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PREFACE

to the scientific public a year ago. The book

set out to consider experiments on the fine-
structure of matter from a new and essentially
crystallographic standpoint, corresponding to its
title “ Crystals as types of the fine-structure of
matter."”

The friendly communications [ have received, the
reviews in the press, and the fact that translations
of the book have been prepared, will testify to the
good reception given to the work by the public.
The demand for the first edition being so great, I
have thought it well to extend the work consider-
ably for the new issue.

Historical details are introduced, the treatment
of crystallography is amplified, tabular summaries
and sections on the atom domain and stereo-
chemical axes are added. Instructive cases of poly-
morphism are also described. In addition, the book
contains many new explanatory figures, and portraits
of some leading scientists. By these changes the
work is not, I think, increased in size by more than
half of its previous bulk, without at the same time
being enriched by many glimpses into the interesting
relations of the science of fine-structure.

The need for a treatment of the subject easily

¥

THE first edition of this work was submitted
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understood by the general reader is, however, con-
stantly observed. For those more closely interested
a list of text-books on crystals has been included.
An index is appended.

I hope that this new and much enlarged edition,
the preparation of which has been a labour of love
for me, will help, as did its predecessor, both by its
text and diagrams, in placing in the right light the
physical, or, rather, the natural philosophical side of
crystallographic science, and in acquiring new friends
for the very fertile study of the fine-structure of
matter.

To these preliminary remarks I add my thanks
for the advice offered to me by the reviewers, whose
suggestions have been willingly followed, together
with the expression of my gratitude to my assistants,
Dr. K. H. Scheumann and Dr. E. Schiebold, for
friendly help in the editing of this new edition. The
Saxon Academy of Sciences facilitated the publica-
tion of the book by the loan of a large number of
printing blocks,

ImsTiTuTE oF MinERALOGY AND PETROGRAPHY

1% THE UniversiTY oF LEeiesic
IN THE SPRING OF Igiz

NOTE

THE translator wishes to tender his best thanks to
Professor Rinne for very kindly reading through the
proofs, and offering many helpful suggestions, Most
of these have been adopted and have materially
assisted in the work of translation.

W. S. STILES
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CRYSTALS AND THE
FINE-STRUCTURE OF MATTER

I. INTRODUCTION

HE reader sees before him a reproduction of a

I drawing by the great German master, Albert

Diirer, whose art has here represented the
problems of natural science and technical practice,
together with the simple means available in his time
for their elucidation. Among the symbols in the
picture we observe in a very prominent place a
gigantic crystal, which is surely an indication that
Diirer saw a scientific problem of the first importance
in the solution of the riddle of this regular form.

Over the whole scene rests a gloomy air of
speculative resignation, the Faust-like expression of
the feeling that we, ultimately and in spite of fervent
endeavour, “ nothing can know,” The artist has
called his picture ““ Melancholy."”

A Diirer of our own day would certainly have
drawn more hopefully. It would seem as though the
darkness enveloping the great mysteries of nature
were lifting a little. By studying crystals and using
them in other investigations much light is thrown on
the ultimate significance of matter and on the nature
of the forces which, acting from one minute particle

to another, result in the coherence of the universe.
1
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Crystals are proving themselves more and more
the ideal substances of physics and chemistry, Even
before the last great discoveries in this branch of
knowledge the late Woldemar Voigt, Professor of
Theoretical Physics at Gottingen, who had a unique
knowledge of this subject, drew attention to the
exceptional regularity of the crystalline parts of
matter in a fine simile, which is quoted below :

“ Imagine a couple of hundred picked violin
players in a large room, all playing the same piece
of music on faultless instruments, but beginning
simultaneously at widely different places, and start-
ing afresh each time they reach the end. The finest
ear would be unable to recognise the piece actually
played in this uniform medley of sound. Now such
music is presented to us by the molecules of gaseous,
liquid, and ordinary solid bodies. A crystal, on the
other hand, corresponds to the orchestra described
above when it is guided as a whole by one able
conductor, so that all eyes hang on his slightest
gesture, and all hands play the same bar. In this
way the melody and rhythm of the piece presented
become completely effective, the number of the per-
formers not hindering but intensifying the result.”

This picture makes it clear how crystals can
present a large series of phenomena which are absent
in other bodies, and that, in them, certain character-
istics are developed in wonderful variety and elegance,
which elsewhere occur only as monotonous mean
values. This fact is briefly referred to in Voigt’s
text-book at the end of the chapter on the @sthetic
side of crystal science as follows :—

" In my opinion the music of physical laws in no
other branch achieves harmonies so full and rich as in
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crystal physics.” The full truth of his view has been
strikingly proved in the last ten years; it could not
have been brought to notice in more impressive
fashion than by the results of the researches initiated
by M. v. Laue on the action of X-ray impulses in
crystals. The fine-structure of crystals acts like
a grating diffracting the X-rays. In this * Laue
effect,”” which will be discussed later, crystalline sub-
stances are seen to be the best ordered materials.
It is easily understood that, since these experimental
demonstrations of the constitution of crystals, the
investigations not only of mineralogists but also of
physicists and chemists have been especially con-
centrated on the crystal form. Further magnificent
results have been obtained which are extensions of
the discovery of M. v. Laue and his fellow-workers,
W. Friedrich and P. Knipping. These matters cer-
tainly merit the widest dissemination in scientific
circles. Many expositions with this object have
already appeared. Besides taking a share in the
work of research, I have frequently done my best
to promote the same end by means of notes in
journals and papers.

The present small work has, in addition, a
wider purpose. In a treatment which aims at
being comprehensible, as far as possible, to general
readers, while at the same time offering much new
material to fellow-students, the attempt is also made
to deduce from the properties of crystals the main
characteristics of the fine-structural constitution of
matter.

With this in view the title has been slightly altered
from that of the first edition. The aim of this book
is thus to show that crystals exemplify not only the
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morphological but also the physical and chemical
constitution of matter., The crystal is therefore
treated from the standpoint of its fine-structure,
and a discussion of amorphous bodies (for example
gases and liquids) is included.



II. THE STUDY OF FINE-STRUCTURE
(LEPTOLOGY)

study, or leptology, because the customary term

stereochemistry does not cover completely the
field of the inquiry intended. In stereochemistry
we study the form and arrangement of the particles
comprising various substances in order to explain
thereby their chemical properties. Alongside this
science, another has arisen, which may justly be
termed stereophysics, and this also is concerned with
the constitution and association of the particles of
matter, dealing especially with their movements and
physical properties (e.g. crystal optics). Finally, a
third allied subject is included, namely, crystal
structure, or the study of the fine-structure of
crystalline bodies from the point of view of their
geometrical relations,

Thus from the trunk of Greek Atomic Theory,
which is more than two thousand years old, three
branches of knowledge have sprung forth and blos-
somed-—stereochemistry, stereophysics, and crystal
structure. Their intimate relations to one another
justify a name to include them all. If now the
particles of matter, the electrons, atoms, ions, and
molecules which constitute gases, liquids, and crys-
tals are termed collectively fine-structure-particles or
leptons (from Aemros, fine, delicate), the name sug-
gested above, fine-structure-study or leptology indi-
cates precisely the end in view.

5

I INTRODUCE the expression fine-structure-



III. CRYSTALLOGRAPHY AND LEPTOLOGY

HISTORICAL

EARLY two thousand five hundred years
Nagn. in ancient Greece, where Babylonian,

Persian, and Egyptian wisdom was asso-
ciated with the Greek genius, philosophical theories
as to the fine-structure of matter were extant.
These theories were due to Democritus and to his
friend Leucippus, and also to Epicurus, who lived
some hundred years later. Their writings have not
come down to us; their ideas, however, are pre-
served in the poem “ De rerum natura " of Lucretius
(96-55 B.C.).

According to this they assumed all matter,
considered in its finest state, to have a granular
structure, and to consist invariably of aggregates
containing large numbers of atoms. These very
small particles are, in their opinion, extended but
indivisible, unchangeable, and for different sub-
stances, of different shape, magnitude, and weight.
They oscillate and move about at random. Between
them is empty space.

Under the influence of Aristotle this theory
retreated into the background, and it found no
favour in intellectual circles of the Middle Ages
until scientists, such as P. Gassendi (1592-1655),
and the great physicist, I. Newton (1642-1720),
endowed the old fundamental idea with a new

validity. As a consequence, closer relations between
3




CRYSTALLOGRAPHY, LEPTOLOGY 7

leptology and ecrystallography were soon estab-
lished. In this connection Ch, Huygens (1629-1695)
was able to explain the form of calc-spar, its cleavage,
and the variation of its hardness and double refraction
with direction, by assuming a regular packing of
spheroidal particles (a conception which later
Barlow and Pope
also employed suc-
cessfully). Later,
the principal founder
of scientific crystallo-
graphy, Abbé René
Just Haily (1743 |

T

Fig, 1. —Fine-structure of cale-spar ~ Fig, 2. —Crystalline fine-structure according to
according to Ch, Huygens. E. ]J. Haiiy.

1822,) endeavoured to establish his expositions on
a fine-structural basis. He thought of crystals as
*“ additive molecules " constructed of, for the most
part, contiguous building stones, the form of which
determined the cleavage, and he deduced by means
of “decrescence” (i.e. regular, step-like reduction in
the size of molecular plates on a nucleus) the crystal-
line forms from such * Primitive Bodies.” The extra-
ordinary fineness of the staircase structure renders
the boundary planes perfectly smooth to the eye,
and even to the most sensitive optical tests,
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An experimental law of crystallography, that
of the “ simple rational axial sections of the crystal
faces,” ! found in the above its obvious explanation.
We understand by this law that in the external form

=3

| b

A\I" £

Fa. 3. FiG. 4.
Hlustration of the law of simple rational axial sections of crystal faces,

=

of crystals, surfaces arbitrarily placed do not occur,
but only those which stand in a definite relation to
one another. In contrast to the freedom of an archi-
tect who, in building a house with the roof D, as

Fig. 5—The relationship of the faces of an aragonite crystal on three ioter-
secting axes,

shown in Fig. 3, can at will give a small or large

value to its angle of inclination, in crystal structure

(Fig. 4) only certain slopes are possible, such as those
! Commoenly known as the ** Law of Rational Indices.”




RENE JUsT HADY

Born adth Febroary, 1743, Died 3rd June, 1822
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from b to ¢, from b to §¢, i¢, 2¢, oo, or, in other words,
according to simple rational ratios, Similar remarks
hold for the other external faces of the crystal with
respect to the points of section on the spacial axes
a, b, c. 1If the units of these are marked out, say,
for aragonite (Fig. 5), by means of the axial points of
the face O, = @ : b: ¢ in which ratio the length of &
is set equal to unity, and each of the other surfaces
be imagined displaced parallel to itself till it passes
through the end point 14, then experimentally all
such surfaces cut the axes a and

¢ in the manner discussed above. A
For example, the face & cuts giplo
4 QIO $I0]0
these axes in wa:b: coc; m,, [FHeletertictetots]™
Cryat

Al surfaes
@a

ina:d: coc; Py,in wa: b:c;
§;, in 2a : b : 2¢, and so on. a
A consideration of Fig. 6 mﬁﬁ%ﬁ '
renders this law of crystallo- R
graphy, which restricts in a Fwo. 6—Deduction of erystui
far-reaching fashion the exter- 7 decrewence
nal form of crystals, immediately intelligible accord-

ing to the ideas of R. J. Haiiy.

Against the great advantage of the agreement
between the Haiiy theory and crystallographic prac-
tice several considerations, especially those of a
physical nature, must be advanced. The compres-
sibility of the crystals, and their volume changes,
with change of temperature, make their structure
according to the Haily scheme improbable. How-
ever, these difficulties could easily be got over, as the
founder of the theory himself pointed out, if the
closely-packed ** additive molecules " are replaced at
their centres by particles freely oscillating, which
mutually maintain each other in this arrangement.
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Thus we arrive at the idea of space-lattices as systems
of particles, arranged periodically in three dimensions
(Fig. 7).

Such a system is formed by the points of inter-
section of three families of planes, each family

S T |

e o i ,-"’-__'./.."'
] E ey |f
bl ﬂj i ] p

‘R
i ~ & 1
pe [_qﬂ [4'
b 1 < it - L~ L~
..i.._i.__: | 4 _1
;r'_!'r'L - =
Fia. 7.—Space-lattice, Fig. 8 ~Malecular lattice anccording

to A. Bravais.

consisting of parallel planes, the distance between
consecutive members being constant. According to
A. Bravais (1811-1863), the space-lattice particles
consist of chemical molecules, the symmetry of which
is determined by cry-
stallographic considerations
(Fig. 8)., The Munich phy-
sicist, L. Sohncke (1842-
18g7), and his mineralogical
colleague, P. v. Groth, on
the other hand, replace the
Bravais molecular lattice by
what they call point sys-
tems, which are atom lat-
M) Sobne wystem sccording tices placed regularly one
inside the other, as indicated
in Fig. g, where the scheme includes only two types
of atom.
At the same time, the necessary geometrical
















CRYSTALLOGRAPHY, LEPTOLOGY 11

representation of all space groupings possible in
accordance with crystallographic laws was carried
out. A. Schénflies! has given in a classical treatise
the whole system of space-lattice arrangements. The
same work has also been accomplished by the Russian
investigator, E. v. Fedorow.

THE “LAUE EFFECT"

The year 1912 came as the great harvest year in
the physics of space-lattice ideas. This led to the
ever-memorable researches instituted by M. v. Laue,
and carried out jointly with P. Knipping and
W. Friedrich, in Munich, on the use of crystals as
diffraction gratings for X-rays. A polychromatic
impulse of the radiation is split up by diffraction
at the particles of
the crystal grating
into a spectrum of
monochromatic rays.
These, received on a
photographic plate,
give rise after de-
velopment to a figure
symbolic of the Fic. 10—The “ Laue Effect.”
atomic arrangement,
in the form of a Laue diagram (Fig. 10). This diffrac-
tion effect can be considered * formally as a reflexion

1 A, Schiinflies, » Kristallsysteme and Kristallstruitur," 1891,

* Thus each point in a Laue diagram is to be regarded as the
point of impact of X-rays which have been reflected at a structure
plane in the crystal. Fig. 12 makes this clear for two planes, E\E,
and E,E.. The primary ray P is reflected at EE, to R,, and at
E.E, to R;. R, and R, are thos the points of impact of secondary

rays on the photographic plate. Rhythmic arrangements of struc-
ture planes are emphasised in the radiogram by corresponding
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of the incident rays at the planes of atoms in the
crystal, in which case, however, a reflected ray is
obtained only if the condition #\ = 27 sin a« is
fulfilled * (Fig. 11). This aspect was especially em-
phasised by W. H. and

W. L. Bragg. I 4 AL

N
. .
e e L f
Fig. 11.~Reflexion of X-rays. F16. 12.~Diagram showing re-

flexion of an X-ray at two struc-
tural planes of a crystal.

In this way the space-lattice idea of crystallo-
graphy became the starting-point of an extraordinary
development of physical science ; for not only the
nature of X-rays as wave phenomena, but also the
actuality of the atom was experimentally proved,

repetitions of reflected rays of the same intensity ; the Laue diagram
of beryl (Fig. 14) is an especially beautiful example of this.

The customary arrangement of the points on elliptical curves is
casily explained with Fig. 13. In this S5 is the primary ray, which
is reflected along Ks, by a plane cutting the plane of the paper
at right angles and in the ling Ks. If this plane be rotated about
Kz, the reflected ray traces out a conical surface with Kr as axis.
The receiving photographic plate PP cuts this cone in an ellipse
553. For other inclinations of the line K, parabolas, hyperbolas,
or straight lines are obtained for the series of reflexions from those
planes which run parallel to some one direction (corresponding to
Kz} : or which, as the crystallographer says, lie in a * zone."

im=1, 2, 3...A=wave lengths. r = distance between
reflecting planes. a = glancing angle. The path difference for the
two rays 1 and 2 is obviowsly equal to mw, thus it equals 2r sin a
(Fig. 11).



E. ¥, FEDOROW
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once and for all, by the Laue effect. The existence
of atoms is as certain now as that of the macrocosm
of the starry heavens. Laue’s experiment may with

Fu:. 13~Formation of zone curves in Lane diagram.

justice be described as a solemn deposition of nature
concerning its most intimate structure.

M. v. LAUE

Under these circumstances it will be of interest
to the reader to hear something more of the young
(German scientist and his celebrated researches, which
opened up an unlimited field for investigation in
the fine-structure of matter by the application of
X-rays.

M. v. Laue was born on the gth October, 1879,
at Pfaffendorf, near Coblenz. 'While a student in
Berlin he received the greatest encouragement in his
scientific work from the creator of the quantum
theory, M. Planck, whose assistant he was from
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1906 to 19og. When v. Laue removed to Munich in
1909, stimulated by the work of Rontgen and the keen

fe, :'.5 .'E-'-.i: g
. _.;_'1..':'__:;";,_?-_;'.;:_ .o
' :‘:;!‘f"-'-- '
*» @ 0,.Q 0% ." 8 L t'.
SN
o‘.: .M.' & '. .n 2 l-..‘ ':. '..l'

L] .l:' l-.'u»:.rb. !..‘rl-'.. -"l @
e e TEe
" :: p".‘;*' N ....‘:"'....‘."‘.. ‘,4:
I
R
. 9008 .”.".'I.‘r‘ e
8T et AR e
G ST

!"'E":..;";.' e
- ' -

F16. 14—Laue dingram of the end surface of & crystal or beryl.  Photographed
by F. Rinne.

interest of Sommerfeld in X- and y-rays, his attention

was directed to the question of the nature of these

rays. Moreover, it chanced that at Munich Uni-
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versity, P. v. Groth, in his lectures and writings, was
emphasising the space-lattice idea, and this ultimately
took its place in the circle of ideas of the physicists
there. In this way it happened that, when v. Laue
was visited in February, 1912, by his colleague,
P. P. Ewald, they discussed the studies of the latter
as to the relations of long electro-magnetic waves
in a space-lattice, and the question occurred as to
the action of such waves, which are short compared
with the dimensions of the lattice. Laue's optical
knowledge told him that grating spectra must arise ;
he expected interference phenomena in the passage of
X-rays through crystals, and mentioned this to Ewald.
Copper vitriol served as the material for the first
experiment, large regular pieces of this being easily
obtained. Friedrich and Knipping left the direction
of the incident beam to chance, On the photographic
plate behind the crystal there appeared in the first
experiment the expected grating spectra. In the
continuation of the work, Friedrich and Knipping
investigated regular crystals having the highest
possible symmetry, such as zinc-blende, and illu-
minated them in the direction of the crystallographic
axes, with the beautiful results submitted to the
reader in the original figures 15 and 16.

By applying here the results for the ordinary and
the crossed grating the theory of the phenomena was
immediately obtained, and Professor Sommerfeld was
able, on the 8th June, 1912, to lay before the Munich
Academy the joint work of Friedrich, Knipping, and
v. Laue on the interference of X-rays.

In 1912 M. v. Laue obtained the Professorship
of Theoretical Physics at Zurich University. From
1914 to 1919 he acted as Professor in the same
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subject at Frankfurt University; a summons to
Berlin University brought him to his present position.
A further recognition was accorded him in the Nobel
Prize for physics for the year 1914,

FURTHER METHODS IN X-EAY WORK ON CRYSTALS

It is to a number of investigators, happily an in-
creasing number, that we owe extensions of the method
of the fundamental research of Laue, Friedrich, and
Knipping. W. H. and W. L. Bragg ! used plates cut

fbi il | l |m|
{ a. ht}b :ml llrau[
gl
A ey el
PR,
AR R

. Fio, 17.—Rotation spectrogram of adularia. After E. Schiebold,

in known directions from crystals, and rotated then
on a spectrometer about an axis lying in the surface
of the specimen. As soon as the angle between the
plane of the specimen and one of the incident X-rays
satisfied the equation n) = 2r sin a reflexion occurred.
The reflected ray lying in the plane of incidence was
detected by means of a cylindrical ionisation chamber,
and its inclination determined. The quantity of

W, H, and W L. Bragg, "' X-Rays and Crystal Structure.”
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ionisation served as a measure of the intensity of the
reflected radiation.

Other rotation methods with photographic deter-
mination of the direction of the reflected rays have
been elaborated, especially by H. Seeman and E.
Schiebold.

Interesting researches on substances possessing a
fibrous or flaky structure, such as occur in nature,
in plants, and animals, or can be prepared by drawing
or pressing metals, have been carried out by members
of the Research Institute in the Chemistry of Fibrines
at Dahlem, near Berlin ; among these, Polanyi and
his collaborators, Becker, Herzog, and Jancke, may
be specially mentioned.*

t Substances built up of fibres or flakes; which lis with all their
fibre axes or flake normals parallel, but otherwise indifferently, give
on the passage of X-rays perpendicular to this direction an X-ray
effect similar to that of a crystal plate which is rotated about an
axis passing through it. The series of reflexions, one after the other,
produced by the latter, as a result of the rotation, are shown by the
pack of fibres or flakes simultaneously. All fibres or flakes the struc-
ture planes of which satisfy the equation n) = 2r sin 4 give rise to
reflected rays. As was shown by H. Seeman and E. Schiebold, in
particular for rotating plates, and by M, Polanyi for fibrous sub-
stances and stretched metals, we get in this way characteristic
diagrams. The reader more closely interested is referred to Fig. 18,
In this PS¢ denotes the primary ray, It is reflected at surfaces
whose normals N, N,, etc., corresponding to varions positions of
rotation about the rotation axis DA (or the axis of the fibres, as
the case may be), are shown in the figure. The incident ray, the
normal to the surface, and the reflected ray, lie in every case in one
plane, e.g. the ray S,, corresponding to N3 lies in the plane E,. If
monochromatic radiation be used and only reflexions of a given order
be considered (i.e. if we assume definite values for 3 and # in ) = 2r
sin g), then reflected rays arise which pass throngh the intersections
of the gcircle with the great eircles corresponding to various planes
of incidence, Take, for example, N = 3. In this case the inter-
sections on the circle E, are, on the sphere, 5,5% ; on the photographic
plate PhFl, 5,5%;. For other values of n, and therefore of a, other

7
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Of the greatest importance is a method emanating
from P. Debye and P. Scherrer, in Géttingen, which

Fia. 19.—Reproduction of  Fio. 20.—Reflexion cone of X-rays obtained
n Polunyi diagram. with cryatal powder,

renders the investigator independent of the possession

of oriented plates or of crystals with any regularity
at all.

reflexions will arise. Taking all the interseclions into consideration,
they lie on the curve similar to a lemniscate, shown in the figure.
In general, of course, there are four reflected rays; in special
positions of the reflecting planes, only two, Compare S, and 5, S,
and 3°;, in Fig. 18, also Fig. 19.

el
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These scientists employed powders of the finest
crystalline particles, such as can be obtained by
precipitation from solution or by continued pul-
verisation. In such a case the structure planes re-
flecting the X-rays lie at random in all directions.
Those of them, however, which are inclined to the
primary rays at the glancing angle a, satisfying the
equation #A = 2r sin a, give rise to a reflected ray ;
and since such positions occur all round the primary
ray, a cone of rays is produced, as P. Debye and P.
Scherrer showed, instead of the
single reflected ray obtained in
the Laue diagram. This effect is
that which would be obtained if

@I

Fig, 21.~—Camera for the Debye- Fic, 22 —Unrolled film with Debye-
Secherrer method. Scherrer dingram,

—

a Laue diagram were rotated about its central normal.
Since monochromatic light is employed, the hollow
cones of reflected rays obtained are thin, and cut
the interposed photographic plate in separate circles
(Fig. 20).

In order to make the distance travelled by all the
reflected rays to the receiving surface the same, and
to facilitate photographic registration, a cylindrical
camera, with the specimen as a small roll at its
centre, i1s employed, following the suggestion of
P. Debye and P. Scherrer. A film is placed round
the inner wall of the camera ; after exposure and
photographic development this is unrolled, examined,
and measured (Figs. 21 and 22). Independently of
Debye and Scherrer, the American investigator Hull,
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has devised a similar method. W. H. Bragg has also
combined the Debye-Scherrer with his spectrometric
ionisation method.

With respect to the manipulation of the experi-
mental results, the reader interested further is
referred to the more detailed works on the subject.!
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Fi6. a3 ~Construction of the Debye-Scherrer diagram of powdered
graphite,

X-RAY RESULTS IN THE DOMAIN OF CHEMISTRY

The X-ray spectra of H. Moseley (1888-1q15)
provided chemistry with the natural series of the

'W,. H. and W. L, Bragg, " X-Rays and Crystal Structure."
E. Marx, " Handbuch der Radioclogie, Band 5 (Kathodenstrahlen und
Rintgenstrahlen).” P. Niggli, * Geometrische Kristallographie des
Diskontinuums.” F. Rinne, " Einfuhrung in die Kristallographische
Formenlehre sowie Anleitung zu Kristallographisch-optischen und
rintgenographischen Untersuchungen,” s5th edition, published by
Dr. M. Jaenecke, Leipsic. Works by P. P. Ewald and E. Schiebold
on X-rays and Crystals are in course of preparation,
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elements according to their “ atomic numbers,” an
arrangement to which there are no exceptions up to
the present time. InL. Meyer’sand D. J. Mendeléeff’'s
“Natural System of the Elements,” wherc they are
set down in the order of increasing atomic weight,
the arrangement being broken at certain points and
so split up into series, there were several very awk-
ward anomalies. Contrary to the guiding principle
of the arrangement according to increasing weight,
the properties of argon necessitated its being placed
before potassium in spite of its higher atomic weight.
For similar reasons cobalt came before nickel, and
tellurium before iodine. This anomaly has now been
removed. The spectrometric diffraction of X-rays,
using crystal plates as gratings, with anticathodes of
the various substances, proved that the elements are
ordered by their X-ray spectra in complete accord-
ance with the corrected Meyer-Mendeléeff table. The
square root of the frequency of the spectral lines is
a linear function of the atomic number in the sys-
tem. Accurate determinations in particular by the
Lund physicist, Manne Siegbahn, have definitely fixed
this extremely important scientific result, * the
atomic number,” which constantly characterises the
elements. In addition, these X-ray investigations
rendered possible determinations of exact stereo-
chemical formulz by a physical method. W. H. and
W. L. Bragg have led the way in this with remarkable
ingenuity. They measured the r values of crystals,
for example, of fluor-spar, for various directions,
such as perpendicular to the cubic, rhombododeca-
hedral and octahedral surfaces, and were able to
conclude therefrom, with the help of the intensity
relations of the appropriate spectra, the positions of
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the atoms. Later the fine-structural constitutions of
rock-salt, fluor-spar, zinc-blende, diamond, cale-spar,
and other important crystal types were elucidated,
not only as regards general structure, but including
the absolute magnitudes of their r-values.

Distinguished scientists, including P. Debye,
P. Scherrer, P. Vegard, A. W. Hull, R. W. Wyckoff,
and L. W. Mackeehan, carried on the investigation
of such atomic point lattices.
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Fig, 24.—Stercograms.  Elementary cells in the fine-structure of erystals,!
&. Fine-stracture of copper, gtgd, silver, gold and aluminium. & Fine

structure of rock-salt. ¢ Fine-structure of fluor-spar. o, Fine-structure
of zinc-blende, ¢, Fine-structure of the diamond, £, Fine-structure of

iron pyrites.

* Bome idea of the minuteness of crystalline lattice structure—od
the diamond, for example—is obtained by a comparison such as the
following : Imagine cubical boxes of 1 metre each side arranged one
behind the other in a straight line from Berlin to Cairo. Now reduce
this enormous length of nearly 3jooo kilometres to 1 millimetre; &
measure of the actual size of the elementary cells is obtained in the
proportionally reduced boxes. There are about 2,837,000 of these
to the millimetrs, and a similar number of carbon atoms lie on 1 milli-
metre of the edge of a diamond cube (Fig. 24¢). Ina eubic millimetre
of the gem there are 178 trillion carbon atoms,

In considering the question further, it is noticed that in Fig. 244 the
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If, however, it were immediately assumed that
already a comprehensive idea of the microcosm

copper atoms are to be thought of as being at the corners and at the
centres of the sides of an elementary cube. [is length of side a is
equal to 361 X 10~ " cm,, i.e. 0-000,000,0361 cm,

For silver this length amounts to 406, for gold 407, and for
aluminium 4-07, all multiplied by 10— *cm. The sodium atoms in
rock-salt NaCl are arranged in exactly similar fashion (Fig. z48).
The comresponding chlorine atoms cceur at the mid-points of the
edges and at the centre of the cube; a =58 ¥ 10-* ¢m. In
Fig. 24¢ the calcium atoms of fluor-spar CaF, are placed in the same
way as the copper and sodium atoms in Fig. 244 and & respectively.
Now divide up the elementary cell into eight smaller cells by three
planes, parallel to the sides and passing through the centre, and
instal in each a fluorine atom, These atoms, owing to their positions
at the centres of the cells, form a small cube inside the larger one ;
@ == Gayg W To—8,

For zinc-blende ZnS (Fig. 24d) the metal is arranged as in the
previous types, and like fluor-spar, the cubic structure is divided
into eight compartments ; in this case only every other one contains
a sulphur atom. The value of @ for the zinc sulphide cube is
54 % 10— " cm. The structure of the diamond (Fig, 24¢' is ob-
tained from that of zinc-blende, if both the rine and sulphur atoms
of the latter are replaced by carbon atoms; &= 353 ¥ to—"
cm. Finally, iron pyrites FeS, (Fig. 24f) reproduces the earlier
arrangements in the positions of the metallic atoms. Its sulphur
particles set themselves on the diagonals of the ecight smaller cells
mentioned above, each one being about a guarter of the diagonal
length from either the cube edge or the cube centre. Taken together
the sulphur atoms form a rhombohedron, as Fig. 24/ indicates. If
the corners of this were moved along to the mid-points of the
diagonals, the sulphur atoms would reproduce the arrangement of
the fluorine atoms in fluor-spar CaF, (Fig. 24¢) ; 8 = 537 ¥ 1o~ f cm,

It is necessary that the joining lines shown in the figure should
be constantly kept in view. Moreover, it must be remembered that
each atom represented by a point is itself a kind of planetary system
with central body and satellites.

Regarded in this way it is more than ever obvious that we have
here a marvellons microcosmic system ; the particles hover in the
crystal space like stars in the heavens, all mutually supporting one
another in their regular arrangement, which we have learnt ta
measure accurately to a ten-millionth of a millimetre,
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of the crystalline world had been obtained, our
jubilation would be premature. Only a compara-
tively small number of crystal stereochemical for-
mulae are available to-day, ten years after the first
Laue research on the subject. This is to be attri-
buted to the unsettled state of the times, and, in
addition, to the indirect nature of the experiments.'
Indirect methods must be used which, in complicated

cases of atomic arrangement, are extremely difficult
mathematically.

This applies especially to the case of the com-
pounds of organic chemistry.®

1The atomic world i8 not disclosed by the microscope. As
E. Abbé showed, the microscope is, in a certain sense, blind to objects
smaller than about -coo5 mm. (5 X 10~ cm.}). The wave length of
light visible to the eye, or of light such as can be used in photography,
is coarse compared with the fineness of the leptons. The atoms are
a thousand times smaller (only about 1o—* cm.), and can therefore
no more act on light waves, which are large in comparison, than a Ieaf
can influence the waves on which it floats. The wave lengths of X-rays,
however (10— * to 1o~ " cm.), correspond well with such minuteness.

A leptoscope using these fine waves has, however, not yet become
possible, for no substance is known which would serve optically as
a lens. We thus must rely on the original diffraction effect as in the
case of the ultramicroscope with ordinary light. FProbably at some
time an image of the fine-structure will be obtained with X-rays
by making use of the reflecting power of the structure planes in the
erystal. M. Wolfke called attention to the possibility of separating
in practice, as is done in theory, the formation of the image into
the production of, first, a diffraction figure, and then, by further
diffraction, the actual image. The production of the first difiraction
figure would be assigned to the X-rays; it would be photographed
and then transformed by repeated diffraction, using ordinary light,
into the image of the sub-microscopic object.  'With regard to several
restricting conditions, those interested might read the ** Fhysikalische
Zeitschrift,'’ vol. xxi, p. 495, 1920, The suggestion has not, so far,
matured sufficiently to give practical results.

* Recently W. H. Bragg, and also K. Becker and W, Jancke,
have made some very welcome contributions to our knowledge of
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CRYSTALS AS STEREOCHEMICAL TYPES

This being the case, it is obvious that, in the
difficult work of establishing stereochemical formulz,
any external assistance is welcome, Crystal mor-
phology makes its appearance in such a capacity.
When carefully considered, this subject, in a certain
sense, is merely macrostereochemistry. Of course,
we must not conclude that a crystal is an enor-
mous molecule similar to sub-microscopic molecules.
That would be a false conception, being inconsistent
with two actual properties of molecules, namely,

F1i. 25.—Varety of forms of cale-spar.

constant form and constant weight. In this respect
we may compare the scheme for the benzene ring
with the protean multiplicity of cale-spar (Fig. 25),
and the exclusiveness of the molecule with the
capacity of the crystal to grow and so to increase
its magnitude and weight. A crystal form, however,
is definitely characterised as a stereochemical sym}:_ml
in the sense that it is a visible, and therefore easily
examined, sample of the leptonic structure Its

such substances. The dimensions of the duumuury cells, and the
number of molecules in each, are now known for indigo, anthracens,
urea, succinic acid, hydroquinone, anthraquinone, na}phﬂll.l_me. and
many other organic compounds, although the precise positions of
the atoms are still uncertain.
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principal surfaces represent series of planes through
the leptocosm occupied by a network of atoms, and
Fig. 26 shows clearly that in this way surfaces with
rational axial sections arise; for the planes densely

packed with matter form stable boundaries. The
principal edges of a crystal indicate the directions of
rigidly set lines of atoms, and its morphological
symmetry is symbolic of the arrangement of its
fine-structure particles.

Fiz. 27 —Rock-salt. Fine-structiure Fio., 28 —Mirror symmetry of
of the erystal faces and edges, Cireles pPyTOXEDE,
represent Na, dots CL

The explanatory Fig. 27, which represents the
known fine-structure of rock-salt, enables this to be
clearly understood. In this way substances not yet
investigated will be in great part determined from
their external forms alone, and thus macrostereo-
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chemistry will play the part which was emphasised
as early as the year 1gn3 by G. v. Tschermak.

In this sense Fig. 28, for example, gives us hints as
to the structure of pyroxene, which is still unknown.
Fig. 29, in the same way, provides definite indications
as to the structure of that remarkable silicious
material, quartz, for it exhibits in the crystal form,
and therefore, we may assume, in its fine-structure
(not yet experimentally investigated), not mirror, but
only rotational symmetry, and serves as a macroscopic
symbol of the famous conclusions of L. Pasteur con-
cerning the “ asymmetrical "* molecule. In the crystal

Fig, 20.—Right- and left-handed quartz,

forms of quartz, actual right- and left-handed struc-
tures are visibly and clearly characterised, and the
compensated racemic variety also exists; this is
shown in certain twin formations in which right- and
left-handed quartz are combined in regular fashion.!

In addition, the remarkable property possessed by
most crystals of splitting along definite planes affords
an indication of the arrangement of the particles; it
may, of course, be assumed that the particles in the
surface formed by a cleavage lie close to one another,
each bound firmly to its neighbours. Perpendicular

 This is illustrated by imagining the two forms of Fig. 29 dis-

placed parallel into one another.
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to the cleavage plane, as in a direction of weaker
cohesion, greater distances prevail, and in conse-
quence splitting along such planes is possible.

OUTLINES OF GENERAL CRYSTALLOGREAPHIC
MORPHOLOGY

I. THE RELATIONS OF THE GROSS STRUCTURE

In the way indicated above, the study of crystal
morphology arises as an introduction to the subject
of stereochemistry of the solid state. It is, in
this way, a part of chemistry. Every student of
chemistry must, therefore, find himself immersed in
a specialised subject at the outset. After a greatly
changed cultivation of the crystallographic soil, much
superfluous undergrowth of names and derivations
having been rooted up and simple methods of
development followed, the wanderer who picks his
way carefully has no very special troubles to fear in
this region ; indeed, it may be said that one is now
able to go forth in this province, as in a well-tended
garden, with artistic enjoyment.

As an example of such a guiding plan in the
ornamentation of the inorganic world, so important
in stereochemistry, the following scheme will be
briefly developed.

The idea of deriving the multiplicity of crystallo-
graphic forms from five types all mutually connected,
which may be called primitive forms, has already
been brought forward by G. v. Tschermak, and fol-
lowed in his teaching. The fundamental rules of
crystallographic symmetry and, therefore, of crystal-
structural types, are embodied in these primitive
forms, for they are fundamental in the varied mor-
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phology of crystals, being exemplified by the so-called
centre of symmetry, axes of symmetry, and sym-
metry planes. If the crystal structure possesses a
centre of symmetry, to every boundary plane there
belongs an equivalent parallel opposite surface, and
thus lines through the centre of the crystal cut the
external surface in two corresponding points. The
symmetry axes indicate, in a certain sense, the
rhythm in which similar structural particles grouped
about a given direction repeat themselves in different
positions ; thus if, say, the axis is senary, as in a six-
sided prism, then this will appear to an observer,
after a rotation of 60° about the vertical, just as

Fiz. 30—The five primitive forms of crystallography : pedion, pinacoid,
sphenoid, doma, prisma.

before. A symmetry plane divides a body into

halves, which have the appearance of an object

and its mirror image (Fig. 28, p. 26).

The primitive form $ (the pedion, Fig. 30) repre-
sents a surface standing alone, i.e. a form devoid of
symmetry ; #¢ (the pinacoid), with a surface and
a similar parallel surface, is the embodiment of
the principle of centre symmetry ; s (the sphenoid),
with one surface and another flap-like surface,
represents the fundamental idea of rotation in binary
rhythm ; 4 (the doma) represents the principle of
reflexion ; and finally, m (the prisma), the combina-
tion d + 5, d + pi, or s+ pi, which all give the
same m. From these five types, to some extent
representative of five structural rules in the inorganic
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world, all the multiplicity of the remaining macro-
stereochemistry may be derived by an application of
the ideas of A. Schonflies as cases of rhythmical
repetition of the primitive forms, according to the
numbers 2, 3, 4, and 6, about a principal direction
in the structure. Thus the ternary rhythm must
appear in a whirl form and dominated by the octant
(Fig. 31). It is fundamental that the rhythms may
be developed in a simple (gyric) fashion, or by

[

Fio. 31.—Sirnﬁ:e and isometric (oetant) Fio, 32.—Cyric and gyroidal
whirl structurs, rhythms,

rotation and reflexion together (gyroidal) (Fig. 32).
Nevertheless, this development is very convenient, as
the combined procedure leads to only four new forms.

In the following table the thirty-two crystal classes
are summarised as types of the crystallographic,
and, therefore, stereochemical arrangements. These
classes were known already in the time of J. Ch. F.
Hessel (1831), and have all been discovered in
crystalline materials, except in the case of 3p. They
are to some extent the architectural styles in
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TABLE OF THE THIRTY-TWO CRYSTAL CLASSES,

i
. G
L. Gyric Development, mﬁynldnlm
Strectural Elements. o T W
35| 38| 53| 21| 3§ .3t iz
‘38 (+38|~B8 | <10 | <EQ | 3| 405
B £ =1 al A i
Primitive forms: Triclimie and '
maonoclinie systern 2 F. F i " — —
Binury rhythm of the rmmmvr, =
forms: Rhombicsystem . . |[28]|[38d]| 2¢ | 2d | 2m | — | —
ernary of the pnmlr[ve
forms : Trigonal system i A 3r 3 | 3w | 32 L
Tetmi :r]'l m of the pn:l:utn.'e
etragonal system 4p | 4p | 4r | 4@ | am | 4 4r
Sr.nuy rl:yd\m af l.-hr, pmmtwc E
forms : Hexagonal system o | B | B | Br | 6d | Gm [ — | —
Ternary rhythm of the primitive
forms with octants: lsometric
system . % ¥ i k i 718 iy rd im — —_

The rows are series of the same rhythm, the columns those of
the same primitive forms. 2p and 24, being identical with m and s,
are bracketed, and are only included in the table for the sake of
completeness.

The symbols of the classes are to be read, for example, as
three p, three p¢, and so or ; 3 bar $, 3 bar s, etc. : written out in
full they are, say, for the ternary series, trigyric pedial, trigyric
pinacoidal, trigyric sphenoidal, trigyric domatic, trigyric prismatic ;
sodiom  periodate, dolomite, quarte, tourmaline, calc-spar, are
examples of these. The series is concluded with trigyroidal pedial
(no example yet known) and trigyroidal sphenoidal (benitoite),
the isometric rhythm the development is characterised as jsometric
pedial, etc

Fuorther details in F. Rinne's " Einfulirung in die Kristallo-
graphisch-optischen sowie rdntgenographischen Untersuchungen,'
4th edition, Leipsic ; published by Dr. Jaenecke.

the crystal realm. A cursory examination of the
table shows the simplicity of the relations running
through it.
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2, REPRODUCTION OF CRYSTALLOGRAPHIC FORMS
IN PROJECTION

It is especially convenient in considering the
matters treated above to turn from pictures of the
crystallographic configurations in perspective and
to symbolise the formal relations in projection. In
Fig. 33 this is done for the primitive forms. To
render the figure clear, it is noticed that an X in the
diagram represents a surface in the upper portion of
a crystal which has been cut in half by a horizontal
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Fi. 33— Projection diagrams of the five primitive forms of crystallography.
Fia. 34.—Projection diagrams of the senary rhythm of the primitive forms.

plane ; a circle represents an under surface. Such a
" figurative point " in the centre of the projection
denotes a surface parallel to the paper, whilst one on
the circumference represents a plane perpendicular
to the paper, meeting the circle in the point marked.
Finally, the points between the centre and the cir-
cumference are symbols of surfaces placed obliquely.

It is now easy to represent the effect of a rhythmic
repetition of the five primitive forms in projection,
In Fig. 34 this is done for a senary rhythm, using
oblique surfaces as the general case, The result gives
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the five simple whirl elements of the hexagonal
system. A development in accordance with the
principle of rotation-with-reflexion gives nothing new
in the hexagonal series. In a similar manner we
obtain in the other systems general examples of the
external crystallographic forms, and at the same
time indications as to the arrangement of the particles
in the fine-structure.

3. FINE-STRUCTURE RELATIONS OF GENERAL
CRYSTALLOGRAPHIC MORPHOLOGY

For the purposes of leptology, this grouping in
crystal classes is further subdivided into a large
; Rokation Reftezion-

m !rnnllﬂlhn ,ﬂrxfml tmm:.umn
—o
%5
o——0
m{ Mirror plane, wm‘?ﬁ‘qﬂm

10

Fio. 35, g-d—Simple rotation and translation-with-rotation (screw form).
Simple reflexion and translation-with-reflexion.
number of space groupings, thus completing the
classification. As new variations of the symmetry
elements, we have to consider the following : transla-
tion-with-rotation and translation-with-reflexion, that
is to say, the resultant motions arising from rotation
or reflexion, together with translation. The result in
the former case is a screw form. Fig. 35b serves as
an example of such a screw axis, and Fig. 354 shows
a translation with reflexion.
For the rest, it is recognised as a result of the
3
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space-lattice principle, that for every crystal struc-
ture, considered from a stereochemical standpoint, all

Fig. 36.—Asymmetric fine- Fiz. 37.~—Fine-structure with
structure, symmetry centre.

Fig. 38.—Fine-structure with Fic. 39.—Fine-structure with arrange-
NATY arringement. ment on o binary screw axis,

Fiei. g0, —Fine-strocture with Fio. 41— Fine-structure with trans:
reflexion. lation-with-reflexion.

Figs, 36-41.—Simple stercograms of erystallographic fine-structure,

the symmetry elements, and therefore all the fine-
structural particles, occur in the crystal in periodic
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sequence, as Figs. 36-41 show for the simplest cases
of erystal structure. In short, allowing for all the
crystallographic possibilities, there are 230 types of
crystallographic fine-structure, and consequently a
similar number in the stereochemistry of the solid
state. Every crystallographic substance is consti-
tuted according to one of these schemes of A. Schén-
flies and E. Fedorow, and its specific character in the
material world is expressed in the absolute measure
of the periodicity in the point system, and in the
magnitude of its angles.

EXTENSION OF THE MANIFOLD OF CRYSTALLO-
GRAPHIC TYPES BY TWIN FORMATION

Reviewing the fine-structural relations, the thirty-
two classes with their subdivisions into 230 space
groupings present themselves as the embodiment of
the principle of association. Each crystal unit is the
model of a structural style containing certain elements
of this aggregate. Taken together they constitute
a complete system of forms based on Haiiy's funda-
mental law (p. 8), a system to which mathematical
thought has nothing to add.

It is thus a surprising thing to observe that nature
in numberless cases pushes this principle of associa-
tion still further, for she takes as unit the whole
crystal and combines it in regular fashion with its
like to give so-called twinnings. It was G. v. Tscher-
mak again who pointed out the parallelism between
form development from elements, such as the five
primitive forms and this higher association into
twins, If a certain crystal lacks a centre of sym-
metry, as, for example, the * hemimorphic succinic
iodimide " shown in Fig. 42, this is occasionally
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remedied in nature by a regular growing together of
two individuals. The complex (Fig. 43) is centre
symmetrical. In the same way, twin formation with

:

o, 42— Fig. 43— Fio. 44.—
Hemimorphic erystal of Centre symmetrical twin Right-handed
suceinic iodimide, of succinic isdimide, quartz,

respect to a symmetry axis is accompanied by an
increase in the symmetry. If, for example, a right-
banded quartz (Fig. 44) exhibits the symmetry
elements 3s, then its association, often occurring as

Fic. 46.—Right- and left-handed
quartz, twinned.

an ingrowth with a left-handed quartz in a twinning,
as in Fig. 46, is of the type 3m. Thus there is
an increase in the symmetry from the sphenoidal s
form to the prismatic m form (p. 31). On the other
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hand, a regular twin formation of two right- or left-
handed quartz crystals (Fig. 47) has the symmetry
6s. Such regular non-parallel combinations can be
constructed by rotating one crystal with respect to
the other about a fixed axis (in the example of
Fig. 47, 60° about the whirl axis). A combination
along a twinning plane z, after application of a rotation
of 180° about the normal to z, acts similarly as illus-
trated by gypsum (Figs. 48 and 49).

Fuz. 47— Fii:, 48.—Gypsum. Fio. 40.—
Two left-handed quartz, Gypsum twinning.
twinned.

The symmetry is thus augmented by a mirror
plane, and the type 2d replaces that of m.

Such extraordinarily widespread phenomena in
nature are certainly of considerable general signific-
ance. This consists primarily in the recognition that
a visibly high symmetry may in reality represent an
aggregation of parts of lower symmetry, even if in
the limit the complexity is no longer recognisable
by the eye owing to fineness of the parts. Actually
there are many gradations of such mimesy from
macroscopically definite twinnings (such as pseudo-
hexagonal chrysoberyl) (Fig. 50) to the finest struc-
tures arising from * polysynthetic” repetition of
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very thin lamell®, shown, for example, by microcline,
the fineness of which verges on the sub-microscopic.

We may recognise, therefore, in twin formation
an attempt towards higher symmetry than that
possessed by the individual crystal; in addition,
however, the relations also indicate that the twin
grouping, in contrast to the ideal parallelism in the
structure of a simple crystal, presents a less compact
fitting-in of the particles with each other. The space-
lattices of the parts of the twin do not pass con-
tinuously one into the other. In this respect it is
of further interest that, according to the ideas of
Ch. Friedel, fine-structural parallelopipeds, at least
of higher orders, may be constructed which satisfy,
or nearly so, the condition of parallelism. The
diagram of Fig. 52 makes this clear.



Fig, so.—Chrysoheryl sextet asan Fic. 51.~—Fine twinning of microecline
example of mimesy (microgroph)

Fia. sa—Fine-structure of a twinning







IV. FINE-STRUCTURAL UNITY OF MATTER

FINE-STRUCTURE OF AMORPHOUS BODIES COMPARED
WITH THAT OF CRYSTALS

T would be contrary to scientific principle if we
Iwere to leave the fine-structural relations of

crystals, which have chiefly interested us up to
now, without attempting to connect them up with
general leptology which concerns the physicist and
chemist, in their study of the numerous examples of
amorphous bodies. Actually, crystals and amor-
phous bodies are very closely related regarding their
fine-structure. The name of the latter class hardly
accords with the facts of leptology. The ordinary
chemical formule and ideas concerning the mor-
phology of atoms of gases and liquids, indicate
clearly a definite anisotropic structure. In this way,
chemical formulz, such as, for example,

A CHN(CH,)2;
NaCl; (NH,) Cl; CH, C
H &HN(CH,)2
N.I--{:I
| NH, | NH,
cl ‘ i Cl: Li+H"; Ca++ C0—;
NH,” | NH,
NH; |
and the diagrams of Fig. 53 represent fine-structural
schemes. To F. M. Jaeger must be accorded the
special merit of having first recognised and enlarged
39
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upon the symmetry relations of the individuals of
amorphous bodies in his very fine work, “ Lectures
on the Principle of Symmetry " (1g17). Figures such
as 53, 54, and many others of atoms, ions, and mole-
cules show, without further remark, a regularity in the
form of the individual leptons, a regularity constantly

LT

Kileetron I+ Ten
o, 1010 e g, 10~ 14 egn, A Al o, (055 % 10-8 emi,

=

’

B, Molecule Oyl

Fio. §3.—The leptonic series, Models of an electron, stom, ion, molecule, and
a erystal,

I Inokite

e Syminotry plene

Fia. 54.—FExamples of symmetrical molecules.

referred to by chemist and physicist. Considerations
of symmetry, whether it be total absence of sym-
metry, centre symmetry, rhythmic architecture in the
sense of gyric or gyroidal repetition, or, finally, mirror
symmetry, are of importance here as in crystals.

In fact, we may assert with P. Debye and
P. Scherrer that, allowing for the difference of scale,
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as regards general structure there is no essential
difference ' between a crystal and a chemical mole-
cule, for both have the characteristic property of
containing atoms regularly arranged.”

With respect to this intimate relationship, it
may be added that between the leptonic forms of a
liquid or gas from which crystals are separating and
the crystals themselves there is a definite morpho-
logical connection. To each crystal type will belong
certain characteristic preliminary forms occurring in
crystallisation.

This fundamental and general relationship of the
fine-structures of atoms, molecules, and crystals may
also be applied to the arrangement of the negative
electrons forming the external shell of the atom,
which swarm of peripheral corpuscles gives to the
atomic complex its " shape.”” We speak of the
symmetry of atoms as of crystals, meaning by that
the symmetry of the external electron arrangement.
The tetrahedral form of a carbon atom, for example,
is indicated by four electrons at the comner of a
tetrahedron. Following A. Johnsen, we presuppose
a minimum symmetry of the atom in crystallo-
graphy, and this is determined by crystallographic
symmetry relations. The minimum symmetry for
a given kind of atom changes with the symmetry
conditions prevailing at the place where the particle
occurs in the fine-structure. The carbon atom of
the diamond has to fulfil other symmetry relations
than that of graphite. In consequence, the arrange-
ment of the electrons in these two cases must be
different. That this is so is shown distinctly by their
different optical properties. Thus we may compare
the transparency of the diamond, on the one hand,
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with the blackness of graphite, on the other. But
even in the same crystal the electron arrangements
of similar atoms may differ. In the diamond all the
carbon atoms are identical ; in graphite two varieties
must be postulated to satisfy symmetry considera-
tions. Recognising this, the mutual influence of
different atoms and ions in the crystal is to be borne
in mind, for their forms must depend on their neigh-
bours for the time being. The action of a fluorine
ion on the fine-structure of a neighbouring sodium ion
is different from that of chlorine, bromine, or iodine
ions, and these again are affected differently by the
electron orbits of sodium potassium, rubidium, and
caesium. Moreover, temperature itself must be recog-
nised as a factor tending to determine the structure.
The electron arrangement in free atoms or mole-
cules will not be essentially different from that in
the crystal. Indeed, recently the physicists M. Born,
H. Landé, and others, following crystallography,
speak of cubic and other polyhedral atoms. The
diagrams in Figs. 55-57 are drawn in accordance
with this general idea. In particular, the known
periodicity of the series of the elements with respect
to the number eight, suggests as a probable distri-
bution a surface-centred octahedral arrangement for
elements with eight external electrons. By increasing
the volume, that is, by adding further electron shells
for the elements of higher atomic number, other
stable arrangements, partly of a crystallographic
nature, but approximating to an isotropic distri-
bution, will arise; such configurations are treated
in detail in a recent treatise by H. Tertsch.! Fin-
ally, the electron swarm becomes less stable as
Y Compare p. 84 and p. 181.
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the charge on the nucleus is increased, so that the
series of possible elements on our earth ends with
uranium, a spontaneously :
disintegrating atom with
ninety-two external elec-
trons.

Nuolerin
wlfeclvin

Fio. 56.
s
P T
o7
ﬁ:. = ..’:.A ® Nuclaus with tico elsotrona

® Elsetron
Fio. 7.

Fios. 55-57—Schemes for electron groupi in stoms, molecules, and
crystals, Examples: carbon atom, m molecule, dinmond,

PHYSICAL INVESTIGATIONS ON THE GENERAL FORMS
OF ATOMS AND MOLECULES

Fitting in with our ideas on the analogy
between crystals and individual leptons, a similar
correspondence in the behaviour of crystalline and
amorphous substances of the same chemical com-
position is shown in certain physical processes. We
find that the curves obtained by Cl. Schaefer and
M. Schubert for the reflexion of short ultra-red
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waves by quartz and opal completely correspond, a
clear indication of the fine-structural similarity of the
SiO, particles, in spite of the difference in the gross
forms, quartz showing the characteristic space-
lattice structure lacking in the opal. In their action
on X-rays, too, amorphous and crystalline materials

behave in much the same

R[] - general fashion, An ex-

le tremely fine crystal pow-

a: der approximates for this

® A purpose to the amorphous

i k}u.... | material with which the
& % 8 w2 %

1 @W e @wEa complete crystal is thus
ltrnned o eomedion v it linked up through inter-
Cl. Schnefer and M. Schubert. mediate forms. Accord-
ing to Debye and Scherrer, the subdivision in soot
actually extends to complexes of only thirty atoms of
carbon; but these still give the normal X-ray effect
of crystals.

With amorphous substances circular shadings
round the point of impact of the primary ray are
obtained, although, on account of the small number
of components in the kinetic unit, the considerable
internal heat motions, and the irregular state of
aggregation? of the particles, only one or two weak
and diffuse rings appear on the plate. It seems to
me, however, that all this points to a definite regular
form of the particle. Fig. 59 illustrates the produc-
tion of such an effect, exaggerated for the sake of
clearness, with the imaginary case of a molecule
with cubic arrangements of its atoms.?

! Also occasionally, as in glass, owing to the interaction of the
different types of molecales,

* For readers interested in crystallography, diagrammatic deriva-
tions of the lines in the Debye-Scherrer diagram are shown in Fig. sg,
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Note.—The conception of colloidal matter is not
synonymous with that of amorphous substances.
Its characteristic is a medley of particles of magni-
tude 10-* to 10-7 cm., which thus lie between
leptonic dimensions (about 10~° cm.) and micro-

Phot, plate (slevation)

F Fhol, pdoles ection)
*hat. filan m.li'fnd-w]

Incudent Heam
Fis. 59.—Debys-Scherrer diagram. Example of & cubic molecule shown
schematically,
scopic vishility (about 10~* cm.); they may be
either crystalline or amorphous. The colloidal solu-
tions of gold and silver, for example, previously re-
garded as amorphous, show, according to P. Scherrer,
obtained from the principal structure planes in the imaginary cube
molecule. These are obtained by applying the principle of reflaxion,

but it must be remembered that the fundamental phenomenon is
one of diffraction.
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the typical phenomena of crystalline materials (Fig.
60, upper diagram). Silica gel also gives a crystal
effect, but at the same time acts an amorphous sub-

M
(-

Fra, 6o.~Dcbye-Scherrer diagrams of colloidal silver and silica gel.  After
P. Scherrer.

stance (Fig. 60, lower diagram). In this preparation
we have to deal with an amorphous gel containing
small 5i0, crystals disseminated in it.

ATOMIC DOMAINS

Stereograms of crystals, such as that of Fig. 61,
which shows the elementary cell of metallic sodium
in representing the atoms as mere points, give no
indications as to their solidarity.! It is possible,
however, to endow such symbols of the crystal
structure with a dynamical basis, and, in fact, this
18 done by describing about each atom a domain, to
represent a portion of space which it claims for
itself and keeps free from other atoms. Under the
action of attractive and repulsive forces the atoms
in the structure mutually maintain each other in an
equilibrium arrangement, which is characterised in
the close packing of these atom domains, which are
to the first approximation spherical. The radius of
the domain is given simply as half the least distance
between the atoms in a stereogram similar, say, to
Fig. 61. Thus Fig. 62 shows the domain picture for
the sodium of the previous stereogram.

In this case the radius of the domain of each atom

! In the scheme for diamond (p. 43) this is indicated.
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amounts to I-86 x T0~* cm. Passing from one
material to another as from sodium to sodium chloride
(Fig. 63), thus comparing simple
substances with compounds, we
arrive finally at a table of magni-
tudes for the atomic domains, a
table obtained by W. L. Bragg, who
first carried out systematic experi-
ments on these lines, Fig, 61—Stereogram
P. Niggli has given a similar °f sodium crysial
scheme. Further applications in crystallography are
due to G. Aminoff, and the author has also expressed

Fra. 62.—Atom domains in stereo- Fia. 63.—Atom domains in stereogram
gram of sodium crystal, of rock-salt,

his views on these very promising relations, both in

his lectures and in occasional publications. Some

new determinations may here be put before the

reader for his guidance (compare also p. 107).
Diameters of crystallographic atom domains in

10~ * em. units :—

L+, - 3oo | Mg+ 200 | F— L 126
Ha+ -, - 351 | Ca¥+ 351 | CI= . i) 8 200
Bt + 415 | Sr¥++ 396 | Br . 45| N 1°30
Rb+ . . 447 | Bat+ 4300 | 1- . 293 C 156
Ca+ . 504

That the atomic domain depends on the nature of
the surrounding atoms and the electric charge, has
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already been emphasised by K. Fajans, H. Grimm,
and W. L. Bragg. The alkali metals, for example,
show somewhat larger values than their salt ions
tabulated above. We have, in fact, Li, 3-02; Na,
372; K, 459; Rb, 494; Cs, 5:37.

The transference of these numbers obtained in the
case of the crystal to the individual leptons, is a

€9 9

. %

T dage GNP YT e ¥ T
Fra. fig—Moleculur domains Fio. 65 —Molecular domaing of
of O, ; N, 0 Gy, Cl; Br,.

procedure in perfect accord with the views adopted
in this book. In accordance with the considerations
on p. 39 et seq., the chance of error is not so great as
might at first appear. An investigation of this point
is contained in the Figs. 64 and 65, and the values
given agree very well with those arrived at from de-
terminations of the mean free paths of the molecules.

Maolecular Dianmeler.

Cepuckipre uis. Landolt and Bbrmatein's |  Nermab Theoretical
Tables. Chemistry,

s 82 . 0T %em. | 260 1w="em, | 2.00 10—" cm.
« 200 o %o | 280 0 10— 'om | 30 10— cm.
CE),, « 290 . 10~%mm. (29 . 10— fem. |29 16— cm,
Cl, v 424 o To~%em. |48 . 10—%cm | 43 16=" cm,

The mathematical treatment of the question leads
to the most difficult branch of mathematics, the
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problem of several bodies. For a long time, however,
approximations must suffice. Nevertheless, thanks
to the efforts of M. Born, A. Landé, K. Fajans,
F. Madelung, H. Thirring, and others, methods of
approach to the end in view have been laid down, e.g.
with respect to the attractive and repulsive action
of the ions. The attraction here is put inversely as
the square of the distance apart of the ion centres,
whilst the potential of the repulsive forces (corre-
sponding for the alkali halides to the compressibility
of the crystal) involves a higher (5-9) power of the
distance. This will naturally depend on the size and
nature of the particles, and in view of the anisotropy
of the sphere of action, may vary with direction.

Although the working out of exact mathematical
theories of the fine-structure of matter must be left
to the future, a glance at the spacial crystal schemes
at once suggests the diagnosis and interpretation of
many peculiar properties of substances,

DIFFERENCE BEETWEEN THE STRUCTURE OF
INDIVIDUAL LEPTONS AND CRYSTALS

The chief difference in the construction of crystal-
line bodies and the individuals of amorphous sub-
stances lies in the restriction of the rhythm. In the
fine-structure of crystals, owing to the fact that
each structural unit is joined to its neighbours,
this rhythm exhibits a three-dimensional periodicity.
Such space-lattice structure is clearly only possible
when the repetition is according to the numbers
2, 3, 4, and 6, or with no repetition at all. Pentad,
septad, and compound axes of higher period are here
theoretically excluded, nor are they found in practice.

4
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A boundary surface not containing rifts or gaps is
known to be impossible with such polyhedra (Fig. 66) *
We thus have here the essential principle in the
restriction of the crystalline forms to the thirty-two
classes of page 31, and thus to 230 space groupings.

==Y

Diggrad Trigyrol Jereagral Hrragyral

Nom-eryslullographis ripthen possilide in molseules

Fic. 66.~Dingmms showing crystallographic and two non-crystallographic
rh}'ﬁrmu (pentad and septad).

Eaint,

Fig. 6y.—Irmational axial section for eight-fold rhythm,

Further, this fine-structural limitation is in agreement
with Haiiy's crystallographic law of simple rational
axial sections. A crystal rhythm corresponding to
the number 8 (Fig. 67), cannot arise, for such a

LE. A. Willfing has already pointed out the importance of this
fact in crystallography.
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regular octagon would give an axial section of
2:4142 . . . Similar relations hold good when repeti-
tion occurs according to any number other than
2, 3, 4, or 6, from which it also follows that of the
“regular " polyhedra of mathematics, the cube,
tetrahedron, octahedron, and icosahedron, only the

OV

Fio, 68 Fig, o Fia. 71.

Fics. 68, yo, 1. —Th= mathematical regular polyhedra of erystallography.
first three are represented in the inorganic realm of
nature. The Figs. 68, 70-72 should show the reader
that the first three fall within the above restriction
in the rhythmic arrangement of their surfaces, whilst
the icosahedron, the non-crystallographic five-fold
repetition of which is clearly shown in Fig. 72, does

Fi5. 72.—The non-crystallographic regular icosahedron,

not. Such inadmissible rhythms are absent from the
macroscopic crystal form, and also from the fine-
structure., With regard to the latter, the Laue dia-
grams are unimpeachable witnesses (Fig. 73); in the
structure of free atoms and molecules, both crys-
tallographic and non-crystallographic rhythms may
equally well occur.

o :ﬂm —FiG. 69, which appeared erronecusly in the original, has been
ele
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Fi6. 73.—Laue diagrams with repetition according to the numbers 1, 2, 3, 4,
and 6 After photographs by F. Rinne. a., Cyanite. b, Sanidine,
€. Calcspar. d. Rock-salt. e. Peryl
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DIAGRAMS

Ehombic system.

Trigonal system.

53

Tetragonal system.

Hexagonal svstem,

Fici, 74 —Whirl forms of the crystal types deduced from the primitive forms.




V. THE GENERAL CHARACTERISTICS OF
THE FINE-STRUCTURE OF MATTER

FINE-STRUCTURAL CHARACTER OF CRYSTALS

F, as we have emphasised, the difference in the

architectural rhythms of the structures of indi-

vidual leptons and crystals is merely a matter of
detail, then the question arises as to what constitutes
the prevailing characteristic in the fine-structure of
all substances.

Taking crystals as types, we find that they ex-
hibit very definitely two peculiar qualities—firstly,
change of properties with direction (anisotropy);
and, secondly, stability (isostasy).

A. CHANGE OF PROPERTIES WITH DIRECTION IN
CRYSTALS

This anisotropy makes its appearance in the mor-
phology of the crystal, in the regular arrangement
of the external faces. Rock-salt, for example, may
develop in a certain direction a surface, say, that
of the cube; and this development repeats itself
in a definite series of isolated directions, to which
the edges and angles of the structure conform.

The diamond is provided with an octahedral
fn‘nn in a similar way. As to the fine-structure,
Figs. 75-78 represent with remarkable clearness the
various modes of formation of certain principal

54
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surfaces of the minerals, showing the anisotropy of
the structure.

The change of physical properties with direction
is very obvious in crystals showing cleavage. Thus
for rock-salt there are three directions, perpendicular
to the cube surfaces, in which the cohesion of the
crystal is a minimum. The resistance to splitting
in these directions is only one-third of that in the
direction of the cube diagonal. The cleavage planes
are, therefore, regularly oriented surfaces of maxi-
mum brittleness. In like manner, many crystals
show particular planes of maximum plasticity, These

Fra. 75: Fio. 76 Fic. 47. Fro. 78,

FiGs. 7578 —Structure of the diamond el to surfaces of the cobe, rhombic
dodecahedron, pyramidal cube, and octahedron.

are surfaces in which internal displacements may
easily occur ; with ice they arise as planes parallel
to the surface of the ice floe. Hardness is also a
directional property in crystalline materials. The re-
sistance to disrupture, which shows itself as hardness,
is often different in different directions of the crystal ;
thus it is a familiar fact to diamond workers that the
cube surfaces of the gem are more difficult to prepare
by polishing than the octahedron surfaces. Garnet,
too, 15 harder on the cube surfaces than on the
octahedron and rhombic dodecahedron, according
to the researches of P. J. Holmquist on polishing.
Even on the same surface of a crystal the hardness,
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as measured by scratching, varies with the orientation
of the scratch made by the test needle. Cyanite is
a classical example of this.

Further, demonstrations of this change of pro-
perties with direction are given, often very strikingly,
by optical tests. On passing ordinary daylight
through the mineral cordierite such extremes as
these arise in the absorption of light ; a preparation
in a certain direction appears dark blue; that in
another direction, yellow: and in a third, grey.
Moreover, the customary idea of constant wave

Anigotrapy of Cryseals
{ Reguiar chamge of progartiey with direction |

A e
) = [

Anpzotropy Anisotrapy of Arssotropy of Anisctropyof  Anisotropy of

of farm Cotenin, for Lightabsarption  Heat Conduction  Chemecal Reacine
Exermpsie | Rock-snye Emmp-‘r Cleavage Exmmple Cordiente. Eromple Oypsum  Exmmple. Tarmaieg
rermpie: Miog

Fia. 79.—Demonstrations of the anisotropy of crystals.

length as a measure of the velocity of propagation
of the light fails for all non-isometric crystals. For
such substances the value of A for a given colour
changes with the direction of the light, and wave
length curves can be drawn showing the variation
diagrammatically.

Variation of thermal properties with direction
may also, in many crystals, be very clearly demon-
strated. Fig. 79d indicates the heat conduction in
a cleaved plate of gypsum. A thin layer of wax has
been deposited on the gypsum plate, and the prepara-
tion heated from a central point with a hot wire.



FINE-STRUCTURE OF MATTER 57

The wax is melted to various extents in different
directions corresponding to the heat conduction in
gypsum ; the perimeter of the figure formed by the
melted wax is indicative of the heat conduction in
the crystal beneath.

Even in chemical actions a definite change of
properties of materials with direction is unmistak-
able. Thus, for calc-spar, varying' intensity in the
reaction CaCO, + 2HCl = CaCl, + H,0 + CO, is
clearly shown by the different amounts of CO,
liberated under the same conditions from the different
faces of the mineral. Hence resistance of calc-spar
to attack by hydrochloric acid varies with direction.
The differences which arise are surprisingly large.
According to O. Miigge, quartz is attacked by fluoric
acid 150 times more easily in the direction of
the whirl axis than in the direction perpendicular
thereto.

It is of considerable significance that in crystal-
line materials “ simple vectorial "' directional differ-
ences can occur. The tetrahedron is a morphological
example of this ; it lacks a centre of symmetry.

A chemical example is depicted in Fig. 70e. The
diagram represents a tourmaline sphere which has
been transformed by caustic potash to a bee-hive
shaped body, a clear indication that the chemical
reaction between the silicate and its corrodent occurs
much more rapidly in the direction from below to
above than from above to below.

It is, therefore, a characteristic of crystalline
materials evidenced by numerous experiments of
morphological, physical, and chemical nature that
they exhibit different properties in different direc-
tions.
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Corresponding to this the sphere of action of
crystals is also anisotropic, as growth phenomena in
particular show. A crystalline sphere grows to a
body with edges, corners, and plane faces.

B. STABILITY OF CRYSTALS

Associated with the characteristic of anisotropy
in the crystal is the second general property, internal
equilibrium or isostasy; the whole constitution of
the crystal as a stable form exemplifies this. A. Nold

Fic. 80.—Morphological anisotropy of molecules.

has especially taken this into account in his work
on the crystal structure of the diamond. However,
in the fine-structure of crystals the question is one
of dynamical equilibrium, that is to say, kinetic
stability or isodynamostasy.!

¥ As a parallel to this, there is the isostasy of geclogy, from which
science the name isostasy is here borrowed. The earth, however, is
not in jsostatic, but in isodynamic equilibrium. Its rotation in-
volves equatorial bulging, and as a result of this thers arise fissnres
tending to prevent such an adjustment ; these, as the boundaries of
continents, and rifts within them, run from north-east to south-west,
south-east to north-west, and meridionally.
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FINE-SSTRUCTURAL CHARACTER OF GASES AND
LIQUIDS
The general characteristics in the construction
of the individual leptons (electrons, ions, atoms,
and molecules) cannot be different. The graphical
schemes and formulz given for the structure of atoms
and molecules indicate morphological anisotropy ;

Bengena drop
Fiz. 81.—Pseudoisotropy of an aggregate of molecules (benzene drop).

but their morphological, as well as their chemical and
physical anisotropy, will be entirely obscured by the
irregular arrangement of the particles and will thus
be transformed into an isotropy by averaging. Mor-
phologically, this is illustrated by the spherical form
of free gases (e.g. the earth’'s atmosphere) and in the
drop shape of liquids. The general stereophysical
conception of the electrons, atoms, and molecules as
kinetic units at once indicates their isodynamostatic
character.
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GENERAL CHARACTER OF THE FINE-STRUCTURE OF
MATTER

According to the above, the fine-structural ar-
rangements of every substance represent anisotropic
stability forms.

Their structure will be conditioned by attracting
and repelling forces. The particular arrangement of
the particles of an aggregate is always the result of
a complex action of all its particles on one another;
it is not characterised by some kind of linear or
curvilinear force threads,

In addition, the aggregation units, whether atoms,
ions, molecules, or crystals, also act on each other
when in close proximity. There arises, besides the
endoleptonic field of force effective in the individual
structures, an interstitial field depending on the
reciprocal relations of the component substances, and
which, therefore, is not constant for each type of
atom, but is a function of the nature and arrange-
ment of the neighbouring ones. What is observed
in chemical processes is a consequence of this inter-
action, whether it be a change in arrangement, asso-
ciation of previously separated similar or dissimilar
particles to higher units, disruption or substitution,
or whether the action be partly more physical or
definitely chemical. The setting up of a physical
field, a change of temperature in particular, or a
change of pressure, may initiate similar processes
or modify them. In other words, all physical and
chemical actions of substances proceed in accordance
with these ideas.



VI. THE SERIES OF TRANSFORMATIONS OF
MATTER

GASES, LIQUIDS, LIQUID CRYSTALS, CRYSTALS

HE broadest survey of the general physical
I relations of fine-structural aggregates under

the influence of attractive and repulsive forces
anisotropically directed, is afforded by a considera-
tion of the changes of state which all substances pass
through when their physical conditions are altered.
By changing the temperature of a substance, that is,
by speeding-up or retarding the motions of its fine-
structural particles, it is possible, as is well known, to
pass the substance through a long series of meta-
morphoses extending through the gaseous, liquid,
and solid crystalline states. Thus H,O, for example,
traverses the states, water wapour = liquid == ice,
and on the basis of the mechanical theory of heat,
we are in a position to form a very clear picture of
these changes.

In the gaseous state there is very considerable
leptonic unrest. With individual motions of the
velocity of a bullet the particles speed hither and
thither, although only travelling minute distances
in straight paths; colliding, rebounding, thrusting
aside, each molecule wins for itself a portion of space
the size of which is the same for all gases. That the
same number of material particles of any type take

up the same space is the essence of Avogadro’s
61
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Hypothesis. J. Loschmidt (1865) was able, in
furtherance of this hypothesis, to estimate the num-
ber of particles per c.c. At o° C. and one atmosphere
pressure there are 27-6 trillion ; truly a dense popu-
lation of space, although, however, it should again
be emphasised that from particle to particle a space
of average dimensions thirty to forty times the size of
one particle must be assumed. The inter-connection
of the individual atoms or molecules by force fields
is therefore very slight in gases; the resistance to
mechanical subdivision of masses of gas, in a certain
sense the hardness, is correspondingly small. More-
over, the disperseness depends on the pressure in
accordance with Mariotte’s law, and on the tempera-
ture, an alteration of 1° C. involving a change in
voluome of . for any gas whatever. A permanent
arrangement of the particles, say about some instan-
taneous centre of their motion, is prevented by their
rapid movement and diffuse distribution, for they
roam about passing from one place to another by
irregular diffusion.

In liquids, on account of the smaller distances
of the particles, a field loosely binding the molecules
is present, as well as the endoleptonic forces, and
with this comes increased resistance of the mass
to subdivision, as the viscosity indicates. Indeed,
internal friction may often increase to considerable
hardness, as, for example, in glass, which is to be
regarded in a physical chemical sense as a “ rigid
liquid.” Silica glass in its cohesion stands only a
little way behind quartz. For all liquids, the hard-
ness varies with the temperature. Warm water
flows through a funnel much faster than cold, owing
to there being a large diminution of the internal
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cohesion of the particles, while glass on heating ap-
proximates to an ordinary liquid.

In general, a permanent arrangement of the par-
ticles does not arise in liquids,  The case is different
for the so-called liquid crystals of O. Lehmann.
There the molecules arrange themselves in the inter-
stitial field of force more or less regularly oriented
with respect to each other, very often with one
direction parallel, so that the anisotropy inherent in
each one is shown by the single optical axis (as in
a crystal with a simple whirl axis). Three-dimen-
sional periodicity of arrangement, however, is lacking
in this microcosm. Thus Huckel, on investigating
such substances with X-rays by the Debye-Scherrer
method, did not obtain crystal diffraction patterns.
On the contrary, there appeared only the indistinct
interference ring shown by amorphous bodies.!
These so-called liquid crystals are not then strictly
crystals, but rather intermediate stages to true
crystals, and as such ' penecrystals,” as one might
call them, they are of very great interest in science.
Their discovery and preparation by O, Lehmann and
D. Vorlinder, in particular, is one of the finest
achievements of science.

Still further connections and transitional stages
between the structures of individual leptons and
typical crystals would possibly, if not probably,
be established if large molecules containing many
atoms, such as those of albumen and starch, with

1 In spits of this result, it would be of interest to investigate the
effect of passing the rays perpendicular to the common direction of
the molecules. Quite possibly interference disgrams wounld be
obtained of the type shown by fibres and flakes, although less
distinctly than for thess substances,
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numerous similar groups in their structure were
capable of existing in space-lattice arrangement
wholly or in part. They would then give a Debye-
Scherrer crystal effect, contrasting, possibly only

Fre, 84.
Fics, 82-84.—Schemes for the gaseous, normal fluid, and liquid crystal states.

in the matter of degree, with ordinary molecules,
which, owing to the small number of similar struc-
tural groups in the kinetic unit, do not furnish a
space-lattice arrangement. Let us assign, in this

! Probably, too, atoms containing many electrons.
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connection, at least eight equal valued particles
to an elementary parallelopiped. Substances with
formulze such as CyzoHya0N1165:0245 (serum-albumen),
CoseHys0sN10s0u1sFeS; (Dog's Heaemoglobin), gliadin
with thirty-eight molecular radicals of glutaminic
acid, and similar complexes, should possess enough
similar groups for crystalline structure in the mole-
cule ; aggregates of only about thirty atoms of
carbon in graphite still show space-lattice character

Fio. 85 —Scheme for the crystal state.

according to Debye and Scherrer, as has already
been mentioned.

The results of the experiments of P. Scherrer,
R. O. Hertzog, and W. Jancke on cotton, cellulose,
starch, etc., for which the crystal effect with X-rays
was observed, certainly deserve further consideration
from the above point of view as being evidence for
the fine-structural nature of “ crystalline molecules.™

On crystallisation the already anisotropic particles
arrange themselves in regular fashion into a space-
lattice ; by this the formation of external surfaces
in accordance with Haiiy’s Law (p. 8) is rendered

5










































































































































































































































































































































































































































