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A B S T R A C T

Phase contrast and multiple-beam interferometrie 
techniques have been applied to the study of surface structures 
of natural and synthetic quartz crystals. A summary is given 
in a tabular form of the observations of growth by spiral 
mechanism recorded during the years 1949 - 1959. An improved 
thin-film collodion technique has been worked out and applied to 
the study of extremely irregular crystal surfaces. The merits 
of this technique are assessed, and it is shown that with the 
help of this technique step heights less than 10 S. can be 
detected ajid measured.

Spiral patterns on the basal planes and rhombohedral faces, 
and the vertical striations on the prism faces of "Synthetic quartz 
crystals are illustrated and described.

A mechanism of growth of synthetic quartz crystals is 
proposed, and it is shown that all the results obtained support 
this proposed mechanism. The curved nature of the profile of 
spirals on the basal planes, recorded for the first time, is 
established with the help of the improved thin-film collodion 
technique. The mechanism of the formation of such a profile is
described. Very strange tadpole-shaped features observed on
synthetic quartz are described and interpreted.

Properties of the growth pyramids on the faces of natural 
quartz crystals and the information available therefrom about 
gradients and the direction of flow of mother liquid are given.
Also described are associated growth of other crystals, replacement 
of other minerals by quartz, natural etch figures, surface 
structures of red quartz etc.
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The first clear evidence of the growth of natural quartz 
crystals by spiral mechanism is given. A new approach to the 
twinning problem is described and Simagawa’s newly proposed 
mechanism of 'twin formation by a kind of fault' is established 
for quartz.

The surface Structures of trigonal bipyramidal faces are 
briefly dealt with and a study made of the surfaces of four 
samples of fused quartz. Finally the effects of a crack 
produced by an explosion, at a pressure of 24,000 atmospheres, 
inside a diamond bomb are examined.
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P A R T  I

THEORIES OF GROWTH



C H A P T E R  I 

Theories of Growth of Perfect Crystals

An account of theories of growth of crystals is given in two 
chapters. This chapter deals with the growth of perfect 
crystals and the next one with the growth of imperfect crystals. 
In general the theories of crystal growth can be divided into 
two main groups, one of which stresses the importance of the en­
vironment which surrounds the crystal during its growth, and also 
the arrival of the material at the growing face, while the other 
lays importance on the structure of the crystal itself.

In general there are three ways in which crystals are form­
ed. Crystallization of most substances takes place when they 
are allowed to solidify (a) from solutions, or (b) from liquid 
melts, or (c) from a state of vapour. Crystals may also be 
formed in any one of these three ways when a substance originates 
from the combination or decomposition of other substances.

The early theories were not based on the atomic models, and 
hence growth by layer deposition was not thought of. According 
to Bentivoglio (1927) the form of a crystal is influenced by 
three main factors: (i) its internal stt?ucture, (ii) the nature
of the solvent and (iii) a variety of external factors not 
easily subjected to exact study, such as the crystals proximity 
to the walls of the vessel or to other crystals and the effects 
of diffusion or concentration gradients.

The first quantitative theory for the study of crystal 
growth was given by Gibbs (1878) on thermodynamical grounds. In 
1885 Curie gave the theory of growth which takes into account the 
effect of surface energy on the growth of a crystal. Wulfe 
(1901) and others followed it. The work of Noyes and Whitney 
(1897) was concerned with the part played by diffusion in crystal
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growth. As regards the growth of the ideal perfect crystals, 
the main contribution has come from Volmer (1922, 1939), Kossel 
(1927, 1928), Stranski and his co-workers (1928, 1949), Becker 
(1949), Becker and îîoring (1935) and Prankel (1945, 1946). On 
the other hand^Burton, Cabrera and Frank (1949, 1951) are the 
pioneers in introducing the concept of dislocations in crystals 
to explain the growth of imperfect crystals. A discussion of 
the various aspects of theories of crystal growth is given in a 
series of papers in the Disc. Faraday Soc., ^  (1949). A review 
of the historical development of theories of crystal growth has 
been given by Wells (1946) and Buckley (1951).

Only a brief account of theories of growth of perfect 
crystals will be given. Emphasis will be laid on those parts of 
these theories which have a bearing on the later theory of im­
perfect crystals in which dislocations play such an important

crole, as it is this theory which con^rns some of the experimental 
observations to be presented in this present work.

The idea that the growth of crystals is a discontinuous 
process was suggested by Gibbs (loc. cit.) as early as 1878. It
was only in 1922 that Volmer (loc. cit.) for the first time 
enunciated the idea that growth takes place by the spreading of 
layers. This concept of layer spreading was further amplified 
by Brandes in 1927.

Experiments by Cockroft (1928) and Volmer and Eastermann 
(1921) indicated that the flow of molecules over the crystal 
surface plays an important role in the rate of crystallization. 
These experiments indicated that appreciable surface migration of 
the adsorbed molecules takes place before they return to the 
vapour phase or get incorporated in the lattice, and hence the 
growth of a molecular layer will take place primarily by the

j
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diffusion of adsorbed molecules towards the edge. According to 
Mott (1950) the direct current of molecules to the edge from the 
vapour is relatively unimportant. The fact that atoms undergo 
activated diffusion along the surface has been clearly demon­
strated by the experiments of Becker (1929) on barium and other 
metals coated on|J;ungsten filament. The same is also illustrat­
ed by experiments of Volmer and Adhikari (1926) on surface flow 
of benzophenone on glass, and Kowarski (1935) on p-toluidine 
obtained from vapour.

Kossel (loc. cit.) was the first to give the theory of 
crystal growth which makes use of an exact atomic model.
Similar to Kassel’s theory is the Stranski*s theory (loc. cit.) 
which was published in 1928, but according to'Desch (1934, p.37) 
it was originally published in the Bulgarian language in 1927, 
independently of Kossel. The assumption underlying the theory 
of growth of perfect crystals was that the crystal builds itself 
up by the continuous deposition of the atoms at the kinks in the
steps on the surface. Thus once a layer or a step has been
started, it will spread rapidly and get completed by this 
process. Hence the rate of crystal growth will depend on the 
chance of an atom finding a site on a completed flat surface, 
rather than upon the rate at which subsequent atoms are adsorbed 
at the layer which is thus started.

The growth from solution, of simple ionic and homopolar 
crystals has been considered by Kossel (loc. cit.). According 
to his calculations of the yield of energy of an ion or an atom 
on getting attached to various positions on a face of a crystal, 
the greater the yield of energy on attachment, the greater is the 
stability of the ion or atom. An atom on a comer of a face,
or on an edge some distance from a corner or on a completed
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lattice plane away from corner or edge, will have only one nearest 
neighbour. Such cases and also the cases in which an atom has 
two or three nearest neighbours were considered by Kossel. From 
his considerations of the energies of attachment of single atoms 
at different sites on a completed layer, Kossel showed that in 
the case of homopolar crystals the chance of the site of the 
first atom to a completed lattice plane being at a corner is 
least, but is greater at the edge, and is greatest at any other 
point on a face. On the other hand, in the case of ionic 
crystals, Kossel showed that the chance of starting a new layer 
is highest at a corner, smaller at an edge and least at a point 
on a face remote from edges and corners. Kossel*s belief was 
that a single atom could constitute a layer nucleus. Brandes 
and Volmer (1931) arrived at similar results. They calculated 
the preference for starting a new layer on the (lOO) face of rock 
salt, by finding the specific edge-energy the work released when 
the two-dimensional seed is formed, stable enough to survive at 
very slight supersaturation. In 1945 it was pointed out by 
Frankel (loc. cit.) that vicinal faces with very high indices 
Ought not to be regarded as planes of high specific free energy. 
According to him vicinal faces consist of steps, the flat 
portions of which are planes having low indices. Thermal 
fluctuations will give rise to a series of vicinal faces. It is 
considered that the growth of a crystal face is a result of the 
random deposition on it of particles. Some of these particles 
get attached to the vertical steps bounding the atomic terraces, 
and move along until they get firmly attached at kinks, because 
it is the kinks where the growth actually begins. With the 
progress of growth the face becomès a low index plane, and when 
the crystal is bounded by such planes, it is difficult for it to 
grow. Thereafter the initiation of a new layer may take place 
according to Kossel - Stranski model.



5.

Stranski (loc. cit.) considering the growth of ionic 
crystals from their vapour, suggested that until a certain criti­
cal size is reached a layer nucleus is unstable. Thus in this 
respect, Stranski*s suggestion differs from Kossel*s given above. 
As regards the growth of ionic crystals, Stranski*s conclusion 
was the same as that of Kossel.

From the ideas stated above it is clear that for a perfect 
crystal to grow bounded by its principal faces, a nucleus is re­
quired to be formed on its surface. Such a nucleus will have a 
critical size, for a given degree of supersaturation. If the 
nucleus is smaller than this size it will evaporate. Burton and 
Cabrera (1949) have shown that below a certain critical super­
saturation, the probability for the formation of such a two- 
dimensional nucleus is negligible. Above the critical size de­
position will take place more rapidly than evaporation, so that 
the two-dimensional nucleus will grow, spreading the unimolecular 
layer across the crystal face. The nucléation rate is shown to 
be a very sensitive function of supersaturation. The 
temperature and the degree of supersaturation are the two factors 
on which the critical size of the nucleus depends, the critical 
size decreasing as the temperature and the supersaturation in­
crease.

In the case of perfect crystals kinks are essential for 
growth. Such kinks can only be produced under high super satur­
ation conditions. Thermodynamical fluctuations at low super­
saturations will not be able to produce such kinks.

For homopolar crystals a simple theory of growth has been 
given by Buerger (1947). It takes into account the views put 
forward by Bravais (1866) and Kossel (1927). According to 
Kossel growth takes place by the deposition and spreading of 
layers. Buerger suggested that once a layer is initiated it wil] 
spread with the same speed on any face. The ease with which
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the new layers are formed on different forms accounts for the 
difference in the growth velocities. All the theories of growth 
of perfect crystals assumed that the crystal is ideal, and that 
it has geometrically perfect lattice planes.

Studying the rate of growth of iodine crystals in slightly 
supersaturated vapour at Ô c#, Volmer and Schultze (1931) found 
that the rate of growth was proportional to the supersaturation 
down to ifo. From the above work, for this supersaturation, no 
growth should occur at all, which is in contradiction with the 
experimental observation of Volmer and Schultze. In general 
there are crystals which grow at rates proportional to super­
saturation down to a supersaturation much lower than the theoret­
ical critical supersaturation required by the surface nucléation 
theory.

It is found from the mechanical properties of solids that no 
crystal has the theoretical strength of the perfect crystal, but 
this is not surprising as it has been proved by X-ray diffraction 
experiments that most real crystals are imperfect. The concept 
of dislocation is the result of the study of mechanical behaviour 
of crystalline solids. Taylor (1934), Orowan (1934), and Polanyi 
(1934) were the first to use this concept of dislocation to ex­
plain deformation of crystals.

The first experimental evidence of growth by deposition and 
spreading of layers on crystal faces was reported by A. Marcelin 
(19I8). He observed the spreading of growth layers in the case 
of p-toluidine from alcoholic solutions. The plates were thin 
enough to exhibit Newton's colours in reflection, and thereby 
the simultaneous observation of growth in depth and surface area 
was made possible. He found that as growth proceeds, coloured 
bands having definite geometrical boundaries spread on the surface 
at regular speeds. At any time during growth there will be a
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series of regularly spaced bands of different colours with 
parallel edges. The colour of each band was found to remain 
constant as it spreads along the face, the difference in the 
tint of different colours being attributed to different thick­
nesses of the layers. In one case he was able to observe a 
layer only three molecules thick. From his observations, he 
concluded that growth takes place by deposition and spreading of 
layers, whose thickness approaches molecular dimensions.

Kowarski (loc. cit.) carried out similar experiments on the 
same substance, and found that layers were in general initiated 
at the edge of the face, and in particular at the point of inter­
section of the edge with a neighbouring crystal. The layers 
were found to be circular near the centre of initiation but be­
came more and more irregular as they proceeded across the face. 
The rate of advance of thinner layers was greater than that of 
the thicker ones, and so the former usually overtake the latter 
whose thickness thus increases further. The same conclusion 
was arrived at by Volmer (1922), and Bunn and Emmett (1949).
Bunn and Emmett ascribed this to an increase of energy with de­
crease of step height. According to Frank (19$9) the initial 
bunching of unimolecular layers is due to fluctuations in con­
centration at the initiation point. He gives other reasons for 
further thickening of growth layers. The bunching of closed 
loops of unimolecular layers initiated by pairs of screw dis­
locations could also possibly be due to one or more of these 
factors. Factors affecting the visibility of growth layers in 
the case of beryl have been studied closely by Griffin (1951).

Marcelin and Boudin (1930) observed growth layers on several 
organic crystals including napthalene. Thin layers were ob­
served by Volmer (loc. cit.) on lead iodide crystals. He also 
succeeded in observing growth layers on cadmium iodide crystals 
deposited electrolytically and on crystals of mercury grown from
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the vapour. By means of their crossed-^inge multiple-beam 
technique Tolansky and Wilcock (1946) were able to produce evid­
ence for growth by layer deposition in the case of diamond. 
Tolansky (1̂ 4€> ) demonstrated that equilateral triangular shaped 
pits found on some diamond crystals are probably formed by the 
intersection of growth sheets advancing across the surface of the 
crystal in three directions inclined at 60^ to each other. Multi 
-molecular layers in the case of Urotropine, grown at temperatur- 
-es above 170^c., have been observed by Stranski (1949).

Bunn and Emmett (1949) have carried out an extensive study 
of growth by layer deposition and spreading in the case of many 
different crystalline substances, both ionic and non-polar.
They placed a drop of warm saturated solution on a warm micros­
cope slide, covering it with a thin cover-slip, and this was ob­
served under the microscope while the solution was cooling. The 
minimum height of the edges of the growth sheets obtained by 
this method was of the order of 1000 È. In the case of sodium 
chloride the thickness of layers was 300 - 700 unit cells, and 
in the case of cadmium iodide the thickness was 3000 to 5000 .
They also observed multimolecular growth layers on potassium 
dihydrogen phosphate, lead nitrate, sodium nitrate in the 
presence of lead nitrate, potassium sulphate, potassium chromate, 
alum, ferrous ammonium sulphate, mercuric chloride, magnesium 
nitrate, sodium formate, sodium diethyldithiocarbonate, sodium 
phosphate, urea, acetamide and pyrocatecol, the last six sub­
stances being grown from a(^queous solutions. On the other hand, 
no layers were observed by them on some inorganic compounds, nor 
on some twenty or more organic compounds grown from â zîqueous, 
alcoholic or benzene solutions. The main conclusions of their 
experiments were :
(l) The centres of initiation of growth layers are in general 

at points on face away from corners and edges, rather than 
at corners or edges.
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(2) As the layers proceed away from the growth centre they be­
come thicker and thicker.

(3) If the rate of growth is rapid, the growth fronts are more 
irregular, but as the rate of growth becomes slow they 
become more and more/gular conforming the symmetry of the 
face.

(4) Growth sheets are Visible only in the case of ionic 
crystals.

The first conclusion mentioned above is not in agreement 
with Kossel*s theory of crystal growth. Bunn found that in the 
case of growth of crystals of sodium chlorate, the concentration 
of the solution around the crystal was higher at the corners than 
at the face centres but that the diffusion process delivered more 
soluté at the face centres than at the corners. According to 
him diffusion flow can initiate growth layers and thus the 
initiation at face centres was accounted for. The spreading of 
layers on many crystals, during growth, is shown clearly in some 
very remarkable films produced by Emmett.

According to Bunn and Emmett (loc. cit.) a high index 
surface is constituted by a series of uniformly spaced molecular 
layers. If the layers get split up into several groups, each 
group forming a thick layer, the new layers will in general be of 
low index, and there will be a decrease in surface energy per unit 
height of layer.

According to Kaischew and Stranski (1935), and Becker and 
Boring (1935) the general tendency of the bounding faces is to 
be faces of low indices. High index faces are less stable as 
surfaces, and presumably their surface energy is higher than that 
of low-index faces. High-index faces created by spreading layers 
will tend to split up into comparatively large steps so that the 
bounding surfaces will have low indices. In most cases the edges
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of the steps are regarded as surfaces having high indices; the 
direct evidence for this view being derived by them from their 
observations on soâLium chloride.

Bunn and others firmly believe that growth of real crystals 
can be satisfactorily explained on the basis of two-dimensional 
nucléation theory, according to which only one layer will be seen 
spreading on a face at any one time. A layer will spread over 
the face before the next one is initiated. On the other hand, 
according to the experiments by Marcelin, Kowarski and Bunn, at 
any time during growth a large number of growth layers can be 
seen spreading across.the'crystalssurface. .Their experiments 
give the interpretation of vicinal faces as a succession of uni­
formly spaced edges of growth layers.

Berg (1938) and Humphreys Owen (1949) also found that in the 
case of growth of sodium chlorate from solution the supersatur­
ation of the solution in contact with the crystal is highest at 
the face centres. Small amounts of impurities adsorbed at the 

face centres may perhaps possibly be taken as the cause of 
initiation of layers at face centres, but it is unreasonable to 
suppose that impurity would not be adsorbed at the corners and 
edges of the crystal face.

Bunn and Emmett (loc. cit.) studied the effect of addition 
of soluble impurities to the solution on the thickness of growth 
layers, and found that in some cases the thickness remains the 
same while in others it either increases or decreases. In some 
cases the shape and habit of growth layers were affected by im­
purities but in most cases they were not.

On theoretical grounds, it has been accepted that growth 
takes place by spreading of unimolecular layers. Two-dimension­
al nucléation theories and also the screw dislocation theory of 
Frank (1949) suggest the same mode of crystal growth. With the
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exception of Marcelin (loc. cit.) and Volmer (loc. cit.), other 
workers could observe multimolecular layers only. Bunn and 
Emmett (loc. cit.) from their experimental observations of 
multimolecular layers on a large number of substances, during 
growth, concluded that this mode of growth is quite common or 
perhaps even normal. Sealer's observations (1952) on crystals 
after growth support this view.

Horn, Eullam and Kaspar (1952) have reported growth layers 
about 200 f. thick on A1 B^. Wyckoff produced the photograph 
taken with an electron microscope of a protein crystal. This 
was the first evidence of unimolecular layers, and was communi­
cated privately to Bunn (see Bunn and Emmett 1949 p.130).

Owing to the difficulties of resolution with an optical or 
electron microscope, it was not possible to observe the mole­
cular growth fronts in the majority of crystals. The edges of 
growth layers are too small in vertical height to be detected 
with an electron microscope, and are too closely spaced to be 
laterally resolved with an optical microscope.

Growth fronts observed by Bunn on the crystals which he 
studied were found to be invariably closed, but this could hardly 
be an argument against the growth by dislocation mechanism, be­
cause the edges of the growth layers were not monomolecular but 
mult imolecular.

Forty, Verma, Amelinckx and other workers have found that 
polymolecular growth fronts of spiral shape can and do occasion­
ally develop on crystals, including Cdl^ which was one of the 
crystals studied by Bunn. Details of these spirals will be
given in a later chapter. That such growth fronts can also
develop on natural quartz crystals has been put on record for the 
first time by the aut%ior in this present work (chapter XII). 
Growth by spiral mechanism on sythetic quartz is also clearly 
illustrated in chapter VI of this work.



C H A P T E R  II 

Growth of Imperfect Crystals

2*1. Introduction:
That an important difference in the properties of crystals 

is related to the distinction between ideal and real crystals was 
first pointed out by Smekal (1933)» He classified the proper­
ties of crystals into two distinct groups; (i) structure- 
insensitive properties which are essentially independent of 
crystal defects, and (ii) structure-sensitive which depend upon 
the presence of defects. Elasticity thermal expansion and com­
pressibility, specific heat, diamagnetism, paramagnetism etc. are 
properties of the first kind, while the ionic and electric con­
ductivity, the internal photo-effect, crystal strength, plasticity 
etc. are of the second.

Imperfections are in general of three different types:
(a) crystal defect which consists of lattice flaws where foreign 
atoms have taken up the normal positions of the atoms in the 
crystal lattice ; a vacant site may be said to be a special case 
of this; (b) crystal defect which consists of either foreign 
atoms or atoms of the crystal material, outside the regular 
geometrical arrangement of the crystal lattice, and known as 
interstitial atoms; (c) flaw which is called a dislocation; it 
consists of purely geometrical faults in the crystal lattice.
It is only the dislocation which has any effect on the lattice at 
distances greater than a few interatomic spacings. Seitz (1952) 
has given a synthesis of different imperfections in crystals.
There are two standard types of dislocation, the * edge * and the 
'screw* dislocations, with a series of intermediate cases which 
consist of various combinations of these two standard types. An 
excellent account of the theory of dislocations has been given 
by Cottrell (1949) and Read (1953).
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There is a school of thought which deals with crystals 
hiring imperfections in their surfaces. Frank (1949) explained 
distorsions of the perfect lattice in terms of dislocations.
From the point of view of crystal growth the most important of 
these dislocations are screw dislocations. Burgers (1939) and 
Kohler and Loos (1941) have worked out the mathematical theory 
of growth of imperfect crystals. This theory was further de­
veloped hy Mott and Nabarro (1948) and Frank (1949a). Review­
ing dislocation theory, Cottrell (1950) gave the definition of 
screw and edge dislocations. According to Burton, Cabrera and 
Frank (1949a, 1951) a crystal having screw dislocations emerging 
on its surface does not require a surface nucléation process 
provided that the distance between a pair of dislocations or a 
dislocation and the boundary is greater than the size (diameter) 
of the critical nucleus of the surface nucléation theory for the 
corresponding degree of supersaturation. Screw dislocations are
distorsions of the lattice with a screw component perpendicular 
to the crystal face. It has been established experimentally 
that the mechanical strength of good crystals is, at best, only 
sTbout one per cent, of the theoretically expected value. This 
difference between the experimental and theoretical values of the 
mechanical strength is attributed to the presence of dislocations.

Now on the basis of two-dimensional nucléation theory of 
crystal growth, once a three-dimensional nucleus is formed from 
the vapour phase, it would require, for growth to continue, a 
supersaturation of vapour of about 50^. From some of the ex­
perimental observations on the critical supersaturation necessary 
for growth, the value is found to be below about Ifb, According 
to Frank (1949b, 1950a) and Mott (1950b) at high supersaturations 
high-index stepped surfaces will disappear, and then the crystal 
will continue to grow by two-dimensional nucléation by a new 
molecular layer on unstepped surfaces circumscribing the initial
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crystal. Growth, of crystals at low supersaturation can only be 
explained by recognizing the fact that such crystals are im­
perfect. The theoretical value (viz. 50fo) of super saturation 
of vapour necessary for two-dimensional nucléation has been 
accepted by the dislocation theory, but it still maintains that, 
at least at low supersaturations, growth does not take place by 
two-dimensional nucléation. High sup e rs aturat ion will be re­
quired for two-dimensional nucléation to take place on a perfect 
completed lattice plane. To get rid of this difficulty the 
interpretation must be such that it will provide the surface with 
a step required for growth, thereby making two-dimensional 
nucléation unnecessary. In fact the dislocation theory states 
that the screw dislocations are present in the case of real 
crystals, and that they terminate at the surface with a screw 
component. They give rise to ever-present steps on the surface 
of the crystal, and deposition can take place on these steps.
At ordinary sup e r s aturat ion growth will take place by deposition 
of molecules along the ledge created by the dislocation terminat­
ing on the surface. The point on the crystal surface where the 
screw dislocation terminates is called the axis. How the mole­
cules in the crystal no longer lie on planes but on screw sur­
faces about the axis. As the molecules get deposited on the 
ledge, it rotates and a spiral is created. The general assumpticc 
is that dislocations of opposite signs exist on crystal faces. If 
the distance between two screw dislocations of opposite signs is 
less than the critical size (diameter) of the two-dimensional 
nucleus no growth will occur. On the other hand, if the distance 
between them is greater than this they send successive closed 
loops of steps. According to Burton, Cabrera and Prank (loc. 
cit.) the growth of unsaturated faces (e.g. (ill) faces of sodium 
chloride or any face of high index) is independent of dislocations
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or two-dimensional nucléation.
A single screw dislocation emerging on a crystal face will 

produce a growth pyramid, the edges of the layers of which will 
be of a spiral form. If growth is independent of crystallo- 
graphic orientation, a circular spiral will be formed. On the 
other hand, if growth depends on crystallographic direction the 
spirals will be polygonal. In either case the ultimate fate is 
the formation of low growth pyramids whose sides are vicinal 
faces. Growth from the vapour or from solution is explained by 
the dislocation theory. It does not deal with growth from the 
melt.

A full account of the experimental evidence of crystal 
growth by screw dislocation is given in chapter IV, the first 
being given by Griffin (1950a) who by a remarkable coincidence 
produced a photograph of a spiral on beryl at the same meeting 
where Prank read his paper on screw dislocations. Spirals were 
observed by Verma on silicon carbide crystals even before the 
existence of the dislocation theory. Menzies and Sloat (1929) 
had observed spirals on silicon carbide as early as 1929, but in 
the absence of any theory no significance was attached to their 
observations. Buckley (loc. cit.) who also observed spirals on 
silicon carbide even before the birth of the dislocation theory 
attributed them to some macroscopic events taking place in the 
vapour in the vicinity of the surface at the moment of solidifi­
cation.

A dislocation is a line of discontinuity which must either 
form a closed loop within the crystal or end on its surface. If 
a dislocation lies in a slip plane in the crystal it can be de­
fined as the line separating the part of the material that has 
slipped from that which has not. It is characterized by 
Burgers vector, which represents the distance through which the 
slip has occurred.
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2*2. Edge Dislocations;
This type of dislocation was first introduced by Taylor 

(1934), Polanyi (1934) and Orowan (1934). In this case the 
dislocation line and the slip vector are at right angles.Pig. 1 
shows the slip process in terms of which an edge dislocation can 
be represented. Slip has occurred over the area PQRS in the 
direction of the slip vector, the rest of the plane remaining 
unslipped. The line PQ is the internal boundary of the slipped 
area and therefore by definition a dislocation. The exact 
arrangement of atoms along PQ is .not known, however, an arrange­
ment which is probably a good approximation is shown in figs. 2 
(a) and (b) for a simple cubic case, looking along PQ. The atoms 
in the lower part are extended while those in the upper part are 
compressed. This type of dislocation could be regarded as being 
formed by the addition of an extra plane of atoms above the slip 
plane or by the removal of a plane from the lower half of the 
crystal in such a way that the edge of this plane coincides with 
the dislocation line. There must be one vertical plane of atoms 
coming from above and terminating on the slip plane. The im­
perfection along PQ is called an edge dislocation since it con­
stitutes the edge of an extra plane. Taylor (loc. cit.) showed 
that the motion of a dislocation line of the edge type across the 
slip plane, produces a shear displacement of an amount equal to 
the Burgers vector of the part of the crystal above the slip 
plane relative to that below that plane (Mott. 1951). This is 
its main property which characterises it when introduced into the 
theory of plastic flow.

Dislocations can also exist which are the inverse of the 
type shown in figs. 1 and 2, where there is an extra plane coming 
from below and terminating on the dislocation line. These two 
types are called positive and negative edge dislocations. Since,
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by inverting the crystal a positive dislocation can be transform­
ed into a negative one the distinction between them may appear 
superfluous. However, this distinction is necessary since two 
like dislocations repel each other while conversely two unlike 
attract.
2-3. Screw Dislocations:

This type of dislocation was first introduced by Burgers 
(1939). In this case the dislocation line and the slip vector 
are parallel. This may again be illustrated by a crystal model. 
A cut PQRS is made in the crystal, fig. 3(a), and the crystal 
material to the right is pushed down by one molecular diameter. 

The result is shown in fig. 3(b). A step has now been created oi 
the surface of the crystal such that on the left hand side, the 
plane of the crystal surface is higher and on the right hand side 
it is lower. The step does not extend throughout the surface of 
the crystal but extends only from the point P to the edge of the 
crystal. This line PQ is the boundary line between the right 
and left parts of the crystal which have slipped by unequal 
amounts, and hence is the dislocation line. In the case of a 
dislocation line meeting the surface of the crystal at right 
angles, the arrangement of molecules is illustrated by the model 
of fig. 4, the atoms being represented by cubes. The structure 
of a screw dislocation is shown in fig. 5, dotted lines and 
circles represent the molecules to the left of the slip plane of 
fig. 3(b), whereas the molecules to the right of the slip plane 
are represented by full lines and circles. In this case the 
dislocation line PQ is parallel to the slip direction.

Screw dislocations are of two types, right - and left - 
handed. In the latter type, moving along the Burgers circuit 
from a higher level to a lower level, the route is anti-clockwise, 
whereas in the former type it is clockwise. The right-handed 
screw dislocation will be obtained when the crystal material to
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the right of the cut PQRS in fig. 3(a) has been pushed down with 
respect to that on the left; the inverse operation will create 
a left-handed screw dislocation. This distinction between the 
left - and right - handed screw dislocations is trivial but arises 
out of the forces exerted between two dislocations.

The strength of the dislocation may be defined as the 
difference between the slip vectors on the slip plane on either 
side of the dislocation line. A route may be considered on any 
lattice plane of the crystal along a line drawn through the near­
est neighbouring atoms in such a way that it forms a closed loop. 
Such a line is called the Burgers circuit, and could be used to 
define the strength of the dislocation. If when tracing a line, 
corresponding to a circuit in a perfect lattice, it does not form 
a closed loop then the area enclosed by the line contains a dis­
location. The vector required to complete the loop is called the 
Burgers vector. It can be seen that the Burgers vector in the 
case of the screw dislocation illustrated by fig. 3 is equal to 
the slip vector. A more detailed description of the general be­
haviour of the Burgers circuit has been given by Prank (1951a) and 
Read (1953). Since the Burgers circuit can be continuously dis­
placed along the dislocation line without change in its Burgers 
vector, a dislocation cannot terminate within the crystal.‘

The screw dislocation can move in the slip plane in a direct­
ion perpendicular to the screw-axis, and also perpendicular to the 
slip ;j)lane. Both these processes take place without activation 
energy. However, a screw dislocation cannot move through 
diffusion of lattice sites. An account of the experimental 
evidence of the movement of screw dislocations will be given in 
Chapter IV.
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2*4. Role of Screw Dislocations in Crystal Growth;
The dislocatibns taking part in the growth of a crystal are 

of the screw type. As mentioned above, a screw dislocation 
emerging on the surface of a crystal produces a step on the * 
surface, which connects the end of the screw dislocation line 
with the edge of the crystal. This step is self-perpetuating in 
the sense that when one, or two or any number of layers of atoms
have been laid down on the crystal surface, the step remains.
The step provided by a screw dislocation will have kinks, and 
when the atoms are adsorbed on the crystal surface they will
diffuse to the step and finally to the kinks where they are ad­
sorbed for the building up of the crystal; and thus the step 
advajices. However, it can never grow out so as to produce a 
completed surface since the upper surface of the crystal is a 
spiral ramp. In the case of a perfect crystal the step would ex­
tend all the way across the crystal surface so that it would ad­
vance parallel to itself, thereby completing a new layer. On 
the other hand, if the step provided by a screw dislocation ex­
tended all the way across the crystal surface, although it would 
advance parallel to itself, all points moving with constant 
velocity, the end point of the dislocation where the step termin­
ates remains fixed, and hence the step tends to rotate round the 
dislocation somewhat like the hands of a clock. At a particular 
supersaturation each point on a straight step will advance with 
the same speed, therefore, the section of the step near the dis­
location will have a higher angular velocity for the same linear 

velocity, and consequently make a larger number of revolutions in 
a given time than the sections farther out. Thus the step winds 
itself in a spiral form. Several stages in the development of 
the spiral are shown in fig. 6. The spacing between successive 
loops of a spiral is proportional to the size of the critical 
nucleus for the growth on a perfect crystal, and is inversely 
proportional to the supersaturation.
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Strictly speaking, the theory outlined above applies only to 
the growth of crystals from the vapour, but it is clear that it 
will also apply in principle to growth from solution. The main 
difference is that in general in growth from vapour o c ^ >  Xo, 
while in solution DCg > . The observations of growth
spirals on crystals grown from solution, a brief account of 
which is given in Chapter IV indicate that the above theory of 
growth of an imperfect crystal is applicable also to the growth 
of crystals from solution.

These considerations first put forward by Frank (1950, 1951), 
and Burton, Cabrera and Frank (1951) predict that on the sur­
faces of crystals which have grown by this mechanism, flat mole­
cular spiral pyramids should be observed. The faces of these 
pyramids will be the vicinal faces, and the occurrence of such 
faces is naturally explained by the theory. An ideally long 
annealing would get rid of these dislocations, but in practice 
some may always be expected to remain.
2*5. Circular Spirals:

The simplest case is that in which the rate of growth is in­
dependent of crystallographic orientation. The rate of advance 
of a straight step is given by the equation:

- 0 V
where oC= saturation ratio, (p = actual pressure*, of vapour,

= saturation value);
= mean distance of adsorbed molecules = the average distance 

a molecule wanders on the crystal surface between the time it 
hits the surface and the time it evaporates,
T) = frequency factor (it is of the order of atomic frequency
of vibration rw in the case of "monoatomic substances),
W = evaporation energy,
^  = Boltzmann constant,and
T = absolute temperature.
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Such conditions are likely to occur in growth from vapour 
so that the rate of advance, 1%, , of a straight step does not 
vary with the orientation in the crystal face. Under these cir­
cumstances OC5 »  oCo even for orientations of closest packed 
directions.
Mean distance between )
kinks on a step ) “ Gxp((^y2,"̂  1 )

CL €Xf=(34>/̂ ,-̂ T)
■ 5

where, = nearest neighbour interaction and 
CL = interatomic distance .

In such cases the molecules will have a high probability of 
adhering to the step if adsorbed near it, irrespective of the 
orientation of the step. Therefore, the rate of advance of the 
ledge will be independent of crystallographic orientation, and a 
rounded spiral will result, the shape of which can be calculated 
under the assumptions, given by Burton, Cabrera and Frank (l95l).

A ledge which forms a portion of the spiral and has a radius 
of curvature , will advance with a velocity given by,

(1- 4 A
provided the sup e r s aturat ion is not too high.

£03̂ )
The spacing between the successive arms of the spiral will 

be constant and will be given by ,
2*6. Polygonal Suirals:

When the rate of advance of a growth front depends on its 
orientation, polygonal spirals will result. When the step is 
parallel to a close-packed direction it is obvious that this may 
influence the rate of advance. The step will then have relative­
ly few kinks, the kink energy being high. Therefore, if the 
condition Xs>>’ longer true, so that the kinks are few
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and far between and the distance moved by the adsorbed molecule 
is small, polygonal spirals will result, the edges of the steps 
becoming straight in a direction at right angles to the direc­
tions of minimum growth. But in general true straight step 
lines are not to be expected (Frank, 1952). These growth 
spirals which become polygonal will exhibit the degree of 
symmetry of the crystal face. According to Frank (1950b) the 
dependence of growth rate upon crystallographic orientation can 
therefore be represented by a two-dimensional polar diagram.
2*7. Properties of growth fronts and interaction of growth

spirals :
When the advancing growth fronts meet an obstruction they 

can propagate round corners; in fact it might be said that this 
point behaves like a secondary source of growth fronts? Verma 
(1953) has obtained *fish like* obstructions on silicon carbide 
crystals.

Sometimes amongst the dislocations emerging on a crystal 
face, one may dominate the rest. This will happen if the super­
saturation at one centre is slightly greater than at other 
centres. The growth pattern originating from the weaker sources 
will continually shrink and if conditions remain constant, 
ultimately only one growth pyramid will be seen. The weaker 
screw dislocations play little part in growth, and merely pass on 
the growth fronts received from the dominant screw dislocation 
with a slight delay and in a slightly modified form.
2*8. Growth pattern for two screw dislocations;
(a) Two screw dislocations of the same sign:

If two screw dislocations of the same sign emerge on a 
crystal surface in such a way that the distance between them is
less than 2TT/? ( = radius of the critical nucleus), they
will generate a pair of non-intersecting growth spirals. In such 
a case the spiral is doubled, and if the members are strictly
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parallel, the two dislocations may be said to co-operate with one 
another, and will behave like one dislocation of double strength. 
On the other hand, if the distance between them is greater than 
2TT/g the ledges originating from one will intersect the ledges I 
from the other, and the resultant growth pattern will be as shorn 
schematically, in full lines, in fig. 7, where the two 
dislocations and are assumed to be of equal strength.
Fig. 8 shows the resultant growth hill in three dimensions.
(b) Two screw dislocations of opposite sign;

When the screw dislocations of opposite sign emerge on the 
face of the crystal a ledge will run between them as shown in 
fig. 9. Growth will start if the supersaturation is raised to 
such a value that the size of the critical nucleus is less than 
the distance between them. When the critical nucleus is not 
circular, this will be equivalent to a correctly oriented 
critical nucleus passing between the two dislocation points. As 
long as the supersaturation is kept above this value, adsorbed 
atoms will join the step and therefore the step tends to spiral 
around both dislocations. Fig. 10 is a schematic representation 
of this, looking down from above. However, as the step doubles 
back on itself (fig. 11 (d)) the two points M and N which are at 
the same level will become joined up by atoms filling in the 
lower level 0 to form a bridge. This stage is shown in fig. 3J. 
(e). The parts B and F of the step grow very rapidly since the 
curvature is negative, that is to say the length of the step de­
creases as the step advances. Thus â” dlosed loop will be 
generated, and in the final stage the step will return to its 
original position, and is thus ready to start the cycle again.
This mechanism is similar to the Frank-Read source (1950). There­
fore, as successive loops are developed the surface of the 
crystal becomes a pyramid, composed of sheets or molecular 
layers.
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2*9. Growth pattern for a large Humber of Dislocations;
Quite complicated growth patterns result when a large number 

of dislocations emerge on the surface of a crystal. The
successive arms of the spirals originating from any two dis­
locations can join with each other if the two dislocations are 
of the same strength. Conversely if successive steps from two 
dislocations join and fuse together, without leaving a fault 
surface, it can be concluded that the step heights of the two
spirals are equal. It has been concluded by Verma (loc. cit.)
that in any one region of the crystal, the dislocations are of
the same sign and have the same strength, at least on §jT^, but
recent experiments (Sunagawa, 1959) have disproved this con­
clusion.
2'10. Density of Dislocations;

The density of dislocations varies widely on different 
crystals of the same substance. Verma has found that on Si C
crystals the density of dislocations is 10 eft 10
screw dislocations per sq.cm. of the crystal surface. Dawson 
and Vand (1951) have reported a density of dislocations 
(l•6+2x10^A^^^) where is the area in sq.cm. of the paraffin
crystal face (OOl).

Forty and Frank (1953) found that in the case of Ag crystals, 
gro™ from vapour, the density of observable dislocations is quite 
low; . usually one or two screw dislocations emerge on a face 
O'l sq.mm. . On the other hand, the density of dislocations for 
metal crystals grown from melt is quoted at ̂  10 per sq.cm. . . 
The great difference in these values may possibly be due to the 
much greater perfection of Ag crystals grown from vapour. In 
general all those crystals on which growth by spiral mechanism 
has been studied seem to be nearly perfect.
2.11. Groups of Dislocations;

Quite often groups of dislocations arranged in different ways
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emerge to the crystal surface and the growth patterns take 
complex geometrical shapes. If a spiral system of S branches 
is generated by a group of some nrp dislocations of the same sign 
arranged along a line of length L , the resultant activity of the 
group is given by

C 1 +  ^

times that of a single dislocation (Burton et alia 1951).
2-12. Some Information about the Conditions of Growth;

From the microscopic observations of the spirals, information 
about the conditions of growth like the size of the critical 
nucleus, the supersaturation and the temperature can be derived.

S/L — 4-lTV̂
Hence measuring <Sa . , can be evaluated.

Using the relation

the supersaturation can be calculated, provided can be
estimated. For this estimation Trouton* s rule may be used 
according to which ., \ ̂  \

where T^ is the boiling point in °E. At an absolute temperature
of 0-6 of the boiling point of the material 4y ^ T  ^  6 .

Verma (loc. cit) has found that Si Q crystals grow at a very
low value of supersaturation 0*2 per cent.. Griffin (1951b) has
calculated that the beryl crystals which he studied grew at a 
supersaturation of about 0*5 per cent.
2*13- Dislocations of Multiple Strength;

The step formed by the emergence of a screw dislocation onto 
the crystal surface will have a step height corresponding to the 
difference in the amounts of slip between the neighbouring regions
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of the crystal. In addition to the elementary spirals having 
step heights equal to the height of the X-ray unit cell, spirals 
having large step heights are also seen on some crystals. Such 
spirals usually have high visibility and can often be seen simply 
with a microscope using bright field illumination even without 
silvering the crystal. Such a spiral results from a dislocation 
of multiple strength, the Burgers vector being a multiple of the 
X-ray unit cell. A brief review of such spirals observed on 
different crystals is given in Chapter IV.
2-14. Dissociation of Steps;

According to Frank (1951b) the rate of advance of a multiple 
step of a spiral will be controlled by the deposition rate at 
the bottom of the step, and as long as the bottom of the step is 
not priviledged with respect to the diffusion from the gas, the 
multiple step will not dissociate into its component steps. 
Dissociation of steps in the case of Si_ C crystals has been 
observed by Verma (loc. cit.). He found that the edges of the 
steps are not close-packed. Fizeau fringes passing over the 
steps were observed to be continuous right over the edges, which 
indicates that the edges are not vertical. Again the crystal 
face between successive edges was also found to be not close- 
packed, since upon them some faint step lines were observed.

Cabrera (1953) Has considered the stability of a multiple 
step of a growth spiral. In the case of growth from solution, 
e.g. in Cdl^ crystals, the fact that the top of the stej) is under 
a higher supersaturation than the bottom (Seegar, 1953) seems to 
be sufficient to maintain the multiple step as a unit. A possibk 
explanation of this fact for the corresponding case of growth 
from vapour, for crystals which grow in layers separated by 
stacking changes, e.(j. Si C crystals, has been given by Cabrera 
(loc. cit.). He has shown that for the hexagonal Si C crystals 
with Zhdanov symbol (33), (22) etc. the multiple step will have 
the same minimum supersaturation for growth as the unit step, and
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will therefore tend to separate into its components. The 
situation is, however, different in the rhombohedral SdTc 
crystals, which have the general Zhdanov symbol 053)^323 
with (2n+l) stacking changes. In this case the multiple step 
will tend to remain intact.
2.15. Fault Surfaces;

Three cases will arise in considering the interaction of 
two dislocations of unequal strength;
(a) When two series of steps, originating from two screw dis­
locations, advance towards one another and meet, if the two step 
walls are identical, they will fuse together forming an unbroken 
crystal surface.
(b) If the two step walls of the growth layers advancing towards 
one another consist of the same repeat unit but have different 
step heights, since the structure of the step walls is identical, 
they will fuse with one another but since their step heights are 
unequal, they will leave a step of height equal to the excess of 
the repeat unit of one over the other.
(c) When the two screw dislocations are of different strengths 
and also have different structures the two step walls of the 
layers from these dislocations will consist of different numbers 
of layers, which wî -l also be arranged differently. In this 
case, the two steps cannot fuse with one another in a perfect way, 
crystallographically. A surface of lattice discontinuity will 
extend from every imperfect dislocation. Step lines terminating 
on imperfect dislocations therefore mark out fault surfaces and 
cannot move as easily as steps extending from perfect dislocations,

A geometrical configuration, due to Frank (see Forty 1952a), 
for the interaction of a smaller dislocation group with dominating 
growth layers is shown in fig. 12. Such a pattern will re­
produce itself after each cycle of rotation of the dominating 
spiral, if the' approximately radial steps advajice more slowly than 
the main spiral step. This is possible only if the dominated
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dislocation is an imperfect dislocation of the structure re­
sulting from the dominating one, so that the radial steps approx­
imately follow the trace of the fault surface in the crystal.
The hindrance to the passage of a growth step over a fault 
surface will depend on the degree of misfit at the fault surface. 
Pig. 13(a) shows the configuration in the extreme case when the 
hindrance is complete. If the supersaturation on either side 
of the fault surface is different the configuration will be as 
shoxm in fig. 13(b). If as growth proceeds the fault tries to 
heal itself, it will leave a large sized dot on the step lines 
on either side of the fault surface. Such dots, as observed by 
Verma (1953) on Si 0 crystals, reveal the past history of the 
extermination,of faults.

When growth fronts advance into the loop formed by the line 
of misfit, it can be said that the crystal material inside the 
loop is crystall0graphically perfect though elastically strained, 
and may be termed a 'good crystal*. According to Prank 
(l951a,b) and Read and Shockley (1952) a good crystal is defined 
as a region in which the strains, and density of atomic defects 
are small enough to allow the unmistakable correspondence to the 
ideal lattice.

Different dislocations in any one region of a crystal may 
have originated from one dislocation with a large Burgers vector. 
According to Prank (1951b) the step associated with the large 
Burgers vector will not terminate abruptly, but macroscopically 
speaking will taper away. It will actually break into discrete 
dislocations and most likely into dislocations of unit Burgers 
vector; these component dislocations thus broken up will be of 
the same sign, and due to repulsion between each other, they will 
tend to spread apart as growth proceeds.

Interlacing of spirals also takes place in some cases.
These have been observed and explained by Verma (loc. cit.) in
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the case of Si C crystals.
2-16, Polytypism;

According to the theory of Burton, Cabrera and Prank, the 
spiral form is obtained when during the process of growth, the 
inital ledge formed on the crystal face by the emergence of the 
screw dislocation, winds itself into that shape. Thus a crystal 
growing by this mechanism is not composed of an indefinite number 
of layers stacked upon each other, but of a finite niunber of in­
terleaved helicoids, where each helicoid axis is a dislocation. 
The structure necessarily repeats with a period corresponding 
to the pitch of the screw. The X-ray unit cell, which is equal 
to the step height, becomes the crystal building unit giving rise 
to different polytypes.
2*17. Origin of Dislocations:

Prank (l952a) suggests that Si 0 crystals may initially grow 
into plates by surface nucléation mechanism. These plates will 
become self-stressed, through non-uniform distribution of im­
purities or through thermal stresses due to partially screened 
intense radiation, ultimately up to its theoretical yield stress, 
when the thin plate will buckle and shear. This will raise 
terminated steps on the crystal face, and if the shear is by a 
uniform amount terminating fairly abruptly, a ledge will be ex­
posed. Growth will take place on this ever present step, and 
growth spiral will result. Vand (1951) has also given an ex­
planation on similar lines. An accidental stacking fault in the 
exposed ledge will afford sji alternative explanation of 
polytypism.

Korndorffer, Rahbek and Sultan (1952) have described an in­
teresting experiment which throws much light on the creation of 
dislocations by mechanical deformation in an otherwise seemingly 
perfect crystal of Cdl^. They indented such thin crystals with 
the help of a glass rod drawn into a fine point. It was found 
that by bringing the indentor in contact with the 'dead* crystal, 
it began to grow rapidly again, increasing both in extension and
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in thickness, and on some of these crystals spiral steps could 
clearly be resolved. It is clear that the stress produced by 
the indentor would facilitate the buckling and slip mechanism, 
and thus the experiment provides simple, direct experimental 
evidence of this mechanism.

According to Seitz (1950) dislocations may be formed by the 
condensation of vacant lattice sites as the crystal is cooled, 
some confirmation of which is obtained in the experiments of 
Teghtsoonian and Chalmers (l95l) when metals grow from melt.
Pranli (1952) suggests another possibility for the origin of dis­
locations. He suggests that either the crystal begins to grow on 
a foreign solid, which may already be dislocated, or if the early 
mode of growth is dendritic the arms of the dendrite will 
probably meet each other imperfectly and so produce dislocations. 
There will be a natural selection of suitably dislocated crystals 
as growth proceeds at low supersaturation. This will account for 
the emergence of one or a few dislocations near the centre of the 
growing face. The fact that, in the majority of crystals, 
dislocations occur more or less throughout their volume may be 
attributed principally to the deformations caused by impurities.
A convincing evidence of the existence of dislocations comes 
from the observation of Hedges and Mitchell (1953), who have 
succeeded in getting polytypic silver to separate out along dis­
location lines in a transparent AgBr crystal.

In addition there are cases in which growth is promoted by 
the persistent re-entrant angles in the surface provided by 
twinned crystals. Good examples are provided by fluorite and 
calcite (Prank, 1949 a,b). Dawson (1952) studying the growth 
of n-hectane crystals obtained lath shaped crystals, in addition 
to the features conforming to the spiral mechanism. These laths 
themselves are always twinned having a re-entrant angle on one of
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the narrow faces. This provides an indestructible step at the 
twin boundary so that growth in the one direction is greatly 
accelerated.
2#18. Movement of Dislocations:

Griffin (1952) in his observations of the static growth 
features on beryl crystals has observed certain anomalies in the 
layer structure near the dislocation. This was inexplicable in 
terms of either growth or dissolution, and he attributed it to 
the movement of a dislocation in some stage of the history of 
growth.

Taylor (loc.cit.) has calculated the forces exerted between 
two edge dislocations and Habarro (1952) has given a general 
treatment for these forces in different cases. According to 
Eshelby and Stroh (l95l) the force between two screw dislocations 
emerging normally in thin plates falls off exponentially with 
the distance between them. Peierls (1940) was the first to 
calculate the constraining force anchoring a dislocation to its 
equilibrium position between the lattice rows. According to 
him (loc. cit.) and Nabarro (1947) the force depends on the 
elastic constants of the medium. At a certain distance of 
separation between two dislocations of opposite sign, the 
attractive and anchoring forces will balance each other. During 
the process of growth of the crystal the two dislocations will 
draw towards one another, and will finally coalesce, joining to 
form a common centre, unless the distance of separation is 
greater than the above equilibrium value.

Mott (1953) has explained the example of such a case re­
produced in a photograph by Anderson and Dawson for a paraffin 
crystal. He states that the crystal has grown on two screw 
dislocations of opposite sign and after the growth has been 
completed, the dislocations have moved together under their 
mutual attraction, and annihilated one another. Experimentally
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dislocations of opposite sign are seldom observed.
Anderson and Dawson (1953) have produced a series of micro­

graphs of n-nonatriacontane (O^g Egg) crystals grown from 
solution, which demonstrate very clearly the mechanism of the 
growth of the crystal by the creation of a dislocation ledge and 
the subsequent movement of dislocation. According to Anderson 
and Dawson in the last stage of growth when the solvent evaporates, 
the crystal will become subject to stress, and will collapse on 
the supporting film; the imprint of the line of rupture will be 
transmitted to the upper surface, raising there a ledge which will 
be opposite in sense to the initkl ledge that has spiralled itself. 
This stage is schematically shown in fig. 14 (c). In general, 
it can be said that there will always be an interaction and 
fusing of the steps due to subsequent growth, thereby producing a 
row of kinks (fig. 14(d)), if the ledge created by the rupture is 
an integral multiple of the growth step. Indeed the order 
difference between the steps fusing with one another on either 
side of the line of rupture will give its height as a multiple of I 
the growth step. If the ledge due to rupture is not an integral 
multiple of the growth step it will leave a fault surface. ;

Alternatively it can be said that the collapse of the 
crystal is actually the movement of the dislocation in its o \ m  

glide plane, from its original point of emergence to the edge of 
the crystal. This will obviously raise a step between the two 
positions of the dislocation, and subsequent growth will lead to 
a growth pattern exactly as before. Anderson and Dawson do not 
agree with Mott * s interpretation of the annihilation of two 
dislocations of opposite sign. They suggest that the two dis­
locations have actually moved under the action of the force im­
posed from without by the collapse mechanism. The annihilation 
of dislocations of opposite sign leads to symmetrical closed
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growth sheets without any dislocation at the centre. If the 
slip occurs after the-growth has ceased, no interaction of the 
slip step and growth step would take place.

Forty and Franlc (1953) from their observations of the growth 
patterns on silver crystals grown from vapour in vacuo have con­
cluded that all the growth and slip steps are equal and 

monatomic, and hence the slip step is a unit slip step, but no 
measurements of step heights have been made.
2-19. Holes in Crystals and Hollow Dislocations:

Various workers have shown that dislocations are generally 
the centres for chemical etching. If a thin crystal in which a 
screw dislocation extends perpendicularly right through from one 
face to the opposite one, is etched for a long time a hole right 
through the crystal will result. That such is the case has been 
shown by Verma (1953) in the case of Si C crystals.

Prank (1951c) has shoTm that for a dislocation whose Burgers 
vector exceeds a critical value, of the order of magnitude 10 ,
there exists a state of equilibrium in which the core of the dis­
location is an empty tube. Taking a simple case of a material 
with isotropic elastic constants, Pranlc has examined the condition 
that a dislocation should have less energy when the core is hollow 
than when it is filled with strained material. It has been 
found that the dislocation will be hollow only if Burgers vector 
exceeds about 20 S . , although Prank has estimated 10 Ë . , to be a 
more reliable value. Por a Buggers vector as large as 100 2., 
for a typical dislocation in equilibriim, a hollow core of the 
order of 1000 f . in diameter may be expected. A dimple or a 
cratAr at the point of eBiergence of a screw dislocation on a 
free surface is also attributed to the same cause. According to 
Prank, if the surface energy is independent of orientation, the 
dimple will’ be shallow in form but of infinite volume and depth
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except at a natural habit crystal face where it is of finite 
depth or may even be totally absent. In a photomicrograph of 
spirals the hollow dislocation, if any, will appear as a black 
dot at the centre of the spiral. In Si_ C crystals Verma (1953) 
found that a crat6r had a flat bottom. In the case of a group 
of like dislocations. Burton, Cabrera and Prank (loc. cit.) have 
suggested that a pit may be developed on the crystal face if the 
growth fronts have difficulty in penetrating the group itself. 
Verma observed on some crystals of Si Ç spots of different sizes 
on step lines giving them a kinked appearance, and also spots 
unattached to step lines. Prank suggested that these may be 
ends of edge dislocations. In some cases even if the Burgers 
vector is much greater than 20 Ë ., the dislocation may not be 
hollow. The reason for this, according to Prank, is that a 
complete dislocation is readily dissociated into a cluster of 
weak partial dislocations. Holes at the centre of spirals on 
Si Q were found to be hexagonal conforming to the symmetry of the 
crystal.

The mechanism of growth by dislocation rather than by two-. 
dimensional nucléation has been favoured by topographical study, 
on molecular scale, which has been carried out in the case of onlÿ 
a few crystals. It is of interest to note that many features 
connected with crystal habit, habit modification and oriented 
overgrowth cannot be explained by either of the theories. Hence 
an open mind must be kept as regards the applicability of any 
particular theory of growth in an attempt to interprète the 
observations of the microtopagraphy of quartz given in the present 
work.
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C H A P T E R  III 

QUARTZ

3*1. Introduction;
There is such a vast literature on quartz that it is very 

difficult to give a brief account of quartz. However, a hnmble 
effort is made in the following few pages. Properties of quartz 
have been described at length by Sosman (1927), and briefly by 
Davey (1934), Heising (1943), Ma.son (1949) and Vigoureux and 
Booth (1950). A general description of quartz family minerals 
is given by Dake, Pleener and Wilson (1938).

In the entire mineral kingdom, no species is more abundant, 
wide-spread, or beautiful than quartz. Owing to its wide 
dissemination in nature and the unsurpassed beauty of its 
crystalline forms, quartz has been admired by man since remote 
antiquity. A full understanding of quartz minerals is truly a 
prerequisite to the study of mineralogy and geological sciences. 
Quartz also occupies a rather unique and prominent position in the 
field of semi-precious stones.

In view of their number, general distribution, and attractive 
qualities, it is not surprising to learn that quartz crystals 
were among the very first to be seriously examined and analyzed 
by man. In fact, quartz crystal has received more attention than 
any other mineral form, and it was this mineral with which the re­
nowned geologist Steno (1669) established the "law of constancy 
of crystal angles". As early as 1885, its crystallography was 
fully investigated.
3*2. Occurrence ;

Quartz is found in great many varieties in the rocks of all 
ages and of nearly every type, including igneous, sedimentary and 
metamorphic. Granite rocks and granite pegmatites are favc^ite
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places for the formation of large single quartz crystals.
Quartz minerals are found widely distributed throughout the
entire world. India has been the source of beautiful stones of
the quartz family for many centuries, and early in the seventeenth 
century, Cambay (India) became the leading centre for the cutting 
of these semi-precious stones. The crystalline quartz minerals 
generally have their home in volcanic rocks, or are closely 
associated with them. Crystals of remarkable size have been 
found in the Alps, Brazil, Japan, Madagascar, however, good 
crystals are also found in Herkimer county and Alaska. Clear, 
brilliant, well developed quartz crystals from Herkimer county
in New York are called *Herkimer diamonds'.
3*3. Crystallization;

Crystallization of quartz by the process of sublimation is 
by far the rarest or most uncommon but observations have proved 
that it does actually occur at times. This mode of crystalliza­
tion may account for, or at least play some important part in, the 
formation of "high temperature quartz". Crystallization can also 
take place by fusion. If the cooling of the magma is slow good 
crystals result, otherwise amorphous quartz is obtained. The 
most common and important mode by means of which quartz crystals 
are formed, is their crystallization out of solution.
3*4. Synthetic Quartz:

Quartz can be prepared artifically in the laboratory, the 
temperature for preparation being between 250°c.to 450^c. . The 
earliest experiment of this kind on record was by Schafhautle in 
1845. To him falls the credit of having been the first to pre­
pare quartz artifically. Spezia (1905, 1906) was the first to 
succeed in growing large synthetic quartz crystals by using a 
solution of sodium metasilicate in a silver-lined bomb. In the 
upper part of the bomb, where the temperature was 330^0. , a
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silver basket containing fragments of broken quartz was kept 
while just below it, where the temperature was 200^c. the seed 
crystals of natural quartz were suspended. The quartz frag­
ments dissolving at the higher temperature re-deposited on the 
seed crystals at a slightly lower temperature, the rate of growth 
being about 1 cm. in 100 days.

Woosters (1946) have described an isothermal process for 
growing large quartz crystals. During the period 1939-45 
Nacken developed, independently, similar techniques using 
vitreous silica, with the help of which it was possible to obtain 
growth under isothermal conditions by producing a solution 
which is under saturated with respect to vitreous silica and 
supersaturated with respect to the seeds natural quartz.
The rate of growth is at first rapid; but then decreases and 
eventually falls to zero. Dor this reason the temperature 
gradient method is generally preferred. Progress in this 
direction has been reported by Praagh (1949), Walker and Buehler 
(1950) and Brovm and co-workers (1951).

Bro™ et alia (loc. cit.) have used a temperature-gradient 
method and found difficulties in an attempt to prolong the 
growth cycle beyond a day due to the divitrification of the 
silica glass. Hale (1948) found it convenient to reverse the 
arrangement used by Spezia, i.e., to use an autoclave heated 
from its base, the temperature decreasing upwards. Hale (1949) 
and Walker and Beuhler (loc. cit.) mostly using seeds cut parallel 
to a rhombohedral face succeeded in growing fairly suitable 
crystals of quartz. According to them growth on a cut c-face 
is'of poor quality until pyramidal caps are complete, but there- 
s T ^ e r  quartz of sound quality is deposited on the newly formed 
rhombohedral faces.

The temperature-gradient method used by Brovm et alia was 
more or less similar to that described by Walker. They used a
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cylindrical steel autoclave which was charged with an acqueous 
solution of sodium carbonate, with crushed quartz placed loosely 
in the bottom and the seed crystal suspended from the lid. The 
autoclave was heated from the base which was resting on a hot 
plate and the temperature drop was 40°c. over the entire length 
of the autoclave. Sufficient liquid was put in the autoclave to 
produce, at the working temperature of 360  ̂- 400^c. , a pressure 
between 1000 and 2000 atmospheres. They have produced good 
quality quartz at the rate of 0*5 mm. per day on each (OOOl) face, 
and have found that although the main growing face is not pla n,ar 
and is much more rough than other faces (see chapter VI) quartz 
prepared by them were of as good quality as the best Brazilian 
quartz. The synthetic crystals grown by them on seed plates 
parallel to (OOOl) were found to have habit which is suitable for 
the economical fabrication of oscillator plates. In general, 
such crystals were found to be completely free from cracks, in­
clusions and twinning, and their refractive index was found to be 
equal to that for best natural quartz crystals. Prom their 
experiments they found that mass of quartz which can be deposited 
in a given time increases with the area of the seed plate but 
this area is naturally limited by the size of the autoclave. In 
preparation of quartz in an autoclave, usually a solution of 
sodium carbonate is used but sometimes to it are added solutions 
of sodium hydroxide and sod.ium chloride.
3•5• Chemical Composition:

Quartz is described by the chemist as silicon dioxide SiOg.
It crystallizes in hard, brittle, glass-like six-sided prisms 
with pyramidal terminations. It seems unbelievable, though 
nevertheless true, that the two elements, Si and 0, entering into 
the quartz molecule, make up 75^ of the surface material of the 
earth.
3*6. Physical Properties:

The specific gravity of purest quartz is 2*65, while for
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other varieties it ranges from 2*5 to 2'8. Its melting point is
1750^0., and its physical hardness is 7, on the Moh's scale.
Crystalline quartz is unstable at temperatures above 800°c.
Quartz, under atmospheric pressure, below 573^c,is called oc - 

-quartz or 1ow-1emperature quartz; above this temperature 
it is called p-quartz or high temperature quartz, the designations 
cC & p- quartz being first introduced by Mugge in 1907. Sub­

jecting quartz to temperatures above 573°c. produces a rearrange­
ment of its molecular or atomic structure. Vein quartz and the 
huge crystals in pegmatite dikes generally form at lower 
tem|Deratures, while the granite quartz crystallizes at higher 
temperatures.

Quartz is insoluble in ordinary acids but dissolves in 
hydrofluoric acid and in hot alkalis. It is soluble to some 
extent in water at high pressures and temperatures, and to a much
larger extent if so^/dium hydroxide is present. It does not
oxidise readily.

At ordinary temperatures, quartz is a very poor conductor of 
heat, but at temperatures near its melting point it becomes as 
good conductor of heat as copper is at ordinary temperatures. 
Thermal conductivity of quartz is maximum along its principal 
axis.

The piezoelectric property of quartz and other minerals was 
discovered by Pierre and Jacques Curie in 1880. Quartz crystals 
were the first piezoelectric crystals to receive wide application, 
and because of their excellent mechanical properties they are 
still the most widely applied piezoelectric crystals. Quartz 
exhibits double refraction and is optically active, c-axis being 
the direction of the optic axis.

A study of the origin and deposition of quartz has led to 
numerous important conclusions in the field of geology, mineralogy.
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and ore deposits* Quartz has rightly been referred to as a 
’’geological thermometer".

\iThen a quartz crystal is heated gradually an abrupt change 
in the values of most of its physical constants occurs at a well 
defined temperature approximately 573^c., which is the conversion 
temperature ofcC-pvarieties*
3*7. Smoky Quartz and Milky Quartz;
(a) Smoky Quartz: This is a variety of crystal quartz character­
ized by a smoky-yellow to dark smoky brown; however crystals
of all colour gradations from a mere tinge of colour to some 
so dense as to be practically opaque are not uncommon. The 
colour of most smoky quartz can be removed by heating it to about 
350^c. to 450^0. . It has been thought that the smoky colour is
due to colourless crystals having been exposed for long periods 
of time to radium emanations from the surrounding rocks.
(b) Milky Quartz: This is a transluscent to opaque variety of
massive quartz. The white colour is not due to any colouring 
matter but to millions of fluid enclosures*
3*3. Symmetry, Form and Habit:

No more instructive example exists of the principles of 
crystalline symmetry, both geometrical and physical, than quartz.

The basic form of quartz is the hexagonal prism terminating 
in rhombohedron* An ordinary quartz crystal, when doubly 
terminated, resembles a combination of a hexagonal prism and a 
bipyramid as shown in fig. 15. Sometimes the form is a simple 
bipyramid. In fig. 15 faces marked m are prism faces, which 
a^re of the form {lOTo} while at either end, the hexagonal prism 
is terminated by six rhombohedral faces, which consist of two 
sets of three alternate faces. One set, the members of which 
are usually more developed and more bright is designated as 
positive or major rhombohedron and the other which are usually 
less developed and less bright or rather dull is designated as 
negative or minor rhombohedron. The first set is symbolized 
as R and the second as r. They are of the form |l011^ .
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Naturally in a doubly terminated quartz crystal each prism face 
will have a positive rhombohedron at one end and a negative 
rhombohedron at the other. Sometimes, e.g., from Hungary and 
Brazil, quartz crystals are found terminated at each end by only 
one set of three positive rhombohedra.

Some natural quartz crystals haVe small trapezohedral faces 
adjoining the lower right hand corner of the major rhombohedral 
faces, while others have these same small trapezohedral faces 
situated to the left. These two types of crystals are called 
right-handed and left-handed respectively. These faces are 
symbolized as * DC * ? and have the form ^ 5l6l\ and{6l5l\ for 
the right- and left- handed crystals respectively. In much the 
same way, some quartz crystals have small trigonal bipyramidal 
faces at the right and left hand corners of positive rhombohedral 
faces in the case of right- and left- handed crystals respectively. 
They are symbolized as *s*, and are of the form {̂1121  ̂ for 
right-handed and j 2111^ for left-handed crystals. The two 
types with ' oc * and ’s' faces are shcvm in fig. 16. The 
right- or left-hand nature of quartz can be ascertained by (a) 
position of ' * face, (b) direction of the zone^rsjc m’, or
(c) direction of the striae on *s’ face.

The existence of enaratiomorphous growth forms on quartz was 
first observed by Herschel in 1821; however it was also 
independently discovered by the crystallographer Weiss in 1836. 

dCj- quartz crystallizes on space-group hj" or depending on 
whether it is left-handed or right-handed. It has three mole­

cules per unit crystal. quartz possesses one axis of three­
fold symmetry which is vertical and coincides with the c-axis 
pointing the upper and lower ends of a doubly terminated crystal.
It has three axes of two-fold symmetry passing through the pairs 
of opposite prism edges, but has no plane of symmetry and no 
centre of symmetry. In dC- quartz the three horizontal axes are 
polar, and it belongs to the trigonal trapezohedral class (32) of 
the hexagonal system.
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On the other hand, p- quartz belongs to the hexagonal 
trapezohedral class of the hexagonal system. It has one axis 
of six-fold sT̂ miietry and six axes of two-fold symmetry perpendi­
cular thereto, and separated by angles of 30 ; it has no plane 
of symmetry and no centre of symmetry. When a fragment of low- 
quartz inverts at 573^c,into high quartz the axis of three-fold 
symmetry remains fixed in direction, while the three two-fold 
axes of low quartz change into three of the six two-fold axes of 
high quartz. Finally, all of the plane faces on the low-quartz 
remain as plane faces on the high quartz.

Crystals whose growth takes place in fissures will present 
a definitely greater number of irregular and ’rare planes* than 
those occurring in closed cavities. Smoky crystals are also 
likely to present rare planes.

Occasionally the chemical nature of the solutions from 
which quartz crystals grow may^to such an extent as to create 
* capping* layers and etchings upon crystal faces, and at times 
the passing solution may even change to a solvent, in which case 
instead of a continuation of deposition of the material, portions 
of the growing crystals may be actually dissolved away,
kMiiiii I L":u' 2 ll m I'̂ jhTStc'd.gs. pbnpn n mnnTrrnii i ni ifh-rrii

-l't-il I't "iTpi g;he presence of impurities in the silica solution onrusL 
jare the two important factors which influence the shape of a 
crystal forming in a solution.

It is a fact that the apparent hexagonal pyramids are 
really combinations of two rhombohedrons, while the apparent 
hexagonal prisms are combinations of two three-sided prisms; 
the terminal faces are, therefore, called rhombohedrons and not 
pyramids.

Fig. 17 is a diagram of a quartz crystal showing different 
faces with their indices, but it should be mentioned that the 
face (OOOl) is a cut face, because such a face is seldom or never 
found on a natural quartz crystal.
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3*9. Mechanical Flaws:
listed quartz apparently seems to consist of a single 

warped crystal, but it is in reality composed of many individuals, 
each turned through a small angle, so as to produce a spiral 
effect. A common fault is caused by cracks due to strain set 
up either directly by mechanical shock or indirectly by thermal 
gradients in the crystal.
3*10. Prism Faces:

One of the distinguishing characters of quartz is the 
presence of horizontal, parallel striations which occur on prism 
faces, these faces being rectangular in outline. According to 
English striations upon crystal faces represent a sort of conflict 
waged between two nearly balanced forces - one striving to pro­
duce a crystal of a certain type and the other trying to produce 
aT"nother type, - the result being an arrangement of minute, 
sometimes microscopic faces, called 'the oscillatory combination*. 
The horizontal striations on prim faces of quartz crystals show 
plainly the oscillation between the growth of prism and terminal 
rhombohedral faces.

Angle between R and m faces l ê 141^-47 .
" " r " m " " 141°-47’.

Angle between alternating faces at the apex of the pyramid is
94°-14’ .

3•11. Phantoms :
Plants and animals assimilate their food inwardly and in­

crease their size or growth from within; on the other hand, 
crystals grow definitely by the accretion of material from with­
out. It would be too much to expect that all crystal growth, 
from beginning to end, would be a continuous process and in fact
it is not; we can, therefore, safely assume that in the
formation of some crystals, there were many pauses or periods
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when growth ceased altogether, due to lack or scarcity of the re­
quired material. Many of these pauses leave traces or marks 
which one cannot fail to see, and from which a skilled crystallo­
grapher car easily read the life history of the crystal. In the 
case of quartz these pauses are revealed in various manners and 
habits. In the most casual form, the type of material of which 
the crystal is composed is homogeneous throughout, and each phase 
or stage of growth is shown by more or less faint mirror or 
ghost-like outlines or images called "phantoms". Generally they 
are but faint, feathery traceries most clearly observed when the 
crystals are turned at certain angles to the light.

Phantoms may be smoky, blue, white or bubbly in texture 
a]hd they may occur in groups, clusters or a succession of forms, 
where the process is repeated again and again, resulting in a 
series of internal cappings. Occasionally, these cappings are 
separated by foreign material. That phantoms are closely re­
lated to disturbed growth conditions is apparent from their close 
relationship to crystal faces.
3*12. Inclusions:

Since quartz is usually nearly the last mineral to crystallize 
during the process of solidification of a rock magma, it may in­
clude within it crystals of any other minerals which have 
crystallized previously or at the same time with it. Inclusions 
may be of solid, liquid, and gaseous material; individual in­
clusions may vary in size from sub-microscopic to those easily 
visible with naked eye, and may be isolated, or arranged in lines, 
or planes or curved surfaces. When inclusions are sufficiently 
small and closely grouped, they give a bluish cast to the group, 
but when they are larger, the group appears white. When bubble 
inclusions occur in organized groups, the group is referred to as 
a bubble phantom, or bubble veil.

From analysis it has been found that cavities in quartz
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contain carbon dioxide, water, salt solutions, and other 
substances that might have been present during growth. Occasion­
ally, the liquids included a^re hydrocarbons, oily petroleum­
like substances; however in many rocks the imprisoned liquid was 
carbon dioxide in the liquid state. These liquid inclusions 
seldom completely fill the cavities, a condition which permits 
the liquid to move about from place to place and to be seen as a 
bubble. All prolific quartz localities afford liquid inclusions 
of some kind.

According to E. Mitchell Gwnnell, in many instances there is 
a definite orientation of the liquid inclusions in quartz 
crystals. In his opinion this is bound to be so, because these 
liquid inclusions are merely occupying the oriented cavities in 
skeletally developed crystals. Though this may not always be 
true, it was often found to be so in his observations.

Needle inclusions appear as long, thin, lines or needles, 
which may be straight or ccr̂ aved, blue, white or otherwise.
Needles visible without concentrated illumination, are likely to 
be inclusions of crystalline material, such as rutile (brown), 
tourmaline (black) etc.
3 *13. P8eudomorphism;

Quartz readily responds to replacement process and is often 
found masquerading in many unexpected crystal forms. The word 
pseudomorph is used to indicate a mineral that has replaced 
another of entirely different form and composition. A 
pseudomorph is a body possessing the form of one substance and 
the chemical composition of another. Quartz gives unique 
facilities in the formation of its pseudomorphs, assuming the 
crystal form of no small number of minerals which it is capable 
of replacing. Silica often forms pseudomorphs after other 
minerals, such as calcite and fluorite, usually replacing them 
by quartz. Besides replacing other minerals, quartz itself may 
be replaced, but such pseudomorphs are less common than the
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obverse type. Wood turned to stone, is one of the most common 
forms of organic pseudomorphs.
3'14. Twinning:

Crystals of many minerals have an occasional habit of inter­
growth, as a result of which it may appear as if two crystals 
were trying to occupy the same space at the same time. This 
tendency of crystals is called twinning. Twinning is an 
abnormality of growth, in which an apparently homogeneous crystal 
is not actually of the same handedness, electrical sense or 
orientation throughout. Low quartz exhibits two principal types 
of twinning, Dauphine^ or electrical and Brazil or optical 
twinning.

In the Dauphin^ type the two portions of the crystal are of 
the same hand, but one is rotated 180^ about the principal aT~xis 
with respect to the other; the twinning axis is the c-axis and 
the twinning plane is a face of the first order hexagonal prism;
R faces of one coincide with r faces of the other; electrica 1 
polarity is reversed; and the crystal is electrically and 
elastically inhomogeneous although optically homogeneous.

In Brazil twinning, the two crystalline individuals are of 
opposite hands, one being left-handed and the other right-handed; 
there is no rotation of twinned portion; R and r faces of one 
coincide with R and r faces of the other; polarity gets reversed; 
there is no twinning axis; a face of the trigonal prism of the 
second order 111*20̂  is the twinning plane, and the crystal is 
optically and electrically inhomogeneous although elastically 
homogeneous.

Sometimes a combination of Dauphine* and Brazil twins is 
found present in quartz crystals. In such a type, called 
Compound twin, the twinned portion is rotated 60^ (or 180^) about 
the Z-axis with respect to and is of the opposite hand as com­
pared with the untwinned portion; R faces of one coincide with 
r faces of the other, and although there is no reversal of
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piezoelectric activity, the crystal is elastically and optically 
irhomogeneous.

The Dauphine% Brazil and compound twins are illustrated in 
fig. 18(a), (b), (c) respectively. It should be stressed that 
the idealized form of twinning, shoxm in fig. 18, is not found 
in practice, but the twinning boundaries are usually much more 
irregular. Experience with many thousands of crystals has 
shoxm that almost all crystals are twinned to some extent, and 
that while electrical and optical twinning are very common, com­
pound twinning is extremely rare.

A less common twin of the orientational type is the 
"Japanese twin", in which the two portions are symmetrical with 
respect to a trigonal bipyramid of second order viz, {ll22^ on 
a right-handed crystal the pyramid {2112^ on a left-handed 
crystal.

Any type of twinning is usually difficult or impossible to 
detect from the exterior form of the crystal. The best method 
of detecting twinning is by etching the surface with hydrofluoric 
acid.
3*15. Etching;

Hydrofluoric acid and hot alkalis are used as etching agents 
for quartz. Dilute hydrofluoric acid acts first upon the 
rhombohedrons without attacking other faces. Of the two 
rhombohedrons, negative rhombohedrons are the more readily attack­
ed; becoming mat in appearance because of the great number of 
small pits, while on the positive rhombohedrons there are fewer 
and bigger pits. Of all the simpler planes of low quartz the 
plane (OOOl), perpendicular to the c-axis, shows the greatest 
diversity in etch figures. Etch figures with hydrofluoric acid 
are particularly variable, however, and etch hills in place of 
etch pits are the usual form on this plane.
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Imperfect natura_J- etch patterns are sometimes found on the 
crystal faces, hut the perfect form for an untwinned right-handed 
quartz crystal are as shown in fig.19. Natural etch patterns 
which are frequently observed on m, R  and r faces of a crystal 
indicate the presence of one or both twinning varieties. Simple 
etching technique is used universally whereby the presence of 
twinning is permanently recorded on the test specimen, whether 
natural crystal, cut slab or plate. Etch pits on alternate 
three rhombohedral faces are similar, which confirms the 
symmetry. Study of etch pits is a powerful tool in determining 
crystal symmetry.

A detailed account of etching of quartz is given by 
Ichikawa (1915) and a lucid description of etch pits and their 
interpretation, for minerals in general, is also given by 
Hones8 (1927).
3*16. Cracks :

Many quartz crystals contain cracks, which are not readily 
seen by casual surface examination. All types of quartz common­
ly contain one or more cracks, especially when badly twinned or 
full of inclusions. Some of these cracks may be due to rough 
handling, but others are due to growth conditions, or result 
from temperature changes after growth. Every visible crack 
may be considered to extend beyond its visible range, and some 
actual cracks will not be visible at all.
3*17. Gliding:

When subjected to stresses due to unequal cooling or to 
direct non-uniform pressure low-quartz exhibits gliding-planes 
parallel to the primary positive and negative rhombohedrons and 
to the hexagonal prism. No other gliding planes have been ob­
served.
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3'18. Cleavage :
The character of the cleavage is a qualitative property 

which states the relative ease with which a given cleavage can 
he produced mechanically, perfect and imperfect being the usual 
distinctions. The cleavage of low-quartz is not distinct in 
any direction. Vfhen broken by shock or stress, the crystal 
usually breaks with a conchoidal fracture. It can be said that 
it has a partial cleavage parallel to rhombohedral faces, because 
when plane surfaces of separation have been observed, they have 
nearly always been|narallel to the primary positive or negative 
rhombohedron or to the hexagonal prism. The occasional plane 
surfaces of separation may be only the result of gliding planes, 
as suggested by Lehmann and by Judd. Separation parallel to 
the hexagonal prism or to the base is much less distinct than 
either of the rhombohedrons. '

According to the experience of Japanese quartz workers, 
fracture surfaces sometimes occur not only parallel to 
rhombohedrons and hexagonal prism, but also the common trigonal 
pyramid and trapezohedrons. This has been shoxm by etching by 
Ichikawa (loc. cit.). Very rarely there is also an imperfect 
cleavage parallel to the second order prism ̂ ’1120^. The fracture 
of quartz perpendicular to the principal axis is more irregularly 
conchoidal than that in other directions.
3*19. Structure :

From X-ray studies, Bragg and Gibbs (1925) and Wyckoff (1926) 
have shOT̂ n. that quartz has a complicated structure.
(a) Structure of p-quartz :

On account of greater symmetry of p-quartz, its structure is 
much simpler than that ofdC-quartz, Fig.20 illustrates the 
position of silicon and oxygen atoms in p-quartz. The oxygen
planes are not coincident with the silicon plane but are situated 
at distances lying between 0*6 to 0*9 on either side and 
it is inferred with certainty that the diagonals of the oxygen
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hexagons are not parallel to the diagonals of the silicon
hexagons but are in perpendicular directions. Fig.21 illustrates
the position of oxygen atoms in p-quartz showing their distance
from the nearest side of the silicon hexagon. Here^h indicates
the height of atom A above the plane of the figure and * c * is the
length of unit cell in the direction of C-axis.
(b) Structure of <&-quartz :

The diffraction pattern of^-quartz is that of a single
triangrular lattice. The side of the equilateral triangle is
a = 4*903 . The height of the unit prism is ̂ o= 5*59 A:. , giving an axial ratio c = 1*10.
Quartz crystal is composed of three interpenetrating simple
triangular lattices. The sj-mmietry of the crystal leads us at
once to believe that the unit triangle of each of the basal
(OOOl) plane may be derived from those of the plane below by a
rotation of 120^ together with a vertical shift of c/3 along the
Z-axis. It is necessary to assume that, although the quartz
is made u j  of three interpenetrating lattices equally spaced
along the Z-axis, yet these are differently situated with respect
to each other along the X- and Y- axes than they would have been
if the crystal were rhombohedral.

Bragg's values for the parameters of quartz are:

âg = 4-89 2  ; = 5*375

Gibbs (1925) from a consideration of the diffracted beams 
from the (OOOl) planes assumed each basal plane to be split up 
into three others :

A plane of Si’̂'̂’̂  sandwitched between two planes of 
0 . According to him these planes are so spaced that the
Z-axis of the unit cell is divided into approximately equal parts. 
Such an arrangement of basal planes would have the effect of
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lifting all the three 0 of each cell and depressing all the 
other three of each cell or vice versa.

In quartz each Si has two 0 which are slightly
I I IIcloser to it at room temperature than to any other Si , so 

that the molecule of SiO^ has a real existence in the quartz 
crystal. Such a crystal is a molecular crystal. At elevated 
temperatures it is to he expected that this slight inequality in 
spacing will be overcome from instant to instant for individual 
ions because of their increased freedom of motion. This means 
that at elevated temperatures quartz changes from a molecular 
compound to an ionic compound and should become electrically 
conducting. It is a matter of ordinary laboratory experience 
(that this is indeed the case.

oC-quartz has three molecules per unit crystal and its 
molecular symmetry requires a two-fold axis of symmetry perpendi­
cular to {1120^ . The molecule of quartz is shaped like a bent 
arm with the silicon at the elbow and an oxygen at the hand and 
at the shoulder. A line bisecting the angle of the elbow is, 
in every case, perpendicular to some member of the {ll20^ form. 
The bisector is a two-fold axis of symmetry for the SiO^ mole­
cules.

Fig.22 shows positions of silicon atoms inoC-quartz projected 
on a plane perpendicular to the 0-axis, the three directions 
marked X X indicating the three two-fold axes of symmetry. The 
distance between the silicon and oxygen planes is 0*63 A. and 
Gibbs (loc. cit.) assumes that the oxygen atom lies in a plane 
perpendicular to and bisecting the line a_b. Fig.23 illustrates 
arrangement of Silicon and Oxygen atoms projected on a plane 
perpendicular to the C-axis, while fig.24 shows that projected 
on a plane perpendicular to electric axis (Gibbs, 1926).
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The silicon atoms lie on three interpenetrating hexagonal 
lattices which have in the vertical direction a spiral arrange­
ment with respect to each other. The oxygen atoms are 
apparently grouped in a tetrahedral manner about the silicon 
atoms. The unit cell contains three silicon atoms, and since 
a silicon atom has a half-share of each of its four surrounding 
Og - atoms, the Si - o^ ratio is obeyed.
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C H A P T E R  IV.

Review and Record of Previous Observations.
One of the important observations presented in the present 

work is spiral patterns on natural and synthetic quartz crystals. 
Ever since the birth of the dislocation theory various workers in 
different laboratories have studied growth problems and surface 
structures of various substances, both metallic and non-metallic, 
but until now there has been no evidence of spiral growth on 
quartz. Most of the workers have, in general, obtained spirals 
only on one form of a particular crystal under study, and in all 
cases the profile of a spiral has always been flat with abrupt 
steps. The significant points of the spirals described in the 
present work are:

(a) spirals observed for the first time on quartz crystals, 
both natural and synthetic,

(b) some spirals have ripple shaped convex profile, unobserved i 
before, and have no abrupt steps,

(c) spirals are obtained on two different forms, basal and 
rhombohedral faces,

(d) some spirals are eccentric, and
(e) giant dislocations, movement of dislocation, slip during*growth, interlaced spirals, snail shaped and shooting star­

shaped spirals, hollow dislocations, closed loops due to 
Prank-Read source, cooperating spirals etc., etc., are 
obtained.

Taking into consideration the above-mentioned points, the 
author felt that a consolidated summary of observations made on 
spiral growth during the decade since the birth of the dislocation 
theory would provide a useful overall picture and a ready source 
of reference. Such observations, including their references, are
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give%h in a tabular form below. For lack of space observations 
of spiral growth in the case of metal crystals, theoretical 
discussion on the subject, and observations on revealing dis­
locations by etching are not included in this table. Abbreviat­
ions used in the table are as follows:

Metl. Mic. Metallurgical Microscope (using bright- 
field illumination).

Blec. Mic. Electron Microscope.

Phase. Con. Phase contrast Microscope.

Ult. Mic. Ultra Microscope.

M.B.I.P. Multiple beam interference Pizeau fringes.

Peco Fringes of equal chromatic order.
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Willis (1952) has carried out an extensive study of growth 
pyramids on natural and synthetic quartz crystals, and has shown 
that these pyramids are produced by the spreading of multimole- 
cular growth sheets from several initiating centres. He 
established that the gradient of the pyramid increases near the 
summit, and evaluated the size of the critical nucleus. He also 
observed a slip line, terminating at both its ends, on a major 
rhombohedral face; its step height was from 0 i\to 950 R. , 
G-riffin (1950) and Willis (loc. cit.) found growth cones two to 
three light waves high on some quartz crystals; some of these 
cones had a protuberance. According to Willis, growth initially 
starts from a number of nuclei (^  lo^ per. sq.cm.) but as growth 
proceeds most of them become inactive and growth mainly takes 
place from only a few growth centres. Circular growth fronts 
were found on some Brazilian quartz crystals.

Tetrahedral growth pyramids were observed by Praagh and 
Willis (1952) on some prism faces, and according to them growth 
of prism faces is faster in a direction perpendicular than 
parallel to the triad axis. They found that the steep side 
(in the rhombohedral zone) of the vicinal hillocks causing the 
horizontal striations on the prism faces of quartz crystals had 
inclinations up to 15^ from the prism faces.

Tolansky (1945) has shown, by virtue of the sensitivity of 
multiple beam interference fringes, that quartz vicinal faces are 
not truly plane, but possess a slight cylindrical curvature with 
a radius of curvature of 20 - 60 meters.

Kalb (1930, 1933? 1934) studied the interfacial angles of a 
large number of crystals from several different localities by 
means of a reflection goniometer. He discovered that the vicinal 
faces on any given habit face occurred in sets of three, although 
in certain special cases one or two of the set were absent, and 
each set constituted the three sides of a low growth pyramid.
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The angles between the vicinal sides of the pyramids were of the 
order of five minutes of arc.

Seager (1952) has published a photograph which illustrates 
the ease with which layers on prism faces of quartz completely 
surround particles of impurity on the surface of the crystal.
On the R face of a quartz crystal from the iron mines of 
Cumberland he found remarkable regularity of spacing of the layer 
edges which seems to indicate a rhythmic process of layer 
initiation. He has also given the various permutations and com­
binations of the rate of initiation and rate of spreading of 
growth layers which lead to plane, concave, convex or complex 
profiles of crystal surfaces. He observed that although in some 
cases of quartz crystals, layers appear to have spread rolfnd and 
engulfed solid particles' of an impurity with no indication of 
hindrance, there were cases in which layers passed the particles of 
impurity and left growth shadows.
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SPECIAL TBCMIQÜBS



C H A P T E R  Y

Special Techniques

5*1. Introduction;
Interferometry is a well established technique, and has been 

accepted as a powerful tool in studying a range of problems 
connected with the surface examination of materials, an 
authoritative account of which is given by Tolansky (1948).
The particular importance of interferometry in crystal growth 
problems has long been recognized because it has enabled precise 
measurements of the thickness of growth layers to be made and 
without this information the mechanism of crystal growth would 
have remained unexplained. The interpretation, manipulâtions 
and calculations obtained from multiple beam interferograms 
depend upon the quality of the fringes in terms of definition, 
resolution, and contrast, and these in turn depend upon the 
interferometric gap; the narrower it is the sharper the fringes 
and the greater the precision of measurement. For a small 
interferometric gap, the surface under examination and the re­
ference surface must be very close together, and this can only 
be obtained if the former is flat. The surface to be studied ,
may not always be sufficiently flat, and may, sometimes, be 
quite uneven. At times a specimen may have a flat surface 
but may be so thin that in an attempt to obtain a narrow inter- 
ferometric gap, the optical flat may be pressed too hard against 
the specimen, and the latter may break. Various difficulties 
have arisen in the past in interferometric work but each time 
solutions have been found for each particular problem. At 
times crystals were required to be studied, during the actual 
process of growth (Bunn 1949), and interferometric methods had
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to be suitably adopted. Verma (1955), Forty (1952 a,b) and 
Verma and Reynolds (1955) used internal reflection interference 
fringes, Verma (1951, 1952) utilized fringes of equal chromatic 
order to determine the step height of spirals in some cases, 
while Willis (1952) exploited Fizeau fringes at geographic 
dispersion to study the properties of growth pyramids on natural 
quartz.

Tolansky and Omar (1952) used a thin film technique, where 
a drop of canada balsam was placed on a crystal surface, and then 
drawn in the form of a thin film with the help of cedar wood oil. 
They applied their method to flat surfaces since they were not 
faced with the problem of interferometric work on irregular 
surfaces. This was a technique which in practice was erratic. 
They obtained fringes which are not considered sharp in compari­
son with those obtained and illustrated in the present work, 
despite the complex and irregular nature of the surfaces dealt 
with here. One can readily compare their interferograms with 
those presented here, and appreciate the importance and useful­
ness of this improved technique, which makes use of a solution 
of colladion.

The problem, in the present case, was to obtain fringes on 
some pieces of quartz with extremely irregular faces. One 
specimen was a piece of natural quartz reclaimed from an auto­
clave after only five hours running and observations thereon are 
described and illustrated in chapter X: . The remainder were 
basal planes of synthetic quartz, all of which were covered with 
a number of mole-hills, or spiral growth pyramids, and these 
are illustrated and discussed at length in chapter VI. It was 
difficult to find a flat area, even a small one, on these faces, 
and the few found were located in awkward positions beyond the 
reach of an optical flat or even a microflat. The irregularity 
of these surfaces demanded some special interferometric 
technique, and a suitable one has been developed, ajnd found to
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give surprisingly good results.
With the help of this improved technique, the author has 

been able to push high resolution technique to extreme limits, 
obtaining superb interferometric definition even at a magnificat­
ion as high as X 2000.

Conditions which must be satisfied for the formation of high- 
definition multiple beam interference fringes are:
(i) The surface under examination must be coated with a film 
which has reflectivity as near unity as possible and yet has 
simultaneously a low absorption.
(ii) This film must contour the surface microtopography to with­
in molecular dimensions.
(iii) The two surfaces between which multiple beam interference 
is produced must be very close to one another, particularly so 
for the higher microscopic magnification.
(iv) The reference surface against which the surface under study 
is to be matched must itself be free from structure.
(v) Optical collimation mustjbe exact.

Tolansky and Bhide (1956) have established that a correctly 
deposited thermally evaporated silver film has surprisingly 
faithful contouring properties.
5*2. Improved Qottodion Thin Film Technique:

The Surface to be studied is first thoroughly cleaned, and 
then coated with a silver film about 700 to %000 R. thick using 
a vacuum coating unit. A very dilute solution of collodion in 
acetone or amyl acetate is then poured on to it, and whilst it is 
wet another but thicker solution of collodion is quickly poured 
on top, after which the crystal is allowed to drain. Immediately 
after draining, the surface is viewed, in reflection, in the 
light from mercury arc lamp. The gradual change in the thickness 
of the film can be followed from the coloured reflection fringes, 
and by judicious inclination a straight wedge can be produced in
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a desired direction.
The first coating of thin collodion will not only contour 

the microtopagraphy which it contacts on its lower surface (that 
in contact with the crystal) hut in drying, the upper surface 
also tends to follow the lower. There is then a marked 
tendency for the formation of a film of more or less uniform 
thickness following the crystal microtopography. The second, 
the thicker one, forms a reasonably flat top surface, at least 
in the small regions in which we are interested. When completely 
dry it is coated with another silver film of such a thiclmess as 
to give about 70 per. cent, reflectivity. In this way a very 
small interferometric gap is obtained between two silver films, 
which will give high definition multiple beam interference 
fringes in reflection. If the crystal is transparent, and if 
fringes in transmission are desired, since they can give more 
information than reflection fringes, the second silver film should 
be of such a thickness as to give about 90 per cent, reflectivity. 
It should be noted that both the solutions of collodion should be 
applied very quickly and in such a way that they spread over the 
whole crystal face quite smoothly and that the second must be 
applied whilst the first is still wet. Every care should be 
taken to avoid wrinkling the collodion films, b^ tilting the 
crystal to obtain uniform spreading of the collodion, particularly 
over the area of interest, and ionic bombardment should be 
avoided in the "vacuum coating unit prior to coating the crystal 
with the second silver film. Suitable concentrations of the two 
solutions, which should of course be free from, dirt, can with 
experience be worked out. A correct thickness of the second 
silver film gives high contrast fringes and a correct thiclmess 
of the collodion film between the two silver films gives high 
dispersion sharp fringes.

Irregularities in the surfaces of these crystals prevented 
the use of an ordinary optical flat, and although especially
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prepared microflats could be used with some advantage, and also 
could be used to confirm the results obtained with this improved 
thin film technique, nothing surpassed the latter. Limitations 
to the use of microflats will be referred to in a later section. 

The advantages of this system are:
(i) The upper surface of collodion film is perfectly smooth (in 

terms of extension of the optical microscope).
(ii) It is completej.y rigid and hence thicker silver films than 

normal can be tolerated, and as there is no fear of creeping 
longer exposures can safely be used.

(iii) Collodion film is thin enough to permit the use of high 
numerical aperture objectives and thus full resolution of 
the optical microscope can be exploited. It also creates 
ideal optical conditions for localized multiple beam inter­
ference fringes.

(iv) Curvatuire of the top surface of collodion film is quite 
negligible, at least over the small regions encompased by 
the high power microscope, and the contouring of the 
crystal surface is faithful.

(v) The refractive index of collodion is l*400and since the
fringes are formed in this medium, the friing separation is 
no longer Ty^ but and for green mercury it is
1940 R. instead of 2730 R. . This means there is about 
40 per. cent, gain in sensitivity.

5*3. High Definition Multiple Beam Interference
Fringes with High Lateral Magnification and Resolution:
The quite remarkable interferometric resolving power ob­

tained from this thin film collodion teclonique is illustrated 
in fig.25,a multiple beam interferogram for a piece of quartz, 
the structures of which are described in chapter X! . Evfin at 
a high magnification (X2000) the fringe definition is surprising­
ly good, the contrast is excellent, and this is perhaps one of 
the best multiple-beam interferograms to be recorded. This
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interferogram taken with a good 4 mm. objective, N.A. 0*95, gives 
high lateral magnification with high resolution, and repetition 
with a different film proves that the contouring by the lower 
film is effectively perfect. For each repetition the disper­
sion and direction of the fringes are different, but this does 
not invalidate the conclusion arrived at as to the close fidality 
of contouring, because the former is only a matter of chance 
orientation and thickness of the film-wedge formed. Owing to 
the thin character of the collodion film, high resolution results 
and owing to the correct thickness of the second silver film on 
the top of the first, high contrast and definition are also ob­
tained .

Kinks in the fringes reveal microstructures on the crystal 
surface. Each kink corresponds to a rut mark which is revealed 
by the microscope. Fringes are l/^th mm. apart on the crystal 
face. On the print they are 280 mm. apart and since this 
corresponds to a real height difference of 1940 £. the magnific­
ation in depth within the fringe pattern has the remarkably high 
value of about 1,450,000.

The fringe-width on the print is appreciably less than 
2 mm. i.e., less than l/^^^th of an order separation. From a 
careful estimation the fringe-width is found to be about l/g^Qo"^^ 
of an order separation which means that it occupies only
10 Î..

The displacement at the point marked by the arrow A is very 
nearly equal to the fringe width, indicating that the rut is 
10 R. deep. Still smaller displacements are measurable and it 
will not be an exaggeration to claim that there are a few shifts 
which correspond to about 2*5 R> elevation or depression. The 
resolution is much higher than that formerly claimed by this 
school of interferometry.

Let us now find out the smallest volume element resolvable
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in this way. Such an element can be resolved in depth down to
-8 -S2'5 X 10 cm. and in lateral extension down to 7 x 10 cm. ,

and thus the volume element resolvable is
(2-5 X 10"®) X (7 X 10"5)2 = 1-75 % 10"^^ c.c.

Another example of the great resolution in depth obtained 
by this technique is illustrated by the rut marked by the arrow 
B which has a measured depth of 50 ii. .
5"4. Evaluation of step Height from a Single Fringe :

Because of the only crude control of the wedge angle, the 
local conditions and accident dispersion may create a situation 
in which only one fringe is obtained in the field of view; 
of course it will be an exceptionally sharp fringe. In such 
cases there is no other fringe to compute fringe dispersion.
Use of fringes of equal chromatic order is one solution to this 
difficulty, while another is to exploit the laiown fringe width 
as a measure of dispersion; or one can proceed as follows.

Obtaining an exceptionally sharp fringe passing over a num­
ber of features in the region of interest, the shift in the
fringe due to each feature is measured in turn. Using a glass
microflat, of suitable proportions, a second interferogram is 
obtained from which the height (or depth) of the largest of the 
selected features is calculated in the usual way. This inter- 
ferogram will of course be at a lower magnification and the 
fringes will not show any ineasureable shift for very small 
structures which are clearly defined by single sharp fringe in 
the previous interferogram. Using this value as a reference 
datum, heights (or depths) corresponding to small shifts in the 
single sharp fringe can be calculated. Under good experimental 
conditions step heights of 10 R» and probably less can be 
measured.

Fig. 26 illustrates such a case. The fringe passes through 
a number of tiny triangular structures. Magnitudes of depths
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of each of these will be given in chapter X. .
5*5. Fringes on Spirals:

The success, importance and usefulness of this improved 
collodion thin film technique were realized in the study of the 
basal planes of synthetic quartz.

Fig. 27, an interferogram of a spiral on a basal plane of 
synthetic quartz, clearly brings out the nature of the surface 
profile, where the fringe definition is fairly good. It was 
found impossible to run fringes across growth fronts and over the 
summit of a spiral hill with the help of a special microflat of 
glass or perspex, the method of preparation and use of which are
given in sections 6 and 7 of this chapter. Another similar
example is shown in fig. 53 in chapter VI.

Furthermore, fringes at geographic dispersion over a spiral 
growth pyramid on such an irregular face were not very difficult 
to obtain with this technique, one illustration of which is shoim 
in fig. 28. Obtaining fringes at low but uniform dispersion 
over such an uneven face was also proved to be a possibility as
shown in figs. 29 and 30 for spiral patterns shoxm in figs.59 and
40 (chapter VI) respectively.

All these interferograms at high magnifications, ranging 
from X 175 to x 2000, exhibit good quality fringes and prove 
that this technique can be exploited fully, but if collodion 
solutions are not of the correct concentration or if their films 
are not of the right thickness, nothing will be achieved. 
Vigilance at each stage is absolutely necessary.
5.6. Plano-Concave Glass Microflats;

A fairly rough estimate of the radius of curvature of 
different spiral growth hills on basal planes of synthetic quartz 
was made, and a number of plano-concave lenses having this order 
of magnitude of radius of curvature were selected. After pro­
tecting both surfaces of the lenses with plane glass plate and
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watch glass of suitable radius of curvature a microflat was cut 
out from the central part of each lens using a copper tube as a 
boring rod, and carborundum and water as cutting medium. The 
sides of the microflat were then ground in the shape of a cone, 
with a suitable semi-vertical angle and its generating surface 
was polished. After removing the two protecting pieces of glass 
the microflat obtained is a miniature plano-concave lens, and 
can be used with advantage.

Fig. 31 a multiple beam interferogram, obtained using a 
glass microflat, prepared as explained above, for one of the 
spiral growth pyramids on a basal plane of synthetic quartz 
clearly shows that the surface between successive turns is not 
flat but convex, without abrupt steps, and this confirms the 

results obtained from the thin film technique. These results 
are described and discussed in detail in section 12 of chapter 
VI. One disadvantage with such a microflat is that high 
dispersion fringes could not be obtained, only fringes at geo­
graphic dispersion or very nearly so. The main factor 
responsible for this is that such a microflat has a perfectly 
spherical surface while a spiral growth pyramid has something 
between a cone and a he/misphere. There is no solution to this 
difficulty except to use a special microflat whose surface is a 
replica of the surface of the growth pyramid under consideration, 

which would be very expensive and not easy to produce either.
Another limitation to the use of a glass microflat is the 

radius of curvature, because plano-concave lenses with different 
radii of curvature, particularly for small values, are not 
readily available. This difficulty could, however, be overcome 
by using perspex microflats, where a wide selection of radius of 
curvature is possible, and at practically no cost.
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5*7. Perspex Microflats;
A thill perspex rod is cut into small pieces each of which is 

shaped in the form of a cone, and then mounted in a conical brass 
jig specially prepared for the purpose. Supporting, at the top 
end, a ball bearing of required radius but having an extremely 
smooth surface, and a piece of pyrex glass at the base of the 
jig, the whole assembly is kept well pressed between the jaws of 
a clamp, and after heating it, in an oven, to about l60^c. 
allowed to cool slowly. Perspex becomes soft in the range 
140^0. to 180^0., and hence the cone used will take the shape 

of a plano-concave lens,the curvature and quality of the 
spherical surface of which will, of course, depend on those of 
the ball bearing used. Such a microflat could be used for 
interferometric work on a surface covered with growth hills.
A similar experiment was tried using marbles of different radii 
instead of ball bearings.

Cleaning the surface of a perspex microflat with hydrogen 
peroxide or soap solution or even by ionic bombardment is not 
advisable because it has been found that in doing so the 
surface is attached, which means that such a microflat could be 
used only once with advantage. A few microflats were 
successfully prepared in this way. It should be remembered 
that sudden cooling strains perspex, and would render the micro­
flat useless.

Fig. 32 illustrates Fizeau fringes, obtained using a 
perspex microflat, for a spiral shoxm in fig.35" (chapter VI).

As with a glass microflat, difficulty with dispersion does 
arise, and a way was thought out and tried but proved un­
successful in this case. The crystal under study was heated 
to about l60^c. , and a perspex thin rod was maintained pressed 
against one region, say a spiral growth pyramid, and then the 
whole assembly was allowed to cool slowly, keeping the perspex 
rod pressed against the crystal throughout the whole process.



99.

The end of the perspex rod in contact with the crystal takes 
exactly the same shape as the spiral pyramid, and hence a micro- 
flat cut from this rod can he expected to give fringes at the 
desired dispersion, i.e., high dispersion fringes running across 
the growth fronts of a spiral. But in this case an unavoidable 
difficulty arose in that the spiral turns produced a similar 
ridge on the surface of the microflat so that in spite of the 
smoothness and the right sort of curvature of the surface, it 
could not be used; polishing the surface made matters even 
worse. Although this method of preparation was not fruitful 
in the present case, it undoubtedly had its merits.
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C H A P T E R  VI 

Spiral Patterns on Basal Planes of Synthetic Quartz

6*1. Introduction;
A %crotopographical study of over five hundred rhombohedral 

and prism faces of natural as well as synthetic quartz crystals 
was carried out, as a result of which a wide variety of interest­
ing features were observed. One of the more outstanding 
observations was the presence of spiral patterns on both types 
of quartz, and this is the first clear evidence of the growth of 
quartz crystals by spiral mechanism. Perhaps it would not be 
out of place to mention here that a great deal of experimental 
evidence in favour of the dislocation theory of crystal growth 
has come from this laboratory, because it was here that Griffin 
(1950) obtained the first evidence of spiral patterns on beryl, 
Verma (1951, 1952) obtained a variety of patterns connected with 
spirals on silicon carbide and haematite, and very recently un­
believable though nevertheless true, growth layers only 2*3 R> 
thick have been observed by Sunagawa (1958). The visibility of 
such small features is probably the limit of resolution for an 
optical microscope. To this record a contribution is made in 
the present work in the form of observations of spirals on quartz,

A very interesting and striking feature of the spirals 
observed on the basal planes of synthetic quartz crystals is that 
unlike spirals observed by Griffin, Verma, Amelinckx, Forty and 
others, these spirals have rippled convex profiles without abrupt 
steps. This is the first observation of its kind, in that the 
surface profile of these spiral growth pyramids is quite 
dissimilar to those previously observed, the surface between 
successive turns of a spiral being convex and not flat. This is
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established by means of multiple beam interference fringes 
obtained with the help of an improved collodion film teclinique 
especially developed for the purpose. In the present chapter 
spiral patterns observed on the basal planes of synthetic quartz 
will be described and discussed, while those on natural quartz 
will be considered in chapter XII.
6*2. Specimens and Methods of Observation;

One of the specimens examined was a slice showing a natural 
G-face cut out from a Y-bar crystal which had been grown, in a 
run, on a seed crystal in the form of a bar in the Y-direction 
with about a 3 mm. square cross-section. Although the crystal 
was fairly transparent its surface was covered with a large 
number of mole-hills very difficult to deal with by interfero- 
metry. Each of the mole-hills was found to be a spiral growth 
pyramid, though in some cases it was very difficult to resolve
growth fronts near the summit. The other synthetic quartz
crystals examined were grown in a similar manner, but unfortunate­
ly no information was available about the size of the seed plates

The phase contrast microscope was unsuitable for the study 
of the basal planes of synthetic quartz, because the faces were 
not sufficiently flat, and hence only a metallurgical optical 
microscope was used. Since the basal planes were invariably 
covered all over by a large number of hillocks of different 
heights and slopes it was very difficult in some cases to get 
uniform illumination in the field of view. As a result, some 
photographs were taken with aperture wide open, while some were 
taken with oblique illumination. In addition, some photographs 
were taken slightly off-focus because this increases the 
visibility of thin layers which othemfise could not have been 
traced.

Crystal faces were thoroughly cleaned, and then coated with 
silver films 500 to 700 iP. thick, using a vacuum coating unit.
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These surfaces were then examined under a microscope visually 
or interferometrically. The large number of randomly distribut­
ed spiral growth hills of various heights and slopes prevented 
the use of an ordinary optical flat for interferometric work, and 
hence special techniques were evolved and used successfully.
These include a thin film technique and the use of special micr- 
flats of glass and perspex, a full account of which is given in 
chapter V.
6'3. Simple Spirals;

Pig. 33 is a photomicrograph showing one of the most beau­
tiful triangular spirals observed on the basal planes, the step 
height of which is found, with the help of multiple-beam Fizeau 
fringes, to be about 5000 R. . Fig. 34 illustrates another 
example , (qf a triangular spiral where it should be noted that al­
though its outer turns give an impression of a single spiral, 
close examination near the initiating centre shows three spirals 
originating from a close group of dislocations. This point will 
be referred to in section 12, at the end of the chapter. Al­
though most of the spirals observed on the basal planes of quartz 
are triangular, some irregular, fig. 35, and some circular, 
fig. 47(a), spirals have also been observed, the latter will be 
dealt with in detail in section 8 of this chapter.
6»4. Go-operating Spirals;

Fig. 36 illustrates two spirals originating from a point 
with their arms strictly parallel to one another. Such spirals 
have been observed by Verma (1955) and Forty (1952). Fig. 37 
provides another example of this kind but in this case the arms 
are not parallel. Growth fronts tend to bunch together in 
certain directions thereby increasing the visibility. The 
horizontal black line passing through the centre is a scratch on 
the crystal face.
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6*5. Closed loops generated by Franlc-Read Sources;
If two unlike screw dislocations having equal strength 

terminate on a crystal face growth will take place and closed 
loops of growth fronts will be formed if the distance between the 
points of emergence of the dislocations is greater than the size 
(diameter) of the critical nucleus (Frank and Read, 1950). If 
the distance of separation is less than this critical value no 
growth will take place. Fig. 38 is a photo-micrograph showing 
two unlike screw dislocations of equal strength forming closed 
loops. Fig. 39 provides another example of the formation of 
closed loops due to a Frank-Read source. Although there is no 
evidence of dislocation at the centre it would be absurd to 
attribute them to growth by two-dimensional nucléation because a 
number of spirals are distributed all over the crystal face and, 
in fact, there are about six spirals in the immediate vicinity. 
The two dislocations forming the loops must have annihilated. 
Similar cases of closed loops of growth fronts without any trace 
of dislocation have been reported and explained by Forty (1952), 
Anderson snd Dawson (1953) and Verma (1952).

Fig. 40 also illustrates closed loops, formed in a similar 
way, but the inner ones are circular and the outer ones 
triangular, while a tube-like structure is visible near the 
centre which changes direction at three points, each time turning 
through 60^. It is evident from the figure that the growth 
fronts are affected wherever the tube crosses them. It is 
suggested that some kind of liquid impurity may have originally 
formed this tube, or alternatively that this is a result of the 
movements of two dislocations during growth. Unfortunately no 
evidence cou_ld be obtained in favour of either suggestion, be­
cause the crystal was on loan and no etching or indentation 
experiments could be carried out.
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6*6. Interlocked Spirals;
An interesting example was found in which one spiral was 

interlocked with another, and this is illustrated in fig. 41(a). 
In addition to the main growth fronts of a triangular spiral 
some faint lines are also visible which are in fact the thin 
growth fronts of another spiral. This is shown more clearly in 
fig. 41(b) which is a photomicrograph of the same spiral taken 
slightly off-focus thus increasing the visibility of the thin 
growth layers (Griffin, 1950; Amelinckx, 1952, a,b^. Although 
the growth fronts of these spirals do not cross each other, 
sharp corners of the thin spiral do touch the growth fronts of 
the thick one and at these points kiîü̂ s,. in the thicker one are 
observed. This means that both the spirals were growing 
simultaneously with their respective Burgers vectors, the 
thicker one having rounded corners while the thinner one having 
sharp corners. Both the spirals are multi-molecular. Inter­
laced spirals have been observed by Verma (1954), Forty (1952) 
and Amelinckx (1952, 1956, a,b).

A polytype crystal would show interlaced spirals but 
observation of an interlaced spiral need not necessarily be taken 
as evidence for polytypism. To determine whether this crystal 
is a polytype or not, 15^ oscillation X-ray diffraction photo­
graphs were taken, from which the following observations were -male:

a'" = &  and ĉ  ^  A
a c

Here 7x.= 1*54 ii. ; a = 4*9 i?. ; c = 5*39

3} m  2 X 1*54 ^  0*6250 R. Ü. - 4.9
KC 1*54 0.2857 R. U.

5*39
(Talce 1 R.U. = 10 cms.)
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c R.U. Cms. R.U. Cms

1 0*2857 2*857 1 0*6285 6*285
2 0*5714 5*714 2 1*2570 12*570
3 0*̂ 8571 8*571 3 1*8855 18*855
4 1*1428 11*428 4 2 * 5140 25*140
5 1*4285 14*285 5 3*1425 31*425
6 1.7142 17*142 6 3*7710 37*710
7 1*9999 19*999 7 , 4*3995 43*995

Using these values of *0* along X-axis and those of "Qj 

along Y axis, a reciprocal net was drawn, and is shown in fig.42, 
which is reduced to l/p̂ th of the original.

For zero, second and fourth layers point 0^ was taken as
origin (i.e., the axis of rotation passes through point 0^), and 
for first, third and fifth layers point 0^ was taken as origin. 
Observations are given below.

Crystal face parallel to incident X-ray beam;
Reading on the scale ..............  228° - 42

Crystal turned through 30° towards incident X-ray beam;
Reading on the scale .............. 198° - 42^ .

Crystal allowed to oscillate through 15°: 198°-42 ---  2J^° - 42.
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Layer Point
on
net

X-ray
spot

Height above 
zero level 

R.U.
Horizontal 
distance 
from centre

Indices

000
A 120

Zero B 240
G 160
D 480

1 0*00 0*86 003
2 ii 1*56 125
3 If 1*90 245

"2
!

A 010 1
B 130 1

First C 250 ;
D 370

4 0*18 1*18 014
5 11 1*46 015 !
6 ff 1*72 155
7 ti 1*94 254

100 i1
A 020
B 140

Second C 260
D 380

8 0-36 0*57 102
9 II 0*86 103

Î2 110
Third B 030

0 150
D 270

10 0-55 ' 1*18 114
11 II 1*72 035

Fourth B
0
D

12 0*72 1«31

200
120040
160
280
120
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In the X-ray photograph, fig. 43, there is only one set of 
spots indicating the presence of one stacking order only. If 
there had been additional spots very near to those in the photo­
graph they would have indicated the presence of another stacking 
order. The total absence of such spots, near the main ones, 
rules out the possibility of any other additional stacking order 
and from this it may be concluded that the crystal is not a 
polyty:pe.

Pig. 44 provides another example of this kind where three 
spirals originate from a very close group of dislocations, and 
the steps tend to bunch together in certain directions thereby 
increasing the visibility. This tendency of thin layers to 
bunch together in certain directions was also shown in fig. 37. 
6*7. Interaction of Spirals;

As already mentioned above, the basal planes of quartz are 
covered over with a number of mole-hills, each being a spiral 
growth pyramid, interaction between spirals in such cases is 
neither uncommon nor unexpected. Pig. 45 shows a spiral, the 
growth fronts of which meet, in the lower half of the figure, 
seven dislocations, seen as black dots, which being comparatively 
wealcer are dominated by the former. I t these black dots were 
impurities they would cast shadows as the growth fronts move 
past them (see chapter VII), and the tadpole-like features seen 
in fig. 45 should have been depressions, but by using the 4ight 
profile technique (Tolansky 1952) it was established that these 
features are in fact elevations. Domination of weaker dis- 
loca^tions by stronger ones has been observed by previous 
workers. Pig. 46 illustrates a similar case where candle­
shaped features in the lower half of the figure are elevations.
As a result of interaction between two or more spirals, growth 
forms may take quite a variety of strange shapes. Two illus­
trations have already been given in figs. 45 and 46, and two
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much more interesting examples in the shape of a * snail*, are 
given in figs. 47(a) and 48(a), and described and discussed 
below.
6*8. Snail-shaped features :

Out of the many spirals examined on the basal planes of 
quartz, only a couple of cases of circular spirals were found.
One of these is illustrated in fig. 47(a), where the outer 
turns are covered over by growth from other initiating centres 
giving it the shape of a * snail * . It is evident that the rate 
of advance of the growth steps is independent of crystallographic 
direction, at least in this case. The turns of the * snail * 
appear to be very nearly parallel to each other giving an im­
pression that they all belong to one spiral only, but close 
examination indicates that the outer turns are not strictly 
parallel to each other suggesting thereby that they may belong to 
different spirals.

It should be noted that three independent members are seen 
to emerge from the centre of innermost turn, but only one of them 
seems to rotate to form the spiral, while the other two seem to 
become inactive very soon after the start, of course at the end 
of growth. Since most parts of the spiral have been covered 
over, it is difficult to say whether all the turns belong to one 
member, or to two or three members. Pig. 47(b) is a diagram 
showing the * snail * as if it were a part of a circular spiral.

Pig. 48(a) illustrates another * snail* which is a 
triangular spiral partly covered over by growth layers from 
other initiating centres (see fig. 48(b)).
6*9. Slip during growth;

Pig. 49, a photomicrograph, in fact shows a single spiral 
with a slip line passing very near its initiating centre, al­
though the central region being somewhat scratched right at
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first sight gives an impression of two independent growth 
centres. Due to some kind of stress, the crystal had slipped 
during growth and a step was formed. The fact that there is a 
layer to layer correspondence on either side of the slip line 
along its entire length indicates that growth steps on both sides 
of the slip line belong to one and the same spiral, and not to 
two independent spirals.

A similar case is illustrated in fig. 50 where two inde­
pendent initiating centres are clearly seen and yet there is 
still a layer to layer correspondence on either side of the slip 
line, except possibly at the centre where it is difficult to 
trace growth fronts. St^ct correspondence between the outer 
growth layers could be accounted for by growth from a clos# 
group of dislocations which, before the end of growth, was 
divided into two by the slip line, each group thereafter forming 
growth fronts of its o \ m for which of course no strict corres­
pondence could be expected. A similar form of growth may have 
occurred in the case shown in fig. 49 but the region at the 
centre being scratched precludes conclusive analysis.
6*10. Hollow Dislocations;

A black dot is distinctly visible at the initiating centre 
of the spiral shoi-m in fig. 51 and similar dots are also visible 
though less distinctly, in some of the other spirals presented 
here. These, it is suggested, are hollow dislocations because 
according to Frank (1951) the core of a dislocation whose 
Burgers Vector exceeds 10 Ji. may be an empty tube. As most of 
the spirals presented here are due to giant dislocations it is 
possible for their cores to be empty tubes, although such dis­
locations without empty cores are not uncommon.
6-11. Nature of Surface of Spiral Pyramids;

Surfaces between successive turns of spirals observed by 
previous workers were flat and this is also the case for the
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spiral observed on a natural quartz crystal, which is illustrated 
and described in chapter XII. The $>rofile of such a spiral 
growth pyramid is shown schematically in fig. 52(a), and may 
readily be compared with fig. 52(b), which is a schematic 
representation of the profile of a spiral growth pyramid ob­
served oia the basal planes of synthetic quartz. The latter 
diagram indicates that the surfaces between successive turns of 
the spiral are not flat but convex. Fig. 53, a multiple beam 
interferogram, obtained using the new thin film teclinique (see 
chapter V), for one of the spirals on a basal plane of synthetic 
quartz clearly brings out the nature of the surface of the 
spiral pyramid. The convex nature of the surface between
successive turns is very well established by the curved fringes 
which would otherwise have been straight, and since the fringes 
run continuously while climbing over the edges of the growth 
layers it can be concluded that there are no abrupt steps in the 
spiral. The profiles of all the other spirals on the basal 
planes of quartz are similar. This is the first observation of 
a spiral with such an unusual profile since the birth of the 
dislocation theory ten years ago, and is more fully discussed in 
the following section.

At this stage, it should be made clear that the step height 
refers in such cases to the total vertical height between 
successive turns although there may be a number of growth layers, 
in between, which are unresolved.
6*12. Discussion:

1. Profile of Spiral Growth Pyramids;
As already mentioned, the surfaces between successive turns 

of all the spirals observed up till now on a variety of crystals 
have been flat, and this is also the case for spirals observed 
on a natural quartz crystal, described in chapter XII. On the 
other hand, surfaces between the successive turns of spirals on 
the basal planes of quartz are convex, which being the first
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observation of its kind requires an explanation. Such a 
surface profile could come into being as a result of one of two 
mechanisms: (a) Etching or (b) Bunching.

(a) Etching: It is possible that the basal planes were first
covered by growth spirals and after growth had finished, etching 
may have taken place during the cooling of the autoclave.
Etching would proceed two-dimensionally and finally round off 
the corners, leading thereby to the formation of convex surfaces 
between successive turns. However, the absence of any strong 
evidence of etching in any part of the crystals, and the re­
markably uniform nature of the spiral growth fronts and smooth­
ness of the surfaces of some of the spirals leads one to
conclude that this mechanism is unlikely to be responsible for
such a profile.

Undoubtedly the surfaces of some of the spirals presented 
here are mottled, which might lead one to suspect etching, but 
no strong evidence of etching was obtained in any part of the 
crystal faces. The mottled nature of the surface may be due to 
deposition of quartz during the last stage of growth. This 
suggestion is substantiated by observations given in chapters 
VII and I X 1.

(b) Bunching; In the majority of spirals observed on basal 
planes the outer turns give the impression that they are 
singular, but close examination near the initiating centre shows 
that there is more than one component starting from the centre 
which can only be traced in the central region. Such observat­
ions suggest that each step is composed of a group of growth 
fronts bunched together in such a way that each group forms a 
convex surface between successive turns, but the growth fronts 
are so closely spaced that it is difficult to resolve them 
individually.
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î'rank (1958) has theoretically worked out the profile of 
surfaces, for both cases of etching and growth, and has also 
discussed thgi^bunching phenomenon, which confirms the explanation 
given above/the profile of spiral growth pyramids presented here. 
It can therefore be stated conclusively that bunching and not 
etching is responsible for the observed rippled convex profile in 
the present case. The author admits that etching can produce 
convex profiles.
• 2. Mechanism of G-rowth;

From the detailed study of a large number of faces of 
natural and synthetic quartz crystals it is found that dislocat­
ions and well developed spirals are much more frequently found 
on the basal planes of synthetic quartz than on the rhombohedral 
faces of either type. Furthermore, the basal planes of 
synthetic quartz are invariably covered all over with randomly 
distributed mole hills of different heights and slopes. A3.1 
this can easily be accounted for. A c-face is never or seldom 
found on natural quartz, while, an artificial crystal is often 
prepared from a cut c-plate which is used as a seed crystal on 
which growth is forced to take place. Here it is important 
and interesting to note that surfaces of such a cut c-plate 
are made quite rough by scratching or preferably by etching, 
prior to use as a seed plate. This provides a large number of 
growth nuclei, the majority of which are probably in the form of 
exposed ledges, which promote growth by spiral mechanism; once 
growth has been initiated in this way it does not require fresh 
nucléation and will continue indefinitely, subject of course to 
supersaturation conditions. For a variety of reasons growth of 
artificially prepared quartz crystals is carried out rapidly, 
although it is not theoretically desirable, and this is achieved 
by using roughened surfaces.
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In the beginning the c-face is large, but gradually, as 
growth proceeds, rhombohedral faces tend to develop and the 
crystal tries to take the habit of natural quartz, i.e., c-faces 
tend to terminate into pyramidal ones, so that if growth were 
allowed to take place for a sufficiently long period no c-face 
would be left on a synthetic quartz crystal even though it 
originally grew on a c-plate. From this it can be said that a 
basal plane in quartz is a transitional face, and it may be con­
sidered a somewhat metastable one, on which, therefore, one would 
expect a large number of projections.

As mentioned above, a seed plate used for growing quartz 
crystals is usually scratched or preferably etched, and the ex­
posed edges are screw dislocations in character with generally 
large Burgers vectors. G-rowth will start at these randomly 
distributed screw dislocation type ledges, which play the role 
of giant dislocations, and spirals with large step heights are 
formed. Since fresh nucléation is no longer required, growth 
continues and because the rate of growth in the direction of the 
c-axis will be much greater than in the direction perpendicular 
to it, spiral hills with steep gradients are formed on the basal 
planes. There is ample observational proof of this. As growth 
proceeds rhombohedral faces gradually develop while the basal 
planes tend to diminish in area and the axes of screw dislocations 
on the basal planes will meet the rhombohedral faces and may 

even become normal to them. One would, therefore, expect to 
find spirals on the rhombohedral faces with screw dislocation 
axes normal and in some cases inclined to the face. On 
rhombohedral faces, therefore, spiral patterns are to be expected 
and so also circular or irregular growth fronts with several, one 
or occasionally no initiating centre. Observations presented in 
chapter VII endorse the proposed mechanism.
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Under these circumstances, therefore, a synthetic crystal 
may develop some extra faces which are not habit faces of quartz, 
and in fac^ such faces have been found on artificial crystals 
(see chapter VIIl).

Furthermore, since in such cases the main growth takes place 
on the c-plate, and only subsequently on the rhombohedral faces, 
the rate of advance along*^c-axis is much greater than in any 
other direction. Prism faces of such crystals could be consider­
ed to be developed as a result of the growth of basal planes and 
hence the striations normal to the c-axis will not be expected to 
be on them as those found on prism faces of a natural quartz 
crystal. Prism faces of a synthetic quartz crystal grom in 
this way should show traces of boundaries of interaction of 
several spiral pyramids and, since growth is prédominent along 
the c-axis, these traces should appear as more or less vertical 
striations nearly parallel to the c-axis. That this is really 
the case is proved from the observations on prism faces fully 
described and illustrated in chapter IX.

However, this should not be considered to be the only way in 
which prism faces of synthetic quartz are formed; it is one of 
the possible ways in which they can and do come into being. It 
is quite likely that growth may take place on prism faces as 
well, in which case one would expect growth pyramids on prism 
faces also, and it would not be surprising if spirals are found 
on them. That such growth pyramids can and do occur on prism 
faces is proved by the observations described in chapter IX.
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Topography of Rhombohedral Faces

7*1. Introduction;
In the present investigation about forty rhombohedral faces 

of synthetic quartz crystals were examined. Although most of 
these faces were bright, some exceptionally so, about half a 
dozen minor rhombohedral faces were found to be rather dull.
About half a dozen faces were remarkably plane, while the re­
mainder were uneven. Two faces were covered with a number of 
^mole-hills* of different sizes and slopes giving them an appear­

ance very similar to those on the basal planes. On some of the 
faces shooting-star shaped structures were observed and some 
showed the presence of impurities on them. A number of cases of 
growth round misorientated crystals were also found. Evidence 
of spiral patterns was also obtained.
7 • 2. Localisation o f Centres of Initiation of G-rowth :

It is interesting to note that circular growth fronts were 
observed on all the faces without any exception. The number of 
growth centres on different faces varied widely but the tendency 
was to low numbers, and in fact on some faces there was only one 
initiating centre. Another striking observation was that the 
growth centres on any face were almost always near the end of the 
face which was farthest from the pyramidal termination, i.e. 
the growth fronts were convex when seen from the pyramidal 
termination. All these points of interest will be dealt with in 
section 7 of this chapter.

Fig. 54 is a photomicrograph illustrating circular growth 
fronts on a major rhômibohedral face. G-rowth layers near the 
initiating centre are prohably very thin and hence are not visibly
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Because of the hunching of thin layers, those farther away from 
the centre of growth are fairly thick and are therefore visible.
A  similar case is illustrated in fig. 55. In the lower right 
half of the figure an almost vertical black line is visible, and 
there is a strict layer to layer correspondence on either side 
of this line. It indicates a step which, it is suggested, was 
formed by some kind of stress during the process of growth.
Some boundaries of interaction of different growth hills are also 
visible in the upper part of this-figure.
7"3. G-rowth round Mis»orientated Crystals;

A number of cases were found in which misorientated crystals 
played the roll of nuclei of growth on rhombohedral faces, and 
a couple of examples of these will now be described.

Fig. 56 is a positive phase-contrast micrograph illustrating 
a misorientated crystal on a major rhombohedral face, where 
circu].ar growth fronts formed as a result of growth round this 
crystal are visible. Another example of this kind is illustra­
ted in a positive phase-contrast micrograph, fig. 57, where a 
number of growth fronts are visible with a misorientated crystal 
sT't the centre. The surface surrounding the misorientated 
crystal was not sufficiently flat, and hence all parts were not 
properly phase contrasted resulting in uneven illumination in the 
micrograph. Fig. 58, a photomicrograph, shows growth round 
three misorientated crystals, which are not far away from each 
other. There is possibly a fourth misorientated crystal, which 
has given rise to the growth fronts which are visible in the 
central part of the top edge of the figure. G-row|;h round mis- 
orientated crystals, settled on prism faces of a host crystal, 
will be described in chapter IX.

The observations described above suggest that some, if not 
all, rhombohedral faces were formed as a result of growth round 
misorientated quartz crystals. In some cases these misorien­
tated crystals drop out at some stage of growth leaving cavities.



117.

while in others they remain as projections on the faces of the 
host crystals. The observations described above and in section 
5 of this chapter are of the latter type, while those described 
in section 4 of chapter IX are of the former.
7"4. Bubble-like Structures;

On a few rhombohedral faces bubble-like features were ob­
served, all of which were found to be elevations having different 
magnitudes of height ranging from a few tens of angstroms to a 
couple of light waves. They were found in isolated areas as 
well as in a dense aggregate. Although the small ones looked 
almost elliptical, the bigger ones were in fact bean-shaped, 
while a few had shapes something between that of a beaïi and an
egg.

Fig. 59, a positive phase-contrast micrograph, illustrates 
two bean-shaped features with their tips orientated in the same 
direction, while fig. 60 illustrates a similar case where a 
shooting star shaped structure is visible with a closely packed 
group of small bubble-like structures at its narrow end. In 
fig. 61, another positive phase-contrast micrograph, a large 
number of these features are visible both in isolated places and 
in aggregate. A feature which looks very much like a tadpole 
is illustrated in a photomicrograph, fig. 62, and some circular 
lines are clearly visible inside it.

Interpretation of all these features (figs. 59 to 62) will 
be deferred until the next chapter.
7"5. Spirals on Rhombohedral Faces:

Two rhombohedral faces of a synthetic quartz crystal, which 
in appearance were very similar to the basal planes of synthetic 
quartz (see chapter VI) in that they were covered with a number 
of *mole-hills*, showed the presence of spiral patterns.
Fig. 65, a positive phase-contrast micrograph, illustrates a 
number of such small spiral patterns and figs. 64 and 65 are two
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more illustrations of growth by spiral mechanism. In each of 
these figures there is a misorientated crystal, growth around 
which has given rise to some of the spiral patterns, illustrated 
here. The growth layers in these cases are so thin that it is 
very difficult to trace them, and because of the uneven nature of 
the surfaces the complete area in these photographs was not 
properly phase-contrasted.
7'6. Role of Impurities:

About a dozen faces showed the presence of impurities both 
scattered and in aggregate. Although most of the faces were 
covered with impurities scattered here and there, one face was 
very much more densely covered over the whole surface as sho%\m in 
fig. 66, a positive phase-contrast micrograph. Fig. 67, another 
positive phase-contrast micrograph, illustrates the manner in 
which growth fronts behave when they advance past an impurity, 
while fig. 68, the corresponding multiple beam interferegram, 
shows the nature of the surface which is formed in such cases.
That it is in fact a valley that is formed due to growth layers 
spreading past an impurity is made clear in fig. 69 which shows 
fringes of equal chromatic order, corresponding to the displace­
ment in the left half of fig. 68. From these interferograms it 
is evident that although the surface between two valleys is more 
or less flat, the outside surface has a convex cylindrical 
curvature.

Fig. 70 is a positive phase-contrast micrograph illustrating 
a series of valleys formed by growth layers spreading past a row 
of impurities. The nature of these valleys and the crystal 
surface in between neighbouring valleys are defined in fig. 71 
which shows fringes of equal chromatic order for this region.
Here the fringes are reasonably sharp with a good contrast.
7'7. Discussion:

The mechanism of the growth of quartz crystals g r o \ m  on
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c-plates has already been described at length in section 12 of 
chapter VI, where it was mentioned that spirals and circular 
growth fronts are to be expected on the rhombohedral faces of 
such crystals. The observations presented in this chapter 
prove the existence of such growth patterns on rhombohedral 
faces, and thereby endorse the proposed mechanism. As mentioned 
earlier, the basal planes are large at the beginning of growth 
but the rhombohedral faces gradually tend to develop and in 
doing so will meet the axes of dislocations on the basal planes. 
This will occur at some points farthest away from the pyramidal 
terminations, because in these cases the crystals develop from 
the central parts towards the pyramidal terminations. These 
points therefore are responsible for the growth on rhombohedral 
faces, at least in the early stage of growth. That this is in­
deed the case for the majority of faces is proved by the 
observations described in this chapter.

As growth proceeds, more and more centres of initiation aÿe 
to be expected on rhombohedral faces, but all of them will not 
remain active throughout the process of growth; in fact most of 
them become inactive because the weaker ones are dominated by 
the stronger. In the present investigation it was found that 
the rhombohedral faces have much more impurity atoms adsorbed 
on them than the basal planes or the prism faces.

The observations of a number of cases of growth round 
misorientated crystals, described above, suggest that at some 
stage of growth small quartz crystals can and do settle dovm, in 
any misorientated position, on rhombohedral faces and act as 
growth nuclei. This strongly supports the view put forward in 
section 12 of chapter VI that the mottled nature of the surfaces 
of some of the spirals on the basal planes is due to the 
deposition of quartz and not due to etching. Another fact which 
supports this interpretation will be given in section 6 of 
chapter IK.



C H A P T E R  VIII

Tadpoles on Rhombohedral Faces

8"1. Introduction;
Out of the total number of rhombohedral faces of synthetic 

quartz crystals examined, only one'showed peculiar orientated 
tadpole-like features. It was a small portion of a minor
rhombohedral ( 0111 ) face of a quartz crystal grovm in an 
autoclave from a solution of sodium carbonate at a low supersat­
uration, at a temperature of 550^c. and a pressure of 1000 
atmospheres. The seed used in this case was a rectangular plate 
5 cm. by 3^5 cm. with the c-axis perpendicular to it, and a 
diad parallel to its breadth. The rate of growth was 0*5 mm. 
per day on each of the two faces of the seed-plate. The crystal 
face was very smooth and quite flat and therefore well suitable 
for interferometry.
8*2. Characteristics of Tadpoles and Other Related Features;

Fig. 72, a positive phase-contrast micrograph, shows two 
tadpole shaped features both of which have the same crystallo- 
graphic orientation. That these features are elevations is 
clear from fig. 75 which shows fringes of equal chromatic order 
for one of these features. The crystal face was covered with a 
number of similar tadpole-like structures which although un­
evenly distributed all had the same orientation. This was found 
to be at 50^ to the extinction position, when examined under a
polarizing microscope.

In addition to tadpoles, bean-shaped features were also ob­
served on this face, but their density was very low; only seven 
were found on the whole face (about 2 sq.cm.), and these were 
located in isolated regions. One of these is illustrated in
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fig. 74, a positive phase-contrast micrograph, while fig. 75, a 
multiple beam interferogram in transmission, using the green and 
yellow doublets of mercury as incident light, shows that one of 
these features is about one and a half light waves high. Al­
though all seven features of this type were of different heights 
ranging from about one to five light waves, they were all 
orientated in the same direction as the tadpoles. That the tails 
of the tadpoles and the tips of the beans point in the same 
direction is shown clearly in fig. 76, a positive phase-contrast 
micrograph of another region on the face. Fig. 77, a multiple 
beam interf erogram in reflection shows the structure of the bean­
shaped feature, while fig. 78, an interferogram in transmission 
using threeone green and two yellow), reveals the nature of the 
tadpole and here the fringe definition is particularly note­
worthy. That these be an-shaped features are elevations is 
demonstrated in fig. 79 which shows fringes of equal chromatic 
order.

Besides tadpoles and beans, some egg-shaped elliptical 
features were also observed on this face, and as illustrated in 
a positive phase-contrast micrograph, fig. 80, these are also 
orientated in the same direction as the tadpoles and beans. The 
identity of the orientation of the tadpoles and these elliptical 
features is also very well brought out in fig. 81, a multiple 
beam interferogram in transmission, using three mercury lines, 
where once again the fringe definition is particularly good and 
the contrast excellent if one keeps it in mind that the yellow 
doublet is unresolved. These elliptical features were also 
found to be elevations ranging from about 150 2 . to about two 
light waves. It was found that the elliptical features are much 
more abundant than the tadpoles, while the bean shaped features 
are very few compared with the latter.
8*5- Tadpoles on Basal Planes;

A couple of tadpole-shaped structures were also observed on
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a basal plane of a synthetic quartz crystal, and the author 
thought it better to incorporate them in this chapter rather than 
in chapter VI, because it may help in interpreting the observat­
ions described above.

Fig. 82, on ordinary photomicrograph, illustrates two 
tadpoles on a basal plane of a synthetic quartz crystal. It is 
clear that, unlike those observed on a minor rhombohedral face 
(see section 2 above), these tadpoles have no strict crystallo- 
graTphic orientation. It should be mentioned that these tad­
poles are elevations, and the crystal face is covered with a 
large number of growth patterns connected with the spiral 
mechanism.
8*4. Structures on Non-Habit Faces :

As mentioned in chapter VI, synthetic quantz crystals 
occasionally develop some extra faces which are not the habit 
faces, and hence surface structures on such faces may be quite 
different from and perhaps more complex than those on the habit 
faces, viz. H, t, m, x and s faces. The crystal referred to 
in section 1 of this chapter had a small face in the form of a 
narrow strip which, in fact, was a part of a non-habit face of 
the main crystal. Fig. 83, a photomicrograph, illustrates some 
strange surface structures in the form of elliptical and 
circular discs on this face, each one of which was found to be a 
depression.
8*5- Discussion and Conclusion;

No irregularity was observed on the crystal face referred to 
in section 1 of this chapter, and even with the help of a phase- 
contrast microscope no growth layers could be traced and no kinks 
in Fizeau fringes were obtained. No evidence of the presence of 
growth layers on this face was obtained. The tadpoles, bean­
shaped and elliptical features appear to have the same origin 
and although their interpretation is somewhat difficult the
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following alternative suggestions are made.
Four possible explanations of these features will be 

discussed:-
(i) Inclusions.
(ii) Further growth on the cavities which presumably were formed 

due to orientated bubble inclusions blo^m off at some 
stage of growth.

(iii) Result of interaction of growth forms due to dislocations.
(iv) Local lattice disorder.

Since the crystal face under consideration was a natural 
(uncut) habit face of a synthetic quartz crystal, the question of 
polishing marks does not arise.

Because the features have bubble-like shapes let us assume 
that they were due to orientated inclusions. If they were 
included long before the end of growth they should have been over­
grown and would not have appeared as elevations, but they would 
of course have been visible in the body of the crystal. It is 
possible that these features may be inclusions which were partly 
overgrown, and thus formed elevations on the surface. In the 
case of inclusions the material inside the bubbles could be water, 
carbon dioxide or something similar. \fhen the crystal was 
examined in transmitted polarized light, no difference was found 
in the refractive index inside and outside these features. It 
is possible that the water or liquid carbon dioxide trapped in 
the bubbles may have been converted into the gaseous state and 
then escaped leaving hollow bubbles, in which case the refractive 
index inside and outside these bubbles would be the same. To 
investigate this possibility a number of these bean-shaped 
features were indented with a pyramdal diamond indent or, and it 
was found that they w(0̂ -0 solid and not hollow. Fig. 84 (a)̂  a 
positive phase-contrast micrograph, illustrates two bean-shaped
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features, where the right one was indented right across while the 
left one was not. This may be compared with fig. 59 which shows 
the same two features as they were originally. All the crystàJt 
faces which showed the presence of these features were then 
etched in the vapour of hydrofluoric acid, and it was found that 
they are not hollow (see fig. 84 (b) ). No preferential etching 
was found to take place either along the boundaries or the tips 
of these features. Different stages of are illustrated
in figs. 85 (a)^(b).

The fact that all these features are solid means that they 
are not bubbles now; at the same time, this does not preclude 
the possibility that they once were. They do in fact have the 
shapes of bubbles and when the unsilvered crystal is gradually 
racked down towards the objective of a microscope the inner side 
of each of them is found to be very similar to the top and has 
almost the same curvature. Fig. 86 (A) represents schematically 
different successive stages (a, b, c, d, e) when the crystal is 
racked d o ™  towards the mifroscope-objective.

This leads us to the second alternative that these features 
were orientated inclusions, and at some stage of growth they were 
blown off forming orientated cavities. The formation of the 
tails of the tadpoles and the tips of the bean-shaped features 
can readily be explained by the direction of flow of solution. 
Further growth takes place and because these cavities are quite 
large kinks the rate of adsorption of atoms will be much greater 
in the cavities than on the general crystal surface outside. Not 
only will te cavities be filled up rapidly but also a bump will 
be produced having about the same curvature as the surface of the 
original cavity inside the crystal. A further question then 
arises, viz. 'How is a bump formed after the cavity is filled up 
to the general level of the crystal surface?' In this case since
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there is a discontinuity at points such as P and Q (see fig.86(B) 
where the surface of the cavity meets the crystal surface, atoms 
which are adsorbed between P and Q cannot migrate to the general 
sujrface outside, and the rate of adsorption being greater for 
the cavity, continues to be so even after filling up the cavity, 
thus an elevation is formed. Different stages of growth, the 
decrease of curvature of the surface inside the cavities, its 
change of sign and finally the formation of an elevation are 
schematically represented (stages 1, 2, 3, 4 and 5) in fig. 86(B). 
From careful observations it was found that the under-sides of 
these features were appreciably further below the general crystal 
surface than their top sides were above it; e.g., the bean­
shaped feature illustrated in fig. 74 has a lateral extension 
(on the crystal face) of about 0-25 mm. , its elevation above 
the crystal face is about 0*008 mm., while the distance of its 
lower surface from the crystal surface is about 0*7 mm. This 
means that the greater portions of the bubbles were covered over, 
and if they were not blown off they soon would have been 
completely overgrown and incorporated inside the crystal leaving 
no sign of elevations. If this is correct the profiles of the 
tadpoles, beans and the elliptical features should be as sho™ in 
figs. 87 (a), (b) and (c) respectively.

Fig. 62 (chapter VII) illustrates a feature very much like 
a tadpole; it is the only one of its kind on which the edges of 
the growth layers were observed. Whether or not these layers 
belong to a spiral pattern it is difficult to say because on the 
crystal face (major rhombohedral) no evidence of spiral patterns 
was obtained. Nevertheless this particular feature and the 
observation of two tadpoles, fig. 82, on a basal plane of another 
synthetic quartz crystal suggest that these features may have 
something to do with dislocations.

Let us now, therefore, consider the third alternative. In 
the case of the basal planes there are many 'mole-hills* which



126.

are spiral growth pyramids; in addition one or two spiral growth
fronts are visible, starting at the tips of the tadpoles which
may be the centres of initiation. The formation of tadpoles as 
a result of interaction between several spiral growth pyramids 
is illustrated schematically in Fig. 88. Interactions between 
the growth pyramids due to dislocations 2, 3 and 4 form the tail 
of the tadpole, while those between 1 and others (not shomi in 
the figure) form its body. This interpretation appears to be 
quite convincing for the two tadpoles (fig. 82) on the basal plane 
for which there is ample evidence of spirals, dislocations and a 
large number of spiral growth hillocks. On the other hand, 
tadpoles (figs. 72, 76, 78, 80 and 81) observed on the minor 
rhombohedral face referred to in section 1 of this chapter 
cannot be explained in this way unless there is some evidence of
dislocations on this face. In fact no growth layers at all are
visible and furthermore the surface is exceptionally flat.

Growth fronts visible on a tadpole-like structure (fig.62) 
on a major rhombohedral face could only be the edges of circular 
growth layers filling the cavity and then forming an elevation, 
because on this face circular growth fronts are clearly visible 
(see fig. 54) and there is no evidence whatsoever of spiral 
patterns.

The fourth alternative is as follows.
Due to some kind of stress during growth, a local disorder 

in the lattice may have been produced forming a misfit boundary 
(see fig. 89), and further growth might have resulted in the 
formation of these structures. An elevation, in such cases, is 
a possibility because the rate of growth in the misorientated part 
will be greater than elsewhere. This final explanatido^does not 
however seem very likely.
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Halving examined the merits and demerits of the four 
possible interpretations, the author feels that the tadpoles and 
similar features on the rhombohedral faces are best explained 
by the second alternative, while those on the basal plane fit in 
best with the third.



C H A P T E R  IX

Topography of Prism and Trapezohedral Faces
(a ) Prism Faces;
^•1. Introduction:

Prism faces of natural quartz crystals are characterized by 
horizontal striations perpendicular to the triad axis, and in 
fact such striations are of great assistance in orientating 
quartz crystals. These striations are considered to be a result 
of oscillatory growth between rhombohedral and prism faces (Dake, 
Fleener and Wilson, 1938). Praagh and Willis (1952) have ob­
served tetrahedral growth pyramids on prism faces of natural 
quartz crystals, and according to them the rate of advance of the 
growth layers of these pyramids is greater in a direction perpen­
dicular to the triad than in a direction parallel to it, and the 
longer edges of these layers appear as striations. In the 
present investigation typical horizontal striations are observed 
on prism faces of natural quartz crystals, and are described and 
illustrated in chapter XIII. On the other hand, vertical stria­
tions almost parallel to the c-axis are observed on prism faces 
of synthetic quartz crystals, and this, being the first 
observation of its kind, requires an explanation. These obser­
vations are described and illustrated below. Growth pyramids 
formed due to growth on prism faces are also described and 
illustrated. The mechanism of the formation of prism faces of 
synthetic quartz crystals is discussed in section 6 of this 
chapter.
S|*2. Striations:

Fig. 90 a photomicrograph, shows vertical striations on a 
prism face of a synthetic quartz crystal, where the line AB is 
the trace of the basal plane, CD represents the edge between 
adjacent prism faces, and AE the trace of a rhombohedral face.
Fig.91 illustrates a similar case for a prism face of another
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synthetic quartz crystal having a small basal plane, trace which 
is visible in the top part of the figure. Here, vertical 
striations are intercepted in some places by horizontal irregular
lines.

Pig. 92 shows the central part3̂ of a prism face of another 
synthetic quartz crystal where the edge between two neighbouring 
prism faces may be seen at the extreme right, with the trace of 
a rhombohedral face in the upper right half of the figure.
Prom this photomicrograph it is quite clear that striations in 
the central part of a prism face are very closely spaced and 
irregular but in the upper part of the picture, near pyra­
midal termination, there are relatively few striations, which are 
smooth and regular with fairly smooth surfaces in between. All 
these observations are accounted for in section 6 of this chapter. 
^*3* Growth Pyramids;

On most of the prism faces of synthetic quartz crystals 
examined, striations almost parallel to the c-axis were observed 
and occasionally these striations were found crossed by some 
horizontal step-like structures perpendicular to the c-axis. 
However, on two prism faces of a synthetic quartz crystal growth 
pyramids having their growth centres very near the edge of 
intersection with the neighbouring prism face were observed.

Pig. 93, a photomicrograph, illustrates a growth pyramid on 
a prism face ^ 2110^ . At the growth centre of this pyramid
there appears to be something which might have acted as a growth 
nucleus. It is of interest to note that the pyramid has a 
hexagonal boundary and that the line AB is the intersection of 
this face with the neighbouring prism face while BO is that with 
an ' X ' face tfhich is visible as a triangle in fig. 93- 
Surface structures on this ' x * face are described in section 5 
of this chapter. A similar growth pyramid on another prism face 
^1120j of the same crystal is illustrated in fig. 94, where
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once again the growth sheets comprising the pyramid are 
hexagonal. At the centre of initiation a cavity, having 
hexagonal outline, is visible. Two similar hexagonal depress- 
ions are also visible a little on the right of the summit of the 
pyramid.

From these observations it can be concluded safely that 
during some stage of growth small crystals of quartz must have 
got attached to the prism faces, and further growth must have 
taken place around such crystals forming thereby pyramids having 
hexagonal outlines. These crystals must have then dropped out 
at some later stage of growth, and thus hexagonal cavities are 
formed. On these two prism faces about ten unorientated 
hexagonal depressions of different sizes and depths were observed. 
This observation not only endorses the above given interpretation 
for the formation of hexagonal growth pyramids but also sub­
stantiates the suggestion given in section 12 of chapter VI that 
the mottled nature of surfaces of some of the spirals on the basal 
planes of synthetic quartz crystals is due to deposition of 
quartz (probably after switching off the furnace) and not due to 
etching. Existence of small mis-orientated crystals which were 
probably the growth nuclei for some of the rhombohedral faces of 
synthetic quartz has already been reported in chapter VII.
^•4. Negative Crystals on Prism Faces :

Fig. 95 is a photomicrograph showing two black patterns 
having hexagonal outlines; and fig. 96, a positive phase- 
contrast micrograph, illustrates a similar case where the pattern 
is nearly hexagonal. The internal structure of the hexagon in 
the left half of fig. 95 is shown in fig. 97, a positive phase - 
contrast micrograph. The patterns are depressions having 
different magnitudes of depths, and are randomly orientated and 
distributed. It can be said conclusively that these are
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negative crystals, and were formed due to other small quartz 
crystals getting attached to this face with their c-axis either 
perpendicular or inclined to it, and then dropped out at a later 
stage of growth leaving thereby cavities having hexagonal 
boundaries.
9 .5. Surface Structures on a Trapezohedral Face;

Only one synthetic crystal showed the presence of a 
trapezohedral face. It was a left handed crystal. Fig. 98 
is a photomicrograph showing the trapezohedral face, where the 
line AB is the intersection of this face with the prism face 
I 2110^ ̂ BO is that with the prism face {1010j and AG is that 

with a major rhombohedral face. It is clear that the face -Lb 
crossed by striations which are parallel to the edge AB. At 
about four or five isolated regions growth pyramids are visible. 
These pyramids are very much extended laterally in a direction 
parallel to the edge AB than at right angles to it, and have 
their longer edges very nearly parallel to AB. From these 
observations it can be said that the rate of advance of the 
growth layers constituting these pyramids is much greater in a 
direction parallel to AB than that perpendicular to it.
9*6. Discussion:

Mechanism of Growth of Prism Faces:
From the observations described in this chapter two 

possibilities arise about the development of prism faces:
(a) Unless there is an evidence of independent growth on them, 
prism faces could be considered to have been formed as a result 
of growth mainly on the basal planes and at a later stage on 
rhombohedral faces. As already mentioned in chapter VI these 
crystals were grown on cut c-plates, previously roughened by 
scratching or etching. Because of a large number of growth 

nuclei on such a seed plate growth starts rapidly, mostly by
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spiral mechanism. Very soon a large number of growth hills 
develop and as growth proceeds interaction between layers from 
different growth centres is bound to take place. In the 
beginning the c-face is large, but gradually rhombohedral faces 
tend to develop as well as prism faces. Boundaries of 
interaction between different spiral growth hills manifest 
themselves as striations on prism faces, and since a c-face is 
the main growth face on which the rate of advance in the 
direction of the c-axis is very much greater than that at right 
angles to it, striations should be parallel to the c-axis or 
very nearly so (figs. 90, 91 and 92). I4i the early stages 
there are many growth centres and so there will be many such 
boundaries and hence closely spaced irregular striations appear 
in the central portion of a prism face (fig. 92). As growth 
proceeds, weaker dislocations are dominated by stronger ones, 
causing more and more growth centres to become inactive, and 
hence there will be fewer and smoother striations on prism 
faces near the pyramidal terminations (figs. 90 and 91).

Prism faces are not perfectly flat, in fact the area 
between two striations has a small cylindrical curvature, and 
this may be understood readily if one remembers that growth 
fronts on the basal planes are slightly convex. At some places, 
where growth layers on the basal planes do not extend laterally 
right to a prism face, a step is formed which appears as a 
practically horizontal striation on the prism face (fig. 91).
At least some, though not all, prism faces of a synthetic 
quartz crystal can and do develop by this mechanism particularly 
when a large seed-plate is used. Some of the crystals examined 
were in fact grotm on large seed plates and the cross-sections 
of the fully grovm crystals were not much bigger than those of 
the seed plates. Furthermore, seed plates are usually 
rectangular while the cross-section of a quartz crystal is
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hexagonal and hence development of prism faces by independent 
growth on them is quite expected or rather common.
(b) In the early stage of growth prism faces are developed as 
a result of growth on basal planes, and at a later stage growth 
may take place on prism faces as well. In the latter case, 
there will be some evidence of independent growth on prism faces, 
and the cross-section of such a crystal will be greater than that 
of the seed plate. Growth on prism faces may occur either by 
two dimensional nucléation or by spiral mechanism, depending 
upon the type of nucleus available. Exposed ledge of a screw 
character, impurities, misoriented crystals etc., can and do act 
as growth nuclei.

Observations described in this chapter endorse both the 
possible modes of development of prism faces.

It is very interesting to note that prism faces {2ÎÎ0j 
and {ll20j are never found on natural quartz crystals. This 
is for the first time that surface topography of such rarely 
occurring faces has been investigated and put on record.



P A R T  V

GROWTH FEATURES ON NATURAL QUARTZ



C H A P T E R  X

Topography of Rhombohedral Faces

10'1. Introduction:
In the present investigation rhombohedral faces of quartz 

crystals were found to be covered with orientated growth pyramids 
which were built up by the spreading and piling up of triangular 
growth sheets. Properties of such growth layers, associated 
growth of other crystals, natural etch patterns, dissolution 
figures, surface structures of red quartz etc. are described in 
this chapter, while the problem of twinning will be dealt with in 
the next one. Evidence of growth of natural quartz crystals by 
spiral mechanism will be given in chapter XII.
10*2. Centres of Initiation of Growth:
(a) Number:

The summits of the growth pyramids are the centres of 
initiation of growth layers. Although the growth of different 
faces of a crystal starts from a number of nuclei, all of them 
may not remain active throughout the growth of the crystal. In 
fact, most of the initiating centres become inactive in a re­
latively short time in the history of growth of the crystal, and
the growth of each face is governed by a very small number of
growth centres. This was found to be the case for most of the
rhombohedral faces studied because, for most of them, about two
or three initiating centres per face were found to remain active 
until the end of growth. It should be noted that about sixty 
faces were found with only one growth centre.

On a minor rhombohedral face of a quartz crystal, about ten 
big pyramids were found, one of which is illustrated in fig.117 
but they became inactive and were partly covered over by growth
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layers from only two closely spaced, initiating centres.
(b) Localisation;

In a large majority of cases growth centres were fonnd. to be 
in the central part of a face, away from an edge or a corner.
This is to be expected because these crystals grew by the two 
dimensional nucléation mechanism and according to Kossel (1927) 
the energy of formation of a two-dimensional nucleus is least at 
the centre of the face. Also according to Lranlc (1949,b) dis­
location IJ^nes are under tension and tend to emerge normal to the 
face, i.e., towards the face centre. In fact the centres of 
initiation of spirals observed on a natural quartz (see chapter 
All) and also those on the basal planes of synthetic quartz (see 
chapter 71) were at the face centres, far away from an edge or a 
corner. However, about twenty cases were found in which the 
initiating centre was on an edge and about ten cases in which the 
initiating centre was at a corner of a face»

Pig. 99, a photomicrograph, illustrates a minor rhombohedral 
face having the centre of initiation, on the r - m edge. It is 
evident that (i) there is no other growth centre, (ii) thick 
layers have been formed, at regular intervals, due to bunching 
of thin ones and (iii) the gradient of the growth pyramid suddenly 
increases near the initiating centre. Another interesting case 
is illustrated in fig. 100 where three initiating centres are on 
different edges. The initiating centre on the left-half bottom 
of the figure may possibly be on a broken edge, but that on the 
right-half bottom is on the H - m edge, while the one on the 
right top is on the edge between the two neighbouring rhombohedral 
faces. It is suggested that the three pyramids built up by 
growth layers from these three centres developed at a later stage 
of growth on the pre-existing growth layers.

Pig. 101(a) is a photomicrograph of a minor rhombohedral face 
for which the centre of initiation is on the edge between this
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faj)e and the adjjOcent major rhombohedral face; Pig. 101(b) is 
the corresponding multiple beam interferogram which reveals the 
nature of the growth fronts. A similar case is illustrated in 
fig. 102, a multiple-beam interferogram for a minor rhombohedral 
face where fringes are set at a geographic dispersion. Prom this 
interferogram it is evident that the growth fronts are remarkable 
in being uniformly thick and regularly spaced. The position of 
the centre of initiation at a corner of a face is illustrated by 
the interf erogram shox'U in fig. 103.

None of the cases of edge and corner nucléation described 
above can be explained by either the two-dimensional nucléation 
theory or by the dislocation theory. They can, however, be 
explained by considering the effect of adsorbed impurities on the 
growth process. Such impurity molecules may either be pushed 
along the face by the advancing growth layers, or grown over by 
the layers and get incorporated in the lattice as impurities»
Cases of the latter type are not uncommon, while in the former 
type the impurity molecules will be pushed to the edge of one 
face where they become trapped by the growth layers spreading 
from the adjacent face. But even in this trapped position they 
can still behave as nuclei for fresh growth. Also, if these 
impurity molecules are pushed along the edge to a corner, corner 
nucléation can occur. It should be mentioned at this stage that 
all the faces which showed the existence of edge or corner 
nucléation were in fact found to have some impurities on them.

It is very interesting to note that about forty cases were 
found in which the centre of initiation of growth layers was 
very near to but not exactly on an edge or a corner. Prom these 
observations it seems that the centre of initiation of growth 
layers has a definite tendency to be very near an edge or a 
corner of a crystal face.
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10-3- G-radient of Growth j-yramids. and Plow of Mother Solution;
Tolansky (1945) using sensitive multiple beam interference 

fringes found that the gradient of a growth pyramid increases 
near the summit of the pyramid. His observation was made only 
on one major rhombohedral face of a natural quartz crystal and 
no explanation for it was given. In the present investigation, 
barring one case, no such increase in the gradient near the 
pyramid summit was observed; on the contrary, the gradient near 
the summit of many growth pyramids was found to be less than that 
away from it. Â further interesting point in the present investi­
gation was that on about forty rhombohedral faces one side of 
the growth pyramids was much steeper than the other two although, 
in such cases, there was no sudden increase in the gradient near 
the summit. To study this in greater detail five crystals were 
selected, and some of the observations on one of the crystals will 
now be illustrated and described.

All the growth pyramids on the natural quartz crystals 
examined were formed due to spreading and piling up of triangular 
growth layers. Bach pyramid has, therefore, three directions of 
minimum growth - sayoC, p and if as shown schematically in fig.
104. In all these cases the side in the direction of ̂  or p 
was steep but never in the direction of Y  * ^^r the crystal
under consideration let the three minor rhombohedral faces be 
denoted by and r^, and the three major rhombohedral faces
by and H^. It waf# found that growth pyramids on r^ and

had steeper sides in the ac - direction than in the p and y 
directions, while the pyramids on rg, R2> snd R^ had steeper 
sides in the p - direction than in the 4T- and*y- directions.

Pig. 105 is a multiple beam interf erogram for a growth 
pyramid on the T 2 face, wherein the fringes are set at a 
geographic dispersion. The fringes are more closely spaced in
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the p - direction than in the eg - and^ - directions, indicating 
that the right-hand side of the pyramid is steeper than the left 
ajid the bottom. Pig.106(a) is a similar interferogram for a 
growth pyramid on the face R^, while fig.106(b) illustrates, at a 
lower ma^gnification, mu].tiple beam Pizeau fringes for about half 
of this face. Both these interferograms, set at a geographic 
dispersion, indicate that all the growth pyramids on this face, 
(about eight growth centres are revealed in fig.106(b) have their 
left-hand side steeper than the right and bottom. In figs.106(a) 
and (b) the fringes are more closely spaced in thecC - direction
than in the jB - and Y  - directions. Pig. 107 illustrates
multiple beam Pizeau fringes for a growth pyramid on the face 

, while fig. 108 shows an interf erogram for a growth pyramid 
on the face r̂  . In both these interferograms the fringes are 
again set at a geographic-dispersion. In fig. 107 the fringes
are more closely spaced in the p - direction than in dO - and 
Y  - directions indicating that the right-hand side of the pyramid 
is steeper than the left and the bottom, while the reverse is the 
case in fig. 108 for the face r^. Pig. 109 shows an interf ero­
gram for a growth pyramid on the face r^, while fig.110 is for 
that on the face R^; both interf erograms were set at a 
geographic dispersion. Prom these interferograms it is clear 
that the right-hand side of both these pyramids is steeper than 
the other two. It was found that the steepness of the left-hand 
side of the pyramids on faces R^ and r^ decreases in the order
Rf, r^, while that of the right-hand, side of the pyramids on the
remaining faces of the crystal decreases in the order r^, R^,
r^, R_. Thus if the crystal is held with the c-axis vertical 3 3and the edge between and facing the observer, the faces 
Rj_ gn d  r^ on his right will have pyramids with their left sides 
steep, while the faces r^^Rg, r^ and R^ on his left will have 
pyramids with their right sides steep. The face R^ will of 
course be away from the observer, but since the pyramid on this 
face has the growth centre at the extreme right part of the
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face, it can be considered to be on the left of the observer .
The gradient at the side of a growth pyramid is dependent 

on the spacing between the edges of the growth sheets, the 
smaller it is, the steeper will be the gradient. Thus pyramids 
on the faces and r^ have more closely spaced growth fronts in 
the - direction than in the j3 - and Y  - directions, while the 
pyramids on the faces r^, R^, r^ and R^ have more closely spaced 
growth fronts in the p - direction than the - and Y  - 
directions. Now the spacing between successive growth fronts 
depends on the rate of advance of the growth fronts, the faster 
it is,the smaller will be the spacing. The rate of advance of 
growth fronts in turn depends on the number of molecules 
adsorbed at the steps, the greater it is, faster will be the 
rate of advance of the growth fronts. In the case of vein 
quartz the solutions supplying the silica were at one time 
flowing from one direction to the other. Prom these observations 
it is suggested that in this case the solution which supplied the 
material for growth of this crystal must have been flowing to 
the edge between the faces r^ and R^, where it then divided into 
two parts, one part flowing to R^ and then to r^, and the other 
to r^, Rg, r^ and then to R_. This accounts very well for the 
steepness in the Æ  - direction for the pyramids on R^ and r̂ ,
^id, in the p - direction, for the pyramids on r^, R^, r^ and
R^.

Such a flow may bring with it crystals of other minerals 
which wouHd have most effects on faces they meet first, and 
least on those they meet last. In fact, the number of 
triangular, square, and hexagonal features having the boundary 
depressions, described in section 8 of this cnapter, is a 
maximum for the face r^, while their density decreases from R̂  ̂
to r^ on the right, and also decreases in the order rg, R2, r^^R^
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on the left of the observer facing the edge between r^ and 
The systematic variation in the density of these features from 
one face to the other therefore endorses the interpretation given 
above.

More or less similar results were obtained for the steepness 
of one side of the growth pyramids on the other four crystals.
The results are summarised as follows:- 
crystal no. 3:
Pace r^ 2̂ 2̂ ^3 ^3

steep side ) 
of the ) left left right right 9 right
pyramid )

Solution flowing to the edge between % and r^-

crystal no. 7:
Pace r^ ^2 R2 ^3 R3
steep side ) 
of the ) right ? ? left left left
pyramid )

Solution flowing to the edge between ^1 and R^.

crystal no. 8;
Pace r^ 2̂ ^2 ^3 %
steep side ) 
of the ) right ? right ? right left
pyramid )

Solution flowing to the edge between and R.Z. 5
crystal no. 10:
Race r^ % 2̂ R2 ^3 R3
steep side
of the ) left nil right left left left
pyramid )

Solution flowing to the face R^-
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Variation in G-radiant of a G-rowth. pyramid:
In all the interferograms illustrated in figs. 105 to 110 

fringes were set at a geographic dispersion i.e., parallel to the 
edges of growth sheets which compose the growth pyramids. 
Successive fringes indicate points which are at a difference of 
level of half a light wave (in this case 2730 iP. , mercury green 
light being used), so that the closer the fringes are, the 
steeper will be the region and vice versa. In all these cases, 
the fringe spacing decreases very gradually as one proceeds from 
the edge of a pyramid, which indicates a gradual increase in
the gradient. But near the summit of each pyramid the fringes 
are more widely spaced than in the lower parts which shows that 
there is definitely no sudden increase in the gradient of the 
pyramids near their summits. The greater spacing between 
successive fringes near the summit than away from it is very well 
seen in all these interferograms particularly in those illustrat­
ed in figs. 106(a), 107? 108 and 110.
10*4. Splitting up of Thick G-rowth Layers:

Bunching of thin growth layers is quite common in many 
minerals, particularly so in quartz. Just the reverse case was 
found on a major rhombohedral face of a natural quartz crystal, 
the growth fronts being very irregular. In three or four 
isolated areas on this face some thick growth layers were ob­
served to have split up into groups of thin layers which again 
join together forming the corresponding thick layer in Rig.111. 
This photomicrograph shows the growth fronts on the major 
rhombohedral face; in the right half of the figure some ten 
layers are seen split up each into a few (3? 4 or 5 etc.) thin 
layers which re-join to form a thick one .once more. This 
temporary splitting up of thick growth layers could possibly be 
due to some local variation in the supersaturation conditions
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existing at the time of growth, although there is no real evidence 
to support this.
10»5. Interlacing:

An explanation of interlacing of the spiral step lines has 
been given by Prank (1951b). The interlacing arises from the 
dependence of the growth rates on crystallographic directions 
and the change of the growth rate of the monolayers in different 
orientations of the crystal. The slowest growing monolayer in 
one orientation may not remain the slowest growing in another 
orientation inclined to the first. Any change in the velocities 
of growth layers in different directions leads to interlacing of 
the growth steps and is illustrated schematically in fig. 112, 

where R indicates the fastest growing layer while S the slowest. 
(Intermediate monolayers between these two, having intermediate 
rates of growth are not shown in the figure). Verma (1951) and 
Amelinckx (1951) have observed interlaced spirals and interpreted 
them in this way.

Interlaced growth fronts were observed on a major rhombohe­
dral face of a natural quartz crystal and are illustrated in 
fig.113. This pattern cannot be due to spiral-growth mechanism 
because all the growth layers on this face belong to different 
pyramids which grew by the two-dimensional nucléation mechanism. 
The angle between the two main sets of growth fronts is about 
143°. If two growth layers inclined to one another at 145° have 
different velocities they may w^ll produce interlaced patterns. 
This appears to be so in the present case.
10.6. Development of prism Races on Rhombohedral Races:

Rig. 114 shows a minor rhombohedral face of a natural quartz 
crystal where, in addition to a large number of growth pyramids, 
about half a dozen black lines are seen clearly across the face.
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At first one may think that these are slip lines but is not 
likely for the following reasons.

Jhen incident light is perpendicular to the rhombohedral 
j.ace these lines appear olack on the white (bright) background 
of the face as shewn in fig. 114. On the other hand, when the 
crystal is turned through 142°, so that incident light, still 
falling on this face, is perpendicular to the prism face these 
black lines appear as white (bright) strips on the black back­
ground of the face. This proves that each of these black lines 
is a small prism face. Furthermore, the fact that each of these 
lines is strictly parallel to the r - m edge substantiates this 
interpretation. It should be mentioned that from some four 
hundred rhombohedral faces examined only two minor rhombohedral 
faces showed such a structure.
10*7. Percussion Marks;

In the present study it was found that the large majority 
of quartz crystals examined had received some kind of percussion, 
this being shorn by percussion marks on the crystal faces all 
having a more or less similar character. Rig. 115, a photomicro­
graph, illustrates a percussion mark on a minor rhombohedral face 
of a natural quartz crystal. A similar case is shov/n in fig. 116 
for a msPjor rhombohedral face of another crystal where 
indentation has taken place along a line giving rise to a series 
of percussion marks. The extent to which the resultant cracks 
extend along the surface and in the interior of a crystal depends 
on the load and is therefore different in different cases.
10*8. Replacement of Other Minerals by Quartz; (Pseudomorphism);

Out of all the crystals examined only two crystals showed 
unorientated triangular, square, and hexagonal features which will 
now be described and interpreted.

On all the faces of one natural quartz crystal unorientated 
square, triangular, and hexagonal features were observed but
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their density was not the same for all the faces, one face being 
covered with a hundred or so while the others had only about ten 
or even a smaller number of these features. Bven on one face 
their distribution was quite uneven.

Rig. 117 shows a big growth pyramiid on a minor rhombohedral 
face of a natural quartz crystal. Small unoriented features of 
all the different shapes mentioned above are visible all around 
this pyramid end also on its top surface. Rig. ll^<^)illustrates, 
on a higher magnification, some of these features. Since they 
all have different shapes and do not have the same orientation 
they could not be etch figures; nor could they be indentations 
by other cubic crystals growing along with quartz, which later 
became detached, since for both these suggestions the features 
should have been flat bottom depressions which they are not.

Rig. liar^y is a multiple besim interf erogram showing Rizeau
fringes passing over some of these features on the top surface
of the growth pyrajnid illustrated in fig. 117, while fig. 119(b)
illustrates, at a higher magnification, multiple beam Rizeau
fringes running over a triangular feature. Rringes of equal
chromatic order illustrated in fig. 120 reveal the profile of a
square-shaped feature, while those in fig. 121 show the profile oj
a triangular one. Rrom fig. 120 it is clear that the suqare-haveshaped features/boundary depressions and the surfaces inside and 
outside the square features are on the same level. On the 
other hand, fig. 121 proves that although the triangular 
features also have very deep boundaries the surface within is 
irregular and lower than that outside. Rig. 122 illustrates two 
squares, one inside the other, with diagonal lines joining their 
respective corners.

These structures can be explained as follows. The 
solutions supplying the material for building up this crystal 
must have carried along with it a number of small crystals of
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cubic ha^jptt (like fluorite). Borne of these crystals then be­
came attached at random on different faces of the growing quartz 
crystal. As growth proceeded quartz replaced wholly or partly 
the cubic crystals that had become attached to it. Subsequently 
the cubic crystals were dissolved away and since the boundary be­
tween a host and a guest crystal is a region of weakness, etching 
will take place preferentially along the boundaries which results 
in the formation of boundary depressions of the square-shaped 
features. In cases where the dissolution rate was faster than 
the replacement, an irregular surface would be formed (see 
triangular features). Such an irregular surface is in fact 
found to be lower than the general crystal face. Formation of 
one square inside the other (fig. 122) is the result of replace­
ment of a cubo-octrahedral crystal by quartz. Variation in the 
density of these features on different faces of the crystal has 
already been referred to in section 3 of this chapter.
10*9. Growth of Other Minerals in Quartz:

Although most of the natural quartz crystals examined were 
free from overgrowth, about half a dozen crystals showed growth 
of other crystals along with quartz, all such examples being 
unorientated growths; not a single case was found of an orientât-, 
ed overgrowth. Of these crystals all showed a fairly low density 
of associated growths, except for one which exhibited a very 
large aggregate of closely packed overgrowths.

Rig. 123(a) is a photomicrograph showing a portion of a major 
rhombohedral face of this particular crystal, while figs. 124 and 
125 show some portions of a minor rhombohedral and a prism face 
respectively. Rrom these photographs it is quite clear that all 
the faces of this crystal are densely covered over by other 
crystals so much so that very small areas of faces of the parent 
crystal are left uncovered. That these small irregular features 
aTlre depressions has been verified with the help of fringes of
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equa_l chromatic order and also light profile.
The crystal had three trigonal trapezohedral (x) faces in 

addition to six rhombohedral and six prism faces. Bach of the 
three x faces being at the left bottom corner of the respective 
R  face, it can be said that the crystal was a left-handed one.
When the unsilvered crystal was examined with a hand lens or 
under a microscope very small pieces of crystals, green in colour 
were found in some of the cavities. Such remnant crystals were
more abundant on x faces than on any other face of the crystal.
The green colour suggests that chlorite crystals had grovm along 
with quartz, and were then partly dissolved away forming cavities 
on the crystal faces. Q  Chlorites are silicates of magnesia
(or iron) and alumina, containing also about 12 per. cent, water.
They are monoclinic (pseudo-hexagonal) and are generally aggre­
gates of small scales. They are dark green and have perfect
basal cleavage Q  The chlorite crystals were perhaps dissolved
away in sulphuric acid which does not affect quartz, and some of 
the very small pieces left undissolved can be seen by careful in­
spection on the X faces, fewer on R and r faces and less still on 
m faces. The difference in the amounts of undissolved chlorites 
on the different faces may possibly be due to the different 
solubility of the crystals on the different faces.

It should be mentioned that due to surface irregularities a 
very small interferometric gap between the optical flat and the
crystal face could not be obtained; hence all the attempts to get
high dispersion sharp Rizeau fringes failed (see fig. 123 (b) ).

Cleavage lines and hexagonal boundaries in figs. 123(a), 124 
and 125 endorse the interpretation given above.
10"10. Natural Etching;

Rrom the large number of rhombohedral faces examined about 
two dozen faces showed the presence of etch figures due to 
natural etching. Some of these observations will* now be describe^
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(a) Orientated Pentagonal Etch Patterns;
Rig.117 shows a large growth pyramid on a minor rhombohedral 

face of a natural quartz crystal. At a low magnification no 
structure is seen on its left sloping side which appears only as 
a black strip. Examination at a higher magnification reveals 
pentagonal-shaped orientated features, as illustrated in 
fig.l26(a ). Similar pentagonal structures were observed along 
the entire left sloping side of this pyramid (see fig.126(b)) and 
it was found that all these pentagons have their apexes pointing 
in a direction parallel to the left edge of the pyramid.
Rig. 127 is a multiple beam interferogrsm over these pentagonal 
features, while Rig. 128 illustrates fringes of equal chromatic 
order proving that these features are flat bottom depressions. 
Rrom the orientation, shape and nature of these features it can 
be concluded that they are a result of natural etching.

In the extreme left of the fig. 126(a) square-shaped 
features with strict correspondence between the growth fronts 
inside and outside the squares can be seen. The nature of these 
square-shaped features has been described in section 8 of this 
chanter.

«

(b) Orientated Trianr-.ular Etch Patterns;
In the present investigation two crystals were found to have 

received pronounced natural etching and all the faces of both 
the crystals were covered over with a large number of triangular 
depressions oppositely orientated with respect to the growth 
pyramids. Rig. 129, a photomicrograph, illustrates a minor 
rhombohedral face showing natural etch figures oppositely 
orientated with respect to the face itself, while fig. 130 shows 
some of the etch figures at a higher magnification. Natural 
etch figures on the other faces of both these crystals had more 
or less similar characteristics.
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(c) Preferential Etching along Edges of Growth Layers:
An interesting case of preferential natural etching was ob­

served on two major rhombohedral faces of a natural quartz 
crystal. Rig. 131, a photomicrograph, illustrates a growth 
pyramid the edgep of the layers of which have received natural 
etching. Triangular etch pits are visible all along the edges 
of the growth layers, and it is evident that as etching proceeds 
•small pits extend along the surface and meet neighbouring pits 
thereby forming larger etch figures. It should be mentioned 
that etching not only spreads two dimensionally along the surface 
but also in the third dimension perpendicular to the crystal face. 
Etching probably extends a few unit cells in depth.

Rig. 132, a positive phase-contrast micrograph, illustrates 
a similar case for another major rhombohedral face of the same 
crystal. Both these photomicrographs show that the edges of 
growth layers are the sites for initiation of etching, as are 
impurities and other flaws on the surfaces of crystals.
10*11. Dissolution Patterns on Natural Quartz;

Although in the present investigation most of the faces 
examined were the habit faces of natural and synthetic quartz, one 
crystal had a strange history and showed some interesting features. 
The crystal was a piece of natural quartz reclaimed from an auto- 
cla3^e after running it for five hours. It was one of the 
feeding crystals kept at the bottom of the clave and was definite­
ly not a seed crystal. The whole crystal was highly irregular 
having almost convex surfaces meeting in irregular ridges and 
some very small broken flat areas (grid-like in appearance) at 
different heights and different inclinations ; none of its 
surfaces were plane.

Rig. 133, a photomicrograph, shows the structure of a curved 
part of this crystal, which was found to be covered with a large
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number of extremely small orientated triaai'ular features.
Rig. 154 is a multiple beam j-iit erf erogram, obtained using the 
new thin film technique described in chapter V, for another 
region of the same crystal. One may perhaps think that these 
triaiuular features are growth pyramids, but fringes of equal 
chromatic order, illustrated in fig. 135? clearly show that each 
of these features is a flat bottom depression. Their depths 
are found to range from a few hundred a . to less than 10 S.

A  method to measure depth (or height) less than 10 £. has been 
described in chapter V . The triangle marked A (fig. 134) has 
a measured depth of 50 Â. . Rrom the magnitudes of the shifts 
produced in this single fringe by the other triangular markings 
B, C, D, E, R, G and E their depths are found to be 100 £. ,
22 £. , 13 ? 23 f . ? 80 if.^and 28 i?. respectively.

Now the feeding material used for growing quartz crystals in 
a laboratory is usually broken pieces of quartz (or quartzite). 
Quartz has a conchoidal fracture and hence the crystal under 
consideration would have conchoidal surface before it was intro­
duced into the clave. Nhen it came in contact with the solvent 
dissolution commenced, which resulted in the formation of a very 
large number of triangular flat-bottom depressions. At first 
very tiny triangular features would be formed which gradually get 
bigger and intergrew with their neighbours. This would result 
in highly irregular surface markings, such as those seen in 
fig. 133 and in the interferogram sho\m in fig. 25 (chapter V). 
The initiation of such dissolution patterns on an irregular 
surface is illustrated in fig. 136.
10*12. Topography of Red Quartz :

Two very small crystals of red quartz were examined, surface 
structures on which will now be described. Both the crystals 
were fully developed and were doubly terminated, having all the
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rhombohedral faces of almost equal size. Both crystals were of 
practically the same size; the distance between the pyramidal 
terminations was 7 nun. ; all the prism faces were of almost 
equal size. The uniform red colour of these crystals is 
probably due to the presence of haematite. The haematite 
present in these crystals must be in the crystalline form, and 
it is likely that the haematite was being continually and 
uniformly supplied along with the silica throughout the whole 
period of growth. Alternatively the red colour may be due to 
the presence of some other oxide of iron.

Pig. 137 shows a major rhombohedral face of one of these 
crystals, from which it is clear that it is covered with a large 
number of tiny triangular features all of which are oppositely 
orientated with respect to the face itself. All the twentyfour 
rhombohedral faces of these two crystals showed similar surface
structures. Pig. I38 is a photomicrograph showing, at a higher
magnification, some of these triangular structures on a minor 
rhombohedral face of the other crystal, the horizontal line at 
the bottom indicating the r - m edge; fig. 139 is a multiple
beam interferogram for some other region of the same face. With
the help of phase-contrast microscope and the light profile it 
was confirmed that these triangular features are depressions. 
Pigs. 138 and 139 also show that the triangular depressions are 
oppositely orientated with respect to the rhombohedral face.
These features are very similar to the natural etch patterns on 
the natural quartz crystals described in section 10(b) of this 
chapter and illustrated in figs. 129 and 130. It can be con­
cluded that these features are also natural etch patterns. They 
are of various sizes and depths; very small ones may be about 
100 £. deep or even less while the bigger ones may be about two 
or more light waves deep. Unfortunately, since the faces were 
densely covered with innumerable pits, all attempts to obtain 
smooth fringes failed and so no advantage could be taken of
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’feco’ for measuring precisely the depths of the small features.
At higher magnifications it was found that some areas are almost 
devoid of these trian^rular features ; these areas are no doubt 
formed by intergrowth of many neighbouring etch pits.

Pinally, it is suggested that each minute particle of 
haematite may have acted as a site for dissolution. On the 
other hand, growth of these crystals might have taken place by 
the reverse process, each haematite particle acting as a growth 
nucleus.
10"13. Phantoms:

Two crystals showed the presence of 'ghost-crystals' or
* phantoms^ inside their bodies. One of them had very long 
prism faces, about 12 cms, long, and showed a large number of
* ghosts*. To facilitate the counting and taking the photographs, 
two of its prism faces were polished. Pig. 140 illustrates a 
series of phantoms inside this crystal. Although it is very 
difficult to photograph all the * ghosts' present, by careful 
inspections it was found that there are twentyfive or more ghost- 
crystals inside this crystal. Pig. I4I illustrates another 
example of this kind. By careful inspection with a hand-lens, 
about twenty ghost-crystals can be counted in this case. In 
both these illustrations the pyramidal and prism faces of the 
ghost-crystals are remarkably parallel to the corresponding 
rhombohedral and prism faces of the main crystals. These ghost- 
crystals indicate different stages at which the crystal stopped 
growing for some time due to the lack or scarcity of the 
material. In a way, phantoms reveal the history of growth of 
the crystal.
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Slin-Lines, Fault s and Twin-Bound.aries

11"1. Introduction:
For all minerals in general the phenomenon of twinning is 

very common and rather universal in quartz. It is not an. 
exaggeration to say that almost every quartz crystal is a twin- 
crystal. Thus although as a phenomenon there is nothing unusual 
about twinning in quartz, a separate chapter is devoted to it in 
the present work because, the method of approach and the ex­
planation of the mechanism of the formation of twin crystals to 
be described here are quite new in the literature on twinning 
problems. This new approach lies in the study of surface 
structures of crystals.
11*2. The Old Theories of Twinning:

Although fairly satisfactory explanation of the genesis of 
the mechanical twin, annealing twin,_ transformation twin and 
repeat twin have been given no satisfactory interpretation of 
contact twin and penetration twin, the most common among natural 
minerals, exists. In a review paper Calm (1954) has treated all 
the aspects of different types of twinning. * For contact-twin . 
the widely accepted consideration is that a twinned crystal is a - 
result of joining of two single crystals, in twin-position, 
during growth. This consideration is based pn several experi­
mental facts. On the other hand, as regards the formation of 
penetration twin it is believed that a minute twinned nucleus' 
appears spontaneously and the two individuals grow at roughly 
equal rates, thus forming a twinned crystal. Both these 
explanations are unsatisfactory.
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11"3. The New Approach to Twinning
From an exhaustive study of the surface structures of a very 

large number of haematite crystals from different localities 
Sunagawa (1959) was convinced that the contact twin of naematite 
crystals can by no means be explained on the basis of older 
theories, and hence a new way must be thought of. He is of the 
firm opinion that a study of surface structures of minerals would 
be of immense help in revealing the mechanism of the formation of 
contact twin. From his observations he has proposed a new ex­
planation which will now be described briefly.

üunagawa's proposed Explanation of Contact-Twin:
His observations of twin-boundaries on haematite crystals 

can be summarised as follows:-
(i) A twin-boundary is not always a straight line parallel to 

the m (1010) face, but often curved having irregular 
bends, and sometimes it has a very complicated form.

(ii) Thick layers spread evenly all over the crystal surface.
No clear evidence of growth taking place independently 
on both sides of a twin-boundary was available.

^iii) Kinks are formed on growth fronts when they meet a twin- 
boundary.

(iv) There is always a level-difference at the twin-boundary.
(v) Further growth after the formation of a twin-boundary, is 

often observed.
(vi) The triangular patterns of thin growth layers had opposite 

orientations on the two sides of the twin-boundary.
From these observations he concluded that

(a) the discontinuity line is a twin-boundary,
(b) the twin-boundary is formed during growth and then further 

growth takes place,
(c) the twin-boundary is formed on a growing single crystal 

•and not by the joining of two individuals in twin- 
position.
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(d) the twin-boundary is formed by a fault and
(e) the amount of fault is such that the step is not 

completely filled up by later growth; although such a 
step may be filled up by the later growth a small part 
of it is almost always left unfilled.

The above-given characteristics of the twin-boundary do not 
fit in with the older belief according to which two single 
crystals join together in twin position while they are growing, 
and hence the twin-boundary should always be a straight line 
parallel to the m face, two independent growth patterns should 
exist on opposite sides of a twin-boundary and ridges and ruts 
rather than steps are to be expected at the twin-boundary.
In addition, since growth of haematite mainly takes place as 
layers parallel to the basal plane and not on the prism face, one 
can expect twin-formation by this mechanism on the basal plane, 
and not on the prism plane.

Although the twinning in quartz is the penetration twin, 
different in character t W m  as compared with the contact twin, 
the arguments of the newly proposed mechanism of the formation of 
the latter are given in this chapter in a greater detail because 
it will be some time before they will be published. It will be 
proved that like the contact twin in haematite, penetration twin 
in quartz is also formed by some kind of fault during growth. 
11*4. Slip-Lines and Faults :

Figs. 142 is a photomicrograph illustrating four slip lines 
on a major rhombohedral face of a natural quartz crystal; each 
of these lines is found to be strictly parallel to the R - m 
edge. Fig. 143 is another example of this kind in which the 
slip line is parallel to the edge between the neighbouring 
rhombohedral faces.

Highly irregular and complex slip lines are not uncommon in
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quartz. Pour such cases are illustrated in figs. 144(^145, 146 
and 147.

As a result of some kind of stress during growth, a certain 
portion of a crystal drops down or projects up with respect d b  
the remainder and thus forms a fault. Such faults may be quite 
irregular in their outline and may be of different sizes. The 
level-difference of the surface of such a faulted crystal and that 
of the remainder may vary along its boundary. Examples of this 
kind are illustrated in figs. 1 4 8 ,  149(a) and 1506^. More often 
than not a fault takes place in such a way that the faulted 
crystal acquires a shape of a creature. For example, figs. 151 
and 152 illustrate two faulted crystals which have the appearance 
of a fish in the former and the head of a tortoise in the latter. 
The extension of the discontinuity lines from one face to the 
other is illustrated (for one crystal) in fig. 1506^3*

It is very important to note that in each of the cases cited 
above there is always a level-difference at the boundary of the 
fault or the slip, and that there is a strict layer to layer 
correspondence on both sides of the discontinuity lines. Inter- 
ferograms illustrated in figs. 144(b) and 149(b) show the level 
difference for the cases referred in figs. 144(a) and 149(a) 
respectively. This suggests that these faults took place during 
growth, and that the growth layers on bot|i sides of the dis­
continuity lines (or within and outside a faulted crystal) belong 
to the same initiating centre. Kinks are always produced at the 
discontinuity lines.
11*5. Twin-Boundarie s:

Having realized the merits of the new approach to the problem 
and Sunagawa*s newly proposed interpretation of the mechanism of 
the formation of the contact twin in the case of haematite 
crystals, it was thought that some such approach and some similar 
explanation should be applied to quartz also. After studying
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the slip lines and faults in the three selected crystals (these 
are described in the previous section), they were etched in the 
vapour of hydrofluoric acid, and as a result it was found that 
these discontinuity lines are in fact twin-boundaries. This 
therefore is the key to the explanation of the mechanism of the 
formation of the penetration twin in quartz.
11*6. Explanation of the Mechanism of the Formation of 

Penetration Twin in Quartz:
At first a quartz crystal grows as single crystal. Some 

kind of fault or slip takes place during growth and produces dis­
continuity lines with level difference along these lines. Steps 
formed in this way are partly filled up by later growth. A 
fault is a result of some kind of stress and thus the nature and 
extension of the discontinuity lines will depend upon the 
magnitude and the distribution of the stress. The strict layer 
to layer correspondence and the level difference at the twin- 
boundaries endorse the new interpretation that the penetration 
twin is formed by some kind of fault during growth, in an 
originally single crystal. Although from the point of view of 
surface structures this explanation is convincing, it is not very 
easy to realize how such a fault gives rise to right - and left - 
handed nature to the two components of the twinned crystal. The 
answer to this needs careful consideration.



C H A P T E R  XII

Spiral Patterns on Natural Quartz

12*1. Introduction:
Ever since the birth of the dislocation theory of crystal 

growth spiral patterns have been observed on a wide variety of 
crystals, a detailed account of which is given in chapter IT. 
Quartz is one of the minerals most studied but no clear evidence 
of the existence of spiral patterns has been put on record up till 
now. Willis (1952) obtained a slip line on a major rhombohedral 
face of a natural quartz crystal, and this was claimed as evidence 
of a screw dislocation. He stated that he also observed spirals 
but there is no evidence to that effect.

In a detailed study of the surface structures of some 400 
rhombohedral and about 100 prism faces of quartz crystals, about 
eight faces of synthetic quartz showed a variety of spiral 
patterns which have been described and discussed at length in 
chapter VI, and about six faces of natural quartz showed clear 
evidence of triangular spirals and the formation of closed loops 
due to a Frank-Read source. This is the first clear evidence 
of growth spirals on natural quartz. Furthermore these spirals 
are eccentric, and their eccentricity is accounted for here.
12*2. Triangular Spirals:

The crystal which showed spiral patterns was remarkably 
transparent with unusually flat surfaces. Fig. 153, a positive 
phase-contrast photomicrograph, illustrates a triangular right- 
handed spiral, having only about two complete turns, which was 
observed on one of the minor rhombohedral faces of this crystal. 
Careful observation shows that it is eccentric, the initiation 
centre being displaced from the geometric centre. This can
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easily be understood if one remembers that a rhombohedral face of 
a quartz crystal has no axis of three-fold symmetry and hence the 
rate of advance of growth layers need not necessarily be equal 
in all three directions normal to the growth fronts. In fact 
the rate of advance of growth fronts is equal for the two 
directions perpendicular to the vertical sides, as demanded by the 
plane of symmetry, but is smaller for the third direction, 
perpendicular to the base of the spiral pyramid. This is 
schematically represented in fig. 154, where the spacing between 
successive growth fronts is equal for thecC and jB directions but 
is smaller in the Y  direction. Point B represents the centre of 
initiation which is eccentric; it would have been at the 
geometric centre A if the rate of advance had been equal in all ; 
the three directions.

Fig. 155 is a multiple beam interferogram from which the step 
height of the spiral she™ in fig. 153 is found to be 110 J?. .
In fig. 153 in addition to the spiral, a number of dislocations, 
each giving rise to a spiral of about half a turn, are found along 
the line AB, which is inclined at an angle of about 42° with the 
r - m edge. That the line AB is a ridge is quite evident from 
fig. 156 which shows fringes of equal chromatic order for this 
region. The Point of emergence of each screw dislocation is on 
this line, and so one would expect a ridge to be found here.
12"3# Closed Loops due to Frank-Read Sources:

Four rhombohedral faces, two major and two minor, of another 
natural quartz crystal showed clear evidence of screw dislocations, 

Fig. 157, a photomicrograph, shows the formation of closed 
loops due to two unlike screw dislocations of equal strength 
emerging on a major rhombohedral face. Figs. 158 and 159 are 
multiple beam interferograms which illustrate the nature of the 
growth fronts, the former in reflection and the latter in trans­
mission. Although the growth fronts appear to be approximately 
circular without clear evidence of centres of initiations, they
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must not be attributed to two-dimensional nucléation growth 
mechanism, because close examination at a higher magnification 
shows clearly that they are due to screw dislocations. This is 
illustrated in fig. 160, where one can see clearly two pairs of 
black dots at the centre, which mark points of emergence of four 
screw dislocations in two pairs. The members of each pair are 
unlike in sense but equal in strength and give rise to closed 
loops of growth fronts. It is also clear that the shape of the 
growth fronts is affected when they advance and meet other 
weaker dislocations. Fig. 161, an interferogram for this area, 
shows the nature of this growth hill and the distribution of 
some small mole-hills which probably have a similar form of 
origin. The step height in this case is found to be about 
600 .

It should be noted that all these four faces are covered 
with a large number of growth pyramids, as a result of which all 
attempts to obtain fringes across the growth fronts failed. 
Geographic dispersion was therefore used, for which fringes are 
required to be set parallel to growth fronts. From such an 
interferogram the height of the growth pyramid is determined and 
when this is divided by the number of growth layers composing the 
pyramid, it gives thickness of one layer. The accuracy of the 
step height determined in this way will, therefore, depend upon 
the precision with which the fringes can be aligned and the 
number of growth layers counted.

Fig. 162(a), a photomicrograph of a region on a major 
rhombohedral face of another natural quartz crystal, shows two 
growth pyramids, in which some growth fronts look like half turns 
of spirals. This is clearer in the smaller pyramid than in the
larger one. A similar case is illustrated in fig. 162(b). It
is evident from these figures that the faces of this crystal are
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very dirty and hence it is suggested that, in the last stage of 
growth, impurities in the form of an exposed edge may have 
acted as growth nuclei.



C H A P T E R  XIII

Topography of Prism, Trigonal Eipyramidal 
and Trapezohedral Paces of Natural Quartz

15*1- Prism Paces;
Prom the examination of about a hundred prism faces it was 

found that they all exhibit typical horizontal striations perpen­
dicular to the c-axis, one example of which is illustrated in 
fig. 1 6 3. Here, in addition to the horizontal striations some 
etch figures formed as a result of natural etching are also 
visible. Praagh and Willis (1952) have reported the presence 
of tetrahedral growth pyramids on prism faces of natural quartz 
crystals. A similar case was found on all the six prism faces 
of a natural quartz crystal all the faces of which were densely 
covered with irregular pits formed as a result of dissolution of 
chlorite crystals which grew along with the quartz. Pig. I64 
illustrates a portion of a prism face of this crystal where some 
tetrahedral growth pyramids are clearly visible. Unlike those 
observed by Praagh and Willis (loc. cit.) growth layers in the 
present case are relatively thin and widely spaced so that the 
pyramids are low-angle type. A similar case, fig. 165, was ob­
served on a prism face of the natural quartz on a rhombohedral 
face of which evidence of spiral patterns was obtained (see 
chapter XII). Pig. 166 illustrates the presence of twin 
boundaries on a prism face. These twin boundaries were formed 
as a result of some kind of fault during the period of growth of 
the crystal.
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13*2. Trigonal Eipyramidal Paces;
In the present study about twelve *s* faces were found on 

different crystals, surface structures on which will now be 
described.

Pig. 167 is a photomicrograph showing an 's' face of a left- 
handed quartz crystal, where the line AB indicates the S - H 
edge to which of course the striations on this face are parallel. 
Prom this figure it is clear that the face is covered with 
tetrahedral growth pyramids which, it is suggested are a result 
of independent growth on the 's' face itself. Pig. 168 
illustrates, at a higher magnification, a portion of this face, 
while fig. 1 6 9, a multiple-beam interferogram, shows the nature 
of these tetrahedral growth pyramids and the surface in between. 
Prom these interferograms it is clear that these pyramids are of 
different heights and have almost flat top surfaces. However, 
presence of small ridges on the top surfaces of some pyramids 
and the nature of valleys between neighbouring pyramids are made 
clear in fig. 170 which shows fringes of equal chromatic order. 
Pig. 171, a photomicrograph,illustrates a portion of an 's' face 
of another natural quartz crystal, where the striations are 
parallel to the line AB which indicates the s - R edge. Pig.172 
illustrates a similar case for an 's' face of some other crystal. 
Although both these faces show typical striations one can readily 
see that both these faces are covered with natural etch pits all 
orientated in a direction parallel to the striations. In 
fig. 1 7 2, however, some etch pits are found arranged along some 
lines crossing the face which,it is suggested,may be due to some 
kind of fault surface which obviously will be the region of 
weakness. Pig. 173, a positive phase-contrast micrography 
illustrates one such case of etch pits along a line crossing the 
face.
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13°3- Trapezohedral Paces:
111 the present study only one natural quartz crystal showed 

the presence of three trapezohedral faces. The crystal was a 
left-handed one, surface structures on which have already been 
described in section 9 of chapter X. Pig. 174 is a photomicro­
graph showing one of these *x' faces. Irregular pits visible 
in the figure were formed due to chlorite crystals which grew 
along with quartz and were then almost completely dissolved away. 
Tiny bits of undissolved chlorite crystals left in the cavities 
can be seen by careful inspection with a hand-1ens.



P A R T  VI

FUSED QUARTZ



C H A P T E R  XIV

Surface Topography of Pused Quartz and 
Synthetic Pused Silica 'Spectrosil*

14*1. Introduction:
In this chapter a brief account is given of the study of the 

topography of surfaces of fused quartz. This study, it is hoped, 
will be in harmony with the present work on natural and synthetic 
quartz crystals.

Synthetic fused silica is recognised to be the purest form of 
fused silica available, although a precise determination of the 
impurity elements present has not yet been made. The purity of 
the material available viz. synthetic fused silica 'spectrosil* 
has been assessed by indirect methods such as gamma-irradiation, 
fluorescence at various incident wave-lengths, and resistivity of 
standard batches of silica grown in special crucibles (private 
communication. Thermal Syndicate Ltd).

Using chemical, spectrographic, and other direct methods for 
analysis for aluminium, boron, calcium, copper, iron, magnesium, 
manganese, potassium and sodium^ ilie Thermal Syndicate (loc.citt) 
claims the total impurities in the samples under consideration to 
be less than one part per million. The aluminium content is 
0 *2 parts per million, with boron less than 0*5 parts per million.

It is found that after exposures to 4*5 x ICP R'ontgens, no 
colouration is produced by gamma rays or by irradiation in an 
atomic pile. This extreme purity is also confirmed by the 
complete absence of fluorescence and the very high transmittance 
of the material in the ultra-violet.

It is found that the synthetic fused silica is entirely 
homogeneous and free from granularity as compared with the various
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grades of vitreosil fused quartz, made from rock quartz crystal. 
This type of silica is now incorporated as standard components in 
many instruments. It ié claimed that because of the exceptional 
purity of this synthetic fused silica it is eminently suitable 
for all applications in which the slightest contamination must be 
aT"voided.

In the present work four samples have been examined. They
are:
I Thermal Syndicate Ltd., Spectrosil Disc ;

21 mm. thick; Optical polish.
II Corning Synthetic Silica Plate;

10 mm. thick; Optical polish.
III Corning Synthetic Silica Plate;

3 mm. thick; plate glass finish;
IV Thermal Syndicate Ltd., Spectrosil Plate;

1 mm. thick; plate glass finish.
Microscopic examination by reflection shows that the samples 

are transparent with apparently no grain structure in the bulk. 
Examination under phase contrast microscope confirms this.

Each sample was silvered and matched against an optical flat 
also silvered to the required percentage for good multiple beam 
fringes in reflection and in transmission. Eor each face of each 
sample interferograms were taken at different suitable dispersions. 
As explained below, these interferograms are of immense help in 
revealing the nature of the surfaces of these samples.
14'2. Observations:

Fig. 175 is an interferogram in reflection for one face of 
sample I. Fringes are reasonably smooth and fairly sharp.,

f

Other interferograms (not shown here) at different dispersions 
show equally smooth fringes. From these interferograms it can 
safely be concluded that both the surfaces of this sample are
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quite smooth though not perfectly flat.
Fig. 176 is an interferogram in reflection for one surface 

of sample II. Fringes are remarkably straight and very smooth; 
dispersion is uniform and contrast is fairly good. Similar 
types of fringes were obtained for the other surface of this 
sample. These fringes amply justify the good finish of the 
surfaces of this sample. It is suggested that there is no 
granularity in the bulk, and the finish of the surfaces is, in 
the author's opinion, the best of the four samples examined.

Coming now to sample III, fig. 177 is a phase contrast 
photomicrograph of one of its surfaces and shows small specks on 
the surface. Fig. 178 shows multiple beam interference Fizeau 
fringes at low dispersion. Random irregular kinks in every part 
of the fringes indicate the ruggedness of the surface. It is 
interesting to note that even in the high dispersion region, 
where fringes are very irregular the fringe definition is sur­
prisingly high and the contrast is excellent. The general 
roughness of the surfaces of this sample becomes more and more 
apparent, the higher the dispersion. This is self-explanatory 
from fig. 179 which is an interferogram at a very high dispersion 
with only two fringes in the field of view; the fringe at the 
left hand top comer has been purposely retained for the compari­
son of the high definition of this fringe on one hand, and the 
absolutely rugged, broad, patchy fringe (right half of fig.17^ )
on the other. It is needless to add anything to what fig. 179 
reveals itself about the very poor quality of the surface finish 
of this sample.

Even though Fizeau fringes in these interferograms reveal 
the general irregularities in the surfaces, they do not give much 
detail about the nature of these irregularities. Here the 
powerful technique of Tolansky (1948) of using fringes of equal
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chromatic order, usually abbreviated to 'Feco' is most useful.
Fig. 180 shows such fringes for the tip of one of the innumerable 
surface irregularities on this sample. The straight fringes 
turn, in the middle part, towards the violet end of the spectrum, 
indicating thereby that the feature is an elevation. It is clear 
that the elevation is not an abrupt step; it is a hillock 
gradually rising up to the peak, and then gradually falling away 
again. From this it is concluded that the general roughness of 
the surface of this sample is due to innumerable small pimple 
like projections ranging from a few tens to a few hundreds of 
Angstroms in height.

Equally interesting results are obtained in the case of 
sample IV. Figs. 181 and 182 are multiple beam interferograms, 
the former in reflection and the latter in transmission. In 
fig. 181 the fringes are sharp and slightly wavy but the contrast 
is not so good as that obtained for sample III. In fig. 182 
three mercury lines (one green and two yellow) are used as 
incident light and these fringes reveal the irregular wavy nature 
of the surface, which, it is suggested, is due to some micro- ' 
granularities on the surface. The exact nature of the features, 
forming surface irregularities, is surprising and is made clear 
by fig. 183 which shows *feco* at a randomly selected point. It 
shows that the structure is a small hillock, gradually sloping, 
with a smooth depression at its summit. Thus 'feco' not only 
provides a means for determining the exact nature (hill or valley) 
of surface irregularities, and the exact profile of such 
microscopic features, with a precise evaluation of their magni­
tude, but also helps in bringing out at a submicroscopic scale 
the fine structure, if any, on such features. But this is not 
easily obtained; it requires vigilence and an experienced hand 
on €he technique, because only for the correct dispersion, and



168.

only when the fringe passes right through the summit of this 
very small hillock, can the sub-structure be seen. In this case, 
the feature is like an extinct volcano, with a orator at its top. 
But for *feco' this fine sub-microscopic structure would have, 
in the author's opinion, escaped observation.
14*3. Discussion and Conclusion:

Prom the observations and interpretation thereof, given 
a^bove, for sample I 'spectrosil* and sample II 'Corning Synthetic 
Silica', it can safely be said that if there were any granular­
ities in the bulk they should have been observed to some extent 
on the surface of at least one of the samples. That it was not 
observed at all indicates the almost entire absence of granularity 
in either sample. Secondly, both these samples had the same 
surface finish, viz. optical polish, and since the fringes are 
quite smooth, the surface finishes are quite good and of similar 
quality.

Samples III and IV show many surface irregularities, but 
this does not mean that there is necessarily granularity in the 
bulk, because if it were so, it should have been observed on 
samples I and II also; both samples I and IV being 'Spectrosil' 
and both samples II and III being 'corning synthetic silica'.
On the (qther hand, samples III and IV have plate glass finish as 
ag^^nst optical polish finish for samples I ^ d  II. Obviously,
therefore, the surface irregularities in samples III and IV can 
safely be attributed to the finishing process, viz. plate-glass 
finish. Furthermore, the depression in the top of the hillock 
is observed for sample IV only, and not in sample III, which may 
be accounted for by the method of preparation.

From what has been discussed above it can be concluded that 
none of the four samples have any granularities in the bulk, and 
that the optical finish is far superior to plate glass finish.
Also the 'spectrosil' is perhaps better than 'corning synthetic 
silica'.
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It was anticipated by The Thermal Syndicate (loc. cit.) that 
there might be an abrupt step on these samples. Careful obser­
vations have failed to reveal any such abrupt step anywhere on 
any face of any one of these samples. The absence of such a stet> 
is not surprising. A step is caused by external or internal 
stress, mechanical, thermal or otherwise, and there is no reason 
why there should be a stress of any kind in such specially and 
carefully prepared samples.
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A P P E N D I X

High-Pressure Diamond Bomb

A*l. Introduction:
An interesting and useful experiment on high pressure 

polymorphism was carried out by Jemison (1957). An approximately 
three carat single crystal diamond was used as a bomb in his 
experiment. A highly polished straight hole 0*172 inch in 
length was ground through the diamond having a flat surface at 
each end of the hole. The flat surfaces were perpendicular to
the axis of the hole. The original crystal was a deformed
dodecahedr^on with a roughly spherical exterior. A chemical 
substance (KX , Cd or OaCO^) was placed in the hole at the centre 
of the body of the crystal in between two pistons and by applying 
a pressure of 24,000 bars on the pistons, the substance was ex­
ploded. This explosion produced a four-winged star shaped 
crack in the crystal. An interferometric examination has been 
carried out to study the effect of this explosion-produced crack 
on the six cut faces of the crystal and a brief report of this 
study is given in the present chapter. Before describing the 
observations it is essential to make a few remarks about the 
crystallographic orientation of the hole.
A*2. Crvstallogranhic Orientation of the Hole:

(a) Morphological Considerations:
It is stated by Jemison (loc. cit.) that the hole drilled in 

the diamond is in the direction of one of the cubic axes. 
Morphologically and also with the help of X-ray photographs it 
is proved below that the hole is not in a direction parallel to 
one of the cubic axes but in a direction perpendicular to (Oil)
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and (ou) faces; i.e., in the direction [oil^ .
When the crystal is orientated as shoTm in fig. 184 so that 

the smallest cut faces (p(o. 1 and 2 ) are one towards and the 
other away from the observer, the cut face from which a bit has 
been chipped off is on the left, with the chipped end pointing 
upwards. In this case, the front face (No. l) and the back face 
(No. 2) are (100) and (100) respectively; the chipped face 
(No. 3) and the face (No. 4) parallel to it are (Oil) and (Oil) 
respectively, while the‘upper (No. 5) and the lower (No. 6 ) 
large cut faces perpendicular to the axis of the hole are (Oil) 
and (oil ) . The curved natural faces are each divided into two 
parts and are of the form .[hko^ .

The reason why it is correct to take the orientation shown 
in fig. 184 is as follows:
If the hole is taken to be in a direction of one of the cubic
axes (say vertical), as was suggested by Jemison, the crystal 
could be shown as in fig. 185. The small face in the centre is 
one of the cubic faces; PQ and SR are faces perpendicular to the 
hole; and PS and QR faces parallel to the hole (PS chipped).
The dotted lines show how the dodecahedral faces are divided into 
two parts, which is not the correct way. Pig. 186 shows a 
dodecahedron with small cubic faces and the dotted lines 
indicate the way in which dodecahedral faces of a diamond are 
divided into two parts, which is correct. Now if fig. 185 is 
brought on to fig. 186 in such a way that the cube faces 
coincide (this can be achieved by turning fig. 1 8 5, through 45 ,̂ 
in the clockwise direction, about a-axis) c-axis of fig. 185 will
emerge from point Li in fig. 186; this indicates that c-axis is
an axis of three-fold symmetry, which is absurd in the case of 
diamond, which belongs to the cubic system. On the other hand, 
in fig. 186 c-axis is an axis of four-fold symmetry which is in
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harmony with the fact that diamond belonging to the cubic system 
should have three four-fold axes, one of which is the c-axis, 
the other two being a and b. Hence it is clear that the 
orientation in fig. 184 is correct, and that the axis of the hole 
is perpendicular to (Oil) and(0 1 l) faces and not parallel to 
a cube axis. This was also checked by X-ray methods.
(b) X-Ray Diffraction Experiments:

The crystal was set in such a way that faces No. 5 and 6 
were exactly vertical. Using a cylindrical camera 15^ 
oscillation X-ray diffraction photographs were taken for these 
faces which are perpendicular to the hole. Pigs. 187 (a) and
(b) are X-ray diffraction photographs for face No. 5 and figs.
188(a) and (b) are those for face No. 6. Using Bernal chart 
values of 0 were found out for each spot on these photographs. 
Each spot was then properly indexed, and corresponding values of 
CjD and ^  determined. A steriogram was drawn for each of these 
faces, wherein with the help of a steriographic net traces of 
faces 5 and 6 were located. These steriograms are shorn in 
figs. 189 and 190. These faces were found to be of the form 
{110’̂ .

Observations are given below.

= ̂  ; A = 1*54 f. ; a = 3*567 Î. .

%
•. (X = 1.54 = 0 .4317 ; ou = O'1864

3 ^ 7

o C l  ct̂ 'îT.
Diamond; Pd 3m. 
cubic 

P H = 1, 2, 3, 4, 5, 6, -, 8, 9, 10, 11, 12, 13, 14, - . 
16, - 18, 19, 20, 21, etc., etc.
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cubic. P.
H
1

h k 1 
100

d in A. d
0-1864

= s: 
0-2159 12° - 28'

2 110 0-3728 0*3053 17° - 47'
3 111 2-05 0-5592 0-3739 21° - 57'
4 200 0-7456 0-4317 25° - 35'
5 210 0-9320 0-4827 28° - 52'
6
n

211 1-1184 0-5285 31° - 54'
(

8 220 1-26 1-4912 0-6105 37° - 38'
9 300 1-6776 0-6475 40° - 21'
9 211 1-6776 0-6475 40° - 21'

10 310 1-8640 0-6825 43° - 3’
11 311 1-07 2-0504 0-7160 45° - 44'
12 222 2-2368 0-7480 48° - 26'
13 320 2*4232 0-7780 51° - 5'
14 321 2-6096 0-8075 53° - 51'
15 — — — - -

16 400 0-89 2-9824 0-8635 59° - 43’
17 410 3*1688 0-8900 62° - 53’
17 322 3-1688 0-8900 62° - 53'
18 411 3-3552 0-9160 66° - 21'
18 330 3-3552 0-9160 66° - 21'

19 331 0-82 3-5416 0-9410 70° - 13’
20 420 3*7280 0*9655 74° - 54’
21 421 3*9144 0-9890 81° - 30’
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Face No. 5:
When face 5 is at 45^ to the incident X-ray beam,

reading on horizontal circular scale .... 197^ - 15 *.
Now the crystal is turned through 45^ so that the face is 
parallel to the incident X-ray beam;

reading on the horizontal circular scale 242° - 15*.
The crystal is now rotated through 10° so that the incident X-ray
beam is at a glancing angle of 10°.

Reading on horizontal scale   252° - 15*.
Fig. 187(a): 15° oscillation; 252° - 15* —  267° - 15*
Fig. 187(b): 15° " 262° - 15* —  277° -15*.

Note: Bemel chart gives complementary angles of (p .

Spot
No. ©in degrees h k 1 in 7degrees .. Pin degrees

1 22 111 90 — 17 = 73 48
2 46 311 90 - 44 = 46 71
5 46*5 311 90 — 37 = 53 74
4 22 111 90 - 9 = 81 57
5 37-5 220 90 - 50 = 40 44
6 61 400 90 - 57 = 33 88
7 38 220 90 - 13 = 77 84

In fig. 189 is shown the trace of face No. 5. It is of the 
form ^110^ .
Face No. 6:
When face No. 6 is at 45 to the incident X-ray beam,

reading on horizontal circular scale... 17° - 45 *.
The crystal is now turned through 45° so that this face is
parallel to the incident X-ray beam;

reading on circular scale     62° - 45 *.
The crystal is now rotated through 10° so that the incident X-ray
beam is at a glancing angle of 10^^
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Reading on horizontal circular scale .... 72° - 45 *
Pig. 188(a) ; 15° oscillation: 72° - 45 *-- 87° - 45'.
Fig. 188(b) ; 15° ft 82° - 45 --- 97° - 45'.

Spot © P
No. in degrees h k 1 in degrees in degrees
1 46 311 90 - 36 = 54 73
2 59 400 90 - 56 =■ 34 88
3 46 311 90 - 41 49 70
4 20 111 90 - 8 82 57
5 23 111 90 - 17 73 46
6 47-5 311 90 - 40 50 80
7 72-5 331 90 - 58 32 83
8 66 411-(330) 90 - 66 =: 24 71
9 47*5 311 90 - 47 =r 43 66

10 37-5 220 90 - 10 80 84

In fig. l90 is shown the trace of face No. 6. It is of the 
form |llo]
In figs. 189 and 190 the c-axis passes through the centre of the 
circle, is perpendicular to the plane of the figure, and its 
positive end points upwards.
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A*3. Observations;
Face No. 1; (lOO) face;
Fig. 191 is an interferogram at low dispersion. At P 

there is a depression in the form of a V-shaped valley. It is 
broad and deep, about 1800 R. at the edge of the face, while 
both breadth and depth fall to zero at a little distance from the 
edge.

Face No. 2; (lOO) face:
Fig. 192 is an interferogram at very high dispersion.

There is nothing significant on the face except the polish marks 
which are very well brought out by the fringe.

Face No. 3: (Oil) face:
Undulations in the surface flatness, probably due to 

polishing, are revealed by fig. 193 which shows multiple beam 
interference fringes at very low dispersion. The chip on this 
face, previously mentioned, is clearly shown.

Face Nol 4: (Oil) face:
Fig. 194 shows good definition, low dispersion Fizeau 

fringes, revealing a straight valley across the face and the 
details of this valley are clear in fig. 195 which is an interfer- 
gram at higher dispersion.

Face No. 5: (Oil) face: and Face No. 6: ( Oi l )  face:
Fig. 196 ,is a photomicrograph of face No. 5 showing at the 

centre the section of the hole and in the lower half of the 
figure a step PQ extending from the hole to the edge of the face. 
Fig. 197, a photomicrograph of face No. 6, shows the section of 
the hole at the centre and a similar step RS. Fig. 198 is a 
photomicrograph, in transmission, with the faces unsilvered. It 
shows the four-winged crack in the crystal and also the section of 
the hole. It also shows the two steps (PQ and RS) on faces 
5 and 6 in strictly coincident position. The steps are a bit 
out of focus (one within and the other without) because the
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microscope was focussed on the crack in the body of the crystal.
It shows that the steps on these faces are strictly parallel to one 
another.

Fig. 199, an interferogram of face No. 5, shows the hole and
the step. It indicates that the step is an abrupt one. Fig.200
shows fringes for half of the face including the step. It is 
clear from this figure that the height of the step gradually de­
creases from the hole to the edge of the face.

Fig. 201 is an interferogram, in reflection, for face No.6.
It shows the hole and the step gradually decreasing from the hole 
to the edge of the face. Fig. 202 is an interferogram, in trans­
mission, where three wave-lengths (green and yellow doublet) of 
mercury are used as incident light. Fringe definition is ex­
tremely good particularly when one remembers that the faint line 
is the unresolved yellow doublet. From measurements it is found 
that for face No. 5 the height of the step is 140 £. at the hole 
and 60 £. at the edge, and that for face No. 6, it is 400 S. at
the hole and 80 &. at the edge.

That these steps are elevations is evident from figs. 203(a) 
and 203(b) which show fringes of equal chromatic order, for faces 
5 and 5 respectively.
A*4. Discussion;

From these observations two possibilities arise:
(l) The facts

(a) That the steps on faces 5 and 6 are remarkably parallel 
to one another,
(b) that their height^ decreases from the hole towards the ed^ 
of the face,
(c) that the wing No.l of the crack between the steps is Y  
shaped, the plane of V being perpendicular to the faces with 
steps,
(d) that the wings extend only about half way from the hole,
(e) that the wing No. 1 of the crack and the valleys on
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faces 1 and 4 are in the same plane, with the broad ends of 
the valleys towards the end to which the wing (between the 
steps) points^
(f) that the steps are within a few degrees of the wing of the 
crack,
(g) that both the steps are elevations, implying that these 
faces have been pushed away from the centre of the crystal (up 
for the upper face and down for the lower one), and
(h) that the steps are in a plane parallel to faces (Oil) and 
(Oil), which direction is a weak cleavage direction for diamond, 
leading one to conclude that these steps are a result of the 
crack in the crystal.
(2) On the other hand, the following facts
(i) that the steps are remarkably parallel to the polish 
marks,
(ii) that the steps are not precisely parallel but are inclined 
at a few degrees to the wing (No. l) of the crack,
(iii) that no steps are observed corresponding to the other 
three wings (No. 2, 3 and 4) of the crack,
(iv) that the steps are not in the cleavage plane (ill) of the 
diamond,

lead one to conclude that the steps have nothing to do with the 
crack but are only due to polishing.

Unfortunately the diamond was sent to us only after and not 
before the high pressure experiment was carried out. If the 
opportunity had been given to examine the diamond also before the 
experiment, it would have been easy to establish the exact de­
formation, if any, produced by the crack.

If the results are in favour of the first set of arguments, 
both the high pressure experiment and the interferometric 
examination are interesting. If the second set of arguments are
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more convincing only one conclusion may be draxm that such a 
high pressure does not produce any deformation in the crystal.
A repeat of such an experiment and interferometric examination of 
the surfaces of the crystal before and after the experiment would 
throw a good deal of light on such bombs.

Very recently we have succeeded in obtaining one diamond 
on which a similar experiment will be repeated. In this case an 
opportunity has been given to us to examine the surfaces before 
the explosion is produced in the diamond. Results, if 
interesting,will be communicated elsewhere.
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