-packed structures
each sphere is in contact with
twelve neighbours, and it is clear
on general grounds that energetic-
ally the two structures cannot

THE METALLIC ELEMENTS

differ greatly. They do, of course,
both represent an equally econ-
omical fillingof space, and it may

Fig. 17. Cubic close-packing. The
diagramillustratestherelation-
ship between Fig. 15 a and the
cubic cell.

be readily shown that if the radius of each sphere is a the
volume of space occupied per sphere is 5.66 a’. The most
important practical difference between the two structures
arises from the way in which the close-packed layers are

disposed.

In hexagonal close-packing there is only one

direction normal to which the atoms are arranged in in-
dividually close-packed sheets; in the cubic structure such
sheets occur in four directions normal to the four cube
diagonals. This distinction, we shall find later, gives rise to

important differences in the
physical properties associated
with the two structures.

The third common metal
structure is the body-centred
cubic, the unit cell of which
isshowninFig. 18. Hereeach
atom is surrounded by only
eight neighbours arranged at
the corners of a cube, and the
structure is a somewhat less
tightly-packed one. The vol-
ume Of space Occupied per

atomis 6.16 a’

=Y

N
\

Fig."18. The cubic body-centredstruc.

ture. Each sphere is surrounded by
eight equidistant neighbours.
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The cubic close-packed, the body-centred cubic and the
hexagonal close-packed structures are conventionally repre-
sented by the symbols A;,A, and A; respectively, and the
structures of the true metals are indicated in Table 16,
p. 92, by these symbols. A few of the elements are polymor-
phous and manganese is quite exceptional in that it is poly-
morphous and in all its forms has very complex structures.
Even so, the anomaly is more apparent than real, and in
3-Mn, for example, the complexity of the arrangement arises
from the position which it occupies intermediate between the
body-centred and face-centred cubic structures.

The high co-ordination characteristic of the structures of
all the true metals emphasizes the general properties of the
metallic bond described in detail in Chap. II, where we found
that the bond was spatially undirected and could operate
between a given atom and an indefinite number of neighbours.
Physically the most important purely structural character-
istics of metals are the mechanical properties, and these arise
from the ease with which a metal can deform by gliding. In
asingle crystal avanishingly small stressis sufficient to start
aglide deformation, and thisis found always to take place on
those planes in the structure which are most tightly packed,
and, in these planes, along the lines of closest packing. In
the polycrystalline aggregates of normal occurrence the
phenomenon is more complicated but, even so, malleability
and ductility are intimately bound up with the ease with
which gliding can occur, and are, therefore, in practice con-
fined to metals of simple structure. In metals with complex
structures, and in alloys in which the regularity of the lattice
isinterrupted by foreign atoms, malleability is rare and the
metal is commonly hard and brittle.

Even among the true metals the ability to deform by
gliding is not shown equally by all the members of the group,
but is in fact much more marked in those having a cubic
close-packed structure owing to the greater number of planes
on which gliding can take place. This distinction leads us to
afurther sub-division of the true metals which is technically
of the greatest importance, for these elements include practi-
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callyallthe metalsofvalueintheartsand, withtheexception
of aluminium, zinc and lead, all those of any considerable
commercial importance as well. In the one group we have
all those metals with the cubic close-packed structure, and
these include Cu, Ag, Au, Ni, a-Co andy-Fe, togetherwith
a few other elements of less importance. All these metals
are markedly ductile and malleable and fairly soft. In the
other group are the metals with a hexagonal close-packed
or a cubic body-centred structure. The most important of
these are Cr, V, Mo, W, 3Co and a- and 3-Fe. All these
elements are decidedly less malleable, harder and more
brittle than those in thefirst group. Itis the special position
of iron as a member of both groups which gives it much of its
metallurgical importance, for according to the heat treatment
which it receives it may be made to assume the properties
characteristic of either group.

The B sub-group metals.

The B sub-group elements are as a class structurally far
more complicated and show a far greater diversity of pro-
perties than the true metals. None of the elements is homo-
desmic, and in fact these metals demonstrate more con-
vincingly than any other series of structures the continuous
and gradual nature of the transition from the metallic to the
homopolar bond. The character of this transition may be most
conveniently illustrated by describing a series of typical
structures.

lodine. lodine has atypically molecular structureinwhich
I, molecules, strongly bound within themselves by homopolar
forces, occur relatively widely separated in the lattice and
are linked to each other only by feeble residual bonds. We
have already remarked that an element in the nth group of
the periodic classification can give rise to only (8—n) homo-
polar bonds, and the structure of iodine with each atom so
linked to one other isin complete accord with thisrule.

Selenium and tellurium.  The structure of selenium and
telluriumisillustrated in Fig. 19. The structure consists of a
series of infinite spiral chains of atoms running parallel to
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the vertical axis of the hexagonal unit cell. Within the chain
each atom is strongly bound by homopolar forces to its
immediate neighbours, but between the chains the forces are
far less strong and the interatomic distances are corre-
spondingly considerably greater than those within the chains.
The essentially homopolar character of the binding in the
chainsisillustrated not only by the fact that the (8—n) rule
is obeyed but also by the characteristic spiral nature of the
chain itself. This spiral formation arises from the mutual
disposition of the two bonds from each atom at an angle of
about 100°: if the binding were polar or metallic they would
be oppositely directed and the chains would be straight. In
so far as there is any significance in speaking of the molecule

Fig. 19. Plan and perspective diagram of the hexagonal unit cell of the structure
of sdenium and tellurium. The spiral chains extend indefinitely through
the crystal in the vertical direction.

in such a structure each spiral chain must be considered as
constituting a single molecule infinitely extended in one
dimension.

Arsenic, antimony and bismuth. The structure of these
elementsisformed by the superposition of a series of puckered
sheetsof atoms, each of thetypeshowninFig. 20, p. 98. Within
each sheet the bindingis purely homopolar and each atom is
so linked to three neighbours. One such sheet may therefore
beregarded asatwo-dimensional molecule of indefinite extent
analogousto the one-dimensional molecule in the structure of
selenium. The characteristic intervalency angle of about 100°
resultsin the puckering of the sheets since all three neighbours
of any one atom lie on the same side of it. Each atom hasin
addition three neighbours on the other side belonging to the

ECC 7
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adjacent sheet, but these atoms are considerably more remote
and lesstightly bound than thoseinitsown sheet. Thestructure
againillustratesthe (8 — n) rule since each atom isthe source of
three homopolar bonds. Itisclear, however, thatin antimony
and bismuth, if not in arsenic, the binding must also be
partially metallic in character, for neither the electrical con-
ductivity nor the high melting point of these elements can
be reconciled with a purely homopolar or molecular linkage.
Germanium and tin. The elements germanium and tin in
the fourth group both have the diamond structure character-

Fig. 20. Plan of asingle sheet of the structure of arsenic. The atoms are all
at one of two heights indicated by the signs + and -. Successive sheets
are so arranged that the lower atoms in one sheet fall vertically above the
‘holes' in the sheet below.

istic of a typically homopolar body, but here again the
electrical conductivity is sufficient to show that the electrons
must be very loosely bound and that the linkage is partially
metallic in character. The structures are, however, homo-
geneous in that the type of binding is the same in all direc-
tions, and if we are still to look for the molecule in such a
structure we must regard the whole crystal as comprising
one single three-dimensional molecule.

Gallium and indium. The structures of gallium and indium
are quite anomalous and not only differ from each other but
also fail to satisfy the (8—n) rule, although, in the case of
gallium, the actual structure may be formed by the slight
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distortion of an idealized structure in which this rule is
obeyed. The structures are of considerable complexity and
will not be described here.

Cadmium, zinc and mercury. In cadmium and zinc the
tendency towards purely metallic binding is yet more marked
but the influence of the homopolar binding is nevertheless
still felt. In spite of their pronouncedly metallic character
the hexagonal structure of these elements is not exactly
hexagonal close-packing, but, instead, a structure which
differs from it only in that of the twelve neighbours of a given
atom the six in its own plane are somewhat closer than the
remaining six. As a result of this difference the axial ratio
c\a is 19 instead of 1-63, the value corresponding to true
close-packing. The particularly close-binding of six of the
twelve neighbours may be regarded as a further example of
the (8—n) rule, and we can picture the binding of these
neighbours as being partially homopolar in character while the
more remote neighbours are linked by purely metallic forces.
Mercury, in the same group as cadmium and zinc, has a
simple structure in which the atoms are disposed at the points
of arhombohedral lattice, and each atom has, therefore, only
six neighbours.

In the elements of the first group all trace of homopolar
binding has disappeared, and copper, silver and gold have
truly metallic cubic close-packed structures.

Aluminium, thallium and lead. The structures of these
elements have not yet been specifically mentioned. Although
they appear in our classification as members of the B sub-
group, they all have close-packed structures characteristic
of true metals. In thallium and lead this is due to the for-
mation of a moderately stable 20-electron O shell corre-
sponding to the partially ionized ions T1* and Pb** (see
Table 3, p. 13). The relative stability of this 20-electron
configuration and the resultant incomplete ionization in the
structure cause thallium and lead to simulate in many of
their properties the alkali and alkaline earth metals respec-
tively. In aluminium, too, in the elementary state there are
indications that the ionization may be incomplete and the

72
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close-packed structure may be due to this cause. The anoma-
lous position of these elements, which confers on them some
of the properties of both the true and B sub-group metals,
must be borne in mind when alloy systems in which they
occur are discussed.

Physical properties. The gradual and continuous nature
of the transition from metallic to homopolar binding which
takes place in the B sub-group elements, and which is so
clearly reflected in their structures, also has an influence on
their physical properties. Most obvious of these is the
mechanical behaviour, for the increasing complexity of the
structures makes glide deformation difficult and the elements
therefore tend to be hard and brittle when compared with the
true metals. The complex and relatively 'open’ nature of the
structures leads to a contraction in volume when the solid
melts to a statistically close-packed liquid and so explains
the expansion on solidification which gives several of these
elements their technical importance. The magnetic properties
also reveal the partially homopolar character of the binding.
Many elements are diamagnetic because they consist of
diamagnetic atoms, but homopolar crystals show a far larger
structural diamagnetism which is a characteristic of the
crystal and cannot be attributed to the individual atoms.
This structural diamagnetism, moreover, decreases rapidly
with increasing temperature and vanishes on melting. Just
such a behaviour is found in the elements Ge, Sn, As, Sb, Bi,
Se and Te, all of which are strongly diamagnetic and lose
their diamagnetism on melting. The anisotropy of thermal
expansion and compressibility of certain of these elements
also reveal the distinction between the types of force oper-
ating in different directions in the structure.

In the case of bismuth the magnetic properties have been
discussed in detail in terms of the Brillouin zone system of the
metal by Jones (19346) who has shown that alarge structural
diamagnetism is to be expected whenever those zones
occupied by electrons are very nearly filled.

The conception of the transition from the metallic to the
homopolar binding here introduced, and the picture of the
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forcesin certain structures as possessing in part the properties
of each type of bond, are further examples of the resonance
phenomenon discussed generally inChap.I11. The particular
application of resonance to some of the B sub-group elements
has been discussed by Slater (1931a).

THE ATOM C RADI | OF THE METALS

The atomic radii of some of the metallic elements are shown
graphicallyinPig. 21, p. 102. The valuesthere given call for
some explanation and qualification beforetheir full significance
can be discussed. In the case of true metalswith close-packed
structures the atomic radiusis clearly half the closest distance
of approach. In structures of lower co-ordination, such as
the cubic body-centred arrangement of the alkali metals or
the rhombohedral structure of mercury, a similar definition
of atomic radius is applicable, but the values so deduced are
not immediately comparable with those derived from struc-
tures of higher co-ordination. Itisfound, both from a study
of polymorphous metals having several structures of different
co-ordination, and from alloy systems in which metal atoms
often occur in a state of co-ordination different from that
which obtains in the pure element, that a small but syste-
matic decrease of atomic radius takes place with decreasing
co-ordination. The extent of this change of radius has been
studied by Goldschmidt (19286) who has summarized obser-
vations on a series of elements and all oy systems by expressing
the radius in 8-, 6- and 4-fold co-ordination corresponding
to unit radius in a close-packed structure. He gives the
following values:

Co-ordination Radius
12 1.00
8 0.97
6 0.96
4 0.88

It will be seen from these figures that the change in radius
may be considerable and that acomparison of radii of different
elementsisonly of significancewhenthe state of co-ordination
is known. Especially isthistruein alloy systems where the
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atomic radius is of the greatest importance in determining
the structure and where atoms frequently occur in a state
of co-ordination different from that in the elementary state.
For this reason the atomic radii given in Fig. 21 are not
necessarily those directly observed in the several elements
but are the values appropriate to 12-fold co-ordinated
structures.

A further difficulty arises in discussing the radii of the
B sub-group metals, for in these elements the co-ordination
IS so irregular that the conception of a precise radius ceases
to have any very definite meaning. Even in these cases,
however, we can define the radius as half the distance of
closest approach, but the values thus obtained will be of
significance only in the structure of the element and will have
no immediate influence on its behaviour in alloy systems.
Values of the radius derived from a study of alloys are there-
fore often of more general utility than those deduced from
the elements themselves, and values can, moreover, be so
obtained corresponding to degrees of co-ordination not found
in the pure metal. As an example of this we may quote a
germanium-copper alloy having a hexagonal close-packed
structure, which enables the radius of germanium in 12-fold
co-ordination to be deduced although no structure with such
high co-ordination exists for the pure element. The values of
the radii of B sub-group metals included in Fig. 21 are all
indirectly determined in asimilar manner and are appropriate
to 12-fold co-ordination. In order to emphasize the difference
between these radii and those obtaining in the structures of
the elements themselves the two sets of values are sum-
marized in Table 17, p. 104.

Certain general features of Fig. 21 call for emphasis. In
the first place it will be noticed that the radii of all the
elements are of the same order of magnitude, and that the
increasingly complex extranuclear structure of the elements
of high atomic number does not give rise to any very large
increase in radius owing to the compensating influence of
the greater nuclear charge. In each period the alkali metal
has by far the largest radius, and with increasing valency in
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the A groups the addition of electrons to the extranuclear
structure is accompanied by a marked decrease in radius due
to the increased nuclear charge. This decresse in radius is
arrested in the middle of each family of transition metals so
that all these dements within each period have very roughly
the same radius. In each of the families of B sub-group
elements a pronounced increase in radius takes place.
Hume-Rothery (1930) has attempted to express the radii
of all the metals by agenera empirica formula. He has shown
that within any one given group the radii of the dements of

TABLE 17
THE ATOMIC RADII OF THE METALS

The uppe value is half the distance of doset approach, the
lover the value correponding to 12-fald co-ordination
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the A sub-groups follow closely the relation
r @

n Z&
Herenistheprincipal quantum number of the outer most shell
of electrons in the ion of the element, a a constant for any
one group but having different values for different groups,
Z the atomic number and x a constant approximately equal
tol/3.

Within any one period the radii of the first two or three
elements also appear to show regularities. Thus Hume-
Rothery found that the radii of the elements at the beginning
of a period vary as I/Z°, where p has the value 1 for the first
period, 2 for the second, 3 for thethird and 5 for the fourth.
The dgnificance of these empirical relationships is, however,
not known, and no success has attended any attempt to give
them a theoretical foundation. The interpretation originally
placed on them by Hume-Rothery has been criticized by
Goldschmidt (1931a).

The lanthanide contraction.

A further important feature which appears from Fig. 21,
p. 102, isthedecreasein radiuswhich occursin therare earth
elements following lanthanum. As a result of this so-called
lanthanide contraction the radii of the transition and B sub-
group elements of the third long period are substantially the
same as those of the elements of the second long period. This
is to be contrasted with the increase in radius between the
first and second long periods. To take a single example, while
the radii increase from 1.28 to 1.44 A. in passing from copper
to silver, the radii of silver and gold are almost exactly the
same: the increase in radius to be expected between silver
and gold is just compensated by the lanthanide contraction.
This contraction is also responsible for the very close chemical
resemblances between certain corresponding members of the
second and third long periods, as, for example, between
zirconium and hafnium or between niobium and tantalum.
The lanthanide contraction has been discussed at length by
Goldschmidt, Barth and Lunde (1925).



CHAPTER YV

ALLOY SYSTEMS

INTRODUCTION

The development of X-ray methods of structure analysis has
provided metallurgists with their most powerful tool for the
investigation of the metallic state, and the extension of our
knowledge and understanding of the properties of inter-
metallic systems which has resulted in one of the greatest
achievements of crystal chemistry. Prior to the application
of X-ray methods, the investigation of the properties of alloy
systems was confined principally to observations of their
behaviour in the liquid state, and the behaviour of the metal
as a solid could be determined only by inference from these
observations. Transitions in the solid state and the effect of
mechanical or heat treatment could naturally not be observed
in this way, and for information on these properties the
microscope and other purely physical methods had to be
invoked. Even so, these methods were all more or less
indirect, and itisonly since the application of X-ray analysis
that it has been possible to investigate directly in the solid
state, under the precise conditions which are of technical
interest and without damage to the specimen, the exact
positions of all the atoms in the structure, and so to refer to
their ultimate cause the physical and chemical properties of
the alloy.

It is not surprising that the application of such a powerful
method of investigation has not only led, on the experi-
mental side, to a vast extension in our knowledge of the pro-
perties of metallic systems, but has also demanded, on the
theoretical side, a considerable modification in our inter-
pretation of many of these properties and a profound re-
orientation of many of the accepted principles of chemistry
when applied in thisfield. The development of metallurgy
has in the past been largely hampered by attempts to make
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metal systems conform to the laws of chemical combination
established by observations on bodies in which forces of an
entirely different character are operative. Alloys differ pro-
foundly in many of their properties from other chemical
compounds. They can generally be formed by no more
elaborate synthesis than the simple melting together of their
constituents in the appropriate proportions. In marked con-
trast to other chemical compounds they still preserve, at least
qualitatively, the general character of the elements of which
they are composed. In spite of these differences, however, it
has been common practice to regard many intermetallic
systems as chemical compounds and to attempt to assign to
them formulae based on ideas of valency derived from ionic
and homopolar compounds. Somewhat inconsistently, how-
ever, the essentially identical forces operating in the structure
of a metallic element have never been regarded as chemical
in nature at all. The extent to which it isjustifiable to speak
of chemical combination in alloy systems will be discussed
more fully later, but we may say at once that if we are so to
interpret these systems it must be in terms of a wider and far
less rigid picture of chemical combination than that of
classical chemistry. Hume-Rothery (1926) early pointed out
that any attempt to express metallic combination by for-
mulae based on the normal valencies was meaningless, and
the study of alloy systems emphasizes that the laws of
chemical combination are of far less fundamental significance
than has often been supposed and that only in ionic and
homopolar compounds are they generally obeyed, and then
only as a trivial conseguence of geometrical or electrical
demands. In metal systems compounds of variable com-
position are often found, and it is no longer necessary for the
constituentsto be present in simple stoichiometric proportions.

It is not within the scope of this book to discuss the purely
physical applications of X-ray methods to alloys in such
problems as qualitative and quantitative analysis, the deter-
mination of purity and grain size and the detection of strain,
although all these applications are of the greatest technical
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importance. The reader who wishes for further information
on these matters is referred to the general reviews of Evans
(1935) and of Norton (1937) and to the publications of the
Department of Scientific and Industrial Research (1931,
1934).

The classfication of alloys.

The number of systemsto which X-ray methods have been
applied is now sufficiently large for many of the general prin-
ciples of metal chemistry to have emerged. As always, we
shall here make no attempt to review the whole field, but
merely illustrate these general principles by appropriately
chosen particular examples. A general classification of binary
alloys, which alone we shall consider, can be based on our
classification of the metallic elements into the true metals
and those of the B sub-groups. Accordingly we shall divide
these alloys into the three groups:

(1) Alloys of two true metals;

(2) Alloys of a true metal with a B sub-group metal;

(3) Alloys of two B sub-group metals.

To these may be added a fourth group:

(4) Theinterstitial structures,
which are most conveniently considered with the alloy
systems.

In general terms we may say that in passing through the
first three of these groups the properties become progres
sively less metallic and the intermetallic systems show in-
creasingly marked resemblances to true chemical compounds.

The classification here adopted serves to emphasize the
point which will become increasingly clear as various typical
systems are discussed that any distinction between elemen-
tary metals and alloy systems is purely artificial. The true
and the B sub-group metals are essentially special cases of
the first and third groups of alloys respectively, and the
general structural properties, whether of the element or of
the alloy, are those characteristic primarily of the group as
a whole.
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ALLOYS OF TWO TRUE METALS
The copper-gold sysem.

A typical example of an alloy of this class, and one which
has, perhaps, been more completely investigated than any
other, is the system copper-gold. These two metals are
chemically closely related, have a similar electronic con-
figuration and have both a cubic close-packed crystal struc-
ture. The atomic radii are not very different being 1.28 and
144 A. respectively.

The crystal structure of a specimen of gold to which a small
amount of copper has been added is found to be exactly the
same as that of the parent metal, the copper and gold atoms
being distributed at random over the points of a face-centred
cubic lattice. The statistical replacement of gold atoms by
the smaller atoms of copper results in a slight reduction in
the cell size but otherwise no alteration in the structure takes
place. As more and more copper is added, more gold atoms in
the lattice are replaced by copper, but the substitution re-
mains purely statistical and the sites occupied are still those
of the face-centred cubic cell, the appropriate proportion of
copper and gold atoms being randomly distributed among
them. This progressive substitution of gold by copper takes
place throughout the whole range from pure gold to pure
copper, and results in a range of complete solid solution
between the two elements. The change in cell size with com-
position is in accordance with Vegard's law, which states
that in solid solutions the cell dimensions vary linearly
with the concentration of solute. Precision measurements
(Vegard and Kloster, 1934) have, however, revealed that
over the whole range the linear relationship is true only as
a first approximation.

The range of complete solid solution described in the last
paragraph is observed only if the alloy is investigated at a
high temperature, or, more conveniently, if a quenched
specimen is employed. When, however, the alloy is carefully
annealed an entirely different state of affairs results. Once
again we may consider the addition of progressively more and
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more copper to initially pure gold. Atfirst, arandom replace-
ment of the gold by the copper atoms takes place as before,
but when a sufficient quantity of copper has been added it is
found that the distribution is no longer statistical but that
instead the two kinds of atoms tend to occupy definite
geometrical positions relative to one another. This segrega-
tion is complete when the composition corresponds to equal
atomic proportions of the two
elements and the structure is then o )
thatillustratedinFig. 22. Several v
unit cells are here shown and a
moment's consideration will re-
veal that the sites occupied are
still those of a cubic close-packed Lo~ Lo
structure, but that, on account of -

the ordered instead of random
distribution of the atoms, the Fig. 22. The structure of the
lattice is actually no longer face- ordered phase CuAu:
centred. The segregation of the atoms into layers and the
difference in atomic radius between copper and gold result in
a small departure from cubic symmetry, and the unit cell
is actually tetragonal but pseudo-cubic with axial ratio
c:a = 0.932 (Johansson and Linde, 1925).

The addition of more copper, followed by careful annealing,
results initially in the random replacement of some of the
gold atoms of the tetragonal structure, but with increasing
concentration of copper this replacement tends to take place
in aregular way such that at an atomic
composition of 75 per cent copper the
structure of Fig. 23 is formed. Here
it will be noticed that once again the
pattern of sites is that of a cubic close-
packed arrangement, but on account
of the regular way in which the atoms
are distributed the lattice is actually
primitive and not face-centred. This structure is truly cubic
and it is clear that it corresponds to a composition CuzAu.
The addition of still further copper results in the gradual

2
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Fig. 23. The structure of the
ordered phase CugAu.
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replacement of the remaining gold atoms until finally the
structure of pure copper results.

Structures such as those described above for CuAu and
CuzAu in the ordered state, in which the pattern of sites is
that of the parent random solid solution but in which the
two kinds of atoms are distributed over these sites in some
regular way, are termed superlattices. We defer until later
any discussion of whether or not these structures are to be
regarded as definite chemical compounds, but here we may
remark that physically they often show pronounced differ-
ences from the corresponding disordered structure. Thus,
before the application of X-ray structure analysis to the
problem, Kurnakow, Zemczuzny and Zasedatelev (1916)
found that the electrical resistance of quenched copper-gold
alloys showed a smooth variation with composition whereas
with the annealed alloys two sharp minima were observed
corresponding to the compositions CuAu and CusAu. The
more recent work of Borelius, Johansson and Linde (1928)
has shown that the resistance of the superlattice at these
compositions is less than half that of the corresponding dis-
ordered alloy. Similarly, changes occur in many other pro-
perties. Thus Sachs and Weerts (1931) found that the elastic
constants of the alloy CuszAu were profoundly dependent on
the heat treatment which it had received, while Dehlinger
and Graf (1930) have shown that the tetragonal superlattice
of CuAu is nearly as soft as pure copper whereas the dis-
ordered phase is hard and brittle. Inall such casesitis clear
that the composition alone is quite inadequate to characterize
the alloy.

Theiron-aluminium system.

Another system which illustrates the transition from the
random arrangement of the solid solution to the ordered
structure of the superlattice is that of iron and aluminium.
Strictly speaking this system should be considered under our
second group of alloys since we have classed aluminium as
a B sub-group metal. We have already emphasized, however,
that the position of aluminium is somewhat anomalous in
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that it also behavesin many respects as a true metal, and it
is therefore not out of place to consider this system here.
Compared with the copper-gold system, that of iron-
aluminium is somewhat more complex in that the two con-
stituents have different crystal structures, for iron is cubic
body-centred at ordinary temperaturesand aluminium cubic
close-packed. Although the physical properties of the iron-
aluminium alloys have not been investigated as completely
as those of the copper-gold system, the purely structural
features of the order-disorder transformation have been
observed in great detail in therange
0-50 atomic per cent of aluminium
by Bradley and Jay (1932a,b. Then- ot T
work may be described in terms of & |- Ej
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In the range 25-50 atomic per cent of aluminium the
arrangement of atoms is entirely different. The aluminium
atoms are no longer distributed at random over all the sites
but now occupy only the positions b and d. There is a zero
probability of finding an aluminium atom in the sites a
and c, which are always occupied by iron atoms, and a corre-
spondingly greater probability of findingan aluminium atom
at b or d. At the composition Fez;Al there is a probability
of 1/2 of finding an aluminium atominthese positions, just one-
half of these sites, on the average, being occupied by aluminium
and one-half by iron atoms. As the concentration of alu-

§
%m ?I‘” ¢ Fea
pe —. :
) < W7
% 20
g { )(5) s
‘; 50 1w e
(), J)
E / /
3 / ”
:E 20 FIELY
5 gondem -]
% ta peel ooz |
| [acriay {m facy
6 10 15 %5 "% s a4 4 60 55

20
1% AL {Aomgl | 1 1
10 139 73 207 24 4 28 32 6

wt % Al
Fig. 25. Thedistribution of atoms over thestesa, b, cand d of Fig. 24
in the iron-aluminium system.
minium increases, so also does this probability, until at the
composition FeAl every b and d siteis occupied by aluminium,
every a and c site by iron. This is represented in Fig. 25 by
the line (3). The unit cell is still one-eighth of the volume
shown in Fig. 24, but the lattice is no longer body-centred
since the sites are not now structurally equivalent. At the
composition FeAl the structure is, in fact, that of caesium
chloride.
When the annealed alloy is investigated a different state
of affairs is observed. At small concentrations of aluminium
the distribution of these atoms is still statistical, but beyond

ECC 8
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about 18 atomic per cent the aluminium atoms show a marked
tendency to favour the b positions and to forsake the positions
a, cand d. Thisisrepresented by the two curves (4) in Fig. 25,
p. 113, from which it will be seen that at the composition F¢5*'
almost every b siteis occupied by aluminium while all the other
positions contain iron atoms. With this arrangement Fig. 24,
p. 112, now represents only one unit cell. Beyond 25 atomic
per cent of aluminium the b sites remain fully occupied and
the new aluminium atoms enter the d positions, and from
about 30 per cent of aluminium onwards the concentration in
these sites grows also at the expense of the b positionsin the
way shown by the curves (5) in Fig. 25. Beyond about
38 per cent the b and d sites are equally occupied and the
state of the annealed alloy is then the same as that of the
guenched system.

The results of Bradley and Jay and the observations on
copper-gold systems described above have been discussed
from a theoretical viewpoint by W. L. Bragg (19336) and in
greater detail by Hume-Rothery and Powell (1935), who have
shown that the arrangement in a superlattice is determined
by a tendency for the solute atoms to be as widely separated
as possible. It can be readily seen on general grounds that
the presence in a structure of a foreign atom of a different
sze from the atoms of the solvent must introduce local
strains, and that that structure will be most stable in which
these strains are as uniformly distributed as possible. This
is, indeed, experimentally demonstrated by the fact that
when the alloy is carefully annealed to give it every oppor-
tunity of reaching equilibrium it is the ordered arrangement
which results: in the disordered structure two or more solute
atoms must here and there be immediate neighbours.

The actual stability of the superlattice compared with the
disordered structure is determined both by the number of
solute atoms and by the size of these atomsrelative to those
of the solvent. If the number of dissolved atoms is small
thereis, even in the disordered state, a very small probability
of finding two of these atoms close together and there is
therefore little gain in stability in the ordered structure.
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Similarly, if the two kinds of atoms are of very nearly the
same size the strain produced by the introduction of the
solute atoms is small and the superlattice is not appreciably
more stable than the random solid solution. This point is
illustrated by the system silver-gold. In this case the two
elements have the same cubic close-packed structure and are,
moreover, almost identical in size owing to the lanthanide
contraction. In consequence this system forms a complete
range of disordered solid solution without superlattices, not
only in the quenched condition, aswith the analogous copper-
gold system, but also when carefully annealed. Conversely,
the stability of a superlattice is large when there is a con-
siderable disparity in the sizes of the atoms concerned, but
it isclear that thisstability is never very great since nothing
more than the energy of thermal agitation is required to
bring about the transition to the disordered state.

Other sysems

Many other binary alloys of two true metals have been
investigated by X-ray methods, but few in such detail asthe
two already described. Here it isimpossible even to enumer-
ate all the systems studied, but while they necessarily differ
in detail they all show general resemblances in many of their
properties. Thus a wide range of solid solution, specially at
high temperatures, is a characteristic feature of all such
systems, and if the radii of the two atoms are not very
different and theindividual structuresidentical asingle solid
solution may cover the whole range of composition, as in the
system silver-gold. If the radii are neither very nearly equal
nor very dissimilar superlattices are generally formed. When
the individual structures of the two metals differ, as with
iron and aluminium, complications necessarily arise, and
then the range of solid solution is restricted and a series of
two or more separate phases results.

A list of systems studied, with references, is given by
Wyckoff (1931, 1935).

8-2
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THE ORDER-DISORDER TRANSFORMATION
The transition between the ordered and disordered states
described above, which was first observed by Johansson and
Linde (1925) in the copper-gold system, has since been the
subject of many experiments and of much theoretical work.
As early as 1919 Tammann (1919) had been led to suggest,
as a result of corrosion experiments, that the atoms of a
binary solid solution might sometimes be arranged in a
regular way, but it was not until the application of X-ray
methods of structure analysis that this hypothesis could be
directly confirmed. It then soon became clear that the states
of order and of disorder were but two extremes of a complete
series of intermediate states, any of which the alloy could be
made to assume by the appropriate heat treatment, and in
which the distribution of atoms was neither the completely
regular structure of the superlattice nor yet the entirely
disordered arrangement of the solid solution. Thus Borelius,
Johansson and Linde (1928), whose work on the resistance of
copper-gold alloys we have already mentioned, found that
the marked increase in resistance which occurs when the
superlattice of composition CusAu or CuAu breaksdownwith
increasing temperature into the random arrangement of the
solid solution, was not a discontinuous change but a gradual
increase extending over a temperature range of the order of
100° C. Moreover, on lowering the temperature of the solid
solution conditions could be reversed and the superlattice
regenerated, but in this case a pronounced hysteresis was
observed and a given resistance was reproduced only at a
considerably lower temperature. These observations at once
led to a picture of the transition as a thermodynamic equi-
l[ibrium between the two extreme states in which theintrin-
sically more stable superlattice could be destroyed by the
energy of thermal agitation.

A similar viewpoint was adopted by Gorsky (1928, 1934)
and by Dehlinger and Graf (1930) who investigated the
transition in the alloy CuAu by measuring the axial ratio of
the tetragonal unit cell as a function of the heat treatment
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which the system had received. When the alloy was quenched
after having been maintained for some time at a temperature
T it was found that theaxial ratio depended on the exact value
of this temperature. When T was appreciably higher than
392° C, the quenched alloy was found to have the com-
pletely disordered cubic structure with axial ratio unity.
When T was lower than 320° C. the tetragonal superlattice
with an axial ratio of 0.932 was obtained. If, however, the
temperature from which the system was quenched lay between
these limits a tetragonal structure was obtained, but one in
which the axial ratio had appreciably larger values revealing
a tendency towards the cubic arrangement of the disordered
structure. The axial ratios observed by Dehlinger and Graf
are shown in Table 18.

TABLE 18

AXIAL RATIOS OF THE PARTIALLY ORDERED
TETRAGONAL PHASE AuCu

Quenched from ca
xrC 0932
3rC 0939
¥ C 0947

Since these pioneer investigations, the order-disorder trans-
formation has been observed in many other systems, not only
by purely physical methods but also more conveniently by
X-ray analysis. With the superlattice certain X-ray reflec-
tions occur which are forbidden in the corresponding dis-
ordered structure. These reflections therefore provide a
convenient means of detecting the superlattice, while their
intensity affords a measure of the degree of order prevailing.

The order-disorder transformation has been considered
theoretically from a thermodynamical standpoint by many
authors (Dehlinger and Graf, 1930; Dehlinger, 1931a, 1932 a, b,
1933, 1934, 1937, Wagner and Schottky, 1930; Borelius,
1934 a, 6, 19356; W. L. Bragg and Williams, 1934, 1935;
Williams, 1935; Bethe, 1935; Peierls, 1936). Space does not
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permit us to give here a full account of all this work. Nor,
indeed, is such a treatment called for, since many of the
papers are purely physical in their approach while others are
so formal as to be of limited practical application. We shall
therefore confine ourselves to a brief discussion of the work
of Bragg and his school.

TheBragg-Williamstheory.

L et us consider a binary alloy in a state of thermal equili-
brium in which the atoms seek to assume the ordered struc-
ture of lowest potential energy while thermal agitation seeks
to promote a state of disorder. It is then clear that the
actual degree of order which obtains will be determined both
by the temperature and by some parameter of the system
representing the difference in energy between the ordered
and disordered states. We may express this parameter in
terms of a quantity V, the energy required to transfer one
atom from an ordered to a disordered position. The degree of
order of the system may be represented by a quantity S
which is unity for the ordered arrangement of the super-
lattice and zero for the state of complete disorder. The exact
definition of 8 isirrelevant for our purpose, but the quantity
may be roughly regarded as measuring the probability of
finding agiven atom in the sitewhich it would occupy in the
perfect superlattice.

At very low temperatures the equilibrium state is that of
complete order, but at higher temperatures the degree of
order is determined in terms of the quantity V by the
Boltzmann theorem. If V is constant this at once leads to a
relation between 8 and T of the form shown by the full line
in Fig. 26. As the temperature increases more atoms are
shuffled into 'wrong sites till at very high temperatures the
curve approaches 8 = 0 and the arrangement becomes quite
random. It is clear, however, that V cannot be regarded as
constant, for, with increasing disorder, the distinction be-
tween 'right' and 'wrong' sites becomes less and less signi-
ficant and disappears completely when S is zero. V must
therefore vary from a maximum valuevowhen S= 1 to zero
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when S = 0. Bragg and Williams assume that this variation
islinear, sothat V = SV,, and it is then found that the rela-
tion between the degree of order and temperature is of the
general form shown by the dotted curve in Fig. 26. This
curve represents a very rapid collapse of the ordered state
and the complete disappearance of any trace of order at a
characteristic critical temperature T.. At this temperature the
superlattice may be regarded as 'melting’ into a solid
solution.

The existence of this critical temperature is one of the most
important features of the theory, for it isto be expected that
at this temperature many of the physical properties of the
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Fig. 26. The degree of order in an alloy AB as a function of temperature.

alloy will display sharp changes. In particular, anomalies in
the specific heat will be expected, for as the temperature of
the alloy is raised extra thermal energy must be supplied to
break down the ordered structure of the crystal. The specific
heat will, therefore, rise sharply near the critical temperature
and then, all order being destroyed, fall abruptly toitsnormal
value. Bethe (1935), who discusses the question of specific
heats in rather more detail, shows that, although the order
as defined by Bragg and Williams disappears at the tem-
perature T, there is still a measure of 'local order' which
persists above this temperature and contributes to the energy
of the structure. Above T, therefore, the specific heat is still
somewhat larger than its normal value. In this form, the
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theory gives a very satisfactory explanation of the specific
heat measurements of Sykes (1935) on the alloy CuZn.

Therelation between Sand T of the form shown in Fig. 26
holds only for binary alloysin which the two components are
present in equal atomic proportions. For other systems the
detailed form of the curve is different. Thus in the case of
the alloy CuzAu, for which also specific heat measurements
are available, the degree of order does not decrease smoothly
to zero at the critical temperature but instead suffers a dis-
continuous change from some finite value. Here the energy
change associated with the transformation must be regarded
as a latent heat of transformation rather than as an anoma-
lously high specific heat, and again the theory is in satis-
factory agreement with experiment.

The rate of attainment of equilibrium. In the above treat-
ment we have assumed implicitly that the alloy is at every
temperature in a state of equilibrium. This, however, isin
practice not necessarily the case, for it may happen that under
agiven set of conditions the rate of attainment of equilibrium
is so slow that practically an equilibrium state is never
achieved. That thisistrueis, indeed, clear from observations
on those systems in which a disordered state can be preserved
at low temperatures by quenching, although the superlattice
Is then intrinsically more stable. Naturally a discussion of
the rate of attainment of equilibrium is of the greatest
importance in considering the effect of heat treatment.

The rate at which disorder is established in any system at
a given temperature is determined by that temperature and
by the activation energy W associated with the order-
disorder transition. This energy is a measure of the height of
the potential barrier over which an atom has to pass in
moving from an ordered to a disordered position, and is not
to be confused withV , which is the difference in potential
energy of the atom in its initial and final states. If V is
large the ordered structure will at low temperatures be very
much more stable than the disordered arrangement, but if
Wisvery large the rate at which equilibrium is attained may
nevertheless be very slow.
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In terms of the energy W it is possible to define a time of
relaxation T in which the departure from equilibrium at any
given temperature is reduced to 1/ of its initial amount,
T is given by

T = Ae"M
where A is a constant of the order of IO *?and k is the Boltz-
mann constant. The temperature at which the time of relaxa-
tionisone second may be designated T, anditisclearfromthe
exponential form of the above expression that in the neigh-
bourhood of T, thetimeof relaxationvariesvery rapidly with
temperature. Thus when

T, = 12, T = 0.01 second,
NT,= 06, T  =3years.
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Fig. 27. Conditions determining the rate of attainment of equilibrium
in the order-disorder transformation.

We may therefore define an annealing temperature T, somewhat
lower than T, below which equilibrium is in practice never
attained, and a quenching temperature T, somewhat higher
than T, above which equilibrium is established practically
instantaneously.

The actual behaviour of any system will be determined by
the value of the critical temperature T, relativeto T, and Tq.
A number of possible cases areillustratedin Fig. 27. Incaesea,
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T. is so far above T, that over practically the whole range in
which the degree of order ischanging equilibriumisestablished
instantaneously. Even on quenching, the system will assume
the condition of practically complete order corresponding to
the temperature Tg In case b the superlattice will remain
ordered on heatingwell above T, until Tyisreached, when order
will rapidly disappear. On cooling, however, it will never be
possible to reproduce an ordered condition since T.isfar below
the temperature at which equilibrium can be established.
Such a system can, therefore, never in practice exist as a
superlatticeatall, andthisconditionistypical, say, of thealloy
AgAu or of any system in which the two atoms are of very
nearly the same size. In case ¢, T.is bracketed by T, and T,
and it is easy to se that here the quenched alloy will be com-
pletely disordered while in the annealed system a degree of
order corresponding to the intersection of the curve with the
line T, will prevail. In case d, T, lies far above the melting
point Ty, and the system will freeze direct into an ordered
condition. Thiswill bethe casewhen Vislarge, as, for example,
in any system in which the two atoms are of very different
radius.

Although the order-disorder transformation has been chiefly
studied in alloys it is not in fact confined to metal systems,
and we shall see later that it has also been observed in other
structures.

General accounts of the order-disorder transformation
have been given by W. L. Bragg (1935), Nix (1937), Williams
(1937), Bethe (1938) and by Nix and Shockley (1938).

ALLOYS OF A TRUE METAL AND A
B SUB- GROUP ELEMENT

Compared with the alloys of two true metals, those of a true
metal and an element of the B sub-groups show considerable
complexity. The difference in the electronic and crystal struc-
tures of the two metals and particularly the transition to
homopolar binding in the B sub-groups leads to much more
restricted solid solution and a much greater tendency towards
definite chemical combination or, at least, towards the for-
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mation of discrete geometrically ordered structures. A syste-
matic classification is difficult and few general principles can
be advanced. In so far as any classification is possible it is
convenient for this purpose still further to subdivide thetrue
metals and those of the B sub-groups. The former comprise:

(1) The transition metals, together with copper, silver and
gold;

(2) The A group metals, i.e. the alkali and alkaline earth
metals, and beryllium and magnesium;

which two classes may be symbolized by T and A respectively.
The B sub-group metals may be less precisely divided into
the classes:

(1) The more metallic of these elements: roughly those of
the 2nd, 3rd and 4th groups;
(2) Thelessmetallic: roughly those of the 4th, 5th and 6th
groups.
If we symbolize these two classes by B; and B, respectively
we may consider separately four types of system: T-B;
T-B,, A-BiA-B,, The first type, for reasons which will
appear later, may be termed electron compounds. Such systems
display certain regularities and resemblances. Alloys of the
other types have fewer common properties.

Sysems of the type T-B;: eectron compounds.

The silver-cadmium system. Thegeneral properties of the elec-
tron compounds may be most conveniently described by first
discussing fully the behaviour of one such system. The silver-
cadmium system is one which has been investigated in detail
withtheresultssummarizedinFigs. 28 and 29, p. 124. We shall
consider the behaviour of thisalloy only at room temperature.

Pure silver has the cubic close-packed structure a. This
phase is capable of accommodating up to 42 atomic per cent
of cadmium in solid solution by the purely random replace-
ment of silver atoms. The sites occupied are still those of
the cubic face-centred structure, no change in which occurs
except a progressive and approximately linear variation of
cell size with composition. At 42 per cent, however, the
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Fig. 28. Equilibrium diagram of the silver-cadmium system.
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Fig. 29. The structures of the phasssin the silver-cadmium systém.
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a-phase appears to be saturated and further cadmium can be
taken up only by the formation of an entirely new phase. This
new [-phase rapidly grows at the expense of the a-phase and
becomes homogeneous at 50 per cent cadmium, when it has
the simple caesium chloride structure shownin Fig. 29, corre-
sponding to the composition AgCd. It must be emphasized,
however, that it is the body-centred pattern rather than the
actual caesium chloride structure which is characteristic ofthe
i-phase, for by suitable heat treatment the phase can be
obtained in the disordered form, while in some systems it
occurs at a composition which does not admit of an ordered
structure.

In the silver-cadmium system the [-phase is capable of
taking up very little excess of either component in solid
solution: it therefore appears only as aline on the equilibrium
diagram. When the concentration of cadmium is increased
beyond 50 per cent a new y-phase develops and becomes
homogeneous at a composition of about 57 per cent. This
phase has an extremely complex cubic structure with a unit
cell containing 52 atoms. It is also distinguished by a cha-
racteristic brittleness and hardness. In the particular system
under consideration the y-phase can accommodate in solid
solution a considerable excess of either component, and on
either side of the 'ideal' composition there is therefore a
relatively wide range of a single homogeneous phase extending
from 57 to 65 per cent of cadmium. Throughout this range
there is a progressive change in the lattice dimensions but no
alteration in the pattern of sites occupied.

Beyond 65 per cent of cadmium the y-phase becomes
saturated and a new e-phase makes its appearance. This
phase is simply a hexagonal close-packed arrangement in
which silver and cadmium atoms must clearly be distributed
at random, since all the sites of such a structure are geometric-
ally precisely equivalent. In this case the phase can occur
only in a disordered condition and no superlattice exists. The
e-phase grows at the expense of the y-phase between 65 and
70 per cent of cadmium and becomes homogeneous at the
latter composition. The range of homogeneity extends from
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70 to 82 per cent of cadmium, when a new n-phase appears.
This phaseisthe structure of elementary cadmium, which we
have already described as being closely related to hexagonal
close-packing and differing from it only in having a somewhat
larger axial ratio. Then-phase is capable of taking up only a
very small amount of silver in solid solution and the e- and
n-phases therefore co-exist throughout the range 82-96 per
cent of cadmium. Only from 96 to 100 per cent of cadmium
is then-phase homogeneous.

The silver-cadmium system has been discussed at some
length since its behaviour is typical of that of many other
alloys containing a transition metal and an element from one
of the earlier B sub-groups. While the initial and final phases
arenecessarily deter mined by theparticular elementsinvolved,
the intermediate (-, y- and ephases are of very general
occurrence in a wide range of such systems. Although these
three phases do not necessarily all appear in any given system,
and although other phases are often found in addition, one or
more of these characteristic phases have been observed in
almost every T-B; system investigated. The widespread
occurrence of these phases is shown by the data of Table 19
where the compositions of those so far observed are recorded.
The sgnificance of the composition will be discussed below,
but the table serves to emphasize how widespread are the
three phases. Thus in the sysems Cu-Zn, Ag-Zn, Au-Zn,
Mn-Zn, Ag-Cd, Au-Cd and Cu-Sn all three phases occur asin
the system discussed above. In the Fe-Al system, on the
other hand, only the R-phase FeAl appears, but we have
already seen in our discussion of this system that thereis also
a characteristic and entirely different phase corresponding to
the composition FezAl. Recent work has shown moreover
that on the aluminium-rich sde of the composition FeAl
there are several further phases of complex structure. In a
few casss the simple R-phase is replaced by a more complex
[3'-phase in which the atoms are distributed at random in the
appropriate proportions over the 20 sites per unit cell of the
B-Mn structure. The factors determining the occasional
appear ance of this alter native arrangement are not known.
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The composition of the phases. The attribution of chemical
formulae to the several phases presents difficulties. Especially
is this the case when a wide region of homogeneity exists
embracing a number of possible simple compositions. In the
silver-cadmium system the very restricted homogeneity range
of the R-phase and the caesium chloride structure which it
possesses at once justify the formula AgCd. The y-phase,
however, has a range of solid solution extending from 57 to
65 atomic per cent of cadmium, and this embraces such simple
formulaeasAg,Cds, AgsCds, AgsCds, etc. Itisonly the X-ray
evidence, which demands a unit cell containing 52 atoms, that
indicates that none of these is admissible and that the 'ideal’
formula must be regarded as AgsCdg. With the e-phase the
position is still more difficult, for the purely statistical dis-
tribution of the atoms over the sites of the hexagonal close-
packed structure can give no apriori reason for preferring any
one of the several possible formulae included in the wide range
of solid solution.

Even with the [3- and y-phases the position is not always as
simple as in the case just discussed, and in fact it appears that
the pattern of sites occupied, and not the actual distribution
of the two kinds of atom, is the only significant feature of the
structure, for a given phase may appear in different systems
at widely different compositions. Thus in the copper-tin
system the [-phase appears at a composition of about 17
atomic per cent of tin, corresponding approximately to the
formula CusSn. Such a composition is clearly not consistent
with the caesium chloride structure, but it is found that the
phase is actually a body-centred cubic arrangement with the
atoms distributed at random in these proportions.

A similar state of affairs arises with the y-phases, which
again occur at widely different compositions in different
systems. In some cases an ideal formula may be determined
by structure analysis, as with y-brass. The original analysis
of the y-structure (Bradley and Thewlis, 1928) revealed that
the 52 sites of the unit cell were divided into four groups of
equivalent positions containing 8, 8, 12 and 24 atoms respec-
tively, and that two of these groups consisted of 8 + 12 copper
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atoms and the remaining two of 8 + 24 zinc atoms. In this case
thereis an ordered distribution of atomsin the structure and
theideal composition is CusZng. Solid solution can, of course,
occur within certain limits on either side of this composition
by the random replacement of some atoms by atoms of the
other kind. In the chemically closely analogous copper-
cadmium system (Bradley and Gregory, 1931) the structure
of the y-phase is entirely different. The sites occupied remain,
as always, the same but now 8 + 8 positions contain 16 copper
atoms, while the remaining 12 + 24 positions are occupied by
32 cadmium and 4 copper atoms distributed quite at random.
The copper-cadmium system also differs from that of copper-
zinc in showing, in addition to the 3-, y- and ephases, others of
considerable complexity (Owen and Pickup, 1933). Such an
example illustrates that in alloy systems the chemical pro-
perties of the elements concerned play little part in deter-
mining the structures which obtain, and that chemical analogy
doesnot necessarily lead to thefor mation of analogous phases.

Hume-Rothery'srule.

The first satisfactory explanation of the widespread occur -
rence of the 3-, y- and ephases in systems chemically dis-
similar and at widely differing compositions was advanced by
Hume-Rothery (1926), who pointed out that the appear ance of
a given phase is conditioned, not by the chemical properties of
the elements concerned or by any arguments based on valency
conceptions, but solely by the relative number of valency
electrons and atoms in the crystal lattice. This generaliza-
tion, usually known as Hume-Rothery's rule, is illustrated
by the data of Tables 20, 21 and 22, p. 130, from which it
will be seen that the 3-, y- and ephases are characterized by
electron : atom ratios of 3:2, 21:13 and 7:4 respectively. In
each case this ratio alone determines the structure, and the
relative number of atoms and the particular atoms by which
the electrons are contributed appear to be of little importance.
For this reason Bernal (1929) has proposed the description
electron compounds for such systems.

I n systems containing manganese or any of the elements of

ECC 9
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group 8 Hume-Rothery'sruleis satisfied only if these elements
areassumed to make no electron contribution to thestructure.
Goldschmidt (1931 a) has pointed out that in such systems an
element of very high and one of very low ionization potential
are in combination, and has suggested that under these con-
ditionsonly the loosely bound electrons ar e given up, those of
the group 8 metal being retained. This suggestion finds some
support in the very large volume contraction (Westgren and
Almin, 1929; Ekman, 1931) which accompaniesthe formation

TABLE 20
ELECTRON: ATOM RATIOS FOR SOME B-PHASES
Phase Electrons Atoms Ratio
CuZn, AgCd, etc. 1+2 2 3.2
CoZn,, €tc. 0+ 2x3 4 6:4=3:2
CusAl,etc. 3+3 4 6:4=3:2
FeAl, etc. 0+3 2 3:2
CusSn, etc. 5+4 6 9:6=3.2
TABLE 21
ELECTRON: ATOM RATIOS FOR SOME Y-PHASES
Phase Electrons Atoms Ratio
CusZng, €tc. 5+2x8 13 21:13
FesZn,,, €tc. 0 + 2x21 26 42:26=21:13
CugAl,, etc. 9+ 3x4 13 21:13
Cug;iSng, €tc. 31+4x8 39 63:39=21:13
TABLE 22

ELECTRON: ATOM RATIOS FOR SOME E-PHASES

Phase Electrons | Atoms Ratio
CuZns, €c. 1+2x3 4 74
| AgAl; €c. 5+ 3x3 8 14:8 = 7:4

CugSn, etc. 3+4 4 7.4
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of any of these alloys from the parent elements, in which all
the valency electrons are free. In the cases of platinum and
palladium magnetic measurements also indicate that no
electron contribution is made by these metals (Dehlinger,
1932c).

All the phases shown in Table 19, p. 127, will be found to
obey Hume-Rothery's rule. In cases where the composition
of any phase has been determined on structural grounds it has,
with few exceptions, been found to be consistent with therule.
In the majority of cases, however, the formula quoted is that
chosen to give the appropriate electron: atom ratio. In the
copper-tin system, for example, the y-phase has a purely
statistical distribution of atoms so that structurally no parti-
cular composition can be preferred. The range of homogeneity
isin this case very narrow, but once the possibility of a for-
mula as complex as Cuz;Sng is admitted, several of no greater
complexity could doubtless be found; this particular formula
is chosen because it gives the appropriate electron : atom
ratio of 21:13. In such cases, however, it is significant that
the composition satisfying Hume-Rothery's rule is found
always to lie within the range of homogeneity of the phase,
while purely physical measurements reveal characteristic
properties at this composition.

The ft' -phase occurs at the same electron: atom ratio as the
[3-phase.

Exceptions to Hume-Rothery's rule. A few exceptions to
Hume-Rothery's rule have been observed although most of
these do not fall strictly within the T-B; group of alloys, to
which alone we have regarded the rule as applicable. Thus the
system silver-lithium has a y-phase of composition AgsLiig
although clearly any alloy of these elements must have an
electron: atomratio of 1:1. This system, however, contains no
B sub-group element. Similarly many phases such as LiAg,
LiAl, NaTl, NaBi, CaTl and CdHg, all of which have the
caesium chloride structure but an electron: atom ratio different
from 3:2, are frequently quoted as exceptions to the rule,
but here again they are all systems falling outside the classi-
fication here adopted.

9-2
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The theoretical basis of Hume-Rothery's rule.

The Hume-Rothery rule was originally advanced as a
purely empirical generalization without theoretical founda-
tion, butthe recent developmentsofmetaltheory havethrown
much light on its physical significance and have led to an
interpretation of many of the properties of electron com-
pounds. We have seen in Chap, III that the energy of an
electron in a metal cannot assume any value, but only values
lying in a series of discrete 'zones' separated, in general, by
regions of forbidden energy. Energy values lying near the
middle of the permitted zones are approximately those of
free electrons but this is not true of energy values close to the
zone boundaries. For such electrons the energies just below
the forbidden values are abnormally depressed and those just
above these values abnormally raised. It follows that in
general a system in which those Brillouin zones occupied are
just filled, without overlap into higher zones, will be one of
special stability, and that an alloy system in which such over-
lap occurs will seek if possible to alter the zonal configuration
by a phase change.

In terms of these ideas Jones (1934a) has explained the
characteristic electron: atom ratio 21:13 of the y-phase. In
this structure the Brillouin zones corresponding to the 52
atoms of the unit cell can accommodate 90 electrons without
overlap. Further electrons could be received only in states of
considerably higher energy. The actual number of electrons
perunit cell being 84, the zone is very nearly completely filled.
Similar arguments applied to the e-phase give a characteristic
electron: atom ratio very close to the observed value of 7 :4
(Jones, 19346; Dehlinger, 1935a).

The theory has also been applied to investigate the range of
solid solution possible within a given phase. Thus if we con-
sider the a-phase of the copper-zinc system in which zinc is
taken up without change of the copper structure, it is clear
that every zinc atom so accommodated involves an increase of
one in the number of valency electrons in the phase. Alimitto
the extent ofsolid solution may therefore be expected to occur
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at an electron: atom ratio at which overlap into a higher zone
impends, and this ratio will be characteristic of the a-phase
and independent of the solute. With metals of higher valency
as solute the range of solid solution will be correspondingly
restricted and will in fact be approximately inversely propor-
tional to the valency. The data of Table 23 show that this
generalization is very roughly true. The range ofsolid solution
of the various metals in copper decreases rapidly with in-
creasing valency even where the relative sizes are favourable,
but the electron: atom ratio in the saturated phase is approxi-
mately constant.

TABLE 23
SOLUBILITY OF METALS OF DIFFERENT VALENCIES IN COPPER

Atomic composi- | Electron: atom
System tion of saturated ratio of
o-phase (%) saturated phase

Cu-Zn 384 1.38
Cu-Al 20.4 1.41
Cu-Ga 20.3 141
Cu-Si 14.0 142
Cu-Ge 12.0 1.36
Cu-Sn 9.3 1.27

Elementary accounts ofthe application ofthe Jones theory
to metal systems have been given by W. L. Bragg (1935),
Evans (1936) and Mott (1937). More detailed and rigid treat-
ments, embracing also its application to many ofthe physical
properties of these systems, are available in the reviews of
Slater (1934a, 1937) and in the works of Mott and Jones (1936)
and of A. H. Wilson (1936).

General accounts ofelectron compounds have been given by
Westgren and Phragmen (1928), Westgren and Ekman (1930),
Westgren (1931, 1932a,b), Ekman (1931), Dehlinger (1931b,
1935b) and Hume-Rothery (1936). Lists of systems studied,
with references, are given by Wyckoff (1931, 1935).

Systems of the type 7-B,

The electron compounds described above occur primarily in
systems containing a transition metal and an element from the
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B sub-groups 2, 3 or 4. When the B sub-group metal belongs
to the 5th or 6th group, or when any B sub-group metal is
combined with an A group metal (including beryllium and
magnesium), the heterodesmic character of the system becomes
more pronounced and an increasing tendency towards the
formation of definite chemical compounds is apparent. With
the increasingly homopolar character of the B sub-group metal
the range of solid solution becomes more restricted, and
definite structures of varying degrees of complexity, entirely
different from those of the constituents, are formed. While
these structures are often semi-metallic in appearance and
arerelatively good conductors of electricity, the fact that this
conductivity isaminimum at the stoichiometric composition,
and the large diamagnetic susceptibility of these crystals,
reveal theinfluence of chemical binding.

We shall not here attempt to describe all the structures
which these various systems show, for many of them are
characteristic only of the system considered and illustrate no
general principles. The essential feature of all these systems
which we wish to emphasize is the occurrence of a series of
discrete structures, each approximating in nature to a definite
chemical compound and capable of taking up in solid solution
only limited excess of either constituent, and yet showing in
many respects more or less typically metallic properties.
Nevertheless, there are afew characteristic structures common
to many of these systems which illustrate their properties and
which we shall briefly discuss.

The nickel arsenide structure. The commonest structure
among systems of thistypeisthe nickel arsenide arrangement
which appears when the two constituents are present in equal
atomic proportions. Several hexagonal cells of the structure
areillustrated in Fig. 30. The characteristic feature of this
structureistheparticular typeof co-ordinationwhich obtains.
Each atom is surrounded by six neighbours of the opposite
kind but the disposition of these neighboursisdifferent for the
two types of atom. The arsenic neighbours of a nickel atom
are arranged (as are the neighboursin sodium chloride) at the
corners of a regular octahedron, but the six nickel atoms
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Cu Au Cr Mn Fe Co Ni Pd Pt
8n | CuSn | Auln FeSn NiSn PtSn
Pb ‘ PtPL
As MnAa NiAs
Sh CrSb | MnSb | FeSb | CoSb | NiSb | PdSb | PtSb
Bi NiBi PtEi
8 Fe83 | CoS
8e CrSe FeBe | CoSe | NiSe
Te CrTe | MnTe | FeTe | CoTe | NiTe | PdTo | PtTe

The pyrites slructure. A second structure type of common
occurrence in this group is that of pyrites and the closely
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related marcasite, corresponding to the composition AB,,
where A is the transition metal and B the sub-group element.
Here the homopolar nature of the binding has been esta-
blished by Fourier analysis but nevertheless the metallic
appearance and moderately high electrical conductivity
indicate the persistence of some measure of metallic binding.

The molybdenum sulphide structure. The geometrical arrange-
ment of the pyrites structure implies a high degree of polariza-
tion of the B sub-group metal, and in consequence, as Gold-
schmidt (1931a) has pointed out, this structure can only occur
when the transition metal is sufficiently small to exert the
necessary polarizing influence. When the atom of the transition
metal is large alayer lattice of the cadmium iodide or molyb-
denum sulphide type results. We defer a description of the
former structure until we come to consider ionic crystals in
detail, but the latter may be briefly considered here. The
hexagonal unit cell of molybdenum sul-
phide isillustrated in Fig. 31, and it will
be seen that the structure is formed by
the superposition of a series of sheets.

Each sheet is itself built up of a layer

of molybdenum atoms enclosed between

two layers of sulphur atoms. The

co-ordination round the molybdenum

resembles that round the arsenic atoms .

in the nickel arsenide structure and is #=Mo; 0=S.
characteristic of a homopolar binding. gig. 31. The Structure of
The separate sheets of the structure may ~ madybdenum  sulphide,
therefore be regarded as discrete mole- MoS.,

cules. Between the sheets the binding is predominantly
metallic.

Layer structures of the cadmium iodide and molybdenum
sulphide types represent a transition between the purely ionic
binding and a more nearly molecular structure, such as that
of pyrites, which results from the drastic polarization of the
ionic bond. A number of compounds having pyrites- or layer
structures are shown in Table 25 where the influence of the
radius of the metal atom is made clear. Metals with small
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atoms, thepolarizing power of whichisthereforelarge, always
giverisetothepyritesstructure, but elements of larger radius,
such as palladium and platinum, have some structures of each
type.

TABLE 25

THE TRANSITION FROM LAYER LATTICES TO
THE PYRITES STRUCTURE

Metal | Radius| S Se Te As [ Strtt;/crfgre
4 1.60 rS, ZrSe;
s | 1SS . cdl,
. 146 TiS, TiSe, TiTe,
T | 141 | WS, | WSe | WTe, vos,
W | 140 | MoS, | MoSe, | MoTe,
Mo | 138 | PtS, | PtSe, | PtTe o
Pt 1.37 PdTe, 2
Pd
pt
138 PtAs, | PISb,
Pd 137 PdAs, | PdSh,
Mn 137 i| MnS, MnTe,
Os | 135 | OsS, | OSe, | OsTe _
Ru 133 | RuS;, | RuSe, | RuTe Pyrites
Fe | 126 | FeS,
Co | 15 | CoS, | CoSe
Ni 124 | NiS, | NiSe,

Sysems of the type A-B;.

In systems containing a B sub-group element and a true
metal from one of the A groups theless pronounced polarizing
power of the latter, as compared with the transition metals,
results in structures which are ionic rather than molecular
in character. In these systems, again, many structures of
considerable complexity are found, but, as before, there
are also several characteristic arrangements of common
occurrence.

The caesium chloride structure. When the sub-group metal
is drawn from one of the earlier groups the caesium chloride
structure (Fig. 2, p. 20) is common at the composition AB.
Thisis, of course, the structure of the R-phase in the silver-
cadmium system and in other electron compounds, but for
reasons already given it seems desirable not to regard the
structure as al3-phase inthiscase. Itis among such systems
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that most of the normally quoted exceptions to Hume-
Rothery's rule are found.

The sodium thallide structure. A closely related structure
which isfound in some of these systemsinstead of the caesium
chloride arrangement is that of NaTl. The structure isillus-
strated in Fig. 32, whereit will be seen that the pattern of sites
isstill that of acubic body-centredlattice. Thedistribution of
atoms, however, is such that each atom has four neighbours
of each kind, and it therefore follows that the structure can
only occur with atoms of approximately the same size. This
equality of size, however, is often achieved by a considerable
reduction in the radius of a metal in the structure compared

®=T1: O =Nas.
Fig. 32. The structure of sodium thallide, NaT]I.

withitsvalueinthe elementary state. Thus Zintl and Dullen-
kopf (1932) found thatin NaT| theradius of sodiumisreduced
from its normal value of 1.86 A. (in 8-fold co-ordination) by
13 percentto 1.62 A. Zintl and Brauer (1933) have since shown
that this contraction is a characteristic feature of all theNaT|
structures and also of the alloys in this class having the
caesium chloride arrangement. In this respect they differ
markedly from the R-phase of the electron compounds, and
this seems a further reason for not associating them with this
phase.

A list of systems having the caesium chloride and sodium
thallide structuresis givenin Table 26.
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TABLE 26
Li Na Mg Ca 8r
Zn | LiZn (8)
Cd | Licd (8)
Hg | LiHg {C}
Al | LiAl(©)

Ga | LiGa (8)

In | Lin(8) | Naln (§)

Tl | LiTI(C) | NaTl(8) | MgT1(C) | CaTl(C) | SrTI(C)

(C) Caesium chloride structure.
(S) Sodium thallide structure.

Other structures. At other compositions most systems of this
class have complex structures which are not of common occur-
rence or general interest. One system, however, which has
been discussed in detail by Dehlinger (1935c) and which serves
to emphasize the typically heterodesmic character of these
alloys, may be briefly mentioned here.

The magnesium-aluminium system at a composition of
approximately Mg, Al,isfoundto have a structure inwhichthe
atoms are distributed over the sites of thea-manganese
structure. This is a complex arrangement of 58 atoms in the
unit cell divided into three sets of 24, 24 and 10. The true
composition ofthe phase must thereforebe Mg, . Al,,. Adetailed
consideration of the interatomic distances reveals that these
differ from the values to be expected on the basis ofthe normal
radii. Thusthe aluminium atoms are all found to be groupedin
pairs with a separation considerably smaller than twice the
aluminium radius. We may regard these atoms as bound into
diatomic molecules by homopolar bonds for which, however,
two further electrons per pair of atoms are required. These
electrons may be derived by the ionization of magnesium
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atoms, in which case we shall have in each unit cell 12 nega-
tively charged molecules, [Al,]%-, 24 positively charged
magnesium ions and 10 neutral magnesium atoms:
[Al]%7Mg"24Mgo.

In confirmation of this pictureit is found that the distance
between the aluminium and the 24 magnesium atoms of the
first kind is substantially smaller than that between the
aluminium and the remaining 10 magnesium atoms. In this
structure homopolar, ionic and metallic forces are involved,
and, since residual forces are necessarily also operative, it is
a structure displaying simultaneously all four types of inter-
atomic binding. Dehlinger has suggested that in elementary
manganese itself the binding may be similarly heterodesmic.

Systems of the type A-B..

When the B sub-group element with which the A group
metal is combined belongs to one of the later groups (roughly
the 4th, 5th or 6th) theionic character of the binding is even
more marked and the simple sodium chloride and fluorite
structures characteristic of purely ionic compounds are
common. Table 27 shows a number of compounds of this
type having the sodium chloride and fluorite structures. The

TABLE 21
AB, PHASES WITH SODIUM CHLORIDE AND FLUORITE STRUCTURES

Sodium chloride Fluorite

Mg Ca Ba S | (Mn) | (Pb) Li Na Mg | (Cu)
Ge Mg,Ge|
Sn MgySn
Pb Mg,Pb
S

MgS |CaS |BaS | &S PbS

MgSe| CaSe | BaSe | SrSe | MnSe | PbSe | Li,Se | Na,Se CuzSe
Te CaTe| BaTe | SrTe PbTe |LijTe | NayTe
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latter structurewill be described in detail when ionic crystals
are discussed.

The tendency of metals to form negative ions has been dis-
cussed in the light both of structural and of chemical evidence
by Zintl and Kaiser (1933) who have concluded that such
ionization is limited to the B sub-group elements of the 4th,
5th, 6th and 7th groups.

ALLOYS OF TWO B SUB-GROUP ELEMENTS

In systems containing two B sub-group metals the hetero-
desmic character of these elements leads to a still more pro-
nounced tendency towards the formation of definite chemical
compounds. When the metals both belong to the earlier
groups the generally metallic character of the systems persists,
but any considerable extent of solid solution obtains only
between metals of the same group and even then only when the
radii are very nearly equal. Thus cadmium and mercury form
amuch wider range of solid solution than cadmium and zinc,
whilecadmiumandtinarepracticallyimmiscible. Whenboth
metals belong to the later B sub-groups the sodium chloride
structure is common, as in the compounds SnSh, SnTe, PbSe,
PbTe.

The zincblende and wurtzite structures. By far the com-
monest structures in this class, however, are those of zinc-
blende (Fig. 4, p. 29) and wurtzite. These two structures,
which are closely related, have in common a regular tetra-
hedral co-ordination of each atom by four neighbours of the
other kind. The zincblende structure has already been briefly
discussed as one in which purely homopolar forces are in
operation, and it is clear that for such a 4-fold co-ordinated
structure to be entirely bound by homopolar bonds an aggre-
gate of two electrons per bond or four electrons per atom must
be available. It wasfirst pointed out by Grimm and Sommer-
feld (1926), in a generalization usually termed the Qrimm-
Sommerfeld rule, that it is not necessary that these electrons
should be contributed equally by the two atoms and that,
therefore, the zincblende or wurtzite structureisto be expected
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in any compound XY for which the constituentX stands in
the periodic table as many places before the group of tetra-
valent elements as the constituent Y stands after that group.
The data of Table 28 show how common are these structures
in systems of the type now under consideration. Thewurtzite
structure is described fully in Chap, vl, p. 158.

TABLE 28
B-B PHASES WITH ZINCBLENDE AND WUBTZITE STRUCTURES

Zincblende structure

Be Zn cd Hg Al Ga In

8 | Bes | znS8 | cas | Hgs

Se BeSe ZnfSe CdSe Hgte

Te BeTe ZnTe CdTe HgTe

As AlAs GaAs

8b AlSb GaSb InSb

Wurtzite structure

Mg Zn Cd
8 Za8 Cd8
Se CdBe
Te MgTe

The dtibnite structure. Although so far observed in only two
minerals, the structure of stibnite, Sh,S;, and bismuthite,
Bi,S;, isof sometheoretical interest. In thisstructure chains or
bands of closdly linked antimony and sulphur atoms extend
indefinitely through the crystal. Within each chain the
binding is homopolar in character, but between the neigh-
bouring chains very much weaker forces operate giving rise to
a corresponding anisotropy of physical properties. The semi-
metallic nature of the two mineralsindicates that these weaker
forces must be at least partially metallic in origin and
justifies the inclusion of the structure in the metal section of
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our classification. The chief interest of the stibnite arrange-
ment lies in the fact that it is the first structure we have
described, other than that of selenium, in which discrete
molecules infinitely extended in one dimension occur. The
structures of zincblende, molybdenum sulphide, stibnite and,
say, carbon tetrachloride (to be described later) may there-
fore be regarded as forming a series in which homopolar
molecules exist having indefinite extent in three, two, one
and no dimensions respectively.

This closes our description of the three principal classesinto
which we have divided the alloy systems. As a summary a
condensed survey of the chief structural characteristics of
these classes is given in Table 29. The remaining class of
alloysto be consideredis that embracing theinterstitial struc-
tures, but before passing on to discuss these systems we give
in the next section an account of certain structural features of
metal systems which are common to all the classes of alloy so
far described.

TABLE 29
THE CLASSIFICATION OF BINARY INTERMETALLIC SYSTEMS
Some common structure types

B sub-group metals
True metals B
Groups 2, 3, 4 Groupsz4, 5,6
Transition Electron com- | NiAs, FeS,, MoS,
& | metals and pounds and Cdl; struc-
8 | Cu,Ag AU | wide range of tures
E solid solution. _
8 | A-group Superlattices | CsCl and NaTl | lonic structures
= | metals structures of NaCl and
CaF; types
3 Solid  solution | Zincblende and
E Groups 2, 3,4 if chemically | wurtzite struc-
o similar ggld of | tures
comparable
§ (See above) dze
(@2}
o)
3 B, (See above) | NaCl structure
E Groups 4, 5, 6
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GENERAL FEATURES OFALLOQOY SYSTEMS

The wide range of solid solution which obtains in many metal
systems is perhaps the most characteristic feature of metal
chemistry and the one which distinguishes metal structures
most sharply from those of other chemical compounds. As we
have seen, this solid solution is most common in systems con-
taining true metals but it is not confined to such systems and
is found wherever the metalsinvolved are of similar electronic
constitution. Once this condition is satisfied, the extent of
solid solution is determined by purely geometrical considera-
tionsinvolving therelative sizes of the atoms concerned and
the amount of distortion which the lattice can tolerate without
change of structure. Hume-Rothery, Mabbott and Channel-
Evans (1934a) have shown that the maximum difference in
radius consistent with an extended range of solid solution
is about 15 per cent of the atomic radius of the solvent. If
theradii differ by more than this amount solid solutionisvery
restricted, whilewithintheselimitsthe extent of solid solution
is the greater the more nearly equal the radii. Occasional
complications arise in the application of this generalization,
as, for example, when a metal occursin an alloy in a state of
co-ordination very different from that which obtains in the
elementary state, or when a metal changes its state of ioniza-
tion on enteringinto solid solution. Nevertheless, theruleis of
great utility ingiving ageneral indication as to whether or not
extended solid solutionislikely to occur. At high temperatures
solid solutions may be formed when the radii differ by some-
what more than 15 per cent and systems in which thisis the
case may be expected to show precipitation hardening on
quenching from a high temperature.

Vegard's law. When extended solid solution is possible the
cell dimensions of the homogeneous phase are found to vary
very nearly linearly with composition in accordance with
Vegard's law (Vegard and Dale, 1928). This generalization
is, however, only approximately true, and, especially with
chemical dissimilar metals, a contraction in the cell dimen-
sions compared with the values to be expected from a linear
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relation is often observed. Nevertheless, over a narrow range
the linear law is a sufficiently good approximation to enable
phase boundaries to be determined with considerable accuracy
by an extrapolation of the cell dimensions.

The relative valency effect. In systems of two chemically
dissimilar metals the extent of solid solution is generally very
restricted even when the size-factor is favourable, and the
more electronegative the one metal and the more electro-
positive the other the greater is the tendency to form definite
chemical compounds. In such systems, as Bernal (1929) has
pointed out, mutual solubility isnot areciprocal property and
ametal of lower valency will generally dissolve more of one of
higher valency than vice versa. Itisnot difficult to seethatin
structures in which there is a tendency towards homopolar
binding the electron deficiency resulting from the substitution
of an element of low valency is much more likely to lead to a
breakdown of the structure than the electron excess produced
by the substitution of a metal of high valency. This effect is
sometimes termed the ‘relative valency effect’ (Hume-
Rothery, Mabbott and Channel-Evans, 1934b).

We have already seen (p. 132) that in electron compounds,
where the structure is determined by the electron: atom ratio,
the extent of solid solution, even when the size-factor is
favourable, is governed by the maximum electron concen-
tration at which the phase is stable and is therefore roughly
inversely proportional to the valency of the solute atom.

The mutual solubility of metals has been discussed in
detail, and from a more physical point of view than is here
possible, by Bernal (1929, 1931a), who has tabulated many
data on the subject.

INTERSTITIAL STRUCTURES

The interstitial structures comprise the compounds of the

transition metals with the four light elements hydrogen,

boron, carbon and nitrogen. In spite of the non-metallic

nature of these latter elements these compounds are markedly

metallic in their physical properties, being generally opagque
£ CC
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conductors with a metallic lustre. They do, moreover, show
the indeterminacy of composition and sequence of phases so
characteristic of alloy systems and for this reason are most
conveniently discussed under that heading. The interstitial
structures differ strikingly from the compounds of the same
light elements with the non-transition metals. These bodies
behaveastruechemical compoundswithadefinitecomposition
and with physical properties entirely different from those of
the constituent elements. Thus, while the phases Fe;N, M0,C,
Ni,BandTiH areall metallicin properties, the carbides of the
alkaline earth metals are transparent insulators. Technically
the interstitial structures possess valuable properties, for
they are generally distinguished by great infusibility and an
extreme hardness often approaching if not exceeding that
of diamond. Many of their physical properties have been
tabulated by Becker (1933).

Structures of the 'normal’ type.

Thestructural propertiesof theinterstitial compounds have
been investigated by Hagg (1929, 19304a, 6, 1931) who has
shown that their characteristic properties are due to the small
size of thenon-metallicatom. Evenwhenincombinationwith
the transition metals these elements form simple interstitial
structures only if theratio of theradii of the atomsislessthan
about 0.59. If this condition is satisfied a structure of the so-
called 'normal’ typeresults, in which the parent metal atoms
are in contact and the atoms of the non-metallic element
are disposed in the interstices between them. The arrange-
ment of the metal atoms is usually the same as in the pure
element and therefore either cubic or hexagonal close-packed
with aco-ordination number 12, or cubic body-centredwith a
co-ordination of 8. Occasionally the atoms are arranged on a
simple hexagonal | attice and sometimes theidealized structure
isslightly deformed.

The distribution of the non-metal atoms in the interstices
of the metal latticeisfound alwaysto be such that these atoms
are in contact with their metal neighbours. Subject to this
condition, the non-metal atoms occupy the largest spaces in



INTERSTITIAL STRUCTURES 147

the structure in which this contact can be attained and so
achieve the maximum possible co-ordination. Thus, if the
metal has a cubic close-packed structure the non-metal atoms,
if sufficiently large, occupy the 6-fold co-ordinated interstices
at the centres of the sides of the unit cell. If all these sites are
occupied the structure is that of sodium chloride and corre-
sponds to the composition MX. [f the non-metal atom is too
small for this type of co-ordination it occupies instead the
smaller 4-fold co-ordinated sites in the centres of the eight
cubelets into which the unit cell can be divided. If all these
sites are occupied the structure is that of fluorite and corre-
sponds to the composition MX,. If one-half of the sites are
symmetrically filled the zincblende structure of composition
MX results.

Classification. These observations provide a convenient
basisfor aclassification of 'normal’ interstitial structures, for,
following Hagg, we may consider as of one type all those
structureswhich are produced by the occupation of interstices
of agiven kind in a given type of metal |attice, regardless of
the number of these interstices which are in actual fact so
occupied. The classification is therefore expressed in terms of
(2) the nature of the metal lattice, and (2) the co-ordination
number of the non-metal atoms. The justification for such a
classification liesin the observation that interstitial structures
never occur in which more than one type of interstice is
occupied, so that these structures never contain more atoms
of the non-metal than are required completely to fill the equi-
valent positions of one kind. On the other hand a deficiency
of non-metal atoms, with only some of the equival ent positions
occupied, is possible.

Hagg's classification is summarized in Table 30, p. 148,
where the radius ratio conditioning the appearance of each
structuretypeisalsogiven. InTable 31, p. 148, thestructures
of a number of interstitial compounds are shown. A study
of these data reveals that structures based on a close-packed
arrangement of metal atoms are far more common than those
inwhich the metal is 8-fold co-ordinated. With structures of
composition MX a cubic close-packing of metal atoms pre-

10-2
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TABLE 30
CLASSIFICATION OF NORMAL INTERSTITIAL STRUCTURES

(After Hagg, 1931)

Condition
C.N Type of metal lattice | of aor Ty for
e ype of metal i Om:t:i- symml 00CHrrOnes
R X K A
. 6 12a, 8% >0-41
12 J 124 Cubie close-packed {4 12a, 44 5023
125 Hexagonal close- {6 125, 6 >041
packed 4 120, 4% >0-23
8a Cubic body-centred 4 Ba, 4 >0-29
8 {Sb Simple hexagonal 6 85, 6 >0-58
cia=1
* Cf.NaCl. 1 Cf fluorite and zincblende.  $Cf.  wurtzite.
TABLE 31
THE STRUCTURES OF SOME INTERSTITIAL PHASES
(After Hagg, 1931)

Systom Ry:Ra M X M X MX MX*
Zr-H 0-29 12, 4 125, 4 124, 4 ThC,
Ta-H 0-32 — 125, 4 8a,4
Ti-H 0-32 — 125, 4 12a, 4 12a, 4
Pd-H 0-34 — 12a, 4 —

La

Ce . _ _ _ ‘
Pr }-—C 0-42-0-43 LaC,
Nd

Th-C 043 — — — ThC,
Zr-N 045 — — 12¢,6

8o-N 0-47 —_ — 12a, 6

U.c 048 — — — LaC,
Zr.C 048 — —_ 124, 6

Nb-N 0-49 — _ 12e, 6

Ti-N 0-49 — — 12a,6

W-N 051 — 12a,6 —

Mo.N 0562 — 12¢, 6 85,8

Y-N 0-53 — — 12a, 6

Nb-C 0-53 — —_ 124, 6

Ti-C 0-53 — — 12a,8

Ta-C 0-53 — 125, 8 12a, 6

Mn-N 0-65 12¢, 6 125, 6 —_

w-.¢ 055 — 125, 6 8b, &

Ce-N 0-656 — 1256, 6 124, 6

Mo-C 0-56 —_ 125, 6 —

Fe-N 0-56 12a, 6 125, -—

v.c 0-58 —_ 125, 6 12qa, 8

* LaC, and ThC, refer to the two types of X -structures (se p. 149).
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dominates but with M,X compounds hexagonal close-packing
is of more frequent occurrence. The appearance of both these
structures at different compositions in a single system, as in
Ta-Cor Cr-N, showsthat the arrangement of the metal atoms
is not necessarily that which obtains in the structure of the
element. The occurrence of the structure type 12 a, 6, of ideal
composition MX, at the composition ws4x in the systems
Mn-N and Fe-N reveals that interstitial structures may exist
with only afraction of the equivalent sites occupied by non-
metal atoms.

Xo-structures.

Interstitial structures of the composition MX, appear to
befound only in systemsinwhich the radiusratio of non-metal
to metal atom is particularly small. When this condition is
satisfied, although structures of the types described above are
sometimes found, a more common arrangement is one in
which the non-metal atoms are grouped in pairs in the inter-
stices of the metal lattice. These so-called X,-structures are
of two kinds, both of which may be most conveniently de-
scribed intermsof acubic close-packed | attice by thedistortion
of which they areformed. Inthefirst,illustratedin Fig. 33a,
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Fig. 83. The two types of X,-structure. (a} LaCy, (b) ThC,.
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the X, groups are disposed in the 6-fold co-ordinated inter-
stices of the metal lattice and are all arranged parallel to one
edge of the cube, which is thereby extended so that the cell
is in fact tetragonal with an axial ratio greater than unity.
This structure is found in LaC,, CeC,, PrC,, NdC,, UC, and
VC,, in all of which the extent of the distortion is measured
by an axial ratio of 1.15-1.20. The structure also occurs in
the dicarbides of the alkaline earth metals and is therefore not
exclusively confined to the compounds of transition metals.
In the second type of X,-structure, shown in Fig. 33b,p! 149,
the X, groups occupy the same interstices but all lie parallel
to a cube face with their axes in two mutually perpendicular
directions. A tetragonal cell with an axial ratio less than unity
results. This structure is found in ThC, and ZrC,, in both of
which compounds the axial ratio is 0.90, and also in ZrH,.

The structure of steel.

The interstitial structures of by far the greatest technical
importance are those which occur in the carbon-iron system,
and the application of X-ray analysis to this system has
resulted in a great extension of our understanding of the
properties of carbon steels, and in a considerable simplification
in the description of their behaviour. We cannot give here a
detailed account ofall the work in this field but certain features
are of general interest and may be briefly discussed.

The crystal chemistry ofthe carbon-iron system is especially
complex on account of the relatively small size of the iron
atom, resulting in a carbon:iron radius ratio of about 0.60,
which is so close to the critical value 0.59 discussed above that
both normal interstitial structures of the simple types and
structures of greater complexity may be expected. Added to
this is the further complication that iron is dimorphous and
exists at ordinary temperatures as the magnetic, cubic body-
centred a-iron, but is stable above about 880° C. as the non-
magnetic y-iron with a cubic close-packed structure.

Above about 900° C. all carbon steels form a non-magnetic
solid solution of carbon in y-iron termed austenite. This is a
simple interstitial solid solution of the type discussed above,
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but the number of carbon atoms is clearly insufficient for them
to be arranged in any regular way and they must be regarded
as distributed at random in the interstices of the lattice. If
cooled slowly this solid solution transforms at about 700° C.
into ferrite and cementite. Ferrite is an interstitial solution of
carbon in a-iron, but the amount of carbon which can be
taken up in solution is limited to about 0.06 per cent. The
excess of carbon is therefore thrown out ofsolution and appears
in the definite compound cementite Fe,C with a complex
orthorhombic structure. The solid is no longer homogeneous
and the characteristic appearance due to the separation of
ferrite and cementite gives rise to the name pearlite. In this
condition the steel is very soft.

When cooled more rapidly to low temperatures the transition
from austenite to pearlite takes place much more slowly and
can be suppressed altogether by the addition ofother elements,
so that non-magnetic austenite can be preserved in a stable
state at ordinary temperatures. This, however, is not possible
with pure carbon steel, for which the minimum rate oftrans-
formation obtains at about 200° C. When quenched to this
temperature a period of the order of an hour is required for
the change to pearlite to take place. At temperatures below
150° C. austenite transforms very much more rapidly but in
an entirely different way and martensite is formed. This is
found to be a supersaturated interstitial solid solution of
carbon in a-iron, the unit cell of which, however, is deformed
by the large carbon content and is tetragonal instead of cubic
body-centred. The axial ratio depends upon the carbon content
and has a maximum value of 1.07 corresponding to a com-
position of about 1.6 per cent carbon. It is the presence of
martensite which gives quenched steel its characteristic
hardness.

It is very important to realize that martensite is stable only
below about 150° C. and that in the neighbourhood of this
temperature its rate of formation from quenched austenite is
far greater than that at which austenite is transformed to
pearlite at somewhat higher temperatures. This point is made
clear by the chart illustrated in Fig. 34, p. 152. Here the rate
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oftransformation of austenite into pearlite and into martensite
is shown as a function of temperature. At about 200° C. a
period ofthe order ofhoursisrequired
forthe austenite->pearlite transition,
but in the temperature range O-
100° C. the transformation austen-
ite->martensite occurs almost in-
stantaneously.

Above about 150° C. martensite
is unstable and when tempered in
the range 200-500° C. breaks down
into ferrite and cementite. Although
of the same composition as pearlite
the solid thus formed is generally of
a coarser micro-crystalline texture
and is termed sorbite. The rate of
transition from martensite to sorbite
increases rapidly with temperature.

The relation of martensite to
austenite, on the one hand, and to
the mixture of ferrite and cementite,
on the other, may be readily under-
stood if the decomposition of aus-
tenite is regarded as involving two separate processes: (1) the
allotropic transformation from y-iron toa-iron, and (2) the
rejection of the carbon taken up in interstitial solid solution
in thea-iron. If the first process takes place alone the carbon
is retained in a supersaturated solid solution in a-iron and
tetragonal martensite is formed. Ifthe second process now
follows carbon is precipitated from the martensite and taken
up as cementite so that pearlite or sorbite results. This is
exactly what occurs at low temperatures, when the rate of
precipitation of carbon from the lattice is very slow compared
with the rate of allotropic transformation of the iron. At
higher temperatures, however, this is no longer the case, for
then the precipitation of the carbon must be regarded as
immediately following the allotropic transformation so that
austenite is directly converted to ferrite and cementite: it is
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therefore quite incorrect to consider martensite as a necessary
intermediate product in the austenite->pearlite transforma-
tion. The tempering of martensite at temperatures of 200-
500° C. is brought about by the rejection of the carbon from
the supersaturated solution, and may be regarded as the
second of the above processes previously inhibited by the
original quenching.

We cannot here discuss further the structural properties of
carbon steel, nor can we say anything about the many more
complex alloy steels which have been investigated, but we
have already said enough to emphasize the great power and
convenience of the X-ray methods and to demonstrate the
importance of astructural approach to metallurgical problems.
Excellent and more detailed accounts of the structural pro-
perties of steel have been given by Desch (1934) and by van
Horn (1935).

THE CHEMI STRY OF METAL SYSTEMS

The structural properties of the metal systems described above
naturally challenge consideration from a purely chemical
point of view, for occasionally the results of structure analysis
cannot readily be reconciled with accepted chemical principles
and demand a reorientation of the chemical picture of the
metallic state. It has generally been the practice of the
metallurgist to seek to represent the several phasesin an alloy
system by simple chemical formulae corresponding to idealized
stoichiometric compositions, departures from which were
possible by the solid solution in the ideal phase of excess of one
or other of the components. Such formulae inevitably tend
to convey the impression, implicitly if not explicitly, that
these phases are to be regarded as definite chemical com-
pounds, and it is necessary to consider carefully to what extent
such a viewpoint is justifiable, and even whether there are
valid groundsfor attributing to the phases any formulae at all.

In our description of the metal structures we have, of
course, included many which are heterodesmic and in which
homopolar or ionic binding predominates. Such systems may
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often quite properly be regarded as chemical compounds, but
it is not in such systems that the chief interest lies, and here
we shall discuss only the systems of more pronouncedly
metallic character, including the electron compounds. It was
early pointed out by Hume-Rothery (1926) that if formulae
are assigned to such phases they must not be expected to
obey the ordinary chemical valencies of the metals concerned.
In fact, the satisfaction of chemical valencies is the negation
of metallic properties since in chemical combination the
loosely bound electrons of the metal atoms are bound in the
stable groups of the ionic and homopolar linkages. If free
valency electrons are to be left over to form a truly metallic
phase the valency relations must necessarily be different from
those obtaining in definite chemical compounds. Chemical
combination in the generally accepted sense is confined to
homopolar and ionic structures, and alloy systems are sharply
distinguished from such compounds by the indefiniteness of
their composition, the readiness with which they are synthe-
sized and their general qualitative resemblance to their com-
ponent metals. If such systems are to be regarded as com-
pounds it must be in terms of a wider conception of chemical
combination. The extent to which such a wider conception is
desirable is discussed below.

Even though metal systems must not beregarded as ordinary
chemical compounds, it does not follow that it is unjustifiable
to represent such systems by definite formulae. In homopolar
and ionic structures stoichiometric proportions are normally
necessitated by rigid electrostatic demands, but in a crystal
structure simple proportions may be necessary to conform to
purely geometrical requirements. If atoms of two different
radii are to form a structure, a simple stable arrangement is
possible only when the atoms are present in some simple
proportions. Itisthispurely geometrical effect which justifies
definite formulae for the phases of many true metal systems,
but it must be clearly understood that such formulae are
primarily geometrical i