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GENERAL INTRODUCTION ON

CRYSTAL GROWTH
By W. E. GARNER
Received 31st January, 1949

In the earlier investigations the two aspects of the growth of crystals,
the initiation of crystallization and the rate of growth, were developed
independently. It is now realized that each plane of atoms or molecules
added to the crystal may involve a fresh initiation of crystallization, and
that the rate of crystallization is dependent on the rate of nucleation on
the crystal surface. This means that in the fundamental treatment of crystal
growth, the two sections are inseparable, and this has been recognized in
the grouping of papers for this Discussion.

In this introduction, which is mainly historical, the gradual evolution of
the present outlook is indicated. Interest in this field has been accentuated
by important applications in industry and a brief survey of these applications
is included.

Initiation of Crystallization. Throughout the nineteenth century
there was much interest in the crystallization of supersaturated solutions,
for example, of solutions of Glauber’s salt, magnesium sulphate, vitriols,
etc. Boisbaudron found that spontaneous crystallization took place only in
strongly supersaturated solutions and de Coppet, by cooling solutions,
determined the limits of solubility at which spontaneous crystallization
begins. Ostwald developed the idea of a metastable zone on the solubility
diagram showing the limits within which no crystal nuclei could form
spontaneously. This theory proved to be of considerable practical importance
at the time in explaining some of the phenomena of precipitation and of
Liesegang rings.

Much attention was paid to the l1m1tmg size of particle needed to start
crystallization in the metastable zone, and rough estimates gave a minimum
size of 10-°-10-*? g. The thermodynamic criteria developed by Willard
Gibbs in 1878 which were applicable to this problem were not very early
appreciated, with the result that for a long period the approach to the
subject was empirical in character.

Tammann’s work on the initiation of crystallization in undercooled organic
liquids and inorganic glasses was of the greatest significance and settled
many doubtful points. By making counts of nuclei under controlled condi-
tions, he showed that the formation of nuclei obeyed the laws of probability
and that the maximum probability occurred at temperatures 40°-120° below
the melting point, where the liquids begin to lose their mobility and show
marked changes in viscosity. There was a zone of about 20°, below the melting
point, where nuclei formation was very slow, which corresponded to the
metastable zone found with supersaturated solutions. Tammann showed
that nuclei could be formed in this zone if the observer would wait long
enough for them. He thought, however, that there might be a metastable
region a few tenths of a degree below the melting point, due to an increase
in solubility resulting from a decrease of particle size. He also found that
the rate of nuclei formation became very slow in the glassy state of under-
cooled liquids, where the viscosity was very high.

Tammann considered that since the formation of a nucleus was a very rare
event, a large number of molecules must meet under limiting condi tions o

7



8 GENERAL INTRODUCTION ON CRYSTAL GROWTH

velocities, orientation and direction of movement, before a nucleus can be
formed. The process was so complicated that any simple relations between
the probabilities and the stabilities of the forms produced were not to be
expected. He concluded that Ostwald’s Law of Stages was not universally
applicable.

Willard Gibbs showed that a spherical particle of phase II, = p”, was in
equilibrium with a continuous phase I, p = p’, when r = ~-,;—2:°'~,. The
equilibrium is, however, unstable, for if 7 is slightly reduced, the particle
will decrease in size and finally disappear, and if it be slightly extended it
will grow until phase I completely disappears. The work done in the creation
of a particle of phase II in phase I is always positive up to the value of

7= p,—zf—,, so that phase I is stable with respect to nuclei formation so long

as 7 is of such magnitude for the surface tension equation to apply. It will
break down as r approaches molecular dimensions and p” > p’. It would
be expected, therefore, that for an undercooled liquid there would be a
metastable region for phase I, where spontaneous nuclear formation could
not occur, and a metastable limit below which the system became labile
owing to 7 approaching molecular dimensions.

Haber employed the Thomson equation,

T, —_— Tr _ 20'M ,
T, 70
in a theoretical examination of the crystallization of supercooled liquids.
T is the melting point, T, the melting point of a nucleus of radius r, ¢ the
interfacial energy, Q; the heat of crystallization, p the density of the solid
phase, and M the molecular weight. He postulated a Spurenschmelzpunkt
as the melting point of the smallest ordered aggregate, which determined
the temperature of the metastable limit.

These considerations of Gibbs and Haber will, however, be modified if
there be taken into account the local fluctuations of energy which occur in
any fluid and which have been demonstrated in the phenomena of critical
opalescence. These local fluctuations will facilitate the formation of nuclei
and render the metastable limit less sharp, although the conception of a
metastable zone is still of some practical value.

Rate of Growth. Tammann'’s researches on the crystallization of super-
cooled liquids show that the rate of crystallization is very slow down to about
30° below the melting point, increasing to a maximum which is often flat,
and falling off as the viscosity increases to that of a glass. The maximum
for the rate of crystallization lies at higher temperatures than for nucleation.
The low values just below the melting point are due to the slow removal of
heat of crystallization. Tammann concludes that the rate is at its maximum
when the temperature of the melt is

T=T,— QOICM»

where T, is the melting point, ¢, the heat of crystallization, and ¢, the mean
specific heat.

Surface Flow. Studies of the growth of crystals from the gaseous
phase indicate that the flow of molecules over the surfaces of the crystals
plays an important role in the rate of crystallization. Volmer and Estermann
showed that mercury crystals formed from the vapour consist of very thin
flat plates, and that the rate of extension of the main faces can only be
accounted for if the molecules colliding over the whole surface of the crystal
are available for the growth of the very small areas at right-angles to the
basic planes. This requires that the surface flow of a molecule during its
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lifetime on the surface is of considerable magnitude. The work of Becker
and of Taylor and Langmuir on adsorbed casium on tungsten, and of
Bosworth on potassium on tungsten, at temperatures where the evaporation
of the adsorbed atoms is low, shows that the atoms undergo activated diffusion
along the surface. For casium the number of sites covered during the
lifetime is at least 108. Also, Newman has demonstrated that activated
diffusion occurs on the surface of heated sodium chloride crystals. The
experiments of Volmer and Adikari on the surface flow of benzophenone
on glass and of Kowarski on p-toluidine over a crystal of the same substance
illustrate the same principle.

The extension of this principle to crystallization from supersaturated
solutions and from undercooled melts is unavoidable, since in general the
work required to move a molecule or ion along the surface is less than that
to transfer it to the liquid phase.

The Repeatable Step. The energies required to remove ions or mole-
cules of sodium chloride from the surface of a crystal into the gaseous phase
have been calculated by Kossel and Stranski for the corner, edge and various
surface positions. Homopolar lattices have been dealt with similarly by the
same authors and by Becker and Déring. The difference between the energies
for the various sites is sufficiently great to have an important bearing on the
kinetics of crystal growth.

In building up a plane of atoms on the surface of a crystal, the greatest
energy is liberated at the repeatable step of an uncompleted edge of a
covered area. The energy evolved on adsorption on such sites is approx-
imately the same as that resulting from embedding the atom half-way in
the crystal. The process of crystallization on surfaces large compared with
the atomic diameter consists mainly in the repetition of the ‘repeatable
step.” The adsorption of atoms singly on the plane surface is much less
strong than at the repeatable step. Over part of the range of temperatures
for which atoms are firmly held at the repeatable step, those on the main
surface are readily desorbed. The surface molecules, however, travel by
surface flow considerable distances before they evaporate, and therefore
it is to be expected that in favourable circumstances the whole surface of
the crystal will act as a collecting ground for the repeatable step.

Two-dimensional Nuclei. The rate of evaporation is greatest if the
adsorbed molecules are held singly on the surface and least when held at a
repeatable step on a two-dimensional nucleus, the size of which is above
a critical value. In the building-up of new crystal planes, the average time
taken to complete a two-dimensional nucleus of this critical size may be
considerably greater than that required to complete the plane of molecules
by a succession of repeatable steps. Volmer, for iodine crystals growing from
vapour, concludes that the formation of the two-dimensional nucleus is such
a rare event that the probability of its occurrence determines the velocity
of crystallization.

Crystals grow the more regularly the lower the supersaturation. At high
supersaturations polymolecular sheets are built up, giving a series of steps
on the faces of crystals which can be detected by interference colours
(Marcellin, Perrin, Kowarski). These phenomena are of frequent occurrence
and are of special interest. Stranski, studying the growth of polished spherical
surfaces, shows that the planes with high indices of even simple lattices give
uneven surfaces during growth, built up of steps of various heights. It
should, however, be borne in mind that some of these phenomena may be
due to the discontinuities caused by polishing. It is clear, however, that the
mechanism of crystal growth, with complex molecules from strongly super-
saturated solutions, can become an involved problem. Phenomena make

A‘



10 GENERAL INTRODUCTION ON CRYSTAL GROWTH

their appearance which have not been unambiguously elucidated. It is
possible that some of these may be due to Smekal, Zwicky or other types of
discontinuity, as suggested by Frank. However, under the simplest condi-
tions, with low supersaturation, the conception of the formation of two-
dimensional nuclei aided by surface flow may prove to be adequate for the
calculation of rates of growth.

Crystal-Crystal Interface. The nuclei formation in solid phases obeys
similar temperature relationships to supercooled melts, giving maxima at
temperatures considerably below the melting point. Volume changes on
crystallization, producing cracks, are, however, an added complication.
Nuclei formation in processes which are accompanied by gas evolution are
one step more complicated, but the phenomena obey the same general
rules. In a number of cases in which gas evolution occurs, the activation
energy is approximately the same as the thermodynamic heat for the process,
which implies a close fit between the lattices of the two phases and a very
close coupling between the disappearance of the old and the building-up
of the new lattice. This may well be the case, in favourable circumstances,
for the growth of one crystal phase out of another.

Practical Applications. The need for large crystals free from flaws
for spectroscopy, piezoelectric measurements and the various purposes
of the electrical industry cannot be met from the diminishing natural
resources, nor do these give a sufficient variety. This has led to researches
on the methods of accurate control of crystallization from the vapour phase,
the melt, from supersaturated solutions and by hydrothermal processes at
high pressures simulating those in nature. In the natural processes whereby
crystals are formed in the earth’s crust, an infinitude of time is available for
the manufacture, but on the industrial scale the time available makes it
necessary to work at higher supersaturations, where irregularities are the
more likely to occur in the crystallization processes.

The control of crystal shape and size by the addition of surface active
substances is a requirement in many industries. In the explosives industry
particles with as nearly spherical shape as practicable are advantageous from
the point of view of flow properties, bulk density, pelleting properties, etc.
It is also possible in cases where two solid modifications are produced to
prevent the formation of the unstable modification by the use of suitable
additaments. The control of particle size distribution is also important in
the manufacture of materials used as the basis of products with good
plasticity. The tendency of hygroscopic substances to cake can often be
reduced by paying attention to crystal shape, choosing that shape which
gives a minimum of contacts between the grains.

The surface agents may operate by adsorption on one set of faces, either
reducing or preventing growth, as is found by the use of certain dyestuffs.
These agents may operate by retarding all growth except in one direction,
thereby giving spherulitic growths. The detailed mechanism by which
they act is not yet elucidated, although it can readily be seen from current
ideas on crystal growth that the effects of adsorption at the repeatable step
would have important consequences.

There are many processes in which crystallization is the final stage,
giving the product its essential properties. Such are the manufacture of
cements, bricks, ceramics, etc. Although in these cases the crystallization
process is often accompanied by chemical change, the mechanism involves
the nucleation by crystals and the growth of crystals such as occurs for the
simpler processes, and their study will benefit by the development of the
fundamental theory of crystal growth.

The University, Bristol,



I. THEORY OF CRYSTAL GROWTH
Introductory Paper
By N. F. Morr
Received 7th March, 1949

The theory of crystal growth can, it seems to me, conveniently be divided
into three parts. These are:

(a) The theory of the rate of growth of a surface in contact with a vapour
or solution with a given degree of supersaturation. Or, in the case of a
crystal growing from the melt, the theory of the rate of growth for a given
degree of supercooling. This will include a discussion of the rates of growth
of different crystal faces, and the effect on growth rates of impurities which
may be adsorbed on the surface, and of imperfections in the crystals them-
selves. The solution of the problems under this heading depends, of course,
on a knowledge of interatomic forces.

(b) The use of results obtained under the heading () to determine crystal
forms in as far as they depend in the case of growth from solution, or
diffusion of the ions or atoms to be deposited, or in the case of growth from
the melt on conduction through the material of the heat liberated. Much
of the theory of dendrite formation is included in this category. It forms
a part of classical rather than atomic physics, depending as it does on the
equations of diffusion and hecat flow.

(¢) Discussions of the crystal form of the deposit. This will include such
problems as the formation during growth of screw or edge dislocations in
the crystal ; a solution of these problems is very important for the theory
of mechanical strength. Then there is the question of the possible pseudo-
morphic forms of crystalline films grown on a substrate of different composi-
tion ; a contribution to this subject is made by van der Merwe in a paper
to be presented to this conference. And, finally, there is the question of the

state of strain and possible cracking of the surface layer treated by Moliére,
Rathje and Stranski.

(a) Atomic Theory of Growth. The elements of a theory of crystal
growth have been laid down by Volmer, Stranski, Becker and Déring, and
new contributions made by Frank, Burton and Cabrera (for references, see
the contribution of F. C. Frank to this Discussion). This theory applies
explicitly to growth from the vapour; but can probably be applied in
principle to growth from solution. The problem of growth from the melt
remains an open question.

The elements of the theory of growth are as follows: consider a flat
crystalline surface of low indices (say, (100) for a simple cubic or (111) for
a close-packed structure) in contact with a vapour. Suppose this surface is
partly covered by another layer. Then if the pressure of the vapour is raised
by a small amount Ap above the equilibrium vapour pressure, theory indicates
that the layer will grow, with a speed proportional to Ap, until it covers the
surface. But in order to start a new layer, a two-dimensional nucleus must
be formed, and, like other nucleation phenomena, the rate of nucleation
varies with Ap as e ~4/2, where A is a constant at given temperature. It
follows that when Ap is below some critical value the rate is negligibly small.

It seems likely that the growth rate depends in general on the rate of
nucleation, at any rate for surfaces of low indices; for surfaces of high
indices, having a step-like formation anyhow, nucleation is much easier.

11



12 THEORY OF CRYSTAL GROWTH

But such surfaces of high indices will, of course, by growing quickly tend to
disappear, leaving a crystal surrounded by planes of low index only.

It should be emphasized that a flat surface in contact with vapour will
have a number of atoms adsorbed on it. Two-dimensional nucleation can
occur whether or not these are mobile over the surface; it is not at present
quite certain whether their mobility affects the rate of nucleation.

Among the papers presented to this Discussion, Becker gives a valuable
account of the relation of his theory to Mayer’s theory of condensation.
Burton and Cabrera, in a paper to be published elsewhere, have made some
refinements to the present theory by calculating the shape of the two-
dimensional nucleus when it has reached the size beyond which it will
normally spread. This puts the theory on a firmer footing, and does not alter
the numerical values very much. Frank points out that the theory suggests
a growth rate which is negligibly small unless the supersaturation of the
vapour is of the order 1-5, and that this is contrary to experiment, in particular
to the results of Volmer and Schultze on the growth of iodine crystals;
the degree of supersaturation required is of the order 1-o1. He suggests
that the presence of dislocations is essential for growth at these concentra-
tions, and that the growth rate depends essentially on the density of dis-
locations in the material.

Theory has at present made little contribution to our knowledge of habit
modification. It does, however, follow that, if dislocations are essential
for crystal growth, very small concentrations of impurity, which could be
adsorbed preferentially at the ‘“ ledge’” where the dislocation meets the
surface, could profoundly affect growth rates and thus lead to habit modifi-
cation.

(b) Phenomena Depending on Heat Flow and Diffusion. It is
believed that dendrite formation in the solidification of liquid metals is
due to the fact that a thin needle, growing into a supercooled solution,
will need to get rid of less heat by conduction than a thicker one and so will
grow faster. In the same way, in the formation of crystals from solution,
a thin needle will grow more quickly than a thick one into supersaturated
solution. Probably the clue to the step formation observed by Bunn will
be found along these lines.

(c) Physical State of the Crystal as a Consequence of the Mechanism
of Growth. Frank, in his paper, gives some reasons for believing that,
at finite growth rates, dislocations will be formed in the crystal. They
are in no sense present in thermodynamic equilibrium and ideally a long
enough anneal would get rid of them ; but, in practice, there appear always
to remain a certain number.

Stranski and his colleagues reopen the very interesting question of the
state of strain of the surface layer. The origin of the * Griffith cracks,”
responsible for the low stress for fracture of brittle materials, has never
been explained, and it is possible that this work will provide a clue.

In a later section of the Discussion, van der Merwe discusses the crystal
structure of thin films deposited on a substrate of differing crystal structure.
He shows that the question, whether or not the deposit has a pseudomorphic
form, depends on whether the first monolayer conforms to the structure
of tf!lle substrate or not; and that this in turn depends on the degree of
misfit.

Equilibrium Crystal Forms

The study of the shape of a crystal in equilibrium with a vapour forms
an interesting field rather apart from the theory of crystal growth. Burton
and Cabrera have found that the equilibrium form of the two-dimensional
crystalline nucleus on a flat substrate is a rounded polygon, if only one



N. F. MOTT 13

atomic or molecular unit is involved. For ionic forces, on the other hand,
it appears that the two-dimensional nucleus may have sharp corners. In
the case of three dimensions Stranski has shown that the corners of a crystal
are rounded off through the presence of a finite number of planes of higher
index, and so are not truly rounded.

The microstructure of the surface in equilibrium with vapour or solution
is also of interest. As already stated, a flat surface will always contain some
adsorbed atoms, and there will always be some vacant lattice points. Burton
and Cabrera have made an investigation of the concentration of *‘ Frenkel
terraces "’ on a surface in equilibrium. For faces of low index, there will
be practically none for a perfect crystal; any which exist depend on the
presence of dislocations. A crystal temperature exists, however, at which
they form, but this will in general be above the melting point.

H. H. Wills Physical Laboratories,

Royal Fort,
Bristol 8.

FORMS OF EQUILIBRIUM OF CRYSTALS
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A knowledge of the forms of equilibrium of crystals is important for an
understanding of the processes on crystal surfaces, independent of whether
the crystal is immediately concerned in these, or merely functions cata-
lytically. Furthermore, a comparison between theoretically and experi-
mentally deduced forms of equilibrium makes it possible to check the
assumptions used in the former, and supplies valuable clues to alteration
in structurc and changes within the individual lattice surfaces.

The following observation should first be made. The theoretical treatment
falls into two parts. First the underlying ideas must be developed, then
the mathematical work can be started. This is directed by the knowledge
at the time of the force functions, and must of necessity bring new problems
in its train. In the following I will confine myself to the part dealing with
the underlying ideas.

The treatment of the forms of equilibrium of crystals has been developed
on the basis of two fundamentally different ideas. The older one, historically,
made use of an analogy to liquid surfaces. The surface tension here was
replaced by the idea of the specific surface energy o.

The values of o for crystals are dependent upon direction, so that in
general the form of equilibrium is a polyhedron which must satisfy Gibbs’
condition :

Zo; . F, = minimum, at constant volume.

If one ignores the edges and corners, it is known that here, also, one arrives
at the same relation as for vapour pressure, which is completely analogous
to Thomson'’s equation and has the following form ! :

kT /),__61__ __0'1__
Ez—};ln;m‘—;l—-...—r‘——... . . (I)

! The following recent papers on the Thomson-Gibbs relation are mentioned :
Volmer, Kinetik der Phasenbildung (Dresden and Leipzig, 1939), p. 87 et seq.
v. Laue, Z. Kri6t., 1943, 105, 124.
Stranski, Z. Krist., 1043, 105, 9I.
Honigmann, Moli¢re and Stranski, Ann. Physik, 1047, 1, 181.



14 FORMS OF EQUILIBRIUM OF CRYSTALS

v, represents the volume of a crystal unit and »; the centre distance, o;
the specific surface energy of the i-th face. p, and p,, are the sublimation
pressures of the finite- and- infinite-sized crystals respectively. Wulff's
method for the construction of equilibrium forms of crystals follows directly
from eqn. (1).

An exact relation, capable of general application, cannot be derived in this

way. For if we wish to take into account the
(s)2 /J (7)

fact that the crystal also possesses edges and
(51 / 4 (8)

corners, and that the specific surface energy

and the specific energy of the edges and
F16. 1.—Division of a crystal by
three planes. Two of these

corners which must further be introduced,
possibly depend on the size of the crystal as
well, a relation can only be derived at first
for simplified models. This is to be shown in
are shown as lines where
they cut the plane of the
diagram, the third lies in the
diagram planec itself. The

figures in brackets denote
the sections below the plane
of the diagram, those with-
out brackets the sections
above it.

the following for the case where the form
of equilibrium of the crystal is represented
by a simple crystalline form, i.e., it is sur-
rounded by only one kind of face. For
this purpose let us refer to the definition of
the specific surface energy, and give the
definition of the specific edge and corner

energies in reference to Born and Stern.?

The specific edge energy x is defined as
the work which must be done in order to separate the crystal sections
1 and 3, 2 and 4 respectively (see Fig. 1), divided by twice the length of
the edge, and given a negative sign. Correspondingly, the specific corner
energy e is half the work required to separate two crystal sections situated
diagonally in space, with their corners touching, e.g., 1 from 7, or 3
from 5 (see Fig. 1).

Assuming that these values are independent of the dimensions of the
crystal, one obtains in place of eqn. (1) :

kKT " p, o, %

zvolnpm_r-l— .. . . . (2)
Thus, as a result of the existence of edges, an additional term appears as
correction. The corners are without influence.

In order to be able to discuss the
dependence of the values ¢, x and ¢
upon the size of the crystal at all, the
definitions of these values for finite
crystals had first to be found. The
definitions given by me at that time 3
will be explained for a simple case
with the aid of Fig. 2. If the form of
equilibrium is represented by a cube,
6, is equal to the work of separating
such a small crystal from a cube face of
the infinite crystal, divided by twice
the area of one cube face of the small
crystal. %, is correspondingly equal
to the work of separating such a cube from the infinite crystal quadrant
lying diagonally opposite divided by twice the length of a single edge and

Fic. 2.—To define the values ga, Xa
and e, for a finite crystal cube
with an edge-length a.

* Born and Stern, Ber. Berlin Akad., 1919, 48, 91 ; Stranski, Z. Krist., 1943, 105, 287.
3 Stranski, Ber. Wien, Akad., math.-naturwi. Kl., 1936, 11b, 145, 840; Mh. Chem.,
1936, 69, 234.
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with a negative sign. Lastly the corner energy e, is equal to half the work of
separating a small crystal from the infinite crystal octant lying diagonally
opposite in space. Thus the total surface energy of a small crystal with edges

of length a is
O, =6a%, +12a%+84. . . . (3

In this case it is possible to obtain the form of equilibrium of a small
crystal simply by taking an infinite crystal to pieces, and ®, can also be
defined as the work of separating a small crystal from a crystalline half-
crystal position (see Fig. 3). However, it should
be mentioned that @, is generally given in the
following relation :

Na
®.=N,.py, — E‘(p, N 7))

. : : FiG. 3.—Crystalline half-
oy, is the work of separating a crystal unit from rystal position. @,

the half-crystal position (see below). The second i

term is the work obtained in building up the small :ff es%;:lmt:io?eofw 2{,];

crystal from its N, individual crystal units. crystal cube with
The example dealt with in the last section is edge-length 4, in the

especially simple. The important thing is, that as ':;’;m ﬁ‘fmglé

this case already shows that it is not possible to diagram.

specify the exact sublimation pressure of a small
crystal from the forms of equilibrium, with the aid of the values o,, x4
and ¢,, now assumed to be variable.

For this purpose, the differentiation of the eqn. (3) is necessary :

Pa_ 40 _ da ¢ ado da G | gde
lenp,_dN_Izc'adN+6a d—N--{-xzx.dN+12a dN+8dN

The values ®,, o,, », and &, would thus have to occur as continuous
functions of the number of crystal units N. That is not the case, however,
for they present themselves as a series of isolated points.

The following possibilities can be discussed. (1) Curves are drawn through
these points and differentiated. The result could give the sublimation
pressure with sufficient exactitude. (2) The dependence of the values o,,
%, and ¢, upon N can be found to be so small that it can be neglected.
Neither possibility, however, can be proved for no standard of comparison
exists at present, which gives us the correct pressure values. We will return
to these questions below.

The advantages of the method using the values ¢, x and € are not to be
denied, for by means of it, all considerations which had been made on liquid
systems could be applied in a comparatively simple way, and with little
alteration, to crystal systems. Special attention is here drawn to the fact
that, on the whole, Volmer’s theory on the frequency of nucleus formation ¢
also reproduces the conditions correctly for crystal systems. By continuing
the nucleus idea, introducing, namely, the idea of a two-dimensional nucleus,
the growth of a crystal could be submitted for the first time to a mathematical
method. Many different questions could be answered comparatively simply.
The interpretation of Ostwald’s step-rule may be mentioned as an example.®

But the disadvantage of this method must also be enumerated. The
values o, x and € do not refer at all to elementary stages of growth and
reduction, and the relations which are obtained with their aid can only be
applied under certain conditions to kinetic considerations on crystals, and
remain difficult to visualize. As is known, the application of Thomson-Gibbs’

¢ Volmer and Weber, Z. physsk. Chem., 1926, 329, 277 ; Volmer, loc. cit.
8 Stranski and Totomanow, Z. physik. Chem. 4, 1933, 163, 399.

)
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equation has led to numerous, and often crass, misunderstandings. This
method, by simulation of completion, has also prevented many equilibrium
questions from being asked and answered at the right time.

The second treatment began to take form as a result of work by Kossel &
on the one hand, and myself on the other.” The work of separating individual
crystal units from the crystal surface was estimated, NaCl being taken as
the first example, and with the help of this it was possible to draw a picture
of the molecular processes connected with growth and solution. The logical
starting point for these considerations is the determination of the length
of time a crystal unit remains in the so-called half-crystal position.

The crystal unit in the half-crystal position possesses a work of separation
which amounts to half of that of a crystal unit in the inside of the crystal.
It is thus equal to the negative value of the lattice energy per crystal unit,
and determines the vapour pressure of the infinite-sized crystal. Elementary
reasons can be given for this conclusion if the position of growth of a
repeatable growing crystal face is chosen as model of the half-crystal position.
For, in this case, the position as such is retained after any number of separa-
tions or addition of crystal units. Thus the crystal would only be in equili-
brium with its surroundings, if the probability of a separation of a crystal
unit from the half-crystal position is found to be equal to the probability of
an addition on this.

With the help of the different works of separation, it has already been
possible to draw a series of conclusions which, at that time, were justifiably
regarded as completely new-fangled. Only as a consequence of these was
it asked whether certain faces in equilibrium can be retained as such, or
whether their surface structures would have to undergo alterations of a
coarsening nature.

It should be emphasized here that these questions could have been asked
earlier, as a result of the determination of the values, or merely the signs,
of the specific peripheral energies of the lattice surfaces concerned. That
they have not been asked up to this time is to be explained exclusively
by the fact that the older theories were difficult to visualize.

Because of its importance the criterion might be given here by reason
of which one can decide whether a certain face appears in the equilibrium
form of the infinite-sized crystal or can remain as crystal face. If the specific
peripheral energy of this lattice face shows the value zero or a negative
value, in one direction only, this face cannot appear as a form of equilibrium.
Should this condition be fulfilled for one direction only, the face concerned
will grow over one-dimensional nuclei and show a typical chain formation.
A chain formation alone, on the other hand, is not sufficient argument
against the face belonging to the equilibrium form. If this condition is
fulfilled for two directions, the one-dimensional nucleus formation is also
eliminated. An example of the first case is (011) on the NaCl crystal and of
the second, (111) on the same crystal,

Another question could also be answered with the help of the work of
separation, namely, with what kind of face must the infinite-sized crystal
be surrounded ? For it is evident that the only possible form of equilibrium
is one in which all corner crystal units are bound at least as firmly as in the
half-crystal position. So that by starting with a simple form, and systema-
tically removing all crystal units which are less firmly bound, one could
arrive at forms which no longer exhibit such crystal units, and which then
mirror the equilibrium-form, in that they possess all the faces of same.

In order to arrive at an expression which represents the sublimation

¢ Kossel, Nach. Ges. Wiss. Gottingen, 1927, 135 ; Leipziger Vortrige, 1928, 1.
7 Stranski, Z. physik. Chem., 1928, 136, 259.
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pressure of finite crystals, those crystal units will be taken into consideration
which, on evaporating, produce a deviating value for the work of separation.
In the case of a single crystal face, that is a very simple matter.# The
mean value ¢, appears here in place of 3, = ¢y, (“ work ”’ of separation
of the crystal unit in the half-crystal position), where the mean is taken so
as to include all crystal units of the uppermost lattice face, and for a process
also, in which the crystal units of the lattice face are removed. The logarithm

of the relation between this vapour pressure and that of an infinitely extended
lattice face is then simply

KmP — o 5. . . . . 6
.

This simple result can be explained as follows: for the faces concerned
in equilibrium, the probability that the uppermost lattice face is removed
by solution must be equal to the probability that, after removal, it is re-
formed by means of a condensation process. But this stipulation is connected
with the fact that the work of formation of a lattice face nucleus (two-
dimensional nucleus) by condensation is exactly equal to that by superficial
solution of an uppermost lattice face.

Let us imagine a position where a crystal unit is bound in such a way
that the work of separation has the exact value (3,) required for the position
to be occupied by a crystal unit for not more than exactly one-half of a very
long observation period. We could then undertake the formation of a lattice
face nucleus by condensation, by allowing the crystal units to attach them-
selves first at this point from the vapour phase, and forming the nucleus
by bringing them each time from there on to the face. If the nucleus
contains m crystal units and the whole lattice face , the following work is
necessary for the production of the nucleus :

AR

By superficial solution of an existing lattice face, on the other hand, the
work of formation of the nucleus amounts to

Sie—5).
By balancing the two work equations, one obtains directly

- Iz
(Pa=;l z‘¢|- . . . . (7)

The following should also be taken into account. The conditions of
equilibrium deduced quite generally apply to both lattice faces and single
lattice rows. In the case of the lattice face nuclei, the peripheral rows must be
in equilibrium with the surroundings, i.e., the mean work of separation
per peripheral row of the lattice face nucleus must show the same value Pa
on all sides.

If we now consider a three-dimensional crystal which is in equilibrium
with its surroundings, this implies that the same conditions must be fulfilled
for each of its faces. From which it further follows that the surroundings
are supersaturated as regards all rows on the edges of the crystal (for the
uppermost lattice face of an equilibrium form is greater than the corre-
sponding lattice nucleus) ; in the same way, the surroundings are also super-
saturated as regards each single point on the surface of the crystal, and

® Stranski and Kaischew, Z. physik. Chem. B, 1934, 26, 100, 114, 312 ; Physik. Z..
1935, 36, 393.
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therefore also as regards the corner crystal units. This conclusion is instruc-
tive. But it is also fundamental for the consideration of the equilibrium
of a crystal. It leads directly to an easy method of construction of the
form of equilibrium of crystals. In order to obtain the form which corre-
sponds to a certain pressure, in the vapour phase, one proceeds as follows :
the value of @, corresponding to the pressure p, is calculated. Then
starting from any simple form of the crystal, all crystal units which show
a work of separation smaller than g, are eliminated, one after the other,
from its surface. Lastly, the areas of all faces are varied until each single
mean work of separation reaches the value @,.

Another conclusion from the thermodynamic deduction of the sublimation
pressure of a small crystal is made especially clear. That is the conclusion
which can be drawn directly from eqn. (2) : the vapour pressure is simply
a function of the relation between o and the centre distance of any face.
Provided the latter remains the same this quotient must remain unchanged
independent of whether the face concerned occurs in a simple form or in
a combination. When drawn from the thermodynamic deduction, this
conclusion is not clear, as the deduction includes only the form of equilibrium
itself, and is tied to the assumption that for small evaporation and growth
processes the form remains similar. The following explanation, based on the
mean work of separation, can be given for this conclusion. To this end,
let us begin with a simple form and study a definite face. This form is now
allowed to develop into a combination, the centre distance of the face under
consideration remaining unchanged. The area of the face decreases but the
deviations of the individual works of separation also decrease to the same
degree, for the rows on the edges of the combination border upon more
lattice neighbours than the rows on the edges of the simple form.

Lastly, eqn. (6) provides the possibility of deciding the question which
cropped up on a previous page. It supplies the vapour pressure in a manner
which is quite independent of that in eqn. (1) or (5). It is also possible,
in this manner, to carry out the calculation for a definite example, namely,
for a simplified NaCl crystal.! It showed, though only for this case, that the
second possibility is realized, namely, that it is not necessary to include the
dependence of the specific energy values o, x and € on the number of crystal
units, in the calculation, for all crystal sizes which actually come into
question. '

It is comparatively easy to obtain the form of equilibrium theoretically
for typical ionic crystals, if simplifying assumptions are made. In all cases
dealt with up to now, it has been found to be a simple form. It is

a cube for NaCl2¢ 7,

a rhombic dodecahedron for CsCl *,
an octahedron for CaF, 19,

a rhombohedron for CaCO; or NaNO,.

1t is also independent of the size of the small crystal. Thus, form of equili-
brium and form of growth are here identical (for low supersaturations).

The conditions in the case of non-polar crystals are different. In this
case the greater the range of the forces between the crystal units, and the
nearer 3, approaches §,, the greater the number of faces appearing in the
form of equilibrium.

Table I gives a list of (infinitely great) forms of equilibrium for a few
simple lattices as functions of the said range and calculated under the assump-
tion that the work of separating one crystal unit from another is always

® Kleber, Zbl. Miner., Geol., Paldont. A, 1938, 363.
10 Bradistilov and Stranski, Z. Krist., 1940, 103, I.






F16. 4.—Cd mono-crystal, formed 1n the fused liquid and allowed to grow further in the
vapour. The small circular face at the bottom left-hand corneris { 11T o}, theirregular
coarsencd face above it {1121}, (Eiscnloeffel.)s

To face page 19)
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positive and only dependent upon the distance between them.!! The
majority of crystals with simple lattices would seem to represent transition
stages between the polar and non-polar type. The metals constitute a special
class. It is worthy of note that the experimental data for metals 1213 also
agree well, on the whole, with the results in the Table, inasmuch as they
give the correct order of the faces. It was possible to make a more accurate
experimental investigation especially in the case of Zn 14 and recently also
for Cd 1415, and these results were confirmed. In both cases the experi-
ments on growth, carried out accurately on spherical rudimentary forms
consisting of one crystal, which grow from supersaturated vapour without

TABLE I
FormMs OF EQUILIBRIUM
The range of the forces Adjacent Next crystal | Next crystal Investi-
between the lattice crystals unit but unit but gated on
crystal umts units only one, also two, also
embraces
Simple cube 001 oor, or1, 111 | 00I, OII, III
112
Body-centred, | o1r o011, 0OI oII, 00I, II2 XV: urotro-
& cubic 111 Pi_“E
&' | Face-centred cubic | 111, oo1 111, oOI, OII | 111, 0oOI, Oo11 | Al, Ag, Pt
© 113, 012, I35
o
S | Diamond lattice.. | 111, ooI1 111, 001, OII | 11X, 0ooI, OII | diamond
s 113
|
Hexagonal closely | ooor, 10TI | ooOI, 10T1 | ooOI, 1071 | Be, Mg, Zn,
packed spheres 1070 10fo, 11%70| 10To, 11%0| Cd i
10T2 1012 —

The most far-reaching effect was found in every case to embrace the next crystal unit
but two. The underlined examples have been investigated more thoroughly.

any signs of coarsening, gave the faces : (00o1), (1011), (1010) ; (1120), (1012).
It is also very significant that the faces (1120) and (10Iz), which are to be
traced back to the influence of nearest neighbours but one, exhibit a con-
siderably smaller area in the case of Cd, than in the case of Zn (see Fig. 4).
This is probably connected with the greater screening capacity of the Cd
atoms in the crystal lattice.

It is also very noteworthy that W 18 13 and urotropine 17 18 which both have
the same lattice (cubic body-centred) but belong otherwise to quite different
valency types, exhibit exactly the same equilibrium form faces: {orx};
{oor}; {1rz}. In both cases, of the two faces which are to be traced
back to the effect of nearest neighbours but two ({112} and {111}), only
{112} appears. Concerning further properties of the urotropine crystal,

11 Stranski, Z. physik. Chem. B, 1931, xx, 342 ; Ber., 1939, 72, 141 ; Stranski and
Kaischew, Z. Krist., 1931, 78, 373 ; Ann. Physik, 1935, 23, 330.

18 Straumanis, Z. physik. Chem. B, 1931, x3, 317 ; 1032, 19, 64 ; 1934, 26, 246.

13 Stranski and Suhrmann, Ann. Physik, 1947, x, 153.

14 Kaischew, Keremidtschiew and Stranski, Z. Mefallkunde, 1942, 34, 201.

18 Eisenloeffel, Dissertation (Techn. Universitit Berlin-Charlottenburg, 1948).

18 Miiller, Z. Physik, 1937, 106, 541 ; 1938, 108, 668 ; 1943, 120, 270.

17 Kaischew, Jakrb. Univ. Sofia, phys. math. Fak., XLIII, 1946/47, 2, 99.

18 Stranski and Honigmann, Nalurwiss., 1948, 35, 156.
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whose lattice can be considered approximately as homopolar with superim-
posed dipolar forces, see later.

A brief study of the relation between form of equilibrium and form of
growth (more exactly, final growth form) will be inserted here.

The crystals which are investigated are, almost without exception, the
product of a growth process. If the form of equilibrium is not a simple
crystalline form, the resulting growth form contains only the slow-growing
faces large enough to be visible ; the quick-growing faces remain the same
size as the same faces in the form of equilibrium, which in general is sub-
microscopic. The form of equilibrium here is to be ascribed to the pressure
prevailing during the process of growth.

Intermediate stages of growth of rounded single crystal forms provide
the possibility of making all equilibrium faces visible 111415 [t js  unfor-
tunately, always possible that in the course of this faces also appear which
do not belong to the equilibrium form. The appearance of {012} and {111}
in Spangenberg’s 1* and Neuhaus's 29 experiments on growth with spherical,
polished NaCl crystals from aqueous solution may be recalled, for example,
although the only form of equilibrium here is {oo1}.

It is therefore of great importance to develop a thoroughly reliable method
for the experimental production of equilibrium forms. This was achieved
for the first time for urotropine, following on observations by Kaischew,!?
Honigmann 18 and myself. At low temperatures, at which the transfer
of matter takes place almost entirely via the adsorption layer, the growth
form, which in the case of urotropine is a rhombododecahedron, re-forms the
faces {oor} and {112} (see Fig. 5). Specially accurate investigations were
carried out at 0°C. (If one subjects the crystal to small fluctuations in
temperature the same form appears much more quickly.)

In answer to the question why, up to now, one had neither observed
a spontaneous appearance of equilibrium forms of visible size (microscopic),
nor considered this possible theoretically, one can say that the relative
differences in the vapour pressures of faces of an already visible crystal,
which are not in proper ratio to one another, are in fact very small. In
spite of this, it is not so much the smallness of the differences of the relative
vapour pressure which is responsible for retarding the course of the reaction
as Volmer's work of formation of the two-dimensional nucleus connected
with the supersaturation. This must appear in the formation of new lattice
faces, and as the supersaturation disappears, converges towards infinity.
If therefore one succeeds in removing the energy threshold of the work of
formation of the two-dimensional nucleus, the process of alteration leading
to the equilibrium form on a crystal of the growth form should be possible.
It is possible to remove this energy threshold, or to lower it considerably,
by the construction of hollow edges starting from which single lattice faces
can develop. Only the few crystals whose crystal units show a comparatively
high mobility within the adsorption layer at low temperatures will qualify
for this.

The discrepancy between theory and experiment, already mentioned,
evinces itself with urotropine, by the appearance of {r12} of the faces
referred to the nearest neighbour but two, but not of {rrx}. As is to be
set forth elsewhere by Honigmann and myself, the experimental result
can be explained by the fact that a profound alteration in lattice takes place
in the uppermost lattice face of {xx2}. This is probably a lattice alteration
which is also stable at a low temperature.

With urotropine another phenomenon can be studied. Certain alterations

1* Spangenberg, N. Jahrb. Miner., Miigge-Festbd. A, 1928, 57, 1197.
20 Neuhaus, Z. Krist., 1928, 68, 15.



(a) Growth form (o11).

(») ‘The form which is formed on tempering (o11, oo1, 112) (Honigmann.)

F1G. 5.—Urotropine crystals.
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in the surface lattice do not appear until the temperature is high, i.e., altera-
tions also exist which show the character of two- and three-dimensional
changes. Above 170° C the mechanism of growth and evaporation, as well
as the form of equilibrium of the urotropine crystal, changes fundamentally.®
The growth and reduction take place now in multimolecular (visible) layers,
whose border is completely rounded ; the form of equilibrium is a rhombic
dodecahedron whose corners and edges are also rounded.

This phenomenon is obviously connected with the fact that new degrees
of freedom (rotations) of crystal units of certain lattice surfaces, edges or
peripheral rows are aroused by temperatures considerably lower than those
in the inside of the crystal.

In closing, the question may further be asked, how the equilibrium form
of a crystal changes when it is surrounded by a liquid instead of its own
diluted vapour. The simplest case would be to suspend the small crystals
in their own fused liquid.

The specific interface energy of a certain face s would be given here by
the following relation :

Opit = 10 + 9Okt — 120mki, . . . (8)

where ,6 and ,ouy are the corresponding values for the liquid and the crystal
relative to vacuum, and ;0w the work which would be obtained by the
contact of unit areas of crystal and liquid. It is seen that 6, is not only
very small if ,04u is very small, but also when ,,64 is especially large.
The latter is all the more likely to be true, the more continuous the transition
from crystal via the interface to liquid. The growth form of Cd which is
produced from the fused liquid 41 may be quoted here as an example.
It is seen that the face { 1121} appears here, which as a rule is coarsened on
continuing to grow in vapour, as it does not belong to the equilibrium form
of the crystal surrounded by vapour phase (see Fig. 4).

The general case of an equilibrium form surrounded by a phase of any
desired composition has not yet been accurately treated, either experi-
mentally or theoretically. Up to the present a certain amount of attention
has only been paid to the occasional growth forms showing great deviations,
which precipitate from various solutions.

Institut fiir Physikalische Chemie und Elektrochemie,
Berlin-Charlottenburg 2,
Hardenbergstrasse 34,
Germany.

SURFACE STRUCTURES OF IONIC CRYSTALS
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There is no doubt that the structural peculiarities of crystal surfaces
play a role in many physical and chemical processes in which the surfaces
of solid bodies participate. Up to the present no experimental method
exists which is dependable enough for the determination of surface structures.
The only way to decide how the positions of equilibrium of the atoms in
the surfaces can differ from those of the infinitely extended space lattice
is to employ theoretical considerations with the use of simple models.
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In the following report is an account of calculations on the model of the
rocksalt lattice, the aim of which was to determine the surface structures
caused by the effect of the ionic polarizability. Our work* follows on
an investigation by Lennard-Jones and Dent * published twenty years ago,
but goes further in that not only the displacement of the ions in the direction
of the surface normals are taken into consideration, but also the tangential
distortion of the surface lattice.

As in the case of Lennard-Jones, besides the electrostatic forces, only
forces of repulsion of small range according to Born's power function are
taken into account; here also a simplified surface structure is assumed
where only the ions of the uppermost lattice face undergo deformation and
displacement, while the rest of the lattice below it remains undeformed.
Only average ionic properties of the two components are taken into account
(except for the signs of the charges), i.e., the potentials of repulsion and the
polarizabilities for both kinds of ions are regarded as equal.
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The idea directing our calculation was the consideration that the polariza-
bility of the ions can have the effect of lowering the symmetry. This idea
was applied by Born and Heisenberg 2 and by Hund 2 to ionic molecules,
and by the latter to three-dimensional ionic lattices. If one imagines the
polarizability of these to be continuously increased, the co-ordination lattices,
which at first are stable, change at a certain polarizability into less sym-
metrical structures, namely, to layer- or molecule-lattices. These ‘‘ polariza-
tion sub-structures” are distinguished by the fact that the ions prefer
those positions where the electrical field has the highest possible intensity,
in other words, where the gain in polarization energy is as great as possible.

From the fact that an isolated (oorx)-lattice face in equilibrium must have
a lower lattice constant compared with a compact space lattice (268 A for
NaCl, calculated using the function of repulsion which is obtained from the
lattice constant 2:8x A and the compressibility of the space lattice) Lennard-
Jones and Dent ! came to the conclusion in their above-mentioned investi-
gation that a tendency to contract exists in the surface, which they treated
as analogous to the surface tension of a liquid. The question of how such
a contraction could be brought about was not followed up by Lennard-]Jones
and Dent ; above all, the part played by the ionic polarizability in a tangential
deformation of the surface was not considered. We will show that no
tendency towards tangential contraction exists in the case of low polariza-
bility in the surface. Only a decrease in the distance between the two
uppermost lattice faces is to be expected, similar to that already calculated
by Lennard-Jones and Dent. With more highly polarizable ions, on the

1 Lennaxd-Jones and Dent, Proc. Roy. Soc. 4, 1928, x1ax, 247 ; see also Madelung,
Physik. Z., 1919, 20, 494 ; Zwicky, Helv. physic. Acta, 1930, 3, 269 ; Stranski,
Jb. Univ. Sofia, 1927-28, a4, 297 ; Z. physik. Chem., 1928, 136, 259.

3 Born and Heisenberg, Z. Physik, 1924, 23, 388.

8 Hund, Z. Physik, 1925, 34, 833.

* An account of our calculations which have been supplemented in the meantime
by further results has already been published in Z. Physik, 1948, 124, 421 and 429.
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other hand, tangentially deformed surface structures are favoured from
the standpoint of energy. These are also adapted to the periodicity of
the space lattice situated below, but in such a way that adjacent ions collect
together to form small isolated molecular complexes.* That is to be seen
best from a consideration of one- and two-dimensional structures.

One- and Two-dimensional Lattices.—The investigations on stability
carried out by Hund ? in three dimensions, but only approximately, can
easily be calculated exactly for one- or two-dimensional lattices. How
will a chain consisting of alternate positive and negative ions and an
isolated lattice face of the rocksalt (oor)-type behave respectively by a
continual rise in the ionic polarizability ? Certain limiting assumptions
must first be made concerning the form of the sub-structures of low symmetry
which result from the co-ordination structures, and which one can imagine
as being produced from the first by a homogeneous deformation. The
chain or lattice face will break up into single insular complexes, and it
seems plausible to expect that similar crystal units in the structure thus
formed will assume equivalent positions as regards energy and structure
and that the ionic complexes formed are electrically neutral. Thus, for
the alternating chain only a division into double ion molecules comes into
question, whilst for the lattice face four-ion insular complexes are con-
ceivable too. Furthermore, ‘ chain lattices” can also be formed here
(analogous to the layer lattices in three dimensions), i.e., the complexes formed
can extend over the whole surface in simple co-ordinative relationship. If
one introduces the additional assumption that the complexes formed by a
division of the original co-ordination lattice in the manner suggested are
deformed by the effect of the polarization forces with no loss in their own
symmetry, one is bound to arrive, in the case of the (oor)-lattice face, at
the types shown in Fig. 2. These structures may be characterized, as
indicated in the figures, by means of a relative parameter y (the relative
approach between immediate neighbours, referred to the distance between
the ions & in the undeformed structdre). The lattice energy of the chain
or lattice face must now be formulated as a function of y.

In addition to the coulomb ionic effect and the energy of repulsion we
introduce the polarization energy for one ion in the form

—_ > >

— p-E + p¥2a

— —>
where p is the dipole moment produced in the single ion ; E is the ‘‘ self-field
intensity '’ arising from all other charges and dipoles; « is the mean polar-

N

izability. The components of p can be eliminated by putting the partial

differential quotients equal to zero as was done by Born and Heisenberg.?

The following equation t is then obtained for the lattice energy for an
ion pair:

e | F " A

—_ = < ) L RSN SN 74 ()]
U=Vt pa |~ 5

e is here the elementary charge, A.r the repulsion potential of two ions
(we use n=g9); VB is Born's repulsion potential, V(#), F#), F@ self-
potentials or self-field intensities for corresponding forms with the lattice
constant § = 1, originating from the poles (p) and dipoles (d). These

* A similar hypothesis was already put forward by one of us in 1928.

t The easily proved rule must be taken into account that for all configurations of
the typq under consideration the mutual effect between one dipole and all other 10nic
charges is equal in value to that between one ionic charge and all other dipole moments.
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values are functions of y, and can be calculated according to the well-known
methods of Madelung ¢ and Ewald.®
From the condition
b’U / BYZ = 0'

one can find the “critical polarizability "’ above which the tangentially
deformed structures must be more stable than the co-ordination structures.
If, for the lattice constants of the latter, one inserts the equilibrium values
of 8 = 2-49 A for the chain and & = 2:68 A for the lattice face, one obtains :

‘

for the chain .. o Sty = 1482 A3;
for the lattice face ..  Fugly = 1-95 A3,

But if one stretches the chain or lattice face under force, so that their
lattice constant adjusts itself to the value § = 2-81 A of the compact space
lattice, «*"* becomes much smaller, namely :

for the chain .. .. St = 058 A3;
for the lattice face .. Fegt — 1.50 A3,

The mean value of the polarizabilities of Na+ and Cl~ amounts to = 1-61 A,
The function U(y) for this value of « and for 8 = 2-81 A was plotted graphi-
cally. It shows an energy minimum :

for the chain at . . Y=120%:
for the lattice face at .. ¥ =6 %.

For the (oox)-lattice face the structure type (a), the chain lattice parallel
to the edge, proves to be the most stable. The figures quoted refer to this
type. If one puts the lattice face or edge as the surface in a space lattice,
the deformation of the surface is diminished through the effect of the
undeformed remaining part of the lattice, as is shown below.

The (001)-Surface.—The expression for the lattice energy of the lattice
face must now be completed by the terms which express the potential energy
of the ions of the uppermost lattice face in the field of the half-lattice lying
below, which is undistorted and infinitely extended.* The field intensity
where the surface ions are situated now has components perpendicular to
the surface (z-direction). The lattice energy depends therefore upon a
further parameter ¥, for which we choose the relative distance (referred
to &) between the two uppermost lattice faces (see Fig. 3).

The lattice energy per pair of ions — Ul is now

(FF,(P) + H F‘)z H F2?

8q — FF,@ T §3jq — FF,@
The values FV, FF represent the self-potentials and self-field intensities of
the surface already introduced above, HV, HF the potentials and field inten-
sities induced by the ions of the half-lattice at the points where the surface
ions are situated ; these are defined, as previously, for lattices with a

distance between the ions of 1. They can be calculated best according to
Madelung’s ¢ method.

%z{(wm + 2HV) + } _ g, [FV®) 4 HyB),

¢ Madelung, Physik. Z., 1918, 19, 524.
® Ewald, Ann. Physik, 1921, 64, 253.

* These terms, of course, must be substituted in the expression for the lattice energy
of the uppermost lattice face in their full amounts (or if one refers to a pair of ions,
with the factor 2), and must not be halved like the self-mutual effect of the surface
ions. This fact was overlooked by Lennard-Jones and Dent.!
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As the direct application of the conditions of equilibrium
/¥y = 0-and UL = o
is too complicated, we determine the minimum potential energy (maximum
lattice energy) by a graphical method. If (— U) for certain values of the
tangential parameter vy is plotted against the vertical distortion co-ordinate
T, curves are obtained of the type in Fig. 4 a. The figure refers to the type
(a) (Fig. 2), the chain lattice parallel to the edge, and the polarizability

- U, -u,
291 10°% 1291
20 ¥-0 128 ]
¥-o1
14 127
126 126
125 725 |
124 124 4
73 729
A21 1072 em?
§ §
122 . 722 .
Q50 095 100 105 110 090 095 100 105 110
a b
F16. 4.

a =161 A3, The curve y =0 shows a maximum at { = 0.975, which
corresponds to a decrease in the distance between the uppermost lattice
faces of 2:5 9%, (according to Lennard-Jones and Dent, 5 %). As the tan-
gential distortion increases, the maxima move towards the right, the con-
traction thus becomes still smaller.

In Fig. 5 a the maximum ordinate

TABLE I values of Fig. 4 are represented as a

_— — function of y. In the same figure are
Tvoe Equilibrium value of the corresponding curves for the types
ype N z (8), (c) and (d). It can be seen that

r for the ionic polarizability of NaCl

a o1 097 (¢ = 161 A%, all the maxima lie at

2 g:gg :zgg vy =0, ie., the lattice face retains its

d s 006 complete symmetry. At the most, the
maximum for type () could lie somewhat

) to the right of the position y=o.
With a somewhat higher value for « at y-values differing from zero a flat
maximum is soon formed, and as the polarizability further increases this
moves to the right and becomes steeper. Fig. 4 b and 5 b show the
corresponding curves for a = 2-1 A%, The maxima lie at values for the
parameter given in Table I.

The greatest tangential distortion and lowest energy is to be found for type
(@), the chain lattice parallel to the edge. Thus this would seem to be the
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predominating polarization sub-structure found for the (oor)-face. Then
follow the types (b) and (c) and with a greater difference the diagonal chain
lattice ().

From the result one can conclude that for NaCl probably no decrease
in the symmetry of the face is to be expected on the cube faces. This
should only set in with higher polarizability.

The [001]-Edge.—It is in line with the approximate method used up
to now to deform independently only the ion chain which forms the edge
of the crystal, whilst all inner atoms of the crystal quadrant remain unpola-
rized in their normal positions. Those structures in the surface lattice
faces adjacent to the edge are to be fixed which, according to the calculation
above, represent the configurations of minimum energy for the infinitely
extended surface. In this case also we allow the whole row on the edge
to move its position relative to the rest of the crystal, confining ourselves
to a displacement in the plan which divides the angle between the adjacent
cube faces.
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According to the previous section, when the polarizability is low the faces
remain undistorted tangentially, their jons are polarized perpendicularly to
the face and the distance between the two uppermost lattice faces is some-
what decrcased. In this case the critical polarizability for a conversion of
the edge to a linear molecular lattice amounts to ofit- = 1.4 A3, If one
substitutes the polarizability 1-6x A3 (corresponding to NaCl) the energy
minimum then lies at y = 0-04, which indicates a 4 9, approach between
neighbouring ions. The edge is displaced about 5 9, in the direction of
the remaining crystal quadrant.

If we now use the higher polarizability of 2-x A%, we must assume the
chain lattice structure type (a) (see Fig. 2) in the cube surfaces. As the
chain structure can take up different positions relative to the edge, different
types of combinations must be considered, from which we pick out the
three types in Fig. 6 as those most favoured from the standpoint of energy.
According to the calculation carried out, type («), in which the chains
run vertically to the edge on both sides, is found to be the most stable.
A molecular structure is obtained in the edge with an 18 9, approach
between the nearest neighbours (compared with 11 % in the adjacent
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faces). In equilibrium, the whole edge alters its position relative to the
rest of the crystal by 4 % (compared with 2:5 9, for the face).

The Surface Structures for Crystals of the Rocksalt Type.—The
formula for the lattice energy of faces and edges contain the polarizability
in the combination «/8% only. If one makes the assumption (somewhat
rough, of course) that the repulsion potentials for all lattices of the rocksalt
type can be represented by means of a power function with the same repulsion
exponent (#n = g), A/8"* is a common constant for all lattices. (A is calculated
from the equilibrium lattice constant of the space lattice which is obtained
experimentally.) Thus the value 3.U is a pure function of the quotient o/33.
It is thus now possible to specify critical values for this quotient, which are
determining factors in a sub-structure formation in the faces and edges.
These are

(a/8%)dtt- = 0-064 for the [oor]-edge ;
(oc/33)ctit-= 0-073 for the (oox)-face.

No decrease in symmetry in the faces and edges is to be expected in the
alkaline halides for :

Salt ‘ KF NaF RbF CsF KC1 LiF

/83 I 0047 0047 0-056 0-061 0-062 0-063

The cube faces retain their full symmetry, whilst the edges show molecular
structure for the salts:

Salt l RbC1 KBr RbBr NaCl

o33 l 0-065 0-069 0-070 0073

The edges have strongly defined molecular structures, the faces exhibit
chain lattice structures in the following :

Salt I RbI KI NaBr LiCl Nal LiBr Lil

/83 l 0-079 o-080 0082 0°09I 0-096 0-10I 0-I17

The way in which the lattice energy behaves at the polarizability o« = 2-1 A3
shown above in Fig. 4 and 5 might fit the case Nal.

The anion is the chief determining factor for the values of the mean
polarizability. On the other hand, the denominator of the quotient «/8%
is the laftice constant 5, which has especially low values for salts with
small (strongly polarizing) cations. Therefore, the most strongly defined
polarization sub-structures in the surfaces are to be expected in salts with
large anions and small cations.

Decrease in Symmetry in Individual Faces.—It must be assumed
that the decrease in symmetry in individual faces will show itself externally
in some way in the physical properties of the faces. No direct method
for the determination of surface structures exists, however, as yet; it is
known that when electron diffraction is brought about, space lattice regions
of considerable thickness are always involved. Clues to a decrease in sym-
metry in the surface are given by numerous experiments using the etching
method,® in which a lower symmetry actually was found than that corre-
sponding to the space lattice. But up to the present, no clear connection

¢ Brauns, N. Jahrb. Miner., 1886, x, 224 ; 1889, 1, 121. Rosicky, N. Jahrb. Miner.,
1916, @, 15.
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with our theory of polarization sub-structures could be established, as
in the etching method apparently there are too many unpredictable conditions
playing a part.

L5 {( Y } } l,:
—
Fi16. 6 a/b.

Reorientation Processes ; Decrease of Symmetry of the Habitus.—
It can be seen from Fig. 5 that the different sub-structure types of the
(oox)-face are in fairly keen competition with one another from the stand-
point of energy (ordinate scale 10713 ergfion pair). One must further note
that each type of structure possesses four possible forms (e.g., orientation
of the chain lattice in the x- and y-direction). It must be assumed that
spontaneous reorientations take place between the different structures
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It is possible that, as co-operative processes, such changes would require
considerable energy of nucleus formation or activation. As a result the
frequency of such reorientation processes would be dependent upon
temperature.

As the molecular structures are especially well defined on the edges, as
was shown above, there should be the fewest reorientation processes taking
place there, Thus the edges function as nucleus-forming centres, i.e., they
determine the structures of the adjacent parts of the faces, and the most
favoured are chain lattice structures of the type («) (Fig. 6 a) with the chain
running perpendicular to the edge.

If one considers the complete cubic
crystal-body, it is conceivable that parallel
sub-structures will be formed on the cube
faces of a zone through mutual influence
across the common edge. Such a case is
shown diagrammatically for the zone
{oor} in Fig. 7. According to the tem-
perature, a more or less frequent change in
structure will set in on the two faces which
do not belong to the zone, and this can
also lead to occasional reorientation of the
complete zone structure beyond the edge,
but on the whole the parallel surface
structures of the faces of the zone in
question would be especially stable. The
difference in the degree of orientation of
the #wo faces could perhaps show itself
in their growing and adsorption properties,
by which a lower symmetry of the whole
crystal body (crystal habitus), in this case
a tetragonal form, could be simulated.

Nothing like this is known up to the

[o0q] present for the rocksalt lattice, but an
analogous case might be found in the
Fre. 7 cubic space-centred lattice of crystallized

ammonia. The growth form here is the
rhombic dodecahedron. In the presence of pectic acid, crystallization in
long needles 7 was observed.

Influence of External Forces; Tensile Strength..—There is no
doubt that surface structures are sensitive to the effect of external forces,
in which, incidentally, one may include the forces which proceed from an
adsorption layer or a neighbouring phase, mentioned in the previous example.
Tangential electric fields, for example, would probably favour the structure
types (c) and (@) of Fig. 2 which possess a tangential electric moment, from
the standpoint of energy. This might express itself in dielectric or optical
anomalies, unless the effects are too small to be observed.

If one submits the crystal to a tensile force in the direction of a cube
edge, the tendency to form molecular lattice structures in the edges and
faces running parallel to the direction of the force will increase greatly
with only a small stretch. Molecular cracks, perpendicular to the direction
of the force, are thus produced in the surface. It is conceivable that at
a certain tensile force, which lies far below the theoretical tensile strength

? Ehrlich, Z. anorg. Chem., 1932, 203, 26.
8 Stranski, Ber., 1942, 75, 1667.
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of the infinitely extended crystal, these surface cracks will extend further
into the inside of the crystal. The cracks produced would coincide with the
breaking-faces of the crystal. Thus the presence of atomic sharp cdges
would be a decisive factor for the lowering of the tensile strength, compared
with the theoretical value, as is actually confirmed experimentally. The
experimental data of the Joffé effect ® are in agreement with this, namely,

Troms
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if the edges arc removed by superficial solution of the crystal, the tensile
strength (that is, its upper limit in a great number of experiments) increases
until almost at the theoretical value. With a renewed growing process
(new formation of the atomic sharp edges) the tensile strength again greatly
decreases.
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* Joffé, Kirpitschewa and Lewitzky, Z. Physik, 1924, 23, 286.
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By carrying out the necessary calculations, we have convinced ourselves
how the surface structure of a superficially dissolved crystal might be
expected to behave. This is known to consist of numerous atomic cube face
steps. It was found that the ion chain which forms the steps does not
exercise a directing influence upon the chain structures of the two adjacent
parts of the face, as does the edge. The crack structures produced in the
face are isolated to a certain extent by the steps. This result could be
supported by means of calculations on the equilibrium structure of the
(oxx)-face. This might be taken as representative for the structure of
the superficially dissolved surface, as it is made up exclusively of atomic
cube steps. The only sub-structure types of the (oxx)-face which come into
question are shown in Fig. 8 a, . The calculation of the lattice energy
shows that the type A is 2 X 10714 erg/ion pair more stable than type B.
The distortion parameter (defined according to Fig. 8) amounts in equilibrium
to 8 9% for NaCl, 20 %, for Nal. Thus for the (or1)-face it would seem
that surface structures will be chiefly formed in which the molecular surface
cracks do not lie in the track of possible breaking surfaces, as is the case
in type B. In the more stable type A, on the other hand, the surface cracks
follow [111], i.e., in the track of rhombic dodecahedron faces; these are
possible sliding-faces of the crystal. This could explain the increase in
plasticity of superficially dissolved crystals.

From our considerations, however, we are not able to produce a mathe-
matical theory for the cracking. Among other things, the influence of
statistically distributed latticc disturbances would have to be included.
But it seems certain to us that structural irregularities in the surface will
have to be taken into consideration in any exact theory of the future.

Considerations Concerning the Justification of the Assumptions
Made.—One objection which could be made to our way of calculating
refers to the use of the linear polarization expression,

— —

p=0aE.
This is known to be valid for homogeneous fields and small field intensities
only. It is certain that neither of these conditions are fulfilled in crystal
surfaces.

Estimates as regards energy, which refer to alkaline halide molecules,1?
give cause for the assumption that, in reality, the share of the polarization
energy in the total bond energy is considerably greater than the share
calculated from the polarizability in the homogeneous field. If one subtracts
the energy of repulsion, calculated from crystal lattice data, from the energy
of dissociation known from spectroscopic data, and makes a correction for
the effect of van der Waals’s forces, the remainder is more than twice as great
as the classic polarization energy. The term remaining contains the
quantum-mechanical mutual effect of the electron-clouds, which is difficult
to estimate, but it can scarcely be assumed that this is very great. It can
therefore be assumed that in the mutual effect of the ions in a crystal surface
also the polarization share is still greater than that calculated by us
according to the classical method. The data which we give for the surface
distortions probably represent, therefore, a lower limit of the structural
deviations realized in nature.

Institut fiir Physikalische Chemie und Elekirochemie,
Berlin-Charlottenburg 2,
Hardenbergstrasse 34, Germany.

1o Hellmann and Pschejetzkij, Acta Physicochim., 1937, 7, 621.
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Introduction. As a preliminary to the study of the rate of growth of
crystals, we consider in Part I of this paper the influence of surface structure
on the rate of advance of the growing surface. If, for the time being, we
confine our attention to crystals with perfect lattices, it is found that crystal
surfaces can be divided into two classes, (a) close-packed  surfaces and
(b) non-close-packed or “stepped ” surfaces, which possess essentially
different properties. A surface is close-packed if, when it is as flat as possible,
all the surface molecules are at the same distance from a plane parallel
toit; in all other cases the surface will present a stepped appearance, as in
Fig. 1, the height of each step being of molecular dimensions. By way of
illustration, in the simple cubic system (100) surfaces, (111) surfaces and (110)
surfaces are close-packed, all other surfaces are stepped. In a stepped surface

,

/l!

FiG. 1.

the terraces in Fig. 1 are pieces of close-packed surface. In the case of a (1#0)
surface of a simple cubic crystal, the terraces will be (x00) surfaces. This
point of view is fruitful because it can be shown that for a stepped surface
the portions between the steps play almost no part in growth phenomena at
low supersaturations. In fact, deposition on a close-packed surface can
only take place by surface nucleation: small “islands’ of molecules
collect on the surface and grow so as to produce a new layer, a process which
is very slow at low supersaturations. On the other hand, deposition on
the edge of a step A (Fig. 1) can take place without there being a linear
nucleation process. Hence the growth problem for a stepped surface is
essentially solved, once the corresponding problem for steps has been solved.
If a crystal grows at all, some kind of steps must exist at some time in the
surface. These steps may be of the kind already mentioned, or they may be
boundaries of two-dimensional nuclei. Growth essentially depends on the
existence of kinks " in these steps. Easy growth is guaranteed if these

* Seconded from I.C.I., Ltd., Butterwick Research Laboratories, The Frythe, Welwyn,

erts.
t Note that our definition of * close-packed " differs somewhat from current usage.
B 33
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kinks are always present, and this criterion can be reduced to the question of
the existence of kinks, when the external concentration is the equilibrium
value. For if kinks are present at equilibrium, then when the external
concentration is raised there are already suitable deposition points available.
If there are no kinks at equilibrium, then these must be created, and a large
hindrance to growth appears. It can be shown that the concentration
of kinks in a step in equilibrium is high, and that the concentration of kinks
in a close-packed surface at equilibrium is negligible. This again speaks
in favour of our classification of surfaces into stepped and close-packed
surfaces.

In this paper we are concerned with the equilibrium structure and rate
of growth of an infinite surface. It is, of course, clear that an infinite surface
isin equilibrium with the same external concentration (e.g., vapour concentra-
tion) whatever the surface. A finite surface will not be in equilibrium in
the same sense as in the case of an infinite surface, and consequently, in
general, some change will tend to take place. But changes of orientation
can take place only by means of processes which occur at the boundary of
the surface, and hence for a surface of observable size the change will occur
at an unobservably slow rate, the associated relaxation time tending to
infinity with the size of the crystal. Therefore, if we confine ourselves to
a region on a finite surface which is almost flat, then its structure will be the
same as that in an infinite surface having the same orientation.

The two basic equilibrium problems are now (4) the equilibrium structure
of an infinite step, and (b)) the equilibrium structure of an infinite close-
packed surface.

Fia. 2.

The Infinite Step. Consider then, a semi-infinite layer of molecules
on an infinite close-packed plane crystal surface bounded by a connected
line. This we call a step : it can have any mean direction. At T = 0° K,
the step will be perfectly straight, but as the temperature is increased it
will consist of a number of “ kinks,”” separated by certain distances as in
Fig. 2, a certain number of adsorbed molecules (A) and a certain number
of holes (B). We need to know only the concentration of kinks to form a
picture of the mean structure of the step. This idea, introduced by Frenkel 1
simplifies the treatment of the problem very much: we call the kinks
““ Frenkel kinks ”* (F.k.). It is clear that the concentration of kinks in a step
will depend on its orientation, and that there will be orientations for which
the number of kinks is a minimum. For instance, for the (oox) face of a simple
cubic crystal, the (10) steps will have the smallest number of kinks. This
minimum number will tend to zero with T. Accordingly, if we can show that
a (10) step contains a large number of kinks at T>o0 under equilibrium
c?nlc‘l_itzns we know that steps of all orientations also contain a large number
of kinks.

If we use a simple cubic model with nearest neighbour interactions (Kossel
crystal) it is easy to find the equilibrium concentration of adsorbed molecules,

! Frenkel, J. Physics, U.S.S.R., 1945, 9, 392.
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holes and kinks in a (10) step. Let the energy of interaction between neigh-
bouring molecules be ¢. Then the energy necessary to form an adsorbed
atom in the step (Fig. 3) will be 9. The energy to form a hole is also ¢, since
an energy 2¢ is required to form a hole and an adsorbed molecule. The
energy to form a kink is, however, only }e, since from Fig. 4 and Fig. 5
only an energy 2¢ is required to form four kinks. There is no change in
energy in going from Fig. 4 to Fig. 5. The numbers of positive and negative
kinks (Fig. 2) are, of course, equal. We conclude that the probability for
having a hole or an adsorbed molecule at a given place on the step are both

given by
n = exp (—o/kT) . . . . (x)

and that the probability for having a kink at a given place on the step is
given by
#ny =n_ =exp (— ¢/2kT) . . . . (2)

If T ~600° K and we take a typical value of ¢ as 0-2 eV, we find that there
is a kink for every ten molecules in the step, and an adsorbed molecule or
hole for every hundred molecules.

We have, of course, simplified the problem very much: there is a con-
siderable probability for the existence of kinks of multiple height, particularly
for steps which deviate a great deal from the [10] direction (in the simple
cubic case). The complete theory has been developed elsewhere.?

7 %W//”\

In view of the fact that steps of different orientations have different
concentrations of kinks in them, the edge-free energy per unit length of a step
varies with the orientation and is a minimum for the (10) step. It might
be thought that steps other than (10) steps are not in real equilibrium and
that there must be a tendency for these steps to change into (10) steps.
If we are considering infinite steps, this conclusion would be erroneous, for
it can be shown that steps of all orientations are in equilibrium with the
same external concentration of molecules, despite the fact that the concen-
tration of Frenkel kinks varies with the orientation.

Frenkel ! has treated the kinetical problem of the transformation of any
step into a (10) step, assuming on energy grounds that the others are not
in equilibrium. He obtains in this way a time of relaxation independent
of the length of the step. This result is incorrect because the * torque ”
which applies to the steps not in a [10] direction is evaluated by Frenkel
by taking the derivative of the potential energy with respect to the orienta-
tion angle. But his formula contains only points corresponding to the
equilibrium positions of the steps, and not the intermediate non-equilibrium
positions through which the step would have to pass in order to change at
all. In fact for an infinite step, each equilibrium position is surrounded by
infinitely high potential barriers which cannot be surmounted.

For a finite step, the situation is different. Such a step can only be
in equilibrium with a supersaturated or undersaturated external phase, and
then the equilibrium is unstable and subject to stringent restrictions as
regards shape. The sharper the corners of a finite step, the greater the

1 Burton and Cabrera (to be published elsewhere).
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rate of evaporation, and an arbitrarily oriented step tends to become a
(10) step during the evaporation. The time required for this process to take
place increases with the length of the step, because the processes which
permit the transformation occur only at the corners.

It must not be thought, however, that all the considerations which apply
to kinks in a step apply to steps in a surface. It is still true that surfaces
of all orientations are in equilibrium with the same vapour concentration in
the same sense as for steps, but the fact that for some surfaces the concen-
tration of steps is large does not imply that double steps, treble steps, etc.,
will be frequent.* The difference between the energy of two single steps
and one double step is proportional to the step length, and is very large if
the interactions are not of the nearest neighbour type. Similarly, there is
no question of steps being formed by thermal fluctuations,* as kinks are
formed in a step, since the energy of formation of a step is proportional to
its length and is enormous for long steps. Thus a stepped surface tends to
become as flat as possible, and at equilibrium, only single steps will appear.
It follows that the macroscopic steps which have beeun observed, e.g., on
metals by Graf,® on growing crystals have nothing to do with equilibrium
problems, but are essentially kinetic in origin. If a surface is produced
with macroscopic steps in it, it is obvious that the rate of approach to
lf'nacrosgopic equilibrium is negligibly small and the structure is essentially
rozen in.

Close-packed Surfaces. The circamstance which makes stepped
surfaces so easy to treat is that the steps themselves present a one-dimensional
problem. In each position on the step we have a variety of possible states :
occupation by a kink of positive, negative or zero height. Each of these
possible states can occur independently at each point, and hence the proba-
bility for the occurrence of a compound state affecting more than one position
is the product of the probabilities for the individual states at each of the
individual positions. We have assumed so far that those parts of the crystal
surface between steps can be ignored, and this assumption is shown to be
reasonable in the following discussion. However, if there are no steps in the
surface, which is the normal case in a close-packed perfect crystal surface,
then we are presented with an essentially different two-dimensional problem.
We assume that:in the close-packed surface of a crystal there can be
differences of level, i.e., that *“ jumps " can occur in the surface. The presence
of jumps provide suitable places for evaporation and condensation, provided
that the jumps are not due merely to the presence of adsorbed molecules
and holes. The problem is to estimate the number of jumps at equilibrium
as a function of temperature.

In this case the jumps themselves cannot be assigned independently,
since it is possible to have twice as many jumps in a surface as there are
molecules. Fig. 6 shows a picture of part of a surface ; the small squares
represent molecules seen from above. The heights of these molecules above
some arbitrary plane can, of course, be assigned independently, but the
distribution of jumps across the full lines in the figure cannot. For suppose
we start at the molecule A and follow any closed path such as ABCDEF,
then although we can have any jump we choose between neighbouring
molecules on this path, providing we do not close it, the necessity for finishing
at A at the'same level at which we started implies that the magnitude of
any jump on a closed path must be fixed by the magnitude of the others.

3 Graf, Z. Elehtrochem., 1942, 48, 181.

* At least, if the interactions are all attractive.
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So there are innumerable sets of relations, corresponding to all the closed
paths on the crystal surface, between the jump probabilities. In fact, to
specify the probability for the existence of a jump at a given point involves
the knowledge of the state of the surface at every other point. So we are
faced with a so-called co-operative phenomenon. This makes the Frenkel
kink picture employed previously almost unworkable. We must therefore
look for some other method.

We have made preliminary calculations on the basis of a model which
is somewhat oversimplified : we suppose the levels in the crystal surface
to be capable of two values only. The method employed is that due to
Montroll,* Kramers and Wannier,® Onsager,® Onsager and Kaufman ? and
Wannier,® originally devised for the treatment of ferromagunetism, using the
two-dimensional Ising model. Just as there is a transition or critical tem-
perature associated with an infinite specific heat in the case of the two-
dimensional ferromagnet, so there is in the case of this crystal surface model.

co

N

F1G. 6.

The problem is to find the increase in potential energy of the surface
due to the presence of jumps in it. The mean number of jumps can then
be found. If the surface of the crystal were perfectly flat we should say that
the surface potential energy, for example, of the (x00) surface of the Kossel
crystal per molecule was g,/2 in the nearest neighbour model, corresponding
to one unused ““ bond ”’ per molecule, which we can imagine as sticking out
perpendicular to the crystal surface. If, however, the surface is not flat,
then there will be additional unused bonds sticking out parallel to the
surface, and each of these bonds will contribute ¢,/2 to the potential energy

¢ Montroll, J. Chem. Physics, 1941, 9, 706.

8 Kramers and Wannier, Physz;. Rev., 1941, 60, 252, 263.

I ic. Rev., 1944, 65, 117.

7 8::::::'1\1;’1,&}';2;1{3“, %:porls Int.7 Conf. on Fund. Particles and Low Temperatures
(Cambridge, Jt;y, 1946), Vol. II.: Low Temperatures, Physical Society (1947)-

8 Wannier, Rev. Mod. Physics, 1945, %7, 50-
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of the surface. If we take our zero of energy to correspond to a flat surface,
then if we evaluate the potential energy per molecule of the surface at
equilibrium and divide it by ¢,/2 we get a figure for the number of unused
bonds in the surface which are parallel to it. This figure, s, represents the
* roughness " of the surface. This is the quantity we aim to evaluate as a
function of temperature. We expect it to go from o to 1 as T goes from
0 to oo,

The crystal surface model we are considering is equivalent to a square
lattice of units which we call atoms capable of two states which we designate
by + 1 and — 1. If two neighbouring atoms have the same state their
interaction energy is zero, otherwise it is @,/2. The first possibility describes
the two molecules in the crystal surface when they are at the same level,
the second when their levels are different. For the sake of generality we
assume, following Onsager, that the interactions can be different in the two
d}ilrections [10] and f{ox]: in the case of the (100) surface we shall equate
them.

S
Lr-0

+0-8

Iz AT/#

" n e

9:8

F1G. 7.

The problem is solved by studying the effect on the partition function
for the surface by adding an extra row of molecules. The final result is, for
the (100) surface

s=1—3} (x + 2ky K,/nt) coth H , . . (3)
where H = ¢,/2kT ; k, =2 tanh?H —1;
_ _ 4 do .
Kom Kl = [ i WA= - @

K, is the complete elliptic integral of the first kind. A graph of s against T’
is shown in Fig. 7 (@). The curve possesses a vertical tangent at T = T,
given by 2, =1 or 2y = o, ie, bysinh H, =1,

or H, = ¢,/2kT, = In cot «g ~o09 . . . (5

If we had assumed the jumps to be independent, the result would have been

— _2¢exp (— o./2kT)
= rtewp(—efkn)’ - - - ©

which gives rise to curve & in Fig. 7.
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In the absence of square symmetry, Onsager ® 7 has shown that that
preceding condition becomes

sinh H, sinh H' =1, (H.' = ¢,/2kT.), . . (7)
so that we can apply our result to the (110) surface of our model. In the
case of this surface we have a rectangular lattice with energy of interaction
¢y/2 in one direction and g,/2 in the other, where ¢, is the strength of the
second nearest neighbour interaction. Consequently, if the second nearest
neighbour interactions are small enough, the critical temperature can be as
low as we like.

The value of T, has been worked out for all surfaces in the symmetrical
o .
case.® The result is gd H.=n/Z, 8)

where gd x is the Gudermannian function, and Z is the number of nearest
neighbours in the surface, of a given molecule in the surface, when it is as
flat as possible. There are three cases : () surface lattice triangular, Z = 6 ;
(b) surface lattice square, Z = 4; (c) surface lattice hexagonal, Z = 3.
For these cases we have respectively from (8),

exp (2H,) = 3, . . . R (9)

sinh H, =1, . . . . (10

cosh H =2. . . . . (xx)

Eqn. (9) enables us to give the critical temperature for the (111) face of a
simple cubic crystal. The surface in this case has a triangular lattice and the

nearest neighbour interactions in the surface are due to the second nearest
neighbours in the crystal lattice. From (g) we get

2H, = @ /kT, ~ 11 .
In Table I we give T, under the assumption that ¢, = 0-2 eV, ¢,/p, = 8.
If T is much below T, the concentration of jumps is almost entirely due to
the presence of adsorbed molecules.

We see that the critical tem- ' TABLE I
perature gives the boundary
separating the régime where the Lattice ' Surface T,
jump concentration is negligible
and surface nucleation is re- . (x00) 1000° C
quired for growth, T< T, from Simple cubic. . (:i‘l’; _‘f"gag
that régime T >T,, where the ( 3
jump concentration is high, and  Face-centred cubic .. (rx1) 1700° C
no nucleation is required for

growth. If T>T, the surface

will grow rapidly and disappear leaving only the slow growing faces for
which T<T,.. At ordinary temperatures then, the transition phenomena
will only occur for non-habit faces.

Broadly speaking, we have shown that close-packed surfaces will not
grow at low supersaturations (see Part II) because of the need for surface
nucleation. However, we have assumed that the crystal lattice is perfect.
It is clear that the structure of a close-packed surface at equilibrium is
extremely sensitive to lattice imperfections, and as Frank ® has pointed out
the presence of a few dislocations terminating in the surface ensures the
presence of suitable sites for condensation or evaporation. In fact, disloca-
tions again produce a stepped surface. The perfect close-packed surface will
rarely, if ever, occur in reality.

H. H. Wills Physical Laboratory,
University of Bristol.

® Burton, Cabrera and Frank, Nature, 1049, 163, 398. Frank, This Discussion.



CRYSTAL GROWTH AND SURFACE STRUCTURE
Part 11
By N. CABRERA AND W. K. BUrTON *

1. Introduction. In Part I of this paper we studied the microscopic
equilibrium structure of crystal surfaces and distinguished two kinds, stepped
surfaces and close-packed or saturated surfaces. This second type is essen-
tially the same as the first one, when the temperature is above a certain
critical value. Below this temperature the close-packed surfaces behave in
quite a different way.

In Part II we treat the kinetic problem of the growth of these surfaces
from the vapour ; in all cases it is necessary to consider the diffusion of
adsorbed atoms on the surface of the crystal. First, we treat the growth
of stepped surfaces; quantitative formulz are given as a function of the
inclination. The growth of close-packed surfaces below their critical tem-
perature by the mechanism of two-dimensional nucleation is also considered.
Treatments of two-dimensional nucleation have been given by several
authors, especially by Becker and Déring,! neglecting the effect of the
diffusion of adsorbed atoms. We discuss in this paper the influence of this
diffusion and we show that in spite of the fact that the predicted rate of
growth is perhaps different from that given by Becker and Déring, it will
certainly not account for the experimental fact that in the small number
of cases where a critical supersaturation for growth has been observed, it
is of the order o-ox at most. Finally, a treatment of the initiation of growth
of an imperfect crystal containing a random distribution of dislocations is
given, and is shown to be in agreement with experiment. The results of

this work will be given here in a preliminary way ; the complete treatment
will be published elsewhere.

2. Growth of Stepped Surfaces. In Part I we showed that each step
in the surface contains in equilibrium a very high concentration of Frenkel
kinks, much higher than the concentration of adsorbed atoms in the edge

of the step. The equilibrium concentration of adsorbed atoms on the surface
is

I
WAy

where a is the interatomic distance and W, the evaporation energy from the
step into the surface.

When the vapour pressure is increased by a factor « (saturation
ratio = «; supersaturation = « — 1), the concentration of adsorbed atoms
remains practically equal to that in equilibrium near the steps, because of
the high concentration of Frenkel kinks in them. The saturation ratio o
on the surface increases from the value 1 near the steps to a maximum
value between the steps. The current of atoms condensing into the steps

will be controlled essentially by the diffusion of adsorbed atoms on the
surface.

! Becker and Doring, Ann. Physik, 1935, 24, 719.

* Seconded from I.C.I., Ltd., Butterwick Research Laboratories, The Frythe, Welwyn,
Herts.
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The actual variation of a, can be obtained solving the corresponding
diffusion problem, the result being

_ cosh Bx
o — os(¥) = (& — 1) coshBry’ . . (2)
where xa is the distance counted from half-way between the steps, 2xo4
is the mean distance between them, and

Bt =exp{ — (W, — U)/kT}, . . . (3)
W, being the energy necessary to take an adsorbed atom from the surface
into the vapour (W = W, 4 W, is the total evaporation energy) and U
the activation energy for diffusion on the surface. Therefore B2 is the ratio
between the probabilities for an adsorbed atom to evaporate into the vapour
and to diffuse on the surface. Usually W, > U ; if U is very small, § will
also be very small, and the concentration of adsorbed atoms on the surface
will be practically uniform and equal to that in equilibrium, unless x, is very
big. As U increases the non-uniformity on the surface becomes more
important. If W, < U, the diffusion on the surface does not play any role,
the condensation into the steps takes place directly from the vapour. We
do not think that this is likely to occur.

In order to illustrate the values that § can take, let us consider a face-
centred cubic crystal with a stepped surface consisting of terraces (I, 1, 1)
and steps in any direction, and let us call ¢ the interaction energy between
nearest neighbours. Then W, ~ 3¢ and U ~ ¢, therefore

) B =exp{ — ¢/kT} ~ o005,
if, e.g., ¢/kT ~ 3.

The current j of atoms condensing per sec. per cm. into each step will be
equal to the current of atoms condensing from the vapour on the surface
between two steps; therefore, from (2),

— oY wniX
z_e B tanh Bz, , . . . (4)

where v is the frequency of vibration of the adsorbed atoms. The velocity
of advance of the steps,
v = a%,
will be a function of the distance between steps. For x,8<1 the velocity of
the steps is proportional to the distance between them ; as x, increases
above #-1, v tends to a maximum value v, given by
v, = 2(a — I)vaexp{ — (W + W, + U)/2kT}, . . (5)

which represents the velocity with which a single step would move. For
the example considered above

exp{ — (W + W + U)/kT} = exp{ — 5¢/kT};
putting v ~102sec.”’l, a ~108cm., ¢/kT ~3 and «a — I ~10% we
get v, ~ 1075 cm./sec. )
The total current J of atoms adsorbed per cm.? per sec. is

J = Nj,
where N = 1/2x,a is the number of steps per cm., therefore

Na>3B; Jo=@—1) e . . . (6
Na<ip: J=2NaJp . . . ()

For values of Na ~ 8, the current J will depend on the distribution of
steps in the surface. The curve, Fig. 1, has been calculated assuming a random

B¥*
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distribution. For Na ~ 0 and Na ~ 1 the stepped surface transforms into
close-packed surfaces of quite different character (see § 3). We see that the

rate of growth of stepped surfaces is practically given by formula (6), down
to small values of Na.

JJ

o
ﬁ--..------..- .
0. -

b cmmw - -—--

0 Na-=8 Na !

F16. 1.—Rate of growth of stepped surfaces 2s a function of the number N of steps
per cm.

Recent experimental work by Graf,? and Mahl and Stranski,® suggests
that the stepped surfaces present a striated structure during growth from
the vapour, the distance between the striations being of the order of 10 cm.
We showed in Part I that this striated structure cannot be in equilibrium
with the vapour, the surfaces always having a tendency to be as flat as
possible. We believe that the formation of these striations has an essentially
kinetical character and is probably related to the fact that the velocity of
displacement of the steps is a function of the distance between its nearest
neighbours. A correct theory has not yet been obtained.

3. Growth of Close-packed Surfaces. Let us consider now the surfaces
without steps. The surfaces with small indices will correspond to this type.
We considered in Part I the equilibrium structure of these surfaces, and we
have shown that they will remain practically flat if the temperature is below
a certain critical temperature, but they will contain a considerable number
of Frenkel kinks if the temperature is above it. It is easy to show that for
close-packed surfaces above their critical temperature the rate of growth is
again given by (6). This type of surface can occur, for instance, as the limiting
case of a stepped surface when Na ~ 1.

SURFACE NUCLEATION PROCESs.—Let us now consider the growth of
habit surfaces, where Frenkel kinks do not occur. A long time ago Gibbs,
and later on Volmer, suggested that the growth of these surfaces requires a
two-dimensional nucleation process.

The theory of nucleation, especially in the case of formation of three-
dimensional liquid or solid nuclei from the vapour, has been developed by
Volmer,* Stranski  and Becker and Déring.! In that case the diffusion in
the vapour plays a small role and the supersaturation is practically the
same all over the volume. The tendency for small nuclei to evaporate is
very big and the supersaturation required for them to grow has to be high

! Graf, Z. Elektrochem., 1942, 48, 181.

3 Mahl and Stranski, Z. Metallkunde, 1943, 35, 147.

4 Volmer, Z. physik. Chem., 1926, 119, 277.

8 Kaishew and Stranski, Z. physik. Chem. B, 1934, 26, 317,
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(« — 1 of the order of 4). The number of nuclei of critical size formed per
sec. per cm.? turns out to be of the form,

I = B e-4i, )

where B ~ 102% cm.™® sec.” and 4 is the increase in free energy necessary
for the formation of a nucleus of critical size ; A4 is tremendously high for
all values of « smaller than 4.

Frenkel ¢ and Becker 7 applied the same ideas to cases in which there is
a diffusion of the atoms condensing into the nuclei, such as occurs in precipi-
tation in a supersaturated alloy. They assumed that the only change in
formula (8) to be made in this case is to multiply by a factor exp( — U/kT),
where U is the activation energy for diffusion. Actually this assumption
is not entirely correct ; it implies that the supersaturation is the same all
over the volume, which is not true if diffusion exists.

The surface nucleation required for the growth of habit surfaces can be
treated in a similar way, and the diffusion of atoms on the surface has also
to be taken into account.

Before studying two-dimensional nucleation, let us consider the growth
of a single nucleus on the top of a habit face. We assume a circular shape of
radius pa ; if p is the number of atoms contained in it,

P = V/r.
If the total energy of a nucleus of p = wp? atoms is
np*Ws — 2mpy,
where v is the edge energy per atom, the mean evaporation energy from the

nucleus is
We)=W.—(yl) - . . . (9

Let a be the supersaturation ratio in the vapour ; assuming the nucleus to
be big enough, it will not change appreciably before a steady distribution
of adsorbed atoms around it has been formed. Under these conditions the
diffusion problem can be solved, and the supersaturation ratio o(r) on the
surface around the nucleus is given by

1, (Br)

I, Be)’

K. (67) .. (10
r>p o0— U-s(f) = [d. - GS(P)] Ko—(@‘

I, and K, are the Bessel functions of first and second kind with imaginary
argument. as(p) is the supersaturation ratio near the edge, which by
definition is

r<p a— os(r) = [ — as(p)]

— l(_E)_ (W, U)/kT
as() = asf(p) + e )
where
as(p) = exp{y/pkT}

is the supersaturation ratio which would be in equilibrium with the nucleus,
and j(p) is the current of atoms condensing per sec. into the nucleus. The
current is then calculated as the number of atoms condensing from the
vapour per sec. all over the surface. The result is

e-W/kT

7e) = amole = oe) e 1 ) Koo 71 O

¢ Frenkel, Sowjet Physik, 1932, x, 498.
7 Becker, Ann. Phystk, 1938, 32, 128; Pryoc. Physic. Soc., 1940, 5a, 71.
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The radial velocity is
v(p) = aj(p)/2mp.
Current and velocity change sign when a = «,*(p), which defines the critical
nucleus to have a radius p, given by

pc =y/kTIno . . . . . (x2)
For p < p. the nucleus evaporates, for p > p, the nucleus grows. The
maximum velocity of growth of the nucleus, for p > o, and fp > 1, reduces

of course to formula (5). If p, is big, such that Bp. > 1, the velocity is
given by

v(p)=v,,(x—%‘),. . (13)

valid for p > p.. For Bp. < 1, the velocity curve becomes steeper near the
critical size. This is illustrated in Fig. 2. The concentration «s(p) near the
edge of the niicleus is seen to be practically the same as a(p) ; it is a little
bigger when p < p. and smaller when p > p.. The correction increases as
p decreases but remains small.

"/'f»\____________ _______

T
/ e/fc
F16. 2.—Radial velocity of a nucleus bigger than the critical size.

Now let us consider the current J of atoms condensing per cm.? per sec.
on a close-packed surface. In a steady state, when a constant supersatura-
tion o — 1 is maintained in the vapour, there will be on the surface a
stationary distribution #, of nuclei of different sizes. They grow until they
collide with other nuclei in the same atomic layer and disappear; we can
take this into account by assuming that there is a certain maximum value
M for p. Given the actual distribution #,, there will be a surface super-

saturation ratio a; (¥, y), a function of position. The total current J will be
equal to

J=(x—a) Z, eWhT L (14)

where a; is the mean value of «; all over the surface. When « is Very near I,
the number of nuclei on the surface is small, and therefore most of the
surface has a supersaturation ratio «; ~ «; consequently &, ~ « and the
current J will be very small. As a increases the number of nuclei increases
and the mean value «; decreases, becoming &, ~ I when the proportion of
big nuclei is high and the distances between them small. We expect therefore
that J as a function of « will be represented by a curve such as is illustrated
in Fig. 3, where the straight line corresponds to the formula (6).

The calculation of &, as a function of « is a very difficult problem ; it
requires, of course, the knowledge of the distribution #, of nuclei of different
size as a function of «. Nevertheless for small values of & — 1 for which the
current | remains small (region OA in Fig. 3), it can be estimated using a
method proposed by Becker and Déring ! which we cannot develop here.
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We assume that the growth of any nucleus is due fundamentally to the
condensation of single adsorbed atoms ; this assumption is correct only for
a small density of nuclei, and therefore when &« — 1 is small. Under these
conditions, the number I of nuclei of any size y formed per sec. per cm.?
from nuclei . — 1 can be calculated if the ratios g(u)/a(w) of the mean
probability of evaporation g(u) to
that of growth a(u) for every nucleus
are known. The current ] of atoms
condensing per sec. per cm.2 is then
calculated from J = IM, where M is
the maximum value of 4. In general,

9(w)/a(w) = os(w)/as (),

the ratio of the supersaturation ratio
which would be in equilibrium with
the nucleus to that actually existing
near it.

Let us first assume that the influence of the diffusion on the surface is
unimportant, and therefore «,(u) == « for all nuclei. Under these condi-
tions one gets for the current J the expression,

F1G. 3.—Rate of growth J as a function
of ¢ — 1.

J= ;'2 e-(W+ VKT g-Ad3KT | . . . (15)

where

Ac = — p2kT In o + 2npy = y*n/kT In o,
is the increase in free energy necessary for the formation of a critical nucleus.
The factor 4 multiplying A, comes from the calculation of M, which happens
to contain a factor exp{$A4./kT} ; this of course is assuming that the surface
itself is much bigger than M. It is easy to see that expression (15) will give
a negligible rate of growth, unless « is of the order of 2. Actually, according
to Volmer and Schultze ® a linear fate of growth is observed above
« — I ~ 1072 For this supersaturation, taking

vy~ ¢, and o/kT ~ 3,

the exponent in (15) becomes A/3kT ~ 103, and therefore no growth should
occur at all.

Let us now consider the influence of diffusion. This is a very difficult
problem, for which only a qualitative answer has been found.

There are two conflicting effects. First of all, the nuclei bigger than the
critical size, which are therefore on the average growing, decrease the con-
centration of adsorbed atoms in the neighbourhood of their edge, with the
result that the current of condensation in these nuclei is now much lower
than before. On the other hand, the nuclei smaller than the critical size, which
are in the average evaporating, may tend to increase the concentration of
adsorbed atoms around their edge, and consequently the probability for them
to grow further is higher than it was before. From the study of the evapora-
tion of a single nucleus we showed that there was an increase of concentration
near its edge. Nevertheless, we do not think that the same considerations
apply to the assembly of nuclei in the nucleation process. In that case owing
to the fact that the distribution of nuclei #, is a decreasing function of u
more nuclei are coming to the size p per sec. by growth from p — 1 than
nuclei coming by evaporation from y. ++ 1, and this difference increases when
u decreases ; therefore we think that the supersaturation ratio o(w) near the

nuclei p must tend to the value « for values of p not very small compared
with the critical size p,.

8 Volmer and Schultze, Z. physik. Chem. A, 1931, 156, I.
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As an illustration, let us suppose that

() = a
for nuclei y smaller than a certain size ,, and

as(p) = os? ()
for bigger nuclei. Then the total current J can be shown to be

J= 1, e (WHUIKT g-A kT . . . (16)
where @
Ao = — 7P 2 kT In o + 2mpoy,
is the increase in free energy necessary for the formation of a nucleus of
size o = mp®. This formula will give a bigger current than (1s) if
Ao < Agf3, therefore if p, < 004 X p.. This is reasonable if we consider
that for supersaturations of the order a — I ~ 1072, assuming always

Y/kT ~ @/kT ~ 3,

W is of the order 10°. On the other hand, it can be shown that formula (16)
will account for the observed rate of growth at supersaturations of the
order 10-%, only if u, < 10 which is certainly too small. We conclude from
these considerations that, in spite of the fact that the diffusion perhaps
changes the current given by the simple nucleation theory, it does not agree
with the current experimentally observed.

ROLE OF DISLOCATIONS IN CRYSTAL GROWTH.—According to Frank,?
the surface of any real crystal must contain a certain number of dislocations,
with a screw component, terminating in the surface and producing steps
which do not disappear during growth. Under these conditions the two-
dimensional nucleation is no longer necessary. The current of condensation
in the special case of a random distribution of these dislocations can be

estimated in the following way.
f (X ) Let us suppose that we have N
dislocations per cm.2 distributed at
random. We assume also that
there is practically the same num-
ber of dislocations of both signs.
Steps will then exist between pairs
of dislocations of different sign.
During growth the coupling be-
Xo % % tween dislocations will change, but
F1G. 4.—Distributions of steps of different the steps will be .formed‘ near'ly
length # between neighbour dislocations ~ always between neighbouring dis-
of different sign. locations of different sign. The
proportion f(x)dx of steps of length
between x and x + dx (times the interatomic distance a) will be represented
by a function illustrated in Fig. 4. If we assume that the steps are always
formed between two nearest neighbour dislocations of different sign, then

fir) =2 i—ae_(f«?)’, N

ITATTR

where z2 = 2 L
°® " & Na?'
Let « — 1 be the supersaturation in the vapour. Then all the steps of
length x bigger than the diameter «, of the critical nucleus, given by
—2x 2
%= Tha™ Mu—17’ =~ = - @@

?® Frank, This Discussion.
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will grow freely, until they collide with other steps. The length of the steps
remains always of the order of x. The steps of length x < x, will have a very

small probability for growth; we shall neglect their contribution to the
total current.

The current of atoms condensing per sec. into the steps of length x, j(x)
will also be a function of the distance to the nearest neighbour steps ; never-

theless, provided the condition Bx, > 1 is satisfied (see §1), we can use formula
(5), that is to say,

jlx) = % e WIkT (o — 1)x.

The total current J of atoms condensing per sec. per cm.? in surface will
now be given by

J=3[iee . . . o)

Fig. 5 illustrates the current obtained from (19) as a function of (¢ — I)
and for a given value of N. For x, > %, (x — I very small), J is given by

the expression
Na> W % \?
— AV wikr — (%
J Ba? e exp{ (%) } ,

where x, and x, are given by (17) and (18). For x. < x, the current tends to
a linear law of the form
N'ha

]= B

The critical supersaturation (point C in Fig. 5) for which the current becomes
practically linear is given by x,/x. ~ 2,

v
;ze—“'/" (0 — 1) - . . . (20)

@—1~2vam I Nah . . . ()

OpHuHHb+H

k-1

FiG. 5.—Rate of growth of a close-packed surface containing N dislocations per cm.?
as a function of the supersaturation & — 1.

The general shape of the curve represented in Fig. 5 agrees with the
experimental results of Volmer and Schultze, ® for the growth of iodine crystals
at 0° C. The critical supersaturation is in their case &« — 1 ~ 103, which
agrees with the value given by (21), taking y/kT ~ 3 and assuming N = 108
cm.? which agrees with the value generally assumed to explain the
mechanical properties of crystals.

Volmer and Schultze (loc. cit.) observe also a linear law of growth, as a
function of a — 1, for « — 1 > 1072, The experimental value of the rate
of growth for « — 1 = 10-% is of the order of 10? atomic layers per sec.

4
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Formula (20) is strictly speaking only applicable to simple monoatomic
substances ; in order to apply it to complicated structures as iodine, we
have just to calculate W and v in such a way to account for the saturation
vapour pressure of iodine. Using the experimental values of Gillespie and
Fraser,1° one obtains W = 0-7 eV, v = 0:4 X 107 sec.”l.

Putting these values, and N ~ 10® cm.-?, B ~ 107, into formula (20)
one obtains a rate of growth of the order of the experimental value.

Department of Physics,
University of Bristol.

10 Gillespie and Fraser, J. Amer. Chem. Soc., 1936, 58, 2260.

THE INFLUENCE OF DISLOCATIONS ON CRYSTAL GROWTH
By F. C. FrRANK
Recetved 16th February, 1949

The kinetic theory of the nucleation of new phases, developed especially
by Volmer,! by Farkas,? by Kaischew and Stranski® and by Becker and
Doring,* indicates that under typical conditions * the self-nucleation from
vapour of new crystals, new liquid drops and fresh two-dimensional mono-
layers of molecules on a * saturated” crystal face require respectively
supersaturations of the vapour by factors of typically 10, 5 and 1-5 respec-
tively in order to proceed at appreciable rates. Experimentally, the first
two of these figures are apparently correct : but the third is much larger than
the actual supersaturation required to cause further growth of a crystal
already formed. In fact, the existence of a critical finite supersaturation for
further growth has only becn established for a few materials, and then for
individual faces of individual crystals, being different from case to case;
at the most it is about 1 9,. Volmer and Schultze,® who found a critical
supersaturation of 0-8 9, for the growth of an iodine crystal from the vapour,
interpreted this as the critical supersaturation for two-dimensional nuclea-
tion : but the quantitative discrepancy is far too great (for dectails of the
growth rate formul®, see the contributions of Burton and Cabrera to this
Discussion).

However, this discrepancy is not in the least surprising. One ought not
to expect that any visible crystal will exhibit a completed perfect face
needing fresh two-dimensional nucleation in order to grow. Investigation
of the mechanical properties of solids shows that no macroscopic specimen
ever exhibits the theoretical strength of the perfect crystal; and this
enormous discrepancy (a factor of 100, say, and mwore for ‘‘ good”

! Volmer and Weber, Z. physik. Chem., 1926, 119, 277. Volmer, Kireitk dei Phusen-
bildung (Leipzig, 1939).

® Farkas, Z. physik. Chem., 1927, 125, 236.

3 Kaischew and Stranski, Z. physik. Chem. B, 1934, 26, 317; Physik. Z., 1935, 36, 393.

¢ Becker and Doring, Ann. Physik, 1935, 24, 719.

8 Volmer and Schultze, Z. physik. Chem. A, 1931, 156, 1.

* Typical conditions may be taken as such that the vapour pressure lies within a
few powers of 10 of 1 mm! Hg: or the temperature between about o5 and o3 times
T,, the boiling point in ° K.
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crystals) is attributed to the presence of dislocations. In the early stages of
the development of dislocation theory by Polanyi,® Orowan ? and Taylor,8
only one aspect of the dislocation was recognized, in which the displacement
direction was normal to the dislocation line. In 1939 Burgers ? drew attention
to the “ screw ”’ form assumed by the dislocation when the displacement is
parallel to the dislocation line, and the developments of dislocation theory
by Mott and Nabarro,!° Frank !! and others emphasize the fact that disloca-
tion lines can be curved and exhibit any orientation. Fig. 1 shows (a)
as a continuous deformation of a plane, (b) in a block model, the form of a
simple cubic crystal when a screw dislocation emerges normally at the

F1G. 1.—The end of a screw dislocation.

cube-face. It is clear that when dislocations of this type are present, the
crystal face always has exposed molecular terraces on which growth can
continue, and the need for fresh two-dimensional nucleation never arises.
If just one dislocation of this type emerges at the centre of the face, that
crystal face can grow perpetually “ up a spiral staircase.” If there are two,
respectively right- and left-handed, we can show that the terrace connecting
them will grow indefinitely if the supersaturation is raised to such a value
that the diameter, [, of the critical two-dimensional nucleus is less than the
distance between them. More precisely, since the critical nucleus is not

¢ Polanyi, Z. Physik, 1934, 89, 660.

7 Orowan, Z. Physik, 1934, 89, 634.

8 Taylor, Proc. Roy. Soc. A, 1934, 145, 362.

® Burgers, Proc. Kon. Ned. Akad. Wet., 1939, 42, 293.

10 Mott and Nabarro, The Strength of Solids (Physical Society, London), 1948, p. 1.
1 Frank, tbid., p. 46.
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circular, we should say that growth occurs when the critical nucleus, correctly
oriented, will pass between two points in the positions of the two dislocations.
Likewise when a single dislocation is close to the boundary of the face,
growth occurs if the critical nucleus will pass between the dislocation and
the boundary. If it will not pass, the terrace rests in a position corresponding
to a portion of the boundary of the critical nucleus (Fig. 2). For rough
calculations we may approximate the boundary as a circle of radius }/,,
and we have a close analogy to the equilibrium (or non-equilibrium) of a
bubble at an orifice.
Measuring in molecular spacings, we have

lo= o/kTIn,

where o is the saturation ratio : since the supersaturation is small, (x — 1)
may be written in place of In «. ¢ is the neighbour-neighbour binding energy
of the crystal. For a rule of thumb we may use Trouton’s rule and take
¢/kT as 35 To/T. Thus at an absolute temperature of 06 of the boiling point
of the material, and a supersaturation of 19/, J, is about 600 molecular
spacings : or 6000 at ox %,.

In the theory of mechanical deforma-
tion, it is commonly estimated that
in an annealed metal crystal there are
about 10® dislocation lines intersecting
each square centimetre. This appears to
be the limiting perfection attainable
in metals, and would be classed, in-
deed, as high perfection from the point
of view of X-ray diffraction. (This
limit may well be connected with the
¥16. 2.—One right-handed and two left- impurity com_:ent.) Tl}ls is only an

handed screw dislocations ending in order-of-magnitude estimate, and does

acrystal face. not necessarily apply to other mate-

rials than metals: but it serves as a

guide, and suggests that critical supersaturations of the order of a fraction
of 1 9%, are reasonably to be expected.

We are perforce limited for quantitative discussion to the case of growth
from the vapour of homopolar crystals, since the classical nucleation rate
theory has not been quantitatively developed for any other case. But
experimental indications, and such theoretical guesswork as we can make,
suggest that the conditions governing the growth from solution of crystals,
including ionic crystals, are substantially similar. It is possible, but less
certain, that the same is true of growth from the melt. Perhaps the most
distinctively different case is that of the growth, either from vapour or
solution, of crystals of highly non-equiaxed organic molecules. There are
indications that in such cases growth proceeds through the formation of
adsorption films, dense, but differing in molecular orientation from the bulk
crystal (e.g., liquid, or liquid-crystalline) within which subsequent rearrange-
ment occurs.

The general importance of dislocations for crystal growth accounts
immediately for many observations, such as the individual behaviour of
each crystal face, particularly on the microscopic scale, leading sometimes
to such unexpected results as the formation of lath-shaped crystals for a
lattice of cubic symmetry.

Under steady uniform supersaturation the terrace attached to an isolated
growth-promoting dislocation in a crystal otherwise perfect in its neighbour-
hood will grow outwards in a spiral of which the spacing between turns, and
the rate of their advance, will be uniform at a considerable distance from
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the centre. Near the centre the rate of advance must be less, since the radius
of curvature of the spiral terrace-line must remain less than }/,. At given
supersaturation and distance from other terrace-lines, the rate of advance,
v, is an increasing function of the radius of curvature, being o when it is
3/, and, say, v, when the terrace becomes straight. Supposing it increased
very steeply to v, for a very small increase of the radius of curvature above
3l,, the inner portion of the spiral would be an arc of a circle of this radius,
and the spiral would make v_ /rl, turns per second. The spacing of turns in
the outer region of the spiral would then be nl,. Actually v will not increase
infinitely steeply to v_, so that the number of turns per second will be less,
and the spacing greater, but still of the same order of magnitude : let us
guess 2nl,. Macroscopically this spirally terraced hill would appear to be a
flat cone, with its sides inclined at an angle of }nl, radians to the true lattice
surface—say, I min. for a supersaturation of 1 9%, and in other cases pro-

4 ( 777, %4
0 |70 % B f_/'é///%
)

Fic. 3.—The influence of random dislocations on crystal growth.

portional to the supersaturation. We have so far neglected the dependence
of the rate of advance of the terrace on its direction. On this account,
instead of a flat cone, we shall have a more or less sharply defined flat
pyramid having the symmetry appropriate to the crystal face.

When growth spreads from an isolated pair of dislocations, respectively
right- and left-handed, the observable result will be practically the same
provided that the supersaturation suffices to make /, less than their separa-
tion. If it is not, no growth occurs at all. If it is, the terrace-line connecting
them repeatedly spreads out on one side, wraps round, and meets itself
on the other side : thus forming a short connecting terrace-line again, and
an outward-growing closed loop. The rate of formation of such loops will be
the same in order of magnitude as the rate of formation of turns of the spiral
from a single dislocation. The result will be a flat cone or pyramid indis-
tinguishable from the previous case.

In the case that there is a random distribution of dislocations a variety
of phenomena occur, exhibited pictorially in Fig. 3 (I to 12). In these
pictures there is supposed to be positive supersaturation, so that each
terrace makes a curve convex on its cliff side, running from one dislocation
to another of opposite sense, or to the boundary of the crystal face. The
supersaturation is supposed to be low, and fluctuating, so that in general
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only one terrace-line—normally the longest—moves at a time. 1n each
picture the terrace due to move next is specially marked. Shading indicates
the area covered by fresh growth after picture I. Among points to be
specially noticed are :

(i) the holding up of one terrace-line behind another (pictures 2, 8, 9,
10) or at a dislocation connected to another terrace (9, 10, 11, 12) ;

(i) the way in which a close pair of dislocations connecting a terrace
facing the advancing terrace break it and so impede its passage (many
examples, especially pictures 4, 5, 6). In these two ways, a dislocation pair
holding a terrace facing either way is an obstruction to the passage of an
advancing terrace ;

( 5iii1)1the way in which the obstructions of type (i) are broken down

(iv) the relatively impregnable region in the bottom left-hand corner.
In 6 growth into this region has ceased by obstruction of type (ii) : a new
advancing terrace is held up again (at 9) by obstruction of type (i) : but
this obstruction is more easily broken down, and by 12 all but a small
portion of the crystal face has increased in thickness by at least one mono-
layer. A third advancing terrace, now commencing, will finally overrun
this strong-point : however, a continuous line of closely spaced dislocations
could be totally impenetrable below a critical supersaturation.

Obstruction of type (i) requires a little more consideration. One way in
which type (i) obstruction can break down is the following. Each “ pinned ”
terrace-line holds its equilibrium form by small statistical fluctuations back
and forth. When two terraces lie together, the lower cannot fluctuate back
under, nor the upper fluctuate forward over the other. Thus they exert a
small effective repulsion on each other, and the lower one may be pushed
beyond the critical curvature when the upper one arrives. Secondly, there is
only a small region of seriously deformed crystal structure and hence of
seriously reduced binding energy for new molecules, in the immediate neigh-
bourhood of the dislocation. When the two terraces at such a point of
obstruction face each other at an acute angle, as in pictures 9, 10, 11, only
a small number of molecules need condense in these unfavourable positions
to enable the terrace to link across and pass on. If the obstruction arises
from a straight row of dislocations spaced /, apart, this angle becomes smaller
as l, decreases, diminishing rapidly from 120° when J, becomes less than
2l,. The obstruction will be ineffective when /, is significantly smaller than
this value. Even when it is greater, a comparatively small number of mole-
cules (say, 6 to 10) in unfavourable positions suffice to overcome the obstruc-
tion, so that statistical fluctuations (negligible with regard to obstruction
of type (ii)) can be effective. Thus obstruction of type (i) probably only
imposes a delay rather than a total prohibition of growth.

In view of this, one might suppose it a particularly important question
whether the numbers of right-handed and left-handed dislocation-cnds in a
face are equal or not : the surplus of one kind might have very long terrace-
lines linking them to the boundary. This is not the case for reasonably
uniformly or randomly distributed dislocations, unless the relative numbers
are very different. If,inanarea A4, » dislocations of one kind and m of another
are formed randomly, like head and tail throws of a coin, the probable excess
of one kind, #n — m, is x-35 (n+ m)"* = 1-gn's: but if it does not exceed
7n'ls (where #n"> m) the dislocations linked to the boundary can all be close
to it, and the longest necessary terrace inappreciably longer than in the
case n = m, i.e., still of the order of magnitude (4/n)"s. In a systematically
deformed crystal it is possible to have # > m, and then there is always a

terrace-line at least as long as the (m + x)th furthest dislocation of the n
from the boundary.
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The most important aspect of the type (i) obstruction by a fence of dis-
locations all of the same kind is that every boundary between two crystal
blocks inclined at a small angle to each other constitutes such a fence (see
Fig. 4, and Fig. 12 in ref. g). The distance between the dislocations in the
fence, measured in molecular spacings, is equal to the reciprocal angle of
rotation between the two blocks, whether for ‘ tilt,”” * twist "’ or more
general boundaries, so long as the angle is small. A possible cause of the
vistble growth terraces sometimes seen advancing over a crystal face is that
a number of molecular terraces have accumulated behind such a fence,
and then been set free by a rise in supersaturation : but it is possible to
think of alternative causes which can bring about the same ‘‘ bunching ”
of molecular growth terraces into visible ones.

F1c. 4.—* Twist ”’ boundary—a crossed grid of screw dislocations.

It remains to elaborate the concept of dislocations somewhat, to free it
from the simplifications introduced by considering only simple cubic crystals,
with cube faces. In the general case the important property of a dislocation
is its displacement vector (or Burgers vector). If this vector has a component
normal to the crystal face on which the dislocation line ends, there will be an
associated molecular terrace in the face, promoting crystal growth. But
there is also an important distinction between perfect dislocations, whose
displacement vectors are lattice vectors, and imperfect dislocations whose
displacement vectors lead in general from a lattice position to a twin-lattice

\
position. Such is the dislocation with displacement vector | - E, - I, I ),
produced in the close-packed cubic crystal by omission of part of a (111)
close-packed plane of atoms. This dislocation cannot glide,'* but must lie
in its (x11) plane : ending in a (x1I) or similar surface, it attaches a mole-
cular growth terrace in the usual way—but every time this growth terrace
reaches the trace in the surface of the missing plane of atoms, the terrace
must pause unless there is a definite supersaturation. At this boundary the
lattice is not continuous but has a translation-twin relationship. Instead of
the usual 6 contacts per added atom, characteristic of cubic close-packing,
one row of atoms added at this boundary make 7 contacts each, and the
next row only 5. The latter loosely bound row will only be formed at a
definite supersaturation, or by statistical fluctuation after delay.

18 Frank, Proc. Physic. Soc. 4, 1949, 6a, 202.
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We must give a brief account of the origin of the dislocations which, it is
suggested, dominate crystal growth. The chief origins which have been
thought of so far are:

(i) Surface nucleation of layers in improper (e.g., twin) positions and
proper positions simultaneously on the same face. Where these meet there is
a dislocation. It must be remembered that the initial nucleation of the crystal
always takes place at high supersaturation, much more than adequate for the
Becker-Déring condition for surface nucleation on a perfect face.

(ii) Formation of one-dimensional dislocations in the edge row of the
growing terrace (cf., van der Merwe’s contribution to this Discussion). Such
one-dimensional dislocations have an energy similar to the latent heat of
evaporation of a molecule, and consequently exist in thermal equilibrium.
During rapid growth at high supersaturation they can be trapped in an
edge row, developing into two-dimensional and thence into three-dimen-
sional dislocations.

(iii) The development of curvature in the growing crystal owing to the
presence of impurities (a subject to be treated at length elsewhere). This
ultimately leads to stress in the surface which demands a certain super-
saturation for further growth, which can then continue if, and only if,
dislocations are formed.

(iv) When systems of dislocations are present (particularly sub-grain
boundaries) it is probable that the stress they would cause in perfect crystal
compels the formation of further members of the system in growth: ie.,
sub-grain boundaries are propagated in lineage structure.

(v) Aggregation of molecular vacancies into flat collapsed cavities (the
edges of which are dislocation loops) whenever the temperature of a crystal
is lowered. This is very likely the process responsible for the intensification
of X-ray reflection (the so-called establishment of mosaic structure) when
an organic crystal is plunged in liquid air.

(vi) Plastic yield under mechanical stress : this is believed not to create
dislocations ab ¢nitio but to multiply those already present.!t

These various considerations indicate that the initial dislocations necessary
for growth are formed inevitably in the conditions needed for nucleation :
and that to secure the best attainable perfection thereafter we must ensure
small supersaturation (this involves good stirring, or there will be large
supersaturation at the corners when it is small at the centre of a face), high
purity of materials, steady temperature and absence of mechanical stresses.

The effect which dislocations have upon crystal growth produces a rather
odd natural selection both of imperfection and perfection in crystals. The
nucleation stage with high supersaturation makes a population of initial
nuclei of varied, mostly rather great, imperfection. If growth is now carried
out at low supersaturation, only a few of these seeds, in which dislocations
are relatively far apart, will grow. The lower the supersaturation at this
stage, the fewer and the more perfect the seeds which will actually grow.
But the completely perfect crystal will not grow in any circumstances : the
conditions which could cause it to grow would also soon make it imperfect.

H. H. Wills Physical Laboratory,
Royal Fort,
Bristol 8.
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In the theory of the formation of nuclei?2 it has generally been assumed
that in every gas there exist, in addition to single molecules (Z, per unit
volume), aggregates containing 2, 3, . . . . # molecules, and if # is not too
small these aggregates can be regarded as spherical drops containing »
molecules each. It may now be asked, what is the equilibrium number # of
drops containing # molecules ? Provided that the vapour is not supersaturated
there is only one solution to this problem.

It is possible to treat the problem from a thermodynamic standpoint by
considering the equilibrium,

nA; = A,

or alternatively, kinetically by an examination of the rate of formation and
disappearance of the number of drops containing # molecules. This may
occur by means of an aggregate A,_, taking up a molecule, or by an aggregate
Ay losing a molecule. At equilibrium Z, must be a constant. This kinetic
method of approach is less exact than the thermodynamic method as it is
necessary to make certain definite assumptions concerning the rates of
evaporation and condensation. However, it is superior to the thermo-
dynamic approach in that it is applicable to systems which are not in
equilibrium. For example, it is possible to determine kinetically the rate of
change of Z, with time, and furthermore, the method leads to the solution
of the problem of the frequency of formation of nuclei as a function of the
degree of supersaturation.

About twelve years ago Mayer 3 4 independently developed a statistical
theory of condensation which must be regarded as one of the most important
advances in statistical mechanics made in recent times. Mayer attacked
the problem in a more general way by assuming that N molecules occupy
a volume V and that between any pair of molecules there is a potential
energy of interaction v, which depends only upon the distance apart » and
which rapidly tends to zero as 7 increases.

In an original discussion of the general integral of state Mayer shows that
this may be expressed as a sum of terms represcnted by the symbols 7,
My ....m . ...; this series indicates that m; clusters containing / molecules
are present. Even if the physical meaning of the clusters, which arises in
Mayer’s theory from purely mathematical considerations, is not altogether
clear, it is important to note that at temperatures which are not too high
and for values of / which are not too low, the m; terms of Mayer are the same
as the drop number Z, of the earlier theory. Thus, fundamentally Mayer’s
theory indicates a method of calculation of Z, and in particular for the
derivation of a numerical factor common to all values of Z,, hitherto
uncalculated on previous theories. An important confirmation of this
concept in Mayer’s theory is obtained if the potential energy associated with
the earth’s gravitational field is introduced into the general partition function
It appears from this that individual clusters behave as particles of mass .
times the molecular weight in relation to their distribution at various
heights ; i.e., the large clusters tend to sink to ground level.

55
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A particularly brilliant aspect of Mayer’s method is in its application to
the Einstein treatment of the condensation of helium based on Bose statistics.
The condensation is generally described as a difficultly conceivable process
in the moment space but Uhlenbeck showed that it could be regarded as a
true formation of clusters, analogous to that occurring for ordinary vapours
in Mayer’s theory.

Even if no energy other than kinetic energy is introduced into the partition
function the application of the Bose statistics to helium gas shows that an
effect exists which amounts to a tendency for mutual attraction between
the atoms, comparable to a potential energy of interaction, and which leads
ultimately to the formation of clusters distributed in a gravitational field
in the normal way. Thus the Einstein condensation may be regarded as a
particularly simple case of Mayer's theory which has the special advantage
that all the integrals concerned may be completely evaluated. Unfortunately
its significance is lessened by the fact that it cannot take into account the
van der Waals' attraction between the atoms which is decisive for the
observed condensation of helium.5® The contribution of the theory to this
particularly important phenomenon, which is so clearly related to the
existence of helium II, is not so great therefore as had been hoped.

The Chemical Equilibrium. The methods outlined above may now
be considered in somewhat greater detail. We shall consider first the reaction

nA; = A,

as a chemical equilibrium according to van’t Hoff’s method.

Consider an equilibrium box in which there are Z, single molecules per
cm.? and Z, drops each containing # molecules ; let this box be connected
to a vessel containing #» mols of A, at a concentration Z,°. We shall consider
the work W, gained by a single molecule, when # mols of A, at concentration
Z,° are reversibly and isothermally mixed with one mol of the drops A, at
a concentration Z,°. If this process is carried out in the usual manner
using semipermeable membranes, so that the reaction takes place within
the equilibrium box, then

Z)° Zs°
W= kT{n log A log Z”} .

This reaction may also be carried out by first compressing the » mols
from the initial concentration Z,° to a concentration Zg: (that of the
saturated vapour over a flat liquid surface), then condensing the vapour to
a liquid, and finally by producing one mol of drops from the liquid, each
drop having a surface area F,. If in this last operation the drops are regarded
as macroscopic entities, the work done is ¢F,, where o = surface tension,
and the total work gained at this stage in the process is therefore

kTn log A oF..
Zla'.

There now arises a difficulty which is characteristic of the whole problem.
In the above considerations we have arrived at a stage where the drops,
regarded as macroscopic entities, are situated adjacent to each other, whereas
in the statement of the problem they were described as gas molecules
existing at a concentration Z,°. Actually we have departed from a strict
thermodynamic cycle by considering the individual drops as being formed
from the liquid one by one. The following solution of the above difficulty
may be suggested. If V, is the volume of a drop, it is possible to consider the
drops situated adjacent to each other as a gas of concentration 1/V,. If
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this is permissible then the work gained in reaching the concentration
Z,° is — kT log Z°V 4, hence

o
W = kT{n log —gl— — log Z,.°V,.} — 6Fy.
sat.

As W = W’ then
oFy
Zn=2Z"Vyt. Zsy e KT,
If p, the pressure exerted by the molecules, is Z,kT and p,,, the saturation
vapour pressure, is Zst. kT, then

o=Vt (B) €,

If we substitute K,/n for the somewhat uncertain quantity V4™ then we have
z, =K PV %7 (1)
n = ” ?m/ . y . . . .
in which the factor K, depends on # in a manner which is not accurately
known. The total number of molecules is

N
N=73nZ,. . . . . . (2)
This series converges only when p < p_. For p > p_, however, it diverges.
Z, considered as a function of # has a minimum value and from this value

the terms increase indefinitely. The minimum may be calculated in the
following way. Let 7, = radius of a drop containing # molecules ; then

Vn=%7—rr,.3=n.vuq,

(viq. = the specific volume of the liquid); hence F, is proportional to
»n'h and therefore, .

dF _ 2 F _ 2 4nrvig. _ 20,
. T 3R T 34B S
From this we have
dlogZ
Tdn

= log ’_ log %‘- = loggin. . . 3
Here p, is the equilibrium vapour pressure of a drop of radius 7, i.e.,

Pn __ 200, .
log = = %77,

Therefore the series of numbers Z, in (1) approaches so closely to zero for

P < p, that ZnZ, converges; for p > p_, however, it may be seen from

(3) that the series has a minimum value for that value of the drop size for

which the vapour pressure p, is just equal to the given vapour pressure p.

In the latter case therefore equilibrium is impossible and the kinetic theory
must be used.

The Kinetic Treatment. In the kinetic treatment we consider the
growth and disappearance of the drop separately. Let a, = the number of
single molecules arriving per sec. per cm.? at the surface of the drop Ay,
and g, = the number of molecules which evaporate per sec. per cm.?
from the surface of a drop A,. The ratio ao/ga is equal to p/p,, i.e.,

20tyq,
B=‘ﬁ’-—-—£e‘7ﬁ:.

qn _Pn.
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The number of processes A, — A,+; occurring per second is given on these
assumptions as Z,.Fa4i40, and the number of processes Anii—> A, as
Zuty. Fryy.gnys. Theexcessof thelatter number over the formeris designated
by J, where

J = oFui1 (Zn — Zpyr - B%:,) .

For the equilibrium condition, J = o, and an expression essentially the same
as (1) is obtained again for Z,. If, however, p > p_ then all Z, values for
n > n; may be placed arbitrarily equal to zero (i.e., any nuclei formed are
removed). The quasi-stationary state where J is independent of #» may
then be considered. Thus it follows from eqn. (8) that by eliminating all

the terms Z,, Zg . . . . Zy; a value for ] is obtained, and this may be called
the frequency of formation of nuclei. Thus for example one obtains
= qu{' -él e :T
ny 3n ’

where A = }oF, the work which must be done isothermally and reversibly
to produce one critical drop.

Mayer’s Theory of Condensation. In this theory N atoms are con-
sidered with a potential energy v(r) dependent only on distance and the
corresponding partition function ¢ is

h—sNJ exp{z-;%, (E,,z ot w) - ff(r,, gt )}dil .. ddr, .. dr

If the integration is carried out with respect to the momentum then 2, the
de Broglie wavelength at a temperature T, may be written as A = h(2mmhkT)-"s

and the term e KT as 1 + f(r). Then

C=R‘3NJ.(I F )@+ ) @Ff) e dry L dey. o (4)

The f(r) values only differ from zero for small values of ». If therefore an
integral such as

I frafaydridrydry

has to be evaluated, then the integration may be performed firstly for a
given 7, from 0 to o over 7, and 7,. Only the last integration over 7, contains
the volume factor V. In separating the terms in (4), all those may be taken
out in which, for example, the first thrce particles form a cluster at / = 3.
These terms will be the ones containing the factors fy, 53 OF fi2f13 OF fiafisfas
and in which the indices 1, 2, 3 do not otherwise occur. From the sum
of all these terms a factor

V3ldy = J (fiefes + frafis + frafas + frafoafu) dridrydry . (40)

may be split out where the term b, is defined so that it no longer contains
the volume.

From the sum remaining after the elimination of this factor the terms
containing f, , and in Which the indices 4, 5 do not otherwise occur may be
extracted. Proceeding in this manner { may finally be split up into
terms {m,, m,..m,.., where the individual sums are represented by :

m, clusters containing 1 atom,

My » 2 atoms, . . (5
”y » ”» l ”
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With b defined by
Vllb.=JU1,f23....ﬁ_,,,+ ..... Ydre..dn . . (6)

for the contribution of such a series of terms,

TI' (Vi1 bym

i
is obtained.

Now in general there are N! III HTlIm_,i possibilities of distributing the N

particles in the clusters given by (5). The final value obtained for § is
therefore
N! (Vo)™
{= 3N , p . . . ()
The X is taken over all values of the series m,, m,... which satisfy the
condition X /m; = N. If one of the terms in the sum is relatively so great

[
that for thermodynamic purposes it may replace ¢, then the indices m; of
this term give the most probable values # for the numbers m; of the clusters
containing / molecules.

The appropriate calculation gives

m=Vhdy, . . . ®)

where the value of the parameter 4 is given by the condition N = Xim;,
ie., by

N
N=VXlhA. . . . . (9)

I=1
Using this approximation

logz = — 3N log A + logN.! — Nlog 4 + VZb 4}
d
is obtained. From this it follows that the pressure p = — kT % log €,

or p=kT gl_’/'fl . . . . . (10)

Hence the clusters introduced by (5) affect the pressure as independent
particles of an ideal gas. Expression (g) is of particular interest to us because
it gives the value of 4 as a function of the given density N/V of the substance.
If A, is the convergence limit of the power series XIb4%, then the finite sum
of (14) assumes enormous values as soon as A > A,. For increasing values
of N/V, therefore, A can only increase up to this limiting value. For further
increases of N/V, A retains the constant value A4, and hence, from (8),
the term 7/ V has also a definite value, i.e., b4%. We are then in the region
of condensation, where an isothermal diminution of volume only causes
an increase in the amount of condensate but does not give rise to any change
in the vapour phase. Also, as may be seen from (10), the pressure remains
independent of the volume in this region. If the convergence limit A4, is
introduced for the series (9) in (8) and if

where Z; is the concentration of the clusters containing / atoms, then

AN
— bA- [ 2
Z; = hA7 <Ao> .
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From this equation a comparison may be made with the previous equilibrium
eqn. (6) for spherical drops,

by taking
t_4
=4
bs K. oFs . . . . (11)
and by = A fe kT

From (8) it is immediately seen that the parameter A signifies the concen-
tration of the single molecules.

The Bose-Einstein Condensation. In this the potential energy is
not at first considered. In the calculation of the partition function

- E,
{=3ekt
r
for N helium atoms in a volume V, E, has the form

Bl + &1,

If ofry...... 7n) is the symmetrical eigenfunction belonging to the energy
E, of the total system

with J' loltdr,...... dry =1,

then § may be written in the form

E,
t=J2e“TT.q>,q>,“drl....drN . . . (12)

This sum, taken over all eigenvalues, may be accurately evaluated and
gives the result

26_3 . cp," — )\—SN . Ze-{i (‘r.—'pll.'l-llg—'pl‘l-{- ..... ) .
4 P

The summation must be carried out over all the N! permutations P of the
spaces 7;. In a particular permutation, for example, 7, should be taken as
Tp, 73 AS 7p,, etc.

Thus, a single partial integral arising in this manner from (12) is

J e (et 4 ) dr,dr,dr,,

similarly to eqn. (4a) of Mayer’s theory discussed above.

Each single permutation may be denoted by the number m; of the cycles
of length ! which occur within it. In this case the appropriate integrals
may be easily evaluated. Defining the value of b again, this time by

. Vlb[ - J e-{. (rn‘-l-'u‘-'-‘.- +ﬂ|l) dfl L dn'

3(- 1)
we obtain b= 2‘—1.7!— . . . . . (13)

With this value of b, the partition function given by (7) may be formulated,
and hence the numbers of the corresponding clusters given by (8) can be
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obtained. The saturation density may also be accurately calculated. For
the series resulting from the combination of (g) with (13), i.e.,

N I I
= Z It = = z i (AN,
[} I

there is a convergence limit at AA3 = 1, and in this case it yields the limiting

value
N 1 I I 2-61
(v)lm,—is(1+?/-+§f/-+---)— »

This corresponds to the well-known fact that the Einstein condensation

3
begins when the single atoms have only the volume 5?}6; available to each

of them. In this equation A = h(zrmkT)-", i.e., the de Broglie wavelength
corresponding to the temperature T.
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GENERAL PRINCIPLES OF CRYSTAL GROWTH
By PauL H. EGLI AND S. ZERFOSS

Received 18th March, 1949

Certain facts of crystal growth have been observed with sufficient
regularity to justify their being regarded as general principles. Some are
familiar and will be mentioned only briefly for the sake of coherence.
Others, equally significant, have received scant attention. A systematic
consideration of this total body of facts should provide the background for
extending the theories of crystallization.

Classifying the principles of crystal growth in a completely logical fashion
is impossible because of the manner in which they are interrelated.
Accordingly, some repetition will be necessary and the significance of certain
experiments will require discussion in connection with several phases of the
general problem.

Nucleation

Nucleation is discussed as the first phase of the problem because it is the
initial step in the overall process of crystallization ; but most of the factors
that control nucleation apply in the same manner to growth, and can be
discussed more conveniently in that connection. Moreover, the important
facts of nucleation are well known and need only to be described briefly.
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(1) The rate of nuclei formation increases with supercooling. Tammann
and others! demonstrated that in melts the nucleation rate reaches a
maximum and decreases with further supercooling as diffusion becomes
the controlling factor. In solutions such a maximum is difficult to measure
and probably does not usually occur.

(2) An incubation period is recognized in growth from melts during which
nucleation cannot be measured. In solutions, even when seeded, a metastable
region of supersaturation is also recognized within which nucleation cannot
be measured. Numerous investigators have found, in the phase diagram,
well-defined regions with sharp boundaries beyond which nucleation was
observable, and it seems reasonable to conclude that under certain con-
ditions the rate of nucleation in solution increases extremely rapidly with
a small increase in supersaturation. The * metastable region ” principle
is widely employed in the control of industrial crystallization processes
and is a useful concept which will be referred to without apology even
though the behaviour is more properly described as a rate phenomenon.

(3) The extent of the incubation period (or metastable region of super-
saturation) can be changed appreciably by slight changes in composition
of the system. It is particularly important to note that the metastable
region can be greatly increased beyond that of a pure solution by the addition
of small amounts of certain additives. This little-explored phenomenon
is well substantiated for numerous compounds and will be further described
in subsequent sections dealing with growth factors.

(4) The incidence of nucleation depends on the previous history of the
system. The evidence supporting the existence of superheatability of
nuclei appears overwhelming. The work of Tammann and others?! with
organic melts and with metals would seem sufficiently convincing, but
the matter is still disputed. The fact that increasing the amount and
time of superheating a system reduces the incidence of nucleation during
subsequent supercooling is apparently accepted, but the opponents of the
concept of superheated nuclei offer an alternative explanation—that it is
insoluble impurities and not nuclei of the principle solid phase which the
superheat destroys. This is an important argument in view of the fact
that superheat in solids is not predicted in the lattice dynamics of Born
or by the theories of melting as recently discussed by Mayer. Accepting
the experimental results as evidence of superheated nuclei would also appear
to be somewhat out of harmony with Frenkel’s 2 concept of nuclei formation
{from embryo.

This question is difficult to settle by investigation of solution systems
because of the experimental difficulties of observing the early stages of
nucleation. Efforts have been made at the Naval Research Laboratory
to obtain reliable data by means of heat effects, Tyndall effects, small-
angle scattering of X-rays, etc.—all with little success. Qualitatively,
however, it was the general conclusion of the several chemists concerned
with growth of numerous crystals from solution that the existence of super-
heated nuclei was verified by their experiments on the preparation of
saturated solutions. This work is mentioned because in solution systems
an explanation based'on impurities is extremely unlikely. The reagents.
were prepared with great care, and in several instances any remaining
impurities were in amounts less than those detectable by ordinary analytical
techniques.

(5) Nucleation is induced by the presence of foreign bodies and by
agitation of the system. These well-known facts deserve to be listed in

1 Tammann, Aggregat:ustande (Leipzig, 1922).
3 Frenkel, Kinetic Theory of Liquids (Oxford Univ. Press, 1946).
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view of the frequent statements that nucleation always occurs for these
reasons, or even stronger, that nucleation can never occur without such

assistance. Again, these are difficult statements to disprove completely by
experiment.

Crystal Growth

Almost all the phenomena of crystal growth—inclusion of impurities,
habit modification, the genesis of twins and flaws—can be resolved into
problems of growth rate under certain conditions. Accordingly the growth
principles are presented, for the most part, on this basis. There are certain
important phenomena, however, for which the rate aspect is not a convenient
viewpoint, and which thus necessitate a more complete description.

(1) Growth rate increases with increasing supersaturation (or supercooling)
and with agitation. The ramifications of these facts are too well known
to require elaboration except perhaps noting that diffusion is remarkably
constant in all water solutions, and also that normally a moderate amount
of agitation is sufficient to eliminate diffusion as a controlling factor.

(2) Different faces of a single crystal (under the same degree of super-
saturation and agitation) grow at different rates. The rules governing
this significant feature of the growth process have been the subject of
refinement throughout the history of crystal research.24 In general, crystals
possess faces of low indices because of the differential bonding along the
few principal directions within the lattice. This idea can be restated in
terms of growth toward a minimum free surface energy.

(3) The difference in the growth rate of various faces becomes smaller
as the overall rate is increased. This long-recognized fact has been demon-
strated in a sufficient number of systems and under a sufficient variety of
conditions that it can be safely regarded as a general rule.

(4) Flawed surfaces grow more rapidly (under the same degree of super-
saturation and agitation) than corresponding surfaces without detectable
faults. This is meant to apply to twin boundaries, veils, lineage, mosaic
structure and presumably any other type of large-order defect. Elaboration
of this point is helpful in explaining why defects are propagated and frequently
induce additional defects during subsequent growth. At growth rates
appreciably below the .maximum which can be supported for good growth
certain types of flaws lose their rate advantage and may be healed over.

(5) The maximum rate at which good growth can be obtained on a particular
surface (the * critical ”’ rate) decreases as the size of that surface increases.
This highly significant fact has apparently received little attention, but
the supporting data appear convincing. Yamamoto # demonstrated the
phenomenon very clearly with NaCl on a microscopic scale. Investigations
at the Naval Research Laboratory, particularly by A. A. Kasper, showed
similar results for NH,H,PO, grown under a variety of conditions and
the effect has been observed qualitatively in the growth of numerous other
crystals.

The existence of a ‘‘ critical ”’ rate dependent on size would appear to
lead to the conclusion that in practice there is a limit in size to which a
good single crystal of each compound can be grown. Experience would
appear to bear this out. The possibility is also predicted that there will be
crystals in which zones developed by growth of certain faces will invariably
be bad whereas adjoining zones may grow well, and that the volume of poor
material could be reduced or eliminated by reducing on the seed the size

“«

3 Wells, Phil. Mag., 1946, 37, 184.
4 Buerger, Amer. Miner., 1947, 32, 593.
5 Yamamoto, Sci. Papers. Inst. Physic. Chem. Res., 1939, 35, 228.
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of the face which grows poorly (in NaBrO; use a r1o-cut seed rather than
111-cut seed). This also has been demonstrated.

It is suggested that this principle must also be more clearly recognized
in crystallization theory. Presumably in an ideal system in which growth
could be maintained at an infinitely slow rate the limit on size would
disappear, but it is also possible that the necessary rate would be below
that induced by normal fluctuations at equilibrium. Further implications
of this feature of the growth process will be discussed in connection with
the general problem of growth from the viewpoint of supersaturation.

(6) The critical growth rate in solution systems increases with increasing
temperature. This may also be true for any system with two or more
components when temperature is a variable. Discussion of this point is
necessary because of frequent statements that crystals contain more defects
when grown at high temperatures. It is an accepted fact that as the
temperature of a crystal increases, whether grown at a high temperature
or heated after growth, the number and activity of atomic-scale defects
increase. This applies, however, only to vacancies and dislocations of
single ions or atoms and does not pertain to large-scale order. In fact, the
increased activity with temperature, particularly at the surface, tends to
improve the large-scale perfection of the structure during the growth
process 2 ; experimentally, it has been found that increasing temperature
favours the formation of perfect textures over the formation of spontaneous
nuclei or the various types of large-scale flaws.

In addition to the foregoing list, there is a rarely mentioned feature of
the growth process which deserves considerable discussion. No one has
yet offered a satisfactory answer to the basic question of why some com-
pounds crystallize readily and others very poorly ; and yet there are some
striking facts on which to base such a discussion.

The first point to be noted is that in aqueous solution systems compounds
which grow readily are all quite soluble. In general, slightly soluble
compounds are grown with great difficulty, and highly soluble compounds
are grown with great ease. This correlation is far from perfect, however,
so that simple solubility is not a sufficient specification for good crystal
growth, and it is necessary to consider the state of association. Some evidence
indicates that the critical rate for a given surface increases with increasing
association of solute. This is first a statement in harmony with the familiar
expression of theory—that the growth rate depends on the difference in
the chemical potentials of a particle on the crystal surface and of one in
the fluid phase. But the statement also implies something more—namely,
that increasing association increases the advantage to formation of a perfect
structure relative to the formation of flaws or spontaneous nuclei.

The implications of these statements can be more readily discussed in
terms of supersaturation than from a strict rate viewpoint. As previously
discussed in connection with nucleation, this viewpoint is not a rigorous
approach in terms of the kinetics of the rate process, but is a valuable
concept for the sake of clarity.

The problem then becomes one of determining the range of super-
saturation which will induce only perfect growth, the additional degrees
of supersaturation which will induce flawed growth of various types and,
finally, the degree of supersaturation which will induce spontaneous nuclei.

The amount of supersaturation which will induce perfect growth, lineage,
etc., is of course dependent on the configuration of each crystal surface availa-
ble for growth. For the purposes of this discussion, however, this factor can
be neglected by assuming that each crystal has some face which is relatively
favourable for growth so that the supersaturation required for that growth
is small relative to that required for spontaneous nuclei and is somewhat
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less than required to initiate a flaw. On this basis compounds which are
difficult to crystallize are those which form spontaneous nuclei with very
small degrees of supersaturation so that the range which will induce growth
but not flaws is vanishingly small. Easily grown crystals are those for
which nuclei form only with considerable supersaturation so that there is
a large range in which only perfect growth is obtained.

Returning to the original assertion that ease of growth increases with
increasing association of the solute, it is desirable to consider the supporting
evidence from the supersaturation viewpoint. Quantitative data are difficult
to obtain because of the difficulty of measuring and rigorpusly describing
the quality of a crystal, but even more because of the lack of quantitative
data regarding the amount of association of various salts in highly concen-
trated solutions. Acceptable evidence is thus by necessity limited to
obvious gross effects, but several compounds can be discussed for which
the growth behaviour clearly supports the viewpoint expressed.

NaCl is a typical example of a compound which is soluble but highly
dissociated in solution, and experience indicates that NaCl is virtually
impossible to grow into a perfect crystal at any reasonable rate from pure
solution. It forms copious nuclei with very small degrees of supersaturation.
HIO; is typical of compounds known to be highly associated in solution.
Nuclei form only with considerable supersaturation, and large, perfect
crystals are easily grown. Also typical of the associated solutes which
support supersaturation and form crystals readily are a large number of
hydrated salts. Additional significant evidence was demonstrated by
growing benzil from water solution and various organic solvents. Growth
was difficult in every solvent except benzene ; from this related environment
nuclei were formed only with considerable supersaturation and growth
was excellent. Thus all the available evidence appears to be in harmony,
but additional data are desirable.

Significant information can be derived from the remarkable effect of small
concentrations of foreign ions. The growth of several dozens of compounds
has been markedly improved by the addition of ‘ impurities”’ to the
solution. A typical case is NaCl which grows with great difficulty from pure
solution but which grows readily from a solution containing Pb. The obvious
effect is to greatly increase the range of supersaturation within which
spontaneous nuclei do not form. Yamamoto ® obtained data for several
compounds and this work has been extended at the Naval Research Labora-
tory to many solution systems. The same phenomenon has also been
demonstrated there in the growth of alkali halides from a melt and has
been reported by one competent investigator to apply in growth by flame
fusion. The rules for selecting the most effective additive are not yet
entirely obvious. Heavy metal, multivalent ions in concentrations of less
than o'o1r mol-%, are frequently the best choice, though small concentrations
of anything that, if present in larger amounts, would modify the habit
appear to be helpful. If concentrations beyond the optimum are used,
the habit is modified, flaws are induced and spontaneous nuclei occur more
readily than from pure solution. When properly used, however, this is a
very powerful tool. In one case, for example, it made possible the formation
of a compound which cannot be precipitated from pure solution ; K MnCl,
can be formed only by the addition of Pb++ to the solution. Ina practical
sense, the phenomenon is extremely valuable for increasing the efficiency
of growth processes for single crystals and has in addition promising
applications in industrial crystallization of fine chemicals. From a scientific
viewpoint it promises to contribute valuable clues to the overall problem
of nucleation and growth.

Space does not permit thoroughly justifying the choice of the foregoing
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factors as being the most significant to interpretation of the overall problem.
Obviously many interesting facts have been completely neglected. Habit
modification, oriented overgrowths, inclusion of impurities and similar
fields of research contribute valuable information but for the most part
appear to be less directly necessary for consideration as part of the primary
process of crystallization. The points which are discussed can hardly be
ignored in even a qualitative theory that is to be of any value. The concept
of a critical growth rate dependent on the size of the surface and the extent
of association in the fluid phase, for example, appears to be a basic factor
in the process. It is hoped that discussion m this manner of a rather loose
body of facts may point out more clearly than would a neat mathematical
expression the status of our present knowledge and the direction most
profitable for future research.

Crystal Section,
Naval Research Laboratory,
Washington, D.C.

GENERAL DISCUSSION

Dr.F.C.Frank (Bristol) said : In putting forward a structure-sensitive theory
of crystal growth I can draw an analogy with the theory of the strength of solids.
This is in practice at least a hundred times less than their theoretical strength.
So also crystals show a ‘‘ growth resistance ’’ which is a hundred times less than
their theoretical growth resistance. We owe to Volmer, to Irarkas and to Becker
and Déring the recognition and rather difficult calculation of this theoretical
growth resistance of a perfect crystal. It appears from their work that new
deposition will not occur at an observable rate on a completed habit-face of a
crystal unless the supersaturation exceeds a substantial critical amount. This
is of the order 50 9% for a typical crystal growing from the vapour—greatly in
excess of any critical supersaturation for growth which has been observed. We
lack data for quantitative calculation of crystals, particularly 1onic crystals,
growing from solution, but every small crystal which grows in polyhedral shape
demonstrates the existence of a substantial ‘' growth resistance.” The transport
of material to a sufficiently small crystal in solution 1s governed by the diffusion
equation. The solution of this differential equation will be uniquely defined if
either the concentration or the flux at the boundary is defined. There 1s no degree
of freedom left to satisfy boundary conditions in terms of both. The growth of
the crystal determines a boundary condition in the flux, and the concentration
at the boundary is determined accordingly, and is necessarily non-uniform over
the surface of a polyhedral crystal. The flux and concentration can only both
be uniform at the surface of a sphere. The surface supersaturation being non-
uniform and nowhere negative is at places substantial ; namely, at the corners,
where it reaches several per cent. in the experiments of Humphreys-Owen and
Bunn. Thus the very fact that at least some crystals will grow polyhedrally
without becoming dendritic shows that they have in places a substantial * growth
resistance ’’ : but at the same time the maximum supersaturation such crystals
will withstand all over, without growth occurring somewhere, appears experi-
mentally, so far, to be less than 1 9%,

Dr. S. P.F. Humphreys-Owen (London) said : Dr. Frank says thatnucleation
at a dislocation, or system of dislocations, is capable of undergoing discontinuous
changes. But why shoyld one system be in some way peculiar in that it produces
the Nernst mode of growth, ie., with equilibrium concentration at the face
centre ? Other systems appear to produce rates of growth which are less, and
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which are associated with a concentration at the face centre which is above the
equilibrium value. This indicates the onset of a resistance to growth. Again,
how can a system of dislocations, which, according to Dr. Frank, has a consider-
able degree of persistence, permit the complete stoppage of growth which is
sometimes observed in high supersaturation ? Theories such as Dr. Frank’s,
which provide the crystal with a means of overcoming the difficulty of growth of
a complete surface, appear to go too far mn the other direction; they make
growth too easy.

Dr. F. G. Frank (Brstol) said: The rate of growth, once m the range of
conditions at which growth proceeds steadily, 1s very largely independent of the
density of dislocations. To sce why this 1s s0, we must first consider the effect
of a single dislocation. The attached growth front (terrace edge or step-line)
winds itsclf up into a rotating spiral (F1g. 5). A pair of dislocations emit growth
fronts in the form of closed rings with about the same spacing, provided the
supersaturation is sufficient for them to be effective at all (Fig 6). Now, growth
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Fic. 5.—Spiral growth front attached to F1G. 6.—Development of growth fronts in
a single dislocation. closed loops from a pair of dislocations.

fronts differ from wave fronts in the fact that when they meet they annihilate.
Hence if two different dislocations or groups of dislocations in the same crystal
face are equally active in emitting growth fronts, the number of growth fronts
passing any point in the face 1s the same as 1f either were active alone. A group
of dislocations is as active as its most active member, and the growth rate of
the whole face is determined by its most active dislocation group. All other
groups yield within a short while to the domination of this most active group,
and merely pass on the growth fronts recerved from it with a slight delay and in
slightly modified form. The members of a group are nevertheless able to stimulate
each other to somewhat enhanced activity. This is because a concave growth
front, which 1s formed each time a pair of fronts meet, travels faster than normal,
and so ‘ helps the growth spiral round.” This stimulation occurs at a super-
saturation somewhat above the critical supersaturation for the group, below which
they are inactive. If the supersaturation is increased considerably above this,
the component dislocations then behave as though independent of each other ;
but this may be the right supersaturation for stimulation in some other group,
which will then become dominant. An exact calculation is not easy, but it does
not seem likely that this ‘‘ stimulation ’’ will make a much larger difference than
a factor of 2.
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Thus, at least for order of magnitude, the problem of calculating the growyth
rate of a face with any number of dislocations can be reduced to that of calculating
the rate of growth based on a single dislocation: which is simply the rate of
generation of fresh turns of the growth front spiral multiplied by the thickness
of a molecular layer. As explained in my paper, this rate is proportional to
v, /l,, where v 1s proportional to and /, inversely proportional to o,, the super-
saturation at the crystal surface in the neighbourhood of the dislocation or
dominant dislocation group. Let us say the growth rate is w = Ao,®. But the
controllable supersaturation a, is that at some point away from the crystal,
separated from it by a diffusion barrier, as a result of which there is a drop in
supersaturation (o, — ¢,) proportional to the growth rate: say, (o, —¢,) = Bw.
In consequence a growth rate establishes itself such that

AB*w = ABo, + }(1 — VI + 44Bg,).

Briefly, the growth rate is proportional to the square of the supersaturation
when this is small; but at high supersaturation the diffusion barrier takes
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F16. 7.—Crystal growth rate as a function of supersaturation (with simple diffusion

barrier) :—
(a) for a single dislocation.
(b,), (by) . . . for variously spaced pairs or other groups of dislocations.
(¢c) Resultant growth rate curve when all of the groups (b,), (by) . . . are present.

control and * linearizes "’ the growth rate. This is represented by curve (a) in
Fig. 7. Here we have assumed the simplest possible sort of diffusion barrier. In
growth from a dilute vapour we actually have a more complex situation, with
surface diffusion and molecular transport through the gas in ‘‘ series-parallel ’
connection. This problem has been treated by Cabrera and leads to a curve in
which the transition from the quadratic to the linear law of growtb rates involves
a region of reversed curvature.

Now, if there are various dislocation groups in the crystal face, which would
separately produce growth rate curves (4,), (4,) . . ., the resultant growth rate curve
is ¢ made up of the curves of the groups dominant at various supersaturations.
Change of supersaturation can change the dominant group, thus changing the
centre of the growth pyramid ; but the growth rate is not greatly dependent on
the dislocation structure once the supersaturation exceeds the critical super-
saturation of the least growth-resistant dislocation group.

In further discussion with Dr. Cabrera and Mr. Burton, since the meeting,
we have arrived at the conclusion that there is no existing experimental evidence
of a critical supersaturation which necessarily indicates that dislocations are close
together : the quadratic growth law which applies at small supersaturation when
dislocations are far apart suffices to explain the existence of a supersaturation
below which the growth rate is too small to be measured by the techniques

which have been applied, as in the experiments of Volmer and Schultze, and of
Nitschmann and Spangenberg.
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Prof. I. N. Stranski (Berlin) said : Hitherto it has been accepted that in
(microscopically) visible crystals a spontaneous alteration of form is not possible
in a state of thermal equilibrium. The reason for this has been recently seen to
lie not primarily in the smallness of the relative vapour pressure differences
between the various crystal faces, but rather in the fact that the building-up of
new lattice planes is connected with the work of formation of two-dimensional
nuclei, which according to Volmer tends to infinity with decrease of saturation.

In the experiments on urotropine the work of formation of two-dimensional
nuclei is considerably decreased by the presence of re-entrant edges. In the
accompanying Figure three types of re-entrant edges are seen to be active:

1(i) Mono-crystalline re-entrant edges formed by incompletely grown lattice
planes, x.

(ii) Poly-crystalline re-entrant edges formed by contact between two differ-
ently oriented individual crystals, y.

(iii) Heterogeneous re-entrant edges formed by participation of the crystal
substrate.

l— Growth form r/_ '_ Equi/ibr/um form
i in verlical seclion

According to experiments by Honigmann, the mono-crystalline re-entrant
edges x are particularly effective. The work of nucleus formation can only be
purely one-dimensional at such defects, that is, even for very small super-
saturations it remains negligible.! The relative vapour pressure difference
AP|P has been estimated as 107¢ to 1073, and for a fraction 0 of coverage by the
adsorbed layer, for which the comparison is particularly valid, very reasonable
values (very much less than 1) are obtained.

In all these experiments the crystals of urotropine are surrounded only by their
own vapour. The admixture of foreign gases increases the times for the transfer
of matter enormously.

Dr. H. K. Hardy (Stoke Poges) said : If, as Dr. Frank ? has indicated, crystals
grow by ¢ winding themselves up ”’ with screw dislocations, would it be correct
to speak of their solution as an ‘ unwinding *’ process ? I am prompted to ask
this because there was a paper by Bloch, Brings and Kuhn ? in which the rate
of solution of a crystal was taken as proportional to the edge length. On this
hypothesis smaller crystals melted more slowly than large ones and this was
taken as the source of undissolved crystal nuclei at temperatures not far from
the melting point. If, instead of edge length, we substitute effective dislocation
length as the criterion for the rate of solution, a stage will eventually be reached
during solution (or melting) at which this is reduced to zero but at which a very
small crystal fragment remains. This might be expected to have considerable
stability and would form a source of crystal nuclei on subsequent cooling.

I would now like to mention some phenomena connected with precipitation
in solid solutions since, by quenching from a high temperature, the effects of
very high degrees of supersaturation can be studied when the alloy is allowed to

1 See, for example, Stranski and Kaischew, 4Ann. Physik, 1935, 23, 330.
* This Discussion.
3 Bloch, Brings and Kubn, Z. physik. Chem. B, 1931, 12, 415.
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decompose at a lower temperature. The most convenient starting point is the
free energy-composition curve (Fig. 1). The equilibrium phases have the
compositions given by the common tangent. Between the points Y-Y, the
curve is concave to the composition axis and in this region 32F/dx2 has a negative
value. In agreement with diffusion theory, fluctuation theory and the shape of
the curve, we should expect that an alloy quenched to this region would show
segregation of like atoms and possibly pre-precipitation effects associated with
this. This is the case in the CuFeNi, alloy investigated by Daniels ¢ in which
variation of the ageing temperature changed first the degree of segregation and
then the distance between segregates.

F

(®)

+/

/ \
Two'sold solutions
A alomic frachion B

Fie. 1.
(a) The Ffree (energy composition curve at T, for the hypothetical equilibrium diagram
in Fig. (b)
(b) The supersaturated solid solution has been divided into two regions corresponding

to the inflections on the free energy composition curve and positive and negative
values of 2F[dx3.

In general, the solute atoms collect on preferred planes as ‘‘ platelets ”’ or
even as ‘‘ stringlets,”® but in some alloys the effects are more complicated than
can be predicted by simple segregation. For example, in Al-Cu alloys this segre-
gation requirgs nucleation, there being a critical nucleus size dependent on the
ageing temperature. If we consider the Al-4 9% Cu alloy, the segregation of
solute atoms at room temperature after quenching from 530° C leads to an
increase in hardness (Fig. 2). If the alloy is now raised to 200° C for a few minutes,

4 Daniels, Proc. Physic. Soc., 1948, x92, 575.
% Geisler and Hill, Acta Cryst., 1948, 1, 238.
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the segregates are dispersed and it reverts to its hardness after quenching. It
will then re-age as before and the process can be repeated for at least 10 times
and probably indefinitely (Fig. 2). The segregates (or Guinier-Preston zones
as they are called) formed at room temperature are below the critical size for
their growth at 200° C. This means that the free energy of such zones, even
though not a separate phase, possesses a strain energy term proportional to their
surface area, and hence their free energy will show a maximum when plotted
agamnst their radius (Fig. 3).

b, b, bs
| | |
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F16. 2.—Behaviour of Al-4 %, Cu alloy on natural ageing following quenching a-b,,
treated 5 min. 200° C to disperse the segregates of copper atoms b,-¢;, etc., whic%:
re-establishes its ability to natural age ¢,-b,, etc.

,Unsalura lad solulion
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i

a, a,\ a
Supersaluraled solulion

F1c. 3.—Vanation of 2 F with size of nucleus.

Both Becker ¢ 7 and Borelius 8 ® have put forward theories to account for the
rates of precipitation. Fig. 4 gives experimental curves on Pb-Sn alloys, where
the logarithm of the time for half the resistance change associated with precipita-
tion has been plotted against the reciprocal of the isothermal precipitating
temperature in ° K (the thick lines in Fig. 4). The arrows mark the temperature,
calculated by Borelius ? at which d32F/dx? changes sign, at higher temperatures ;
where this is positive the rate of precipitation slows down. In Becker’s theory ?
the rate of precipitation per unit volume of untransformed matrix is proportional
to

e-(Q+A)/RT,
where Q is the activation energy for diffusion and A4 the activation energy for
nucleation. I have applied this to the experimental results given in Fig. 4.
The free energy terms needed were calculated using the methods of Borelius ® 1°
and comparing them with Becker's equations.” By this means the activation
energy was calculated for the initial precipitation. This leads to the dotted

¢ Becker, Z. Metalikunde, 1937, 29 (8), 245.

? Becker, Ann. Physik., 1938, 32, 128.

8 Borelius, Ann. Physik., 1938, 33, 517.

® Borelius, Avkiv. Mat. Fysik., 1945, 32 (x). .

10 Borelius, Larris and Ohlsson, Arkiv Mat. Ast. Fysik. 4, 1044, 31 (10).
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curves in Fig. 4. The agreement with experiment is not unreasonable in view of
the simplifying assumptions which were made. If a correction were made for
the decrease in rate of nucleation due to change in degree of supersaturation
during precipitation, the theoretical curves would be moved to the right, i.e.,
closer to the experimental values.

I hope to publish a more detailed account of this work on precipitation in terms
of the free energy composition curve at a later date.

Figures are
[ ~50 wh %5n 1000
1900

/! 2 3 4 5 65
I — A

A 1 A

log ¢ (sec.)

¢ = time to half resistance change.
+— temperature for change from positive to negative value of d%F[dx2,
Full lines experimental, dotted hnes calculated.

Fi6. 4~—Comparison of experimental curves for log time to half the resistance change

of Pb-Sn alloys on ageing, plotted against—;r, and curves calculated from nucleation
theory based on the original concentrations.
Q = 10,400 cal./g.-atom.

Dr. F. C. Frank (Bristol) (communicated) : Dissolution on a habit-face of a
crystal with protected edges, at moderate subsaturation, should proceed in a
manner closely equivalent to growth on fully developed habit-faces, 1.e., by
unbuilding at molecular terrace lines ending on screw dislocations, and there
should be a critical subsaturation for dissolution, equal to the critical super-
saturation for growth. But if the crystal edge is exposed to attack, it is a
permanent source of terraces, and the dislocations then play no essential part
in the steady-state dissolution process. Terraces attached to dislocations would
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be involved in the initial attack, and would, I think, upset the proportionality
between rate of attack and length of crystal edge ; which could in any case only
apply to initial conditions, since crystals in dissolution rapidly cease to be simple
polyhedra and become bodies bounded by curved or rough surfaces, open to
attack all over. The rate of steady-state dissolution is governed simply by
transport of heat or matter.

It is theoretically possible to dissolve a crystal until the remaining fragment is
undislocated, and, if now submitted to moderate supersaturation, can only
grow out to the circumscribing polyhedron of habit-faces and then stop growing.
I doubt whether this has practical importance, or will be easy to observe.

The paper of Bloch, Bringsand Kuhn quoted is interesting but illogical. There
is no reason why the edge-row (d in their Fig. 1) should be less easily attacked than
the step-row (b), or the corner atoms of the crystal less easily than those at
‘“ reproducible points *’ (¢). Actually, I know of no real evidence of any portion
of a solid failing to melt above its melting point, and believe that * persistent
nuclei ” in metal melts are to be explained in a relatively trivial way, as foreign
matter, e.g., oxide: the surmise of Horn and Masing ! for antimony, that the
impurity gradually dissolves in the melt, but is precipitated out on solidification,
accounts for the details of behaviour, and may well apply in other cases.

Mr., W, K. Burton and Dr. N. Cabrera (Bristol) (communicated) : With
reference to the theory of crystal growth from the vapour, when there is an
adsorbed layer of molecules of high mobility, the present situation can be
summarized in the following way.

Let D be the diffusion coefficient of the adsorbed atoms and T their mean life
on the surface (mean time between their condensation from the vapour and their
evaporation again into the vapour). Then the mean displacement of adsorbed
atoms is

%= Dt =ap,

where a is the interatomic distance and B is defined by formula (3) in Part II
of our paper. For materials of low sublimation energy like iodine, we expect ¥
to be of the order of ro? interatomic distances, at room temperature. It will be
much higher for metals :

If # is bigger than the mean distance x, between Kossel-Stranski-Frenke)
kinks (places where condensation into the body of the crystal is easy), then it
can be shown that the rate of growth of the crystal is proportional to the super-
saturation ¢ = a — 1 (formula (6) in Part II of our paper). This formula is in
good agreement with the linear law observed by Volmer and Schultze 13 on
10dine, phosphorus and naphthalene at 0° C. These authors observed a linear law
in all cases, but for iodine the actual rate of growth is smaller than the linear law,
below supersaturations of the order ro-2.

The problem is to explain why there seems to be always such a high concentra-
tion of kinks. It is now quite clear that the concentration of kinks in a perfect
habit face will be negligible, unless the supersaturation is very high (see our
papers), and also that the only explanation for the observed growth at low
supersaturations is the fact that the crystals are imperfect and the screw disloca-
tions terminating in the surface (see Frank’s paper) provide the required steps
with a high concentration of kinks. The step between two dislocations of different
sign will contribute to the growth if the distance & between them is bigger than
the size /, of the critical two-dimensional nucleus, which is of the order a/o. If
N is the number of dislocations per cm.3, then d ~ N,

Now from the point of view of the rate of growth we can distinguish two cases :
either the distancesd between dislocations are bigger than the mean displacement
x defined above, or they are smaller. In the first case, d > ¥, we expect two different
critical supersaturations. Increasing the supersaturation ¢ from zero, there will
be a first range where no observable growth will occur, up to ¢ = 6; ~afd. At
this first critical supersaturation ¢; the growth will start more or less suddenly
(see our paper, Part II). ¢, will be different from one crystal to another, and will

11 Horn and Masing, Z. Elektrochem., 1940, 46, 109.
12 Volmer and Schultze, Z. physik. Chem. 4, 1931, 156, 1.
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be observable if it is of the order of, or bigger than, 10-%. Actually 6, ~a/d ~aN'/,
therefore it will be observable if N is bigger than ro'®. When ¢ > o, Frank has
shown that a dislocation or small group of dislocations will be the centre of a
‘ growth pyramid,” the distance between different step-lines of the pyramid
being of the order of /, or afs. When o < o, ~ a/#, the rate of growth of the
surface is more or less proportional to o? and is smaller than that given by the
linear law. Finally, when o > g,, the parabolic law goes over to the linear law,
because the distance between step-lines of the pyramids is smaller than # and
we are under the conditions where the linear law holds. The second critical
supersaturation o,, defined by o, ~ a/¥, will be the same for all crystals, »¥
being independent of the imperfection of the crystal. This seems to be the
case in the experiments on 10dine by Volmer and Schultze.?® Assuming, then,
that the critical supersaturation observed in their experiments corresponds to
gy, one can deduce the value ¥ ~ 10%z, which agrees with the expected value.

The rate of growth for o, < o < o, will depend essentially on the distribution
of dislocations.

C= a-~|

Fi1G. 1.

In the second case, ¥ > d, the first critical supersaturation only appears. We
should expect the rate of growth to go over to the linecar law rather suddenly
(as represented by the dotted curve in Fig. 1) and the critical supersaturation
to be different from one crystal to another. This situation would occur probably
in metals, provided the crystal contained a number of dislocations high enough
for the critical supersaturation to be observable.

Prof. I. N. Stranski (Berlin) said : Foreign (just as lattice) adsoibed
molecules influence the growth and dissolution processes in two ways. Firstly,
they favour (i.e., catalyze) the elementary processes by lowering the amount
of energy required. In this connection we may consider the simple electrostatic
model of the ionic crystal. To remove one adsorbed ion from a (oo1) face of
a sodium chloride lattice an energy ¢, = 0-06601 (in e¥/r, units) is required.
To remove a single ion which is part of the same face an energy ¢, = 1-68155
is necessary. To remove an adsorbed ion together with the ion of opposite
charge (directly beneath it) an energy ¢, = 0-74757 will be needed. (This
latter is the energy of separation of a molecule from the crystal boundary,
mvolving only half-crystal forces.) The first process is naturally the most
frequent. The third process can, however, occur much more frequently than
the second, which is the relevant point here.

The adsorbed foreign‘molecules, however, retard the diffusion in the adsorption
layer itself and in this way they may easily outweigh the first effect.
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Mr. R. S. Bradley (Leeds) (communicated) : A possible experimental test
of Prof. Stranski's theory of surface polarization is the measurement of the
heats of adsorption of the inert gases on ionic crystals, in comparison with the
values calculated by the application of Prof. Stranski’s theory.

Prof. I. N. Stranski (Berlin) said : Frank's 1dea is signiicant. It largely
coincides with the views of Honigmann and myself. In our preliminary com-
munication * we also draw attention to the close connection between the
processes occurring on the urotropine crystal with the growth-processes for
twins, where likewise a considerable reduction 1n the work of formation of the
two-dimensional nucler on the boundary lines must be anticipated. We have
also considered attributing the unsuccessful experiments of Volmer and Schultze
(naphthalene, phosphorus) to the presence of re-entrant edges.

Dr. J.L. Amoros (Barcelona) (communicated) : It is known from the so-called
Donnay-Harker’s law that the equilibrium form of crystals depends upon the
real symmetry of the crystal, 1.e., the group symmetry. This law has been
criticized by me during the last few yecars. However, in my opinion the law
remains valid in all respects because the crystal habit 1s directly related to the
crystal structure.

The relation between structure and both growth and final form of the crystal
appears to be clear when the stability of crystal body 1s rcalized. That stability
1s reached when the crystal faces are stable and the latter can only be stable
when the co-ordination polyhedron or the close-packing of molecules 1s casily
obtained.

Therefore the crystal growth must take place on those faces wheie either the
completion of the co-ordination or the close-packing of molccules can be more
easily obtained. As the crystal structure deiermines the symmetry of the cell,
the crystal habit is likely to be a function of the space group clements of sym-
metry. Bearing in mind the above, 1t should be interesting to know the actual
relationship between Stranski’s theory and the Donnay-Harker's law.

Dr. C. W. Bunn (I C 1., Plastics) said: The suggestion in Frank’s paper
that dislocations play a dominant part in crystal growth from vapour or solution
arises from the conclusion that a perfect crystal bounded by low-index surfaces
probably would not grow at all unless the supersaturation of the vapour or
solution were very high. But the fact that crystals do grow at quite moderate
supersaturations might be explained in two ways—cither by assuming the
presence of dislocations, or by assuming that the surfaces are not low-index
surfaces. The observations described by myself and Emmett m this Discussion
show that on many crystals growing rapidly from solution deposition takes
place on the edges of spreading laycrs, and that these edges are, on the scale
which can be observed in the optical microscope, high-index surfaces. If all
the deposition surfaces are high-index surfaces on the molecular or 1onic scale,
there would appear to be no need to invoke dislocations to explain the continuance
of growth, because even a crystal of perfect structure will grow readily if it has
high-index surfaces. Our observations suggest that the central problem of
crystal growth 1s the study of the factors which maintain high-index surfaces
—the factors which determine that molecules arc deposited 1n such a way that
the new surface 1s again a high-index surface. Therc 1s a tendency for high-index
surfaces to ‘ heal "—i.e., for depositing molecules to form a low-index surface ;
what is it that prevents complete healing ?

Qur observations also show that layers usually sprcad outwards from the
centres of crystal faces. Is there any reason to suppose that dislocations would
occur preferentially at face centres? The electron microscope photograph
of Wyckoff’s 14 to which we refer in our paper (a protein crystal grown from
aqueous solution) does not show a screw dislocation, or indeed any central struc-
tural imperfection in the top layer. It is true that this is not a photograph
of an actually growing crystal, but of a crystal whose growth has been arrested,
so it must be regarded as suggestive rather than conclusive, for we do not

13 Stranski efal., Naturwiss., 1948, 35, 156.
14 Wyckoff, Acta Cryst., 1948, %, 277.
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know what might have happened after growth ceased. But it corresponds
so exactly to what has been observed dynamically on a larger scale that it is
difficult to resist the impression that it is a molecular growth-picture, and
therefore deserves consideration.

The screw dislocation has been introduced because it is self-perpetuating ;
but it seems to me a rather special sort of imperfection, and I cannot visualize
how it arises. I should feel happier about an imperfection theory based on
simple strains, cracks and dislocations arising continuously and spontaneously
perhaps as a result of thermal strains originating in the flow of heat of crystal-
lization and depending on previous growth rates.

Dr. F. C. Frank (Bristol) (partly communicated) ; Prof. Stranski says, rightly,
that growth-at low supersaturation can occur on uncompleted molecular layers :
but then, on a perfect crystal, uncompleted layers must finally become completed
ones, From discussion with others, it appears necessary to say that also in other
language : that high index surfaces grow readily, but thereby grow out, leaving
low index surfaces. The essential importance of dislocations is that they prevent
this happening, enabling the uncompleted layers or high index surfaces to persist.

If Wyckoff’s Fig. 7, shown by Dr. Bunn, were a picture of a crystal growing
{rom solution of low supersaturation, I should be rather worried. It is not :
from Wyckoff’s own description, it is a preparation made by smearing the
crystalline pellet (formed by ultracentrifugation) on a glass surface.

I should like to reply to two more points raised by Dr. Bunn and one raised
by Dr. Humphreys-Owen.

Firstly, is there any reason to suppose dislocations would occur preferentially
at face centres ? Yes, dislocation lines are effectively under tension. Given the
chance they will usually make themselves as short as possible, and this will,
as a rule, overcome any tendency of the dislocation line to adhere to a preferred
direction in the crystal, when these requirements are in conflict. Hence, they
will be expected to grow out more or less normally to the surface at which they
emerge. Those of early origin will then be found near the foot of the normal drawn
from the crystal seed to the growing face, and therefore usually somewhere near
the centre of the face, at least in regular crystals. Dislocations of later origin
may be anywhere. The observations quoted imply that in these (incidentally,
small) crystals the dislocations are few and the probability of fresh generation
of dislocations small.

Secondly, Dr. Bunn says ‘‘ the screw dislocation has been introduced because it
is self-perpetuating.” This must be corrected. The dislocation was ‘‘introduced ”’
from the theory of continuum elasticity into the theory of real crystalline solids
about 15 years ago to account for their plastic deformation, and about 10 years
ago as the element of misfit into which various derangements of a crystal (such
as ‘“‘ mosaic boundaries ') can be resolved. Each dislocation is characterized by
a ‘‘ Burgers vector,” belonging to a limited family of crystallographic vectors.
The idealized ‘‘screw dislocation ™ is that in which the dislocation line lies
parallel to its Burgers vector ; but if this vector is not parallel to the crystal
face at which the dislocation line terminates, the dislocation partakes of screw
character, and provides a self-perpetuating terrace on the crystal face. If disloca-
tions are present, it is only in certain special arrangements, for the maintenance
of which there is no discoverable reason, that they could fail to possess screw
terminations.

Of course, dislocation theory will be in a more satisfactory state when a
complete account of their genesis has been given. But I did not omit to discuss
the matter in my paper.

Humphreys-Owen raises a very significant point : that the growth-resistance
either at a crystal corner, or of a whole face which has ceased growing, is remark-
ably high. By itself this could mean either that the dislocations were very close
together in these areas or that they were absent. It is very much easier to under-
stand the erratic nature of the growth of these small crystals on the latter
assumption, which is also consistent with the evidence that the growing point
is often near the centre of the face. In fact, when the growing point is not near
the face centre of a small crystal, there is a strong likelihood of the production
of a ‘“hopper crystal.” For then the diffusion field corresponding to uniform
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deposition will result in a smaller supersaturation at the face centre than that
at the growing point. A certain reduction, by a factor of the order 100, can be
compensated by the growth fronts crowding together in the region of low super-
saturation, but this compensation is definitely limited, whereas the fall in super-
saturation which would accompany uniform deposition might even be to a
negative value. In such cases deposition cannot be uniform but will be less near
the centre of the face. The result will be a hopper crystal. This conclusion applies
to small crystals, or those grown in still media, or grown fast. With larger crystals
or good stirring the variation in concentration across a face will be much smaller ;
on the other hand, when the growth rate is fast the amount of variation in super-
saturation which can be compensated by a change in the spacing between step-
lines is smaller.

Perhaps I should summarize : the dislocation structure of a crystal has very
little effect on its rate of growth (provided 1t permits 1t to grow at all) if the super-
saturation is the same all over the crystal. The latter 1s not the case with small
crystals, or crystals in a still medium. The dislocation density probably varies
greatly, from substance to substance and with the conditions of crystal growth
and treatment, but we can learn very little about 1t from simple measurements
of growth rate, or even from the shape and surface topography in growth under
usual conditions : 1t might be anything from 1 per crystal face to 10!° or more
per square centimetre. But there 1s evidence 1n the experiments of Bunn, and of
Humphreys-Owen, that it is indeed much nearer to 1 11 some of the small crystals
they have studied. In that case, with a variation of concentration across the
crystal face, which must exist when diffusion rules, the growth rate can be
determined by the location of dislocations in the face.

Dr. U. R. Evans (Cambridge) (communicated) : Three important growth forms
(dendritic, concentric and allotriomorphic), mentioned by several speakers,
deserve closer consideration.

DENDRITIC FORMS.—Mott !® attributes dendritic growth to the circumstance
that the tip of an advancing needle provides a spot favourable for the replenish-
ment of material or for the dissipation of heat. This widely held view that
growth is favoured by a sharp point seems at first sight to conthict with the
demonstration of Bunn and Emmett !* that, under certain circumstances, deposi-
tion occurs preferentially at the centres of the faces—that is, at a maximum
distance from the sharpest points on the crystal; it is even suggested that the
replenishment of material at face centres proceeds more readily than at crystal
corners.

The apparent discrepancy may be connected with the fact that, as Bunn
himself points out, his theory neglects the growth of thecrystal ; this assumption,
which he describes as unrealistic, is doubtless permissible for many purposes,
but in dendritic growth the movement of the tip of the dendrte is probably an
essential feature of the mechanism. The impoverishment of a solution, which
must always be expected during the advance of a flat face, may be avoided when
a fine needle is pushing out into ever fresh regions. Such a mechanism would
lead, however, to forms possessing excessive surface encrgy, and there will often
be a tendency for the freshly deposited atoms or 10ns to re-arrange themselves,
possibly by surface diffusion, so that the dendritic form 1s not developed. As to
whether surface-rich or surface-poor forms are observed depends on the relative
rates of two processes : (1) the deposition of atoms and (2) their re-arrangement.
The second change will be influenced by the specific surface energy and the
surface mobility of the particles.

Certain simple experiments!? on the production of two-dimensional lead trees
by pressing the edge of a vertical zinc strip on a filter paper soaked in a solution
containing lead acetate may serve to illustrate the principles involved. Filaments
of lead quickly push outwards along the paper, and soon the deposition of lead
at the growing tips is proceeding nearly a centimetre from the place where zinc
is being dissolved. The need for this ‘‘ action at a distance *’ becomes clearer on
applying a sulphide indicator ; it is found that the lead salt has become almost

18 Mott, This Discussion.
16 Bunn and Emmett, This Discussion.
17 Evans, Chem. and Ind., 1925, 812.
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exhausted near the metallic zinc. The lead ‘‘ plants,” unable to find nutriment
at home, push out into the world to obtain it. Of course, given time, lead salts
would diffuse towards the zinc. But diffusion under a concentration gradient is
generally a slower process than ionic migration under a potential gradient;
both are due to the same type of movement, but it is random in the first case
and “ directed "’ in the second. Whether the flow of electric current along the
lead filaments has ever been demonstrated may be doubted ; but, in the analogous
case of corrosion of zinc by a sodium salt solution and oxygen, the current has
been measured '® and found strong enough to account for the observed corrosion
rate.

Clearly, dendritic growth can occur without a flow of current; but it is
particularly likely to be met with in the cathodic deposition of a heavy metal
where the volume occupied by the metal after deposition 1s usually much smaller
than the volume of solution containing the requisite number of ions, so that,
in the absence of stirring, deposition in layers soon becomes impossible if the
current, provided from an external battery, exceeds a certain value; thus
‘ treeing "’ has become one of the elcctrodepositor’s nightmares.

CONCENTRIC GROWTH (IN CIRCLES AND SPHERES).—Patterson !® describes
the spreading of rust over a pure iron surface as proceeding in a concentric manner,
although on steel mossy growths, recalling dendritic forms, are commoner, as
shown also by Vernon.?°

Spherical growth would, presumably, be the normal form of solid accretion in
a universe in which surface energy was independent of direction. Even in our
complicated world, it is the normal form of liquid accretion. Matter undergoing
a phase change may be regarded as momentarily liquid, and it is tempting thus
to seek an interpretation of the pyramid-growth\spreading from face centres,
as observed by Bunn and Emmett,!® since this geometrically represents an attempt
to attain spherical form. One at least of those who saw the I.C.I. film was
impressed by the resemblance of some of the phenomena to liquid flowing out of
a hole. But such resemblances are often misleading, and it is best not to press
the analogy too far.

The laws of expanding circles and spheres, which are important in connection
with surface oxidation and annealing changes, have been developed by a simple
method descrjbed elsewhere 2! ; in cases where other, more tedious, methods are
available, the results are in agreement. When films spread over a surface from
pre-existing nuclei (sporadically distributed) which start to operate at zero
time (no other nuclei appearing thereafter), the fraction of the surface remaining
uncovered after time ¢ will be e*®'; if nuclei are absent at the outset, but
appear (sporadically in time as well as in space) on the ever-diminishing area
available, the fraction will be e-#*, For expanding spheres, the corresponding
expressions will be e and e** respectively. Naturally %2 has a different
meaning (and different dimensions) in the four cases, as shown in Table I, which
also includes the final grain-size obtained when the phase change is complete.
Where growth has occurred solely from pre-existing nuclei, the grain size must
clearly be independent of the crystallization velocity, being the reciprocal of the
nucleus number. However, where there are no pre-existing nuclei, it is propor-
tional to the appropriate power of the ratio of crystallization velocity to nucleation
rate ; the numerical coefficient arises out of a gamma function. The power
(2/3 and 3/4 in the two cases) deserves notice, since it has been stated that the
grain size is given by the first power of that ratio—which is surely impossible,
since the expression would then have the wrong dimensions.

The distinction between the expressions for spreading in the presence and
absence of pre-existing nuclei may come to be helpful in distinguishing between
the two cases. In some types of phase change, the points where the change
originates are apparently not crystal germs, but seem to be points of atomic
disarray where the energy of inception is lower than elsewhere.

18 Agar, quoted by Evans, J. Iron Steel Inst., 1940, 141, 220 P; also Noordhof and
Evans (unpublished work).

19 Patterson, /. Soc.‘Chem. Ind., 1930, 49, 206 T.

20 Vernon, Trvans. Faraday Soc., 1924, 19, 887 (Fig. 21).

31 Evans, Trans. Faraday Soc., 1945, 41, 365.
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ArrorriMorRPHIC ForMs.—A polycrystalline aggregate formed from a melt
in which spherical crystals spread at uniform rate from pre-existing nuclei should
consist of grains separated by plane boundaries ; if pre-existing nuclei are absent
the boundaries will be curved, whilst, if furthermore the outgrowth is dendritic,
the boundaries will be irregular and interlocked—as is often observed. On
annealing, the boundaries will tend to straighten—thus diminishing the inter-
facial energy of the system.

TABLE I

syMBOLS.—v represents the radial velocity of crystallization, w the two-dimensional
nucleus number defined by the statement that the chance of finding a nucleus
in area element da is wda, Q the two-dimensional nucleation rate defined by
the statement that the chance of a nucleus appearing in area element da and
time-element & is Qdads, whilst w’ and (' are the corresponding three-
dimensional quantities.

Condations Value of k'  Final Grain Size
Two-dimensional : pre-existing nuclei .. nwwy? 1/w
Two-dimensional : no pre-existing nuclei . . w3 1:137(v/Q)"s
Three-dimensional : pre-existing nuclei .. 4Tw'v3(3 1/w’

Three-dimensional : no pre-existing nuclei. . wQ'v3/3 1-117(0/QNe

An early examination 22 of Carpenter and Elam’s studies of boundary migra-
tion 22 showed that, out of 53 cases, the apparently concave grain invaded the
apparently convex grain in 25 cases, whilst in eight cases the reverse movement
was noted ; the other 20 cases were doubtful. The existence of eight apparent
exceptions to the straightening rule (‘‘concave invades convex ) is not
surprising, since the curvature was judged from sections and there was no
nformation about the curvature at right-angles to the paper. If the two
curvatures are wumcorrelated, one would expect that the rule would break
down once in four times. However, the numbers were felt to be too small
for significant conclusions, and plans were made for an extensive research by
Cook and the writer which should have provided data for statistical analysis
and settled numerous outstanding questions. Preliminary data were published,®*
but, owing to Dr. Cook’s departure from Cambridge to take up a post elsewhere,
the main research has never been carried out.

The writer wishes to thank Dr. Bunn, Dr. Wooster and Dr. Agar for helpful
discussion.

22 Evans, J. Inst. Metals, 1922, 2%, 140.
33 Carpenter and Elam, J. Inst. Metals, 1920, 24, 104 (Fig. 1 to 24).
34 Cook and Evans, Trans. Amer. Inst. Min. Met. Eng., 1924, 7%, 627.

II. NUCLEATION AND NORMAL GROWTH

Introductory Paper
By W. J. DuNNING
Received 10th March, 1949
The simplest case of crystal nucleation is the separation of two solid
solution phases from a single phase on cooling to a point below the critical
mixing temperature T,, and it is natural® to apply Einstein’s theory of

1 Berkeley, Phil Mag., 1912, 254.
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fluctuations 2 to this process. In small regions of the metastable primary
phase, the concentration fluctuates away from the mean. The probability
of a fluctuation has the form

W =Sk,

. . . . (1)

and if it is assumed to occur at constant energy, then

—-AA
AS = -—-T—,

where A4 is the Helmholtz free energy, hence
W = e— AA/kT

. . (2)
For a concentration fluctuation, A4 can be obtained by a Taylor expansion
in terms of the mole fractions, it will have the form,*

_1(e4 I (@A \ars
AA_2<dN2>oAN2+6<dN3>oAN+..... R

The first term of the expansion is zero since A has a minimum value at
AN = o. Near to T,, only the first term of (3) is important, and in Fig. 1
is shown a plot of 4 against mole fraction for a temperature just below T..

Mole Frackion N

rrole Fraction N

F1G. 1. Fic. 2.

The probability of a concentration fluctuation in a supersaturated single
phase, represented by point x, is, however, not given immediately by the
curvature at this point, because Fig. 1 refers to macroscopic systems and
eqn. (3) involves consideration of microscopic regions. The essential
difference is that A4 in eqn. (3) must include the surface free energy between
the fluctuated region and the bulk phase.? However, near to T, the surface
free energy is probably also proportional to the curvature of Fig. 1 at x,
hence the microscopic A4 of a fluctuation will be proportional to the curvature
of the macroscopic 4/N curve.

Small fluctuations of concentration will most probably redisperse again,
but larger fluctuations may reach a stage where the curvature becomes
zero and they then have an even chance of redispersing or continuing to
grow until they become small portions of the new phase. These fluctuations

3 Einstein, Ann. Physik, 1910, 33, 1275.
3 Becker, Ann. Physik, 1938, 32, 128.

* These equations are not, of course, precise, they are intended to be illustrative only.
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would be considered nuclei of the new phase.  Under these conditions
the probability of nucleation would be given by

34) AN — I(%los «) AN
Woce%{m'}'_ﬁ' < e () e - @

where « is the activity.

Wictorin 4 has carried out measurements of the rate of separation of the
two phases from a gold-platinum alloy during annealing at a temperature
just below T,..  His results were shown by Borelius 8 to be consistent with the
view that the rate of nucleation is governed by the magnitude of the curvature
of the macroscopic 4/N relation.

Eqgn. (4) will not be valid at temperatures far below T,, and where a
solid precipitates from a liquid phase it is very doubtful if, even in principle,
the two branches of the A/N curve (Fig. 2) can be considered as continuous.
In Fig. 2 branch a refers to the solution and branch b to the almost pure solid.
The process of nucleation is no longer visualized as the progressive enrich-
ment of solute in a small volume. Even if the small volume by fluctuations
became almost pure solute, we should still be faced with the problem of the
discontinuous change of liquid into solid solute. The fluctuations which
lead to the separation of the solid solute are therefore conceived as partaking
of crystalline properties from the start. The fluctuations begin as two
molecules, some attaching a third, and then a fourth molecule and so on,
into lattices of localized molecules, until minute structures are formed
of the same crystalline nature as the solid solute. The probability of forma-
tion of these crystalline fluctuations is considered to be given by eqn. (2)
in which A4 is the free energy of formation of this nucleus. On these
assumptions this is found to be of the form,

AA = oF, . . . . . (5)
where ¢ is the interfacial free energy of the crystal in contact with the super-
saturated solution, and F is the area of-the surfaces of the crystal.

Again these fluctuations have an overall tendency to redisperse until they
reach a critical size (“* radius ”’ = 7;) given by an equation analogous to the
Gibbs-Thomson equation,

¢ 20M

RT log e = 73

where ¢; and ¢,, are the concentrations of the supersaturated and saturated

solutions, M is the molecular weight and & the density of the crystal. At

this critical size, the tendency to redisperse is equal to the tendency to grow.

Above this critical size there is an overall tendency to grow. Fluctuations

of this critical size are ‘ nuclei.” Using eqn. (2), (5) and (6) the rate of
nucleation is given by

S ()

16  NrM?%®

] —e 3 Ragas (m Z_‘lgn . . . . (7)
(N is Avogadro’s number). This theory of Volmer and Weber é was improved
by Stranski and Kaischew 7 and later by Becker and Déring.8

These latter considered the detailed mechanism by which the fluctuation
grows towards and passes the critical size. Considering the separation of a
cubic homopolar crystal, and the crystalline fluctuation at a stage in its
growth, the incident molecules are laid down one at a time on the surface.

¢ Wictorin, Ann. Physik, 1938, 33, 509.

s Borelius, Ann. Physik, 1938, 33, 517.

¢ Volmer and Weber, Z. physik. Chem., 1926, 119, 277.

? Stranski and Kaischew, Z. physik. Chem. B, 1934, 26, 317.
8 Becker and Déring, Ann. Physik, 1935, 24, 719.
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This kinetic treatment considers three stages of the growth, the formation
of linear chains, the formation of two-dimensional islands on completed
surfaces, and the formation of three-dimensional lattices. Becker and
Déring assume no restrictions on the possibilities of attachment of the units,
but they are able to show that the free energy of the system is smallest when
the islands are square and the lattices are cubic. There is a critical cube
size and a critical square size corresponding to three- and two-dimensional
nuclei respectively. Equations are derived for the linear rate of growth and
for the rate of homogeneous nucleation.*

A comprehensive experimental check on the theory would require to
show that the rates of nucleation and growth have the correct dependence
upon the supersaturation, the temperature and the surface and edge free
energies, and further that the pre-exponential factor is correct. A partial
check has been carried out by Amsler.? He showed that the effect of super-
saturation upon the induction period of nucleation (taken as inversely
proportional to J) has a form related to that of Fig. 3. Further work with
the same object in view is reported in this Discussion by Van Hook and
Bruno, and by Bransom, Dunning and
Millard. The general impression one gets
is that the experiments broadly confirm the
theory, though from the latter authors’
results there appears a large discrepancy
in the value of the pre-exponential factor.
This may have a bearing on the funda-
mental nature of the fluctuations. Possibly
at some stage in the formation of the
nucleus the fluctuation changes from
non-localized to localized molecules. In-
formation on this is most likely to be
gained by studying highly supersaturated
Supersaturation solutions where the critical size is small.
Possible techniques for such experiments

F1c. 3. are considered by Bransom and Dunning,

though only results for low supersaturations

are reported. A paper by Davies and Jones describes experiments in

which the nucleation of supersaturated solutions of silver chloride is

followed by means of conductivity measurements. They find that the

metastable limit of the solubility product varies with the ionic ratio of Ag+

to Cl~ ions. This observation requires to be accounted for by quantitative

theory ; presumably the views of Kruyt and Verwey 10 on the structure of
silver halide sols would be of interest here.

The theory of Becker and Déring was derived for nucleation from the vapour
phase. Its application to solutions must be restricted to some extent by
diffusion processes. Since many experimental observations on nucleation
require the nuclei to grow or be developed to observable or measurable size,
its principal effect will be on this growth process. Neumann ™ has con-
sidered this matter and it would appear that nucleation studies in unstirred
tubes 1 may give results in which diffusion effects would mask any possible
correspondence with nucleation theory. Van Hook, in this Discussion,
also reports, the effect of stirring upon nucleation.

Rate of Nucleation

* Amsler, Acta Physic. Helv., 1942, 15, 699.

10 Kruyt and Verwey, Symposium on Hydrophobic Colloids (Amsterdam, 1938).
1 Neumann, in Volmer's Kinetik der Phasenbildung, p. 209, et seq.

1 Dehlinger and Waertz, Ann. Physik, 1939, 36, 226.

* See Bransom, Dunning and Millard, this Discussion, eqn. (15) and (19).
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It is, however, in the growth of crystals that diffusion may play its
significant role. In the papers on the growth of crystals in Section II, it
is necessary to distinguish broadly between those observations in which
the growth of isolated crystals is studied and those in which the average
growth of a large number of crystals is studied, and between those in which
the solution is stirred and those in which the solution is stagnant. In the
latter it appears that diffusion may play a dominant role. Again it must
not be forgotten that the theory is a statistical one.

In the work of Bransom, Dunning and Millard, average growths in stirred
solutions were measured and the interesting point which appears is that,
contrary to the theory of Becker and Déring, the linear rate of growth is
independent of the size of the crystal. This may mean that either the
crystals have a mosaic or lineage structure, each of which requires two-
dimensional nucleation and that growth planes are halted at the dis-
continuities, or that there is a constant surface density of dislocations, the
nature of which is discussed by Frank.

In contrast to this work on non-polar crystals, which is broadly in accord-
ance with theory, the observations of Bunn, Everett, Berg and Humphreys-
Owen are very difficult to reconcile with theory. No connection is found
between the rate of growth and the supersaturation at the surface. The
growth rate of a single face changes for no apparent reason and similar faces
have widely different rates. Further growth starts at the centre of a face
and spreads outward, apparently in thick layers (except in the case of non-
polar crystals). Bunn is of the opinion that the effects are traceable to
the characteristic distribution of the diffusion gradient. This is attributed
to a compromise between a tendency to radial diffusion and a tendency for
the crystal to remain polygonal. The result is that the gradients are not
quite radial and the surfaces of the crystal are not quite flat.

Suggestions have been made that perfect crystals do not grow under
mild conditions of supersaturation, and that growth on natural crystals
proceeds by a mechanism involving dislocations. Fordham contributes
some measurements from which it appears that distorted ammonium nitrate
crystals grow more quickly than undistorted.

The question of foreign nucleation as opposed to homogeneous nucleation
is a subject which properly belongs to Section III of this Discussion. It
is sufficient to call attention here to the work of Tschermak-Seysenegg,!®
who found that nucleation was very specific. For example, sodium acetate
trihydrate solutions could not be nucleated with the monohydrate nor
with the potassium salt. Incidentally his work on the electrical effects
which accompany crystallization is of considerable interest.

Chemistry Department,
The Unaversity,
Bristol.

13 Tschermak-Seysenegg, Z. Krist., 1939, 101, 230.

KINETICS OF CRYSTALLIZATION IN SOLUTION
Part I

By S. H. BransoM, W. J. DUNNING AND B. MILLARD
Received 1st March, 1949

The formation of a new phase from a mother phase can be considered as
involving two processes, the formation of three-dimensional nuclei and
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the growth of these critical nuclei to macroscopic dimensions. The experi-
mental study of the first process particularly is rendered difficult by the
fact that in early stages of the formation the two processes take place
simultaneously. The nuclei themselves are difficult to observe and count,
and it appears necessary to “ develop " them to an observable size by growth.
Such experiments must therefore be designed so that the added complication
brought in by the development process can be evaluated and taken into
account. Such experimental techniques are, we believe, described in
Part I and II of our investigations.

In this work, the use of salts as the precipitating phase has been avoided,
since it was considered that there might be present complications of electro-
static origin, arising from diffusion potentials and differential adsorption.
In this initial exploration we have therefore restricted ourselves to cyclonite.
This material has the advantages of being non-ionic; it is soluble in a
number of solvents but is relatively insoluble in water; it is stable and
does not decompose in solution ; it crystallizes from many solvents in iso-
metric habits which approximate to spheres ; it has a high melting point
and its crystals are hard and do not easily suffer attrition.

Continuous Crystallization.—If a solid (cyclonite) can be precipitated
from its solutions in a solvent (concentrated nitric acid) by the addition
of another miscible solvent (water), the process of crystallization can be
studied in the following manner. The solution and the precipitating liquid
are fed continuously and at a steady rate into a vessel. This vessel is
provided with an outflow through which, once the vessel is filled, the contents
pass out at a steady rate. With efficient stirring, the composition of the
outflow is the same as the contents of the vessel. With time the system
approaches a steady state in which nuclei are forming at a constant rate,
crystals are growing at a constant rate (since the degree of supersaturation
is constant) and a constant proportion of the entire contents of the vessel
is passing through the outflow in unit time.

Let the volume of the contents of the vessel be V, and the rate of efflux
v per sec. in same units of volume, this is equal to the sum of the rates of
influx assuming that there is no volume change on mixing and crystallization.
Let 7, be the number of nuclei which form per unit volume in a short interval
of time df, at time 4. At some later time ¢, some of these nuclei born at
time ¢, have been lost through the outflow and those which have remained
in the vessel (n) have grown in size under the influence of the steady super-
saturation. At the time ¢, the rate of loss of these crystals is

dn v
—&, = nyo . . . . (x)
or putting ¢, — f, = 0, the age of the crystals, d0 = d¢,, and
dn v
ae =n -I} P . . . . (2)
hence n=ne vV . . . . 3

If the linear rate of growth of the crystals depends only on the supersatura-

tion S we can put
. dr/d6 = £(S). . . . . . (4)
Hence r=f(S)0, . . . . . (5)

where 7 is an average dimension of the crystal, which for isometric crystals
may be considered as the “ radius.” Substituting for 6 from (5) into (3)
we get

8 n = nee~ iVAS), . . . . (6)
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For those crystals which were born at a time #, there is therefore a
relation (6) between # the number which remain in the vessel and their
size. In the stationary state the size distribution of the crystal population
in the vessel is stationary and does not change with time. Using relations
(6) and (4) we have for this distribution,

o
n(r) = e VS, | . . .

0 =7 ?)
where #(r)dr is the number of crystals per unit volume of suspension which
have linear dimensions between 7 and » 4 dr. Thus, if the contents of the
vessel are analyzed and the number distribution determined, we have
Mo vr
Frex = TR - . . . 8
76~ 776 @
By plotting log #(r) against » we can obtain v/Vf(S) and hence f(S) from
the slope and then #, from the intercept at » = o.

log n(r) = log

Experimental

Fig. 1 shows the arrangement of the apparatus. The crystallizing vessel A
was cylindrical with a hemispherical bottom and had an outflow tube set in
the side at a fairly steep angle. Vessel and outflow were jacketed and water
was circulated through the jacket from a thermostat. The solution and diluent
flowed from two jacketed Marriotte bottles B, B at constant rates which could
be adjusted by altering the levels of the air inlets &, b. The jets of the Marriotte
bottles passed into the vessel through the closely fitting Iid C, through which
also passed a thermometer. This lid carried two semi-parabohc baffles on
either side of a propeller-like stirrer. By consideration of such factors as the
depth and diameter of the vessel A, the shapes and positions of the propeller
and baffles, speed and direction of thrust of the stirrer, it is possible to minimize
any tendency of the crystals to sediment and to feed i1n the reactants so that
the local supersaturations do not deviate much from the average throughout
the vessel. All these items were mounted on a single vertical rod pivoted at
its lower end, and clamped at its upper end. The rod could be released and the
apparatus tipped forward to spill the contents of A into a jacketed filter D
beneath which was a weighing bottle E to catch the filtrate.

Before beginning the experiment water was circulated round the vessels,
the Marriotte bottles adjusted to give the required rates of flow and the stirrer
started in the empty vessel. Since the stirrer created a vortex any change
in the speed of the stirrer during the experiment is to be avoided, otherwise
the effective volume of the vessel changes. Then the influx of the solution and
the diluent were started simultaneously and the time to fill the vessel to the
point of outflowing is noted. The rate of outflow was noted several times during
the course of the experiment to check the constancy of the rates of inflow.
The experiment was then allowed to run until most of the contents of B, B had
been delivered, hence the amount of fluid passing through the vessel A was
about thirty to forty times the volume. To analyze the contents of the vessel
the following procedure was adopted. Firstly, a running sample of the outflow
was collected in order to determine later the overall composition in terms of
the three components ; these figures were checked against the known composition
of the reactants and their rates of influx. After noting the temperature, the
vertical bar was released to spill the contents of the reaction vessel into the
filter D and the crystals rapidly filtered. The filtrate was supersaturated and
was later weighed and analyzed and the results used for calculation. The
crystals were washed free from mother liquor, and after drying and weighing
were ready for particle size analysis. Immediately the sample had been tipped
out, the inlet feeds were stopped and the remaining contents of the vessel
allowed to stir for 30 min. The supersaturation in the vessel was thereby
reduced to saturation, the temperature was noted since there is a slight fall
in temperature when there is no heat of mixing being produced and the contents
of the vessel again tipped through another jacketed filter and the filtrate
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collected. An analysis of this filtrate gave the solubility in the actual solvent;
this figure could be adjusted to the running temperature by means of the known
temperature coefficient of solubility. This adjustment was usually small.

The observations recorded were: (1) composition of the liquid phase ;
(2) amount of solid in suspension; (3) particle size distribution; (4) degree of
supersaturation ; (5) temperature; (6) effective volume of the vessel; (7) rate
of influx and efflux (v). From these figures a number of cross-checks could be
made to ensure that the necessary theoretical conditions were in effect.

Fi16. 1.

The particle size distribution was obtained by means of a photoelectric sedi-
mentometer, a description of which has appeared elsewhere.* By means of this
instrument either #(r) or W(r), the weight of particles which have radii between
v and 7 4- d7#, can be determined. In the present case, W(r) was measured and
this is related to »(r) by

. W() = ynlr) r'd, R )
where d is the density and v is a shape factor, v is equal to 4=/3 if the particles
are spheres. On this basis eqn. (9) becomes

4mdrin,
18

* Bransom and Dunning, J. Soc. Chem. Ind., 1949, 68, 8o.

W) = e~vlViS) | . . . (10)
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Fig. 2 a shows this function and Fig. 2 b a typical result obtained in the present
experiments. In Fig. 3 the plot of log n(7) obtained from Curve 2 b is shown;
this is derived by using eqn. (9). Eqn. (8) shows that if the theoretical conditions
are fulfilled log #(») should be a straight line when plotted against », and it is

W(n)
\\‘\
.
.4
a
ll
a
6
p__#® o Lo RdwrG) mo w  weo
F1G. 2.
lgny
Radus 7
F1G. 3.

seen that the deviations are small. The slope of this curve gives f(S) according
to (8). The position of the maxima on these W(r) against » curves is easily

shown to be
Vf(S
max, = 3—{u , . . . . (1n)

which allows a check on the values of f(S) derived from the slope of the log
n(y) against » plot.

The intercept of the log #(r) against » line with the ordinate for » = o gives
a value of n,. Since, however, the results of the photoelectric sedimentometer
are not easily interpretable for crystals smaller than about r = 10 y, an extra-
polation has to be made here, but the relative values of 7, and the order of
magnitude should be reliable, unless large and varying slopes occur between
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7 = 10 p and 7 = 7, the radius of the nucleus. Another value of #, can be
obtained from 7y, by means of the relation,

- Y (3
%o = g-Va (’mu) ) . . . . (12)

where y is the yield of crystals per unit of time from the outflow, and =, is the
number of nuclei formed per unit of time per unit volume. Eqn. (12) serves
as a check on the previous value obtained for .

Results

Table I gives the results obtained for a series of experiments at about 67° C;
groups of these experiments were carried out for times of passage (V/v) in the
regions of 2-5, 6 and 14 min. The third column gives the percentage of nitric
acid in the mother liquor of the crystallizing vessel A, and these values were
reasonably constant at 54 % + 1. Definite trends are noticeable between
the factors V/v, 7, , the rate of linear growth f(S) and the rate of nucleation.

TABLE 1
Mother | Time of
%te tOf T?,“(‘:P' Liquor | passage | #max. f(S) Supetr.sat- 7,/ml. min.
xpt. (°C) Comp. % | "(min.) w/min, uration
23.2.42 665 54°1 2:40 58 86 016 8:4 X 104
27.2.42 685 54'4 225 52 77 ‘047 9'3 X 104
16.3.42 675 560 260 54 7°6 ‘018 7°0 X 104
26.5.42 66+7 531 30 52 64 *066 7°2 X 104
28.5.42 68-8 530 28 57 7°9 ‘039 6-2 X 104
3.6.42 678 537 2:9 57 69 *030 7°4 X 104
Average 27 56 7°6 *043 7°3 X 104
5.6.42 | 664 547 57 84 56 ‘044 14 X 104
8.6.42 656 530 61 8o 40 *020 17 X 104
9.6.42 650 546 61 70 3°5 *020 2°6 X 104
Average 60 78 43 028 19 X 104
17.6.42 66-0 526 13°5 130 26 *006 028 X 104
18.6.42 660 53'9 145 130 29 ‘o010 0°20 X 104
2.6.42 66°3 536 145 105 2'1 *030 030 X 104
Average 14°0 120 2°5 0I5 026 X 104

The least satisfactory are the measurements of the supersaturation which
exhibit a wide scatter. Nevertheless, comparison of averages in columns 6 and 7
suggests that the rate of linear growth is a linear function of the supersaturation
over the limited range studied, i.e.,

dr = kSd0 . . . (13)
r = kSO. . . . . . (13a)
The trend of n, with the supersaturation (eighth and seventh columns) is such

that #, is a function of a higher power of the supersaturation than the first.
An empirical relation would be

or

o = 5% . . . . . (14)
Discussion

Whilst the above results are limited in extent and precision they exhibit
trends which are worth examination. Volmer?! has modified the theory of
Becker and Déring 2 to obtain equations for the linear rate of growth of a

1 Volmer, Kinetik der Phasenbildung (Steinkopff, Dresden and Leipzig, 1939).
8 Becker and Doring, Ann. Physik, 1935, 24 (5), 719.
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crystal and the rate of homogeneous nucleation. Volmer gives for g (the
linear rate of growth of a crystal in cm./sec.) the expression,

g = w,Fdx &—7‘-—1‘7"3’—” e—A'/kT ¢ ~A"IkT | .. (18)
Oy Cy
where p; — @y, = kT log — = kT log = ~,
/37 Cro

KT. 2= kTS, . . . . (16)
10

W ®;, ¢; are the chemical potential, the activity and the concentration of
the solute in the supersaturated solution and (s, %0, €10 the corresponding
quantities in the saturated solution, and S is the supersaturation. A’ and
A" are the activation energies for the formation of ‘‘ one-dimensional *’
and “ two-dimensional ’ nuclei on the surface of the crystal; 8 is the
distance between the crystal planes normal to the direction of growth,
and x is the length of side of the square two-dimensional nucleus. Since
this nucleus is in quasi-equilibrium with the supersaturated solution, an
equation analogous to the Gibbs-Thomson equation can be written

pd
x= . . . . (x
TRp——— (x7)
where p is the edge free energy. The factor w,F represents the number
of solute molecules which encounter the crystal surface of area F. From
this it would appear that the rate of linear growth should be proportional
to the radius or to the square of the radius of the crystal.® If this were
so our analysis of the stationary state in the reaction vessel (eqn. (1)-(7))
would not give a Poisson distribution for #(r) and since such a distribution
is obtained experimentally, ¢ must be independent of ». Also w,F may
be expected to depend upon the first power of the solute concentration and
upon the diffusion coefficient of the solute.
With these modifications there results

g = const. ;J, of(D) e~ 4'/kT g—A"/kT . . (18)

where f(D) is some function of the diffusion constant D,

D . 4"

or log g = log g%—,—) e~ 4T _ log ¢; — W . . (19)
At 340° K and near to it, we will treat the logarithm on the right-hand
side as constant since 4’/kT may be expected to be of less significance than
A"|kT, and we have no data concerning the temperature dependence of D.
From ¢,

A" oMp®N,

T~ aRTST o o - (@
where o is a shape factor (taken as 2x). We now have

2
log g = log (const.) — log ¢; — 478 X x0!? <T_?’TS> .
From this equation for the rate of linear growth, the edge free energy p
may be calculated in two ways, from the dependence upon the supersatura-
tion S at constant temperature and from the dependence upon temperature

3 Smoluchowski, Z. physik. Chem., 1918, g2, 129.
¢ Volmer, Kinetik der Phasenbildung (Steinkopff, Dresden and Leipzig, 1939), p. 104
and 183.



90 KINETICS OF CRYSTALLIZATION IN SOLUTION

at constant supersaturation. The first method is more free from objection
since at constant temperature D and the encounter frequency (since the
supersaturations are small in these experiments) are constant. The second
method is dependent upon the assumption that the temperature coefficients
of D and p are constant and that the encounter frequency w,F merely
increases proportionally to the increased solubility.

-4.q o
N ~4-7
5 o)
P4-5
s
20 40 60
| 1 '

F1G. 4.

For the first method we have at T = 340° K and ¢, constant :
2
log g = log dr/d¢ + const. = const. — 4°I4 X 102 %, .

In Fig. 4, log,, dr/dt is plotted against 1/S, the values being the averages in
Table I. A straight line has been drawn between the three points, and from
its slope it is found that

e = 74 X 1078 erg/cm.

The second method gives for T, = 340 and T, = 349° K with the solu-
bilities ¢, equal to 1-13 and 143 g./100 g. acid at T and T, respectively,
82 _ bz __ . wel (I I

log g =log o, — 478 X 105 (75 —75) -

Table II gives the rate of growth at 349° and S = 0:022 as 80 X 10~%

cm./min, and from Fig. 4 the value at S = 0-022 is interpolated. From these

p = 22 X 1078 crg/cm.

TABLE II
Mother Time of T T

Date of | Temp. ; Supersat-
Expt. °C L.“g/: or p(al,:?:‘g)e Tmax. F8) uration o
10.3.42 76°1 564 2+65 57 84 ‘011 59 X 104
11.3.42 758 542 275 58 78 *030 5'9 X 104
12.3.42 750 56°2 275 55 77 025 5°9 X 10%

Average 2+70 57 80 022 5'9 X 1ot
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In a similar manner the free surface energy o may be calculated from the
results in two ways. The theoretical relation derived by Volmer 5 is

J = w0, Z ny e?NKT e—A"IKT e=A"kT . . (21)
where 4" is again the activation energy for surface nucleation and 4"
the activation energy for homogeneous nucleation. Using Volmer’s relations

we have
2AIII ZAIII

= —— = 22
M1 — Hr1e kTS’ ( )
and
2A "
J =wZ, ¥TS @M3kT o—A"/kT g—A" kT, A . (23
which now bears a close resemblance to Becker and Déring’s equation,
ne
J=wZz, %‘A e—(z—1/N3kT g—A”[kT g—A"[kt . (24)

except for the factor involving A the heat of solution and a term (p; — fliz,,)!
~1/S. For our present purpose we will use an equation without the A
terms :

J=wZ, 127114‘—5 e—A"/kT g—A" kT . . . (25)
. A" 16nN.M?2 [ o3
with T = 7;?5;2 - (ﬁ5é> ) . . . (26)

we then obtain in the neighbourhood of 340° K,
log J = const. — 31log S — 2-7 X 10° ?—%5 ,

in which we have included 4”/kT in the constant term.

The surface free energy ¢ may be calculated from the dependence at
constant temperature of the rate of nucleation #, upon the supersaturation S.
At 340° the relation becomes

3
log J = log 1, — const. = const. — 3 log S — 6:9 X 1072 ;—2.
In Fig. 5, log #, + 3 log S has been plotted against x/S? and a straight
line drawn between the points. From the slope we obtain a value of
6% = 0-25 (erg/sq. cm.)3.

Another evaluation may be obtained from the temperature dependence
at constant supersaturation. It must be remembered that the encounter
frequency w,Z, may be expected to depend upon the diffusion coefficient
and upon the square of the solute concentration. We shall for the present
purpose assume that the diffusion coefficient is independent of the tem-
perature. Thus,

log J = log 7, 4 const. = const. 4 2 log ¢, — 2'7 X 10% 1% .

The value of #, at 349° and S = 0-022 is 5:9 X 104, a value of #, at 340° K
and the same supersaturation can be interpolated with the aid of Fig. s,
and this is #, = 284 X 10% Using the values of the solubilities given
above we arrive at a value,
6 = 0-27 (erg/sq. cm.)3.
These values give 6 = 0'64 erg/sq. cm. Too much stress ought not to be
laid upon their concordance, considering the assumptions made, especially

® Volmer, Kinetik der Phasenbildung (Steinkopff, Dresden and Le'pzig, 1939), p. 178.
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in the latter case and particularly in view of the scatter in the experimental
results. The order of magnitude of o can sometimes be estimated from
the heat of solution. The temperature coefficient of the solubility gives a
value of A = 4-2 X 10713 erg/molecule. Taking the surface area of a molecule
as 683, this gives ¢ ~ I3 erg/sq. cm. This is about 20 times greater than
the derived figure but does not make allowance for surface effects such as
interphase potentials which will occur only in the presence of the bulk
phase, as distinct from the molecularly dispersed phase, and also of effects
such as preferential adsorption of one of the solvents. The difference
between the estimated value, which is a surface heat content and the
required surface free energy due to the surface entropy factor will probably
be a minor part of the discrepancy.

-0 o
-
Y ET
S
-2 (o)
P2
0o Pp  toxw

FiG. 5

If any weight can be given to the degree of concordance between the
two values of ¢ compared to the wider discrepancy between the two values
of p, an explanation might lie in the relative importance of diffusion in
the encounter processes of the two mechanisms. It seems reasonable that
diffusion will play a greater role in the growth of a large crystal where the
large surface demands solute from a linear concentration gradient, than
in the formation of a nucleus where the small nucleus is at the centre of a
radiating concentration gradient.

The following figures give some idea of the orders of magnitude involved.
They are calculated for T = 340°K, S = 0022, p = 74 X 1078, and
6 = 0:64. The surface nucleus contains 45 molecules, the three-dimensional
nucleus (mz) contains 320 molecules, 4"/kT =1, A"’/kT = 362, and
MET = 10. The surface nucleus is thus about the size of one side of the
three-dimensional nucleus, assuming the latter to be a cube. We included
A" [kT with the constants in our calculations of ¢. This is justified if we
use the value of 74 X 1078 for p since the variation in this factor is but
10 % of the variation of A’/kT with temperature. It is not justified if
p is taken as 22 X 1073. If the latter figure were used to derive a new
value for ¢ from the temperature coefficient of #,, a negative value of o
would be obtained.
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The neglect of the term in A/kT in the calculation of the temperature
coefficient seems very serious in view of its order of magnitude. Towards
the end of his calculation, Volmer ® makes the following identifications

2 _ = A"
4: g: - z:; =A" ‘.‘
3(es — &) =2

We have already seen that there is a discrepancy between ¢, — €5, which
is the surface energy per atom and the estimated value of the surface energy
as calculated from the heat of solution. An alternative method is to
calculate 3(e, — ;) from our experimental values of A’ and 4”. We
then have m; = (2x)3 = 320, whence 4x* = 46-7. The size of the surface
nucleus is 45 molecules, from which % = 3-4. Then

. . . (27)

and

Volmer’s exponent is 2(e; — €,)/kT which equals 0:15 or 05, and so this
exponent may be much smaller than the substituted value of 2A/kT which
he used. The contribution of this term to the temperature coefficient of
M, is then only about 1-2 9%, of that observed.

The most convenient way of comparing the order of magnitude of the
experimental and theoretical rates of nucleation is to compare the values
of the factor w,Z,. Inserting the values obtained for S = 0-022 and
T = 340° K in Volmer’s equation (23) it is found that

logyo w,Z, = 2-2.

For crystallization from a supersaturated vapour, Becker and Déring
describe »,Z; as the gas kinetic binary collision frequency. By analogy,
w,Z, in our case should be the binary encounter frequency. Studies of
chemical reaction kinetics in solution ® suggest that the binary collision
frequency between solute molecules would be in our experiments of the
order 1028 per sec. This figure probably includes repetitive collisions and
it is likely that in nucleation the encounter frequency would be more
appropriate.  Considerations based on the work of Smoluchowski,? Bradley 7

and Olander 8 suggest that the encounter frequency is but one or two
powers of ten smaller. The resulting figure for w,Z, of 1026 or 10?7 is very
far from the experimental result.

In their calculation Becker and Déring consider only energy terms, and
towards the end make the substitutions given in our eqn. (27) and (28),
in which total surface energy appears to have been confused with free surface
energy. Thus it might appear that entropy terms have been neglected
throughout their calculation, and that the large decrease in entropy on
crystallization would introduce a factor which would considerably reduce
the probability of nucleation. In order to investigate more closely this
question, it is convenient to transcribe Becker and Déring’s treatment into
Eyring’s nomenclature.®

¢ Moelwyn-Hughes, Kinetics of Reactions in Soluti (O.U.P.). Hinshelwood,
Kinetics of Chemical Change (0.U.P.).

7 Bradley, J. Chem. Soc., 1935, 1910.

s Olander, Z. bhysik. Chem., 1929, 144, 118.

® Glasstone, Laidler and Eyring, The Theory of Rate Processes (McGraw-Hill, New
York and London, 1941).
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In thus sketchmg their treatment, we assume that the partial potential
of the solute in the supersaturated solution is given by

b= — kT <logf'+1> C @)

where x is the mole fraction and f; the partition function of a solute molecule.
For the infinite solid,

Y = — kT log f; . . . . (29)

where f; is the partition function of a molecule in the solid. The rate of
deposition of solute molecules onto the surface of a crystal is given by

kT P%,,

": P. fx e’ . . . . (30)
where o is a weight factor (number of sites available), P; is the partition
function of the crystal onto which the molecule is depositing and P;4, is
the partition function of the activated state consisting of the crystal and
the depositing (or dissolving) molecule. The rate of solution of molecules
from the crystal is given by

kT Pty

R B . . . . (31)
At equilibrium between the saturated solution (mole fraction x,),

f! }_)'_tl_f“

(32)

i.e., fe and f; are measured from the same zero of energy.
The system of equations appearing in their theory then takes the form

kT P kT Pt
J = < X w; D; T; le> Z; — h Wity 5H b, ZH‘I . . (33)
From these, there results

mik
_ KT Pl [ x o\ (-
J—L{Z(-,;wx P, |fe coe e (34
1
The partition function of the transition state can be written as

Plapyy = Pun f,

where f* is that part of the partition function due to the adsorbing molecule.
We may consider the small crystal to be composed of

(m—2)(h—2)(1—2)
interior molecules, each of which has a partition function of f'"/yu; of
2(m —2) (1 —2) + 2(1— 2) (b — 2) + 2(h — 2) (m — 2)
surface molecules, each with a partition function of fam); of
4(m +1+h)—8
edge molecules, each with a partition function of fmm); and finally of
eight corner molecules, each with a partition function fue. Putting

T, L BY)
Sy o

oy Sowmm,s . . . (36)
fro ___ _po,, .. (3

S min fmints) fninte)
we have

P = ({7 ma) Wt ({0 (f a8 (f ).
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The condition for quasi-equilibrium between the supersaturated solution
and the small crystal is given by

% Py b
e D TV T W P AP R . . 8
Fi& ™ Paney = J i )
where & takes into account the changes in the partition functions f, when

mlh is increased by unity and n = mlh. Inscrting this value of fxe into
I
the equation for J, and taking m = I = h = 2x, we obtain
KT (f7)min(f7)8n o f0)8f58
J=z, Bl VIO )
h P
Z, Ngx
Also SR
P, fie

All the terms except ¥ and 8 appear in different guisc in the Becker-Déring
theory, so it is thesc two terms we must examine. The free energy change
for the deposition of the last molecule into the activated adsorbed state
on the crystal mlh is given by

. fix
— AFt =k I . . .
AF T log e (40)
The entropy portion of this change will be due mainly to the loss of the
rotational degrees of freedom of the dissolved molecule as it becomes
activatedly adsorbed. Since such a complicated molecule as cyclonite
must fit precisely into the lattice, this entropy factor may reduce the
probability of nucleation by as much 9 as 10-1%, The factor § takes into
account the fact that the molecular partition functions in the small crystal
vary with the size of the crystal. For example, the oscillation frequency
of a molecule in a small crystal will be greater than that in an infinite
crystal. The entropy change due to this can be estimated from the decrease
in entropy of a crystal under the influence of increased pressure. This is
given by

W
—AS=J'Spo.. L 1)

However, if likely values of the coefficient of expansion and the pressure
change arc substituted, the effect proves to be insignificant.

It is possible that an examination of the partition functions of small
crystals might reveal interesting factors, since the distribution of the normal
modes may be expected to depend upon the size to a very marked extent.
Another possibility is that the nucleus may not at the critical stage be a
small crystal, but may partake of some of the properties approximating to
a liquid. A variation of this idea would be a suggestion that the adsorbed
monolayer is non-localized.

We wish to thank Prof. W. E. Garner, F.R.S., under whose direction
this work was carried out, for his interest and encouragement, and also
Prof. E. G. Cox, Dr. A. Brewin and Dr. M. Hey for helpful discussion.
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10 Eyring, ref. 9, p. 19.
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In Part I, the continuous method of studying crystallization kinetics was
discussed and some results were presented. Although the results obtained
are extremely promising, the state of crystallization as a branch of knowledge
is so insecure that we consider it necessary to develop a number of different
modes of experimental attack. If, then, results are obtained by widely
different techniques, any agreement among them can be considered signifi-
cant. Criticisms can often be made against experiments the validity of which
is difficult to assess. For example, one obvious objection to the continuous
process is that the crystals, already present in the stirred vessel, ** catalyze >’
in some way the formation of new nuclei, e.g., small submicroscopic chips
may be formed by mutual attrition. Again, in the continuous process it is
difficult to exclude foreign nuclei without considerable elaboration. Whilst,
if the results are precise, it is possible to exclude such criticisms by a study
of the functional dependence on the variables, nevertheless we have considered
other methods of investigation, the results of which can be used to check
those from the continuous process.

Another such technique can be referred to as the ‘‘ batch process”’ to
distinguish it from the continuous process. In this method a degree of super-
saturation is brought about suddenly, giving rise to subsequent nucleation
and growth. The initial supersaturation then falls to zero becausc of the
precipitation of the new phase. In the experiments to be described, the
initial supersaturation was brought about by the addition of water to a
concentrated solution of cyclonite in acetone. The solubility of cyclonite is
much less in the aqucous acetone. It is profitable to consider the mathematics
of such a precipitation. It will be assumed that the rate of nucleation depends
only upon the supersaturation S (where

S = & 6w
CIO

¢; is the concentration of the supersaturated solution and c;, that of the
saturated solution) and not upon the presence or absence of other crystals,
nor upon such effects as stirring. In this case we can put:

Rate of nucleation = F(S), . . . (x)

where F(S) is an unspecified function of the supersaturation. In the same
way we will assume that the linear rate of growth of nuclei and crystals is
also a function of S alone and does not depend upon the size, rate of stirring,
etc. Hence, if 7 is a linear dimension,

dr/dd =£S),. . . . (2)

where 0 is the time measured from the initiation of supersaturation. At such
a time 0, the distribution of size of the crystals in suspension, can be described
by a function

n(r,0), . . . . . (3

7 96
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which gives the number of crystals present at time 0 that have radii greater
than 7. In this notation, the rate of nucleation is

°”(° O _rsy . . .. @

Since only nuclei with » = o are newly formed, the total differential of
n(r, 6) with respect to 0 will be zero, i.e.,

n(r, 0) 4 dn(r, 6) dr

20 o 9 =° . . . (5
or bn({e 0) _ —£S) . Bn(r 6)

finally the supersaturation S(0) at time 0 is equa.l to the initial super-
saturation S(0), less the amount of solid whlch has crystallized at time 0, i.e.,

S(e)=5(o)—"’—ﬂﬂ?"‘—g';'—@-rad1,. )

where d is the density, M the molecular weight, 7(0) the radius of the largest
crystals, i.e., those which were born when 0 = o, and  is a shape factor
(1= 4m/3 for spherical crystals). We may also write

S(6) = "’dja”“ ‘){ J’f(Sr).d-c}adt, . @

ie., S(6) = S(o) - %‘i J F(S) . { Je f(S)dr }adt L. . (7a)

where 0 <t <0 and ¢t <1t <6.

We now consider applications of these. expressions to experiments. If the
experiment consists of following the decrease of the supersaturation with
time, S(0) is then known, but to derive the functions F(S) and f(S) from this
relation would be a laborious task, unless the functions are of very simple
form.! Even if the general forms of the functions are assumed to be those
given by the Becker-Doring theory,? it would still be a lengthy task to
match up the two sides of the equation since the surface free energies and
edge free energies are not in general known. A more promising method
would be to consider the relation in neighbourhood of S(0). We can then
put as a first approximation on the right-hand side of (74),

St = S = S(0),
and obtain  S(6) — S(o)—-— F{S()}.[f{S@}*.0¢ . . (@8

If, therefore, S(0) is plotted against 04, the tangent at S(o) will give a value of
F{S(0)}. [f{S(0}*

and the form of this product can be obtained from a series of experiments in
which S(o) is varied.

Another type of experiment is that in which the increase in the Tyndall
scattering of the crystallizing solution is observed. A beam of light is passed
through the solution and the intensity of the scattered light measured
throughout the course of the precipitation. In the initial stages of the

1 Todes, Acta Physicochim., 1940, 13, 617.
2 Becker and Doéring, Ann. Physik, 1935, 24, 719.
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precipitation, the particles will be small enough to scatter light according
to Rayleigh's formula,?
n.v?

I = KI, (1 + cos? ¢) N . . . (9)
where I is the intensity of the scattered light of wavelength A and primary
intensity I,, measured at an angle ¢, the number of particles of volume v
being » per unit volume. At time 0,

Zn.v2=4?"flv‘(5,).[ff(S,).d-r:le.dt .. (1)

o
assuming spherical particles, Hence

1) = % o LT AT Bis ) (s@p . 00 )

when 0 is small. From this relation it may be possible to derive values for

F{S(0)} [f{S(0)}1®
for various initial supersaturations, Carried out in conjunction with the
previous experiment in which

F{S(0)}[f{S(0)}]*

is found both F{S(0)} and f{S(0)} should be derivable. Such a technique
should give valuable information regarding the initial stages of formation
and growth of nuclei. When the crystals grow larger and hence comparable
with the wavelength of the light used, deviations from the Rayleigh
expression will appear. Observations on the polarization of the scattered
light would furnish some information on the shape of the nuclei.

Another method of obtaining F(S) and f(S) has been studied by us, in
which the final particle size distribution of the precipitated crystals has been
used. For 0 = oo eqn. (6) gives

S(o)—S(oo):deJ‘warﬂ.r"dr, . ()

3
where nfr, o)
24

is t}.xe size distribution of the final precipitate * and 7may, is
the size of the largest crystals present. These largest crystals are those born
first in the experiment and have therefore been growing for the longest time
in the most supersaturated solution. Hence in the final particle size distri-
bution, we may immediately identify the largest crystals present as resulting
from those nuclei born in the time interval o to d0 when the supersaturation
was S(0). In the same way, all particles in the range 7, to 7o + dry of the
final distribution were born in the time interval 6 to 6 4 d6 when the
supersaturation was Sg. Now the number of such crystals in the final
distribution is {Bn(r )

> } .dr, . . . . (13)
r= '0
which is equal to the number of nuclei born in the interval 0, 6 4 d6. Hence

on(r, )| (o, 6)
el = (14)
3 Rayleigh, Phil. Mag., 1899, 47, 375.

¢ La Mer, J. Physic. Chem., 1948, 52, 65.

N : Note that the symbol here differs from that used in Part I, there n(r) was used for
n(y)

¥
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or {?1'(;3 0)}'='0= F{S06)} = {7’"(;';00)}'-'0. {%}'=', . (18)
=2 psey .. L )
F(SO)} _ (ontr,c0)
o oy = 1%, - ()

The right-hand side of the equation is known from the determined particle
size distribution, and so the ratio on the left is known.

The supersaturation S(6) at which these particles were born can be calcu-
lated. From (7a4) and (15) we have

50) = S — 2% 0 (=} asin| jf{Sr} [

using (2) we have

5() = S(o) — ;’Tdf {?”(;;9)}”_,‘. [ Jf (S . d’r]s. dn,

and if the rate of growth is independent of the size then

_ff(Sr)d‘r =J! dr;

max,
finally,
7o
d
so=so-37 [("62} [[e]ie
'max. [} max 'max,
A% RO -
S/ S .
S
2 (]
1 (]
LT "y
] e ! !
: : !
[ e !
nol|--—=—"—""""2 d Pt
\ e
| [ ]
! P
\ |
\ oot
] a3 727 Tmar T
F1G. 1.

The integration of (18) can be carried out graphically quite readily from

the final particle size distribution. The photoelectric sedimentometer gives
d

a plot of M%’?g) against ». In Fig. 1 we have put % as n/(r) in closer

conformity with our notation in Part I. To illustrate the procedure in the
graphical integration of eqn. (18) absciss® ?max., 73, 73, 75, 74 . . . . . , and
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the corresponding ordinates, #'max., %'y, %'y, #'3, #'y . . . , are marked off.
The supersaturations at which these groups were born are then obtained as

S(o) — S, = ;Td. Wy (rmas. — 1%
S(O) —_ Sg = QMZd {n’l(rmax. -_ ’g)s + n'z(fmax. — 71)3} )

S(0) = 50) = b ' oss. = 78+ < i (e — ) -

F{s@®}, .. o
In this manner we can obtain the ratio HSO)} (=mne in Fig. 1), as a

function of S, from a single precipitation, In order to separate F{S(0)}
from f{ S(6) }, the following technique appears to be available. From eqn. (74),

(350> 394 456)) . J’F(s,) U (S . d‘r] a,

but A0) = ¢ J' F(S) . [ f f(S,)d-r]zdt ,

where A(0) is the total surface area of the precipitate present at time 0 and
¢ is a shape factor (= 4= for spheres). Hence

— (%)= 40 .50}

If, therefore, during the experiment the changes in the supersaturation and
the total surface area of the precipitate can be recorded, then f{S(6)} can
be evaluated. A convenient method of determining A(0) is by means of a
photoelectric turbidimeter (similar in operation to our photoelectric sedi-
mentometer 5).

Experimental

A solution of recrystallized cyclomite in acetone-water was prepared and freed
from foreign nuclei by developing these slowly to filterable size. More solvent
was then added to the filtered solutions and they were then kept at about 35° C
for some hours before use. The solution was transferred to the jacketed vessel A
(Fig. 2) ; B and C form a second smaller vessel, and C is a flat plate attached to
a shaft ; it carries paddles on 1ts outer edge, which stir the contents of vessel A
when the shaft rotates. B 1s a composite tube consisting of a narrow plate fitting
over the shaft of C and a wider portion at the bottom. The end of this wide
portion was ground and polished to fit the surface of plate C, so that when
pressed against the plate the two form a liquid-tight vessel. It was found neces-
sary to grease the joint slightly in order to render the small vessel liquid-tight.
The tube B was attached to a collar sliding on the shaft of C and driven round
with the shaft by a sliding key. This small vessel contained sufficient water to
dilute the solution 1n A to a final concentration of 50 Y% by weight. After the
two hiquids had reached the temperature of the circulating water (about 24-7° C),
a trigger was released and the tube B was snapped away from the plate C by
means of a spring. This occurred with the stirrer shaft in motion and the diluting
water was projected and stirred rapidly into the outer vessel. A small heat rise
(about 0-3° C) vccurred on mixing and so water from a second thermostat at
25° C was switched in at the moment of mixing.

In this apparatus there was no means of following the decrease of super-
saturation, and visual observation was relied upon to estimate when the precipi-
tation had approached campletion. The crystals were then filtered by means of

® Bransom and Dunning, J. Soc. Chem. Ind. 1949, 68, So.
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a jacketed filter and the concentration of the solute in the mother liquor was
determined and checked against the predetermined solubility. The crystals
were weighed and a sample analyzed for particle size distribution.

Fig. 3 illustrates the type of size distribution for colonies produced from
solutions whose initial supersaturations were less than about 2:5. The number
of particles #’(¥) with sizes between 7 and » + dr rises to maximum with increasing
» and then drops very steeply to zero. Theoretical considerations suggest that
therc should be a sharp cusp at the cut-off at 7mayx,, the rounding of the curve
at this point which is found experimentally is no doubt due to limitations in the
experimental technique. The cut-off in the region of small radii is probably due
to the loss of the smaller crystals through the filter.

These size distributions were treated as described above in order to obtain
F{s(0)}
(S0}

as a function of Sy, and it was further assumed that

AS(0)} = £S(8),
where % 1s a constant. In this way, by multiplying by S(0), values of F{Sk(g)}

were obtained. Fig. 4 gives the plots of these values as derived from a series of
experiments 1n which the imtial supersaturations were varied.

Tt is seen that the curves superimpose on each other. This implies that the
rate of nucleation depends only upon the supersaturation and not upon the
presence of crystals. Hence there 1s no evidence for auto- or secondary-nuclea-
tion,® nor does the stirring cause attrition with the formation of small centres
for crystallization. Furthermore, 1t 1s seen that the points for initial nucleations
also lie on the curve. Since the initial supersaturations are known from the
quantities of the solvents and solutions which were used, the integrations were
dispensed with and the particle size distributions merely used to obtain the
number of particles with the maximum radius. In this way the rates of initial
nucleation in the initial supersaturations were determined for a number of solu-
tions. The results are shown 1n Fig. 5, where F{S(0)}/k 1s plotted against S(o).
Since %, or better f{S (0)}, is not known, the ordinates are relative in magnitude.
However, it 1s seen that F(S)/# is a steeply rising function of the supersaturation.

1t has not been considered profitable to’examine these relationships in greater
detail, e.g., in relation to the Becker-Doring theory, since the results are pre-
liminary and serve mainly to illustrate an experimental technique.

We wish to express our thanks to Prof. W. E. Garner, Prof. E. G. Cox,
Dr. M. Hey and Dr. B. Touschek for the interest they have shown in the
work. The paper is published by permission of the Chief Scientist, Ministry
of Supply.

Department of Chemistry,
Bristol University.

¢ Altberg and Lavrow, Acta Physicochim., 1940, 13, 725.

THE PRECIPITATION OF SILVER CHLORIDE FROM AQUEOUS
SOLUTIONS
Part 1
By C. W. Davies aND A. L. JONES
Received 26th January, 1949

When a substance separates spontaneously from its supersaturated
solution the kinetics of the process can be expected to be most complex,
at any rate in the early stages; for the growth of existing nuclei and the
formation of new ones may be proceeding concurrently, and the number,
size and size distribution of the crystal nuclei may be changing rapidly with
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time. The experimental study is further complicated by the difficulty of
exactly reproducing the conditions under which spontaneous nuclei formation
is induced, either by gradual temperature variation or by the mixing of
solutions ; and a foreign substance present in traces, solid or dissolved,
may be expected to exert an influence out of proportion to its concentration.

In view of all this it is not surprising that the published measurements
of crystallization rates have been difficult to interpret, and that such theories
as have been advanced still lack convincing experimental support. In
our work we have tried to simplify the problem by first studying the
behaviour of silver chloride under such conditions of concentration that
fresh nuclei are not being formed. The measurements reported here help to
define these conditions.

Experimental

Precipitation was followed by measuring the conductivity of the solution.
The amount of AgCl precipitated at any moment was calculated from the
equation :

—Ax = _AAC A A

1000 v

where # is the number of g.-moles precipitated, Ax the corresponding change in
the specific conductivity of the solution, v the volume of solution in ml. and A
the sum of the ionic conductances of the silver and chloride ions. The latter
quantity could be regarded as a constant, within experimental error, in the
solutions investigated which were all within the range of ionic strength 1 — 3 X
107%; it was given the value: A = 13826 —91'7 (3 X 107%)"h = 137-76,
where 91:7 is the Onsager slope. The concentration of KCl or AgNO,, when
required, could be calculated in a similar way from the conductivities, or vice versa,
using the mobility values 1: 73-52 for K+, and 71-44 for NO,—.

The measuring bridge was of the type previously described,? and, with the
low conductivities studied in this work, enabled changes of the order of o-o1 %,
to be observed. The solutions were contained in silica or borosilicate cells of
the Hartley and Barrett type with greyed platinum electrodes. One was fitted
with an efficient Pyrex glass stirrer which could rotate below the electrodes :
all experiments involving seed crystals were carried out in this cell, the normal
stirring rate being 250-300 rev./min. The cells were immersed in an oil thermo-
stat controlled at 25° C + o0-01°, and the room was thermostated 25° + 1° C.
During runs the cells were either sealed, or a gentle stream of pure air or nitrogen
was passed over the solutions ; under these conditions blank experiments showed
that variations in the CO,-content of the water—probably the largest single
source of error in the measurements—could be controlled, and constant conduc-
tivities maintained over many hours. The cells were calibrated by measuring
the conductivities of very dilute KCl solutions at 25° C, and applying the inter-
polation formula 3:

A = 14992 — 9385 C'r 4+ 50C.

The ‘ cell constants ’ so calculated varied from the mean value by not more than
004 %.

The water used for the experiments was obtained from a modified Bourdillon
still ; its specific conductivity varied between o-2 and 06 X 10™* ohm-. KCl
and AgNO, were both A.R. reagents. After every experiment the cell used was
washed with ammonia to remove all traces of solid silver chloride.

Seed crystals of AgCl were prepared by crystallization from boiling, saturated
solutions. Freshly precipitated AgCl was washed six times by decantation,
portions of the precipitate were boiled in 2-1. volumes of distilled water and,
after immediate filtration, the solution was allowed to cool very slowly in the
dark. The crystals thus formed were washed with conductivity water, and
suspensions made up and aged at 25° in darkness for at least a fortnight. The

! Maclnnes, Shedlovsky and Longsworth, J. Amer. Chem. Soc., 1932, 54, 2758.
$ Davies, J. Chem. Soc., 1937, 432.
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seed concentrations were determined gravimetrically with a 1 % accuracy and
were arranged to be of the order of 1 mg. AgCl per ml. suspension. Microscopic
examination showed that the seed crystals were rectangular plates or cubes
having an average size of 5-10 y, and occurred singly or in very small clusters,

Results

The Solubility Product at 25° G.—In these determinations the equilibrium
was approached from both sides. The precipitation experiments were arranged
so that precipitation should occur only on the aged seed crystals. A stable
supersaturated solution (see later) of AgCl was prepared in the cell, and CO,-free
air passed through until the conductivity became constant. A known volume of
a homogeneous seed suspension was then added, and the resulting decrease in
conductivity followed to the equilibrium value, from which the solubility product
of AgCl was calculated. The results are in Table I.

TABLE I
Initial concn. s Dura- | Final ¢ . 10%
No. of en. X 1o ML seed | tjon of nal conen. X S % 1010
Expt. [ — 7| added | expt.
[Ag] [Cc1] (hr.) [Ag’] ! [C1]
45 1-640 1610 2°0 18 1372 1°342 1-84
76 1673 1:690 5°0 6 1'354 1:371 1-85
78 1°613 1623 50 5 1°339 1°349 1-81
86 2°101 1°097 50 12 1978 0'914 1-81
87 3023 0775 50 I 2875 0627 1-80
——— — —-—— — e —— e ——— s

In a second serics of cxperiments, larger quantities of seed were added to
water of known conductivity in the cell, and the process of solution followed
to apparent equilibrium. The solubility of AgCl was calculated from the final
conductivity. A correction for traces of ilmpurity in the seed suspension was
obtained by adding further amounts of suspension after equilibrium had been
attained, and noting any resulting change in the conductivity. The correction
never exceeded o-7 9. The results are given in Table II.

TABLE II
No. of MI. seed | Duration of Kagat X I0® o 20
Expt. Xmo X 10° added expt. (hr.) (‘c‘orr.) Sx10
53 0365 10 48 1-873 1-84
54 0°456 14 48 1-848 1-80
8o 0304 5 40 1-844 1°79
81 0°431 7 46 1-849 1-80

The suspension used in Expt. 53 and 54 was four times, and that of Expt. 8o
and 81 ten times, more concentrated than that used in the experiments of Table I.
The two methods are in good agreement, and give 1:82 X 1071° 4. 0-02 for the
concentration solubility product, or 1-35 X 10% 4+ o-or g.-mole/l. for the
solubility of silver chloride at 25° C. This value is confirmed by a third method
to be described in Part II. Introducing activity coefficients calculated from
the Debye-Hiickel limiting equation the true (activity) solubility product becomes
1-81 X 10719, Landolt-Bérnstein ® quotes nine previous determinations of the
solubility ranging from 1:20 to 1°47 X 10-% g.-mole/l. ; the average of these values
is also 1°:35 X 1073,

3 Landolt-Bornstein, Physik.-Chem. Tabellen (Springer, Berlin ste. Aufl., 1923), 634 ;
Ere. I1. 242 : Ere. III. 482.
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Precipitations in the absence of seed.—Precipitation may be initiated
by bringing an AgNO, solution of the approximate concentration 1-35 X 1078
to temperature equilibrium in the cell, and then adding from a weight burette
a sufficient quantity of a more concentrated KCl solution to exceed the solubility
product. Three such experiments are illustrated in Fig. 1. Curve 1 refers to a run
in which 2 ml. 0-004 N KCl solution were added, curve 2 to one in which 10 ml.
0-0008 N solution were used and curve 3 to one in which 2o ml. 0-0004 N solution
were employed ; in this last case the KCl was added in portions over a con-
siderable period of time, the final addition of 1 ml. producing precipitation.
The three curves are strikingly different, and it is clear that the course of the
precipitation is governed mainly by the local concentrations of the ions at the
moment of mixing. The number of nuclej available for the subsequent separation
of AgCl is greatest for the experiment of curve 1 and least for curve 3. It may
be added that runs carried out in this way are not reproducible, and the final
conductivities reached after many hours always correspond to solubility products
greater than 1-82 X 10-°, indicating that the resulting crystals are small enough
to show an enhanced solubility. Curve 1 gave a final concentration product of
202 X 107'° and curve 2 a value of 1:93 X 107 in agreement with the view
that more nuclei were available in the faster run which resulted from the higher

local concentration on mixing. The run corresponding to curve 3 was not complete
after 40 hr.

/
Zsistance X 10

(

136
135
134
133} /

Minules J—
0

20 19 160 180 160,
F1G. 1.—Precipitations from unseeded solutions.

To avoid these local concentration effects it is necessary to mix solutions of
approximately equal concentrations, and a number of experiments were made in
this way. The cell was half-filled with a solution of one of the reagents, and
when temperature equilibrium had been established an equal volume of the
other reagent, preheated to 25°, was introduced and the cell gently shaken.
A few runs of short duration were inconclusive, but Table III contains the results
of all experiments by this technique which were followed for at least three hours.

In Expt. 28-1 the total fall in conductivity over 12 hr, corresponded to a change
of no more than 2 mm. in the bridge nuil-point, and was within the possible
experimental error. With this exception all the solutions with a concentration
product of 3-14 X 10-1° or less showed no precipitation after periods extending
up to 18 hr., and this was true whether the solutions were mechanically stirred,
occasionally shaken or agitated by the passage of a rapid stream of nitrogen.
The experiments suggest therefore that such solutions, in which the solubility
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TABLE III
. 5
No.of | Imtaleoncn. x 10f | 0 | buration | — Ax x 108
Expt. : ¥ 1010 hr. hr.
P (Ag] [cr] (hr)
30 1-88 1°48 2:80 15 o
24-3 171 1°71 2°92 7 o
28-2 1°755 1°755 308 9 o
24-B 1:76 1-76 310 14 o
28-1 1-76 1°76 310 12 0003
24-C 1-78 1:76 314 18 o
28-3 1-78 1-78 310 8 0008
24-D 1:79 1:77 317 74 0009
24-6 1-80 1°80 324 19 0013
24-4 1-88 1-88 353 2 0081
31 1-86 1-89 3°53 3 o080
35 1-96 194 3-80 40 o' I1
24-2 2:09 2:09 4°37 3 026

product 1s exceeded by more than 50 ¢, will remamn almost indefinitely without
any crystal formation The critical concentration product above which nuclei
development occurs spontaneously is clearly very near 314 X 10-'°. To help
i fixing 1t more closely we have used the data for the very slow precipitations
which occur when the concentration product just exceeds this value. The
last column of Table I1I gives the average rate of fall in conductivity over the
first hour or two after mixing. These values are not very accurate, as the smallest
of them is not much greater than the possible experimental error, whilst for the
fastest runs the values begin to depend on the time interval chosen. Nevertheless,
when plotted, as shown in the left-hand curve of Fig. 2, they give a reasonably
good straight line which fixes the critical concentration product at 3-14 X 10710,

Q© ionicwatio 1/1

A [Ag)/[C1] = 1/2
O [Ag-)/[Cl1] = 1/4
QO 1Ag/[Cl] = 2/1
O [Agl/iC1] = 4/1

AK per four X 10°

-2

50

S |

[Ag][CIIx10"
0 g5

i 1
F1G. 2.—Rates of slow precipitations against ionic concentration product.

The effect of ionic ratio on the critical supersaturation.—Further series
of experiments similar to those described in the last section have been carried
out with initial [Ag"]/[C1'] ratios of 0-25, 05, 2 and 4. These show quite definitely
that a critical supersaturation hmit exists in each case, but that its value depends
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on the ionic ratio. The results for a 2/1 ratio are the same (within experimental
error) whichever jon is in excess, and the same is true for a 4/1 ratio. Mixtures
which failed to show any precipitation are listed briefly in Table IV.

TABLE 1V
Approx, Concn. . Approx. Concn. .
?atio product ])u;\atxon ratio product Du(xl'\a‘:t;on

[AglICl] | x 1010 thr.) [Ag/IC1) X 1010 :
1/2 315 3 2/1 3:38 9
329 6 3°41 5

337 5 1/4 3'52 14

342 4 4/1 3°56 5

It will be seen that the critical supersaturation is increased by a disparity
in the concentrations of silver and chloride ions. To fix the critical values
for each concentration ratio more closely, further slow precipitations were carried

out, and the results of these are shown in Fig. 2. They lead to the following
values—

Ionic ratio .. .. R 7 1/2 1/4
Critical concn. product X 10'°.. 314 344 359

3

NV

g. equiv. AgC/ X 10 Y1, i,

9. equiv. AgCl x10%/1.

{ £ 1 5

F1c. 3.—Rate of precipitation in g.-equiv. X r10%l. min. plotted against amount
precipitated in g.-equiv. X 109/l

Finally, some further evidence concerning the effect of ionic ratio has been
obtained in an entirely different way. A number of moderately slow precipitation
runs, of the type illustrated in curve 3 of Fig. 1, have been carried out and from
the conductivity-time plots curves have been constructed showing the rate of
precipitation plotted against the amount of silver chloride precipitated. Two
of these are illustrated in Fig. 3; they show that the precipitation accelerates
to a maximum, and that shortly after this the rate curve changes, at a fairly
well-defined point, to a steady linear (or almost linear) decrease. We were
inclined to interpret these turning-points as representing the stage in the precipita-
tion at which fresh nuclei cease to be formed. If this is so, the concentration
product at the turning-point may be identified with the critical supersaturation
for the ionic ratio holding at the turning-point. Critical values based on this
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hypothesis are compared in Fig. 4 with the directly determined values, and the
agreement is excellent. It should be added that in the runs to which this method
has been applied the turning-point is not reached until more than an hour after
mixing the reagents. More rapid runs have shown fairly abrupt turning-points
in their rate curves, but these have not corresponded with the directly determined
critical supersaturations.

T

[Ag)/Cl)x10"

C/" m excess.
1

Ag’ 1h excess.
g
05 o

3:0

/-0
Tonic Ralio. . L
F16. 4.—Critical supersaturations: O from direct determinations ;
0 from turning points.

o o5

Discussion

The behaviour at 25° C of unseeded supersaturated solutions of silver
chloride may be summarized as follows.

I. Spontaneous precipitation will not occur unless the product of the ionic
concentrations is almost double the normal solubility product.

2. The value of this critical supersaturation is markedly dependent on the
ionic ratio, but not on which ion is in excess. The data shown in Fig. 4
may be represented by the equation :

Se¢ X 10'° = 374 — 060 n,
where S, is the critical concentration product and » is the ionic ratio expressed
as a fraction less than one.

3. If the critical concentration product is just exceeded precipitation
always occurs, although it may be so slow as to be perceptible only after
several hours. At slightly higher concentrations a characteristic rate curve
is given from which, again, the critical supersaturation can be calculated.
If the concentration is further increased the kinetics of precipitation become
more complex, and when the initial concentrations are about ten times the
normal solubility, the precipitation is almost instantaneous.

As is well known, Ostwald ¢ believed that if the concentration of a solution
be gradually increased, the region of stable unsaturated solution is followed,
after the normal solubility curve, by a metastable region in which crystal-
lization will not occur without suitable inoculation ; and that this again
is succeeded by a region of labile solutions which crystallize spontaneously.

¢ Ostwald, Z. physik. Chem., 1897, 22, 289.
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This view was supported by the work of Miers,® Hartley,® Mouat Jones ?
and others, who plotted for many salts the course of the ‘ supersolubility
curve ' which separates the metastable from the labile region. It was
criticized by de Coppet,® whose results were less regular, and who thought
that sporadic crystallization was liable to occur, perhaps after long periods
of time, in any supersaturated solution ; and by Young,? who states that
crystallization from the metastable region can always be induced by violent
mechanical shock. In view of de Coppet and Young’s criticisms, later
writers 1° have tended to regard as unrcal any rigid distinction between
“labile ” solutions (in which they conmsider that crystallization is rapid
and easy) and ‘‘ metastable " solutions (in which it is slow or more difficult),
and this view has been quoted in a recent review.!! It will be evident that
our results support the earlier belief that metastable solutions can exist
up to a definite limit, and this limit can be fixed with considerable accuracy
and varies in a regular way with the composition (ionic ratio) of the solution :
this applies to solutions under ordinary conditions ; the abnormal conditions
studied by Young introduce fresh considerations. Our results also differ
from those of de Coppet in that silver chloride invariably precipitates even
in unstirred solutions as soon as the supersolubility is exceeded.

The Gibbs-Thomson relation may be applied to the solubility of silver
chloride particles in the form :

o Bel[CF]y _ yVa <1_ _{)
[Agl. (1], ~ KT \L 4,
where y is the interfacial tension, V' the molecular volume of the solid salt,
[Ag']y [Cl]; the concentration product of a solution which is in equilibrium
with crystals of (assumed uniform) average linear dimension /,, and a is
a numerical factor depending on the shape of the particles ; when /, becomes
large, [Ag]; [Cl']; becomes the normal solubility product. This cquation
cannot be used without a knowlcdge of the interfacial tension, and moreover
it involves the assumption that the interfacial tension is independent of
particle size ; nevertheless it is qualitatively valid. It was used by Hartley
and Thomas ¢ to account for the metastable region. They assumed that
crystal nuclei might not attain a size at which they could act as centres
of further growth until the supersolubility curve was reached. This ideca
was extended by later workers,” so as to accommodate de Coppet’s views,
by supposing that chancc encounters in the metastable range may occa-
sionally give rise to a particle large enough to initiate crystallization.

To serve as a useful basis for discussion these conceptions must be stated
with greater precision. If the concentration of a seed-free solution were
uniformly increased through the normal solubility value, the rate of growth
of any nuclei, however arising, would be increasingly favoured as compared
with the rate of solution, until nuclei of a size satisfying the Gibbs-Thomson
equation would be eventually produced. The corresponding concentration
product would represent the critical supersaturation. Up to this point
the nuclei would be unstable, the rate of loss by solution far exceeding, at
first, the rate of molecular deposition, and we therefore think that the

8 Miers, Phil. Trans., 1904, 202, 459. Miers and Isaac, Proc. Roy. Soc. 4, 1907, 79,
322 ; 1910, 82, 184 ; J. Chem. Soc., 1906, 86, 413 ; 1908, 93, 927.

¢ Hartley and Thomas, J. Chem. Soc., 1906, 89, 1013 ; Hartley, Jones and Hutchinson,
1bid., 1908, 93, 825.

7 Jones, J. Chem. Soc., 1908, 93, 1739 ; 1909, 95, 1672.

8 de Coppet, Ann. Chim. Phys., 1907, 10, 457.

® Young, J. Amer. Chem. Soc., 1911, 33, 148, 1375 ; 1913, 35, 1067.

10 Ting and McCabe, Ind. Eng. Chem., 1934, 26, 1201.

11 Wells. Ann. Reports, 1946, 43, 85.
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main mechanism of growth is by the successive coalescence of smaller
particles ; it is only above the supersaturation point that this mechanism
may give way to growth by molecular accretion. If this is correct, the number
of nuclei attaining a given size will vary very rapidly with changes of
concentration, and the critical supersaturation might be identified with a
narrow range of concentration in which stable nuclei arise in significant
numbers. A consequence of this view would be that stable nuclei can exist
in small numbers even in the metastable region; but when we remember
that a reduction of concentration will not only result in a very rapid drop
in the number of nuclei of given size, but will also lead to a rapid increase in
the minimum size of a stable nucleus, it is clear that the chance of detecting
crystallization at a point well within the metastable region is vanishingly
small.

This viewpoint is reconcilable with the results of Hartley, Jones et al.
Our results have shown that if precipitation does not actually cease at
the critical supersaturation, it must at least become so slow that no change
would be detected over a period of days. And although the Oxford workers
made many hundreds of experiments without once observing crystallization
below their supersolubility curve, their method of cooling would not have
enabled them to detect a very slow process.

It is possible that the theory also explains our own results : for we have
no theoretical basis for the linear extrapolations of Fig. 2 ; and although
we have shown that for all practical purposes the critical supersaturation
is sharply defined, the experimental distinction can only be between solutions
that do or do not show a perceptible change in a reasonable time.

ADDENDUM (13th April, 1949) :

Further experiments in seeded solutions have now shown that the rate
of crystal growth in slightly supersaturated solutions follows the equation :
v = kA%, where v is the velocity of crystallization, 2 a constant, and A is
the quantity of silver and chloride ions to be deposited before equilibrium
is attained. A result of this behaviour is that, for equal ionic concentration
products, the rate of crystal growth will be the smaller the greater is the
disparity between the individual ionic concentrations ; the effect is illustrated
by the following results for the initial rate of deposition from solutions in
which the ionic concentration products are roughly equal :

[Agycry .. .. 1 2 3 4 i
[Ag'][CI] x 10% ., 2605 2585 2560 2588 2560
108 x v .. .. 184 1-54 1°48 I'I5 1:06
1078 X v/A? .. 252 2'54 258 2'71 2:68

This provides an explanation of the ionic ratio effect illustrated in Fig. 4
(and it is no longer necessary to assume that coalescence plays a major
part in nucleus formation); a nucleus of stable size grows more slowly if
the ionic ratio is not unity, and the probability of a nucleus growing to
stable size within a given limit of time should be reduced in a similar way.

We wish to thank the D.S.I.R. for a grant to A. L. J.

Edward Davies Chemical Laboratories,
Aberystwyth, Wales.
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Schweizer ! has pointed out the difficulty of preparing, by ordinary
procedures, supersaturated solutions of highly soluble materials which do
not exhibit a tendency to nucleate spontaneously. He was able to prepare
stable, supersaturated solutions of sucrose and other substances, which
were 1-8-fold supersaturated on a sugar to water basis, and which did
not crystallize over periods of several months. On the other hand, Waterman
and Gentil 2 found that all oversaturated solutions of sucrose crystallized,
given sufficient time. Both behaviours find support in the voluminous
literature on the nucleation of solutions and melts, e.g., Cassel and Landt,3
Kucharenko,* Meyer and Pfaff,® Dorsey,® Volmer,? Stranski,® etc., on the
basis of the heterogeneous or thermodynamic theories ; Richards,® Tammann,1?
Van Ginnekin and Smit,!! Fouquet,!? etc., on the basis of the homogeneous
theory.

It is the purpose of this paper to review this situation for sucrose solutions,
from the theoretical and practical viewpoints. Such matter has been
considered previously by Cassel and Landt,® Naveau 3 and Capelle.}4

Preparation of Stable Supersaturated Sucrose Solutions.—Both
Schweizer’s and Waterman and Gentil’s experiences were confirmed, using
their respective techniques. However, in the latter procedure, which
involves dissolution in sealed tubes, it was observed to be possible to prepare
slightly oversaturated syrups which have not crystallized over several
months, if fine, alcohol-precipitated material was used and/or complete
solution was assured by prolonged rotation at temperatures at least 20°
above the saturation point. If these precautions are not observed, or if
the supersaturation’is too high (> 1-6), crystallization inevitably occurs.

It was likewise found possible to duplicate Schweizer’s experience with
solutions prepared by means of quick, active boiling, followed by curing
(after sealing, or covering with a thick layer of Nujol oil) for at least 20 min.
and 20° above the saturation point of the final solution. Presumably the
potential nuclei, otherwise preserved, are deactivated by this treatment.
One is limited to prepare, at most, approximately 8o 9, solutions by either
technique ; since beyond this concentration either degradation is unavoid-

1 Schweizer, Rec. trav. chun., 1933, 52, 678 ; Int. Sugar J., 1933, 35, 385.

3 Waterman and Gentil, Chem. Weekblad, 1926, 23, 345.

3 Cassel and Landt, Z. dish. Zusker-Ind , 1927, 77, 483.

¢ Kucharenko, Planter Sugar Mfg., 1928, 75

8 Meyer and Pfaff, Z. anorg. Chem., 237, 257 ; 222, 382 ; 224, 305.

$ Dorsey, Tyans. Amer. Phil. Soc., 1948, 38, 248.

7 Volmer, Kinettk der Phasenbildung (Steinkoptt, Dresden, 1939).

8 Stranski, Phystk. Z., 36, 393 ; Ann. Physik, 23, 330.

® Richards, J. Amer. Chem. Soc., 1936, 38, 2243.

10 Tammann, Kristallisieren und Schelmzen (Barth, Leipzig, 1903); States of Aggrega-
tion (Van Nostrand, N.Y., 1925).

11 Van Ginnekin and Smut, Chem. Weekblad, 1919, 16, 1210.

12 Fouquet, Compt. rend., 1910, x50, 280,

13 Naveau, Sucre Belge, 1943, 62, 310, 336.

14 Capelle, Sucre Belge, 1943, 62, 335.
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able 18 or crystallization sets in.!®8 This limit is equivalent to a super-
saturation of 20 at the usual observation temperature of 25° C, but may be
increased slightly to about 2:4 by cooling to — 10°C. This temperature
is a lower limit set by the ice-sucrose eutectic point.
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. _ Sugar/Water
Supersaturation, 0 = Sugar/Water at Saturation

F16. 1.—Time of appearance of crystals in sucrose syrups prepared by vacuum evapora-
tion or active boiling, and curing at 20° C above saturation. Points are individual
samples at 25° C unless designated as the average of several samples, or other
temperatures. I signifies partly degraded solutions.

The times at which the beginning of crystallization was observed in solu-
tions prepared in this way are presented in Fig. 1. The usual observation
temperature was 25° C, others being properly designated on the Figure.
The tubes were rotated slowly and the usual sample was about 10 g.
solution. Inversion, by test, and/or degradation, by colour, was apparent
in solutions above O = 2-0. None the less, observations were made in this
higher range, and while some results suggest a monotonous extension of

18 Montgomery and Wiggins, J. Soc. Chem. Ind., 1947, 66, 31.
1¢ Stare, Chem. Zib., 1940, 2, 2826 ; A.C.S. Abstr., 36, 6033.
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the curve, others indicate a radical change in its nature. It is considered,
however, that this change is caused by the impurities present ; for addition
of invert sugar, caramel or degraded syrups to pure syrups at lower con-
centrations, greatly prolongs the time required for crystallization.

The data suggest the stability of solutions less than about 1-6 super-
saturated,!? and the very rapid onset of nucleation above this concentration.
The beginning of crystallization in syrups, prepared in the ordinary manner
may be represented empirically by equations of the form :

(0 — a) t = const,,
where O is the supersaturation, ¢ the time and a a constant: a was
evaluated as 10, 12 and 1-05 in three cases surveyed, and 1:37 from

some of Waterman and Gentil’s? data. These are tantamount, of course,
to Ostwald’s metastable limit.

Effect of Stirring.—Increased rate of rotation of the tubes had no
appreciable effect on the observed nucleation times. Neither did glass
propeller stirring, under oil, up to 300 rev./min. and below O = 1-4. Above
this concentration, however, the nucleation times were greatly reduced
the higher the concentration and faster the stirring. For instance, at
O = 1+4, stirring at 300 rev./min. for two days did not especially encourage
crystallization. At 100 rev./min. a 1-5 supersaturated syrup crystallized
in 43 hr., whereas without stirring or with gentle rotation it is normally
stable for weeks. At O = 2-0, where unstirred solutions take about a day
to develop a visible crystal, a cloud shows up within a few hours at
100 rev./min. and in about an hour at 300 rev./min. Any accidental contact
of the stirrer with the sides of the container, or with added glass beads,
induces crystallization very promptly, even at low supersaturations. The
foreign, suspended material of ordinary refined sugar seems to have no
appreciable effect upon the nucleation time, provided the curing treatment
is sufficient.

These irregular results with stirring suggest the influence of viscosity ;
which factor, therefore, was investigated by means of the temperature
coefficient of reaction. Three tubes in a set, at a constant supersaturation
of 2-0 with respect to 0°, 25° and 40° C, were rotated slowly. The times of
nucleation noted were remarkably uniform. If the rate of nucleation is
taken to be inverscly proportional to the time, and the energy of activation
assumed constant between each pair of temperatures, the following activation
energies are computed.

TABLE 1
TIME OF NUCLEATION AND ENERGY OF ACTIVATION, AT O = 20
. Time E . Ejct. for growth 18
Temp. °C (hr.) (keal./mole) (ikcal./mole)
o 490, 43, 45 . .
25 16, 18, 20 xg-g 1‘2.4
40 6,7, 8 7

Effects of Surface-active Agents.—The addition of surface-active
materials in minute amounts had no significant effect, contrary to expectations
from discussion in the literature.? 1314 The action of Aerosol OT (octyl sodium

17 This is equivalent to a supercooling of about 50°, which is somewhat larger than
those reported for many melts and solutions ; Van Hook, A#nnual Tables of
Physical Constants (Princeton, N.]J.) (in progress).

18 Van Hook, Ind. Eng. Chem., 1945, 37, 782.
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sulphosuccinate), which is summarized in Table II, is typical of the many
different types which were studied. The absence of any marked effect confirms
our earlier experience !° that these agents alter neither the nucleation nor growth
kinetics of sucrose solutions. However, when nucleation does occur in their
presence it is much more prolific than otherwise.2?

TABLE II
EFFECT OF AEROSOL OT oN THE TIME OF NUCLEATION OF SUCROSE SOLUTIONS
0 % Aerosol 0'05 % o2 %
Supersat. T - | -
(25°) I Suface III.
Appear- ¢ I II III I. |II 111
ance Tension Time
(dyne/cm.)
243 Clear (85) 84 hr. |ICloudy (80) | 64 |Cloudy|(63)| 78
17 " 81 34 " 35 | 48 o |29 41
1°4 " 8o 56, > 3 wk,| " 30 >3 wk. " 29 | > 3 wk.
12 " 8o 00 Clear | 30 © » 30 0
I ” 79 « ” 30 «© ”» 29 ©
. | — L —_ JU S .
Discussion

The times reported represent the sum of the time required to establish
at least one stable nucleus, and the time for this embryo to grow to visible
size. There is likewise the disturbance involved in the transfer from the
curing temperature to that of the bath. The growth time is undoubtedly
short at all but very small supersaturations 28; while the transfer factor
is common to all observations and will only alter the position of the curve
and not its nature.' 22 This shift cannot be appreciable in the present
instance, since essentially the same results are obtained under various
treatments.

The performance reported here is definitely contrary to the homogeneous
theory of nucleation as espoused by Tammann and his school.l® Any
straightforward heterogeneous theory,® in the sense of foreign nuclei,4 3
likewise scems inapplicable; since variable curing (provided this is at
least 20° above the saturation point, yet not so severe as to hydrolyze or
degrade the sugar) has no effect upon the observations. It seems quite
clear that those concentration fluctuations which form at least critical-size
nuclei are the origin of the crystallization observed in these experiments.
The Volmer theory 7 for condensed systems is adequate to explain the
results.?

This theory, as modified by the influence of viscosity,? and extended by
the absolute reaction rate theory,?4 suggests that the rate of nucleation is

. k
N = N expl— (AF* + AFGLRT,
where AF* is the free energy of activation involved in forming the nucleus,

19 Bruno, M.S. Thesis (Holy Cross College, 1947).

20 Van Hook, Ring Surface Tensions (in preparation). Highly concentrated sucrose
solutions apparently salt out even traces of most of the surface-active materials
investigated.

31 Othmer, Z. anorg. Chem., 91, 209.

22 Hammer, Ann. Physik, 33, 445.

3 Becker, Ann. Physik, 1938, 32, 128.

24 Turnbull, J. Chem. Physics, 1949, 27, 71.
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AFis. the free energy of activation of viscosity, and x the mol fraction of
solute.
The net free energy required to form the nucleus is also

AF = AF; — AF,,

where AF; is the free energy required to form the surface, and AF, that
gained in forming the mass of the crystal without any surface. Gibbs has
shown that

AF; = (3/2)AF,;
whence AF = }AF,.

If these reversible values are identified with the energies of activation of
the respective processes, we have

AEnucleation = éAE,,

The energy of activation of viscosity is approximately 1/3 that of growth,18
so that as a crude approximation

AEnucleauon = (5/6)AEgmwth-
This relative order of magnitude has been pointed out before in an empirical
way,18
The Thomsen equation,

1 __20M ,

n(e/ee) = RT 7 a
with AF = (1/3)AF = (1/3) 6 A = (4/3) ® o 72 (as spheres), suggests

AF ~ o312

at constant supersaturation. In these expressions ¢ and ¢, are the solu-
bilities at particle radii » and o respectively, ¢ the interfacial tension, 4 the
surface, and M/d the molar volume. Since the activation energy is observed
to increase with rising temperature at fixed interfacial conditions, it seems
likely that some factor other than the work of forming the nucleus is
involved in the nucleation process. Nothing definite is yet known about
the entropy changes concerned in the above approximation, but the marked
influence of stirring upon the rate of nucleation at higher concentrations is
very suggestive of the viscosity as this factor.

Surface Tension.—The interfacial tension, which is so prominent in
most crystallization theories, has reccived special attention in the case of
sucrose solutions.? 1314 Since this interfacial tension between a solid and
a liquid is difficult to evaluate, it has frequently been correlated with the
ordinary surface tension of the liquid, although it seems questionable to
specify it in this way. Dupré’s rule for this type of interface is

G = Gy — Oy €Os 0,

where s, I and g indicate solid, liquid and gas phases respectively, and 0 is
the contact angle of wetting of the solid. If the wetting is complete, and
the surface tension of the solid is constant, we have

G5l = Osg — Olg,
and dog = — doy.

The former is’ Antonoff’s rule for this case, and the latter indicates that
ordinary surface-active materials, which usually decrease the liquid surface
tension, may actually increase the interfacial tension at the solid surface.
It was found impossible to increase the surface tension of crystallizable
sucrose solutions to any extent by additives ; but ordinary wetting agents
diminish it considerably. Even so, no great influence on the crystallization
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time was observed, which is contrary to several reports in the literature
under similar circumstances.3 13 18 25

A twofold oversaturated solution of sucrose in 68 9, alcohol, whose
surface tension was 26 dynes/cm., did not display crystals for 8 days,
compared to about 1 day for an aqueous solution of the same supersaturation.
Whether this prolongation is the result of lowered surface tension (and
therefore possibly increased interfacial tension) or change in environment
is not yet evident. These matters are being investigated further in this
laboratory.

Practical Implications.—The extreme difficulty of preparing and
preserving supersaturated sucrose solutions would augur well for the applica-
bility of the heterogeneous theory, in spite of the greater significance of the
thermodynamic theory. Under conditions which prevail in the sugar house,
as well as in ordinary laboratory work, nucleation undoubtedly occurs by
chance inoculation. Under these circumstances, it is merely the rate of
growth to visible size which determines the observed nucleation time. Since
this process has been shown to be unimolecular,?® the observed equilateral
hyperbola relation is an obvious one.

However, as the concentration increases, a very strong and abrupt
influence of true nucleation sets in; thus accounting for the metastable
limits usually reported.2?” Nucleation in condensed systems has all the
attributes of a chain reaction,® 28 which feature explains the autocatalytic
* false grain ”’ region 27 of the sugar boiler.

Conclusions.—The prominent features of the Volmer-Becker theory of
nucleation are shown to be qualitatively applicable to supersaturated
sucrose solutions. Quantitative aspects will be investigated.

The continuing support of the Sugar Research Foundation, Inc., is
gratefully acknowledged.

Chemistry Department,
College of the Holy Cross,
Worcester, Mass., U.S.A.

28 Von Weimarn, Z. Chem. Ind. Koll., 1907, 2, 76 ; A.C.S. Abstr., 3, 393.
36 Van Hook, Ind. Eng. Chem., 1944, 36, 1042.

27 Webre, Proc. 11th Conf. Assoc. tec. azucareros Cuba, 197, p. 9.

38 Langmuir, Proc. Amer. Phil. Soc., 1948, 92, 167.

THE RELATIVE RATES OF GROWTH OF STRAINED AND
UNSTRAINED AMMONIUM NITRATE CRYSTALS

By S. ForRDHAM

Received 4th February, 1949

At a discussion on crystallization held in Bristol in February, 1948, it was
suggested by Prof. N. F. Mott that crystals should grow more rapidly when
strained than when unstrained. During the course of a more general
programme of work on the crystallization of ammonium nitrate, an
opportunity was taken of testing this suggestion.

Experimental

The crystals of ammonium nitrate were prepared by slow evaporation at
26° C. It had been shown that Lissolamine A did not affect the crystallization
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of ammonium nitrate under such conditions, so the vessels were treated before
the experiment with a dilute solution of this compound to prevent ‘‘ creep.”
Some of the crystals which developed were prisms with good faces of the {110}
form and usually with {orr} faces, although the latter were frequently poorly
developed. Specimens about 1-5 mm. broad and 4-5 mm. long were selected,
roughly dried, and then shaken with a solution of Fixanol C in carbon tetra-
chloride. The latter emulsified any adhering mother liquor and gave completely
dry crystals, which were stored in a desiccator for use. Crystals were used within
24 hr. of preparation, during which time they retained quite adequate plasticity.

The dry crystals were measured by means of a low-power microscope, and for
each experiment two batches of five crystals each were selected, so as to be as
nearly as possible equivalent in size and shape. Complete similarity was not,
of course, attainable but in most cases variations in linear dimensions were
within 10 9%. The crystals of one batch were strained by bending round a rod
of 4 mm. diam., and their total weight found ; the other batch was weighed
without straining. The strained and unstrained crystals were arranged

TABLE 1
GROWTH OF STRAINED AND UNSTRAINED AMMONIUM NITRATE CRYSTALS

Original breadth .
mm. Mean Growth | Extra Growth Ratio of
mm., mm. Extra to Mean

Strained Unstrained Growth
2°112 2080 0°451 0010 o022
1°235 1°347 07444 o-or19 0°043
1°408 1°500 0°352 0'037 0'105
1°504 1685 o°130 0021 0161
1°467 1°572 0'125 0°008 0°064
1°596 1603 0°189 —0°001 -0'005
1°396 1°428 0°119 0032 0269
1-208 1°221 0°091 0°017 o187
1°292 1°318 0°126 0°026 0'206
Mean 0019 o117

Mean growth is the average linear growth of all crystals.

Extra growth is the amount by which the growth of strained crystals exceeded that
of unstrained.

alternately in a crystallizing dish, and allowed to grow in an ammonium nitrate
solution evaporating at 26° C. After the required time the crystals were dried
as before and the batches re-weighed. In the earlier trials growth by 100 9
in weight was reached, but in the later experiments this was reduced to 20-40 %,
which was the minimum for which the experimental arrangements were suitable.

From the measured weights, the mean breadths before and after growth were
calculated on the assumption that the crystals were rectangular parallelepipeds,
the lengths of the sides being in theratio 1: 1: 3. The increase in breadth was
used as a measure of growth, and was in most cases greater for the strained
crystals. The results are given in Table I. It will be seen that in all cases
except one, the strained crystals grew more than the unstrained, but that the
scatter of the recorded results was large. The standard deviation was calculated
and the ¢-test applied to determine the significance of the mean, when it was
found that the probability that the result was a chance variation from zero
was about 0-002. It appears very likely, although not definitely proved, that
strained crystals of ammonijum nitrate grow faster than unstrained.

Local variations in rate of growth undoubtedly occurred in these experiments,
although their effect should have been eliminated by the method of analyzing
the results. An attempt was made, however, to attain more uniform conditions
by growing the crystals in a vertical tube with an air current sufficiently strong
to maintain agitation. The trial was discontinued because fresh nucleation was
extensive and results were very erratic.
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Discussion

It appears most probable that ammonium nitrate grows faster from
solution when strained. Such a statement, however, needs some elaboration
before its true meaning becomes clear. The presence of strain should be
shown at the surface by dislocations, and the increased rate of growth should
be attributed to the presence of such dislocations and discontinuities. These
experimental results do in fact support the theory that the normal growth
of crystals is due to the propagation of dislocations.

It would be expected that as the strained crystals grow, the number of
effective extra dislocations remaining in the surface would diminish, so
that the rate of growth of the two types of crystal should gradually become
equal.

There is, in fact, no significant correlation between the figures for ‘“ extra
growth " and “ mean growth " recorded in Table I, and it is concluded that
the effect of the straining had been eliminated before the shortest experi-
ment was complete. Indeed, a formal rate may be calculated by taking the
ratio of extra to mean growth, as in the last column of Table I, and it is
found to have a negative regression coefficient on the mean growth, with
significance 0-05-0-1. It would appear therefore that the method of straining
used in these experiments caused dislocations which did not persist through
a fresh layer 0-05 mm. thick, but which made crystallization more rapid
in the early stages by at least 20 9} of its normal speed.

Research Department,
1.C.I. Limited, Nobel Division,
Stevenston.

CRYSTAL GROWTH FROM SOLUTION
I. Layer Formation on Crystal Faces
By C. W. BunN aND H. EMMETT

Recetved 20th January, 1949

In this and the following paper, the results of many observations and
experiments made over a number of years (since 1932) are collected and
discussed. The work on crystal growth from solution which has been
carried out in this laboratory from time to time, as opportunity occurred,
was started with the object of discovering how the rates of growth of crystal
faces are related to the structure of the crystal face and the concentration
of solute in the surrounding solution. It was at first hoped that the
problem could be trcated in terms of simple physico-chemical concepts :
the rate of growth of a particular face was perhaps some function of the
supersaturation of the solution in contact with the face, while different
faces of the same crystal or of crystals of different substances would be
characterized by different constants which would depend on the surface
forces. Such relations have usually been assumed in previous theoretical
speculations, such as those of Berthoud?! and Valeton.? But it became
evident that, on the one hand, there was no correlation between the rate of
growth of a particular type of face and the supersaturation at the face ;

! Berthoud, J. Chim. Physique, 1912, 10, 624.
! Valeton, Z. Krist., 1924, 59, 135, 335.
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and on the other, that a growing crystal face is not a uniform surface, and
that surface forces must vary at different points. The work then became
frankly exploratory, and as far as possible uninfluenced by preconceived
hypotheses. The surfaces of growing crystals of many substances were
observed as closely as possible under the microscope, in order to learn as
much as possible about the manner of deposition of solute and the fine
structure of growing faces ; this work is reported in the present paper. The
other aspect of the problem—the concentration of solution and its variation
round a growing crystal—is dealt with in the second paper.

The polyhedral habit of most crystals suggests that material is deposited
on the faces in successive layers; and the theoretical work of Kossel,?
Stranski 4 and Brandes and Volmer 5 supports the idea that, at any rate
for ionic crystals of NaCl type of structure, this is the manner in which
ions are built on to the crystal: the energy yield when an ion is added to
an incomplete layer is greater than that for the starting of a new layer,
and therefore there is a tendency for a layer, once started, to be completed
rapidly, the inception of the next layer being delayed. Direct experimental
evidence on the matter, on the ionic or molecular scale, is not available ;
but layers a few molecules thick have been detected on crystals of #-toluidine
by Marcelin ® and by Kowarski.? This substance grows from alcoholic
solution in extremely thin plates, thin enough to give interference colours
like those seen in oil films on water ; discontinuities in the shade of inter-
ference colour, which meant discontinuities of thickness, could be seen
moving across the crystal faces, and it was calculated that in some circum-
stances the layers thus revealed were only a few tens of dngstrém—in fact,
only a few molecules—in thickness. Similar thin layers were observed by
Volmer 8 on thin crystals of Pbl, formed by mixing solutions of Pb(NQj,),
and KI. Not many substances grow in sufficiently thin plates to give this
type of evidence; but we found that thick crystals of some substances,
when observed at high power, using dark ground illumination, show layers
spreading across the faces, and these, to be visible at all, must be very
much thicker than those seen on m-toluidine or Pbl,; they must be at
least several hundred angstrém thick. On a few crystals the layers are so
thick that they can be seen either in ordinary transmitted light or in bire-
fringent crystals by using crossed Nicols. It was possible to make many
observations of these layers on a variety of different crystals, to observe
their point of origin, to measure their thickness and rate of spreading, and
the effect on them of the presence of dissolved impurities and of different
solvents.

Most of the work has been qualitative, and constitutes an extensive
superficial survey of the phenomenon of layer formation on crystals of many
different substances. In all the experiments, a drop of warm saturated
solution was placed on a warm microscope slide, covered with a thin cover-
slip, and observed while cooling on the microscope stage. A cardioid
condenser was used to give dark-ground illumination at high powers.

The outstanding generalizations which emerged from these observations
are the following—

1. Layers very often start, not from edges or corners of crystals, but

from the centres of faces, spreading outwards towards the edges.

3 Kossel, Nach. Ges. Wiss. Gottingen, 1927, 135; Metallwirtschaft., 1929, 8, 877;
Naturwiss., 1930, 18, gol.

¢ Stranski, Z. physik. Chem., 1928, 136, 259.

 Brandes and Volmer, Z. physik. Chem. A, 1931, 155, 466.

$ Marcelin, Ann. Physique, 1918, 10, 185.

? Kowarski, J. Chim. Physique, 1935, 32, 303, 395, 469.

® Volmer, Z. physik. Chem., 1923, 102, 267.
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F1G6. 1.—NaCl. Photographs at 1-sec. intervals. (X 300)

F16. 2.—NaCl. }-sec. intervals. Pit formed by layer encirclement, and subsequently
filled in. (X 245)

« F16. 3.—KH,PO, 1-scc. intervals, (X 35)
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2. The thickness of the layers on many crystals increases as the layers
approach the edges of the crystal faces.

3. The boundaries of the layers are often irregular, especially when
growth is rapid; but as growth slows down there is a tendency to
regularity of shape, the actual shape conforming to the symmetry of
the crystal face.

4. Dissolved impurities may strongly influence the thickness and the
shape of the layers, the effect being highly specific.

5. Thick layers have been seen only on crystals of certain ionic or polar
substances ; they have not been seen, under the experimental conditions
used, on crystals of non-polar substances.

Experimental

Sodium Chloride.—The first four of the above generalizations are well
illustrated by the phenomena observed n experiments with sodium chloride.
The cubic crystals usually lie on a microscope shde on a cube face, so that one
face is seen normally and four others edgewise. On the face seen normally,
layers were usually observed to be spreading outwards from a point roughly
in the centre of the face. It was not possible to locate the point exactly ;
nothing could be seen at the centre of the system of layers, and the layers only
became visible at a distance from the centre which varied considerably but was
often one-quarter to one-half of the distance to the edge. From the increasing
plainness of the layer boundaries towards the edges of a face, it appeared that
the layers increased in thickness as they spread outwards. The layers were
usually rather irregular in shape, though sometimes suggesting a squarc; but
the addition of 1 9, CaCl, to the solution had the effect of making the layers
more regular in shape, roughly octagonal, and more easily visible. It was possible
to obtain cinematograph records of the growth of the layers under these
circumstances. (A Pathe camera (9:5 mm. film), with the lens removed, was
used at normal speed. The microscope objective (2:9 mm. oil immersion) cast
an image straight on to the film. For further details see paper by Emmett.®)
Your shots selected from the cinematograph film are shown in Fig. 1 a—d;
they show the same face at successive intervals of 1 second. A new layer,
which is barely visible in 1, is easily visible 1n 1¢ and has spread considerably
inxd. Onthefaces seen edgewise, it was sometimes possible to see the thickness
of the layers, but in general, in the case of sodium chloride, the layers were so
thin that they showed up best on the face seen normally, owing to the scattering
light by the edge of each layer. (By ordinary transmitted hght the layers
could not be seen at all.)

The average thickness of the layers was measured by first focusing on a
particular point on the surface, counting the passage of some 30-50 layers past
the point, refocusing and reading off the change in position of the calibrated
fine adjustment screw of the microscope. After correcting for the refractive
index of the solution, the total thickness of the layers was obtained, and hence
the average thickness of one layer. In several exieriments, the layer thickness
was found to be 2800, 3500, 4100, 3600 and 1700 A. As the length of the unit
cell edge of sodium chloride is 563 A, each layer edge is a wall 300-700 unit
cells high (or twice this number of atoms).

The rate of spreading of the layers in one experiment was found by measuring
a cinematograph film. ~All the layers spread at about the same uniform speed,
the rate of advance of an edge (in the direction of a cube ecdge) being 2:5 X 1074
cm./sec. ; the rate declined a little as time went on. (The rate of spreading,
hike the thickness, varied considerably with the specimen of salt and the
conditions of the experiment, and this figure by itself has no great significance ;
it is quoted simply to give an idea of the order of magnitude.) The rate of
spreading of a layer diminishes slightly as it spreads outwards.

Certain impurities affected the growth of the layers quite profoundly. The
effect of CaCl, in making the layers thicker and more regular has already been

* Emmett, J. Micro. Soc., 1943, 63, 26.
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mentioned ; Na;SbO, had a similar effect; but most other substances which
were tried either had the reverse effect—that is, they made the layers thinner—
or else had no marked effect. The following substances had the effect of making
the layers thinner; and, if added in sufficient concentration, gave NaCl crystals
which showed no sign of layers. The percentage figure given is the concentration
required to give clear crystals showing no layers :

Pb(NO,), (005 %), PbCl, (0-05 %), Bi(NO,)s (01 %), BiCls (01 %), MnCl, (2-0 %),
CdCl, (002 %), SrCl, (2-0 %), SnCl, (~2 %).

The following substances appeared to have no appreciable effect—

HCI, Na,S0,, NiCl,, CoCl,, SbCl,, Al (NO,),, BaCl,, MgCl,, ZnCl,, FeCl,, LiCl,
PtCl,, HgCl,, and cerous nitrate. The effect of impurities on the formation of
layers is thus specific, and recalls the modification of crystal shape by dissolved
impurities, which 1s also a highly specific effect. But note that the only sub-
stances in the above list which caused the appearance of other than cube faces
were B;(NO,), and BiCl,, which produced (110) as well as (100) faces.

In the great majority of experiments, only one system of layers was seen on
any one face; but on a few occasions two systems, spreading from different
points, were seen; and on one occasion, when an unusually large crystal was
observed, no less than five systems were seen. In all cases the points from
which the layers spread (whether there was one centre or more on a face) were
not on the corners or edges, but well within the boundaries of the face; and
when there was only one point, it was roughly at the centre of the face.

Another phenomenon seen occasionally was the formation of a pit by encircle-
ment of a small area by a layer growing all round it. This is well shown by
the series of photographs in Fig. 2, in which a pit forms towards each end of
a long rectangular face on which a layer system is spreading from the centre ;
these pits are soon filled in. On this occasion the process of formation and
subsequent filling-in of a pit was repeated several times in rapid succession.
The phenomenon recalls the triangular pits on diamond crystals reported by
Tolansky and Wilcock 1° and believed to have arisen during growth ; the actual
growth of diamond cannot be observed, but the present example (and many
others which have been seen on various crystals) shows that layer encirclement
does occur and lends support to Tolansky and Wilcock’s explanation.

Cadmium Jodide.—This substance grows in the form of hexagonal plates ;
if the basal planes are observed when the crystals are growing from aqueous
solution, layers can be seen spreading over the faces, even in ordinary transmitted
light. The layers observed 1n these experiments were roughly circular in shape,
or occasionally vaguely hexagonal. Fig. 4 shows a typical crystal with a single
system of layers spreading outwards from a point which can be located more
precisely than in the case of sodium chloride; the layers can be seen much
nearer to the origin. Fig. 5 Shows an example in which there are two origins,
and the layers are more nearly hexagonal in shape.

The layers on this substance were usually a little thicker than thosc on sodium
chloride—from 3000 to 5000 A; the reason why they are often more easily
visible than those on sodium chloride is partly that they are thicker, but chiefly
because of the high refractive index of CdI,. The rate of spreading was about
one-fifth that of sodium chloride.

Potassium Dihydrogen Phosphate.—This is another substance on which
layers can often be seen without the aid of dark ground illumination, It is
tetragonal, and grows in the form of prisms of square cross-section terminated
by pyramids, and the crystals usually lie on the microscope slide so that the
long rectangular (110) prism faces are seen normally. On these faces, layers
can be seen spreading outwards from a point which is, more often than not,
roughly in the.centre of the face. The layers are sometimes rectangular, as in
Fig. 6, but are more often very irregular in shape. A phenomenon which this
substance shows particularly clearly is that of very thin rapidly advancing
layers overtaking thicker and more slowly advancing ones ; this appears to be
the way in which thick layers are built up, and if we may imagine the same

10 Tolansky and Wilcock, Nature, 1946, 157, 583.
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process occurring on a smaller scale, it is probably in this way that layers of
visible thickness are built up from original layers which are perhaps one ion
or a few ions thick. The increasing thickness of layers as they grow outwards
is also shown strikingly by this substance ; note that in Fig. 3 no layers can be
seen at the centre, but they become very plain towards the ends of the crystal ;
when the cinematograph film is watched, each layer gradually becomes visible
as it grows outwards, and this is probably due to the overtaking of much
thinner layers, too thin to be seen. Another phenomenon which occurs in
Fig. 3 is the formation of a pit by encirclement of a small area by a layer growing
all round it. The beginning of encirclement is seen on the right-hand side of
34d (sec arrow) ; the pit isclearly visible in 3¢ (arrow); at 3fit has disappeared,
having been filled in by inward growth of the layer. One more observation
on Fig. 3: the confused appearance of the bottom left-hand corner of each
photograph is due to the existence of a number of irregular layers, some of
which overtake others ; the sequence of events can only be properly appreciated
by watching the actual process or the cinematograph record.

The addition of phosphoric acid to the solution had the effect of making the
layers thinner and more difficult to see; when K,HPO, was added to the
solution no layers could be seen at all.

N

Fic. 8.—Layers ‘ wrapping over "’ from one face to another. (Octahedral faces
of Pb(NO,),.)

On crystals of this substance, the layers are often well seen when crossed
Nicols are used ; the interference colour arising from the birefringence of the
crystal varies in shade according to the thickness, and the colour effects show up
the growth of the layers in a beautiful manner, though appearances are sometimes
confused, owing to the fact that two systems of layers, one above and one
below the crystal, are seen simultaneously. Some very striking cinematograph
shots (in colour) were secured under these conditions. Fig. 7 is a monochrome
‘“still” from one of these films; it shows, in the upper part, numerous thin
irregular-shaped layers, and in the lower part, some more regular formations.
This photograph also shows other striking characteristics of this substance,
when grown rapidly on a microscope slide—the tendency for different parts
of the same rod-like crystal to grow almost independently (note the contrast
between the two layer systems in the two halves), and the tendency to form
very thick sheath-like layers, embracing all four sides of the tetragonal prism,
which grow slowly along the prism.

Other Salts.—Many other salts were observed, and in the majority of cases
no layers were seen; but several other crystals were found to exhibit visible
layers. Among them was lead nitrate, the normal habit of which is octahedral.
The layers which grew on the triangular faces were roughly triangular in shape,
when they grew from a point in the centre of a face. Sometimes, on the other
hand, layers seemed to be spreading from a corner or an edge; the origin of
those spreading from an edge was, perhaps, indicated by occasional observations
that a layer, on reaching an edge, wrapped over on to the next face, as in
Fig. 8. The addition of Methylene Blue to the solution caused the crystals to
grow as cubes; on these also layers were seen, usually apparently growing
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from corners and edges ; but whether the corners and edges were the recal origin
of the layers is doubtful, in view of the ‘* wrapping-over ” effect just mentioned.
When a layer system can be seen spreading from the centre of a face, there is
no doubt about the origin, but when it appears to come from an edge or corner,
it may be a legacy from another face, which cannot be examined. The addition
of sodium nitrate to the solution had no effect, but when nitric acid was added
no layers could be seen. When both sodium nitrate and nitric acid were added
layers were again seen.

Sodium nitrate, growing from pure solution, showed no layers, but the addition
of lead nitrate to the solution caused layers to appear. No other nitrates had
any effect when added to NaNO, solution ; those of Ca, Sr, Ba, Cu, Ni, Ag, Hg,
Bi and Al as well as nitric acid were tried.

Potassium sulphate and potassium chromate showed extremely thin layers.
The addition of H,SO,, NaOH, KOH, or Na,SO, to a solution of potassium
sulphate did not affect the formation of layers. Alum showed slight indicatijons
of layers. FeSO,.(NH,), SO,.6H,0 showed clearly defined layers, and it was
on one of these crystals that a system of layers was seen growing inwards (filling
a pit), on the same face with a normal outward-growing system (see Fig. 9) ;
the inward-growing system could be seen to be due partly to the wrapping-over
of layers from contiguous faces.

ffﬁ

F16. 9.—Outward-growing and inward-growing layer systems on the same face of a
crystal of ferrous ammonium sulphate. Note the part played by the ‘* wrapping-
over ” effect.

Potassium iodide showed some confused appearances which might be interpreted
as layer formation ; these were seen near edges and corners, but the direction
of spreading was not clear. Mercuric chloride showed definite layers ; so did
magnesium nitrate.

Sodium formate, sodium diethyldithiocarbamate and sodium phthalate
showed very thin layers.

Layers could not be observed on any of the following crystals—NaClO,,
NalIO,, NaF, NaBrO,, NaNO,, NaNO,, sodium antimonate and sodium nitro-
prusside; KNO,, KNO,, KCIO,, K,Cr,0,, KSCN, KClO,, K,;S,0,; sodium
citrate, potassium oxalate and tetraoxalate; ammonium chloride, either from
pure solution or a solution containing urea ; LiCl, ZnSO,. 7H,0, MgSO, . 7H,0,
(NH,),SO,, ammonium vanadate, chrome alum; and NaHNH,PO,. 4H,0.

All those substances on which layers were seen have moderate or high solu-
bilities (the lowest being HgCl, with a solubility of about 6 9, at 20° C). The
following slightly soluble substances were observed, but no layers were seen on
any of them—

CaS0,.2H,0, CaCl,. Ca(OH),.H,O, 2Na,PO,.NaF . 19H,0, Na,B,0,. 10H,0,
PbCl,, AgSO,, Li,CO,, Sr(OH),, Ba(OH),, KCIO,.

Organic Substances.—The following crystals have been observed, but no
layers have ever been seen under the conditions of these experiments—

Cane sugar, hydroquinone, propionamide, phthalic acid, citric acid (in water),
naphthalene, benzophenone, camphor, benzil, stilbene, p’nitrophenol, methyl-
glyoxime, dimidone, dichlorobenzene, acetanilide and a-naphthol (in alcohol) ;
and anthracene in benzene solution.
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On the other hand, urea, acetamide, pyrocatechol and chloramine-T
(CH;.C¢H SO,Na . HCl. 3H,0) showed definite layers, when grown from aqueous
solution ; so also did sodium formate, sodium diethyldithiocarbamate and sodium
phthalate. Note that all the substances on which layers were seen are either
ionic or else contain strongly polar groups.

Influence of Solvent.—It appeared from all the foregoing observations
that layers thick enough to be seen by ordinary light under the conditions of
these experiments are only formed on crystals which contain either ions or
strongly polar groups ; in view of this apparent influence of electrostatic forces,
it seemed of interest to study the growth of crystals in solvents of lower dielectric
constant than water. Several substances which had been observed to give
visible layers when grown from aqueous solution, and which are also soluble
in ethyl alcohol, were therefore crystallized from this solvent. These substances
were cadmium 1odide, potassium dihydrogen phosphate, sodium formate, sodium
diethyldithiocarbamate, urea, acetamide, pyrocatechol and chloramine-T. In
all cases, layers did not appear on crystals growing from alcoholic solution.
In three cases—urea, potassium dihydrogen phosphate and cadmium iodide—
alcohol-water mixtures were also used, and 1t was evident that the layers became
thinner with increasing proportion of alcohol. When urea was grown from
methyl alcohol layers were seen, as in water solution; but cadmium iodide
in methyl alcohol showed no layers. It seems reasonable to attribute these
effects to the fact that the dielectric constant of ethyl alcohol (26 at 20° C) is
much lower than that of water (81 at 18°C); the dielectric constant of methyl
alcohol (31 at 20° C) is a little higher than that of ethyl alcohol.

Discussion

Formation of Thick Layers.—It seems likely that crystals in general
(at any rate, those with definite faces) grow by the spreading of discrete
layers one after another across the faces. On many crystals these layers
are too thin to be seen by visible light ; but, as we have seen, on quite a
number of crystals the layers are sufficiently thick to be seen either by
dark ground illumination or sometimes even by ordinary transmitted light
or between crossed Nicols; these layérs are often some thousands of
angstrom in thickness. That the layer-spreading process occurs on the
much smaller scale of a few molecules has been shown by the observations
of Marcelin ® and Kowarski 7 on p-toluidine, which, because it grows as
exceedingly thin plates, permits observations by a method sensitive to
much smaller differences of thickness than those revealed under the present
conditions ; and the process of formation of thick layers from thin ones is
demonstrated by our frequent observations that thin layers, spreading
more rapidly than thicker ones, overtake underlying thicker layers and
add to their thickness.

Why are thick layers, hundreds of ions or molecules in thickness, built up ?
Why do not the thin primary layers, which are perhaps one ion or molecule,
or a few jons or molecules, in thickness, proceed independently ?

It might be urged that thin layers spread faster than thick ones, simply
because less solute is required to extend a thin layer a certain distance.
than to extend a thick layer to the same distance. But this is beside the
point : a system of thin layers of a certain height needs precisely the same
amount of solute to spread a certain distance as a system of fewer thick
layers of the same total height. What we have to explain is the tendency
of a system of a large number of thin layers to break up into a system of
a few thick layers. Although no quantitative theory based on a consideration
of surface forces can be offered, we can at any rate link up the phenomenon
of thick layer formation with the general principles of crystal morphology.
When a succession of thin layers, of ionic or molecular thickness, is spreading
across a crystal face, the surface (see Fig. 10 4) is not a face of low indices
but a face having very high indices. Now the outstanding generalization
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of crystal morphology is the universal tendency for the bounding surfaces
to be faces of low indices; when growth comes to an end the faces are
found to be those of low indices, often indeed the simplest possible
indices ; these are the faces which are either parallel to, or are simply
related to, the edges of the unit cell. Faces with high indices, if they are
artificially created by cutting or dissolving a crystal, eliminate themselves
because their rates of growth (thickness deposited on the surface in unit
time) are higher than those of simple faces. The elimination may occur by
apparently straightforward growth as in Fig. 114 or by a process of
breaking-up into steps as in Fig. 11b. Faces of high indices are thus less
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F16. 10 (a) A system of molecular layers spreading, one after another, across a face
constitutes a high-index surface.

(b) The break-up into large steps has the effect of making the major part of
the surface a low-index surface.

(c) Idealized representation of the surface of a growing crystal. (Heights of
steps much exaggerated.)

stable as surfaces, and presumably have a higher surface energy, than
those of low indices. There will therefore be a tendency for the high-index
faces created by the system of spreading layers (Fig. 10a) to break up
into comparatively large steps, so that the bounding surfaces have low
indices (Fig. 10%). (Actually the edge of a step is usually a high-index
surface (see below); nevertheless, the break-up into large steps does have
the effect of making the great majority of the surface (the tops of the layers)
a low-index surface.) There is, of course, no sharp distinction between
the original surface which can appropriately be regarded as a high-index
face (Fig. 104) and the surface with large steps (Fig. 104) which is pre-
dominantly a low-index surface; there is a continuous change of surface
energy with step-height. Thus the reason why thin layers spread more
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rapidly than thicker ones, and therefore overtake thicker ones, is in all
probability that there is a greater surface energy at a low step than at a
high one. The formation of thick layers hundreds of ions or molecules
thick is thus seen to be just another manifestation of the great morphological
principle of simple indices.

The “ vicinal ” faces which have been found on minerals and on crystals
grown in the laboratory probably consist of systems of layers having a
step-height smaller than the wavelength of light; the crystals exhibiting
vicinal faces are probably crystals whose growth has not gradually slowed
down with time, but has for some reason been arrested. The existence of
vicinal faces on growing crystals was shown by Miers (1903), who also
observed that the inclination varied during growth. The crystals he studied
were alum, sodium chlorate, ZnSO,.7H,0 and MgSO,.7H,O ; all these have
been studied in the present work, and only on alum have any indications
of layers been seen; but if our interpretation of vicinal faces is correct,
Miers’ observations may be taken as evidence that layers do form on the
other two crystals but are too thin to be seen.

Fi1e. 11.—Elimination of high-index surface, (a) by apparently straightforward growth
(the rate of growth of the high-index face being greater than those of neighbouring
low-index faces), (b) by step formation.

.

The layer thickness built up on any crystal presumably depends on the
difference between the surface energies of high-index and low-index faces
(in relation to the surrounding solution), which may perhaps be formulated
for the present circumstances as the change of surface energy with step-
height ; our observations have shown that this is different for each crystal,
and, moreover, is strongly influenced by specific impurities in the solution.
The only generalization we can make is that since thick layers were never
scen on crystals of non-polar substances, but were seen on a number of
crystals containing ions or polar molecules, the change of surface energy
with step-height is steeper in ionic or polar crystals than in non-polar ones.
It is entirely reasonable that this should be so; in a crystal composed of
ions or polar molecules, different faces present very different arrangements
of positive and negative charges, and the surface forces would be expected
to vary sharply with the distribution of surface charges; but in non-polar
molecular crystals there are no sharp electrostatic differences, and it is
to be expected that the differences between the surface forces of different
faces would be less marked. The differences between various ionic and
polar crystals, some of which show thick layers, while others do not, remain
unexplained ; we have not been able to detect any correlation between
chemical constitution and the presence or absence of thick layers. In view
of the powerful influence of dissolved impurities, any relationship could
only be expected to be found if highly purified substances were used.

The manner of deposition on the edge of a layer must also be considered.
A layer edge several hundred atoms high is quite a large face, from the
atomic point of view ; does deposition occur on it by the formation of surface

9
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nuclei and the subsequent spreading of layers on a smaller scale than that
involved in the thick layers, or does solute pile on in a more indiscriminate
manner ? And if layers are formed, where do they start ? The answer to
this question is probably bound up with the question of the nature of the
surface of a layer edge. Most growing layers are irregular in shape and
even if (on a cubic crystal) the edges are at right-angles to the tops, the
edges are, for the most part, not low-index surfaces. (This is symbolized
in Fig. 10¢ by making the edges of layers non-rectangular.) Deposition
on the edges of layers, therefore, is deposition on high-index surfaces.
There is some reason for thinking that rapid deposition on high-index
surfaces does not occur by layer formation, but in a more indiscriminate
way. The skeletal shapes of very rapidly growing crystals usually have
rounded surfaces ; the directions of growth are well defined geometrically,
but the actual surfaces are rounded. (Flat surfaces may develop subse-
quently, and these are low-index surfaces, but during rapid growth the
surfaces are rounded.) The absence of flat surfaces during growth suggests
that deposition occurs, not by layer formation, but in a more indiscriminate
manner. Therefore deposition on the edges of layers may also take place
in this way.

There is, of course, a tendency for the edges of layers to become low-index
surfaces ; this is seen, first of all, as a tendency for the shape of a layer
to become more regular as growth slows down ; but even when the shape
becomes fairly regular, as in the octagonal layers of Fig. 1 (NaCl), it may
be doubted whether the edges are surfaces of minimum indices for this
reason. If the edges of the above-mentioned octagonal layers were per-
pendicular to the top (a (xoo) face, let us say), the surfaces of the edges
would be (o10) and (o11) ; a (oxo) face is crystallographically equivalent to
a (x00) face, and deposition would therefore be equally likely on the edge and
the top of the layer; that deposition occurred only or mainly on the edge
makes one doubt whether the edge was really (o10) ; it was probably not at
right-angles to the top and was therefore a high-index face. Nevertheless, as
growth slows down, there is presumably a tendency for the edges of layers
to become low-index surfaces. It may be observed that when this happens
growth will be very much inhibited, for it will have to wait on the formation
of surface nuclei. It is possible that it is in these circumstances the
Kossel-Stranski picture of surface nuclei forming on edges and corners is
valid; we may well imagine that the most likely place for a nucleus to
form is at the edge formed by the top and side of a layer (A in Fig. 105).

We are thus led to the view that rapid growth of crystals depends on the
maintenance of high-index surfaces; if for any reason the surface (so to
speak) heals—that is, becomes a low-index surface—growth will be very
much inhibited. We shall return to the question of the rate of growth
of crystals in Part II.

Formation of Surface Nuclei.—Perhaps the most striking and the
most important generalization which came out of the many observations
made in this work is that, more often than not, the layers were observed
to spread, not from the corners or edges of faces, but from the centres of
faces. Even when layers were seen spreading from edges or corners, it
was sometimes evident that they had ‘‘ wrapped-over "’ from contiguous
faces. One éxample may be quoted in which it appeared fairly certain
that the point of origin was a corner: on a lead nitrate crystal, a small,
rapidly growing face, which showed normal layer growth by spreading
from the centre, became smaller and smaller owing to its rapid growth
compared with contiguous faces, and was soon eliminated and replaced by
a corner ; immediately this happened, layers were seen spreading from
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this corner over the only contiguous face which could be observed clearly
(see Fig. 12). The sequence of events suggests strongly that in these
circumstances the layers really did originate at the corner and were not
*“ wrapped-over " from other faces. Nevertheless, the general rule is that
layers spread from the centres of faces.

B
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F16. 12.—Layers spreading from corner of octahedral face of Pb(NO,), crystal, immedi-
ately following the disappearance of a small, rapidly growing face.

E
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To the observations made in this work we may add one more, which,
although not an observation of growing crystal but a record of the surface
structure of a crystal after growth was arrested, seems convincing. Electron
microscope photographs taken by R. W. G. Wyckoff (private communication)
show, on the surfaces of crystals of a protein (a decomposition product of
one of the necrosis viruses), low pyramids of layers. Individual molecules
130 A in diameter can be seen, and it appears that each layer is one molecule
thick ; further, the concentric arrangement suggests that during growth
layers spread out successively from a point which is not on a crystal edge
or corner, just as in the examples seen in the present work. This confirms
that, as we have already surmised, the layer-spreading process which we
have observed on the scale of hundreds or thousands of &ngstrém gives a
correct impression of what happens on the molecular scale.

The spreading of layers from the centres of crystal faces rather than
from edges or corners seems surprising, whether one approaches the problem
from a consideration of surface forces on the crystal or of the conditions
in the solution. If we consider the crystal, the edges and corners are the
places where there are most unsatisfied forces, and these are the places
where nuclei for the inception of new layers would be expected to form.
This idea seems quite generally applicablé to all crystals ; moreover, in the
case of ionic crystals having the NaCl structure, Kossel,® Stranski ¢ and
Brandes and Volmer & have calculated the energy-yield in adding an ion
to various places on a crystal surface (an atomically perfect plane, the edge
of an incomplete layer, etc.) and their calculations indicate that, if we
assume the event of greatest energy-yield to be statistically preferred,
then the inception of new layers is more likely to occur at edges or corners
than in the centre of a face. If we consider the solution surrounding the
crystal, it has been shown (see Part II, and Berg ') that the supersaturation
is greater at the edges of a face than at the centre, and it is at the places
where supersaturation is highest that we should expect new surface nuclei
to form.

Thus, whether we consider the crystal surface or the solution in contact
with the crystal, we are led by current ideas to expect that new layers
would start at the edges and corners. But, as we have seen, layers usually
do not spread from edges or corners, but from the centres of faces. It 1s
evident that current ideas need revision, or else there is some other factor
which overshadows those which have so far been considered.

What are the circumstances at the centre of a face, other than those
already considered ? If we consider the structure of the crystal surface,
a possible cause of the formation of surface nuclei is the existence of cracks
or strains; it is noteworthy that when sodium nitrate crystals grow on a
calcite cleavage, they grow more freely on cracks than elsewhere; but we
know of no evidence indicating (as a general rule) greater imperfection at
the centre of a crystal face than elsewhere. If we turn to the solution, a
possible clue is given by the study of the concentration distribution round
growing crystals of sodium chlorate ; according to Berg ! less solute arrives,
per unit area of face, at the edges of a face than in the centre, and therefore,
since faces remain nearly flat, surface migration of solute molecules must
take place from the centre towards the edges of a face. (In our own earlier
work on this aspect, which is considered in Part II, we could not be sure
that this was so; but Berg’s measurements were perhaps rather more
precise.) If it is a fact that the amount of solute per unit area arriving
at the centre of a face is greater than at the edges, this may be the reason

11 Berg, Proc. Roy. Soc. 4, 1938, 164, 79. Cp. also Humphreys-Owen, Proc. Roy. Soc. 4
(in press) and This Discussion.
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why layers start at the centre ; in spite of the surface migration towards the
corners, which tends to relieve the situation, the piling-up of excess solute
at the centre is likely to result in additional deposition there—that is, in
the formation of surface nuclei. It is suggested in Part II that the tendency
for excess solute to arrive at the centre of a face is due to the geometry
of the situation: radial inward diffusion to a polygonal crystal necessarily
tends to deliver excess solute to the centres of crystal faces.

It is not possible to decide with certainty how far the formation of surface
nuclei at the centre of a face is due to surface structure and how far to the
disposition of concentration gradients in the solution. The occasional
observation of more than one system of layers on a face would appear to
favour surface imperfections, but it is not impossible even in these cases
that diffusion effects were responsible : convection currents might lead to
more than one point of convergence of excess solute on the same face.

Layer Formation and the Imperfections of Crystals.—There is a
great deal of evidence which indicates that most crystals, even those which
are perfectly transparent and have highly perfect faces, are very imperfect
in structure. The tensile strengths of actual crystals are only small fractions
of what they would be for perfect crystals; and the intensities of X-ray
reflections indicate that the precise structure which exists in small regions
is not continued uninterrupted throughout the crystal—there are dis-
continuities at intervals of the order of 1000 A. The discontinuities are not
at regular intervals; the idea of a regular secondary structure due to
fundamental causes, which was at one time put forward by Zwicky 2 is
not now accepted; there are considerable variations in imperfection of
crystals from different sources, as Smekal *® has shown by measuring mech-
anical properties of rock-salt crystals, and Lonsdale !* by divergent-beam
X-ray photography of various crystals. It seems likely that these imper-
fections arise (at any rate partly) from the manner of growth by the spreading
of layers across the faces. Successive layers do not necessarily join up
perfectly with each other; it is more likely that cracks will occur, and,
moreover, we have occasionally seen on urea crystals layers which, starting
apparently in contact with the underlying solid, actually part company
with it, leaving a visible crack. Another fact pointing in the same direction
is that crystals on which no layers have been seen (that is, on which the
layers are too thin to be seen) tend to be more perfectly transparent than
those on which thick layers have been seen. These are extreme cases,
but the same sort of thing is likely to proceed on a smaller, invisible scale.
When layers fail to join up properly, there will be not only a crack between
them but also small changes of orientation of the lattice, perhaps best
visualized as a slight waviness of each layer. Both types of imperfection
are necessary to account for the intensities of X-ray reflections.

Layers, to be visible at all under the conditions of our observations,
must be at least several hundred 4ngstrém thick ; and those layers whose
thickness was measured were 1700-5000A thick. For many substances,
the layers are on the border-line of visibility, while for many others, they
are too thin to be seen. The order of magnitude is about right to account
for the fact that many crystals are, as far as X-ray diffraction is concerned,
‘““ideally imperfect.” We have also seen that the thickness of layers is
strongly influenced by specific dissolved impurities and the nature of the
solvent. There would appear to be scope for investigating the intensities

12 Zwicky, Proc. Nat. Acad. Sci., 1929, x5, 253 ; Physic. Rev., 1931, 38, 1772; 1932,

40, 63.
13 Smekal, Physik. Z., 1930, 31, 229.
14 Lonsdale, Phil. Trans. Roy. Soc., 1947, 240, 219.
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of X-ray reflections of crystals whose growth has previously been observed ;
there might be a correlation between layer thickness during growth and
the ‘“ extinction *’ effects often found in X-ray reflections ; the layer thickness
on urea crystals, for instance, could be varied by growing from mixtures
of different proportions of alcohol and water. Again, on many crystals,
including NaCl and KH,PO,, the layers are thicker towards the edges of a
face than at its centre ; there might be a difference between the intensities
of reflection of X-rays at these two positions on the crystal face.

I1C.I. Ltd.,
Alkali Division,
Northwich, Cheshire.

CRYSTAL GROWTH FROM SOLUTION
II. Concentration Gradients and the Rates of Growth of Crystals
By C. W. BunN
Received 31st January, 1949

When a crystal grows from a supersaturated solution, the concentration
of the solution in contact with the crystal is reduced, a concentration gradient
is set up, and the crystal is fed by diffusion down this gradient. We may
divide the process of crystal growth into two aspects—the ‘‘ taking ”’ of
solute from the solution by the crystal face, and the arrival of more solute
by diffusion ; and the rate of growth of a crystal face (thickness deposited in
unit time) depends on the factors which control both aspects. A knowledge
of the supersaturation at the face is necessary for the consideration of both
aspects, for on the one hand it may control the rate at which solute can
be ““taken” by the face, and on the other, the concentration gradients
which are set up depend on the supersaturation at the face as well as on the
initial supersaturation of the solution. The diffusive flow of solute is
governed by Fick’s law, that the rate of diffusion past any point is propor-
tional to the concentration gradient at that point. (Deviations from Fick’s
law—that is, variations of diffusion constant with concentration !—need
not concern us at present.)

It was at one time supposed ? that the concentration at the crystal face
sinks to the solubility value ; but in 1903 Miers,® by measuring the angle
of total internal reflection at a growing crystal face, determined the refractive
index of the solution and hence its composition, and established that the
solution at the face is very appreciably supersaturated ; he found this was
so for three substances—alum, sodium chlorate and sodium nitrate. In
later theoretical speculations, such as those of Berthoud,* Valeton 8 and
Spangenberg,® the prevalent idea has been that the rate of growth of a
crystal face of a given type is some function of the supersaturation at the
face, the underlying conception being that the supersaturation is a measure

1 McBain and Dawson, Proc. Roy. Soc. A 1935, 148, 32.

3 Nernst, Z. physik. Chem., 1904, 47, 52.

3 Miers, Proc. Roy. Soc. A, 1903, 71, 439 ; Phil. Trans. Roy. Soc., 1903, 202, 459.
‘Berthoud J. Chim. Physique, 1912, lo, 624.

§ Valeton, Z. Krist.,, 1924, 59, 135, 3

¢ Spangenberg, Neues Jahrb. Mmcr A 1928, 57, 1197.



C. W. BUNN 133

of the driving force for deposition. (Crystal faces of different types would
be characterized by different rates of growth at the same supersaturation.)
The conception seemed reasonable, but there was at that period no experi-
mental evidence to support it, and in 1932 we set out to measure simul-
taneously the rates of growth of crystal faces, the supersaturation at the
faces, and the concentration gradients round the crystal. Miers’ method would
be difficult to adapt to the exploration of any variation of supersaturation
at different points on the same face, and could not give concentration
gradients in the solution; a different method was therefore developed.
Crystal growth was reduced practically to a two-dimensional process by
growing a crystal in a thin film of solution confined between glass plates,
and concentration differences were determined from refractive index differ-
ences measured by an interference method which was suggested by T. R.
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F16. 1.—Rates of growth of crystal faces, Expt. 1.

Scott, then of this laboratory: the glass plates were half-silvered and not
quite parallel, and under the microscope in parallel monochromatic trans-
mitted light, a system of interference fringes was seen, the distortions of
which were a measure of changes of refractive index and thus of concentra-
tion. Photographs were taken at intervals, and subsequently measured in
detail. Sodium chlorate was chosen as a convenient substance for the
experiments, as it is cubic, and strongly supersaturated solutions can be
obtained in which unwanted additional crystal nuclei are less readily formed
than in solutions of many other substances. I shall not give further experi-
mental details, as they are adequately covered in a paper by Berg,” who
took up this method a little later.

The results of our earliest experiments will not he described in detail,
as they are substantially the same as those of Berg. It will suffice to state
that the supersaturation was found to vary along any one face, being greatest
at the edges and least at the centre ; this banished the prospect of discovering

7 Berg, Proc. Roy. Soc. A, 1938, 164, 79.
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any absolute correlation between rate of growth and supersaturation, since
faces remained flat in spite of considerable differences of supersaturation at
different points. Moreover, the four observed faces of a crystal, though
crystallographically equivalent, usually grew at different rates, and no
correlation could be found between rate of growth and either the maximum,
or the minimum, or the average supersaturation at the face. There was no
question of exhaustion of solute at certain faces; in fact, often the most
slowly growing faces were in contact with the most strongly supersaturated
solution. My purpose now is to reconsider these facts in relation to the
phenomenon of layer formation described in the preceding paper, and to
describe some experiments in which for various reasons crystal growth was
very abnormal ; these abnormal experiments are in some ways more instruc-
tive than the more normal ones.
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F16. 2.—Supersaturation along faces, and rates of growth. Expt. 1, at 13 min, and
36 min. Initial supersaturation of solution, 777 g./100 g. solution.

Experimental

Three experiments will be described, which were the most remarkable and
instructive of those carried out; they were all done in 1932. In the first, the
principal point of interest is in the fact that the rates of growth of the four
observed faces (see Fig. 1) did not slowly and steadily diminish with time as in
some other experiments (see Expt. 2 below) ; the rate of growth of one face (D)
diminished rapidly, within about 20 min., to half its initial value, while those of
the other three faces first decreased and then increased again. The increase was
most marked for faces A and B which were adjacent to D. Face A, which was
at first the slowest, became the most rapidly growing. This was certainly not
due to exhaustion of thé solution near face D, for in this experiment the initial
solution was exceptionally strongly supersaturated (7-77 §. NaClO, per 100 g.
solution), and the concentration at the crystal faces was everywhere far above
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¥16. 3.—Crystal of sodium chlorate (the cracked crystal of Expt. 2) growing in thin
layer of solution between nearly parallel half-silvered murrors, illuminated by
parallel monochromatic light,

To face page 135



C. W. BUNN 135

saturation for the whole duration of the experiment. The variation of super-
saturation along the faces, shown in Fig. 2, was of the same type as in our earlier
experiments and those of Berg, and there was again no correlation between
rate of growth of a face and the maximum or minimum or average supersatura-
tion. The changes in rate of growth of the faces give the impression that the
total amount of solute reaching the crystal was limited but was redistributed
during the course of the experiment.

Faces A, B and C in this experiment were not entirely flat ; face B was very
slightly convex throughout, while A and C at different times exhibited temporary
steps, when one half of a face gained on the other ; but these steps were soon
eliminated (they are ignored in Fig. 1, which gives the average rate of growth
for each face). This-demonstrates that in normal circumstances there is an
influence (presumably the layer-spreading process) which tends to keep a crystal
face nearly flat during growth, and is even able to overcome an appreciable
temporary departure from flatness.
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F16. 4.—Rates of growth of faces of cracked crystal, Expt. 2.

The course of events in Expt. 2 is very relevant to this same point. In starting
the experiment (probably when the upper mirror was put in place) the crystal
became cracked right across ; each of the two opposite faces which were cracked
behaved as two independent faces, the two halves growing at considerably
different rates. One photograph 1s reproduced in Fig. 3 to illustrate the sort of
experimental material on which these results are based. Fig. 4 shows the rates
of growth, which in this experiment show a steady decline with time, and Fig. 5
shows the supersaturation along all the faces at two stages (there was very little
change in this respect in the duration (67 min.) of the experiment).

The independent growth of the two halves of a cracked face underlines what
was said in discussing Expt. 1; presumably the layers were not able to bridge
the crack, and each half of the face was therefore free to respond independently
to t‘.lwlrha‘cever changes occurred either on its surface or in the solution in contact
with it.

In Expt. 3 the course of events was still more abnormal. As in all the experi-
ments, some initial dissolution of the seed crystal occurred when warm solution
came in contact with it; but in this case one corner was dissolved more than
the others, and by the time the assemblage reached laboratory temperature,
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the crystal had a small (110) face on one corner in addition to the usual four 100
(cube) faces. This (110) face grew faster than any of the cube faces, and soon
eliminated itself, its rate of growth increasing towards the end. The rates of
growth of the cube faces showed the remarkable changes recorded in Fig. 6;
face A soon stopped growing altogether, while at the same time the rate of
growth of B very much increased. Face A did not grow at all for a whole hour
afterwards; the changes in the rates of growth of the others were somewhat
similar to those which occurred in Expt. 1. The supersaturation along the
faces at two points of time in the crucial period (at 8 min. and 13 min.) is shown
in Fig. 7 and 9, and the concentration distribution round the crystal at the
same times in Fig. 8 and ro.
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F1a6. 5.—Supersaturation along faces, and rates’of growth. Expt. 2, at 32 min, Initial
supersaturation of solution,’ 4°9 g./100 g. solution.
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F16. 6.—Rates of growth of faces, Expt. 3.

The course of events in this experiment forms the most striking demonstration
of the lack of correlation between the rate of growth and supersaturation, for
face A was in contact with strongly supersaturated solution, and yet stopped
growing ; in fact, by the time it had stopped growing, the average concentration
(()é solution in contact with it was greater than for any of the other three faces

ig. 9).

The diagrams of distribution of concentration (Fig. 8 and 10) suggest that,



C. W. BUNN 137
g-g- 12X 10°
S LS —T = §
~ F/0 S
o £
s & \ 49
I S
E [ % 3
< S
371 P . PN
N
8 LR S
N3 2 &
> &
A A c i D N
5 10 15X 10 2cm
Dislance along faces
F16. 7.—Supersaturation along faces, and rates of growth. Expt. 3, at 8 min. Initial
supersaturation of solution, 3:36 g./100 g.
5 10 X 10~ Zcrm
Fi1G. 8.—Equal-concentration contours. Expt. 3, at 8 min. Contours drawn at
intervals of 0246 g./100 g.
5 1
X1
g =
N ) Lo S
b N
% 2] \ s S
2 S Lo R =
N 3
Sy \.__/ 4 N
3] R
-2 Q
S et 8 c__We oo S
5 o 75 X10 Zcm <

E*

Dislance along faces
F16. 9.—Supersaturation along faces, and rates of growth. Expt. 3, at 13 min.




138 CRYSTAL GROWTH FROM SOLUTION

at first, the avidity of the rapidly growing (110) face caused an extensive reorgan-
ization of the concentration distribution round the crystal ; near the (110) face,
not only were the gradients steepened, but also the supersaturation near the
crystal was much reduced, and the effect was to shift the diffusion centre (the
region towards which solute particles were diffusing) away from the centre
of the crystal and towards the (110) corner face ; it may be that this is the reason
why, at this period, faces C and D which were adjacent to the (110) face were
growing faster than A and B—solute was diverted from A and B towards C
and D, as indicated by the arrows in Fig. 8. 1f this were all, we should expect
faces A and B to continue to grow at about the same speed ; but in fact A
stopped growing altogether while B’s rate of growth increased until it was about
the same as that of C. These changes are similar to, but more extreme than,
those which occurred in Expt. 1; and they raise in the most acute manner the
central question : what is it that determines the speed at which a cube face of
sodium chlorate grows ? It is evident that the supersaturation at the face is
not the determining factor. Are the extreme variations due to some other
condition in the solution, or to changes on the surface of the crystal ?

10 20X10 *cm
Fi16. 10.—Equal-concentration contours. Expt. 3, at 13 min. Contours drawn at
intervals of 0'246 g./100 g.

Dr. S. P. Humphreys-Owen,® who has recently been studying the growth of
sodium chlorate crystals by the same method, has observed phenomena similar
to those described here—extreme variations of the rates of growth of the four
observed faces, including the complete stoppage of growth of one or more faces.
He has also observed the restarting of growth of a stopped face. All these
phenomena must be considered in any attempt to frame a theory of crystal
growth from solution.

Berg,? in considering the fact that crystallographically equivalent faces
grew, in his experiments, at different rates, was inclined to attribute the differ-
ences to the presence of local traces of impurities. This suggestion does not
seem acceptable. Dissolved impurities would affect all faces equally. Undissolved
impurities might become localized ; but it is difficult to see how they could cause
the effects observed. Impurities may or may not be built into the crystal; if
they are built in, the poisoning effect would be temporary, because fresh material,
deposited on the impurity, would create a fresh surface free from impurity ;
if they are not built in, they remain near the suiface, rejected by each layer
but able to hinder growth by their continued presence; but it is difficult to

® Humphreys-Owen, Pyoc. Roy. Soc. A (in press).
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believe that the effects would be confined to one particular face for any length
of time—neighbouring faces would be affected. Moreover, how are we to explain
the fact that the rates of growth of A, B and C in Expt. 1 increased while that
of D decreased ? It is unlikely that impurity would be built in and covered over
on three faces but not on the fourth. It is equally unlikely that impurity would
migrate towards D and away from the three other faces.

If we reject explanations based on local surface contamination, we must
consider whether the phenomena can be explained by any other solution
condition, or by surface changes arising from within the crystal (such as strains
or cracks). On solution conditions, we may observe that the only condition other
than supersaturation at the face (which is clearly not the controlling factor)
is the concentration gradient at the face. Concentration gradients arise in the
first place because the crystal, so to speak, ** takes  solute out of the solution
and makes its own gradient ; but suppose the gradient is disturbed by convection
currents : will this affect the rate of growth of the crystal face, irrespective of
the supersaturation at the face ? Suppose the concentration at the face rises and
the gradient is partly levelled : will the rate of growth decrease ? It need not:
the crystal face might continue to ‘ take” solute from the solution at the
former rate, and this would restore the gradient to its former value. But the
sequence of events in Expt. 3 suggests that a local steepening of gradient due to
the rapid growth of a small (110) face led to an increased rate of growth of the
neighbouring cube faces; and this suggests that changes of gradient due to
external causes such as convection currents might similarly affect the rates of
growth of cube faces. The existence of slow currents (due to variation of density
of the solution and to heat of crystallization) was confirmed in one experiment by
watching the movement of colloidal particles deliberately put into the solution ;
such movements might take unsymmetrical paths and thus affect different cube
faces unequally.

We are thus led to enquire whether there is any justification for regarding
diffusive flow of solute as not merely an effect following on surface reactions
controlled by other factors, but on the contrary as a process which (once it is
started) has a positive influence of its own. In discussing this question, possible
relations between the phenomena of layer formation and the conditions 1n the
solution will be considered.

Discussion

Surface Profile in relation to Supersaturation at the Face. The
fact that the supersaturation of the solution at a crystal face varies all
along the face shows that the possibility discussed by carlier theorists that
the rate of growth (G, the thickness * of solute deposited on a face in unit
time) is some function of the supersaturation S at the face is not correct in
its simplest form, since a crystal face usually remains substantially flat in
spite of considerable differences of supersaturation at different points. But
this theoretical possibility was based on the assumption that a crystal face
is a uniform surface. It has, however, been pointed out in Part I that a
crystal face may be effectively a high-index surface at the centre and
predominantly a low-index surface near the edges ; consequently the surface
forces vary from the centre to the edge of a face, and if one postulates a

relation
G = Kf(S),

it must be with the proviso that K may vary all along any one face; it
would be high at the centre of a face where there is a high-index surface, and
low towards the edges where there is predominantly a low-index surface.
It may be that supersaturation and surface character are mutually adjusted
so that for any one face at a particular time Kf(S) is constant. Furthermore,
the lack of correlation between the rates of growth of different faces and

* G represents the average thickness deposited all over the face, ignoring the fine
structure of the surface.
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the supersaturation might be due to differences of surface profile which
completely mask the influence of supersaturation. The experimental evidence
either means this, or else it means that the magnitude of the supersaturation
at the face plays no part in determining the rate of growth (apart from the
basic fact that no growth occurs unless the concentration at the face exceeds
the saturation value).

There appears to be little hope of securing experimental evidence on this
question, for it is difficult to see how to discover the crystallographic charac-
ter of layer edges while growing. But even if it were demonstrated that there
is a definite relation between the character of the surface, the supersaturation
and the rate of deposition, it would still leave the main problem unsolved :
at a given supersaturation the rate of growth might have a wide range of
values depending on the surface profile which is set up during growth. It
is necessary to enquire what determines the type of surface which is set up.
It is likely that the key to the situation is to be found at the centre of a
crystal face, where layers normally originate.

Layer Formation in relation to the Diffusion Field. It is a striking
fact that normally layers spread from the centres of crystal faces, where the
supersaturation is lowest. (It is assumed here that the findings on sodium
chlorate are typical. A few preliminary experiments on one other substance,
potassium ferricyanide, showed that for this crystal also the supersaturation
is lowest at the centres of the faces. Further work on other substances is
desirable.) The magnitude of the supersaturation evidently does not control
the inception of layers; and this is consistent with the facts about the
rate ot growth of faces. The other solution conditions which may vary over
a crystal face are the concentration gradients which control the diffusive
flow of solute ; and we therefore turn to a consideration of the diffusion field.

According to Berg, more solute arrives at the centre of a face than at the
edges, and since the face remains flat, the excess must be dissipated by surface
migration. While it may be doubted whether the excess is as large as the
25-50 % stated by Berg (the accuracy of measurement of gradients is not
great enough to give confidence in the magnitude, which would mean an
enormous surface migration), nevertheless, if we may accept the indication
of an excess at the centre rather than at the edges, this suggests an obvious
explanation of the inception of layers at the centres of faces. Moreover, the
arrival of excess solute at the face centre can hardly be attributed to events
on the crystal surface but must be due to the diffusion process. This line of
thought leads us to ask whether radial inward diffusion to a polyhedral
crystal necessarily tends to deliver excess of solute to the centres of faces.

If there were no surface migration, the crystal surface would “ take ”’
from the solution uniform amounts of solute all along the face, and this would
impose on the diffusion field a particular concentration distribution capable
of supplying uniform amounts of solute to the surface. But if surface
migration may occur, even if only to a small extent, the diffusion process is
not tied down to delivering uniform amounts of solute, since any non-
uniformity can be dissipated by surface migration. In these conditions,
radial inward diffusion to a polygonal crystal plate is unlikely to deliver
uniform amounts of solute along each face : the amount arriving at the corner
is likely to be different from that arriving at the centre. Precise mathematical
treatment of this problem does not appear possible, but by the following
approximate numerical procedure (suggested to the writer by Sir Cyril
Hinshelwood) it is possible to draw some instructive conclusions.

Round a square representing the crystal plate, the field is divided into
small squares, each containing a number representing supersaturation. At
first the numbers are all equal ; to represent the start of crystal growth,
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the numbers in the squares next to the crystal are all reduced by the same
amount, representing the amount of solute taken out of the solution by the
crystal in unit time. The diffusion process is represented by calculating the
change in each figure in unit time due to transfer of solute to or from each
of the neighbouring squares, using an arbitrary diffusion constant. Alternate
stages of deposition and diffusion are then carried out ; in doing this, various
assumptions about deposition can be made—for instance, uniform deposition
along the face at a rate which can be either constant or diminishing with
time (these assumptions corresponding to absence of surface migration), or
deposition from each square at the rate at which solute arrives by diffusion
(this corresponding to the assumption of surface migration which dissipates
any non-uniformity of arrival). The diffusion field spreads outwards with
each successive stage, just as it does in practice. When uniform deposition
was enforced at a rate slowly declining with time (to imitate the experimental
conditions), this led to the establishment of a diffusion ficld similar to that
found experimentally (in normal undisturbed circumstances), with equal-
concentration contours which in the outer region are nearly circular, but near

7=
=

F1G. 11 a.—Form of equal-concentration contours in symmetrical growth, obtained by

calculation. b. If, at face A, a decline of gradient and rise of concentration
occurs, this leads to a greater convergence of solute on B and D.

the crystal have a shape which is a compromise between square and circular
(asin Fig. 114). The amount of solute arriving at each square along the face
was nearly uniform, but there was a persistent small deficiency at the corner :
thus, at each diffusion stage, slightly too little solute arrived near the corner,
but at each deposition stage, uniform amounts were taken out of each
square. The procedure was then altered, to study the tendency of the
diffusion process when not tied down to uniform delivery at the face ; what-
ever solute arrived at each point was assumed deposited there. This had
the effect of making the deficiency of arrival at the corner more and more
marked at cach successive stage, and the inner concentration contours
became gradually more nearly circular.

This procedure is slightly unrealistic, in that the “‘ crystal” does not
actually grow ; and the operations are approximate ; but it does represent
the essentials of the present discussion, and the effect appears to be a
genuine indication of the tendency of the radial diffusion process to deliver
less solute to the corners than to the centres of crystal faces. We may regard
this as due to the tendency of the diffusion field towards the circular
symmetry appropriate to radial inward diffusion : the outer contours which
are nearly circular try to impose their symmetry on the inner ones ; and the
more nearly circular are the inner contours, the greater the excess of solute
arriving at the centre of a face. The tendency would be still more marked
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in three-dimensional diffusion, and the excess arrival at the centres would
build up as far as surface migration allows.

This conclusion not only suggests the explanation of the inception of
layers at face centres which has already been stated, but it also has implica-
tions on the question of changes in rates of growth; for if the normal
inception of layers at face centres is due to diffusive convergence of excess
solute there when the diffusion field round the crystal is undisturbed, then
any disturbance of the field by convection currents is likely to change the
rate of inception of layers unequally on different faces. The suggestion already
made, that externally caused gradient changes may be responsible for
changes in rate of growth (irrespective of supersaturation at the face), is
thus supported.

The simplest way of regarding the inception of layers at face centres (if
the present views are correct) is the following. If the shape of the crystal
depended on the diffusion process alone, it would be spherical ; but in fact
the crystal opposes this tendency and forms nearly flat faces. The formation
of a low pyramid of growing layers represents the attempt by the diffusion
process to make the crystal spherical—an attempt which is not very success-
ful, since the layer system on a growing crystal face is a scarcely perceptible
departure from flatness.

The example quoted in Part I, in which layers spread from the corner
of a lead nitrate crystal following the disappearance of a small rapidly
growing (presumably high-index) face there, is consistent with these views.
A rapidly growing face sets up a steep, strongly convergent diffusion field
(cp. the 110 face in Expt. 3 above) ; as soon as this face disappears and is
replaced by a corner, this field initiates layers on the normal faces which
meet at that corner.

Surface Profile in relation to Concentration Gradients. The
problem of rate of deposition on a crystal surface will now be approached
in a different way, in an attempt to understand more closely the relation
between the character of the deposition surfaces and the solution conditions.
It has been noted in Part I that deposition takes place on the edges of layers
which are apparently high-index surfaces; at the centre of a crystal face
the layers are sometimes so thin that this part of the surface may be regarded
as a low pyramid of vicinal faces, while towards the edges of the face where
the layer edges are thicker, the surfaces are often irregular—possibly irregular
on the molecular scale ; in any case the term ‘‘ high-index surface ” covers
all deposition surfaces. Further, there is a tendency for such surfaces to
‘“ heal "—that is, for deposition to occur in such a way that the new surface
has lower indices; the very formation of thick layers is the first symptom
of this tendency, and its further progress is indicated by the tendency for
the layer periphery to become more regular as growth slows down. The
slow decline of rate of growth with time in undisturbed conditions (see Fig. 4)
may be due to gradual healing. Rapid crystal growth, in fact, appears to
depend on the maintenance of sensitive high-index surfaces ; if the surfaces
were to heal completely, growth would be severely inhibited ; it is possible
that the complete stoppage of growth of faces which has sometimes been
observed is due to complete healing.

The outstanding question which arises is the following: what is it that
prevents complete healing in normal circumstances? If a crystal having
imperfect surfaces is put into a supersaturated solution, why is it that the
first solute molecules do not deposit in such a way as to make low-index
surfaces which would then grow no further ? The supersaturation is certainly
not the controlling factor here, because stopped faces are usually found to be
in contact with the strongest solution; and it is difficult to imagine any
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other solution condition except the diffusive flow of molecules set up by the
initially formed gradient. It may be that if solute molecules arrive fast
enough, they are deposited in an indiscriminate way so that high-index
surfaces are maintained.

This suggestion appears to imply that when solute molecules are moving
towards the crystal surface, the increased component of Brownian motion
towards the surface increases the chance of deposition on sites which preserve
a high-index surface. The change in the component of molecular velocity
towards the-surface which diffusive flow implies is, of course, small ; but the
chance of deposition on such sites might increase appreciably with quite
a small change in the component of motion towards the surface. The chance
of deposition on a site of particular crystallographic character may depend
on the proportion of molecules having velocity components towards the
surface which exceed a critical value; and the critical value may be quite
delicately related to the crystallographic character of the site.

If it is true that healing is prevented by a sufficiently rapid diffusive flow
of molecules towards the surface, we may imagine that exaggerated effects
may follow a local levelling of the gradient by convection currents: the
surface partially heals, and becomes less capable of receiving solute, and
this may lead to a further decline of gradient. How far such a progressive
change would go cannot be predicted, but the total stoppage of growth,
which sometimes occurs, indicates that it may go to extreme lengths in this
direction. Further, if the rate of growth of one face decreases, the levelling
of gradients there will lead to a greater convergence of diffusing solute on
neighbouring faces (Fig. 113), and consequently to an increase in their
rate of growth ; the differences between the rates of growth of neighbouring
faces of the same crystal are thus still further exaggerated. (This is presum-
ably part of the explanation of the course of events in Expt. 1 and 3.) The
restarting of growth of a stopped face which has been observed by
Humphreys-Owen might be explained in a similar way as being due to the
external building-up of a gradient and consequent diffusive flow which leads
to the formation of a layer nucleus; or alternatively this might be truly a
chance phenomenon: on a perfect cube surface in contact with homo-
geneous supersaturated solution, the chance of formation of a layer nucleus
is very small but not zero.

Conclusion. Much of the foregoing discussion has been concerned with
the diffusion field and the surprisingly important part it appears to play in
layer formation : the role which supersaturation might have been expected
to play is in fact (according to the present interpretation) taken over by the
concentration gradients. Nevertheless, the part played by diffusive flow is
only one side of the picture ; indeed, chronologically it is a secondary part.
When a crystal is put into a homogeneous supersaturated solution, there are
at first no gradients ; it is only when the crystal ‘‘ takes ’ solute out of the
solution that gradients are created; the “ taking "’ of solute out of the
solution by the crystal is the primary process. It is perhaps here that the
magnitude of the supersaturation at the surface plays its part : the initial
rate of deposition may depend on the supersaturation as well as on the
nature of the surface. (The growth of a crystal nucleus spontaneously formed
in a solution is a different matter ; the * taking " of solute from the solution
if part of the process of nucleus formation, which will not be considered

ere.)

The extreme importance of the nature of the surface has already been
emphasized ; it is possible that if a sodium chlorate crystal with perfect
cube faces were put into a supersaturated solution, it would not grow at all,
or at any rate the beginning of growth might be delayed an indefinite time.

10
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(It would be difficult to test this, because any seed crystal grown for the
purpose, when taken out of its solution, is unlikely to have perfect surfaces
even if it had them originally, owing to drying of mother liquor which would
be likely to give irregular surfaces.)

The present work gives no information on the possible connection of rate
of deposition on a given surface with the magnitude of the supersaturation,
because the precise crystallographic character of the deposition surfaces is
not known. It does not seem possible to determine the character of the
deposition surfaces in normal growth ; but it might be worth while to study
growth on more extensive high-index surfaces which are deliberately created
by partial dissolution. The character of the surfaces would change from the
moment growth started, and it would therefore be necessary to measure the
rate of growth from the earliest possible moment and extrapolate back to
zero time. Only by observing growth in the earliest possible stage is it likely
that any significant relation between character of surface, supersaturation
and rate of growth would emerge.

The conception of crystal growth developed in this paper is not unlike the
current conception of certain chain polymerization reactions depending on
activated molecules, where the initiation of chain formation depends on
activation (photochemically or by free radicals), and its continuation
depends on the maintenance of activated chain-ends. In crystal growth,
high-index surfaces appear to be the active surfaces which are capable of
adding on further molecules; the beginning of growth depends on the
presence of such surfaces, and its continuation depends on their maintenance.
The problems of rate of crystal growth can be divided into a study of the
factors controlling initiation (the magnitude of the supersaturation at the
surface may play a part here), and those controlling the maintenance of active
surfaces (in which the rate of diffusive flow of solute appears to play an
important part). Deposition on high-index surfaces appears to be the key
to problems of crystal growth.
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criticisms.
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THE GROWTH OF INDIVIDUAL FACES OF CUBIC SODIUM
CHLORATE CRYSTALS FROM AQUEOUS SOLUTION

By S. P. F. HUMPHREYS-OWEN
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Bunn, in hitherto unpublished work, and Berg?! grew crystals of NaClO,
alone in a thin film of aqueous solution between optically-plane glass plates.
Growth was constrained to the four faces in the plane of the film. The rates
of advance of these faces were measured together with the concentration

4 Berg, Proc. Roy. Soc. A, 1938, 164, 79.
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contiguous to them, the latter being deduced by means of interference
fringes formed in the solution surrounding the crystal. The results obtained
were unexpectedly complex. It was found that :

(i) the concentration was not uniform along a face, but was lowest at its
centre, rising on each side to the corners ;

(i) the component of the concentration gradient normal to the face
(hereafter called the normal gradient), which is proportional to the exit of
solute per unit area from the solution, was also not uniform. It was highest
at the centre and fell towards the corners ;

(iii) faces of one crystal, though all of the same type and initially in
contact with solution of the same strength, usually grew at different rates
and sometimes stopped growing altogether ;

(iv) there was a tendency for the slower growing faces of one crystal to
be in contact with solution of higher concentration.

Berg suggested that (ii) implied the existence of a transport of solute
laterally along the face in a layer too thin to be observed. For without
such a transport the growth of the face as a plane would be inexplicable.

The present author * has obtained some new results with NaClO,, using
the same technique, which are reviewed and discussed in this paper.

Predictions from Diffusion Theory

With a given supersaturation far from the crystal as one boundary
condition, and some selected boundary condition at the crystal surface, the
diffusion of solute to the crystal is determined and its rate of growth
can be approximately calculated and compared with experiment. In order
to render the treatment mathematically practicable two approximations
were made ; the polygonal perimeter of the crystal was replaced by a circular
perimeter (under the experimental conditions the diffusion field is two-
dimensional). Secondly, the difficulty caused by the non-existence of a
stationary state was overcome by neglecting the first moments of rapid
growth and treating only subsequent periods, in which the increase in size
of the crystal and of the surrounding zone of non-uniform concentration was
regarded as slow.

Let p = density of the solid crystal,
a == radius of the crystal,
t = time,
¢, = concentration at the crystal, assumed uniform,
¢s = solubility.

The diffusion constant, D, of the solute was defined from Fick’s law :
mass of solute transported per second across unit area equals the product
of D and the concentration gradient normal to that area.

Since it appeared from Bunn'’s results that differently growing faces of one
crystal were associated with different values of the contiguous concentration,
Berthoud’s equation3 was employed as the boundary condition at the
crystal surface, namely

| 1l

G =klca —«c), . . . . . (1)

where G is the mass per second per unit area incorporated into the crystal,
and % is a constant of the surface which can be different for different faces.
¢, takes a value dependent simultaneously on % and on the external diffusive
environment.

For the far boundary condition it was assumed that a constant, uniform

? Humphreys-Owen, Proc. Roy. Soc. A, 1949, 197, 218.
3 Berthoud, J. Chim. Physique, 1912, 10, 625.
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concentration, ¢, existed at and beyond a radius 7, measured from the
centre of the crystal. It was found experimentally that, except for the
first moments of growth, 7, increased slowly at a rate such that its ratio to
the diagonal of the crystal remained constant. The ratio 7,/a was therefore
taken as constant in the calculation, and the disturbance of the stationary
state caused by the time-dependence of 7, and @ was ignored. With this
assumption and the above boundary conditions it can be shown ? that :

p.da/dt = k(ca —¢), . . . . (2)
e

. _ (x/a) (D[R)c, + cin(roja)
“= “In(ofa) + @) OB © - - @

The radial rate of advance declines with time as & increases, and depends
on the ratio D/k. If % is large compared with D,

(4) becomes ¢, = ¢,
and (3) becomes ada/dt « (¢, — ¢).

This is the historical assumption of Nernst for growth from solution, in
which the concentration at the crystal surface is brought down effectively
to the saturation value and the facial rate of advance depends only on the
diffusion geometry. In this case, (2), which represents the dependence
of the rate of advance on the crystallographic factor %, then becomes
indeterminate with (c. — ¢;) tending to zero as k tends to infinity.

For comparison with experiment a face is regarded as the arc of a circle,
and the non-uniformity of concentration along it observed by Bunn is
neglected. Of course, it is implicit that central symmetry be preserved ;
when faces of one crystal grow at different rates and are in contact with
different concentrations there will be a redistribution of lines of flow round
the crystal and the above equations will lose some of their validity.

Experimental and Results

Bunn’s observation of different facial rates of growth in one crystal was
confirmed, but it was found that certain faces did sometimes grow in accordance
with the Nernst assymption. In these cases the distance y advanced by a face
(made equivalent to a by a suitable numerical factor) obeyed (3) quantitatively
for the case ¢, = ¢,, where ¢, was taken as the concentration at the face centre.
This indicated that the centre concentration, to be called c¢,, hereafter, is the
important one, and that Bunn’s distribution of concentration along the face is
a “ fine structure ”’ effect of the growth mechanism and can be replaced by c,,
when calculating rate of advance.

Often, however, faces were found which grew at rates less than calculated under
the Nernst assumption. In these cases the value of ¢,, was not that corresponding
to saturation but higher. This is qualitatively in accordance with (3) ; for, with
a given ¢, it predicts an inverse correlation between ydy/d and ¢,,. The quanti-
tative agreement was not good, because crystals with all four faces with the
same rate of advance and concentration distribution were never encountered,
and the distortion of the concentration field caused by differently behaving faces
modified the concentration at each face. The other prediction, the time-depen-
dence of ¢,, by reason of the term 1/a in (4), would be falsified both by lack of
central symmetry and by the only partially justified assumption of a stationary
state, and was not observed.

But these results, as far as they go, are of interest in their demonstration that
the Nernst mode of growth is observed only with certain faces of a crystal
bounded by faces all of the same type. Other faces appear to have a smaller
value of the Berthoud constant %, and behave as if they were ‘‘ hindered ’ in
some way. It is still possible that they obey the condition (1), but to test this
rigorously it will be necessary to isolate one face from the others of the same



S. P. F. HUMPHREYS-OWEN 147

crystal, and also to confine the inflow to one dimension so that the true diffusion
equation in 3¢/d can be solved.

Nevertheless, it will be convenient in the discussion to assume the truth of
(x) and to say that the hindered faces have a smaller value of % than others.
Faces did not always preserve the same % during an experiment. Sometimes
it changed, and when this happened the change was observed to be sudden
and discontinuous. The concentration at the face would suddenly rearrange
itself to a new distribution. This points to a definite, abrupt event at the
crystal surface and will have important bearing on any physical hypothesis
put forward to interpret ‘‘ hindrance.”

The variation of concentration in the vicinity of a face was studied quanti-
tatively, and both the concentration and its normal gradient g were expressed
empirically in terms of x, the distance along the face from its centre, R the rate
of advance of the face, and other observables. Neglecting distortion caused by
adjacent faces having different behaviour, it was found that g could be expressed
by the parabola :

g =R{(p/D) +[g— (/D)) [x —3(*M1}, . . (5)
where / is the half-length and ¢ is an experimentally observed constant. Units
and typical values were :

R = 10"% cm.[sec. (typical),
I = o015 cm. (typical),
D =17 X 1077 g.Jcm. sec.,
= 162 X 107 sec./cm ?,
p =25 g./cm.3.

g was expressed in change of concentration per cm., where concentration is
g. solute per 100 g. solution.

If there is a lateral flow of solute along the face, as suggested by Berg, its
value at any point can be derived from (5) as long as (a proviso pointed out by
F. C. Frank) the diffusion of solvent down the gradient d¢c/dx is neglected. With
the above figures the flow is such that at the face centre about 9 9, of the intake
from outside does not crystallize locally. For an estimate of the physical signi-
ficance of this lateral flow the magnitude of the transport across unit area must
be known. This requires knowledge of the thickness of the layer in which the
flow takes place. The layer is not thick enough to cause any discontinuity in
the interference fringes terminating at the crystal, but nevertheless the upper
limit to the thickness is uncertain within wide limits because refraction effects
at the crystal edge prevented observation much closer than 1074 cm. from the
face. Berg (loc. cit.) suggested that the layer might be a Volmer adsorbed phase.
If the thickness is taken to be, say, 1077 cm., on the assumption of a Volmer
layer one molecule thick, the transport of solute across unit area works out at
about 6000 times the diffusive transport in the outside solution. This indicates
a very high coefficient of diffusion in the layer.

Of course, a lower coefficient of diffusion is derived if a greater layer thickness
is assumed, but it is difficult to find grounds for postulating a mobile layer many
molecules thick.

The absolute gradient, normal to lines of equal concentration, was found to be
uniform along a face, and this fact can be used in conjunction with (5) to derive
an expression for the concentration, ¢, as a function of . Thisis:

) 23\
c=cm+lR'\/E{I—(1—g.l—,) }, . . (6)
where a = 2¢/3, and § =¢ —p/D.

Eqn. (6) represents a very large effect, as can be seen from the fact that the
concentration difference between the face centre and the corners is about 1/4
of the supersaturation of the solution far from the crystal.

Some »-dependent property of the face is required to explain (6), and if, as
suggested by Frank, an intermediate layer between the face and the solution
is not acceptable as a source of such a property, something must be put in its
place. Bunn has favoured the existence of vicinal planes on a growing face as
an explanation, but it is doubtful whether such a hypothesis can be found
capable of dealing quantitatively with (6).
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The non-uniformity of concentration is observed whether or not hindrance
is present, but the latter effect does modify (6) since both c,, and R are affected
by hindrance. The separate effect of hindrance can be extracted by the use of
(3), and it can be shown that the rise of concentration during hindrance is rela-
tively greater at the centre than at the corners.

On three occasions the restart of growth of a completely inert face was observed,
and it was seen that there was then a sudden fall of concentration at a single
point, not at a corner, on the face. From this point the change of concentration
spread rapidly to either side, until, after about two seconds, the usual Bunn
distribution was re-established.

Discussion

Only one type of face, the (x00), was investigated, and we have seen that
this type, in NaClO;, is capable of growing at the maximum rate permitted
by diffusive presentation of material (for the Nernst condition amounts to
this). It would be interesting to investigate other types of face by this
optical technique, in order to see what values of concentration are in contact
with such faces. At first sight it is puzzling how less stable types of face
could succeed in obtaining the additional supply of material necessary for
their higher rates of advance. This might be achieved by dendritic growth
in which a face, in broad terms, does not ‘ wait for’ the presentation of
solute by diffusion. Or it might be found, despite thermodynamical objections,
that less stable types of face have a lower solubility.

Regarding the ‘ hindrance ’ effect, there seems no doubt that this is caused
by some process at the face itself. Previously the fact that simple (100)-
bounded crystals rarely grow as perfect cubes has been ascribed to irregu-
larities in the supply of material caused by imperfect stirring or by the
presence of other crystals in the neighbourhood. Some more directly crystallo-
graphic explanation is now necessary. The three salient facts are, firstly,
the discontinuous change from one degree of hindrance to another, secondly,
the long periods, i.e., during the deposition of many new crystal planes, of
its operation, and thirdly the rise of contiguous concentration accompanying
it. The blockage of the nuclcation point by a foreign adsorption is adequate
as an explanation of the rarer cvent of complete stoppage of growth. It is
probable that the observation mentioned at the end of the previous section
represented either the restart of nucleation after ejection of an impurity
or the start of nucleation at some new point. But explanations of hindrance
in terms of impurities arc not satisfactory. If impurities are sufficiently
common to cause the very general hindrance effect, how could some faces
remain unhindered, as they do, for long periods ? Again, how could the
impurity continue to have effect during the deposition of many new crystal

lanes ?
P The sudden changes point to some event, nevertheless, at the nucleation
point ; neither the discontinuity of change nor the selection of certain faces
1s consistent with a non-localized change on the face, say, in its topography
or in a Volmer adsorbed phase. But no facile explanation comes to mind,
and the effect must remain temporarily obscure and open to discussion.

Turning to the non-uniformity of concentration and normal gradient
along the face, the author favours the acceptance of an intermediate layer,
perhaps a2 Volmer phase, with properties dependent on position on the face.
Although a flow in such a layer has not, perhaps, been conclusively demon-
strated, it is reasonable to postulate its existence. It could well arise by
interaction between the layer and the advancing growth sheets of the face,
and non-uniformity of density, or perhaps concentration, would be expected
in it which would give rise to non-uniformity in the concentration of the
external solution contiguous to it and to non-uniformity of intake from
outside. If desired, part of the non-uniformity in the layer could be ascribed
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to the existence of vicinal planes on the underlying surface. For Volmer
has said that the surface free energy of the underlying surface would affect
the density of his phase. But, as said in the previous section, it is unlikely

that surface topography alone could account for the large contiguous
non-uniformities observed.

Birkbeck College,
University of London.

THE LINEAR VELOCITY OF POLYMORPHIC
TRANSFORMATIONS

By N. H. HARTSHORNE

Received 31st January, 1949

In an earlier paper?! on the transformation of «- to B-o-nitroaniline it
was suggested that the linear rate of advance of the interface was determined
by the difference between the rates of escape of molecules from the two
crystal lattices, these rates being assumed to be the same, or at least to
have the same dependence on temperature, as the rates of evaporation of
the crystals into a vacuum. This picture, involving molecules travelling
in both directions across the interface instead of only from the unstable
to the stable lattice, seemed to be demanded by general kinetic considerations
such as are applied to other types of phase boundaries. The suggestion
of equality between the rates of escape and rates of evaporation into a
vacuum arose from the fact that the apparent activation energy of the
transformation (i.e., the value deduced from the slope of the graph of log
rate against 1/T) was found to be of the same order as the internal
latent heat of sublimation of the B-form.

In transformations studied later (yellow to red mercuric iodide,? monoclinic
to rthombic sulphur 3), the apparent activation energy was found to be less
than the heat of sublimation (though very much greater than the heat of
fusion), suggesting that in these cases the energy required to surmount the
potential barrier at the interface was less than that involved in evaporation
into a free vapour space. (A more recent study of the sulphur trans-
formation, to be described later in this paper, has cast doubt on this
interpretation as far as this substance is concerned.)

The form of the expression giving the rate of escape of molecules from a
lattice will not be affected by the question as to whether the activation
energy is equal to or less than the heat of sublimation. In either case the
probability of a molecule acquiring this energy will be given to a close
approximation by the simple exponential factor e-#/RT, We can thereforc
proceed to derive a general expression for the linear rate on the basis of the
above ideas as follows.

Let it be assumed that there exists at the interface between the two
lattices a thin transitional layer of the order of one molecule in thickness,
composed of molecules of high energy in a state of disorder. Molecules
escape from each lattice into this layer as they acquire sufficient energy.

1 Hartshorne, Walters and Williams, J. Chem. Soc., 1935, 1860.
2 Eade and Hartshorne, J. Chem. Soc., 1938, 1636.
? Elias, Hartshorne and James, J. Chem. Soc., 1940, 588.
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They then stand an equal chance of either returning to their parent lattice
or of condensing on the opposite lattice, i.e., the probability that a molecule
which breaks free from one crystal modification will contribute to the growth
of the other is 3.

Consider first the transformation of an enantiotropic substance below
the transition point. If v, is the rate of escape of molecules from the unstable
form, and vp that from the stable form, both multiplied by the appropriate
factor to convert them to linear rates of recession of the crystal surfaces,
we have that V, the linear rate of advance of the interface, is given by

V = }(va — v)
= }(Ae BT — AgeEgRT) . | (1)
where E, and E, are the activation energies of escape, and 4, and Ag are

factors which depend on the vibration frequencies of the molecules in the

crystals and which to a first approximation may be taken as independent
of temperature.

Now Eg=E. +g,
where ¢ is the heat of transformation. Substituting for Eg in (1), we obtain
V = e ERT(4, — Age9/RT) . . . (2)

But at the transition point, To, V = 0. Therefore
A. = Aﬂ e-ﬂ/ﬂrn'
or Ag = A, et/RT.,
Substituting for 4, in (2), we obtain

g(x 1
V= iA.e‘E-/"(I — elr 1) ) . . . (3)*
It is assumed that ¢, E., and Eg are independent of temperature.

According to this equation, V' passes through a maximum value, as is
observed in practice. We may obtain a value for the temperature, Tmax,
at which the velocity has this maximum value by differentiating V' with
respect to T and equating to zero, whence

—f[E R LAY
T"“'_I/{To-l_qm(l-‘-E.)J' . . . (4)
Now if E, approaches the value of the heat of sublimation, the ratio
g/E. will, in general, be small, since the heats of transformation of polymorphs

are usually small. Thus
IV 4
ln (I + E) ~ E.’

b R
whence Tax, & I/(To + E) . . . . (5)

Within this approximation, therefore, the interval between To and Tmax.
increases as E, decreases, and is practically independent of the value of g.
Eqn. (3) may be put in the following logarithmic form :

g(r 1 E, A
— —_ R(T‘ T)) = — & Ze
n v m(x AR )) Y
From this it is seen that the plot of the difference between In ¥ and
I b 4

In (I —ek(f.—f)) is a straight line with a slope of —E,/R. In addition,
* This expression in a slightly different form was first deduced by the author in
1938, and in its present form in 1942. It has not previously been published because

until recently there has seemed to be no trustworthy data covering a sufficiently wide
range of temperature by which it could be tested.



N. H. HARTSHORNE 151

inspection of the equation shows that the plot of In V against 1/T, at
temperatures below Tmay, Will have a slope which tends more and more
nearly to —E,/R as T decreases. For example, suppose that E, = 22,500 cal.,
¢ =730 cal,, and T, = 369° K, whence Tmax (from (5)) is 354° K. The
mean slope of the graph of In V against 1/T then corresponds to the following
E values (apparent activation energies) for the temperature ranges given:
313 — 293° K, 19,400 cal.; 293 — 273° K, 20,500 cal.; 273 — 253° K,
21,100 cal. These figures show that, provided that eqn. (3) is wvalid,
the apparent activation energy for a temperature range sufficiently far
below Tmas, (say, 50° or more) may be taken as an indication of the order
of the true activation energy, E,, for the process of transfer of molecules
from the unstable to the stable lattice. This will also apply in general to
the apparent activation energy in monotropic transformations, such as the
a- to B- change in o-nitroaniline mentioned above, for in these cases the
(theoretical) transition point lies above the melting point, and Tip,,. also
may be expected to be in this region.

Eqn. (3) may be modified to apply to an enantiotropic transformation
above the transition point simply by changing the sign of the quantity in
the brackets, thus :

qf1 1
pr=pa e SR 1) L L )
The subscript « still refers to the form which is unstable below the transition
point, now the sfable form, and T is now greater than T,. The equation
corresponds to a continuous increase of the linear rate V' with rise of
temperature.

By expanding the exponential term inside the brackets in eqn. (3) and

neglecting all but the first two terms of the expansion, we obtain

V= 3d.. %T(TO;O T> e-ERT . . ®)

This approximation is a close one only if

4 (LT

RT\ T, )
is a small fraction, i.e., if ¢ is small and T is not too far below T,. From
the general thermodynamic relation G = H — T S, where G is the free

energy, H the heat content, and S the entropy, it follows, since we have
assumed that ¢ (= —AH) is constant, that

To—T
q( T, > = —AG.
Substituting in (8) we obtain
(=AG) & pmr
V=34, RT ¢ o . . . (9

This form of the velocity equation is interesting in bringing out the
influence of the difference between the free energies of the two modifications
as the “ driving force "’ of the reaction.

Equations similar to (8) and (9) have been derived independently by
Akulov ¢ and by Laurent.® Akulov’s argument is briefly as follows. He
expresses the work done by a molecyle in moving from one side of the inter-
face to the other as nvd, where v is the coefficient of the internal resistance
(arising from the collisions suffered by the molecule in its passage through
the boundary layer), v is the average velocity of the molecule, and § the

¢ Akulov, Compt. rend. U.R.S.S., 1941, 32, 340 ; 1943, 39, 268.
$ Laurent, Rev. Métall., 1945, 42, 22.
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average path covered. This work is equated to the difference between the
free energies of the molecule in its initial and final positions. Thus

v = _q_ ( To —_ T\)
7]8 To /
where ¢, T, and T have the same significance as above. In addition,
it is necessary that a molecule shall possess sufficient kinetic energy to
surmount the potential barrier at the interface, and the probability of this
is e"E/RT where E is the height of the barrier, or in the general case a certain
function of this. The number of molecules crossing unit area of the interface
in unit time, and therefore the linear rate, will be proportional to

veERT  op _‘L( 7.‘0_—_I>e—51n1'_

W\ T

Laurent has used very similar arguments to those on which eqn. (3) is

based, the main differences being that he expresses the activation energy

in terms of quantum theory, the molecules in the lattice being assumed to

behave as simple harmonic oscillators, and that, despite this refinement,

he adopts the same approximation as we have used here to obtain eqn. (8)
and (9). His equation may be put in the form—

—_— b4 0_!_:‘
Linear rate = 4 (_I{;G) ceT\z n).
where 4 is a constant, § = !'—Y the Einstein characteristic temperature,

and E is the height of the potential barrier. Since 6/2T is small compared
with —E/RT, the exponential factor will be of the same order as e-E/RT,

TABLE I
: Standard Coefficient of
T(eorr(n:;)x. Me;. n(r:fne%:?te' deviation variation
. (S) (S/v)

o 0°029 0°007 024
10 0°130 0032 025
20 : 0-36* o°10 028
30 0:86* 027 032
094 0°17 o'18
40 1-g8* 073 037
50 3-60 0°97 027
60 516 1°47 028
70 530 156 0°29
80 160 0°60 037

* Results of Elias, Hartshorne and James.

The author, with M. H. Roberts, has now completed measurements of
the linear rate of transformation of monoclinic to rhombic sulphur over a
sufficiently wide range of temperatures (0° to 80° C) for eqn. (3) to be tested.
Polycrystalline films of monoclinic sulphur between glass surfaces, prepared
under controlled conditions and 0:06 to o-x mm. thick, were maintained
at constant temperature, and after the reaction had been started by inocula-
ting the edge of the film with rhombic sulphur, the position of the interface
was observed at fixed intervals of time by projecting an enlarged image
of the film on to a grid drawn on a white screen. The time taken for the
interface to traverse each rectangle of the grid (corresponding to an advance
of 025 mm.) was noted, about 1200 such readings being taken at each
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temperature. From these readings the average rate, standard deviation,
and coefficient of variation were calculated. This is similar to the method
used by Elias, Hartshorne and James (loc. cit.), whose work, interrupted
by the war, only covered the range 20° to 40° C. Somewhat different methods
were used at 10° and 0°, where the interface movement was too slow to be
conveniently followed in this way. The work will be fully described
elsewhere,

The results, together with those of Elias, Hartshorne and James, are
given in Table I, and in Fig. 1 (curve a), log V is plotted against 1/T. The
short strokes above and below each point on the graph represent the standard
deviation. The variance is considerable, but the means lie very nearly on
a smooth curve, which shows a maximum at about 65° (T, = 956°). Itis
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F16. 1.—Results of Elias, Hartshorne and James indicated by broken lines.

particularly satisfactory that the earlier results, which were obtained with
a different sample of sulphur and using a different apparatus, agree well
with the later ones. It will also be seen that the coefficients of variation
(Table I) remain fairly constant throughout the whole range, which may
perhaps be taken to indicate that there is no essential change in the
character of the reaction with change of temperature.

q(1 I
The third column of Table II gives the values of log V' — log ( I— eR(T. - 1) )
(which we will now write as log (%‘ for brevity), taking ¢ to be 730
cal./mol. (Sg). This is the mean, to the nearest 1o cal. of Brénsted's value
of 616 cal. at 0°, determined directly ® and that calculated by Neumann ?
for the transition temperature from measurements of the vapour pressures
of the two modifications, namely, 840 cal. The change of ¢ with temperature

¢ Bronsted, Z. physik. Chem., 1906, 55, 37I.
? Neumann, Z. physik. Chem., 1934, 17x, 416.
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represented by these figures agrees well with that calculated from heat

T x) is shown plotted against 1/T (curve B).

The plot is not a straight line as demanded by eqn. (6), and at first sight the
deviation from this requirement seems very great, for the curve passes
through a maximum. Similar deviations are found when the equations
of Akulov and Laurent (above), put into the logarithmic form, are applied.
It must be noted, however, that the value of (1 — x) in the higher temperature
range (70° to 80°) is extremely sensitive to small changes in x. An increase
in x of only a few per cent. in this region is sufficient to abolish the maximum

capacity data.® In Fig. 1, log (

in the curve completely since it sharply elevates the values of log (;K;\
—%

On the other hand, a similar change in the lower temperature region has a

comparatively small effect on the values of log and practically

1—x%/)
none on the slope of the curve. It is thus possible by making appropriate

TABLE II
g = 730 cal./mol.
v E, = 22,500 cal./mol,
Temp. (r — x)* log( — -)
(o C) I—2x
Pases== I°05 | Pap.s= I°10 | Qgp.s== I'I§
o 0295 —1°010 1°02 I'II 1-21
10 0+260 —0°301 098 1°07 1°16
20 0227 o203t 1°04 I°10 116
30 0°194 06441 1-08 112 1'16
0684 1°07 I°II 1°15
40 0°162 1-0861 o8 111 114
50 0°131 1°437 1°09 1°I10 1°12
60 o101 1-708 1°08 1°09 1'10
70 0071 1-871 1°07 1°07 1°07
8o 0°043 1571 1°04 1°04 1-04

a7 1)
*(1—2)=1—ecRl\T T
t Results of Elias, Hartshorne and James.

but quite minor adjustments to the value of x to convert curve B-into a
straight line. It has therefore seemed worth while to consider whether
there is any factor, not taken into account in deriving eqn. (6), which would
act so as to increase slightly the values of x. A possibility is suggested by
the marked difference which is observed in the appearance of the interface
under the microscope at the lower temperatures from that at temperatures
around and above Tpux. In the former case the advancing front of the
rhombic phase is finely serrated, indicating that the particle size is small ;
in the latter it consists of quite large crystals with well-developed faces.
We may suppose that at the lowest temperatures the rhombic phase forms as
a finely divided mass. which does not recrystallize, or only very slowly.
Rise of temperature will favour recrystallization, but up to the region of
Timax. this will be offset, as far as conditions at the actual interface are
concerned, by the increase in the linear rate, which will act so that recrystal-
lization will be effectively confined to the material #n rear of the advancing

$ Lewis and Randall, J. Amer. Chem. Soc., 1914, 36, 2468.
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front. Above Tpmar, however, the linear rate progressively slackens and
with rise of temperature conditions will become more and more favourable
for the formation of large, well-ordered crystal planes at the interface
itself. We may further suppose that owing to the fine state of division at
temperatures up to Tmax, the rate of escape of molecules from the rhombic
form into the transition layer will be greater than the normal value for
large crystals because of increased surface energy, but that above Tmax,
the rate of escape will tend towards the normal value as the transition
point, T, is approached. On this view, eqn. (1) becomes

V = }(A.eEaRT — o . Age-EpRT),

where ¢ is greater than unity and is approximately constant up to Tmax,,
and then decreases to become unity at 7,. From this we obtain the
equation :
|4 E, 4.
ln(I_(Px> ——pmtmZ . ()
Since, as stated abave, small increases in x make very little difference
to the slope of curve B at the low temperature end, we may use this part
of the curve to obtain a value for E,, and in this way we find that it lies
between 22,000 and 23,000 cal.ymol. Now the internal latent heat of
sublimation of monoclinic sulphur as given by Neumann’s vapour pressure
results (loc. cit.) is 22,500 cal./mol. to the nearest 100 cal. The slope of
line ¢ in Fig. 1 corresponds to this value. It thus appears that E, is the
same, or nearly the same, as the energy which the molecules must acquire
to escape completely from the monoclinic lattice into a free vapour space.
Taking it to be 22,500 cal., we may test the applicability of eqn. (10). Bearing
in mind the argument on which this equation is based, the problem is to see
whether it is possible to find a value for ¢, not much greater than unity,
which is constant over the range from 0° to the region of Tma, and which

gives a straight line plot of log ( against 1/T with a slope corre-

I —
sponding to 22,500 cal. The method which has been adopted is to assume
different values of ¢ for a temperature of 25:5° which lies midway between
0° and Tpa,, on the reciprocal scale, and then work out values for other
temperatures on the assumption that the above linear relationship holds.
The last three columns of Table II show the results obtained taking ¢ at
25'5° as 1-05, I-10 and I1-I5 respectively. It will be seen that up to 50°
there is an upward trend in the first case, a downward one in the last, but
that at 1-10 the values show no trend. (The variation from strict constancy
may be attributed to errors in the value of V. If we reverse the calculation
by assuming a constant value of 1-10 for ¢, and work out the corresponding
values of V, we obtain results which are very close to the experimental
ones, and well inside the standard deviation limits for these.) From 60°
onwards the ¢ values decline in all cases. The requirements of the theory
are thus satisfied by ¢ = 1-10, and this is a not improbable figure.

The real meaning of the ¢ factor is that the activation energy for the escape
of molecules from the rhombic form is reduced below the normal value
applicable to large crystals. Thus we may write :

@ eERT — e-E4RT,

where Eg is this reduced activation energy. For ¢ = 1-10 and E, = 23,230
cal. = (E. + ¢), Eg has the mean value of 23,173 cal. for the range 0° to 50°,
which is only 57 cal,, or 0-25 %, less than Eg. This corresponds to an
increase of 57 cal. in ¢ as the temperature rises from 50° to 7o. In the
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light of this we can say that the deviations of curve B from the requirements
of (6), if expressed as percentage variations of Eg, are quite small.

From eqn. (10), the temperature-independent factor A, may be cal-
culated. Taking E, as 22,500 cal. and ¢ in the lower temperature range
as 1-10, the value obtained is 2:0 X 10'" mm./hr. or 0-56 X 10'* cm./sec.
This is greater than the speed of light. An even higher factor (10! to 10'®
cm./sec.) was obtained by Anderson and Mehl ? from measurements of the
linear rate of recrystallization of cold-rolled aluminium. Burgers!® and
N. F. Mott have suggested that this very high value indicates that some
process which depends on temperature through an exponential factor
eE/RT triggers 1the change of crystal form of a whole mosaic block without
the intervention of any other thermally activated process, though Mott
has also given an alternative explanation.!! On the basis of this theory
we may equate A4, to Bvd, where v is the vibration frequency of the molecules,
and 4 the average spacing between them, in the monoclinic crystal, and
B is the number of molecules whose rearrangement is initiated by the thermal
activation of one molecule. Taking v as 10'? — 103, and 4 (from the density)
as 6 X 10-® cm., B works out to the order of 107. The volume occupied
by this number of molecules in monoclinic sulphur is about 10-!® cm.?,
which is within the range of the usual estimates of the size of a mosaic block.

In showing that the deviations of the experimental results from eqn. (6)
can be accounted for by means of the ¢ factor, it has not been forgotten
that this equation was deduced on the assumption that A., Ag, E., Eg,
and therefore g, were all independent of temperature, whereas at best this
can only be an approximation. The increase of ¢ with temperature given
by the results of Bronsted and Neumann, and calculated from the heat
capacities recorded by Lewis and Randall (see above), is in fact greater
than that corresponding to the introduction of the ¢ factor, and this suggests
that the deviations may be due to the approximations inherent in the
equation rather than to changes in surface energy. We cannot, of course,
consider this possibility solely on the basis of the thermodynamic variation
of g, i.e., without regard to the temperature dependence of the other four
‘ constants,” and unfortunately ¢ appears to be the only one whose tem-
perature dependence can be assessed with any certainty. It is, however,
intended to look further into this question. It has also been suggested
to the author by Prof. E. G. Cox that the average size of the mosaic blocks
of the monoclinic phase may vary with temperature as a result of the way
in which the films are prepared. This would result in corresponding changes
in A4,, if the Burgers-Mott trigger mechanism be accepted.

ADDENDUM. (Received 13th May, 1949.)

Since the above paper was presented, it has been pointed out to the
author by Dr. W. J. Dunning that the temperature coefficient of the reaction
can be accounted for on the basis of Volmer’s equation for the linear rate of
growth of a crystal from its vapour.? Applied to a solid-solid reaction
Dunning’s treatment assumes that the transitional layer between the two
lattices behaves as a true vapour (in which case it will have to be somewhat
thicker than one molecule) and that the rate of advance of the interface
depends not only on the supersaturation of the vapour with respect to the
stable phase, but also on the probability of formation of two-dimensional
nuclei on the completed surface planes of molecules of this phase.

® Anderson and Mehl, Trans. Amer. Inst. Min, Met. Eng., 1945, Tech. Pub. No. 1805.
10 Burgers, K. Ned. Ak. Wet., 1947, 50, 719.

1t Mott, Proc. Physic. Soc., 1948, 60, 391.

12 Volmer, Kinetik der Phasenbildung, 1939, p. 174.
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For this case Volmer’s equation can be put in the simplified form :
V = K.eFRT ed"RT . . . (1r)

where E is the activation energy for the escape of molecules from the unstable
lattice (i.e., the internal latent heat of sublimation), and A" is that for the
formation of two-dimensional nuclei. Now

A" oMeNT,  _ const. (12)
RT = 2¢ddRT(T, — 1) ~ T(To—T)' = *

where w is a shape factor, M is the molecular weight, p the edge free energy,
N the Avogadro number, ¢ the heat of transformation, d the density, § the
spacing between lattice planes and the other symbols have the usual signi-
ficance. Substituting for A’//RT and taking logarithms, eqn. (11) becomes:

mV—nK— E const.

RT “T(T,—1)" " . . (13)
Dunning finds that this equation fits the results given in Table I very well,
when In K = 38-77, E = 20,200 cal., and the constant in the third term is
35 X 10% (K is of the same order of magnitude as the author’s 4,, so that
this treatment does not throw any light on the reason for the large pre-
exponential factor.)

This contribution to the problem is most interesting and important, and
the possibility that surface nucleation is a rate-determining factor will
Teceive serious consideration in future work carried out by the author on
solid-solid transformations. For the present, however, the following objec-
tions to the theory, at least in its present form, and as applied to the case
of sulphur, may be raised.

(r) The marked difference, mentioned in the paper, between the surface
contour of the rhombic phase above and below Tmax. suggests strongly that
if surface nucleation is necessary at all, it is not equally so over the whole
range of temperature; that is to say, the effect cannot be expressed
by the simple factor e-4"/RT as defined above. At temperatures below 50°
the advancing front exhibits numerous rounded promontories of the order
of 1074 cm. or less in diameter, and it is difficult to reconcile these with the
Volmer picture of the successive laying down of extended plane layers of
molecules.  Possibly surface nucleation only becomes necessary at the
higher temperatures, and if so, this could account for the negative deviations
from eqn. (3) in this region.

(2) R.S. Bradley 2 has found from measurements of the rate of evaporation
of single crystals of rhombic sulphur between 15° and 32-5° C that the
accommodation coefficient, i.e., the fraction of molccules which on striking
the surface condense, is constant at o-7. This could be interpreted as indi-
cating that an activation energy of about 200 cal. is required for surface
nucleation (by equating 07 to ¢™"/RT), but this is very much less than the
value calculated from egn. (12) for this temperature range, viz., 700-1000 cal.
Alternatively the deviation of the coefficient from unity may be due to an
orientation requircment, i.e., that molecules approaching the surface must
have orientations within a certain solid angle if they are to condense.

(3) The value 35 X 10* for the constant in the third term of eqn. (13)
corresponds to an edge free energy (p) of 2:4 X 1077 erg/cm. (taking w as
2r), from which the surface free energy may be calculated to be of the order
of 4 ergs/cm.®. Bearing in mind that, according to the theory, the growing
surface is supposed to be in contact with vapour, this value is far too small,
The surface free energy of liquid sulphur just above the melting point is

13 Private communication,
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60 ergs/cm.? and that for the solid must be somewhat greater. If the p value
corresponding to this is inserted in eqn. (13), the constant is increased by
a factor of about 200, and the equation no longer fits the experimental
results.

(4) The picture of a fairly thick transitional layer of vapour between the
two lattices introduces difficulties. Owing to the increase of density accom-
panying the transformation, the vapour gap would progressively widen as
the reaction proceeded, and it can be shown that this would result in a
concomitant decline of the linear rate. Such a decline was in fact observed
by the author with o-nitroaniline and mercuric iodide (loc. cit.) and the
theory of a progressively widening gap was invoked to explain it. In the
case of sulphur, however, the rate is constant at constant temperature.
This is probably due to the fact that, as can be seen under the microscope,
the shrinkage accompanying the transformation is continuously accommo-
dated by the formation of short cracks at, or just behind, the interface. This
shows that solid-solid contact is never completely lost.

Against all this, however, must be set the fact that both by Dunning’s
and the author’s treatments the activation energy for escape of molecules
comes out to be of the same order as the heat of sublimation. Further,
if the linear rate is calculated on the assumption that it is given by the
difference between the rates of evaporation of the two forms (using the

usual equation, v = ap—V—ZT:PﬁT), the result is of the order of 102 to 1073 of

the observed rate, i.e., the discrepancy between theory and observation is
much less than when, as in the paper, the temperature independent factor is
expressed as the product of the vibration frequency and the lattice spacing.

From the above discussion it is very evident that much remains to be
discovered about the mechanism of solid-solid transformations.

The author desires to thank the Council of the Chemical Society for a
Research Grant in connection with the investigation of the sulphur trans-
formation and to acknowledge his indebtedness to Mr. R. S. Bradley, with
whom he has had much stimulating discussion of problems raised in this paper.

University College of Swansea,
University of Wales,
and
The University,
Leeds.

BOUNDARY MIGRATION AND GRAIN GROWTH*
By WALTER C. McCRONE

Received 8th February, 1949

It has long been known that metals will show grain growth and that
this growth involves a reorientation of metal atoms across grain boundaries
in such a way that many grains disappear entirely. This movement of

* Contribution of Armour Research Foundation of Illinois Institute of Technology.






F1G. 1.—TNT durmg boundary mugration at 80> ¢ (a after 1 min., b after 4 min.)
100) crossed Nicols,

F16. 2.—DDT showing sccondary crystallization due to boundary migiation (b is an
enlargement (< 100) of part of a). (~ 40) crossed Nicols.
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grain boundaries led to the term * boundary migration ! which will be
used here as a synonym for grain growth.

In 1929 Tammann ? published data showing that certain compounds
(camphor, pinene hydrochloride and ice) show a behaviour very similar
to that observed in metals. In 1946 Buerger and Washken ? showed that
some minerals (e.g., anhydrite, fluorite, periclase and corundum) when
compressed and heated to temperatures well below the melting point would
also show boundary migration similar to metals. In 1949 the study of
octachloropropane was suggested ¢ as a means of studying boundary
migration in metals.

During the past several years a number of organic compounds quite
dissimilar to octachloropropane in lattice properties have been shown to
exhibit boundary migration. For example, Kofler ® reported in 1941 that
an organic compound, TNT, shows a somewhat similar behaviour in that
crystals once formed undergo a further recrystallization in the solid phase
so that one crystal grows into and through its neighbour (Fig. 1). DDT
has been reported ® and several other organic compounds (unreported)
have been observed to show similar behaviour (Fig. 2). In each of these
cases and in contrast with the metals, camphor, fluorite, octachloropropane,
etc., it is apparent that these materials show boundary migration in which
direction is dependent on the orientation of the crystal lattice within the
grains.

Metals, octachloropropane, camphor, pinene hydrochloride, ice, fluorite,
anhydrite, etc., show migration of one crystal into another in such a way
that the orientation of the lattice cannot be an important factor. On
the other hand, boundary migration by TNT, DDT, Vitamin K, etc., is
definitely dependent on orientation of the crystals. The crystals will grow
in a direction which can be predicted for a given compound from the known
relative orientations.

Two different types of boundary migration are therefore recognized. The
two types will be described throughout as the DDT type, in which orientation
controls the direction of boundary migration; and the octachloropropane
type, in which orientation has little or no effect on the direction of boundary
migration.

The DDT type of boundary migration is of particular interest since as
stated above the direction of growth is dependent on lattice orientation.
Any theory covering the mechanism of boundary migration must take into
account, for crystals of this type, the effect of difference in orientation of the
two lattices in contact. DDT, for example, grows in such a way that the
(oox) face will penetrate either the (100) or (010) planes of adjacent crystals.
If, on the other hand, crystals of this type are aligned parallel to each other
no growth will occur. Maximum growth will occur, therefore, when crystals
elongated parallel to ¢ intersect at go° angles (Fig. 2).

TNT shows a very similar behaviour although it does not grow as rapidly
during boundary migration. It does, however, grow in much the same
manner and in such a way that the direction of migration can always be
predicted from the orientation of the crystals. In this case the (o10) face
will always grow into the (oor) and (100) faces (Fig. 1).

During the past 20 or 30 years there has been considerable discussion
regarding the possible mechanism by which boundary migration occurs.

1 Carpenter and Elam, . Inst. Metals, 1920, 24, 123.
* Tammann, Z. anorg. Chem., 1929, 182, 289.

3 Buerger and Washken, Amer. Miner., 1047, 32, 296.
4 McCrone, J. Appl. Physics, 1949, 20 (Feb.).

® Kofler, Z. physik. Chem. A, 1941, 188, 201.

¢ McCrone, Anal. Chem., 1948, 20, 274.
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Most of this discussion has been on boundary migration of the octachloro-
propane type and most of it has concerned metals. Harker and Parker ?
have advanced the argument that grain shape governs the extent and
direction of boundary migration. This results in movement of the grain
boundaries in such a way that straight boundaries meet at angles of 120°.
By this criterion little or no grain growth should occur when these conditions
are satisfied. The effect of lattice deformation on boundary migration is
not discussed by them, although presumably it would at least affect the
angles between grain boundaries. Most other investigators have assumed
that strain energy, due to cold-working and resultant plastic deformation,
is the driving force.

Two hypothetical questions can be posed as a result of irreconciliation of
these two ideas—

1. Can grain growth occur in a sample whose grains meet throughout at
120° angles with straight boundaries but in which the grains possess residual
strain energy ?

2. Can grain growth occur in a sample whose grains show curved boundaries
and many angles not equal to 120° but in which the grains are strain-free ?

Unfortunately the first of these questions cannot be answered in an un-
equivocal fashion. A close approximation to a final answer to the second
can, however, be obtained. This is done by comparing the rate of growth
in two samples : one with, and the other as nearly as possible without, strain.
Experimental data to answer this question are presented below.

A broader problem, however, and one of great interest and importance is
to find a more definite relation between boundary migration in metals and
in the octachloropropane type of organic compound. It is obvious on
examination of photomicrographs showing boundary migration in systems of
these two kinds that in superficial appearance there is no difference between
the two cases. There is a striking similarity between growth in metals and
in octachloropropane and the resulting structures are amazingly similar in
appearance before, during and after boundary migration. Furthermore,
octachloropropane and other organic compounds of this type show a final
structure which agrees entirely with the ideas presented by Harker and
Parker.” Octachloropropane, for example, during annealing changes
progressively toward an ultimate appearance in which all grain boundaries
are straight and meet only at angles of 120° (Fig. 3).

An additional effort has been made to relate boundary migration of
octachloropropane to that of metals. This is being done by studying the
rate of growth at different temperatures and comparing these data with
corresponding data for metals systems. Unfortunately little data of the latter
type are available and it appears very difficult to accumulate large amounts
of such data because of the experimental difficulties. It is possible, on the
other hand, to follow boundary migration in organic compounds during
annealing of a thin transparent section using polarized light under controlled
temperature conditions and to obtain a complete curve with as many experi-
mental points as desirable in a few hours.

Some data taken in this way are summarized in Table I. These data
were obtained by the following procedures.

Expt. 1-4: A small quantity (5-10 mg) of octachloropropane (purified by
sublimation to a melting point of 168° C) was melted between a cover glass and
slide. The fused preparation was quenched quickly to room temperature by
placing it cover-glass side down on a metal block. This preparation was then
placed in a previously heated hot-stage set at the desired temperature. About
10 sec. was required for the slide to become heated and from 30-60 sec. to find

7 Harker and Parker, Trans. Amer. Soc. Metals, 1945, 34, 156.



F1c. 3. —Boundary migration in octachloropropanc, the numbers refer to the same
crystal as 1t appears at successive times. (X 100) crossed Nicols.
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TABLE I
ISOTHERMAL TIME-RATE DATA FOR OCTACHLOROPROPANE

Expt. 1:136°C

Time Log Time Rate Log Rate Diam. Log Diam.
(min.) (micron)
5 070 0010 8-00-10 115 2:06
6 078 0°007 7°85—10 117 207
7 085 0°006 7°78-10 130 2°1r
10 100 0°005 7*70-10 146 216
13 I°15 0004 7°60—10 153 218
16 1°20 0°004 7*60—10 196 2°29
22 134 0°004 7°60~10 207 2°32
27 1°43 0004 7°60~10 221 2°34
32 I°51 0°004 7*60—-10 261 2°42
41 161 0°003 7°48-10 249 2°40
54 173 0-003 7°48-10 290 2°46
64 1-81 0°003 7°48-10 344 2°54

Expt. 2: 123°C

I 0'00 — — 210 2:32

2 0°30 —_ —_ 228 2°36

3 048 — —_ 230 236

5 o-60 0°0022 7°34-10 236 2°37

i 085 —_ C - 238 238

10 1°00 0°0016 7°20-10 239 238

15 117 0-0015 7°18-10 247 2°39

28 1°45 0°00I1I 7°04—~10 263 2°42

45 1°65 0*0010 7°*00-10 278 2°44

8o 1*g0 00009 6-95-10 314 2°50

140 2°15 0°0008 6-9o~10 377 2°58
Expt. 3: 115°C

1 0°00 0°0008 6°9o~-10 160 2°20

30 1°48 0°0007 6-85-10 192 228

60 1°78 0°00055 6°74-10 198 2°30

120 2°08 0°00035 6°54~10 232 2°37

180 226 0°00025 6+40~10 234 237

240 2:38 0°00020 6+30-10 257 241

300 248 000020 6-30~10 258 2°41
Expt. 4: 103°C

1 000 0°00056 6°75~10 193 2°29

10 1°00 0°00033 6:52-10 199 2:30

20 130 0°00022 6:34-10 204 2°31

1040 302 0°00013 5'II-10 241 238

1485 318 0°00013 5°11-10 265 2°42

2100 332 0°00013 5'1I-10 258 2-41

3390 353 000013 5°11~-10 283 2°45
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TABLE 1—(Continued)
Expt. 5: 136°C

Time Log Time Rate Log Rate Diam. Log Diam.
(min.) (micron)

1 0°00 0015 8:18-10 59 1°77
15 018 0013 8:11-10 67 1°83
2°5 0°40 o*o10 8-10-10 78 1-89
45 065 0°0065 7+81-10 115 206
55 074 00055 7°74-10 127 2'10
7°5 088 0°0050 7+70-10 134 213
10 1°00 0+0038 7°58-10 143 2°16
15 118 0°0038 7°58-10 151 218
27 1°43 0°0038 7°58~10 209 2°32
40 1:60 070038 7*58-10 261 2°42
60 1°78 00038 7°58-10 330 2°52
90 1°95 0°0038 7°58-10 356 2°55
120 2+08 00038 7°58-10 435 2:64
140 215 00038 7+58-10 638 2:80
160 2°20 0°0038 7°58-10 770 2+89

Expt. 6: 159°C

4 0+60 0°006 7°78~10 185 227
[ 0°95 0006 7°78-10 188 227
13 1°II 0°006 7°78-10 204 2°31
18 1°26 0°006 7°78-10 231 236
23 1-36 0°006 7°78-10 287 2°46

Expt. 7: 145°C

1 0°00 00008 6+9o—10 171 2:23
40 1°60 00008 6°9o-10 203 2°31

an appropriate field of view. In all experiments zero time indicates the time at
which the preparation was placed in the hot-stage. Most of the rcadings were
started at M = 1 min.

A carefully calibrated Kofler hot-stage was used with a Sola constant voltage
transformer. The temperature data are accurate to +1°C and accurately
represent the temperature of the field under observation. The data were taken
by means of photomicrography using a Leica with a Speed-O-Copy attachment.
The 35 mm. negatives were enlarged to a convenient magnification and the
average grain size was determined by measuring the intersections of grain
boundaries on a linear scale during a number of regularly spaced linear traverses
of the entire field (Fig. 3).

Expt. 5: A small quantity (5-10 mg.) of octachloropropane (purified as above)
was placed between a slide and cover-glass and subjected to 500 psi pressure
This preparation was then placed in a previously heated hot-stage as for Expt. 1—4.

Expt. 6 and 7: In these two experiments 5-10 mg. of octachloropropane was
melted in the usual way between a slide and cover-glass. The preparation was
then, however, placed i1mmediately 1n the previously heated hot-stage so that the
temperature of the preparation at no time fell below 145° C (Expt. 7) or 159° C
(Expt. 6).

The average diameters were then determined in the same manner as described
above. Tig. 4 shows these average diameters as a function of time for each
experiment. These data were then smoothed from these curves and rate of growth
data were calculated from the slopes of these smoothed curves. Fig. 5 shows
log rate against log time for each experiment. Fig. 6 shows log rate against
temperature with a vertical line for each experiment covering the time variable.
The actual data points fall on the vertical lines with increasing time downward.
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Discussion

Fig. 4 shows that the slope of the rate curve plotted against time is
constant after an initial period and that the slope increases with increasing
temperature. The equations for the linear portions are :

136°C: D = 3:2M + 130 . . . . (1)
123°C: D = 1:IM + 230 . . . . (2)
115°C : D =o028M + 189 . . . . (3)
103°C: D = 0-029M + 205 . . . . @)

where D is the average grain diameter in microns and M is the time in
minutes. The constant in each relation is, of course, fortuitous and depends
only on the grain size of the original preparation.

These equations are equivalent to the expression given by Beck 8 :

D=K(tg + A"

where K is the slope and A the imaginary time required for the grains to
grow by boundary migration to an average size D at #g. In either case,
however, the question is whether K is independent of 4 or, in the other case,
whether S is independent of D;, the intercept on the grain diameter ordinate.
The fact that the slope is a linear function of temperature (shown below) as
well as the fact that the D against time curves are also linear is strong evidence
for the belief that AD/AM is independent of initial grain size.

A plot of the log slope against temperature is also very nearly linear and
follows the relation,

log S = 0063 T + (2-10-10), . . . (5)

where S is the slope, AD/AT, and T is the temperature in ° C,

These relations show that boundary migration in metals is closely related
to the same phenomenon in octachloropropane.

8 Beck, J. Appl. Physics, 1948, 19, 507.
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Fig. 4 also shows that two different preparations, one strained thermally
(Expt. 1) and a second strained mechanically (Expt. 5), show little difference
in rate of increase of grain diameter as a function of time. This may have
been coincidental in that the amount of strain induced by these two means
may have been nearly equal.

The two Expt. 6 and 7 made on nearly unstrained crystals show that
these two preparations grew at rates far below those predicted by eqn. (5)
on the basis of Expt 1-5.

It is believed that the growth which occurred in Expt. 6 and 7 is partly
the result of residual strain and partly of the tendency of the grains to form
straight boundaries meeting at 120° angles. Since the interboundary
angles for the preparations used in Expt. 6 and 7 are no nearer 120° than
those used in Expt. 1-5, the decreased growth in Expt. 6 and 7 must be due
to lack of lattice strain. In other words, lattice strain must be the most
important factor causing boundary migration in octachloropropane.

TABLE 11
COMPARISON OF OBSERVED AND CALCULATED SLOPES
Slope
Expt. Temperature
Observed Calculated
7 145°C 08 18
6 159°C 7°2 126

Fig. 5 shows the smoothed rate data plotted in log form as a function of
log time. These curves illustrate again-that the rate is higher in the early
stage of annealing and decreases quickly to a constant value. The constant
rate is, of course, reached more rapidly the higher the temperature. These
curves show again that Expt. 6 and 7, at 159° C and 145° C respectively,
are lower than would be expected from an extrapolation of rates in Expt. 1-5.
This figure shows the separate curves for Expt. 1 and 5 which were combined
by smoothing in Fig. 4.

These data show that boundary migration in octachloropropane is very
similar mathematically to boundary migration in metals. It is suggested
that the mechanism by which boundary migration occurs in lattices of these
two types is therefore similar and that boundary migration in metals can
be studied to great advantage using the much simpler technique involved in
studying octachloropropane.

As a result of the above work on octachloropropane it was decided to
attempt to determine the effect of lattice strain on boundary migration in
compounds of the DDT type. Unfortunately DDT itself could not be used
since the crystal habit changes drastically with temperature of crystalliza-
tion. However, TNT can be crystallized as broad rods over a wide tempera-
ture range. Accordingly an attempt was made to determine the effect of
thermally induced lattice strain on boundary migration in TNT. First a
small sample (5-10 mg.) of TNT was melted and cooled to about 50° C
before crystallization. This preparation was then placed in an already
heated hot-stage at 78° C and observed for a period of 40 min. During this
time the crystals grew into adjacent crystals a distance of o5 mm. Fig. 1
shows two photomicrographs in this series, one taken at the end of 1 min.,
the second at the end of 4 min.
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A second preparation of TNT was then melted and placed in the hot-stage
at 80° C before crystallization occurred. On seeding, crystals of TNT were
made to grow slowly into contact at right-angles. Observation of this
and similar preparations over a period of 60 min. showed no sign of boundary
migration. The conclusion from this information is that boundary migration
in TNT and presumably in DDT and other compounds of this type is entirely
due to lattice strain.

Conclusion.—Boundary migration in the octachloropropane and DDT
types of crystal lattice is similar in the sense that lattice strain due either to
cold working or temperature changes seems to be the principal motivating
influence. The two differ, however, in two respects : (i) relative orientations
of the neighbouring crystals are important for the DDT type and have little or
no effect on compounds of the octachloropropane type ; (ii) grain shape is
important in controlling grain growth in compounds of the octachloro-
propane type and not important in compounds of the DDT type.

This dependence of boundary migration in crystals of the DDT type on
relative orientation of the two crystals is more difficult to explain.” This,
however, has been resolved by the thought that all compounds of the
octachloropropane type possess crystal lattices which are either cubic or,
at least approximately plastically isotropic. On the other hand, crystals
of the DDT type which show boundary migration are highly anisotropic
compounds and must be elastically anisotropic. In other words, when
crystals of this type, such as DDT, are subjected to pressure or to large
temperature changes the resulting strain must be distributed anisotropically
throughout the lattice and in such a way that the crystals grow most readily
parallel to one definite direction, depending on the anisotropy of elasticity
for that lattice.

This work was supported jointly by the Armour Research Foundation
and the Research Corporation. Percy T. Cheng made some of these
measurements. This help is gratefully acknowledged.
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Illinois Institute of Technology,
Technology Center,
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Large single crystals can be grown from water solution, e.g., of K-alum
or NH,H,PO,, near room temperature because of ready solubility of the
salts in water and their large temperature coefficient of solubility. For many
other materials which possess low solubility in water or other solvents, some
other technique involving higher temperatures must be used. The selection
of the ideal growth technique depends naturally on the properties of the
substance, particularly its melting point, the stability of its melt, and the
possible occurrences of lower temperature inversions. Although single-crystal
growth can be effected from melts of polynary composition, the most
successful growth to date has been achieved with mono-mineralic melts.
When a substance exhibits polymorphism, as quartz or nephelite, where the
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desirable phases are not in equilibrium with the melt, the crystal must be
grown from a binary or ternary melt, e.g., the ternary system Na,0-5i0,-H,0
in the case of quartz and the system LiF-Na,0-Al,0,-SiO, in the case of
nephelite. Similar subterfuges are available for growth of other polymorphous
substances ; for example, the water-insoluble HgI, (red form) can be grown
successfully from a solution of K,Hgl, saturated with HgI, by lowering the
temperature of the solution.

The growth of crystals from anhydrous melts or vapours can be accom-
plished in a variety of ways providing the substance melts congruently and
has no lower temperature inversions :

(1) TuE MovinG CruciBLE TECHNIQUE. A crucible containing the melt
is slowly lowered through a fixed thermal gradient.® 23

(2) THE STATIONARY CRUCIBLE TECHNIQUE.* A crucible containing the
melt is cooled in a slowly changing thermal gradient. This variation of (x)
was used successfully by Stéber,5 Stockbarger 2 and Phelps.® It does not
appear to have any advantage over (I).

(3) THE KYRopouLos TECHNIQUE.” A crystal seed is lowered into the
melt and then slowly withdrawn through a gradient provided by cooling the
seed. This technique has been used to grow crystals up to 30 cm. diam.
(NaCl). It might have special advantages for those crystals that show one
strong directional-growth tendency.

(4) Eutectic MELT GROWTH TECHNIQUE.®* Through the use of fluxes
a low-temperature phase may be induced to appear on the liquidus of the
phase diagram and hence make growth of the phase possible, e.g., nephelite
from a LiF-NaAlISiO, melt, whereas growth from a mono-mineralic melt of
the same phase would yield the undesired high-temperature modification,
carnegieite. By cooling a melt, of which the desired substance is the primary
phase, the resultant solid would consist of crystals of the primary phase in
an eutectic matrix. Winkler 8 has discussed the relationship between the
degree of supercooling and the size and number of the nephelite crystals.
The difficulties of obtaining large single crystals by this technique appear
enormous because of inability to prevent multiple nucleation.

(5) THE VERNEUIL TECHNIQUE.!® Melting is accomplished by passing
the powdered substance through one tube of an oxyhydrogen torch into the
flame. The molten material is collected on a refractory rod and by suitable
manipulation is converted into a single crystal.

1 Bridgman, Proc. Amer. Acad. Arts Sci., 1925, 60, 305.

# Stockbarger, OSRD Report, No. 4690 (1944). Rev. Sci. Instr., 1936, 7, 133. J. Opt.
Soc. Amer., 1937, 27, 416. Rev. Sci. Instr., 1939, 10, 205.

3 Tuttle and Egli, /. Chem. Physics, 1946, 14, 571.

¢ Strong, Physic. Rev., 1930, 36, 663.

s Stober, Z. Krist., 1923—4, 61, 299.

¢ Phelps, Chem. Eng. News, 1948, 26, 2453.

? Kyropoulos, 2. anorg. Chem., 1926, 154, 308. See also B.I.0.S. Final Report
No. 468, No. 21, 22.

8 Winkler, Amer. Mainer., 1947, 32, 131; Heidelberger Beitvage wuy Miner. u
Petrographie, 1947, 1, 86.

® Matthias, Physic. Rev., 1948, %73, 808.

10 Verneuil, Compt, rend., 1902, 135, 791. Ann. Chim. Phys., 1904, 3, 20.

* Small single crystals of l'3aTi0, have been grown ? by a similar operation (using an
excess of BaCl,, etc.) although the phase relationships are not known. Such ‘‘ mineral-
ization ” is standard practice for the recrystallization of high-melting, slightly soluble
materials.
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(6) GROWTH FROM THE VAPOUR PHASE. (a) “‘ Chemical reaction ” in the
gaseous state is carried out in a suitable thermal gradient, e.g., Cd vapour +
H,S yields CdS (greenockite) 4 H,1t

(I? Volatilization of a pure substance and condensation in a gradient into
single crystals, e.g., Se, I;1# This technique is undeveloped but has been
used to produce small crystals (up to 5 X 5 X 0 mm.) for a variety of
substances. The difficulties of the technique lie in the impossibilities of
setting a gradient of the proper character in a gas stream and providing a
suitable heat sink for deposition of single-crystal material from a super-
saturated gas. The Crystal Section has extended Frerichs’ work in producing
crystals of CdS having small amounts of luminescent-active additives.

TABLE 1
Name Composition Avs;izl:bﬁof 1(?".) Source **
Halide .. NaCl 8 C
NaBr 1 L (NRL)
Villiaumite NaF 1} L (NRL)
Sylvite .. KCl 8 C
(K,Rb) Cl } L (NRL)
KBr 8 o}
KI 1} L (NRL)
LiF 8 C
Nantockite .. .o CuCl 3 L (NRL)
Cerargyrite .. .e AgCl 5 o}
Bromyrite ’e .o AgBr 3 L (NRL)
TIC1 3 L (ERDL) (NRL)
TIBr 3 L (ERDL) (NRL)
KRS6 .. T1 (C1,Br) 3 L (ERDL) (NRL)
KRS5.. .. .. Tl (Br,I) 5 L (ERDL) (NRL)
Fluorite . e CaF, 6 L
BaF, 4 L
MnF, ? L
PbCl, P L (NRL)
PbBr, 3 L (NRL)
Pbl, 13 L (NRL)
CdI, 1} L (NRL)
Scheelite . . CaWO, 3 CL (NRL)
. ZaWO, } CL (NRL)
CAWO, 3 L (NRL)
NaNO, 3 L (NRL)
NaNO, 3 L
Asl, 3 L (NRL)

* Size available—diameter of cylindrical boules of 2 in,—4 in, length.
** Abbreviations : C — Commercially produced.
L — Academic laboratories.
(NRL) — Crystal Section, Naval Research Laboratory.
(ERDL) — Engineer Research and Development Laboratory,
Ft. Belvoir.

The Crystal Section of the Naval Research Laboratory has been using
techniques ((x), moving crucible), ((5), Verneuil) and ((6), vapour growth) to
produce a variety of small single crystals for research purposes (see Table I).
In this paper an attempt will be made to correlate the various factors
influencing growth. Table I is a summary list of crystals grown by various
industrial and academic laboratories based on information available to us.
Of the six techniques, only (1), (2) and (5) are in current industrial use for

11 Frerichs, Physic. Rev., 1047, 72, 504.
1 Vasko, Sklarske rozhledy, 1946, 6-7, 98,
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the mass production of single crystals. The other techniques have been little
used because of inherent difficulties in control of single-crystal growth but
are potential techniques for unexplored materials.

If none of the melt techniques is suitable because of the existence of lower
temperature inversions in a substance, there is a method of last resort—
that of growth under hydrothermal conditions—in the presence of water
at elevated temperatures and pressures in a closed system. Despite theoretical
and experimental difficulties much attention is being paid to this technique
but it is outside the scope of this report.

Experimental

Technique No. 1. By far the most popular technique is that of moving a
crucible through a fixed gradient.* It is capable of producing much larger
crystals because of the ease of gradient control. A cylindrical crucible with a
cone-shaped tip containing the melt is slowly lowered from some temperature
above the liquidus temperature down through the fixed gradient of the furnace.

Presumably, when the tip of the crucible reaches the liquidus temperature,
the small volume of the tip favours the incidence and development of one nucleus
at the expense of all others and thereafter conditions are so maintained that
this initial crystal will grow vertically and assume the shape of the crucible.
For this purpose ideal conditions obtain when the isotherms are horizontal.
Their distribution of spacing will characterize the gradient. Naturally, the
control of the gradient, speed of lowering and the purity and composition of the
crystal are important factors. If adequate controls are not imposed, several
nuclei will be competing for the material from the freezing liquid thereby yielding
a polycrystalline boule.

THE CoNDITIONS OF CRYSTALLIZATION. The conditions for producing a single
crystal, though dominated by the purity of the charge, depend upon the rate
at which heat is withdrawn from the melt. The heat sink is provided in two
ways—the thermal gradient and the speed at which the crucible passes through
the gradient. Too small a gradient or too rapid lowering of the crucible favour
the growth of many nuclei leading to polycrystalline boules. The gradients
available for growth are limited by furnace design and by the temperature of
operation. Numerous unsuccessful attempts have been made to systematize
these data and reduce them to an equation. The difficulties lie in the inability
to specify the exact conditions for obtaining single crystallinity.

The furnace used in technique No. 1 has been described.? It consists of an
upper and lower section separately wound and controlled. The gradient along
the furnace length can be modified by adjusting the heat input into the separate
sections. By supplying heat to the upper section only, one obtains a temperature
distribution with the high point near the bottom of the upper section and a
sharp gradient. This gradient can be reduced by supplying heat to the lower
section. It can be intensified by the use of a baffle between the two furnace
sections. The baffle is a thin, flat annulus of metal or ceramic material, the inner
diameter of which is large enough to permit passage of the crucible. Typical
data on the effect of the baffle are given as follows :

NRL furnace 6-1948, 28 in. high, inner tube diameter = 4 in.
Temp. at 14 in. level = 464° C.

Thermal gradient at 14 in. level with baffle = 74°/in.
without baffle = 44°/in.

The question of whether or not the baffle has any particular efficacy in favouring
single-crystal growth over the plain furnace has not been settled since it involves
the question of the optimum gradient. Any of the crystals mentioned can be
grown without a baffle, and we can report no detectable improvement from the
use of a baffle.

* This gradient is somewhat modified by the change of position of the crucible during
lowering but this factor is probably small, provided the heat capacity of the crystal is
small compared to that of the whole system.
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It is apparent from our experience that the diameter of the muffle does not
play a role in the gradient providing it exceeds the crucible diameter by a factor
of 1-5. The isotherms within the crucible for this condition are flat as shown by
the freezing surface of the single-crystal part of several incompletely crystallized
boules. This temperature control can be accomplished by any of a variety of
constant-temperature regulators,!®* but we have found the use of a constant-
voltage transformer (saturable-reactor type) sufficient to maintain the temperature
4 1-0° C in the range 300°-1000° C for crucibles up to 1} in. diam. For larger
crucibles more elaborate controls are required (4 o-2° C).

Typical gradients used for successful growth in our laboratory are as follows :

Melting Point ° C Gradient ° Cfin. Expt. No.
AgCl 55 NRL 20-6
TICL 45 NRL 22-6
KI 64 NRL 114-7
NaF 45 NRL 63-1

In our experience gradients larger than 75° C/in. can be used if available.
The lower limit for successful growth of medium-sized crystals is 35° C/in. The
higher temperature runs operate under higher gradients because of normal
furnace design.

The lowering of the crucible is accomplished by a gear assemblage attached
to the support rod and operated by a constant-speed motor. The cffect of the
speed of lowering is related to the gradient since both perform the same heat-sink
operation on the melt but the relationship is not a simple one and has not been
worked out. For medium-sized crucibles (up to 1} in. diam.) a speed of o-12 in. /hr.
or 0-32 cm./hr. is optimum. Slower speeds are not detrimental providing tempera-
ture control is adequate.

The stability of the furnace assemblage, i.e., the amount of vibration suffered
by the crystal during growth, is apparcntly not significant. In fact, some vibration
may be essential to the prevention of extreme supercooling with subsequent
multiple crystallization. To test the effect of excessive vibration, crystals of
AgCl were grown with a buzzer attached loosely to the support rod. Satisfactory
single crystals resulted in two runs.

The shape of the crucible commonly uscd by the various investigators is a
cyhnder with a 60°-135° conical tip. However, there appears to be nothing
critical about the angle of the conical tip. Successful single crystals  in. to 1} in.
diam. of AgCl, TIC], and T1Br were grown in flat-bottomed crucibles at lowering
speeds of o-12 in./hr. in a gradient of 45° C/in.

The choice of crucible material depends on the nature of the crystal to be
grown, its chemical reaction with the crucible, and the temperature of operation.
The following crucible materials have been used in our laboratory or reported in
the literature.

TvypicAL CRUCIBLE MATERIALS

CRYSTAL CRUCIBLE REMARKS
MATERIAL

Alkali halides Platinum * Some adherence
Lead halides Silica glass Sealed crucible
Thallous halides Pyrex glass Little adherence
Silver halides Pyrex glass Some adherence **
Divalent tungstates Platinum ***
Fluorite Carbon

* Strong used an iron crucible for alkali halides (in an H, atmosphere).*

** Itis known that AgCl or other silver salts react with alkali glasses exchanging
Ag for Na ions at the surface. AgCl adheres strongly to such altered glasses.

*** Considerable difficulty was experienced in preparing leak-free crucibles
for these temperatures.

13 Temperature, Its Measurement and Control in Science and Industry, Amer, Inst.
Physics (Reinhold, N.Y., 1941).
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As far as temperature stability goes, Pyrex glass is suitable up to 500°C, silica
glass can be used up to 1100° C and platinum is suitable up to its melting point.
Most single crystals can be grown in open crucibles in air. Some exceptions are
easily oxidized substances like the lead halides. Fluorite is reported to hydrolyze
in air during growth.

In the case of the glass crucibles the support rod is an extension of the tip of
the crucible. The metal crucibles are supported on metal cone supports. The
removal of the crystal from the crucible has been done by inverting the crucible
immediately after crystallization is complete and raising the temperature rapidly
above the liquidus whereupon a thin layer of the crystal melts and the crystal
drops out of the crucible. For medium-sized crucibles with proper annealing of
the crystal, this is not necessary. The crystal can be removed by cracking the
crucible ; in fact, the crucible is usually fractured during annealing.

THE CHARGE. The factor of purity of the initial charge is a complex and im-
portant one since it probably dominates all other factors in determining the final
single crystallinity of the boule. An impurity in the charge is forcign both to the
composition of the melt and to the lattice of the crystal. It is usually insoluble
in the crystal and hence does not favour single-crystal growth but leads to
multiple crystals and cloudy boules. For example, TICl 1s completely soluble
in T1Br in the meclt and crystal, and good single crystals of solid solutions can
be had. However, the presence of more than o-1 9 TICl in AgCl (in which it is
sparingly soluble) yields cloudy polycrystalline boules. Hence, in the latter
case 1t 1s a definite impurity. In fact, a melt containing o-5 9% TICI in AgCl
can be converted to a poor single crystal containing less than o1 %, the remainder
having been rejected during growth.

Generally speaking, the usual c.p. chemicals are not suitable. For each
chemical a purification scheme must be worked out to provide sufficient punty
for the growth technique, and in some cases additional purification must be
carried out to satisfy more ngid specilications for a particular material. However,
it 1s slowly being recognized, for crystals grown from the melt or from water
solution, that eatreme purity 1s not always desirable and often leads to poor
growth.

The degree of perfection of many crystals can be improved through the use
of small amounts of additives, e g, Pbtt in NaCl or TI+ 1n KI. No correlation
can be made between the chemical nature of the additive and its effectiveness in
improving crystal quality beyond the statement that most effective additives
are large, easily polarizable cations. The difficulties 1n obtaining a single-crystal
boule of a variety of materials vary with the chemical nature of the material,
in a manner as yet not determined. Ior example, rather extreme controls are
required, on matters of purity, ctc., for such materials as PbCl, and CaWO,,
while on the other extreme AgCl can be converted into single-crystal material
under almost any conditions.

On the basis of general phase-rule considerations, the crystallization of a solid
solution by the melt technique should yield a fractionated boule with the tip
material richer in the higher melting component. For normal, solid-solution
behaviour one might predict that a homogeneous, solid-solution single crystal
could notbe grown. TFor example, acrystal (z in. X § in.diam ) grown from a melt
of AgCl and NaCl (NRL-13-X) the top of the boule analyzed 76 mol-9% AgCl
while the tip of the boule analyzed 72 9, AgCl. A similar situation obtained
during the growth of solid solutions in the system KCI-KBr (in this latter the
fractionation was detected by refractive index measurements rather than
chemical analysis). The solid solution 42 mol-94 T1Br-58 mol-9, T1I may show
some fractionation during growth. McFee 14 has given quantitative data on the
self-purification of impure crystals of NaCl during growth,

Technique No. 5. The available crucible materials limit the crucible-melt
technique to temperatures below 1700° C. Crucibles are available for higher

temperatures but they are readily attacked by the various melts and hence
usually unsuitable.

In 1891 a Swiss worker, Verneuil, developed a method for growth of crystals

14 McFee, J. Chem. Physics, 1947, 15, 856.
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of highly refractory materials by fusing the material in the flame of an oxygen-
hydrogen torch.?? In this process, fine powder is introduced into the oxygen tube
of the burner. As the powder enters the flame it is melted and is collected on a
refractory rod. By suitable manipulation this melted material can be caused
to grow into a single crystal. Initially the powder is allowed to accumulate as a
cone of semi-melted material on the support and then the tip of this cone is
melted by adjusting the gases, and the flow of powder is increased. If this initial
melting operation is carried out under proper control, a single crystal results
which may be extended by smooth addition of more material as the rod is
lowered. Some operators use oriented seeds attached to the rod as the original
material to which additional material is added through the flame.

The published literature on the details of this process is quite scanty. The
successful growth operation depends upon the skill of the operator in manipulating
the flame and feed and in initiating the single-crystal tip. Further growth
proceeds continuously as the feed material melts and is assimilated into the
growing crystal. The purity of the starting material must be quite high. The
same concepts apply to the question of purity in this material as in the melt-
crucible growth. For example, in the growth of sapphire boules the Al,O, is
prepared by calcining a twice-recrystallized ammonium alum. The growing
crystal purifies itself by ‘‘ scumming-off *’ impurities to the liquid surface of the
boule. If the feed material is too impure, this scum covers the surface, and
growth is interrupted.1®

In the past, the crystals grown by this technique have been limited to corundum
(sapphire), corundum coloured by small amounts of other oxides (ruby,
alexandrite, etc.) and a spinel solid solution (MgAl,O, 4 excess Al;0,). In the
past year, several new crystals have been added of which we can list :

(1) RutiLE.}® This crystal, grown up to 75 carats, emerges from the furnace
as a black, oxygen-deficient boule which can be bleached in O, into a clear,
light-yellow material with rather unusual optical and electrical properties.

(2) ScHEELITE—CaWO.17 18 This material (of interest as the light emitter in
scintillation counters) has been grown up to } in. diam. with little difficulty.

Crystal Section,
Naval Research Laboratory,
Washington, D.C.

18 Moore, Jr., private communication, 1948.

1¢ Titanium Division, National Lead Co., Sci. Newsletter, Oct. 1947.
17 Linde Air Products Corp., Chem. Eng. News, 1949, 27, 48.

18 Zerfoss, Johnson and Imber, Physic. Rev., 1949, 75, 320.

SOME ASPECTS OF THE GROWTH OF QUARTZ CRYSTALS*
By A. C. SWINNERTON, G. E. OWEN AND ]J. F. CoRWIN

Received 25th February, 1949

The aspects of laboratory quartz research discussed in this paper are three-
fold. (1) Quantitative growth results and observations related to growth
experiments are presented. Growth was obtained in dilute alkali halide

* The results and interpretations presented here are derived from work supported
on contract between Antioch College and the U.S. Army Signal Corps through its
Signal Corps Engineering Laboratories at Fort Monmouth, New Jersey. The senior
author is Professor of Geology at Antioch College ; from 1943 to 1946 he was associated
with the U.S. Army Signal Corps in the research and development activities related
to quartz oscillator units. In late 1945 he participated in the interrogation of German
scientists, among them Rickard Nacken, who had worked in the search for alternatives
to natural quartz. Dr. Owen is Professor of Physics and Dr. Corwin is Associate
Professor of Chemistry, both at Antioch College.
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solutions at 400° C with a nominal zero thermal gradient, utilizing vitreous
silica as source material and crystalline seed plates. (2) In supplementary
experiments designed to investigate the nature of the solutions in the critical
state apparatus was developed to record automatically the impedances
of the liquid and vapour phases as they approach and pass into the super-
critical state. The current results of these investigations are described
since the impedance technique gives promise of having both practical and
theoretical value. (3) Finally, certain tentative, theoretical interpretations
regarding the nature of the SiO,—~H,0O-metal ion relationships, based in part
on X-ray analysis, are outlined. This paper is in the nature of a progress
report of work which is continuing. It represents data and conclusions
as of approximately 1st February, 1949.

Growth in Alkali Halide Solutions

The selection of the alkali halide solutions as the solvents in Jaboratory
quartz experiments resulted from a survey of the analyses of the liquid
inclusions in natural quartz. Na and Cl were found to be the commonest
components reported. Early results in this project gave growth when fused
silica, rather than quartz, was used as source material ; fused silica has been
consistently, although not exclusively, used for this purpose. Seed plates
are natural quartz, either AT-cut oscillator blanks or plates cut parallel
to the minor rhombohedral face, approximately 0'5 X 06 X 0-030 in. in
size and weighing close to 0-400 g.

The autoclave equipment consists of several 250 ml. bombs made by the
Parr Instrument Company from stainless steels 347 and 316. Some
difficulty has been experienced in obtaining steel free from defects. The
interior of the bomb is a cylindrical cavity 34 in. deep by 24 in. in diameter.
The centre of the lid has a small eyelet for suspending the seed plate. Just
off centre a thermowell tube extends $ in. into the cavity. Accessory equip-
ment includes a junction block above the lid with a blow-out safety disc,
a needle.valve outlet and a tubing connection to a 0-10,000 psi Bourdon-
type gauge. The closure gasket is copper.

The heater is a vertical insulated cvlinder with two Calrod units coiled
one above the other; each is controlled by its own variable transformer.
Thus the heat is supplied through the walls of the autoclave rather than
at the bottom. Temperature control is supplied by Leeds and Northrup
proportioning controllers through mechanical relays. Temperature observa-
tions are recorded automatically from two thermocouples, one placed in
the thermowell in the lid and the second inserted in a copper block insulated
from the furnace wall but supporting the bottom of the autoclave. The
thermal gradient in the autoclave is controlled in two ways: (1) the input
to the lower and upper heating coils may be varied by adjusting the variable
transformers ; (2) the radiation from the upper surface can be varied by
piling on, or removing, loose insulation.

An operating temperature of 400° C was selected for the reasons that it
was sufficiently above the critical temperature to ensure the existence of the
supercritical state within the autoclaves and for all degrees of filling under
65 % was within the safe limits of the equipment. The thermal gradient,
although controlled closely, is probably not less than 1°C, or more than
5° C, warmer at the bottom than at the top.

Several concentrations of sodium chloride and several degrees of filling
or “ charge” were systematically explored in series. In the first series
the solutions were ‘‘ neutral,” i.e., the NaCl was dissolved in distilled water
of pH ranging around 6. At least two experiments were done for each
set of conditions. The single figures in Table I represent the averages of
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consistent results. Forty-eight hours at temperature was the standard
nominal period.
TABLE I
AVERAGE 9, INCREASE IN WEIGHT OF SEED PLATE.
Sopium CHLORIDE PH 6-7. 48 HR. AT 400°C, o°

THERMAL GRADIENT. AVERAGE WEIGHT OF SEED
PLATE 07400 G.

0,

Charge | N/40 | Nj3o | Njzo | Nj1o | Nj2 | N
50 2 35 2°5 25 2 —40
40 I°5 2 15 2 -3 —13
30 3 3 2 45 3 4
20 5 10 7

A second series of experiments was undertaken in which the initial pH
of the solution was adjusted to 10 4 0-5 by the addition of a few drops of
concentrated NaOH. A slightly different range of concentrations was used
for the second series. Otherwise the conditions of experimentation shown
in Table IT are the same as those shown in Table I. The contrast in results
between the two Tables indicates the effectiveness of the increased
alkalinity. In every case the terminal pH had a value in the range of 7 to 5.

TABLE II

AVERAGE 9%, INCREASE IN WEIGHT OF SEED PLATE.

NaCL ApjusTED TO PH 10 WITH NAOH 48 HR.

AT 400°C, 0° THERMAL GRADIENT. AVERAGE
WEIGHT OF SEED PLATE 0°400 G.

9 Charge| N/40 | Njro | Nz | 3N/4 N
50 120 4 4 —76 —10
40 5 5 35| —36 —13
30 4 10 8 [ 6
20 7 I2 25 10 I0

Following the discovery of the high-yield region at N/40 and 50 %, charge,
exploration of coneentrations down to N/200 and as high as 60 9%, showed less
growth than with N/40, 50 %.

Experiments using KCl, KBr and NaBr, N/40 and 50 9, charge, yielded
growth. Only the NaBr experiments indicated results comparable to
NaCl.

TABLE IV
ErrEcT OF AMOUNT OF FUSED SiLica

SOURCE MATERIAL (VITREOSIL). OTHER
ConpiITIONS AS IN TABLE II

TABLE III
GROWTH IN SOLUTIONS OTHER THAN

NaCL N/40, 50 % CHARGE. OTHER Grams of
CoNDITIONS As IN TaBLE II Source Growth 9%,
Solution Growth %,
065 524
p— o6 1°35 807
NaBr 103 !.80 III'0
NaB it 260 129'0
265 132°0
15°1 140°0
16°1 109°0

The relation of amount of source material (fused silica) to growth on a

seed plate of given size shows a saturation phenomenon.

Small amounts of
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source yield small growth. But source material in excess of 2:6 g. shows
little or no more growth on the seed plate than when 2:6 g. of fused silica is
used as a source.

The source residue of the first run (0-65 g.) showed in X-ray analysis to be
entirely quartz, whereas the residues from the last two (15'1 and 16-1 g.)
showed some cristobalite present with quartz.

The relation of amount of growth to length of time represents a confused
picture. Experiments continued in excess of 48 hr. tend to give less growth
than those of the two-day period.

TABLE V

LENGTH oF TIME. CoNc. N/40, 50 % CHARGE, PH 10, 0° THERMAL GRADIENT 0°400 G.
SEED PLATES

Solution Time (hr.) \ Growth 9, l Remarks
NaCl 48 ‘ 120 Average of several runs
NaCl 72 25 Average of several runs
KC1 24 } 63°5 One run with leakage
KCl 48 66 Average of two runs
KCl1 96 \ 739 Average of two runs
KBr 48 582 Average of two runs
KBr 96 ’ 584 Average of two runs

A striking characteristic of the process is the contrast between the initial
alkalinity, adjusted in several series of experiments to a nominal pH 10,
and the terminal pH which invariably shows less alkalinity and may even
be on the acid side. The factors causing the variability in the terminal
pH have not been identified with certainty. It does not bear a direct
relationship either to time or to amount of growth. Devitrification of the
fused silica source is pronounced and is another characteristic of the process.
The fused material becomes either granular quartz or a mixture of quartz
and cristobalite. It has not been possible to observe if the change in
alkalinity is related to the devitrification.

Attempts have been made to counteract both changes. To maintain
alkalinity, buffered solutions have been tried. Injection of alkali and
manual regeneration of the solutions have been attempted. None of these
has given substantial success as yet. The devitrification of fused silica led
to the experimentation with other solutions and with other source materials,
This phase of the investigation is still in progress.

In summary it should be pointed out that the method pursued here is
dependent on the difference in solubilities of the solid forms of silica,
particularly fused silica, and quartz. It is distinctly different from the
techniques which utilize large thermal gradients and circulation from an
under-saturated source zone to a supersaturated locus of crystallization.
The phase-solubility transfer method yields rapid growth of good quality
but is limited by a time factor which is associated with decreasing alkalinity
and devitrification of fused silica source material.

Impedance Studies

The introduction of an insulated electrical lead into the internal cavity
of a stainless steel bomb has made it possible to observe certain changes
in the liquid and vapour phases with temperature. The electrical lead is
an airplane-type spark plug furnished by the AC Spark Plug Division of
General Motors Corp. It consists of an electrode centred in a core of fused
ALQ,. The core in turn is gasketed with copper in a threaded metal jacket
which screws into the bomb. Another copper gasket is used to seal the
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plug to the bomb. The outer end of the electrode is provided with a screw
connector for one wire. The circuit is completed by a second wire attached
to the wall of the bomb.

Best results have been obtained in a special 5 in. long 18 ml. tubular
stainless steel bomb. One end is solid ; a spark plug serves as the closure
for the other end. The bomb is heated in a furnace which can be inverted
so that readings may be taken alternately in the liquid and vapour phases.
This method is preferred at present to the use of a two-plug bomb because the
incidence of leakage is less with one plug than with two, and because there
is no question of variation in impedance due to the presence of two plugs.

op Impedance
" Temperature
P ,_-._ﬁ‘..__..-_.\
U 375
\
\
\
\
\‘ Joo
L\ Tpimpmee -\ S
, \
] [
II /l' ,’l ‘\ Q
/é - -~ \ 200
- / ottom Impedance \\
J\ J / \
b
N \
\
e
\
’ )
Time in hours

F16. 1.—N/40 NaCl 40 %. Scale 100 ohms.

A voltage regulated signal generator supplies a 1 KC current to the spark
plug circuit. The impedance is compared with a known value in a branch
circuit. This voltage is rectified and, after suitable amplification, is applied
to a potentiometer-type recorder of the kind ordinarily used for thermo-
couple temperature records. The ordinary temperature scale on the paper
chart can be calibrated by substituting known resistances in place of the
bomb. The instrumental and recording arrangement yields printed records
of impedance and bomb-wall temperature on the same time chart.

Investigations are in progress to discover the basic patterns of various
concentrations of NaCl and other alkali halides, with and without the
alkalinity adjusted, with and without silica present, in several degrees of
filling. Enough consistent data have been secured to permit certain
comments and conclusions.
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(x) The technique is successful in showing changes in the impedance-related
properties of both the liquid and gas phases of the solutions so far used,
as they approach and enter the supercritical state.

(2) The records of the top phase of the bomb clearly distinguish between
different degrees of filling. The variations in bottom readings are small
with differences in filling.

(3) So far variations in alkalinity have not been identified.

(4) The presence of silica has shown distinctive but anomalous behaviour,
not subject to repetition in detail, but predictable as to general character.
In particular, the impedance of the top phase seems to be lowered by the
presence of silica.

The nature of the patterns obtained is shown in Fig. 1 and 2. Fig. 1 is
the tracing of a chart of temperature and impedance for a 40 9, charge of

---1Top Impedance
o —_—
0
'I;c‘ripcra,tm § oo
y, . - o ~400=-
’ A\t

i \ _—

\ |
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\ o
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L~ Bottom Imped ~~ \/
J X
7 ___/’ I‘ ~200~
- mee—e .H\/‘
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\
-100m=

Time tn hours
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400 3400 2100 1300 12500 11400 10400 e

F1G. 2.—N/40 NaCl 40 %. Scale 100 ohms.

N/40 NaCl. The record begins at the right with a rapidly rising tempera-
ture curve. The high impedance of the top electrode (vapour phase) appears
at the upper right. The nature of the apparatus is such that the scale as
used for this record places 100 ohms near the top ; very high values are not
distinguishable. Below 100 ohms the scale is reasonably linear. When the
temperature reaches 375° 4 1° the top impedance drops abruptly and levels
off at 55 ohms as the temperature levels off at 400° C.. The break in the
record indicates that the furnace and bomb were inverted. The bottom
impedance drops abruptly and then curves downwards, apparently approach-
ing a firm value. The reading which the first (right-hand) down curve thus
approaches assymptotically is 35 ohms. When the furnace and bomb are
reinverted, so that the electrode measures top impedance, the break is sharp,
the impedance returning to its previous value.

Fig. 2 shows the same conditions except that the record begins with the
electrode at the bottom (liquid phase). The times when the furnace and bomb
were inverted are apparent from the impedance shifts. The curves show
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the response of impedance to temperature changes particularly at the
bottom position. It also shows the abrupt break in top impedance when the
cooling temperature curve passes through 375° C. The remarkable contrast
in the variation of top impedance with charge and the absence of variation
of bottom impedance with charge is shown in Table VI.

TABLE VI

IMPEDANCE (Z) VARIATION WITH BoMB CHARGE
N/40 NACL AT 400°C. VoLuME oF BomB 18 ML.

Charge (ml.) B(();:lt)gnnsx)Z \ Top Z (ohms)
8 35 I 55
64 35 8o
60 — 120
5'4 38 | 235
50 36 330
40 — l 1000

* In these records the downward curve was not
permutted to continue to the point where a satis-
factory rcading could subsequently be made; n
both cases the number can be said certainly to be
less than 50 and probably less than 40.

The consistency of readings is shown by Table VII in which are tabulated
the impedance readings for several 40 %, charges of N/40 NaCl.

TABLE VII
IMPEDANCE CHARACTERISTICS OF 40 % CHARGE, N/40 NaCL
Minimum Z (ohms) Temp. Min. Z l Bottom Z 400° C Top Z 400° C
25 308°C 33 54
25 320 33 51
29 340 35 50
27 336 35 58
28 312 38 57

Measurements made with bombs from which air has been evacuated
give curves which are very similar to those already described. Since the
bombs were not designed to be evacuated the numerical results obtained
are not precise enough for direct comparison. The same is true of experi-
ments made with water with no sodium chloride, from which the air has been
removed. The difference between top and bottom impedances remains
and the general forms of the curves are similar.

Space does not permit discussion of the implications of the data in regard
to the nature of the critical state. The possible applications to the observa-
tions and control of quartz growth appear promising. But much more
work must be done before that step can be taken.

Chemical Theory

In addition to the several series of growth experiments and the impedance
studies, investigations have been made for the express purpose of establishing
a hypothetical interpretation of the growth process. These include: (r)
several 250 ml. autoclave runs using buffered solutions either as the growth
medium or as the alkalizing agent; (2) 250 ml. autoclave trials of several
different source materials; (3) X-ray examinations of the residual source
materials and of the residual solutions after evaporation to dryness.
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A summary of the pertinent facts follows: (1) the maximum growth
occurs with fused silica in 48 hr. or less followed by cessation of growth and
in some cases by resolution ; (2) a decrease in the alkalinity shows a depletion
in the available OH™ ion even when buffered solutions are used; (3) fused silica
as source material gives excellent growth but devitrifies, becoming either
quartz or a mixture of quartz and cristobalite ; (4) quartz used as source does
not transfer quartz to the seed plate, chalcedony promotes very slight
growth, natural cristobalite yields a moderate increase in seed plate weight ;
(5) quartz, chalcedony and cristobalite remain unchanged, i.e., do not show
modification like the change of fused silica to quartz and cristobalite; (6) the
solution residuals when analyzed by X-ray indicate the presence of NaCl
(in the NaCl experiments) together with non-crystalline silica.

The conclusions, which must be regarded as tentative, are not readily
summarized and require more elaboration and explanation than space
permits, In general it can be said that :

(1) The growth which occurs when fused silica and cristobalite are used
as source material, together with the small or negative results with quartz
and chalcedony, emphasizes the conclusion that the process is essentially
based on the solubility differences of the several forms of silica. This state-
ment is consistent with the generally accepted values of the vapour pressure
of the several forms. Both solubilities and vapour pressures reflect the
internal energies of the several forms.

(2) The solution of silica in dilute NaCl, pH 10 (NaOH) is probably not
simple solution in the sense of the dispersal of SiO, ions in the solvent.
Disintegrative reaction is involved, more likely a series of such reactions, in
which Na silicates are formed. Silicon tetrafluoride is a gas at ordinary
temperatures. Arguing from the similarity in size and weight of OH and F,
it seems possible that Si(OH),, particularly at high temperature, may be a
gas; likewise for SiO, ions. These solution-reaction products arc assumed
to be less stable in the presence of quartz than in the presence of fused silica.
Growth on the seed plate should return OH™ ions to the solution, maintaining
the alkalinity. The process of growth, moreover, should leave some residual
silicates in the solution. This residual does not appear in the X-ray data
as crystalline silicates but as amorphous silica.

(3) The solution of the fused silica source is considered as occurring by
the replacement one at a time of the oxygen atoms on the apexes of the silica
tetrahedra by OH and ONa groups, thus breaking the bonds to the adjacent
tetrahedra. During this process the alkalinity is depleted because of
distribution of OH groups over the increasing surfaces. It is possible that
this process also brings about the devitrification of the fused silica by giving
opportunity for any vague structural nuclei of cristobalite and quartz in the
fused silica to orient and complete their structures.

Although the tentative nature of these conclusions should be repeatedly
emphasized, several lines of investigation are clearly suggested. (1)
Devitrification of fused silica must be regulated or inhibited either by
solutions or other operating conditions which discourage it. This answer
is probably not easy. As an alternative to a direct answer, suspended fused
silica might be injected into the autoclave to renew the source supply.
(2) Source material which does not suffer modification can be sought. Cristo-
balite gives some promise and is currently under investigation. (3) The
alkaline level may need to be maintained by injection to keep the transfer
active.

General Conclusions

The process of quartz growth by differential phase solubility gives rapid
growth of excellent quality at temperatures above the critical point. Its
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limitation is the cessation of growth after a short period. The stoppage
is related apparently to a series of complex silicate solution reactions which
result in diminished alkalinity and devitrification of vitreous source material.
The impedance studies show promise as a means of developing a technique
for observing and controlling the progress of the reactions. Since the
quality of product is good and the process is rapid, investigations are continu-
ing in an effort to overcome the limitations.

Antioch College,
Yellow Springs, Ohio.

THE ROLE OF DIFFUSION POTENTIALS IN THE GROWTH OF
IONIC CRYSTALS

By A. R. UBBELOHDE
Recetved 29th April, 1949

The object of this paper is to draw attention to certain electrical effects
which appear to be significant for the growth of crystals. Experimental
study of these effects is still in too early a stage to permit a fully connected
account of all the phenomena. Nevertheless some discussion of the role
of electrical effects in the growth of ionic and polar crystals is desirable in
reviewing the field of crystal growth as a whole.

Diffusion Potentials in the Neighbourhood of Ionic Crystals.
—The different mobilities in solution of the positive and negative ions
which go to form an ionic crystal must normally lead to the establishment
of diffusion potentials in the neighbourhood of the crystals. Such diffusion
potentials can have a notable effect on the migration of the ions. The
following cases are selected to illustrate some of the various possibilities
which can arise.

(A) DIFFUSION POTENTIALS DUE TO CONCENTRATION GRADIENTS IN THE
SOLUTION IN THE NEIGHBOURHOOD OF THE CRYSTAL.—It follows from the
Nernst argument that any concentration gradient dc/dx in solution is accom-
panied by a potential gradient dE/dx in the solution if the ionic mobilities
U+ and U- differ. When a solution of a pure ionic crystal is considered
with ions of equal valency #,, the well-known expression is obtained for the

potential gradient :
dE (U““——U‘ RT dc
dx U+ 4+ U‘) cFn, dx

Such a potential gradient in the body of the solution can be substantially
modified by the presence of foreign ions whose valency and ionic mobility
are very different from #, and U+ or U~. Three types of ionic impurity
may be quoted which may be expected to have a substantial effect in
modifying concentration gradient potentials in solution, and which may in
consequence modify crystal growth.

(i) The H* ion when the anion is common, and to a less degree the
OH~- when the cation is common.?!

(ii) Ions of high valency as an impurity in a solution of ions of low
valency.

(iii) Colloids capable of acting as ions with very low mobility.

1cf, Abegg and Bose, Z. physik. Chem., 1899, 30, 545¢
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Before an assessment can be made of the role of such impurities in
modifying crystal growth by modifying concentration gradient potentials,
it would be of value to have an experimental technique which would reveal
the equipotential surfaces around an ionic crystal growing in solution.
Such a technique does not seem to be available at present. But studies
of the effects of the deliberate addition of impurities such as (i), (ii) or (iii)
may be useful in indicating the kind of distribution over a plane face, and
around edges and corners of a growing crystal.

Alterations of the viscosity of the solution would also modify the con-
centration gradient potentials around a crystal, by affecting the values of
U+ and U-. Probably this effect is subsidiary in aqueous solutions until
the change in ionic mobilities is substantial.

(B) THE POTENTIAL GRADIENT ACROSS THE INTERFACE BETWEEN THE
LATTICE AND THE SoLuTION.—Even under conditions where growth rates
are negligible, and concentration gradient potentials in the bulk of the
solution can be neglected, a potential difference should normally persist
across the interface between the crystal and the solution. For example,
such potential differences should persist in saturated solution in equilibrium
with a crystal surface.

Unequivocal theoretical calculations of the magnitude of this potential
difference do not appear to be available.2 The various physical factors
contributing to this potential difference have not been fully elucidated,
but its origin can be grasped by considering an ionic crystal in equilibrium
with its very dilute vapour in vacuo. The steady state is somewhat more
complicated for an ionic crystal than for a homopolar crystal in equilibrium
with a monatomic vapour, owing to the fact that the work done against
the crystal lattice forces on removing isolated positive ions is usually not
quite the same as the work done in removing isolated negative ions, on
account of differences in the polarizabilities and van der Waals’ attractions.
A potential difference between the interior of the solid and the vapour
must be built up till the rate of vaporization of the two ions becomes equal.
The way in which this potential difference is established need not be
particularized here. One process would be a displacement of the ions near
the surface of the crystal from their normal equilibrium positions.

A similar potential difference may normally be expected for crystals in
contact with solution. Although the calculation of the magnitude of this
potential difference in solution is not finally solved, it is important to
consider how it would be modified at various crystal faces by the presence
of foreign ions of the type considered under (a) above. Foreign ions
especially of the types (ii) and (iii) are well known to influence streaming
potentials and will have a corresponding effect on the surfaces of an ionic
crystal in aqueous solution.

(c) CATAPHORESIS OF CRYSTAL NUCLEI IN SoLuTION.—Under conditions
such that potentials described under (B) are sufficiently large, it should be
possible to cause the crystal nuclei which are formed in solution to migrate
to the electrodes by applying a potential gradient. It should be noted
that such cataphoresis will be sensitive to factors which affect the surface
potentials of the nuclei. Reference may be made to experiments to test
this possibility.? In these experiments, by applying a potential difference
across a pair of copper electrodes dipping in a supersaturated solution of
copper sulphate, all the nuclei grow as crystals adhering firmly to the anode.

2 cf. Faraday Soc. Discussions, 1947, X, 3, 43.
3 Ubbelohde, Trans. Faraday Soc., 1940, 36, 863.
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Owing to the incidence of the war, it has not yet proved possible to
extend this experimental work. Some further discussion may, however,
be given here in view of the statement 4 that such directed nucleation is
merely due to the concentration differences at the two electrodes, arising
from a passage of the current. In a typical experiment (Ubbelohde, loc. cit.,
p- 864) the initial concentration of copper sulphate corresponded with
66 g. CuSO,.5H,0 in 100 g. water at 20° C. The equilibrium concentration
at the same temperature was approximately 32 g. CuSO,;5H,0 in 100 g.
With electrodes of surface area 2'4 sq. cm., preferred nucleation on the
anode was still definitely detectable after the passage of 0-2 mA flowing for
15 min,, i.e., 0'18 coulomb.

This quantity of electricity would lead to an ultimate gain of CuSO, in
the anode region of

0-18
96,500

X 1248 X 0625 = 145 X 107% g.

calculated as pentahydrate, using the transport number 0-625 for the
anion.

Questions which arise are whether the gain of CuSO, in the anode region
can make a significant difference to the degree of supersaturation, and
why all the crystals are found firmly adhering to the electrode, with evidence
of preferred but not unique orientation.

The increase in concentration around the anode depends on the volume
in which the gain of CuSO, is contained. Considering this volume as a
cylindrical sheath of thickness x around the anode, the increase in concen-
tration is approximately 6-0 X 107%/x g./ml. For this increase to be an
appreciable fraction of the supersaturation in the bulk of the solution
(approx. 0-3 g./ml.} ¥ must be of the order of 10™¢ cm. This thickness of
anode layer is physically not unreasonable and the increased probability of
nucleation in the anode region may well be attributed to the increased
concentration resulting from the transport of electricity.

But mere increase in probability of nucleation does not explain why
the crystals are found to adhere firmly to the anode, and with preferred
but not unique orientation. This appears to be a significant observation
for the mechanism of growth of ionic crystals. One explanation could be
(Ubbelohde, loc. cit., p. 866) that the SO,” ions discharged at the surface
of the copper electrode can act as two-dimensional nuclei for the growth
of CuSO,5H;0. The preferred but not unique orientation observed for
the crystals would be analogous with oriented overgrowths in other cases.
An alternative explanation is that the increased concentration due to the
transport of electricity leads to a higher probability of nucleus formation
in the anode region, and that these nuclei are swept to the anode by cata-
phoresis as soon as they are formed. Since the streaming potentials at
different crystal faces are not the same, there would be a tendency to turn
the nuclei in the current flow, which would explain preferred orientation.

Whatever the explanation, the phenomenon of the electrolytic growth
of ionic crystals offers one of the problems of crystal growth which appear
to be related with the potential distribution around ionic crystals.

The Queen’s University,
Belfast.

¢ Boerboom, Nature, 1947, 159, 230.
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Dr. M. H. R. J. Plusjé (Geleen) said : I should like to make a comment on
the paper of Dr. Dunning concerning the kinetics of crystallization in solution.
Dr. Dunning has grown crystals in a continuous manner under steady conditions.
This is the way in which crystallization is carried out in practice on a large
scale, and 1 am particularly interested in crystallization as a unit operation.

Dr. Dunning has found that the rate of linear crystal growth 1s a function of
the supersaturation and Table I of his paper proves that small deviations in
the supersaturation have a marked influence on the rate of growth.

In my opinion, however, the figure he uses for the supersaturation is not the
actual supersaturation under which the crystals were growing, even after the
correction made for the somewhat higher temperature of the solution caused
by the heat of mixing. To find the supersaturation he has taken the difference
between the actual concentration, determined by immediate filtration, and the
concentration after a prolonged time of mixing, the last concentration after a
correction for a small difference i temperature due to the heat of mixing. In
determining the supersaturation he has supposed that the last-named concen-
tration is the equilibrium concentration at the surface of the crystal.

My opinion is that this is not correct. The reason is that the temperature of
a growing crystal 1s higher than the temperature of the solution in which it grows.
This is caused by the heat of crystallization, which 1s released at the surface of
the crystal. When crystallizing 1n a continuous manner under steady conditions
the crystals reach a certain fixed temperature, which remains constant during
the growing process. Therefore, there is a constant flow of heat (the heat of
crystallization) from the crystals to the solution and from the solution through
the wall of the container to the cooling medium (heat of crystallization plus
heat of the solution).

We have tried to determine this diffcrence between the temperature of growing
crystals and the temperature of the solution. With an indirect method we
found for Ca(NOs),.4H,0 1n an aqueous $olution a difference of about 1 J10° C:
the exact value depending on the ratio between the total crystal surface and the
surface of the cooled vesscl.

The actual concentration of the solution at the surface of a growing crystal
is thercfore never the equilibrium concentration at the temperature of the
solution, but somewhat higher. Because small differences in the supersaturation
have such marked influences on the rate of growth, I think it absolutely necessary
to take the ‘‘ crystal temperature ”” and the heat flow into account in order to
obtain a real picture of the kinetics of crystallization in solution.

Dr. W. J. Dunning (Bristol) (communicated) : Dr Plusjé reminds us that the
temperature of the growing crystal is higher than that of the solution. An
estimate of this temperature difference is readily obtained if certain assumptions
are made. As he says, under steady conditions of continuous crystallhization
the crystals reach a fixed temperature 7” and if in addition the suspension is
adequately stirred, the temperature 7', of the solution is also constant up to a
small distance 8 from the surface. If the crystal is growing at a constant linear
rate g, the rate of heat production at the surface can be derived. Part of this
heat raises the temperature of the new growth to 7 and the rest is conducted
away down the temperature gradient (I’ — T,)/8. This model gives

0 - EAH

T =To = 3cg — K782) *

where AH is the heat of crystallization per mole, g the linear rate of growth, M
the molecular weight, ¢ the specific heat, K the thermal conductivity, and &
the density. If we take the largest valuc of g in Table I (8-6x/min.), and assume
K~v107? cal. cm.?/cm.° C, by using the Neumann-Kopp rule a value of c~o-2

can be estimated, we then find that with 8§ = 1074 cm., 7/ — T, is of the order
10~%° C.

183
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The figure of 0-1° C found by Dr. Plusjé can be explained if it is assumed that
his stirring is less efficient than we have assumed to be the case in the discussion
above. This would be consistent with his finding that the temperature difference
depends upon the ratio of the areas of the crystal surface and the cooling surface.

In this connection we might mention again that particular attention was paid
to stirring efficiency in our experiments. The efficiency used was such that on
halving the speed of rotation of the stirrer no significant effect was noted.

Burton and Cabrera comment that it would be very interesting to develop
experiments directed to avoid all possible foreign nuclei which could facilitate
nucleation. Our continuous method does not lend itself to exhaustive elimination
of growth nuclei, but the batch method does allow operation in a closed system
by which nuclei can be progressively eliminated to an isolated part of the
apparatus. Work is in hand on this latter technique but all the experimental
problems have not yet been solved. In connection with our results for the
continuous method, it is easy to show that since the reagents were drawn from
the same bulks in all but the first three experiments of Table I and if 1t 1s assumed
that the rate of introduction of foreign nuclei is proportional to the rate of
introduction of the reagents (i.e., the number of foreign nuclei per unit volume
of reagents is constant), then if the nucleation is not homogeneous but solely
due to foreign nuclei, the product of #, and the time of passage should be a
constant. This is certainly not the case as inspection of Table I will show, and
this lends support to the view that in these experiments the nucleation was
homogeneous.

Mr. W. K. Burton and Dr. N. Cabrera (Bristol) (communicated): With
reference to the papers by Dunning and others it seems to us worth while to
point out again the essential quantitative disagreement between theory and
experiment, in three-dimensional nucleation from solution. The theoretically
expected critical supersaturations, for which nucleation should occur, are always
of the order of a hundred times bigger than those experimentally observed. Of
course, the theory requires the knowledge of the surface energy between nucleus
and solution; the theoretical estimates are made taking some fraction of the
heat of solution for this surface energy. The disagreement with experiment
would disappear if the surface energy 1s assumed to be 20 or 30 times smaller
than the estimate above.! We do not think that this estimate can be wrong
by this factor.

This is essentially the same situation as that occurring in the surface nucleation.
We tried several possible explanations (entropy factors, influence of the mobility
of the adsorbed layer), but none changes the disagreement by an appreciable
amount.? The diffitulty has now been overcome by the dislocation mechanism
proposed by Frank.

In nucleation from solution no explanation has been found. It would be very
interesting to develop experiments directed to avoid all possible foreign nuclei,
which could facilitate nucleation; it is possible that real three-dimensional
nucleation has not yet been observed.

Dr. R. F. Strickland-Constable (Londonr) said : Bransom, Dunning and
Millard find that the rate of crystal growth appears to approximate to a linear
function of the supersaturation. It is believed that this result can be rendered
very probable on the basis of some rather general considerations which have no
relation to any particular mechanism. For this purpose it is necessary to remember
that crystal growth involves a balance between two other processes, namely,
deposition and solution. Then the growth rate can be expressed as :

g=F() — K, . . . . . (1)
where g = net rate of growth ;
F(c) = gross rate of deposition of solute. It is expressed as an entirely

unknown function of the total concentration (not as a function of
the supersaturation) ;

! Amsler, Helv. physic.. Acta, 1942, 15, 699 ; see also Dunning and others, This
Discussion.
3 Burton and Cabrera, This Discussion.
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¢ = concentration of the solution in contact with the crystal face;
K = gross rate of solution, which is a constant, independent of the
concentration.*

In the Figure the curve F(c) representing deposition rate and the straight line
corresponding to the constant rate of solution K intersect at the point where
¢ = csar.. The rate of crystal growth is shown as the difference in height of the
two curves. Tt is clear from the small triangle that (F(c) — K) is directly
proportional to (¢ —csat) to a close degree of approximation provided that:

(1) F(c) is continuous in the neighbourhood of ¢ = ¢t ;
(2) ¢ — csat, is small compared to csat..
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The former condition is most probably fulfilled since there is no reason why
the rate of deposition, which is here looked on as a property of the solution,
should behave in a special manner at the point of crossing the solubility curve.
The second condition is normally fulfilled for practical reasons. It is therefore
possible to write :

8~ k(c — csat), true for ¢ — ceat. <€ csat, - . . (2)

This principle has an important application in experiments such as those of
Bentivoglio.* This author found that in the case of a number of crystals the
relative rates of growth of the different faces were constant, in spite of a variable
degree of supersaturation.

The most general form of growth law which would express this result, con-

sidered by itself, is
ga=k{f@© —flesr)}, . . . . ()

where g, = net rate of growth of face A ;
k, = constant appropriate to face A ;
f(c) = unknown function of the concentration of the solution in contact
with the face. This function must be the same function for each
face of the crystal,

with similar expressions for the other faces B, C . .. etc., whence ‘,‘;—“ = 6’:—2 = etc.
A

2 Bentivoglio, Proc. Roy. Soc. 4, 1927, 115, 58.

* Since the growth rate is known to be sensitive to small quantities of impurities the
above equation must hold only for a given state of the solution containing a definite
constant amount of such impurities.

In order that the condition, g = 0 for ¢ = cut, may be fulfilled, where c., is the
concentration of the saturated solution, K must be equal to F(c.t), and eqn. (1) can
therefore also be written as: g= F(c) — F(Cut).
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Eqn. (2) is a special case of (3), in which the arbitrary function f(c) is placed
equal to kc. If therefore the law expressed in (2) is a general law, the results
of Bentivoglio are accounted for. At the same time the expression (3) has been
written down in order to show that Bentivoglio’s results are, considered by
themselves, consistent with a more general law which allows the growth rate to
depend on an arbitrary function of the concentration which, however, must be
the same for each face. It seems more likely, however, that Bentivoglio’s results
are, 1n fact, due to the general validity of eqn. (2).

Dr. W. J. Dunning (Bristol) (communicated): Regarding some remarks of
Prof. Juhard, I would make the following suggestion. Even in the case of
homogeneous nucleation the crystals finally obtained are of approximately the
same size, if as is usually the case the rate of nucleation depends on a higher
power of the supersaturation than the rate of growth does. Then the nuclei
born earliest when the supersaturation 1s greatest are not only the most frequent
but become the largest crystals, hence a high proportion of the weight of the
precipitate will be in this size group. Casual observation (as distinct from
number distribution analysis) will give an impression of size homogeneity.

Again the sigmoid shape is not solely a characteristic of the presence of foreign
nuclei. With homogeneous nucleation, the rate dSg/d6 = o at the beginning
and the end of the precipitation, but it is finite during crystallization, hence there
must be an inflection point.

If growth occurs only on foreign nuclei and homogeneous nucleation does
not occur, the eqn. (7a) in Bransom and Dunning’s paper takes a simple form,
from which the relation

d(Sg — So)3 wd

de M

can be obtained, where %, is the number of foreign nuclei per unit volume. In

a series of experiments of different 1nitial S, and #,, the left-hand side can be

obtained for each and plotted against Sg. Then the ratios of the ordinates for

all Sy values ought to be constant and equal to the ratios of the #n,’s. From

these plots the functional dependence of f(Sg) can be obtained apart from a
constant factor.

nof(Sg)

Dr. S, Fordham (Stevenston, Ayrshire) said : The results in my paper showed
that there was a strong probability that strained crystals of ammonium nitrate
had an initially increased rate of growth. More recently the surfaces of typical
crystals have been examined by a replica technique with the electron microscope.
Fig. 1 shows the surface of an unstrained crystal characterized by what appear
to be cracks parallel to the (oor) plane of the crystal. Fig. 2 shows that straining
of the crystal causes small areas to be raised above the general level, thus
producing irregularities of finite size. The two photographs were taken by
Mr. J. Ames.

Dr. F. C. Frank (Bristol) (partly communicated): With reference to
Dr. Fordham’s observations, for reasons given, I should not expect the change
in dislocation content produced by straining the crystals to cause a significant
change in the rate of growth (though it could affect the critical supersaturation
for growth, if one were found). In this case, I think the transient extra growth
is to be explained more on Prof. Stranski’s lines, by completion of layers from the
steps produced by slip. This remains true although the slip steps are shown by
electron-micrography to be of a rather complex character. Fordham refers to
them as *‘ dislocations.” The word * dislocation " has acquired a very definite
meaning in the theory of the solid state, and ought not to be applied freely to
any sort of derangement of a crystal: though various sorts of derangement
can be analyzed into systems of dislocations.

Prof. Stranski has mentioned the high rate of growth of twin crystals having
faces which meet in the composition plane so as to make a re-entrant angle with
each other. A notable mineralogical example of this is fluorite. The great
majority of large fluorite crystals exceeding, say, 1 cm. in size, especially those of
Weardale which make up the principal exhibits of fluorite in British museums,
are interpenetrating twins, with a twin emergent on every face. Exceptions to
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this rule always have visible disoriented blocks. Sometimes the corner of the
twin is just on the point of being submerged—evidently growth then ceases.
Each face of these twin crystals shows a pronounced growth pyramid of unusually
steep vicinal faces centred on the common line of the twin faces which meet on
the composition plane. In a typical example (of which a lantern slide was shown)
the inclination of these faces to the (100) face is 3-0°, 1n contrast with 20’, which
is the most which is usually observed for growth pyramids centred on some
ordinary pomt in the face of a crystal, as observed on alums, for example, by
Sir Henry Miers.* This unusually steep growth-pyramid signifies an unusually
high rate of emission of growth fronts from the initiating centre (in this case the
junction with the twin) compared with their rate of travel over the surface—
of the order 10 times as great as when the initiating centre is a simple dislocation
or group of dislocations.

Another admirably simple example to be seen in collections of minerals is
provided by calcite; the ‘“heart-shaped " or * butterfly-shaped "’ twins of
calcite on (110) are characteristically 10 times as large, linearly, as the accompany-
ing population of single crystals.

With regard to the visible growth steps or layers to which Dr. Bunn draws
attention, I certainly think that at least in some cases they arise in a manner
which Prof. Becker aptly likens to the formation of shock-waves ; i.e., that for
some reason molecular steps bunch together. We have then to find the influence
which leads to this bunching. This must be a ‘‘ second-order "’ effect: for if
deposition occurs at equal rates on every molecular step-line, the surface profile
is conserved, travelling with the steps; while if there is competition between
the steps so that their rate of accretion is proportional to the distance between
them the profile is conserved in the mean, while the molecular steps travel
through Neither of these extreme conditions, nor any simple linear combina-
tion of them, gives rise to an accentuation of irregularities in the profile ; this
requires that the leading members of a group should travel slower than the
rest. This will tend to occur in a stirred or convecting medium once the height
of the multiple step becomes an appreciable fraction of thickness of the laminar
diffusion layer at the surface of the crystal; but this effect will be very slight
until a substantial bunching has occurred, and I would attribute the initial
bunching to fluctuations in concentration at the initiating centre.

The most 1mportant point to notice, however, is that with this sort of inter-
pretation there are no layers, only a stepped profile. I suppose that there are
also other types of crystal growth with a genuine lamination; but one must
avoid confusing the two, taking the visible steps as certain evidence of real
layers. In particular, steps which increase in height as they spread outwards
cannot correspond to layers.

Dr. S. Fordham (Stevenston, Ayrshire) said : Dr. Frank has suggested that
my results were due to crystallization on shp planes in the strained ammonium
nitrate crystals. Neither optical nor electron microscopic examination indicated
the presence of regular slip along glide planes. On the contrary, crystals had
irregularities in their surface which were of finite size and in appearance seemed
to be very similar to the dislocations discussed by Dr. Frank although they were,
of course, on a larger scale. While willing to avoid the use of the term dislocation
in describing these irregularities, I think this is a matter of nomenclature which
does not affect the interpretation of the results.

Prof. W. E. Garner (Bristol) said: The films of Dr. Bunn and Emmett
showed the spread of crystallization as a series of waves starting at some point
near the centre of the crystal surface. Crystal growth therefore appears to be
a periodic phenomenon. In these experiments the supersaturation was probably
high, and at high supersaturations the formation of a two-dimensional nucleus
at the centre of a crystal face will have a high probability, even if no dislocations
be present. The supersaturation at the centre of a face will decrease when a
nucleus is formed, and increase again as the nucleus grows away from its point
of origin. Therefore a periodic formation of nuclei implies a periodic change in
supersaturation, Likewise the probability of nuclei formation will vary periodi-

4 Phil. Tyans. A, 1904, 202, 459.
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cally as the supersaturation fluctuates. It is possible, therefore, that the
phenomena observed are due to the interrelationship between the probability
of nuclei formation and the supersaturation. It appears to be important to work
out the dynamics of such processes. In crystallization from melts, a periodic
fluctuation in the temperature of the melt in the neighbourhood of the crystal
surface is probably the effective agent in creating the wave motion.

Dr. K. G. Denbigh (Cambridge) said : 1 would draw attention to the fact
that crystals are occasionally found in which there are a number of liquor
inclusions situated symmetrically with respect to the centre of the crystal.
During the war this had been observed both in R.D.X. and in hexamine. It
seems that the mechanism depends on the formation of a symmetrical dendrite
at an early stage of growth. The process by which R.D.X. crystals are formed
had been carried out under the microscope and it was seen, a few seconds after
initiation, that minute cross-shaped dendrites were formed. At a later stage of
growth these developed into crystals of a more regular shape and the symmetrical
inclusions were due to the trapping of mother liquor at the angles of the cross.
In a particular case there were twelve liquor inclusions in a hexamine crystal
situated with almost perfect symmetry about its centre. It was of interest that
these inclusions were almost spherical and did not show the plane faces of the
crystal.

Why is the structure of snowflakes so remarkably symmetrical ? During a
hard winter I have observed an ice crystal growing on the surface of still water
in a bath. Over a period of a few days the dendritic crystal grew to the size of
a plate, and its intricate pattern was perfectly symmetrical about the centre, like
a greatly magnified snowflake. It had the usual hexagonal form and the question
arose how it came about that each of the six spikes of the structure had exactly
the same fernlike pattern. It was known that between one snowflake and another
there were a great variety of patterns and it was therefore surprising that each of
the spikes, in any one crystal, should develop in the same way. It seemed as if
the pattern was controlled from the centre, as a chromosome controls the structure
of acell. It was perhaps related to Prof. Garner’s point concerning periodic waves
of crystallization radiating from a central point.

Dr. W. A. Wooster (Cambridge) said : Dr. Bunn has pointed out that some
faces of a given crystal grow quickly while others grow more slowly or not
at all. The concentration is greater near the non-growing surface than it is
near the rapidly growing one. It may, therefore, be necessary to look for a
cause which arises within the crystal rather than in the solution. I wish to put
forward tentatively a suggestion based on the thermal motion of the atoms.

For an ionic crystal such as NaCl the amplitude of vibration of the ionic centres
at room temperature is of the order of 1/10 A, ie., a small, but not negligible,
fraction of the distance apart of neighbouring atoms. At a growing surface this
amplitude of vibration may be greater owing to the unsymmetrical nature of the
environment-solvent molecules on one side and regularly arranged atoms on
the other. This atomic movement may determine the ease with which atoms
can be attached to the surface.

The study of diffuse thermally scattered X-rays has shown that atomic move-
ments, though random so far as any one atom is concerned, may be resolved
into a series of waves of different frequencies travelling with the speed of sound.
These waves constantly passing to and fro in the crystal will be reflected from the
boundaries, and the amplitude of vibration at any corner, step or other dis-
continuity will be greater than on a corresponding flat surface. Thus if a crystal
face has grown perfectly flat, and has no growing centres or steps, the elastic
waves will be reflected but not scattered and the vibration of an individual atom
in the surface may therefore be a minimum. On the other hand, if a crystal
face has a step there may be a concentration of elastic vibrational energy just
within the step which may keep the amplitude of atomic vibration greater than
normal. This condition may favour further deposition and keep the step
advancing.

A feature of growth, which, though not fully established for ionic crystals
growing in solution, is certainly established for growth from the vapour, is the
migration of atoms from the centre of a face to the growing edge. May it be
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that this feature is also explained by the thermally generated elastic waves ?
If a step occurs on a surface there is a possibility that if vibrational energy is
concentrated within the step it may act like a pulsating membrane and pump
the liquid along the surface from the centre of the face towards the edge.

The question was also raised as to what mechanism could determine the
symmetrical nature of the pattern of an ice crystal growing in still water, i.e.,
why all the branches arise on the opposite sides of a given stem at just the same
distance from the centre. In a stem growing out in opposite directions from a
centre, there will be elastic waves which will have the same vibrational pattern
at the same distance from the centre on either side. If the nodes and antinodes
of the elastic vibration pattern determine the generation of the branches, then
the branches would occur at the same distance from the centre.

Dr. D. R. Hale (Cleveland, Ohio) (communicated): Bunn and Emmett call
attention to the rounded surfaces of growth on high-index faces. The (oo1)
face or basal plane in quartz is not a natural face and would thus be the
equivalent, so far as growth is concerned, of a high-index face on, e.g., sodium
chloride. In the work at The Brush Development Co., Cleveland, Ohio, on
quartz crystal growing we have noted a high rate of growth, yielding rounded
surfaces, on the artificial (oo1) face obtained by sawing the crystal.® The rate
of growth is about an order of magnitude faster than that on a rhombohedral
face. These observations may be added to those mentioned in the paper as
evidence of the indiscnminate, high-rate deposition on high-index surfaces.
A further common type of deposition observed on the artificial (co1) face of
quartz 1s an assemblage of minute, oriented trigonal crystals growing in the
c-direction and fused with their neighbours at sufficient edges so that a porous
structure results. The separate crystals in this growth generally terminate
in trigonal caps, and no rounded points or areas are produced.

Thirty synthetic quartz crystals have been examined for evidence of layer
formation. About a third of them do not have sufficiently plane faces to show
unmistakable evidence of layer growth. On a few of the reasonably flat surfaces
a regular pattern of fine and closely spaced concentric lines is evidence of the
growth mechanism described by Bunn and Emmett. Many of the well-developed
crystalline faces, particularly the rhombohedral faces, exhibit low rounded domes
frequently outlined in a number of what seem to be contour lines, so that the
appearance from above is that of looking at a map and seeing a hill marked on by
lines of constant level. These lines are assumed to be the steps from one growing
level to another, but in these quartz crystals the edge seems always to fall away
in a sharp concave surface which hardly levels out before the next contour line
1s reached. This appearance seems to indicate that growth is taking place on
faces of high index.

Dr. F. C. Frank (Bristol) (parily communicated): Bunn and Humphreys-
Owen have produced some delightful experiments demonstrating that crystal
growth is a structure-sensitive process. I am disappointed that they should
finish their accounts of these phenomena by saying they are puzzling. Such
things as a sudden change in growth rate are to be expected. They could arise
from a sudden rearrangement of dislocations (since the ability of dislocations
to move under small stresses is one of their fundamental properties). They
can also be produced by adsorption of a very small amount of impurity on the
step-line connecting a dominant pair of dislocations. These observations do
seem to suggest, however, that in these particular experiments the number of
dislocations influencing growth may be quite small. '

Let me now deal with the ‘* Berg effect,” firstly pointing out what a very odd
effect it is. It is not at all similar to what was observed by Volmer and Ester-
mann. In their experiment a crystal of mercury grows in the form of a very
thin plate from the vapour at low temperature in a vacuum. The mean free
path is about 10,000 times the size of the crystal. It is found that every molecule
which strikes the crystal anywhere on its surface sticks, but migrates and is built
into the crystal only at the edge of the plate. This surface migration is entirely
understandable and just what we ought to expect.

& Hale, Science, 1948, x07, 393.
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In the experiment of Berg, Bunn and Humphreys-Owen, on the other hand,
we have a crystal growing from solution and its size is about 10,000 times the
mean free path in the surrounding medium. Ions migrating over the surface
of the crystal will suffer jostling from the molecules of the surrounding medium.
It appears quite possible, in the circumstances, that migration over the surface
will not be observable in comparison with diffusion in the solution. But suppose
it were : if there were a very mobile layer at the crystal surface, the boundary
condition at that surface would be an ‘‘ equipotential ”’ one, and, like electro-
static lines of force, the lines of diffusion flow would be most concentrated at the
crystal corners. If there is no special surface migration, a crystal preserving
its form must have uniform deposition over the surface. But what is supposed
to be observed by Berg and Humphreys-Owen is an excess of flux in the middle
of each face. This is (as Berg knew) no ordinary layer of high mobility. It has
a negative resistance. Diffusing matter goes out of its way, through a longer
path in the ordinary medium, so as to reach the corners roundabout through
this surface layer. This is not impossible, but is sufficiently odd to demand
very good evidence before it is accepted.

Berg’'s evidence was two fold. A test which he only used qualitatively, in
which he used the angles at which optical fringes met the crystal boundary to
show that the normal gradient of concentration of solute (3c,/dn) was not
constant (as he supposed it should be in uniform deposition without surface
migration) ; and the more elaborate method of calculating concentration at many
points in the medium, constructing a concentration map, and deriving (d¢,/dn)
at the boundary from this. He was wrong to suppose (dc,/On) would be
constant in the simple case. This would be true in dilute solution, but in more
concentrated solution it is obviously necessary to allow for the fact that a part
of the material required to build the crystal is there already, and a larger flux
is needed where the solution is weakest. One may alternatively think of the
necessary diffusion of solvent away from the crystal, which must also be greatest
where the solution is weak. Then the boundary condition is

(d¢,/om) = (/D) (palpa) (Pa — %a)

where w is the rate of advance of a crystal face (cm./sec.), D the diffusion
coefficient (cm./sec.), p4 the crystal density (g./cm.?), p, the effective density
of the solute in solution (= p, it there is no change of volume on solution) and
¢, is the concentration of solute in the solution in contact with the crystal surface.
Since the latter is about half the crystal density, and varies by 5 9 or so over the
crystal face, the correction is not negligible. However, according to data with
which Dr. Humphreys-Owen provided me, it only accounts for about 20 9,
of the observed variation of (3c,/o%) across a crystal face.

Some uncertainty arises from the possibly illusory position of the crystal
boundary, since lateral resolution in the microscope is necessarily sacrificed
in compromising with the ‘‘ parallel light *’ requirement for multiple-beam inter-
ference fringes. But the chief source of error is probably convection, the presence
of which will invalidate the assumption that the flux of solute is simply pro-
portional to the concentration gradient. Convection must occur because of the
large gradient of density associated with the concentration gradient near the
growing crystal. One may readily show that the ratio of the resulting convective
transport to the diffusive transport is proportional to

ght|grad p|nD

where g is the acceleration due to gravity, & is the thickness of the cell in which
the observations are made, p is the density and v the viscosity of the solution
and D the diffusion coefficient of solute. By a rather crude estimation of the
numerical factors involved it is found that the convective transport and diffusive
transports dre of similar order of magnitude when this dimensionless quantity
is about 2000. In the experiments of Berg, Bunn and Humphreys-Owen we
have typically : grad p = 5 g./cm.? per cm., ) = 10" and D = 107% c.g.s. unit,
while # =1 to 2 X 10™® cm.; so that the above number varies from 500 to
80o0o. The effect of convection is thus never negligible in the experiments as
conducted up to now, but since the fourth power of the cell thickness appears
in the criterion, it is relatively easy to make the convection negligible by using
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a thinner cell : let us say, 1o times thinner. Dr. Humphreys-Owen tells me it is
practicable to use a supersaturation ten times as large as in most of his experi-
ments so that the optical sensitivity remains the same. We shall then be able
to see whether the Berg experiment really does exist.

It is perhaps worth making a few more comments on the design of the experi-
ment. Time and expense appear to be the only considerations really favouring
a micro-experiment. Removal of heat and suppression of convection are both
achieved by using a thin cell, which is also advantageous for optical resolution.
An increase of the lateral dimensions of the crystal and field of view is purely
advantageous so far as these considerations are concerned, provided that hali-
silvered optical flats of sufficient area are available, but can only be achieved
by growing the crystal iz sifu, which takes a time proportional to the area, or
longer.

Prof. A. Juliard (Brussels) said : May I suggest that if there were any
impurities in either solution or in the gas phase from which a crystal is formed
this crystal may not grow at all ?

(e) . (d) _ _ ign
particle : (a) local dislocation; (b) centre of a hehx molecular terrace for-
mation () ; () twinning formation ; () mosaic structure formation.

ﬁForeign particles adsorbed on the surface of a crystal may exercise different
effects.

(i) If these particles are strongly adsorbed and are present at a relatively
high surface concentration they may prevent a further aggregation of the con-
stituents of the crystal and so stop the growth of this surface. When this action
is exercised on each surface of the crystal, the presence of this impurity can com-
pletely inhibit the precipitation. When this inhibiting action is only effective
on certain surfaces, the impurity may simply modify the habit of the crystal.

(i) If the particles are strongly adsorbed but present at a relatively low
surface concentration they may be embedded in the crystal by its later growth.
The presence of these foreign particles in the lattice may distort the lattice or
introduce dislocations on a molecular scale which may be the origin of helix
molecular terraces, of the twinning habit, or of the mosaic structure of certain
crystals (Fig. 1).

13
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(iii) If the particles are weakly adsorbed they may act as mineralizers in the
broad sense of the word. With convenient geometrical and chemical conditions
these particles can initiate on a crystal surface an active spot which acts as a
step from which a new molecular layer of the crystal may grow. When, in
addition, these particles are easily expelled from the newly formed layer, one
can imagine that these growing particles may be pushed ahead on a step-shape
protuberance on the surface of the crystal. Such protuberances could be the
origin of those ‘‘ multi-growth "’ layers whose existence was evidenced by the
remarkable film on crystal growth shown by Dr. Bunn and Emmett.

Mr. A. E. Robinson (Hoiton Heaith, Poole) said: The crystal habit of Li,SO,
has been found to be considerably influenced by pH of the growing solution :
at pH above 7 growth along » and y axes is encouraged : at pH below 5 growth
along the z axis is encouraged. The growth appears to be somewhat slower at
low pH. There is another effect of pH which may throw some light on the
anomalies of the adsorption effects discussed in the previous section. Small
amounts of phosphate (5 parts per million) have been found to inhibit growth at
one polar end of the crystal. At the higher pH this ion is deposited on the
crystal ; at the lower pH it remains in the solution.

The addition of a surface-active agent to this solution is an attractive idea as
one of the problems is the adherence of air bubbles to the growing crystal. These
may persist throughout growth and result in a hole through the crystal. One
wetting agent used prevented this effect, but crystal growth was rather slower
and two extra faces parallel to the y axis were developed.

Mr. L. J. Griffin (Egham) said : It may be relevant to mention the part
which can be played by the study of the surface topography of crystals using
multiple-beam interferometric techniques as developed by Tolansky. By this
means one can study natural and cleavage faces, and also synthetic growths on
either of these types of faces, with a *“ resolution "’ in depth approaching molecular
dimensions. One is thus enabled to arrive at a picture of the mechanism of growth
of many crystals, and in particular many minerals, which are not otherwise
amenable to study.

In order to illustrate the possibilities of the technique I should like to mention
some work I have done on beryl with particular relation to Bunn’s results given
earlier in the Discussion. Such naturally occurring crystals have grown under
unknown conditions, possibly with several complicating factors influencing
their growth. Therefore in all work of this nature a guiding principle has been
that several, and preferably many, crystals should show the same type of
behaviour before any general type of behaviour is claimed. Several specimens
have been found to show an extensive layer structure, the thickness of the layers
varying between some hundreds down to three or four unit cells. These layers
tend toward perfect conformity with the symmetry of the face, the conformity
in general becoming more rigorous as the layers become very thin. It may be
mentioned that the outline of these very thin layers shows no trace of the presence
of dislocations of the type proposed by Frank. The importance of the nature of
the layer edges has already been stressed by Bunn and it is worthy of note that
multiple-beam interferometry provides a means, with beryl, of indexing the
edges of the thickest layers. Some data have already been obtained but have
not yet been numerically evaluated. Bunn’s thesis of high index edges would,
however, seem to be borne out. The nature of the layer edges on beryl is actually
such as to produce a diffraction effect rendering them visible, under the micro-
scope, even when only some four or five unit cells high. The limit of sensitivity
of this surprising effect has not yet been capable of determination although
evidence has been obtained for the observation of layers three unit cells thick.
By utilizing this diffraction effect and interferometric methods, direct experi-
mental proof has been obtained that the vicinal faces of beryl consist of extensive
series of stepped layers. The growing points are sited, in general, towards the
centre of the face and away from edges or corners. The observations on this
point are not yet sufficiently extensive as compared with Bunn’s to enable one
to claim a general behaviour. In conclusion, it may be mentioned that the
existence of layers has been observed on a number of other crystals, and in
fact there seems little doubt that many crystals do grow by layer deposition.
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Prof. I. N. Stranski (Berlin) said : The problem of the occurrence of visibly
thick layers on growing crystals has two aspects. It is not sufficient to show that
the thicker layers (or multimolecular lattice planes) extend more slowly than
the elementary lattice faces (which are afterwards caught up by the lattice
faces which begin later). It must also be explamned why the thicker layers
may not become thinner by escape of individual lattice planes from the base.
A special mechamism of coarsening which sometimes occurs on single faces of
metal crystals and which is obviously connected with the edges of the faces ¢
may be mentioned 1n this connection.

I should also like to point out the fundamental difference between the growth
and reduction of crystals of urotropine at low and high temperatures and also
the remarkable variation shown by layer growth on faces of Cd or Zn crystals
according to whether they are surrounded by the fused liquid or the gas phase
(Fersenloeffel).

Dr. C. W. Bunn (I C.I, Plastics) said: In answer to Dr. U R. Evans’
remarks on dendrite formation, I would like to give some additional details
of the calculations of the diffusion process round a square crystal plate which
are mentioned 1n my second paper. Only the results of long-continued diffusion
(1.e, arrival of excess solute at face centres) are mentioned in the paper, because
these appear relevant to the phenomenon of layer formation at face centres.
But at the begimming of the process, corresponding to the early growth of a
crystal nucleus, the reverse result 1s obtained—more solute arrives at corners
than at face centres. This 1s the expected result, and may be regarded as due
to the convergent diffusion flow to the corners, when diffusion has just started
and the diffusion field does not extend far from the crystal. It 1s natural to
suppose that dendrite formation may be due to this excess arrnival of maternal
at the corners of a polyhedral crystal nucleus—excessive deposition takes place
on the corners, which begin to shoot outwards. But I should like to point
out that the effect might be due cither to this convergent diffusion effect, or
to the fact that the supersaturation 1s higher at the corners than elsewhere ;
we ought to distinguish carefully between these two possible causes. I do not
know of any evidence on the question which 1s the dominant effect; but since
both work out 1n the same direction, we dJ not lack an explanation of dendrite
formation ! Moreover, once dendritic growth has started, not only does the
growing tip retain the advantage of being in contact with the most highly
supersaturated solution, but also the diffusion field will become organized to
supply solute so as to continue the process by very convergent diffusion flow
to the growing pomnt. In fact, the difficulty is to explain why any crystals
ever avold dendrite formation and grow as polyhedra. That many of them do
1s presumably due, as Dr. Evans says, to the tendency towards the setting up
of surfaces of lower surface energy—'‘ healing,’” as I have called it. The results
in my paper arc those which follow 1if 1t 1s assumed that the crystal does avoid
dendritic growth and that the diffusion field extends far out into the solution.

Dr. Wooster's suggestions on the possible influence of the thermal wave-pattern
in the crystal on the growth of layers are very interesting and worth bearing
mmind, but I do not agree that to explain the remarkable variations in growth
rate of NaClO, crystal faces 1t 1s necessary to look for a cause which arises in
the crystal rather than in the solution, the cause may be either in the crystal
or the solution, and in my paper I have suggested particular solution conditions
—i.e., variations of concentration gradient (not concentration itself) brought
about by convection currents or other effects. Dr. Wooster states that ** the
gradient of concentration is greater near to the non-growing surface than it is
to the rapidly growing one ”’ ; but, as far as our measurements go, this is not
so—the actual concentration is greater at the non-growing surface, but the
gradient normal to the face is less steep than at the rapidly growing surface,
as one would expect; the normal gradients are roughly proportional to the
rates of growth. It is true that we can only measure concentrations up to
within, say, 10™ cm. of the face, and there might be sudden changes at very
small distances from the face ; but any sharp bend in the concentration-distance

$ Optik, 1948, 3, 17.
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curve would only be persistent if there is a big change of diffusion constant
near the face; this would mean a change of structure of the solution near the
face. The ordered structure of the crystal might well affect the structure of
the solution and its diffusion constant at very short distances (say, 1o A); but
it does not seem possible to measure concentrations at such small distances.

For the present all we can do is to measure concentrations as close to the face
as we can get, and draw what conclusions we can on the provisional assumption
that these measurements represent concentrations ‘‘ at the face.”

Prof. W. E. Garner (Bristol) said: With reference to Hartshorne’s paper,
and particularly to the high-temperature independent factor required (eqn. (10))
to account for this factor, the author, adopting a theory of Mott’s, suggests that
approximately 107 molecules of monoclinic sulphur, forming a mosaic block, are
converted to rhombic sulphur by a trigger action.

Discrepancies in the temperature independent factor of a similar character
are found 1n certain solid reactions of the type

A(solid)->B(solid) + nH,0,
where nuclei of B are formed in the surface of crystals of A simultaneously with
the liberation of water. Where the nuclei of B have pseudo-crystalline shapes
and presumably grow layer by layer, as in crystallization from the melt or from
solution, the Polanyi-Wigner equation,
rate = v N e-E/RT,

gives the normal value for v of 10** and E is the same as Q, the heat of dissociation
of the solid. N is the number of water molecules per sq. cm. of interface. In
these cases there is very close coupling between the formation of the new and
the destruction of the old phase, no activation energy being needed in excess of
the heat of dissociation. On the other hand, chrome alum gives spherical nuclei
and layer growth obviously does not occur. In this case the rate of growth of
nuclei of solid B is given by
¥ = 1028N e-31,000/RT,

There is thus a discrepancy of 10'? 1n the frequency factor and a further anomaly
is found, namely, that E is no longer the same as Q, which is 16 kcal. These
abnormalities can be accounted for if chrome alum possesses a mosaic structure
and if the reaction spreads at the normal rate within a mosaic block, but needs
a high activation energy to penetrate adjacent blocks.

In parallel with the case of chrome alum, it is suggested that for rhombic
sulphur the rate of conversion within a mosaic block might be given by
VN e/RT, where q is the free energy of transition from monoclinic to rhombic
sulphur. Since ¢ is small, transition within a mosaic block will be very rapid.
The E that is measured would then be the activation energy required to form
nuclei of rhombic sulphur between adjacent mosaic blocks.

Dr. W. J. Dunning (Bristol) (communicated) : Dr. Hartshorne has given an
interesting interpretation of his experimental results, but there is another point
of view worth considering. Accepting his model that there 1s a thin layer one
molecule thick which has properties similar to a gas, and which is situated
between the two crystalline forms, the rate of growth of the lower temperature
form should be given by Volmer's equation. The process would then be very
similar to the growth of a crystal from a supersaturated vapour of pressure p,,
this vapour pressure would be given by

Py = CeBukr,
where C is a constant and E, the latent heat of evaporation of the high tem-
perature form. Crystal growth from the vapour requires two-dimensional
nucleation which contributes another term to the activation energy.

With g = w,Fx} E%‘ . e-A”kT | e-4’IkT
where g is the rate of growth; putting x = i;_;ei—' and neglecting the term
£ 120

in A’, we have
g = const. e”"vkT e~A"/kT,
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but A_" _ owMp:N
" kT = 28R 1y~ iy,
and By P11 ="11" (T,—1),
c t.
we obtain log g = const. — Eypsr — 1_(‘-1‘111_5:_]3 .

Applying this equation to Dr. Hartshorne’s results, 1t is found that

20,200 35,000

log V =3877 —RT~ — (1. = 1)

fits them quite well.

Mr. Y. Haven (Ewndhoven) said : I would propose an alternatn ¢ mechanism
for polymorphic transformations and recrystallization processes which avoids
the conception that one atom catalyzes, e.g., 107 other atoms, as has been
proposed to account for the large pre-exponential factor. Between the two
phases a boundary region showing a certain amount of disorder is assumed.
At a given moment only some of the atoms in this region are in a position to
move ; the equihbrium concentration is given by A4’ e-E’/kT (E’ = energy of
disorder) and the mobihity by A" e-U/kT (U = activation energy for transition).

So the transformation velocity may be written as (apart from other factors)

v=A eFkT — 1’ c-E'IkT | 4" e-UIKT,
where E = E’ 4+ U.

Both 4’ and A" may contain large entropy factors e+S/X, An entropy factor
of 10*in A” may be a reasonable one, so if the pre-exponential factor is 107 times
greater than has been expected 4’ should contain an entropy factor of the order
of magmtude 10°. This may be compared with ionic crystals where an entropy
factor of 104 in the expression for the degree of disorder 1s very common, e.g.,
the number of vacant lattice sites in LiF is given by

n/N = 104, e~16,000/T,
where N and #» = number of lattice sites and vacancies per cm.?® respectively.

Dr. W. J. Dunning (Bristol) (communicated): Prof. Davies and Mr. Jones
interpret the turning points on the curves in their Fig. 3 as giving the concentra-
tion of the metastable limit. That this is correct can be seen from the following
argument. The equation

0 ]
d r 3
Se=S,—3 | FiS). { J £(S)) . d‘r} at
o !

[] [}
. dSe 3
gives a8 = 3f(Se) . | F(Sy) f(S,)d‘r} de,

dSe/d is their ordinate (y) in Fig. 3 and —S, is their abscisse (¥). Hence

. [ #s) { f f(Sax }'dz —6{rsa}". f F(S) ff(s,)drdt.
o o t

Their turning point is presumably where dx/dy is changing very rapidly. The
only quantity on the right-hand side which is changing rapidly is F(S,) and the
point where it is changing is the metastable limit.

Mr. E. O. Hall (Cambridge) said : I should like to draw Dr. McCrone's atten-
tion to similar results in two papers by Boas and Honeycombe ? where similar
grain boundary migration problems are studied in non-cubic metals, and the
cause is traced to the strain set up in the matrix by anisotropic expansion during
the thermal cycles.

7 Boas and Honeycombe, Proc. Roy. Soc. A, 1946, x86, 57 ; 1948, 188, 427.
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Dr. H. K. Hardy (Stoke Poges) said : Reference has been made to some
experiments on crystal growth as influenced by an electric potential. The same
principle has been applied to organic liquids.® Crystallization of pipernol occurred
preferentially about one electrode after being held molten with a potential of
5000 V between the electrodes. The effect was reversed when the clectrodes

were interchanged and was interpreted as evidence that the ultra-nucler were
foreign bodies.

Mr. E. O. Hall (Cambridge) saxd : The adherence of silver halides to glass,
noted 1n the paper of Zerfoss, Johnson and Eglh, 1s, of course, widely known.
However, at the Cavendish Laboratory we have grown single crystals of the
silver halides in rod form by the method of Andrade and Roscoe * using Pyrex
tubes coated with a thin film of silicone grease. The rods are cast in these coated
tubes, from the melt, and from the resulting polycrystalline rods single crystals
may be grown 1n exactly the same manner as metal crystals, although, of course,
coated tubes must again be used.

Mr. H. E. E. Powers (London) said: The phenomenon of the luminosity
caused by crushing of sucrose 1s well known under the name of tribolumiescence
and can easily be demonstrated by crushing sucrose crystals between sheets of
plate-glass in the dark.

It 1s gencrally considered to be due to electrical effects and these may be part
of the cause of some of our caking phenomena.

Other speakers have spoken of the symmetry of ¢ fault intrusions” into
crystals. Many years ago I carried out some work on the production of large
candy crystals coloured with caramel. In the course of this work a very large
number of crystals of one to two inches in length was examined and 1n very
many cases the coloration though geometric was far from symmetric.

May I, in conclusion, say that in our industry we have a wealth of interesting
material and problems, and I should welcome contact and collaboration with
any who fecl interested in sucrose.

Dr. K. G. Denbigh (Cambridge) said : In reply to Mr. Powers, I agree that
symmetrical inclusions were somewhat rare. The trapping of mother hquor in
the angles of a dendritic structure was probably not the only mecchanism of
the formation of inclusions. I have obtained some evidence that an alternative
mechanism depended on the deposition of a speck of solid impurity on the
surface of the growing crystal. Fresh crystalline material could not deposit
directly on tlus impurity and the face thereforc moved outwards with a fairly
wide radius of curvature, creating a pocket of mother hiquor with the impurity
at the bottom. Crystals were sometimes seen in which there were cavities which
had not completely sealed across.

Dr. A. F. Wells (I.C.1., Dyestuffs) said : In his earlier remarks Dr. Denbigh
drew attention to the symmetrical shape of an ice crystal growing on still water.
I would suggest that it would be more remarkable if the development were not
symmetrical. The growing crystal possesses certain symmetry, and 1t would be
expected that the environment of the crystal (in this case, the water) would
develop the same symmetry as regards diffusion currents, etc. In the absence
of disturbances, therefore, a symmetrical development will occur.

With regard to the experiments of Bunn, Berg and Humphreys-Owen, 1t
would seem dangerous to assume that the phenomena associated with the thick
layers observed on crystals growing in supersaturated solution are closely related
to the mechanism of slow growth. Many abnormalities are observed in rapid
growth from highly supersaturated solutions, particularly the development of
faces which do not appear on crystals grown slowly and continuously.
The frequent occurrence of inclusions in crystals grown rapidly and the observa-
tion that a crystal with obvious internal imperfections often grows more rapidly
in the same solution than a clear crystal suggest that the process of desolvation
may become an important factor in rapid growth. Before a sodium 10n becomes

8 Hammer, Ann. Physik, 1938 (5), 33, 445.
* Andrade and Roscoe, Proc, Physic. Soc., 1937, 49, 152.
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incorporated in the surface of a sodium chlorate crystal it must be half-dehydrated,
but before the next layer can be deposited the remaining water molecules must
be removed. Thus the spreading of the thick layers observed in some of Bunn's
experiments might not correspond to the actual process of incorporation of ions
in the crystal direct from the solution but, for example, to some secondary

process of ordering in a disordered surface layer containing partially desolvated
10ms.

Prof. A. R. Ubbelohde (Belfast) said : I would like to ask Sir John Lennard-
Jones how far the contraction he calculated at the surface of ionic crystals would
be modified when the crystals are dipped 1n a medium of high dielectric constant.
Under certain circumstances it seems likely that the effect of the high diclectric
constant must be to reduce surface strain. In the absence of such reduced surface
strain, when a sheet of ions grows outwards over a crystal face there must be a
comparatively large discontinuity in the arrangement of ions at the surface
region where the uppermost layer terminates, and this discontinuity must travel
outwards as the uppermost layer extends.

Sir John Lennard-Jones (Cambridge) said: 1 have not calculated the
effect on a crystal surface of a highly polanizable medium surrounding 1t, but
it seems clear that for ionic crystals such a medium would produce forces attract-
ing the surface 10ns outwards. The forces would partly counterbalance the
attraction of the rest of the crystal on its surface layer and so tend to eliminate
(or reduce) the contraction at the surface.

III. ABNORMAL AND MODIFIED CRYSTAL GROWTH
Introductory Paper
By A. F. WELLS
Received 4th March, 1949

The discussion of abnormal crystal growth implies that we know what
is meant by normal growth, but this is far from being true. A crystal grows
by the deposition, layer by layer, of new material on its faces, and the
growth on faces of different kinds (i.e., different crystallographic forms) is
measured as the perpendicular displacement of the face parallel to itself,
One object of theoretical treatments of crystal growth is to calculate these
rates of growth on the various faces of a crystal in terms of the atomic
structure of the crystal and the concentration of material around the crystal.
A partial solution of this problem, the calculation of relative rates of growth,
would answer the purely morphological question: why does a crystal of a
particular substance grown under specified conditions develop certain faces ?
This, however, raises another question : to what extent is the face-develop-
ment of crystals of a substance constant, external conditions remaining the
same ? Although it is known that certain face-developments are character-
istic of certain crystals, it has never been established experimentally that
a crystal with faces of more than one form does in fact maintain exactly the
same shape during growth, i.e., that the relative rates of deposition on the
different faces remain the same. For the present we shall assume that by
normal growth is meant the development of a nucleus into a single crystal
with plane faces, the relative rates of growth on which are maintained the
same throughout growth. We can then classify the various possible types of
abnormal growth. Before this is done, however, one other point deserves
mention,
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All artificial crystals, and most natural ones, are not ideal crystals in
the sense that a particular atomic arrangement extends without inter-
ruption throughout the whole crystal. Instead, the crystal consists of
mosaic blocks (within which the structure may be regarded as ideal) which
are inclined to one another at small angles. The development of mosaic
structure seems such an inevitable feature of crystal growth that it would
appear necessary for any theoretical treatment of crystal growth to account
for its appearance. (The fact that a few minerals attain, or approach, the
ideal state does not necessarily mean that they grew as ideal crystals ; they
may have been annealed subsequently.) It is known that gross imperfections
in internal structure can radically atfect the rate of growth of crystals.
For example, it is sometimes observed that if two seed crystals, grown in
the same way, are grown in the same solution under apparently identical
conditions, one may grow very much faster than the other if it has visible
internal imperfections. It is tempting to extend this idea of dependence
of rate of growth on perfection of internal (and therefore surface) structure,
and to suggest that an ideal crystal would not grow at a measurable rate.
The numerous anomalies observed in interferometric studies of crystal growth,
for example, the cessation of growth on one half of a growing face of a crystal
of sodium chlorate while growth proceeds normally on the other half, might
then be associated with the perfection of the faces. It may be that if one
part of a face accidentally attains an abnormally high degree of perfection,
then growth is thereby slowed down. This would appear as reasonable as
other explanations, for example, that minute (undetectable) amounts of
an unknown impurity settle preferentially on one half of a crystal face.
(Alternatively there might be dclay in the initiation of an ordering process
in a surface layer of randomly oriented, partially solvated, solute.) This
complication in experimental studies of crystal growth is one which has not
received cnough attention, and it may be necessary to ascertain the degree
of mosaic structure when comparing growth rates of different crystals.

The more important types of abnormal crystal growth are set out below
and I propose to mention briefly some of the problems they raise.

TYPES OF ABNORMAL CRYSTAL GROWTH
Dendrites, hopper

crystals,
and other skeletal
growths
Single crystals with
Spherulites Various face- abnormal face-
(no crystallographic NORMAL developments developments
relation between the S"fG'“E " )from different (normal plane
individual crystals) CRYSTAL solvents faces) due to
impurities, etc.
__ Contact twins Penetration twins Crystals with
(individuals related by (small number of twin vicinal faces,
definite crystallographic components or repeated curved faces,
laws, i.e., continuity of twinning to give etc.
crystal structure) pseudo-symmetrical

lamellar twins)

The account of the morphology of crystals as described, for example,
in Groth’s Chemische- Krystallographie is in some cases very misleading, for
two main reasons. (1) The face-developments illustrated for many crystals
are much more complex than those of crystals grown slowly and continuously
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from pure solutions. They obviously represent, in many cases, crystals which
had grown in dishes on laboratory benches and had been subjected to tem-
perature fluctuations leading to alternate partial dissolution and regrowth,
and hence to complex face-developments. Crystallographers have always
tended to be interested in crystals showing complex face-developments
because of the diagnostic value of complex forms, quite apart from the
intrinsic beauty of the crystals. (2) Inorganic salts are usually soluble only
in water, but many organic compounds are soluble in a variety of solvents,
and there is often a crystal habit characteristic of a particular solvent (or set
of chemically related solvents). In such cases a single illustration should be
replaced by a set of drawings showing these different face-developments.

e

c d

Fi16. 1.—Variation of crystal habit with solvent. Above : crystals of iodoform from
a, aniline, b, cyclohexane. Below : crystals of anthranilic acid from ¢, ethyl
alcohol, d, glacial acetic acid.

Fig. 1 shows examples of crystals which grow with different face-
developments from different solvents. Elucidation of habit changes of this
type calls for the development of a new branch of surface chemistry involving
a study of the interactions of molecules (of solute and solvent) in solution
with those in the various crystal faces. Unfortunately, little progress
towards even qualitative explanations can be made until the crystal structures
of the solutes are known. An exception is provided by resorcinol
(m-dihydroxy-benzene), which shows some interesting differences in behaviour
when grown from different solvents, differences which can to some extent be
related to its crystal structure. In the polar crystal of resorcinol (low-
temperature form) all the molecules are similarly oriented with respect to the
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¢ axis, as shown in Fig. 2, which shows in projection the surface structure of
a crystal of the type illustrated in Fig. 34. The inclusions in such a crystal
show that no deposition has taken place on the lower end of the crystal.
This is presumably due to the strong interaction of this hydroxylic face with
water molecules. If such a crystal is transferred to benzene solution, growth
takes place on both ends of the crystal (Fig. 3 ). In this solution there
is no preferential interaction between solvent molecules and a hydroxylic
as compared with a benzenoid face. Unidirectional growth also takes place
in certain other solvents, and from ethyl acetate a remarkable shape develops
(Fig. 3 ¢). This is a conical crystal terminated by two normal plane (0IT)
and (orI) faces, and growth takes place only on these faces. No deposition
occurs on the lower (conical) end of the crystal. No explanation has yet

been found for this extraordinary crystal shape, which is the normal develop-
ment from ethyl acetate solution.

(o7i

(on)

F1G. 2.—Projection of the structure of resorcinol on (100) showing the surface structure
of (or1) and (orT) faces. The shaded circles represent OH groups and the broken
lines, O-H-O bonds.

Closely related to the effect on crystal habit of change of solvent is the
effect of impurities in solution. Preferential interaction between the atoms
or groups in certain crystal faces with either solvent or impurity alters
the relative rates of growth on faces of different types, resulting in change
of habit. Much of the experimental work on the effect of adsorbed impurities
has been carried out with complex dyes and, as might be expected, it is
difficult to account for the remarkably specific action of many of these
complex molecules in terms of the structures of the adsorbed molecule and of
the crystal surfaces. This is emphasized in the papers of Buckley, and of
Butchart and Whetstone, which follow. An interesting application of this
kind of habit change is described by Whetstone, who has found that caking
of certain soluble salts is due to the formation of intergranular bridges, the
mechanical strength of which can be considerably reduced by modifying the
habit of the recrystallized material formed between the granules.
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The unidirectional growth of resorcinol in water and some other solvents
shows in a striking way the importance of interaction between molecules
in the surface of a crystal and solvent molecules. It suggests that even in
cases where this interaction is less powerful, desolvation of the solute mole-
cules may be an important factor to be considered in the growth of crystals
from solution. Even when a solute molecule (or ion) has settled on a crystal
face it has been only half-desolvated, and before the next layer can be laid
down the remaining solvent must be removed. Under certain conditions,
particularly during rapid growth, all this solvent is not removed and inclu-
sions are formed in the crystal. In a similar way, adsorbed molecules may
be trapped in the growing crystal, as in the case of coloured crystals of
inorganic salts mentioned by Buckley. In some cases included molecules or
crystallites are oriented in the host-crystal and give rise to pleochroism.

A phenomenon closely allied to the deposition of oriented crystallites
on the surface of a growing crystal is the formation of oriented overgrowths
on crystal faces. The literature of this field is very extensive, and much of
the interpretation of the experimental facts has been concerned primarily
with the geometrical aspect, i.e., the fitting of the overgrowth to the substrate.
Two papers in this section deal with the energetics of the formation of oriented
overgrowths. Rhodin deals with thin aluminium films deposited on the surfaces
of inorganic crystals, mostly ionic in character, and van der Merwe has made
a valuable survey of the literature in connection with a theoretical study of the
conditions which must be satisfied for the formation of an oriented, crystal-
line, overgrowth. A third paper in this field, by Hocart, describes
observations on oriented overgrowths of ammonium nitrate on mica made
in connection with a study of the stabilization of the high-temperature forms
of the salt by incorporation of small amounts of other salts with suitable
lattice-constants.

Research Laboratories, .
Imperial Chemical Industries, Ltd.,
Hexagon House,
Blackley,
Manchester, 9.

MISFITTING MONOLAYERS AND ORIENTED OVERGROWTH
By J. H. vAN DER MERWE

Received 3rd February, 1949

Crystal orientations are not in general determined by long-range forces,
but by forces between one atomic layer and the next. Hence, in order
that there shall be a definite orientation in a crystalline overgrowth on
a crystalline substrate, there must be formed, as the initial stage, an
immobile monolayer of regular atomic pattern, to be called an ‘*‘ embryo.”
If the formation of a monolayer is regarded as a process of adding atom to
atom, it is possible, if the influence of the substrate is strong, for these
(foreign) atoms to take up the same positions on the substrate as would
atoms belonging to the same substance as the substrate. The resulting
monolayer is therefore homogeneously deformed to fit on the substrate,
thus forming an embryo. ‘ Oriented overgrowth ”’ is then obtained when
the atomic pattern (unchanged, when the final overgrowth is pseudomorphic,
or homogeneously deformed, when the abnormal strain is released, at some
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stage, by lateral expansion or contraction) and orientation of the embryo
are preserved throughout the entire lattice of the overgrowth.

A theory has been developed ! which led to predictions regarding the
necessary conditions under which an embryo can be formed. The theory
is based on the properties of a one-dimensional dislocation model, consisting
of a row of identical balls, connected by identical springs (force constant p) ;
the balls at the same time being acted on by a force, which varies periodically
with the position on the substrate. The first harmonic term (amplitude 4 W)
in a Fourier series is taken to represent the corresponding potential energy.
There may be a difference between the natural spacing b of the balls and the
wavelength a of the substrate field. In the application to embryo formation
the configuration of balls and springs is taken to represent the monolayer,
and the periodic force to represent the substrate’s influence on the deposit
atoms; this extension from one to two dimensions can be shown to be
justified.

lof P

Fic. 1.—Graph of I,/P = I,(b/a — 1) against I,/P, = l,(b/a — 1). A. Lowest
energy state. (N.B. /,/P=oforo = },/P, = 2/w) B. Spontaneous gencration
of dislocations,

It is found that with this model the fit or misfit of the monolayers and
substrate is naturally described in terms of ‘‘ dislocations.” Thus, if there
is misfit so that g9 or 101 atoms in a row lie over 100 potential troughs,
the majority of the atoms actually lie nearly at the bottom of their troughs,
while there is a small region where the atoms ride over the crests, to miss
a trough or squeeze an extra atom in. This region of misfit we call a surface
dislocation : if a perfect crystal is built above it, it will develop into an
ordinary crystal dislocation of the kind originally proposed by Orowan and
Taylor to account for the mechanical properties of solids. The mathematical
theory of our model shows that when the natural spacing & differs from
that, a, of the substrate, the lowest energy state of the system remains one
with no dislocations up to a certain critical value of the misfit 1/P, defined by

I/P, = (b/a — I)aitica = 2/,
where l, = (ua?2W)t,
Calculation with Lennard-Jones forces, assuming the interactions with

! Frank and van der Merwe, Proc. Roy. Soc. A (in press).
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other atoms of the deposit and with the substrate atoms are similar, shows
that J, is about 7. Thus the critical misfit should be about q 9, in an average
case. There will, however, in general be a large variation about this average
value, depending on the relative forces exerted by deposit atoms on each other
(giving 1) and on the substrate (giving W), respectively. This is not the only
critical condition of importance, for there still remains an activation energy
for the generation of dislocations,* which only falls to zero at a larger degree
of misfit 1/l, (equal to 14 % in the average case). Hence, below this critical
misfit, it is also possible at low temperatures for the monolayer to be deposited
in fit with the substrate, thus producing an embryo in a metastable state.
Fig. 1 shows that the density of dislocations b/a — 1, where b is the average
spacing of deposit atoms, rises abruptly to a large value on passing either
of the critical misfit conditions, the lower of which is probably significant
for high, and the higher for low, temperatures. Once there is a high density
of dislocations (at which incidentally the spacing of the deposit layer becomes

fe e e e e — e ———— — — —
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F16. 2.—Graph of !,/P, agamnst w/W. A. Lowest energy state. B. Spontancous
generation of dislocations.

practically equal to its natural spacing and independent of that of the
substrate) the monolayer should be quite mobile on the surface, free to
rotate as well as to glide. Such a monolayer cannot be an embryo for
fully oriented overgrowth, though, of course, there may be a preferred
axis normal to the surface, as also occurs on amorphous substrates.

It is unlikely that the variation of potential energy in an actual case
will be represented accurately by a single sinusoidal term. The corresponding
curve is expected to have in general a maximum which is flatter and wider
than its minimum. This can be attained by introducing into the potential
representation a second harmonic term of small amplitude }w». Increasing
w|/W beyond 1/4 makes the potential curve change its nature ; it develops
a second minimum. Thus the introduction of a second harmonic term
was found to be convenient in investigating the influence of the shape of the
potential curve on the critical properties of the system. The outcome of the
investigation ! is represented graphically in Fig. 2. It is seen that the
limiting misfit corresponding to spontaneous generation of complete disloca-

* This spontaneous generation is only possible at the edge of the layer, and, of course,
becomes impossible when any flat region of the surface is completely covered.
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tions (displacement vector @) does not depend at all on the actual shape
of the potential curve, but only on its maximum variation W,, according
to the formula 1/P, = 1/, where I, = (ua?/2W,)}. This result was shown
to be completely general, holding for any shape of periodic potential curve
of wavelength a. The effect on the critical misfit corresponding to the state
of lowest energy of the system is to increase this misfit ; the increase having
a maximum value of approximately 1-2 times the original value at w = o.
This corresponds to a shift of the critical value of 9 %, to approximately 11 %,
(assuming IV, to remain constant). We may therefore conclude that the
actual shape of the potential curve is of secondary importance in embryo
formation, and that it is its maximum variation W, which is the important
factor. Note that W always occurs in the ratio Wo/u. We shall come back
to ;hc significance of W, and W,/u when we discuss the experimental
evidence.

Fi1G. 3.

denotes troughs of potential field.
denotes suitable troughs for fitting of deposit units.

denotes natural positions of deposit units.

=angle through which the monolayer must be sheared to fit on the substrate.

20+ 0

Having described the conditions necessary for the formation of an embryo,
the next step is to explain how an oriented deposit can grow from it. This
embryo is a suitable substrate for the formation of another embryo on it,
provided the binding between deposit atoms is not weaker than their binding
on to the substrate. If the atomic pattern of the embryo, and hence that of
the substrate, resembles the atomic pattern of a plane in the normal lattice
of the deposit (e.g., when the two lattices are isomorphic), it is possible
for a stable, macroscopically thick, oriented film to grow by repetition of
this process of embryo formation. This assumes, of course, that any flat
region of the surface is completely covered by the first monolayer before the
second layer is appreciable (see below).

Since the formation of a monolayer is really a process of adsorption on
the substrate, it is the pattern of potential troughs, i.e., positions of minimum
potential energy, of the deposit atoms in the substrate field, rather than the
atomic pattern of the-substrate surface, which must resemble the atomic
pattern in a plane of the deposit structure. To realize the need of this
distinction it is only necessary to consider the case of a neutral argon atom
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on the (oo1) face of NaCl, for which the potential troughs are at the centres
of the small squares having alternately Na+ ions and Cl- ions at their
corners,? as compared with the case of a K+ ion on the same substrate for
which the potential troughs are presumably on top of Cl- ions. This
example also shows that, for the sake of generality, it is convenient to speak
of deposit or substrate *“ units,”” since these can be atoms, molecules, ions, etc.
An illustration of a more general case of fitting deposition units in substrate
potential troughs is shown in Fig. 3.

Note therefore that a difference in the shapes of corresponding patterns,
e.g., a shear as in the Fig. 3, also represents “ misfit,” measured by tan 0.
This case is in fact covered by the theory.! The orientation of alkali halides
on NaNO, with tan 6 = o-21 is an example.

The thickening of films will, however, certainly cause the gencration
of dislocations at free boundaries of an initially undislocated film, since the
energy to compress the thick film will be much greater. For example, a double
layer will have a critical misfit of the order of (2)- times that of a monolayer
(taking u for a double layer to be twice that for a monolayer). However,
once the embryo covers the whole flat area, it no longer has ** free boundaries
on a flat substrate,” since it will also be completed around corners and edges,
thus pinning the boundaries to the substrate. It is therefore possible for
a stable oriented film to grow pseudomorphically with the substrate.

Even if, during the early stages of growth, spontaneous generation of
dislocations does take place at free boundaries in planes parallel to the
substrate, the initial orientation will be preserved in subsequent layers
provided the dislocated layer is at least a few (say, of the order of four)
monolayers thick, for the irregularities in the atomic pattern existing at the
centres of dislocations will be largely smoothed out over this thickness. We
know, on the other hand (if spontaneous dislocation does not take place
during the early stages of growth), that the large strain, permissible in thin
layers, cannot persist into films of indefinite thickness; a fact also well
established in experiments showing that pseudomorphic growth was no
longer observed in sufficiently thick films.3® It will be impossible to grow
macroscopically thick films with more than, say, 01 %, of strain, corresponding
to the yield stress of the bulk material. Hence thickening of films must
necessarily be accompanied by transition processes which make the bulk
of thick deposits strain free.

These theoretical ideas are in good general agreement with experimental
observations. The fact that pseudomorphic overgrowth is observed seems
to show that there are cases in which slip does not take place during the early
stages of growth. Amongst the most striking examples are the cases of Al
on Pt 3% and ZnO on Zn.3+% Similar tendencies were observed in over-
growths of MgO on Mg, Niand Co on Cu,** and in the experiments of
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