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Yoshikazu AOKI

Abstract

The habit of crystals grown from highly supersaturated solution has been
formed to be governed by linkages of coordination polyhedra from a morpholo-
gical analysis on the basis of crystal structure. Such a vector of linkages
having a direction and an energetical period which represents the three dimen-
sional structure may well be called a linkage vector. A face including at least
two non-parallel linkage vectors and being parallel or nearly parallel to some
faces of coordination polyhedra becomes an important face. Seven examples of
the morphological analysis by this method are given. This method can give
a qualitative estimation of the concentration change of mineralizing solution
and also a reasonable explanation on the mechanism of formation of growth

twins.
Contents
I Introduction .....ccuiiininnininienererionereesnansacneennasosnnnns 75
II. Outline of the Method of Linkages of Coordination Polyhedra (LCP
Method) vvvvtitiiiein i inieoeneneesoesninseneeroannaneacsaenansns i
III. Some Examples of Crystal Habit Deduced by Linkage Vector Analysis of
Coordination Polyhedra ............ it iiiiiiiiiiiniiinarnenennans 82
A. Sodium Chloride .........ccuiiiiieinetiniienanennaennns 82
B. Cesium Chloride ........cc.iitieininennenenenennnaeannnenas 85
C. Fluorite .......coiiiiiiiiiiiienininronretoeennnsnenscnas 87
D. Calcite ..o.viiiriiiiin ittt it eetnaseennrnsnsnesoanns 88
E. Cadmium Iodide ..........c.iiiiiiiiniiiii i iinrnennannn 90
F. Perovskite ....ccvviiiiinrinininiiirieneenenernnarneesnnns 93
G. Sodium Chlorate .........civeieiiinnnenenerneneneanaeans 94
IV. Comparison of the LCP Method with Experimental Data ............. 97
V. Geological Applications ....ovuiiiitnrinrneniiereenenenrnnenennnaanns 99
A. Qualitative Estimation of Concentration Change of Mineraliz-
ing Solution ......viiiiiiiii ittt i e et e 100
B. Mechanism of Formation of Growth Twins ................. 103
VI. Concluding Remarks ........civiiuieieninnnnenenenenennenronnnanns 105
Acknowledgements . .....uitriitit it i e e e e e e 106
References Cited ......coiiiiiiiiiiiiniiit ittt ittt inneaneannen, 106

I. Introduction

One of the characteristic properties of crystals is that each crystal has its
own habit, namely, each crystal is bounded by a series of plane faces. These faces
usually appear to have some regularity.

Manuscript received July 3, 1979.
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The crystal habit and its regularity have been noted and studied by many
investigators from old times. The earliest account on the relations among the
actual faces of a crystal was given by GOLDSCHMIDT (1897). He stated that the
faces of a crystal could be grouped together into certain zones, and the faces
developed in a zone between two intersections with other zones could be represented
by a “normal series”. He called this rule “law of complication”.

BAUMHAUER (1904, 1925) modified the complication law of GOLDSCHMIDT by
introducing an idea of “strength” of faces, but this did not attract much attention
because of the newly developed crystallographic applications of X-rays.

These earlier theories are concerned with the development of a zone. In order
to consider all the faces of a crystal, FRIEDEL (1907) applied the principle of
BrAvAals (1866), and concluded that the order of development of the faces was in
agreement with an order of reticular densities of the possible faces. FEDOROV
(1912, 1920) also developed nearly the same idea.

In 1919, NIGGLI indicated the influence of glide planes and screw axes on the
reticular density, and advanced a theory that the development of a face was
dependent on the “depth of the unsaturated layer”. This depth means the distance
between the outermost and the innermost layers which contain unsaturated build-
ing units. It is denoted by 4w and is zero or a multiple of dnx; according to
NiGeLI (1920). At the same time, he pointed out the importance of statistical
studies in crystal habit.

Later, DONNAY and HARKER (1937) rediscovered the influence of the glide
planes and screw axes on the reticular density. The consideration of this influence
was able to account for many anomalies in the old law of BRAVAIS. DONNAY (1937)
showed also that the above-mentioned studies of BAUMHAUER was a theoretical
consequence and a factual confirmation of the law of BRAVAIS.

From the restricted crystallographic approach, WELLS (1946) emphasized
thermodynamics and the concept of the equilibrium form. From the fact that the
crystal habit was modified experimentally by change of environment, he con-
sidered the “morphological aspects” (ranking of forms in order of importance).
He assumed a physical association of atoms with the DONNAY-HARKER equipoints
and rejected the DONNAY and HARKER’s approach. His complaint is that they
limited their generalization of the law of BRAVAIS to space group symmetry with-
out any consideration of the intensity distribution as in X-ray structure analysis.
WELLS also stated that the assumption of GiBBs (1906) was a good working hypo-
thesis and that the different habits of a crystal were caused by the different sur-
face energies. In several examples, he demonstrated the large influence of environ-
ment to erystal growth.

Similarly to the consideration of WELLS, BUERGER (1947) noted the paral-
lelism between form development and X-ray diffraction. BUERGER proposed the
model of growth by molecular blocks, which assumes that residual surface energies
related inversely to the interplanar spacings. But, like WELLS, BUERGER gave no
practical method by which the influence of energy factors could be taken into
account.

HARTMAN (1953) and HARTMAN and PERDOK (1955) presented some theore-
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tical considerations, which made it possible to correlate the crystal habit and the
crystal structure from the qualitative estimation of bond energies. Their conclu-
sion ig that the habit of a crystal is governed by chains of strong bonds which
run through the structure in a limited number of directions. The energetical
period of such a chain of strong bonds is called a periodic bond chain vector (PBC
vector), and faces of a crystal are divided into three classes, F, S, and K faces by
PBC vector analysis. HARTMAN (1956a, 1959, etc.), SIMON and BIENFAIT (1965),
and BESSIERES and BARO (1978) have reported successful applications of this
approach.

On the other hand, environmental influences on crystal habit have been de-
veloped by many investigators from old times (for examples; BUNN, 1933; BUNN,
1949; etc.). KERN (1953; 1955; 1969) showed in a number of experiments that
ionic crystals might change their habit when the supersaturation exceeded a cer-
tain critical value. He also showed that, in order to obtain a habit modification,
a critical supersaturation had to be exceeded in some extent which depends on
the concentration of the impurity in the solution. In a plot of the supersaturation
against the impurity concentration, lines can be drawn which separate fields with
different crystal habit. Such a plot is called a morphodrome (BIENFAIT et al.,
1963).

KERN tried to explain the influence of the supersaturation and the impurity
adsorption on the habit change of crystals. He made some thermodynamical ex-
planations about the influence of the latter. However, he could not give any
theoretical considerations about the influence of the former. Needless to say,
HARTMAN’s theory can not be employed for the enough discussion of the influence
of those on the crystal habit.

The aim of this study is to give a general explanation to some morphological
facts in terms of the crystal structure and linkages of the coordination polyhedra,
especially in the field of crystal growth from highly supersaturated solution.

II. OQutline of the Method of Linkage of Coordination
Polyhedra (LCP Method)

(1) Crystals grow from liquid or vapor. Hence at first, it is necessary to
know the behavior of crystallizing materials in liquid or vapor.

For example, it is an important problem how cations and anions distribute in
solution. Two factors may play an important role in mutual distribution of ions
in solution, namely, thermal collisions and electrostatic attractive forces among
ions having opposite electric charges.

The number of ions present at a distance of » from an «-ion is calculated as
follows by using Boltzmann’s formula:

ni(ry=mn; exp (—%"—) (1)

where 7;(r) and n; are the number of i-th ions per unit volume existing at the
distance of r from the «-ion in bulk solution, respectively, ¢: is the electric charge
of an i-th ion, ¢, is the electric potential, % is the Boltzmann’s constant, and T is
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the absolute temperature. The relative probability of the existence of ¢-th ions
at the distance of r from the «a-ion becomes from formula (1) :

ni(r) _ _ qifa )

B e (5T @)
¢. is determined by DEBYE and HUCKEL (1923) as a formula showing an average
electric potential of a distance r from the center of the a-ion:

_ 9a —k(r—

Da= DA+ ra)r exp [—&(r—a)] (3)
in which q, is the electric charge of the «a-ion, D is the dielectric constant of the
solvent, a is the nearest distance between two ions, and

4z 3, Nigs?
(2

2 —
M =" DVeT (4)

in which N; is the number of i-th ions and V is the unit volume of solution.
Here, let us introduce the ionic strength defined by the following formula:

1
od. ; cizi® (5)

in which m;, ¢; and z; are the molality, molarity and ionic valence of the i-th ion,
respectively, and d; is the density of the solvent.

When (5) is substituted in (4), we obtain the following relation:

g dTNe o, 8Nd,
1000DRT 5 1000DRT
in which ¢ is the elementary electric charge, and R is gas constant.

When (3) and (6) are substituted in (2), we can obtain the relative prob-
ability of the distribution of ions in relation to the distance from an a-ion and
the concentration of ions.

The result of the calculation is shown in Fig. 1 taking the «-ion as positive
monovalent, the ¢-th ion as negative monovalent, and ¢=3.0 A at 25°C. Fig.1
clearly shows a marked tendency that negative ions cluster around a positive ion.

The clustering of ions in solution has been observed experimentally from
about the end of 1950’s. For example, BRADY (1958) measured X-ray scattering
from Fe-Cl solution in the concentration range from 1.5 M to 5 M. He obtained
a result that at the highest concentration the [FeClg]3- ion appeared to be the
main species, but as the concentration was lowered the coordination of the CI-
ions around Fe3* became less definite.

(2) It seems that these phenomena will be extended to highly supersaturated
region. In addition, the ion distribution in solution must approach that of a
molten salt as already reported by some investigators about highly concentrated
aqueous electrolytes (HESTER et al., 1964 ; HESTER et al., 1967; IRISH et al., 1968).
In a molten salt, the long-range periodicity of ion distribution as in a crystal is
absent, but the interionic distances and the coordination numbers are known to
be similar to those in the crystal (LEVY et al., 1964).

If there is a coordination polyhedron round a cation in highly supersaturated
solution, it is reasonable to presume that cations in solution are concentrated to
combine with anions of the polyhedron. Then, anions in solution will gather to

1
—_ 2
I= 2 Z': mqi2i“*=

xI (6)



Crystals Grown from Highly Supersaturated Solution 79

1001

ni(r)/n;

2z41

"

0.0y 20 20 8 80
r(A)

Fig. 1. Ionic density change round an ion of charge +e¢
by DEBYE-DUCKEL theory.

A B c

Fig. 2. The proposed growth sequence of a crystal of composition
MX in higher supersaturation. A cube and an open circle indi-
cate a coordination polyhedron round an M* ion and an M* ion,

respectively.

form the coordination polyhedra round each cations already combined with anions
of the already existed polyhedron. In this manner, a crystal will grow from the

highly supersaturated solution.
For example, let us consider a crystal of composition MX growing from the

highly supersaturated solution. M and X are a monovalent cation and an anion,
respectively, and each M* ion is symmetrically surrounded by eight X~ ions and
each X~ ion is similarly surrounded by eight M* ions, i.e. both are cubic coordi-
nation, respectively. Hence, the coordination cubes link by sharing faces.
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Let’s assume that a coordination cube round an M®* ion is present in the
highly supersaturated solution (Fig.2-A). Under the condition that the ion dis-
tribution in solution is similar to that of the molten salt, cations are expected to
concentrate to form the coordination cubes such as those in the crystal. Such a
position of cations is the nearest neighbour one from anions of the coordination
cube, as shown in Fig. 2-B. After cations make bonds with anions of the coordi-
nation cube, anions in solution will soon concentrate at the nearest neighbour
positions from the cations just described above and will make bonds with the
cations to form coordination cubes, as shown in Fig. 2-C.

In this manner, a crystal will grow from the highly supersaturated solution.
Namely, crystal growth will continue in the direction of the arrows (Fig.2-C),
which is the same direction as linkages of coordination polyhedra. Hence, when
a crystal growth occurs in highly supersaturated solution, it is presumed that a
crystal will grow along the direction of linkages of coordination polyhedra.

(8) The corodination polyhedra in crystals can be classified by the kind of
the central atoms, coordination number, and the forms of the polyhedron. And
there are three ways of linkages among them, namely, sharing corners, edges,
and faces. We will find one or more linkings in a given structure. Here, we can
define a linkage unit. The linkage unit is defined as a fundamental linkage
between two neighbouring coordination polyhedra. It is unequivocally dependent
upon the kind and the form of coordination polyhedra and their three-dimensional
arrangement in a structure.

For example, let us consider a structure made up by coordination rectangular
prisms sharing faces each other. There are two kinds of linkage unit shown as
broken lines (a) and (b) in Fig. 3, in which a linkage unit is indicated as a line
between the central atoms of neighbouring polyhedra for convenience. Although
two linkages are in the same way of sharing faces, the energetical views are dif-
ferent. The distance between the central atoms is longer in the case of (b) than
in that of (a), therefore, the repulsion between atoms of the same kind is stronger
in the latter case than in the former one. The linking phenomena between the

Fig. 3. Schematic illustration of a structure having an array
of coordination prism. Broked lines (a) and (b) and a thick
line (c) between the central atoms of neighbouring polyhedra
show the linkage units and the linkage vector, respectively.
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two cases will energetically be different when a crystal grows. Consequently, we
must distinguish them as two different linkage units.

When a crystal has only one kind of linkage unit, the crystal growth might
be taken place along the directions of the linkage unit. However, many crystals
have two or more kinds of linkage unit in the structure. In this case, it is con-
sidered that the erystal will grow along the directions of the combination of these
linkage units to construct a given structure. A combination is shown as a sum
of linkage units. We will call this sum a linkage vector. A linkage vector has
a given length (a period) and a crystallographic direction. In Fig. 3, a linkage
vector is indicated as a thick line (¢) between the two central atoms. It is the
sum of linkage unit (a) and (b).

Former case in which a crystal has only one kind of linkage unit is the
particular case that the linkage vector is identical with the linkage unit.

Consequently, the crystal growth may be taken place along the directions of
the linkage vectors when the solution is highly supersaturated. If two or more
non-parallel linkage vectors are present in a layer, the layer becomes flat. A
crystal made up by these flat planes has a habit of the crystal grown from the
highly supersaturated solution.

(4) Therefore, we can assume that the habit of crystals grown from the
highly supersaturated solution is determined by the direction of the linkage of
the coordination polyhedra. Then, we can deduce the crystal habit from the crystal
structure by using the linkage of the coordination polyhedra.

The application of this method may be usually done in several stages as
follows:

Firstly, consider a three-dimensional crystal structure as an array of coor-
dination polyhedra.

Secondly, some linkage units are sought in it.

Thirdly, linkage vectors must be sought from the linkage units.

Fourthly, when the linkage vectors have been found, they can be drawn in
a stereogram as zone circles corresponding to their directions. If there are faces
containing two or more non-parallel linkage vectors in a layer, they will develop
as important faces when a crystal grows in the highly supersaturated solution as
described above. In a stereogram, they are found as the points of intersections
of these zone circles.

Fifthly, when two or more faces of forms have been found to develop as
important ones, the faces of all the coordination polyhedra* must be projected on
the same stereogram. When the pole is projected as the same point as the inter-
section points of some zone circles in it, the face or form will develop as important
one. The other ones may be difficult to develop as flat faces or forms. They can
not be flat because edges and/or corners of coordination polyhedra appear on their
surfaces, and they will have some properties like kinked or stepped faces rather
than flat ones.

* Actually, surfaces of coordination polyhedra may have some unevenness for the elec-
tron cloud of anions. But, in this case we can assume a surface surrounded by some:
lines connecting central points of anions as flat plane.
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Fig. 4. Crystal structure of sodium chloride. The thin lines
and the thick lines indicate the unit cell of sodium chloride
and the coordination octahedra round Na* ions, respectively.
A dotted line between Na, and Na. shows a linkage unit
which corresponds to a linkage vector in this case.

100

Fig. 5. Streographic projection of the linkage vectors in sodium
chloride structure. The directions of the linkage vectors are
represented by their corresponding zone circles.

More detailed explanations are presented for some examples in the following

chapter.

III. Some Examples of Morphology Deduced by Linkage
Vector Analysis of Coordination Polyhedra

A. Sodium Chloride

The structure of sodium chloride has a cubic cell with space group Fm3m
(WYCKOFF, 1963). The Na* ions are situated at the corners and at the face
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Fig. 6. Linking aspect of coordination octahedra round Na* ions in the
sodium chloride structure.

A. (111) projection of the structure of the layer-II in Fig. 6-B.
B. The vertical sectional view taken on line X-Y of Fig. 6-A.

centers of the unit cell. The CI- ions occur at the edges of the unit cell and at the
center of the cube.

Each Na* ion is symmetrically surrounded by six Cl- ions, and it has regular
octahedral coordination. Each CI- ion is similarly surrounded by six Na* ions.
The structural aspect is illustrated in Fig. 4, where the regular octahedra of CI-
ions about each Na* ion are shown. It becomes clear from Fig.4 that each of
the octahedra shares every one of its twelve edges with neighbouring octahedra.

It is easily understood that there is only one kind of linkage among neigh-
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Fig. 7. Linking aspect of coordination octahedra round Na* jons in the

sodium chloride structure.
A. (001) projection of the sodium chloride structure.

B. The vertical sectional view of bracketted part of Fig. 7-A taken
on line X-Y.

bouring octahedra about each Na* ion, namely, a linkage of sharing edges having
the linkage unit from Na; to Na,. This linkage unit determines a linkage vector
directed to {110).

Solid lines in Fig. 5 show the zone circles corresponding to the directions of
the linkage vectors in sodium chloride structure. They intersect at {111} and
{100} points. Hence, {111} and {100} are expected to be the important forms on
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Fig. 8. Stereographic projection of zone circles corresponding
to the directions of the linkage vectors and of the faces of
coordination octahedra round Na* ions in the sodium chlo-
ride structure.

gsodium chloride crystals grown from the highly supersaturated solution, because
the two forms include three and two non-parallel linkage vectors in a layer, respec-
tively.

Fig.6-A illustrates the sodium chloride structure projected on (111), and Fig.
6-B is its vertical sectional view taken on line X—Y of Fig. 6-A. But in Fig. 6-A,
only layer-II in Fig. 6-B is projected on (111). In these figures, one octahedron
round Na* ion is marked by abedef. The edges marked ac, ce, and ea are shared
with octahedra of an underlying layer-I (Fig. 6-B). Six edges of ab, be, cd, de,
ef, and fa, are shared with neighbouring octahedra belonging to the same layer-
II. From these three-dimensional arrangements of octahedra, it is understood
that there are three directions of linkages of octahedra sharing edges and they
intersect at an angle of 120° each other as shown in Fig. 6-A.

On the other hand, there are two directions of linkages of octahedra in {100},
and they intersect at right angles. Those are shown in Fig. 7-B which illustrates
the vertical sectional view of the bracketted part of Fig. 7-A taken on line X-Y.
The edges of bf, cf, df, and ef are shared with octahedra of a lower layer-I, and the
edges of be, cd, de, and ef are shared with neighbouring octahedra in the layer-II.

As described above, {111} and {001} have three and two non-parallel linkage
vectors, respectively. But, morphologically {111} is only one important form, be-
cause poles of the faces of the coordination octahedra are plotted at the same points
of {111} on a stereogram ag shown in Fig. 8.

Consequently, when a sodium chloride crystal grows from the highly super-
saturated solution, {111} is expected to appear as an important form.

B. Cesium Chloride

The structure of cesium chloride has a cubic cell with space group Pm3m
(WYCKOFF, 1963). The Cs* and Cl- ions occur at the center and at the corners of
the unit cell, respectively.

Each Cs* ion is symmetrically surrounded by eight CI- ions. And each CI-
ion is similarly surrounded by eight Cs* ions. Hence both ions are cubic coordi-
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Fig. 9. Crystal structure of cesium chloride. The thick lines
indicate the coordination cubes round Cs* ions, and a dotted
line between Cs; and Cs; shows a linkage vector in this

case.
100

Fig. 10. Stereographic projection of zone circles corresponding
to the directions of the linkage vector and of the faces of
coordination cubes round Cs* ions in the cesium chloride
structure.

nation, respectively. This aspect of the structure is shown in Fig. 9, where the
neighbouring two cubes of CI- ions round each Cs* ion are shown.

There is only one kind of linkages among neighbouring cubes round Cs*,
namely the linkage of coordination cubes sharing faces. The linkage unit is from
Cs; to Cs, as shown by a dotted line in Fig. 9. This linkage unit determines a
linkage vector directed to <100).

The directions of the linkage vectors are indicated by their corresponding
zone circles in the stereographic projection as shown in Fig.10. They intersect
at {100} points. And the poles of faces of the coordination cube are projected at
the same points. Hence, {100} is the important form for cesium chloride crystals
grown from the highly supersaturated solution.
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Fig. 11. Crystal structure of fluorite.
A. Fluorite structure as an array of coordination cubes round Ca?* ions. A
line between Ca; and Ca, indicates the linkage unit.
B. Fluorite structure as an array of coordination tetrahedra round F- ions.
A line between F; and F, indicates the linkage unit.

C. Fluorite

The structure of fluorite has a cubic cell with space group Fm3m (WYCKOFF,
1963). The Ca2?* ions are arranged at the corners and face centers of a cubic
unit cell, and F- ions are at the centers of the eight cubelets into which the cell
may be divided.

Therefore, each Ca2* jon is surrounded by eight F- neighbours at the corners
of a cube (Fig.11-A), while each F- ion is coordinated by four Ca2* neighbours
at the corners of a regular tetrahedron (Fig.11-B). The cubes of F- ions about
each Ca2* ion are linked with neighbouring cubes by sharing edges having a
linkage unit from Ca; to Ca, as shown in Fig. 11-A. The linkage unit determines
linkage vector having a direction of (110).

In the case of the linkages of tetrahedra round F- ions, there is only one
kind of linkages of tetrahedra sharing edges. The linkage unit from F; to F, is
shown by a line in Fig. 11-B. It determines a linkage vector <100).

In Fig. 12-A, and Fig. 12-B zone circles corresponding to the linkage vectors
determined by the linkages of coordination cubes round Ca2* ion and tetrahedra
round F- ion are illustrated in stereographic projections, respectively.

In Fig. 12-A, zone circles intersect at the points of {100} and {111}. The poles
of the faces of coordination cube are projected at the same points as {100}, and
not as {111}. Hence, {100} is the important form, in this case.

While, in Fig. 12-B, zone circles intersect at the points of {100}, but the faces
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100 100

A B

Fig. 12, Stereographic projections of zone circles corresponding to
the directions of the linkage vectors and of the faces of coordi-
nation cubes round Ca?* ions (A) and those of coordination tetra-
hedra round F- ions (B) in the fluorite structure.

of coordination tetrahedra are plotted at the points of {111}. Hence {100} is diffi-
cult to be a flat form because intersection points of zone circles are not projected
at the same points as the poles of the faces of coordination tetrahedra on the same
stereogram.

Consequently, when a fluorite crystal grows under the condition of linking

the coordination cubes round Ca2* ion, {100} is expected to appear as the impor-
tant form.

D. Calcite

Calcite has a rhombohedrally-centered hexagonal lattice. In certain cases
rhombohedral axes of reference giving a primitive unit cell have been chosen.
However we use hexagonal axes of reference in the following discussion because
they are much convenient to use than rhombohedral ones.

It has been said that when calcite grows from solution, carbon and oxygen
atoms in solution act as if they were a divalent CO;2- ion (for example, LIPPMAN,
1973). And the structure of calcite is held together by the electrostatic forces
between the component ions Ca2* and COQ:%- (BRAGG, 1914).

Therefore, it is better to consider the structure of calcite as an array of
coordination polyhedra constructed by Ca2* and CO;?- from each segregatedlayers
in alternate levels, perpendicular to the c-axis and spaced at %% of its length.
And basal Ca and CO; layers of calcite correspond to the octahedral Na and Cl
planes of sodium chloride structure (Fig.4). Hence each Ca is surrounded by
six CO4 as well ag Na surrounded by six Cl in sodium chloride structure (Fig. 13).
The resulting octahedron is flattened in the direction of the hexagonal c-axis.

The octahedra share edges with neighbouring octahedra. There is only one
kind of linkage unit, but this determines two linkage vectors with the same period
but different directions. One of them is the vector from Ca, to Ca, as shown by
a dotted line (a) in Fig. 18. This vector has the direction of (1120). The other

one is the vector from Ca, to Cag, a line (a”) in Fig. 13, and has the direction of
{0112).
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Fig. 18. Crystal structure of calcite as an array of coordination
octahedra round Ca2* ions. Dotted lines (a) and (a’) between
Ca; and Ca; and between Ca; and Ca;, respectively, indicate
two linkage vectors in calcite structure.

Fig. 14. Stereographic projection of zone circles corresponding
to the directions of the linkage vectors and of the faces of
coordination octahedra round Ca?* ions in calcite structure.

When zone circles corresponding to the direction of the vectors are projected
on a stereogram, they intersect at the points of {0001}, {0112}. {1120}, {1126}, and
{1014} (Fig. 14). While the poles of faces of coordination octahedra are plotted
at {0001} and /,{0112}. Hence ¢ {0001} is the most important form and e 4 {0112}

89
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is the secondary important form. It is predicted that {0001} develops widely and

the sides are truncated by 14{0112} when a calcite crystal grows in the highly
supersaturated solution.

E. Cadmium Iodide

Cadmium iodide has a layer structure consisting of planes of Cd atoms and

Qa
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Fig. 16. Linking aspect of coordination octahedra round Cd atoms in cad-
mium iodide structure.

A. Projection on (0001).
B. The vertical sectional view of the bracketted part of Fig. 15-A taken
on line X-Y. Dotted lines (a) and (b) between Cd; and Cd, and between

Cd; and Cds indicate two linkage units, respectively, and a broad line (c)
between Cd;, and Cd; is the linkage vector.
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I atoms. The planes of Cd atoms are sandwitched between the planes of I atoms
in the z-direction.

Each Cd atom is surrounded by six I atoms forming a slightly flattened octa-
hedron. Fig. 15-A illustrates the linking aspect of the octahedra round Cd pro-
jected on (0001), and Fig. 15-B is the vertical sectional view of the bracketted
part of Fig. 15-A taken on line X—Y. As shown in Fig. 15, octahedra round Cd
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Fig. 16. Linking aspect of coordination octahedra round I atoms in cadmium

iodide structure.
A. Projection on (0001).
B. The vertical sectional view of the bracketted part of Fig. 16-A taken

on line X-Y.
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Fig. 17. Stereographic projection of zone circles corresponding to the
directions of the linkage vectors and of the faces of coordination
octahedra round Cd atoms (A) and round I atoms (B).

in a same layer link together by sharing edges with neighbouring octahedra. But,
octahedra in one layer are linked with those of the upper or lower layer by van
der Waals forces between those layers.

Consequently, there are two units in cadmium iodide structure as shown by
dotted lines (a) from Cd; to Cd, and (b) from Cd, to Cd; in Fig.15-B. These
linkage units determine a linkage vector, which is shown as a thick line (¢) from
Cd; to Cd,; in the same figure.

On the other hand, each I atom has six neighbours, three Cd atoms on one
side and three I atoms on the other forming an elongated octahedron. These
aspects are illustrated in Fig. 16. Fig. 16-A shows the linking aspect of the octa-
hedra round I projected on (0001), and Fig. 16-B is the vertical sectional view of
the bracketted part of Fig.16-A taken on line X—Y. By linking with sharing
edges, octahedra round I consist a layer in the zy plane, and the layer contacts
with the next CdI, layer in the z-direction. Hence, there are two linkage units,
a dotted line (a) from I, to I, and (b) from I, to I, and these linkage units deter-
mine a linkage vector, a broad line (¢) from I, to I3, as shown in Fig. 16-B.

The linkage vector (c) in Fig. 16-B has the same length and the same direc-
tion as those in Fig. 15-B. When the zone circles corresponding to the directions
of the linkage vector are projected on stereograms, they intersect at the points of
{1011}, {1010}, and {1121}, but the poles of faces of octahedron round Cd and
round I are not projected on these points in both cases as shown in Fig. 17.

In the case of octahedron round Cd, the faces are projected at {0001} and
1/,{3032} (F'ig.17-A). Between the, 14 {3032} is located at the point of 8°36’ apart
from {1011}, and {1011} will be able to develop as an important form, although
the surface is not completely flat.

On the other hand, the faces of octahedron round I are projected at {0001}
and !/,{16, 0, 16, 7}. The former form will not develop as an important form as
can be seen in Fig. 17-B. And the latter ones is located at the point of 13°23” and
14°51’ apart from {1010} and {1011}, respectively. From this fact, both {1010}
and {1011} are not able to develop as flat forms.
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Fig. 18. Ideal perovskite structure as an array of coordination
octahedra round B atoms and cuboctahedron round A atom.

Therefore, {1011} is expected to appear as the form although not completely
flat, when a CdI, crystal grows under the condition linking the coordination octa-

hedra round Cd.

F. Perovskite

This is an example of a structure containing two different coordination poly-
hedra round two different cations.

Mineral perovskite actually has a complicated structure, but we treat here the
perovskite structure as the ideal one.

The structure, with general formula ABXg, consists essentially of a frame
work of BX, octahedra linked by their corners, with a large A cation occupying
a cavity of the same size as an X anion. As shown in Fig. 18, each B cation is
surrounded by six X atoms and each A by 12 X atoms, octahedron and cubocta-
hedron in shape, respectively. In this figure, X atoms are located at the corners
of the octahedra, although not illustrated by circles. All octahedra are in parallel
orientation in the case of the ideal perovskite structure, SrTiQ; for example.

There is only one linkage unit, B;—A in Fig. 18. This determines three linkage
vectors having the directions from B, to B, (100), from B; to B; <110), and from
B, to B, (111).

The zone circles corresponding to the directions of the linkage vectors are
drawn in Fig. 19. They intersect at the points of {111}, {100}, {110}, and {112}.

On the other hand, the poles of faces of octahedron round B cation and of
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Fig. 19. Stereographic projection of zone circles corresponding
to the linkage vectors directed to (100> (dotted lines), (110)
(solid lines), and <111) (broken lines). The faces of octahedra
round B atoms (solid and open circles) and of cuboctahedra
round A atoms (circles drawn by broken lines) are also
shown.

cuboctahedron round A cation are located at the points of {111}, and {111} and
{100}, respectively.

Hence {111} and {100} are expected to appear as the important forms when
a perovskite crystal grows in the highly supersaturated solution.

G. Sodium Chlorate

Sodium chlorate, NaClOg, is also an example of a structure containing two
different coordination polyhedra like perovskite but distorted.

It has an NaCl arrangement of its ions distorted to accomodate the ClO;
anions in such a way that the symmetry remains cubic (WYCKOFF, 1963). Each
Na* ion is surrounded by six oxygen atoms to form a distorted octahedron and
ClO; ion is a flat trigonal pyramid having the three oxygen atoms of its base.

Their arrangement is illustrated in Fig. 20. The octahedron shares corners with
neighbouring trigonal pyramid. There are four linkage units in the sodium
chlorate structure, because the octahedron round Na is distorted and ClO4 trigonal
pyramids about Cl; and Cl, have not the same orientation in reference to a-axis.
Those are the units from Na (0,0, 0) to Cl;, from Cl; to Na (1,0, 0), from Na
(0,0,0) to Cl, to Na (0,1, 0).

The former two and the latter two determine the linkage vectors having the
direction of [100] and [010], respectively. However, neither of the two linkage
vectors could not construct the structure of sodium chlorate with only one vector
itself. Therefore, they are the auxiliary linkage vectors. A principal linkage
vector being able to construct the structure is the sum of them. In the case of
sodium chlorate, it is a vector having the direction of <110>, from Na (0, 0, 0)
to Na (1, 1, 0) in Fig. 20.
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Fig, 20. Sodium chlorate structure as an array of distorted octahedra
round Na* ions and flat pyramids of ClO;- ions projected on (001).

Zone circles corresponding to the directions of the principal linkage vectors
are drawn on three stereograms in Fig. 21. In Fig. 21-A, 21-B, and 21-C, the poles
of the faces of the trigonal pyramids, those of the octahedra projected on northern
hemisphere, and on southern hemisphere are shown with the same zone circles,
respectively. In these figures, the poles projected on northern hemisphere and on
southern one are indicated by solid circles and open circles, respectively. And the
gize of a circle is illustrated to be proportional to the real surface area of a face
of a coordination polyhedron.

The zone circles intersect at {111} and {100}. In the case of the trigonal
pyramids, the basal planes formed by three oxygen atoms are projected at {111},
and the pyramidal planes not at {111} but near {111} scatteredly. Among them,
the northern poles are projected at and near (111) and (I11), but the southern
ones at and near (111) and (111) differentiatedly. To make clear, each region is
marked by a large broken circle in Fig. 21-A.

While in the case of the distorted octahedron round Na, the trigonal planes
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B c

Fig. 21. Stereographic projections of zone circles corresponding to the
directions of linkage vectors and of the faces of trigonal pyramids
and those of octahedra round Na* ions in the sodium chlorate struc-
ture.

A. Zone circles and faces of trigonal pyramids.
B. Zone circles and northern poles of faces of octahedra round Na*
ions.

C. Zone circles and southern poles of faces of octahedra round Na*
ions.

forming octahedra are projected at and near {111} (Fig.21-B, 21-C). As shown
in Fig. 21-B, the poles of the northern hemisphere are liable to concentrate at and
near (111) and (111) rather than (111) and (111). While those of the southern
one have tendency to concentrate at and near (I11) and (111) rather than (111)
and (I11) (Fig.21-C). These aspects are shown in Fig. 22, in which only the
distorted octahedra are projected independently on (110) and (110) to become
parallel to the four faces of {111} form, respectively, namely, each figure is illus-
trated along an arrow A and B in Fig. 20.

These results indicate that (111), (I11), (111), and (111) are the faces
having the same properties, and (111), (111), (111), and (111) are the faces of
the same properties different from the former four ones. When a sodium chlorate
crystal grows from the highly supersaturated solution, the former four faces are
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Fig. 22. Projection of distorted octahedra round Na* ions in the sodium chlorate
structure on {110}.
A. (110) projection along an arrow A in Fig. 20.
B. (110) projection along an arrow B in Fig. 20.

expected to develop as the most important ones rather than the latter four ones
among {111} form. Hence, the sodium chlorate crystal is liable to have not octa-
hedral but tetragonal habit.

IV. Comparison of the LCP Method with
Experimental Data

KERN (1953) and KERN (1955) have investigated the habit changes of many
inorganic compounds grown from aqueous solution by changing degrees of super-
saturation.

Observed forms of sodium chloride by them were {100} and {111} in the lower
and in the higher supersaturation, respectively. The same results were obtained
for another compounds with sodium chloride structure, for examples, LiF, KCI,
KBr, KI, NH,I, RbC], and RbI. Only in the case of NaF, the combination form
of {100} and {111} were observed along with minor forms of {133}, {012} and
{112} in the intermediate supersaturation. Consequently it can be said that all
the crystals with sodium chloride structure have the morphology of {100} and
{111} when grown in the lower and the higher supersaturation, respectively, and
in the intermediate supersaturation, their combination form is often observed.
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In the case of crystals having cesium chloride structure, the rhombic dodeca-
hedral form {110} and the cubic form {100} are obtained, when aqueous solutions
of CsBr, CsCl, or CslI are evaporated slowly and rapidly, respectively (KERN, 1952).
These facts were qualitatively confirmed later by KERN (1953a, 1955b, 1968, and
1969).

There is only one experimental datum about the relation between the degree
of supersaturation and the morphology of crystals with fluorite structure. When
aqueous solution of BaF, is evaporated slowly, the octahedral form {111} is always
obtained, but at high rate of evaporation the cubic form {100} is obtained (KERN,
1953a).

As for calcite crystals, the morphological studies have been made by many
investigators, especially regarding to natural occurrences and its crystallization
stage (SUNAGAWA, 1954; KASHKAI and ALIEV, 1970; etc.). However, the experi-
mental studies have been done by only a few investigators. According to a calcite
synthesis by hydrothermal method (PocoDIN and DroNov, 1975), the following
habit changes were observed depending upon the change of the growth rate from
high to low: the pinacoid {0001} — the principal rhombohedron {1011} — the prism
{1010}, followed by various scalenohedra with the rhombohedron {0112} — the acute
rhombohedron {0221}. This habit changes are in good agreement with the sequence
of forms of natural calcites in the sequence of crystallization stage from earlier
to later. While, when calcite crystals are synthesized by the method of counter-
diffusion of Ca2* and CO;?*- ions in H,0, crystals grown in the presence of excess
CO;2 ions exhibit the habit varying from thick to fine tabular due to the con-
giderable development of {0001} (KIRoV et al., 1972). These results indicate that
calcite crystals tend to have the form of the pinacoid {0001} when they grow under
the conditions of high supersaturation or the presence of excess CO42.

Habit changes of crystals with the structure of Cdl,, perovskite, or NaClO,
were studied experimentally by KERN (1955b). CdI, crystals grow with the form
{0001} limited by {0111} from the slightly supersaturated solution. The form
{1017} becomes important with increasing the degree of supersaturation, and
finally the form {1011} develops largely (KERN, 1955b). However, judging from
the photograph taken by him, % {1011} seems to be the most important form of
CdI, crystals grown from highly supersaturated solution, although he describes
the most important form as {1011}.

KERN (1955b) investigated the morphological changes of KIO; and RbIO,
crystals grown from aqueous solution of which the crystals had the perovskite
structure. They exhibit the form {100} when grown from slightly supersaturated
solution. With increasing the degree of supersaturation, the combination form of
{100} and {110}, subsequently {111} appears, although the last form develops very
easily.

In the case of NaClOg crystals, the cube {100} appears in the lower super-
saturation. When the degree of supersaturation increases, the tetrahedral form
1/,{111} appears and soon prevails against the cube. KASATKIN (1963) obtained
also the same result about NaBrOj crystals as KERN did.

The results obtained by the LCP method are summarized together with ex-
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Table 1. Comparison of erystal morphology derived by the LCP
method with experimental data

Experimental Theoretical
Substance

1 2 3 4
NaCl {100}2-» | {111}.» {100}.01.@ | {111}
CsCl {110}».® {100} .0 {110}-0.> | {100}
Fluorite | {111}#® | {100} .o | (100}
Calcite {10i1yp-» | {000L}»e.» | {1011} | {0001} with 3{0112}
CdI, {0001}» Hioiw {0001} 31011}
Perovskite | {100}» {111}» {100} {111} with {100}
NaClO; {100} Hiw {100} 111}

Growth form in slightly supersaturated solution.

Growth form in highly supersaturated solution.

F-form by the HARTMAN’s method.

Crystal morphology derived by the LCP method.
a) KERN, R. (1953). b) KERN, R. (1955). ¢) HARTMAN, P. (1953).
d) HARTMAN, P. (1959). e) Kirov, G. K., et al. (1972).
f) PoGopIN, YU. V. et al. (1975).

oo

perimental data described above in Table 1, in which important F-forms of each
crystal by the HARTMAN’s method are also given.

It is quite clear that the forms derived by the LCP method and the HARTMAN’s
one are in excellent agreement with those of crystals grown from highly and
slightly supersaturated solutions, respectively. Both are the theoretical methods
for predicting the crystal habits on the basis of crystal structure. Between the
two, the HARTMAN’s method lays emphasis on chains of strong bonds running
through the structure for analyzing crystal habit; that is to say, the consisting
element of a crystal is atoms. While, in the case of the LCP method, the element
is coordination polyhedra, then the importance is in the linkages of the coordina-
tion polyhedra.

As described in the chapter II, when a crystal grows from slightly super-
saturated solution, the strong bonds between atoms may have direct effects upon
the crystal habit, while when a crystal grows from highly supersaturated solu-
tion, the clustering of ions may occur in solution and may affect a great influence

on the crystal habit.

V. Geological Applications

In the former chapter, the validity of the LCP method has been verified by
experimental data. Followings will give some applications of the LCP method
together with the HARTMAN’s method to geological phenomena.
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A. Qualitative Estimation of Concentration Change of Mineralizing
Solution

Stability relations of minerals have been studied by many investigators and
were thermodynamically established for a number of fields of metamorphism or
ore mineralization. However, a study on concentration change of mineral forming
fluids has never been done except for the fugacity changes of volatile materials,
because there have been no ideas to know the concentration change of mineralizing
solution.

In solution growth, the concentration change can be represented by the
saturation ratio, S, in the following manner:

Cq
C= C. (7)
where C, and C. are the actual and the equilibrium concentration, respectively.
Supersaturation in natural systems can be produced by addition of solute, by
evaporation of solvent, by a temperature gradient, or by supercooling. The satura-
tion ratio varies with effects of these phenomena.

On the other hand, the effect of the saturation ratio on the linear growth

rate of a face (hkl) of a crystal, v»ru, can be represented by

Una=Ku*S» (8)
where K is a constant, « is the solution velocity, and a and n are both functions
of the solution veloeity (MULLIN, 1972).

Accordingly, the concentration change of mineralizing solution affects the
growth rate of a crystal face, that is to say, the concentration change is indicated
as the habit change of a crystal. Although the relation between the saturation
ratio and the habit change of a crystal is not given quantitatively, their qualita-
tive relation can be given by using both the LCP method and the HARTMAN’s
method. Namely, the habit deduced by the LCP method is that of a crystal grown
from solution at high saturation ratio, and the habit derived by the HARTMAN’s
method is that at low saturation ratio as already described at the former chapter.
In order to clearify the description, the formations of galena crystals in a few
occurrences are briefly outlined below as examples.

The structure of galena is similar to that of sodium chloride, lead and sulfur
atoms occupying the position of sodium and chlorine respectively (see Fig.4).
Thus, as same as in the case of sodium chloride, each lead atom is octahedrally
coordinated by six sulfur atoms and each sulfur by six lead atoms. Therefore,

Explanation of Plate 14

A. Interference photomicrograph of triangular markings on natural (111) face
of a cubo-octahedral crystal of galena. Ani mine, Akita Prefecture, Japan.
Rectangular growth hillocks on (001) face of galena from the Ani mine.
Rectangular growth spiral on (001) face of galena. Ashio mine, Tochigi
Prefecture, Japan.

The crystallographic orientation shown by arrows is for the crystals of B
and C.

ow
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galena crystals grown from the highly or slightly supersaturated solution tend
to have the habit of {111} or {100} respectively like sodium chloride crystals.

Plate 14-B shows a topography of (001) surface of a galena crystal at the
Ani mine, Akita Prefecture. This crystal occurs on crystalline quartz and chal-
copyrite in the epithermal vein and has the habit of {100} with small {111} form.

Three facts are observed about (001) surface topography of this crystal:
(1) All the growth hillocks have the shape of square or rectangular.

(2) Their sides have the angle of 45° with (100> edges, and are parallel or per-
pendicular to {110) edges.

(3) The (100> edges have some rugged appearance, while the (110> edges are
smoother than the former.

These facts may indicate that the growth unit is a square shaped one having
the angle of 45° with (100> edges.

When the layer growth or the spiral growth takes place on (001) of a galena
crystal, the minimum growth unit is presumed to be a square shown as dotted
lines in Fig. 23-A by the HARTMAN’s method. However, the growth hillocks as
shown in Plate 14-B could never been made by concentraitng these growth units.

Therefore, it is supposed that the growth unit is added on (100) surface by
the angle of 45° with <100> edges, or that another shaped growth unit is added
on (001) surface. In the former case, we can suppose to cut a galena crystal
along (001) and let the upper half of the crystal lattice rotate about [001] at a
lattice point chosen as the origin. According to the method of KRONBERG and
WILSON (1949), each rotation of a lattice point (I, m) into (m,l) will generate
a whole two-dimensional array of such coincident points which they call the coin-
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Fig. 28. Crystal structure of galena projected on (001). Small and large
circles indicate lead and sulfur atoms, respectively.
A. Dotted lines indicate a growth unit by the HARTMAN’s method. Cir-
cles drawn by narrow and thick lines show atoms at height of 4, and
0 and 1, respectively.
B. 45° rotation of the upper half of the crystal lattice about (001). Cir-
cles drawn by narrow and broad lines show atoms belonging to the lower
and the upper half of the crystal lattice, respectively.
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cidence lattice. Two parts of a crystal rotationally displaced by some angle of
of rotation can form a twin in a metastable equilibrium only if the ratio of the
size of the coincidence lattice cell to the original unit cell is small.

Fig. 23-B shows 45° rotation of the upper half of the crystal lattice as an
example. However, we can never get any coincidence-site lattice to form a twin
in a metastable equilibrium on (001) surface of a galena crystal. Hence, the
growth hillocks as shown in Plate 14-B can never been made by the growth unit
derived by the HARTMAN’S method.

Next, let us take up the growth unit derived by the LCP method. On (001)
of a galena crystal, the linkage of coordination octahedra round lead atoms inter-
sects each other at right angles and has an angle of 45° with 100> edges (Fig.
24-A). Therefore, a growth unit by the LCP method has a shape of a square as
shown with dotted lines in Fig.24-A and also has an angle of 45° with <100
edges. Then if growth hillocks or spirals are formed on (001) surface of a galena
crystal by this growth units, they will become polygonal and have the shape of
a square or a rectagular, and their sides will have an angle of 45° with <100
edges as schematically illustrated in Fig. 24-B. The growth hillocks shown in
Plate 14-B may be formed in this manner.

Plate 14-C shows a topography of (001) surface of a galena crystal at the
Ashio mine, Tochigi Prefecture. (001) of this crystal is surrounded by {111}
forms. A rectangular shaped spiral is observed on this face. The sides of the
spiral are all parallel or perpendicular to (110> edges. It also seems that the
rectangular shaped growth spiral is formed by the growth units derived by the
LCP method as the same manner as in the galena crystal at the Ani mine. The
schematic illustration is shown in Fig. 24-C.

Now, the direction of the steps on (111) surface is parallel to that of the
sides of triangular shape of (111) in galena crystals of the both mines. Plate 14-A
shows a topography of (111) surface of a galena crystal at the Ani mine, for
example.

Both galena crystals have the morphology of {100} and {111}, although {100}
dominant in the Ani galena while {111} dominant in the Ashio galena. And layer
growth or spiral growth has taken place on {111} and {100} of both galena crystals
with the growth unit derived by the LCP method. Consequently it can be con-
cluded that both crystals have the intermediate morphology changing from {100}
to {111}, which indicates that the solution has changed the supersaturation from
lower to higher during the growth of galena crystals. It may also be said that
galena crystals have grown under the condition of increasing sulfur fugacity.
Because, in lower sulfur fugacity, the bonding between lead and sulfur atoms will
govern the growth of galena crystals, while in higher sulfur fugacity, sulfur
atoms tend to concentrate round lead atoms and the linkages of coordination octa-
hedra round lead atoms will govern the habit of crystals. Consequently, if a galena
crystal under the condition of lower sulfur fugacity, it will take the habit of {100}.
While if it grows in higher sulfur fugacity, it will have the habit of {111}. Then,
the habits of galena crystals of both mines indicate the change of sulfur fuga-
city from lower to higher.
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Fig. 24. Growth unit derivation by the LCP method and schematic illust-
ration of topography of (001) surface of a galena crystal.
A. Linking aspect of coordination octahedra round lead atoms and the
growth unit derived by the LCP method which is shown by dotted lines
at the center of the figure.
B. and C. Schematic illustrations of the topography of (001) surface
surrounded by {100} with small {111} forms and by only {111} form, re-
spectively. If growth hillocks and spirals are formed by the growth
units of Fig. 24-A, it is predicted that they are illustrated schematically
like in the Fig. 24-B or -C.

B. Mechanism of Formation of Growth Twins

BUERGER (1945) set up the following types of twins from their geneses:
growth twins, transformation twins, and gliding twins. Among them, the latter
two have been studied very actively by many crystallographers, metallurgists,
mineralogists, and so on. As for the growth twins, little is known about the
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mechanism of formation, although there are many morphological or crystallo-
graphical studies. Especially there are not enough experimental data for proving
the hypothesis for the formation of growth twins.

HARTMAN (1956b) applied the PBC vector analysis to the morphology of
growth twins and concluded that when twinning started on a face, this face must
be an F-face or, less frequently, S-face. The mechanism of formation of contact
twins could be explained by his method in fairly good agreement with observa-
tional data, but that of penetration twins was not explained.

KERN (1961) studied the formation of growth twins from the geometrical
and thermodynamical points of view. He called the crystal surface on which a
two-dimensional twin nucleus occurs “plan de composition originel (PCO)” and
the row involved in the PCO and in common with two individuals “rangee de
composition originelle (RCO)”. And a twin of which the PCO is identical with
the twin plane is called a contact twin, and a twin of which the PCO is not a
symmetry plane for two individuals is called a penetration twin. However, as
same as HARTMAN could not do, he could not also explain clearly the mechanism
of formation of penetration twins.

Their failures are due not to take into account the habit changes during
the formation of growth twins.

Here, we suppose following two phenomena capable to occur for the forma-
tion of growth twins that growth twins are formed by only two individuals
adhereing together, and that the habit changes often take place in accordance
with change of the environment during the growth of twins as SENECHAL (1976)
inferred.

Fig. 25 indicates a schematic illustration of the process and the mechanism
of the growth twin formation of galena for example explained on the basis of
above assumptions.

Stage

M (2) 3) (4) (5) (6) (7

Galeng

Degree of Supersaturation

Fig. 25. Schematic illustration of process and mechanism of formation of contact
and penetration twins of galena.
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In the case of galena, penetration and contact twins with twin plane {111}
are often found in nature (PALACHE et al., 1949). The penetration and contact
twins have the morphologies such as that of stage-(6) and stage-(2) in Fig. 25,
respectively. The habit of each individual of penetration twins is cube and that
of contact twins is octahedron.

When galena crystals grow in the highly supersaturated solution, they take
the habit of {111} as indicated by the LCP method. If two individuals adhered
each other with {111} forms like stage-(1) in Fig. 25, a contact twin will be
formed. It is the nucleation stage of the formation of a contact twin.

With decreasing the degree of supersaturation, {100} will appear and develop
since {100} is the important form for galena crystals grown from slightly super-
saturated solution.

In most cases, dislocations are concentrated at the twin boundary and steps
or kinks occur at the boundary between two individuals because the growth rates
of two individuals are not identical. Then the twin boundary has tendency to
become the most important active site for crystal growth. Therefore, the in-
dividual-I may grow over the individual-II from the twin boundary and similarly
the individual-II over the individual-I like stage-(4) in Fig.25. This is the
nucleation stage of the formation of a penetration twin.

When the growth occurs moreover and the degree of supersaturation con-
tinues to decrease, {100} will develop more and more. Finally, we will obtain the
penetration twins formed by two cubes when {111} disappeared (stage-(7) in
Fig. 25).

In this process, if the galena crystals stop to grow at the stage-(2), we will
have the contact twins of galena. If they grow up to the stage-(6) or -(7), we
will obtain the penetration twins. However, if it follows the inverse sequence,
the penetration twins can never been formed.

Here, the degree of supersaturation indicated in Fig. 25 can be replaced by
the fugacity of sulfur. It seems that sulfur atoms tend to concentrate round lead
atoms under the condition of higher sulfur fugacity, that is, the coordination
octahedra round lead atoms are formed with ease, but in lower sulfur fugacity,
the bonding between lead and sulfur atoms will become a dominant factor for the
growth of galena crystals. Consequently, the galena crystal will take the habit of
{111} or {100} under higher or lower sulfur fugacity, respectively, as derived by
the LCP method and the HARTMAN’S method.

In the similar manner, mechanism of the formation of contact and/or pene-
tration twins of another materials are also explained clearly. The most important
point of this hypothesis about the formation of growth twins is that both contact
and penetration twins may be formed as a result of habit change during growth
by only one process under the condition of concentration change or fugacity
change of mineralizing fluid.

VI. Concluding Remarks

From the historical approach about the theories for crystal morphology, it
became clear that equilibrium forms or forms grown from slightly supersaturated
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solution could have been analyzed by the HARTMAN’s method, but those grown
from highly supersaturated solution were difficult to analyze by any theoretical
methods already known.

However, this study reveals that the habit of a crystal grown from highly
supersaturated solution can be evaluated by introducing the linkages of coordi-
nation polyhedra for the morphological analysis on the basis of crystal structure.

It is concluded that the habit of a crystal grown from highly supersaturated
solution is governed by the linkages of coordination polyhedra, running through
the structure in a limited number of directions. Such a vector of linkages having
a direction and an energetical period is called a linkage vector. If a given face
is parallel to at least two non-parallel linkage vectors, it is possible to be an im-
portant face. Especially if the face is parallel or nearly parallel to some faces of
coordination polyhedra, it becomes an important face.

Some examples of crystal habit deduced by this method are given in chapter
III and compared with experimental data in excellent agreement. Here, it has
become clear that the habit of a crystal grown from highly or slightly super-
saturated solution corresponds to that derived by this method and by the
HARTMAN’s method, respectively. That is, the habit of a crystal is governed by
linkages of coordination polyhedra in higher supersaturation and by chains of
strong bonds between atoms in lower supersaturation. In intermediate super-
saturation, the habit of a crystal may be governed by the probability of formation
of coordination polyhedra and/or of strong bond chains among atoms.

By applying the LCP method together with the HARTMAN’s method, concen-
tration change of mineralizing solution was qualitatively estimated in relation to
the surface topography observed on (001) of galena crystals at the Ani and the
Ashio mines. As a result of the observations, it has been proved that galena
crystals of both mines have grown under the condition from lower to higher
supersaturation or of increasing sulfur fugacity.

The LCP method was also applied to analyze the mechanism of formation of
growth twins, and that of contact and penetration twins was explained clearly
by only one process under the condition of concentration change or fugacity
change of mineralizing fluid.
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