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I. The Crystal Symmetry of Diamond

DiaMOND was assigned by the earlier crystallographers ( vide Groth,
1895; Liebisch, 1896; Hintze, 1904) to the ditesseral polar or tetrahedrite
class of the cubic system. The assignment was based on the fact that
though diamond commonly exhibits octahedral symmetry of form, speci-
mens showing only the lower tetrahedral symmetry were forthcoming, and
it was therefore natural to suppose that the higher symmetry when observed
was the result of a supplementary twinning of the positive and negative
tetrahedral forms. In particular, the appearance of octahedral forms with
grooved or re-entrant edges could be explained in this way. We may here
quote from the first edition of Miers’ Mineralogy (1902) where the forms of
diamond are discussed at considerable length: * Much controversy has
taken place upon the question whether the diamond is really octahedral as
it appears or tetrahedral as is suggested by the grooves; the problem may
now be regarded as decided in favour of the tetrahedrite class by the follow-
ing two facts: (1) several crystals have been found which are undoubtedly
simple crystals of tetrahedral habit...... (2) the supplementary twinning
of such crystals sufficiently explains all the other peculiarities of form.”
Sutton (1928) who has written a treatise on the South African diamonds
gives illustrations of crystals having the forms of hexakis-tetrahedra, trunc-
ated tetrahedra, duplex-tetrahedra and others which are entirely typical of
ditesseral polar symmetry.
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190 C. V. Raman

Van der Veen (1908) noticed that diamond does not exhibit any pyro-
electric properties and expressed the view that this is irreconcilable with the
assignment of tetrahedral symmetry. The results of the X-ray analysis of
the crystal structure of diamond by W. H. Bragg and W. L. Bragg (1913)
have also usually been regarded as demonstrating that diamond possesses
holohedral symmetry (Tutton, 1922; W. L. Bragg, 1937). These conten-
tions are, however, open to question. It may, in the first place, be pointed
out that the evidence of the crystal forms on which the earlier assignment
was based cannot be lightly brushed aside. Secondly, it is very significant
that the X-ray data show the structure of diamond to be analogous to that
of zinc blende which is a typical crystal of the tetrahedrite class, and this is
a hint that the crystal symmetry of diamond might also be of the same class.
It is thus evident that the matter deserves more careful consideration than
it appears to have received so far. It is the purpose of the present paper
critically to examine the question whether the crystal symmetry of diamond
is octahedral or only tetrahedral. The investigation reveals that there are
several alternative possibilities and thereby furnishes the key to an under-
standing of many remarkable and hitherto imperfectly understood facts
regarding the diamond and its physical properties.

2. The Four Possible Structures of Diamond

We shall accept the X-ray finding that the structure of diamond consists
of two interpenetrating face-centred cubic lattices of carbon atoms which
are displaced with respect to one another along a trigonal axis by one-fourth
the length of the cube-diagonal. Each carbon atom in the structure has
its nucleus located at a point at which four trigonal axes intersect. Hence,
we are obliged to assume that the electronic configuration of the atoms
posscsses tetrahedral symmetry. It must also be such that the alternate
layers of carbon atoms parallel to the cubic faces have the same electron
densilty. This is shown by the X-ray finding that the crystal spacings
parallel to the cubic planes are halved. Hence, the possibility that the two
sets of carbon atoms carry different total charges is excluded. In other
words, diamond is not an electrically polar crystal in the ordinary sense of
the term. It is readily shown, however, that the charge distributions may
satisfy both of these restrictions and yet not exhibit a centre of symmetry
at the points midway between neighbouring carbon atoms. To show this,
we remark that when two similar structures having tetrahedral symmetry
interpenetrate, centres of symmetry would not be present at the midpoints
between the representative atoms unless the tetrahedral axes of the two
structures point in opposite directions. We may, in fact, have four possible
kinds of arrangement as indicated in Fig. 1. Of these the arrangements
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shown in Td I and Td II have tetrahedral symmetry, while Oh I and Oh II
would be distinct forms, both having octahedral symmetry.

\\/ Ohll
Oht

Fi1g. 1. The Lour Possible Structures of Diamond

The tetrahedral symmetry of the atoms required by virtue of the special
positions which they occupy in the crystal lattice must be satisfied both by
the electrostatic distributions of charge and by the orientations of the
orbital and spin moments of the electrons. When the structure as a whole
is considered, the magnetic moments should be fully compensated, sincc
the crystal is diamagnetic. But such compensation may be sccured in several
distinct ways which would endow the structure with different symmetry
properties. On the one hand, four equal magnetic moments directed either
all inwards or all outwards along the four tetrahedral axes of a cubic crystal
would automatically cancel each other. On the other hand, if the pair of
electrons which bind neighbouring atoms have opposite magnetic moments
(directed inwards or outwards as the case may be), these would directly
cancel each other. Considering these two pairs of possibilities, we have
four different ways in which the extinction of the resultant magnetic moment
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may be secured. It is seen that these correspond to the four possible
structures of diamond indicated in Fig. 1.

It is readily shown that if the charge distributions which differ in their
angular setting as shown in Fig. 1 are otherwise identical, the electron
density in the alternate layers of atoms parallel to the cubic planes would
be the same. This follows immediately from the fact that these planes are
equally inclined to the tetrahedral axes. Hence, all the arrangements shown
in Fig. 1 would be consistent with the observed halving of the spacing of
these planes. Hence, the X-ray findings leave the question whether diamond
possesses tetrahedral or octahedral symmetry entirely open.

The expectation that diamond would have pyro- or piezo-electric proper-
ties would only be justified if the neighbouring carbon atoms carry different
electric charges. Since this is not the case, the absence of such properties
cannot be regarded as a contradiction of the views of the earlier crystallo-
graphers regarding the symmetry class to which diamond belongs.

3. Confirmation of the Theory by Infra-Red Spectroscopy

Placzek (1934) has discussed the relation between the symmetry class
of crystallographic groups and their activity in infra-red absorption, as also
in the scattering of light with change of frequency. He has shown that for
the groups which contain a symmetry centre, the selection rules for infra-
red absorption and for light-scattering are complementary, viz., the modes
of vibration which can appear in light-scattering are forbidden in infra-red
absorption, and vice versa. For those groups which do not have a centre
of symmetry, there is a possibility that the same vibrations may appear both
in the scattering of light and in infra-red absorption. The simplest illustra-
tion of these principles is furnished by the case of a diatomic molecule, its
vibrations being active in light-scattering and inactive for infra-red absorp-
tion provided the atoms are similar, and active in both if they are dissimilar.
Placzek’s rules successfully explain the experimentally observed behaviour
of many crystals in light-scattering and in infra-red absorption. Taking,
for instance, the case of rock-salt which has holohedral symmetry, its
fundamental frequency is that of the triply degenerate oscillation of the
sodium and chlorine lattices with respect to each other. This is observed
to be active in infra-red absorption and inactive in light-scattering, in
accordance with the behaviour indicated by the selection rules.

The infra-red absorption of diamond was studied by Angstrom (1892),
Julius (1893) and by Reinkober (1911), and has been investigated with
especial thoroughness by Robertson, Fox and Martin (1934). From these
studies, and especially from the work of the last mentioned investigators,
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the remarkable fact emerges that diamonds are not all identical in respect
of their behaviour in infra-red absorption. In the majority of diamonds
the infra-red absorption coefficient rises very steeply from a comparatively
moderate value to a maximum of about 90% in the wave-number range
1350-1300 cm.-*  This steep rise in absorption as well as the entire band
of which it is the head are, however, wholly absent in other diamonds which
evidently form a second and rarer variety.

The significance of these facts becomes clearer when it is remarked that
the fundamental frequency of the diamond structure is that of the triply-
degenerate oscillation of the two lattices of carbon atoms with respect to
each other, and that this falls precisely within the range of wave-numbers
where the sudden rise of infra-red absorption occurs in the common variety
of diamond. This is proved by the appearance of an intense line with a
frequency-shift of 1332 cm.~! in the spectrum of the scattering of monochro-
matic light by diamond; the wave-number of the fundamental vibration of
the diamond structure calculated from its specific heat data is also 1332 cm.-!
(Ramaswamy, 1930). The investigations of Robertson and Fox (1930) have
shown that both the commoner variety of diamond which exhibits the infra-
red absorption in this region of frequency and the rarer variety in which it is
missing, alike exhibit the strong line with a frequency shift of 1332 cm.-!
in the spectra of the scattering of light.

Placzek’s selection rules (loc. cit.)) for the point-groups of the cubic
system show that a triply-degenerate vibration in a crystal having octa-
hedral symmetry can manifest itself only in infra-red absorption or in light-
scattering but not in both. On the other hand, in a crystal with tetrahedral
symmetry, such a vibration must appear both in absorption and light-
scattering or else can appear in neither. Taking these selection rules in
conjunction with the experimental facts, it follows at once that the commoner
variety of diamond has only tetrahedral symmetry, while the rarer variety
of diamond has octahedral symmetry. The views of the earlier crystallo-
graphers assigning only the lower symmetry are thus completely vindicated
by the infra-red absorption data and the selection rules so far as the commoner
variety of diamond is concerned. The rarer variety of diamond must however
be credited with the full or holohedral symmetry of the cubic system.

Infra-red spectroscopy thus compels us to recognize the existence of
two forms of diamond, a commoner form having only tetrahedral symmetry
of structure, and a rarer form having octahedral symmetry. We have now
to consider the further implications of the theory which indicates that each
of these forms has two variants, namely those whose symmetry characters
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are indicated in Fig. 1 as Td I and Td II respectively for the tetrahedral type
of diamond, and as OhI and OhII respectively for the octahedral type.
The question arises whether there is any physical evidence for the existence
of these four types of diamond and in what manner, if any, it is possible to
differentiate between them. In this connection, it is worthy of note that
both the tetrahedral and octahedral types of diamond, as we may now
designate them, exhibit the same frequency shift (1332 cm.-?) in the scatter-
ing of light within the limits of observational error. This indicates that the
forces which hold the carbon atoms together in the two kinds of diamond
do not differ sensibly, despite the difference in the symmetry of their struc-
tures. Accepting this as an experimental fact, it follows that in respect of
the energy of formation and the lattice spacings in the crystal, and there-
fore also all the commoner physical properties, such as density, elasticity,
specific heat, refractivity, dielectric constant, diamagnetic susceptibility,
etc., any differences which may exist between the four types of diamond
must be small. It is very remarkable that though the symmetry of the
electronic configuration is not the same in the two types of diamond, the
strength of binding between the carbon atoms is not sensibly different.
Prima facie, this result indicates that the electrostatic distributions of charge
are the same. We are therefore led to assume that the differences which
exist lie essentially in the orientations of the orbital and spin moments of
the electrons, as already indicated.

4. Interpenetration of Positive and Negative Tetrahedral Structures

As the commoner type of diamond has only tetrahedral symmetry,
crystallographic considerations compel us to admit the existence of two
variants of the tetrahedral type, namely the positive and negative structures
indicated by Td I and Td II respectively in Fig. 1. It is evident that these
two sub-classes would be completely identical in respect of energy of forma-
tion and lattice spacing, and consequently also in respect of density, refractive
index and such other physical properties. The question then arises how we
can distinguish between them.

It is possible, of course, for diamond having the positive or negative
tetrahedral structure to have an external form with octahedral symmetry.
For, both positive and negative tetrahedral faces may appear in the same
diamond—as they actually do in zinc-blende—and it is quite possible that
they are equally well developed with nothing whatever to distinguish one
from the other. The comparative infrequency of crystals having a simple
tetrahedral habit would, however, be easier to understand on the basis of
the supplementary twinning of the positive and negative tetrahedral forms.
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That such twinning is possible and indeed common finds support in the
various peculiarities of form (e.g., the grooving of the octahedral edges)
~observed in actual specimens. Further, the identity of the physical pro-
perties of the positive and negative tetrahedral structures makes the assumed
interpenetration highly probable on theoretical grounds. We are therefore
justified in assuming that such interpenetration twinning is a phenomenon
of very general occurrence.

It is well known that when interpenetrative twinning occurs, there is
no “ plane of composition ”, in other words, the interpenetrating forms are
separated from each other in an irregular way. In the present case, the
interpenetration is often complete and it is a reasonable assumption that it
may occur on a microscopic or even ultra-microscopic scale. Whether this
is so or not, the identity of density and refractive index would make the
direct observation of such internal twinning impossible, and we would have
to depend on the study of structure-sensitive properties to demonstrate its
existence. Diamond is rightly regarded as one of the most perfect crystals,
if not the most perfect of them all, as shown by the extreme sharpness of the
setting for the reflection of monochromatic X-rays exhibited by well-chosen
specimens. It is evident however, that unless a specimen consists exclu-
sively of sub-type Td I or of sub-type Td II, we cannot consider it as ideally
perfect and homogeneous. Hence, the existence of the interpenetrative
twinning should be capable of detection by X-ray methods. The smaller
the volume-elements inside the crystal which are exclusively of one or the
other sub-type, the more numerous would be the elementary blocks of which
the crystal is built up, and the easier, therefore, would it be to observe the’
resulting non-homogeneity of the crystal by its X-ray behaviour or by other
delicate methods of study.

5. Lamellar Twinning of Octahedral Structures

Fig. 1 indicates that the sub-types OhI and OhIl cannot, unlike the
sub-types Td I and Td II, be regarded as necessarily identical with each
other in observable physical properties. They would nevertheless resemble
each other sufficiently closely to make it highly probable that the Oh I and
OhII types would frequently appear together in the same specimens of
diamond of the octahedral variety. .

It is significant in this. connection that a laminated structure in which
layers parallel to one, two, three or even all the four faces of the octahedron
appear simultaneously has been recognised as a characteristic phenomenon
exhibited by some diamonds. Sutton (1928) describes and illustrates this
kind of structure in diamond. He recognises that it is quite different from
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the macling or twinning which has been often observed in diamond, since
in the latter case, the components differ in orientation as shown by the
difference in their planes of cleavage, and also, of course, by their X-ray
patterns. Sutton therefore considers the lamellar structure to be an
“illusory ” type of twinning. Since, however, it is a real phenomenon
it is no explanation of its existence to call it by such a name. Indeed, the
appearance of a finely laminated structure is a well-known experience in
crystallographic studies. It is observed for instance, in iridescent crystals
of potassium chlorate and in various other substances. Hence, it is a
reasonable assumption that when it is observed in diamond, it is also a
specific form of twinning. We have already seen that an interpenetrative
twinning of the TdI and Td II types would not exhibit any specific planes
of composition. Hence, the presence of a lamellar structure in diamond
parallel to the octahedral planes is a definite indication of the presence of
the Oh types in the specimen and if, further, the specimen consists exclu-
sively of these types, we may explain it on the basis that the Oh I and Oh II
sub-types appear in alternate layers within the crystal. The simultaneous
appearance of laminations parallel to more than one of the octahedral
planes presents no difficulty of explanation on this view, since it would
indicate merely that the two sub-types appear in the diamond as small blocks
bounded by surfaces parallel to the laminations instead of as thin layers.

6. Inter-Twinning of the Tetrahedral and Octahedral Structures

Though diamonds having the lower and higher symmetry are physically
different, yet they are so closely alike in their structure that the appearance
of the two types simultaneously in the same individual crystal must be a
not uncommon event. Indeed, since diamond has usually the lower
symmetry, it may be expected that the higher symmetry would appear as
an intrusion in diamond of the lower symmetry more frequently than as a
type by itself. Since there are altogether four types of diamond, the
number of possible modes of combination amongst them is fairly large, and
we may have a wide range of possible space distributions of the different
kinds of structure within the crystal.

Inter-twinning of the tetrahedral and octahedral forms of diamond may
ordinarily be expected to exhibit a composition plane or planes parallel to
each other within the crystal, thus dividing up the latter into layers which
are physically different. The alternate layers may consist exclusively of
the Td I or Td II types and of the Oh T or Oh II respectively. On the other
‘hand, it is also possible that the Td ¥ and Td II types may appear together in
the layers having tetrahedral symmetry, while similarly, the OhI and Oh Il
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types may appear as alternate finely-spaced laminz within the layers having
octahedral symmetry. Besides such cases, others may conceivably arise in
which diamond of the lower symmetry is dispersed in microscopically small
volume elements or even ultra-microscopically in diamond of the higher
symmetry, or vice versa. The possibility of such cases is distinctly suggested
by the situation which exists in relation to the individual types of diamond.

7. Summary

By virtue of the special positions Which they occupy in the crystal lattice,
the carbon atoms in diamond must have a tetrahedrally symmetric confi-
guration of the electron orbital movements and spins. A tetrahedral axis
has both direction and sense, and the carbon atoms in the two Bravais
lattices may therefore be orientated in space and with respect to each other
in four distinct ways, each of which corresponds to a possible structure for
diamond. In two of these structures, diamond has only tetrahedral symmetry
and in the two others the full or octahedral symmetry of the cubic system.
The selection rules require that the fundamental vibration of the diamond
lattice having a frequency 1332 cm.-! should appear both in light-scattering
and infra-red absorption if the crystal has tetrahedral symmetry, while it
would appear only in light-scattering and not in the infra-red absorption
spectrum if the symmetry is octahedral. These predictions are in accord
with the observed spectroscopic behaviours respectively of the commoner
and rarer types of diamond recognised as such by Robertson, Fox and Martin.
Hence, the assignment of tetrahedral symmetry to diamond by the earlier
crystallographers is confirmed for the commoner type of diamond, while
on the other hand, the rarer type is shown to have the full symmetry of the
cubic system. The crystallographic facts also support the theoretical result
that there should be two sub-types of diamond for each kind of symmetry.
The positive and negative structures Hhaving tetrahedral symmetry have
identical physical properties and can therefore interpenetrate freely. The
two sub-types having octahedral symmetry cannot be considered as physically
identical and their inter-twinning would therefore have composition planes.
The lamellar structure parallel to the octahedral planes observed in some
diamonds thereby becomes explicable. The possibility that diamond having
the higher and lower types of symmetry may appear inter-twinned in the
same crystal has also to be recognised.
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1. Introduction

Nort the least interesting of the many remarkable properties of diamond
is that it emits visible light on excitation by appropriate methods. Many
investigators have studied the luminescence of diamond since Robert Boyle
in 1663 published his observations of the phenomenon. To the methods
of exciting luminescence described by him, viz., light, heat and friction, the
advance of knowledge has added others, viz., cathode-ray bombardment
and X-rays. It has also provided instruments, viz., the phosphoroscope
and the spectroscope for the critical study of the phenomenon and extended
the range of temperatures over which it may be observed downwards to the
lowest values. A full summary of the earlier investigations is given in the
fourth volume of Kayser’s Handbuch (1908). In view of the fact that
diamond is an elementary solid and is the typical valence crystal, it might
have been supposed that its behaviour would figure prominently in any
account of the subject of luminescence. Far from this being the case, the
luminescence of diamond does not even find a mention in the two bulky
treatises written by Lenard for the Handbuch der Experimental Physik, or
in Pringsheim’s article of 1928 in the Handbuch der Physik. The reason
for this lack of interest is clear from the brief reference made in Pringsheim’s
book (1928) and in his earlier Handbuch article (1926), namely the belief
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that the centres of luminescence in diamond are not the atoms of carbon
of which it is composed, but some foreign atoms of undetermined identity
present in it as impurity. The basis for this belief has been the variability
of the intensity and colour of the emitted light, and the fact that not all
diamonds show the phenomenon. The impurities suggested in the literature
as the origin of the luminescence make a lengthy list, viz., samarium, yttrium,
sodium, aluminium, chromium, iron and titanium, and include even some
hydrocarbons !

The considerations regarding the crystal symmetry and structure of
diamond developed in the introductory paper of this Symposium (Raman,
1944) enable us to make a fresh approach to the problem of its luminescence.
It is proposed to give a general outline of the experimental facts regarding
the luminescence properties of diamond and to show that they fit naturally
into the framework of the ideas developed in that paper, while, on the other
hand, the facts remain wholly unintelligible on the impurity hypothesis.
On the basis of the new ideas, it follows that the behaviour of diamond in
respect of luminescence should stand in the closest relationship with its
other properties, namely the absorption spectra in visible, ultra-violet and
infra-red regions of the spectrum, the isotropy or birefringence observed in
the polariscope, the X-ray reflection intensities, and so on. The evidence
that such relationships actually exist, thereby placing the new ideas on a
firm basis of experimental fact, is briefly set out in the present paper, and in
fuller detail in others following it in the symposium.

2. The Material for Study

Opportunities for observing the luminescence of diamond in an impressive
fashion first presented themselves to the writer in the year 1930 in
connection with spectroscopic studies on the scattering of light in crystals.
Several diamonds of exceptional size and quality (one of them as large as
143 carats) had been loaned by kind friends for use in those investigations.
It was then found that the luminescence spectrum of diamond recorded
itself on the spectrograms simultaneously with the scattering of light in the
crystal, its leading feature being a band at 4155 A.U., and its intensity
varying enormously from specimen to specimen (Bhagavantam, 1930).
These observations on photo-luminescence suggested a comparison with the
case of cathode-ray luminescence. A spectroscopic investigation of the
latter phenomenon was then undertaken and showed very clearly the
similarity between the results in the two cases (John, 1931). The very
striking character of the photo-luminescence as observed visually with some
of the diamonds indicated that its further study should prove a fascinating
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line of research. The difficulty of obtaining suitable material, however,
discouraged the pursuit of the subject.

About five years ago, the writer became aware that cleavage plates of
diamond of good size and of excellent quality could be obtained at very
modest prices. It was also recognized that diamond in this form is often
more suitable for physical investigations than the high-priced brilliants of
the jeweller’s trade. The difficulty of obtaining material having thus dis-
appeared, a sufficient number of specimens was acquired to make a start
with the research, and a very fruitful series of investigations on the scatter-
ing and absorption of light in diamond and its photo-luminescence at various
temperatures was carried out (Dr. P. G. N. Nayar, 1941, a, b, ¢, d;
1942 a, b).

In June 1942, the writer was enabled through the kindness of the
Maharaja of Panna to visit his State in Central India where diamond-
mining has been carried on since very early times. The necessary instru-
ments were transported to Panna and set up in a room in the State Treasury,
and with the assistance of Dr. Nayar, a physical examination was made of
some hundreds of diamonds in their natural state. In particular, the
valuable opportunity was afforded to us of observing the crystal form and
luminescence properties of a unique set of 52 large diamonds of the finest
quality belonging to thc Maharaja. The writer was also enabled during
this visit and also a subsequent one in December 1942 to purchase a repre-
sentative collection of the diamonds mined in the State and of cnlarging his
collection of polished cleavage plates. Preliminary reports of the observations
made on the Panna diamonds have already appeared (Raman, 1942, 1943).

The observations made at Panna and the more detailed systematic
studies made at Bangalore with the diamonds in the writer’s collection have
furnished ample material on which to base trustworthy conclusions. The
material available for the laboratory investigations includes 310 specimens
which may be classified as under:

(a) 29 Panna crystals in their natural condition, selected so as to be
representative of the forms and qualities of diamond as found
in the State.

(b) 65 Polished cleavage plates, for the greater part of Indian origin.

(c) 88 Brilliants, made from South African diamonds, and set together
as a jewel.

(d) 10 Diamonds of various origins specially chosen for their interesting
behaviour in regarding to luminescence or colour.

(e) 118 Other diamonds, mostly of Indian origin.
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3. Intensity and Colour of Luminescence

The 88 South African Diamonds.—These diamonds are in the form of
brilliants of varying size. Set in gold surrounded by a circle of pearls and
interspersed by lines of rubies and emeralds, the pattern formed by them
represents the double-headed eagle which is the heraldic emblem of the
Mysore State (Fig. 1 in Plate III). The brilliants are not quite large
enoughs to exhibit the inherent colour, if any, of the diamonds. So far as
can be seen, however, they appear to be clear and colourless.

The ensemble of diamonds, pearls, rubies and emeralds formed by the
ornament makes a striking exhibit when irradiated by ultra-violet light in
the wave-length range 3500-3900 A.U. obtained by filtering the rays of the
sun or of an electric arc through a plate of Wood’s glass. The circle of
pearls shines brightly with a uniform bluish-white lustre, while the lines of
rubies appear a brilliant red and the emeralds a very faint yellow. The
diamonds on the other hand, vary enormously in their appearance. A few
of them irregularly scattered over the set emit a bright blue light of great
intensity, while others not so luminous are also to be seen here and there.
A cursory inspection suggests that only some ten or twelve of the diamonds
emit any visible light. On a closer examination, however, it becomes evi-
dent that this is not really the case and that all the 88 diamonds excepting
three or four are luminescent, though with enormously different intensities.
This fact becomes particularly clear when the ultra-violet rays are focussed
on each individual diamond so that the intensity of the light emitted by it
is as great as possible. It is then noticed that the great majority of the
diamonds exhibit luminescence of various shades of blue, the fainter ones
appearing an indigo-blue and the brighter ones purer blue. Half a dozen
of 'the diamonds, however, exhibit other colours, viz., greenish blue, greenish
yellow, or pure yellow.

The range of variation of intensity between the different diamonds may
be roughly estimated from the photographic exposures necessary to record
them on a plate. The appearance of the ornament as seen by daylight is
shown in Fig. 1 and photographed by (Miss) Mani with different exposures
under ultra-violet light in Figs. 2 to 6 in Plate III. A cell containing a
concentrated solution of sodium nitrite was placed in front of the camera
lens as a complementary filter when obtaining the luminescence photographs.
Its effectiveness is shown by the fact that the gold setting and all the gems
with the exception of the diamonds and onc of the emeralds remain com-
pletely invisible. An exposure of two seconds was found to be sufficient
to record the three mostly strongly luminescent diamonds. Exposures of
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5 seconds, 15 seconds and 30 seconds respectively resulted in substantial
increases in the number of diamonds visible in the photograph (Figs. 2, 3
and 4 respectively). An exposure of two minutes (Fig. 5) was necessary
before the pattern bore any recognizable resemblence to its appearance as
seen by daylight, while an exposure of 30 minutes was necessary in order to
record the most feebly luminescent diamonds (Fig. 6). The brightest dia-
monds are, of course, then heavily overexposed. A ratio of the order of
1000: 1 or even more, between the strongest and the feeblest emission
intensities, is thus indicated.

The 52 Large Panna Diamonds.—Crystals having smooth and lustrous
faces and exquisitely beautiful geometric forms (rounded hexakis-octahedra
or tetrakis-hexahedra) are to be found amongst those mined in the Panna
State. Mr. Sinor’s book (1930) on the diamond mines of Panna contains
an illustration of a remarkable and probably unique set of 52 diamonds of
this kind, all having the form of hexakis-octahedra, every one of them of the
finest water, and their sizes forming a regular gradation from 24 carats for
the largest to 1} carats for the smallest. The diamonds are strung together
as a garland in their natural state by thin girdles of gold which leave the
crystal faces exposed. The luminescence properties of the entire set of
diamonds could therefore be very conveniently examined one after another
in succession. For this purpose, the light of a carbon-arc was filtered through
a plate of Wood’s glass and focussed by a lens on one of the faces of the
crystal, and the track of the beam inside the diamond as made visible by the
luminescence could be observed through another face. In this way, besides
noting the colour of the luminescence, some idea of its relative intensity in
the different diamonds could also be obtained.

Of the 52 diamonds in the set, the luminescence of 3 diamonds was
visually classified as ** intense”, of 12 as **strong ™, of 21 as ** weak ”, of
14 as ** very weak >’ and of the remaining 2 diamonds as ** unobservable .
The luminescence as observed in all the 50 fluorescent diamonds was of a
blue colour, though, as stated, its intensity varied enormously.

The Writer’s Collection of 29 Panna Diamonds.—The specimens in this
collection fall into two groups. Group A comprises 10 diamonds of the
best quality, colourless and transparent, having well-developed crystal forms
and smooth lustrous faces. Group B comprises 19 so-called “ industrial
diamonds, mostly of irregular shape and having a noticeable colour, grey,
brown, or yellow. From a scientific point of view, however, some of these
diamonds are of great interest, thereby justifying their inclusion in the

collection.
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The diamonds were in the first instance tested in the usual manner under
ultra-violet irradiation and all of them were found to be luminescent. At
a later stage in the investigations, it was found useful to immerse the
diamonds, while irradiated, in a cell containing a highly refractive liquid
and thereby diminish the disturbing effect of reflections and refractions at
their external surfaces. The behaviour of the diamonds in the two groups
showed many notable differences. Those in Group A were all blue-
luminescent. So far as could be made out, the intensity was uniform within
the substance of each crystal, though it differed enormously as between the
different diamonds. The diamonds in Group B showed a very varied
behaviour. Some exhibited a blue luminescence very similar to that given
by the diamonds in Group A, but its intensity varied greatly, not only as
between the different specimens but also within the volume of each indivi-
dual crystal. Others, again, of the diamonds in Group B showed a greenish-

- yellow luminescence of which the intensity varied from specimen to specimen.
Careful examination showed that luminescence of this colour was, in general,
not uniformly distributed within the specimen, but appeared in parallel bands
or stripes running through the volume of the crystal. The remaining crystals
in Group B showed a mixed type of luminescence in which yellow bands or
stripes of varying width appeared crossing a background of blue colour.
In some of them, the yellow luminescence was most pronounced near pro-
jecting tips or bosses on the surface of the crystal, while the blue luminescence

appeared in the interior.

The observations made with the Panna diamonds are of particular
value, as the specimens were studied individually in their natural state and
were in some cases also of considerable size. The observations with the
brilliants of South African origin were not made under such favourable
conditions, and hence they are not scientifically so significant. Broadly
speaking, however, the results obtained with the two sets of diamonds are
in excellent accord. The experimental situation may be summarised as

follows:

(a) Luminescence under ultra-violet excitation is exhibited by the vast
majority of diamonds, including especially those of the finest
quality.

(b)) A blue luminescence is characteristic of nearly all diamonds which
are colourless and crystallographically perfect, its intensity,
however, varying enormously from specimen to specimen.

(c) lmperfect diamonds show sometimes a blue luminescence, some-
times a greenish-yellow luminescence and sometimes a mixed
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type of luminescence, the intensity of which varies not only from
specimen to specimen but also within the volume of each specimen.

(d) A few diamonds are definitely non-luminescent.

4. Luminescence Patterns in Diamond

The difficulties which arise in working with the immersion method are
altogether avoided by the use of polished cleavage-plates of diamond.
65 such plates are included in the writer’s collection. Their thickness is
generally small (from half a millimetre to one millimetre or more), but this
is far from being a disadvantage in these investigations. The luminescence
of the plates may be conveniently studied by placing them on a polished
sheet of copper and irradiating them normally with ultra-violet light, a
complementary filter of sodium nitrite solution being used when photographs
are desired.

The enormous variations in the intensity of luminescence are best appre-
ciated by viewing a group of diamonds at the same time (see Fig. 7, in
Plate IV which includes 46 diamonds). Six plates in the collection
exhibit no observable luminescence except very feebly at their edges, as shown
by the bottom row in the figure. The luminescence of 34 plates is a blue,
of 6 plates a yellowish-green, and of the remaining 19 plates a mixture of
the two. The blue-luminescing plates may be divided into two groups of
approximately equal number; in the first group, the luminosity is more or
less uniform over the plate except at the unpolished edges which shine out
brightly; in the second group, the luminosity is highly non-uniform over
the area of the plate and exhibits a pattern of bright and dark regions,
usually with geometric features related to the crystal structure, the lines of
equal brightness running parallel to the inter-sections of one, two or three
sets of octahedral planes with the surface of the plate. Most of the yellow-
luminescent diamonds show a pattern of fine streaks running parallel to one
another within the plate. In the plates showing the mixed type of lumines-
cence, sets of yellow bands running parallel to one another in one or two or
even three different directions within the crystal are a conspicuous feature.
The appearance of these yellow bands is found to depend on the angle at
which the plate is viewed; they appear as fine sharp lines at some angles of
observation and as broad bands at others, thereby indicating that they
represent thin luminescent layers within the substance of the crystal.

Many of the 46 cleavage plates appearing in Fig. 7 in Plate IV
exhibit luminescence patterns, as may be seen in that figure. The scale of
this photograph is however rather too small and the exposures in most cases

either too great or too small to record the patterns satisfactorily. Six typical
A2
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patterns photographed on a larger scale are reproduced as Fig. 8 and Fig. 9
respectively in Plate V, appearing in the upper half of these pictures.
The geometric character of the patterns shown by D38 in Fig. 8 and by D179
in Fig. 9 is particularly noteworthy. These, as well as D224 appearing in
Fig. 8, are blue-luminescent diamonds. The non-uniform intensity and the
appearance of dark streaks in the luminescence of D179 and D224 are also
worthy of remark. D200 seen in Fig. 8 has a greenish-yellow luminescence
in which the most prominent feature is a set of four parallel bands. D188
and D190 appearing in Fig. 9 are typical diamonds exhibiting the mixed
variety of luminescence. The former shows an extremely interesting pattern
consisting of an intense blue spot surrounded by a faint blue ground which
is crossed by sets of parallel yellow bands running in different directions
across the plate. D190 exhibits a pattern of parallel bands running in differ-
ent directions, blue in one part of the diamond and yellow in other parts.

Many other examples of luminescence patterns and a detailed descrip-
tion of the same will be found in a paper by Mrs. K. Sunandabai (1944)
appearing in this symposium.

~

3. Luminescence and Ultra-Violet Transparency

1t has long been known that while the majority of diamonds are opaque
to ultra-violet radiation of wave-lengths smaller than about 3000 A.U.,
there are some diamonds which transmit the ultra-violet rays freely up to
about 2250 A.U. The investigations of Roberston, Fox and Martin (1934)
have shown that this difference in ultra-violet transparency goes hand in
hand with other notable differences in behaviour, especially in respect of
infra-red absorption and in respect of photo-conductivity. It is therefore
of obvious importance to ascertain whether the luminescence properties
are in any way correlated with the empirical classification of diamond into
two types which has been suggested by these investigators.

The ultra-violet transparency of diamond may be studied with a suitable
sourcc of radiation and a quartz spectrograph, and if quantitative results
are desired, also an ultra-violet spectro-photometer of some kind. When
a cleavage plate is employed, it is also possible by traversing its area in
successive steps to investigate whether its ultra-violet transparency varies
over the surface. A much simpler and more satisfactory procedure
adopted by the author and Mr. Rendall for this purpose is to place the plate
in contact with a sheet of uranium glass and illuminate the latter through
the diamond with the 2537 A.U. radiations of a water-cooled quartz mer-
cury arc, its other radiations being deflected aside with a quartz prism and
a couple of quartz lenses. The plates which are opaque to the 2537 rays
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are then seen as dark areas in the surface of the uranium glass lit up by these
radiations, while those which transmit them are seen as bright areas. On
placing a group of cleavage plates together on the sheet of uranium glass,
it may be seen at a glance that a few of them transmit while others are
opaque to the 2537 A.U. radiations.  Further, it is noticed that the plates
which are not opaque to the 2537 radiations may differ greatly in their degree
of transparency. The method of observation also reveals that the extent
of transparency may vary greatly over the surface of a given plate. Indeed,
a plate may be perfectly opaque to the 2537 radiation in certain areas,
perfectly transparent to it in other areas, and exhibit an intermediate be-
haviour elsewhere. The procedure thus enables as visually to observe and
photograph the ultra-violet transparency patterns of the cleavage plates of
diamond. Using this method of study, the following relations between
luminescence and ultra-violet transparency have been established:

(@) A blue-luminescent diamond is invariably of the ultra-violet opaque
type, but the opacity diminishes with increasing intensity of
luminescence.

(b) Non-luminescent diamonds are invariably of the ultra-violet trans-
parent type.

(c) The diamonds which exhibit an yellowish-green luminescence are
of the intermediate type, in other words, are neither perfectly
transparent nor perfectly opaque to the 2537 radiations.

(d) These statements are also valid in respect of the individual areas
in a cleavage plate which exhibits a luminescence pattern.

It follows that the luminescence pattern should show a close resemblance
to the ultra-violet transparency pattern in those cases where part of the
diamond is blue-luminescent and another part is non-luminescent, or when
the plate exhibits a greenish-yellow banded luminescence. On the other
hand, if a cleavage plate consists exclusively of blue-luminescent diamond,
it is ultra-violet opaque and can therefore show no transparency pattern,
even though it may exhibit local variations in the intensity of the lumi-
nescence.

To illustrate these remarks, the luminescence and ultra-violet trans-
parency patterns of the diamonds numbered D48, D198 and D235 in the
collection are reproduced side by side in Fig. 10. D48 exhibits three different
types of behaviour simultaneously in different areas, viz., non-luminescence,
blue-luminescence and the greenish-yellow banded luminescence, as can be
seen from the pattern reproduced in the upper part of Fig. 10, while the
corresponding variations in ultra-violet transparency are noticeable in the
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lower part of the same figure. D198 is non-luminescent at the centre and
around it shows a geometric pattern of bands of greenish-yellow lumi-
nescence, changing to blue at the outer margin. It will be noticed that the
resemblance between the luminescence and ultra-violet transparency
patterns is extremely striking. D235 shows patches which are non-lumi-
nescent and ultra-violet transparent, while in the main it is blue-luminescent
and ultra-violet opaque. Where the opaque and transparent diamonds mix,
we have an imperfect transparency, and streaks of greenish-yellow lumi-
nescence are observed. It may be remarked that none of these three diamonds
shows the least trace of non-uniformity when critically examined in ordinary
daylight.

Illustrations of many more ultra-violet transparency patterns and a
detailed discussion of the same will be found in a paper by Mr. G. R.
Rendall (1944) appearing in this symposium.

0. Luminescence and Structural Birefringence

Diamond is a cubic crystal. Hence, if the structure is the same through-
out the volume of a specimen, it should be optically uniform and isotropic.
If, however, structures which differ from each other ever so little in their
lattice spacings are incorporated in the same specimen, it is inevitable that
stresses would be set up, with the result that a strain pattern indicating the
inhomogeneity of the specimen would be visible between crossed nicols in
the polariscope. Cleavage plates with polished faces are particularly well-
suited for such studies, as disturbing effects due to oblique reflection or
refraction at the surfaces do not arise. Further, the cleavage which enables
the plate to be detached from the crystal automatically releases the stresses
arising from flaws, cracks or inclusions located outside the plate, and hence
eliminates the purely accidental birefringence due to such causes, thereby
enabling the true structural birefringence, if it exists, to be perceived.

The examination of the 65 cleavage plates in the writer’s collection has
furnished much valuable information regarding the nature and origin of the
birefringence sometimes observed in diamond. These results will be fully
dealt with in another paper appearing in the symposium. It will be sufficient
here to state the following relations which the observations show to exist
between luminescence and the presence or absence of birefringence in diamond.

(a) Diamond may be perfectly isotropic and strain-free; it is then
invariably of the blue-luminescent type.

(b) Non-luminescent diamond exhibits a characteristic and readily
recognisable type of birefringence, consisting of closely-spaced
parallel streaks running in several directions through the crystal.
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(c) Diamond exhibiting the greenish-yellow luminescence invariably
shows a characteristic type of structural birefringence consisting
of parallel dark and bright bands, usually rather wider apart
than those shown by non-luminescent diamonds.

(d) Diamond in which the blue-luminescent and non-luminescent types,
or the blue-luminescent and the greenish-yellow luminescent
types are simultaneously present invariably shows structural
birefringence.

To illustrate the structural birefringence which appears associated with
luminescence in the particular circumstances explained above, the patterns
seen between crossed polaroids of the diamonds D38, D224, D200, D188
D179 and D190 are reproduced in Figs. 8 and 9 (Plate V), side by side
with the corresponding luminescence patterns. In all these cases, the general
resemblance between the two kinds of pattern can be made out easily. It
is most obvious in the case of the three diamonds which exhibit a greenish
yellow luminescence, viz., D200, in Fig. 8, and D188 and D190 in Fig. 9.
Diamonds D38 and D224 in Fig. 9 and D179 in Fig. 10 are blue-luminescent,
the two former strongly, and the latter weakly. The dark streaks appear-
ing in their luminescence-patterns correspond to bright streaks in the
birefringence patterns and arise from the intrusion of non-luminescent
diamond into the blue-luminescent kind.

7. Interpretation of the Experimental Facls

We are now in a position to consider the question of the origin of the
luminescence. As we have seen, Indian and South African diamonds
exhibit essentially similar phenomena. The fact that the effects observed
do not depend on the locality of origin makes it highly improbable that
impurity atoms are responsible for the luminescence. Then again, it is the
clearest and most colourless, in other words, the chemically purest diamonds
which exhibit the blue luminescence in the most striking fashion. The
necessity for rejecting the impurity hypothesis becomes even clearer when
we consider the luminescence patterns exhibited by individual diamonds. In
numerous cases, as we have seen, particular regions with sharply defined
boundaries show a vivid luminescence, while adjoining regions are non-
luminescent. The patterns observed in many cases have geometric confi-
gurations clearly related to the symmetry of the crystal, indicating that the
Juminescence is fundamentally connected with the crystal structure.

Positive proof that the luminescence is an inherent property of the
diamond itself is furnished by the relationships between the phenomenon
and the other physical properties of diamond which are also dependent on
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crystal structure. Particularly significant is the fact that non-luminescent
diamonds are completely transparent to the 2537 radiations of the mercury
arc. According to the investigations of Robertson, Fox and Martin (loc. cit.),
such ultra-violet transparency goes hand in hand with the absence of a promi-
nent infra-red absorption band which is markedly present in diamonds
opaque to the 2537 radiations. This infra-red absorption band has its head
at the characteristic frequency of the diamond lattice (1332 cm.-?), and its
absence and presence respectively indicate, as shown in the preceding paper,
that the diamond has full octahedral symmetry or only tetrahedral symmetry
as the case may be.

In the light of the foregoing remarks, the experimental facts set out
in the preceding sections may be re-stated in the following words:

(@) Diamonds with tetrahedral symmetry of structure are, in general,
blue-luminescent.

(») Diamonds with octahedral symmetry of structure are non-luminescent.

(¢) Diamonds in which the tetrahedral and octahedral types of structure
are intimately mixed exhibit the greenish-yellow type of
luminescence.

It remains to explain the enormous variations found in the intensity
of the luminescence. In the case of the blue-luminescent diamonds, the
most natural interpretation of the facts is that the luminescent property
arises from the interpenetration of the positive and negative tetrahedral
structures and consequent heterogeneity of the crystal. The intensity of the
luminescence would then be determined by the nature and extent of such
interpenetration. Similarly, in the case of the greenish-yellow luminescence,
its intensity would be determined by the extent and distribution of the
tetrahedral structure which is present as an admixture with the octahedral
type. The features exhibited by the luminescence patterns and the analogies
and differences noticed between them and the patterns of ultra-violet trans-
parency and of structural birefringence give strong support to these ideas.

8. The Spectral Characters of Luminescence

The blue and greenish-yellow types of luminescence should evidently
show different spectra. Since as we have seen, the greenish-yellow
luminescence is exhibited by diamonds in which the non-luminescent and
blue-luminescent varieties are mixed, it follows that the spectrum eof the
greenish-yellow type should always be accompanied, feebly or strongly, with
that of the blue type. Non-luminescent diamond, on the other hand, should
show neither type of spectrum, even under the most prolonged exposures.
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A striking experimental confirmation of these conclusions is furnished
by the investigations of the luminescence and absorption spectra in the
visible region carried out by (Miss) Anna Mani with 32 representative
diamonds and reported in this symposium (Mani, 1944). She has shown that
the spectra are of two types which may be designated as the 4152 and 5032
systems, these being respectively characteristic of the blue and greenish-
yellow luminescence. These always appear together, though with varying
intensities whenever a diamond is luminescent, while neither appears when
it be non-luminescent. Each system consists of a principal electronic line
appearing at the wave-length stated in emission as well as absorption, and
this is accompanied by weaker electronic lines at other wave-lengths and by
a subsidiary lattice spectrum in which the principal electronic frequency
combines with the various possible frequencies of vibration of the crystal
lattice. The lattice spectrum appears with mirror-image symmetry about
the principal electronic frequency, towards longer wave-lengths in emission
and towards shorter wave-lengths in absorption.

The significant facts which emerge from the spectroscopic studies of
Nayar (loc. cit.) and of Miss Mani (loc. cit.) are the following:

(a) Given sufficient exposures, the type of diamond which is opaque
to the 2537 A.U. radiations invariably records the 4152 system
with an intensity which varies enormously as between different
specimens.

(b) No trace of either the 4152 or the 5032 systems is recorded, either in
emission or in absorption, with diamonds which are perfectly
transparent to the 2537 A.U. radiations. But diamonds which
are imperfectly transparent to these radiations show both the
4152 and 5032 systems, with varying relative strengths.

(¢) Whenever the 5032 system is recorded with any specimen, the 4152
system is an invariable accompaniment, though its strength may
be greater or smaller than that of the former system.

These facts fit naturally into the ideas regarding the structure of diamond
and the origin of its luminescence developed in these pages. But it is not
easy to reconcile them with the ‘ impurity * hypothesis.

9. Luminescence and X-Ray Reflection Intensities

A further striking confirmation of the idea that the luminescence of
diamond is associated with the interpenetration of different crystal structures
and the inhomogeneity resulting therefrom is furnished by X-ray studies.
Actually, we have four possible structures, two with tetrahedral symmetry
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designated as Td I and Td II, and two with octahedral symmetry designated
as OhI and OhIl. The two tetrahedral structures are physically identical
but geometrically different. Hence, they can interpenetrate freely without
any composition planes and without setting up stresses in the crystal. The
mixed structure is nevertheless not ideally homogeneous, and its lattice planes
should therefore give X-ray reflections stronger than those given by either
structure individually. The smaller the blocks in which the structure is
homogeneous, the more intense would be the X-ray reflections, as also the
luminescence. Hence, a close corrclation must exist between luminescence
and X-ray reflection intensity. The lowest reflection-intensities should be
given by the most feebly blue-luminescent diamonds which accordingly are
the nearest approach to the ideal crystal. Per contra, the strongest X-ray
reflection intensities and the largest departures from crystal perfection would
be provided by the intensely blue-luminescing diamonds.

The theoretical inferences stated above have been confirmed experi-
mentally by Dr. R. S. Krishnan. The effect is conspicuously seen in the
two Laue diagrams obtained by him and reproduced in an article by the
present writer (Raman, 1943). One of the diamonds (D31) is weakly blue-
luminescent, while the other (D224) shows an extremely strong luminescence
of the same colour and gives a much more intense Laue pattern than the other.
A similar effect has also been observed by Dr. R. S. Krishnan on compar-
ing the intensities of the Bragg reflections by the oscillating crystal method.

If the Oh 1 or Oh Il type of diamond structure cxists by itself, it should
give the weak X-ray reflections characteristic of an ideal crystal. Actually,
when the two structures appear in the same diamond. they exhibit planes
of composition and a characteristic streaky birefringence, indicating that
they are physically different and that their juxtaposition sets up stresses in
the solid. Hence the Oh I-OhII mixed type should show much more
intense X-ray reflections than the most intensely blue-luminescing diamond
having the Td I-Td II structure. For the same reason also, diamonds
having the Td-Oh mixed structures and exhibiting the yellow luminescence
should stand half-way between these in respect of X-ray reflection intensities,
just as they do in respect of ultra-violet transparency. That this is actually
the case has been shown by Mr. P. S. Hariharan by photometric comparison
of the intensity of the Bragg reflections by a series of cleavage plates of dia-
mond having different luminescent properties. A report of his work appears
elsewhere in the symposium (Hariharan, 1944).

Luminescence patterns, ultra-violet transparency patterns and structural
birefringence patterns are the various different ways in which the non-
uniformity of structure of a plate of diamond may be made manifest to the
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eye at a glance. Still another and quite different way of doing this is by the
aid of X-rays, and the technique necessary for this purpose has been success-
fully worked out by Mr. G. N. Ramachandran. His results are reported in
another paper in the symposium (Ramachandran, 1944). White X-radia-
tion from a tungsten-target tube diverges from a pin-hole and falls upon the
plate of diamond held at a sufficient distance from it. Each of the spots
in the Laue pattern recorded on a photographic film is then seen as a topo-
graphic map of the diamond in which the variations of crystal structure are
indicated by corresponding variations of X-ray reflection intensity. Very
striking and interesting pictures are obtained in this way, the plate and the
photographic film being so tilted that the Laue spot is recorded as an undis-
torted representation of the diamond.

10. Excitation of Luminescence by X-Rays

The preceding discussion concerned itself with the eflects observed
under ultra-violet irradiation in the wave-length range 4000 A.U. to 3500 A.U.
Luminescence is also excited by longer wave-lengths (5000 A.U. to 4000 A.U.)
and by shorter waves (3500 to 2000 A.U.). This is readily demonstrated
using the appropriate light-sources and a monochromator to isolate the
desired exciting radiations. The intensity with which the 4152 and 5032
systems are excited would necessarily depend on the wave-length of the
exciting radiation, being greatest when it coincides with the wave-
length of the principal electronic radiation of the system concerned and
becoming negligible when it is larger, while it would persist with appreciable
but greatly diminished intensities for shorter wave-lengths. This has been
shown to be the case for the 4152 system by Nayar (1941). In the ultra-
violet beyond 3000 A.U., the imperfect transparency of the diamond also
comes into play and causes the luminescence to be superficial and to be
markedly enfeebled, these effects being the less conspicuous the more trans-
parent the diamond under study is for the exciting radiations.

Diamonds also luminesce under the action of X-rays, unlike pearls and
rubies which remain completely dark under such excitation. The intensity
and also the colour of the luminescence varies as between different specimens,
but the range of such variation is far less conspicuous than in the excitation
by ultra-violet light. This is evident on a comparison of the series of
Figs. 11 to 14 in Plate VI with the sequence of Figs. 2 to 6 in Plate III.
Mr. G.N. Ramachandran who has made some observations on the subject has
noticed a remarkable brightening up of the luminescence by increasing the
voltage under which the X-ray tube is run, while the milliamperage seemed
to have little or no obvious effect on the intensity. These effects obviously
merit further investigation,
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11. Phosphorescence

Diamonds which are strongly blue-luminescent emit a yellow phos-
phorescence when the exciting radiation is cut off. It follows that the
spectrum of the emitted light should change rapidly with time when the
incident radiation is cut off.  Nayar (1941, b, ¢) has recorded some fluor-
escence and phosphorescence spectra showing this effect, as also the change
in the spectrum of the emitted light when the wave-length of the incident
light is altered by steps over the range 4000 A.U. to 6000 A.U. It is obvi-
ously desirable that the studies of the phosphorescence spectra should be
extended to diamonds which show the 4152 and 5032 systems in fluorescence
with comparable intensities. In this connection, it is noteworthy that strongly
yellow-luminescent diamonds have a scarcely noticeable phosphorescence,
thus markedly differing in their behaviour from blue-luminescing ones.

12. Summary

Luminescence is exhibited by nearly all diamonds, though with
enormously varying intensities. Numerous specimens, both Indian and
South African, in the form of natural crystals as also of cleavage plates, have
been studied and the results are described and discussed. Observations
with the cleavage plates are particularly significant, as many of them exhibit
luminescence patterns having geometric characters obviously related to the
structure of the crystal. The comparison of these luminescence patterns
with the patterns of transparency in the ultra-violet beyond 3000 A.U. and
with the patterns of structural birefringence observed between crossed
polaroids is very instructive and shows that all these patterns have an
essentially similar origin, viz., the interpenetrative or lamellar twinning of
the different possible crystal structures in diamond. The interpenetration
of the positive and negative tetrahedral structures gives rise to blue lumi-
nescence without any structural birefringence, the diamond remaining
ultra-violet opaque. The interpenetration of the tetrahedral and octahedral
structures gives rise to the yellow luminescence accompanied by a banded
structural birefringence and an imperfect ultra-violet transparency. The
lamellar twinning of the two possible octahedral structures gives diamond
which is both non-luminescent and ultra-violet transparent but with a
characteristic finely streaky birefringence.  Spectroscopic study of the
emission and absorption spectra of diamonds in the visible region, and a
study of the variation of the reflecting power of the lattice planes for X-rays
confirm these conclusions and show that the luminescence is essentially
physical in origin and not due to foreign atoms present as impurities.
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1. Introduction

RamaswaMmy (1930), Robertson and Fox (1930) and Bhagavantam (1930)
simultaneously and independently observed the Raman spectrum of diamond
and found one sharp strong line with a frequency shift of 1332cm.-1 As
was pointed out by Ramaswamy and later fully confirmed by the theoretical
investigations of Nagendra Nath (1934) and of Venkatarayudu (1938), this
frequency represents the fundamental vibration of the diamond structure,
viz., the mode in which the two interpenetrating Bravais lattices of carbon
atoms oscillate against each other. This mode, according to the usual
selection rules (Placzek, 1934) should be active in the Raman effect. The
researches of Nayar (1941, 1942) on the Iuminescence and absorption
spectra of diamonds have, however, demonstrated the existence of many
more vibrations of the diamond structure with discrete frequencies, besides
the one found in the Raman effect. Nayar’s results have been confirmed
and extended by the investigations of (Miss) Mani of which a report appears
elsewhere in this symposium. The appearance of several discrete mono-
chromatic frequencies in the vibration spectrum of the diamond lattice is
unintelligible on the basis of the older theories of the specific heat of solids.
1t, however, finds a natural explanation in the new theory of the dynamics
of crystal lattices due to Sir C. V. Raman (1943). On the basis of the Raman
dynamics, the possible modes of atomic vibration in diamond have been
fully worked out and described by Chelam (1943) and by Bhagavantam (1943).
They have both given explicit expressions for the frequencies in terms of the
force constants. There are, on the whole, eight fundamental frequencies,
of which only the one having the highest frequency is active in the Raman
effect. Though the seven other vibrations are forbidden as fundamentals,
they are allowed as octaves in light-scattering, according to the usual selection
rules. Besides overtones, some of the combinations may also be Raman-
active. There is thus a clear possibility that octaves and combinations
of the eight frequencies of the diamond lattice might appear recorded in
strongly exposed Raman spectra. The present research was undertaken
to investigate this possibility. Its successful confirmation places the Raman
dynamics of crystal lattices on a firm foundation of experimental reality.

216
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2. Review of Previous Experimental Work

Besides the investigations already referred to in the Introduction,
mention may be made here of others relevant to the subject of this paper.

During the course of their systematic investigations on the properties
of diamond, Robertson, Fox and Martin (1934) examined the Raman spectra
of a few samples of the two types of which the existence was recognized by
them. They found that the principal Raman line had exactly the same
frequency shift in both cases. With the diamonds which are more trans-
parent in the ultra-violet, the Raman effect studies could be extended further
into that region.

Bhagavantam (1930 a) studied the Raman spectra of numerous large
diamonds of the ultra-violet opaque type, using the 4046 and 4358 radiations
of the mercury arc as exciters, with a view to discover whether therc are any
observable frequency shifts besides the principal one of [332cm. ' We
shall consider his results on this point later in the present paper.

Contrary to a finding by Bhagavantam, Nayar (1941 @) reported that
the intensity of the 1332 line did not vary with the specimen of diamond
under study. He also made a careful study of the thermal behaviour of
this line over a wide range of temperatures. He found the frequency shift
to diminish from 1333-8cm. ! at —190” to 1316-4cm.~! at 860 C., in a
manner evidently connected with the thermal expansion of the crystal.
Continuing his earlier work, Nayar (1942 a) found that the line showed no
measurable variation either in its frequency shift or in its intensity when the
setting of the crystal or the angle of scattering was altered. He also drew
attention to an interesting case in which the 1332 line appears distorted in
an imperfect crystal.

3. Experimental Technique

In the present investigation the well-known Rasetti technique of using
the 2536 radiation of a water-cooled quartz mercury arc has been adopted,
and diamonds of the ultra-violet transparent type have been chosen for
study. =The ordinary type of diamonds are usually fluorescent to varying
extents, the fluorescent bands falling in a region extending from 4000 A.U.
to about 6000 A.U. Even the diamonds which are the least fluorescent
give a weak continuous radiation in the visible region, and the faint Raman
lines. if present, would be lost in the general background and remain un-
observed. These difficulties are completely eliminated by working in the
ultra-violet region and using the 2536 monochromatic radiations of mercury
vapour for exciting the Raman lines. The enormously increased scattering
power of the 2536 line arising from its exceptional intensity as compared
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with the other mercury lines and from the A-¢ law, also makes it possible to
record fainter Raman lines which would remain unobserved otherwise. The
study of the Raman spectra using the Rasetti technique is, however, neces-
sarily restricted to diamonds which are transparent to the 2536 radiation.

From Sir C. V. Raman’s personal collection two diamonds were selected
which were suitable for thc present investigation. Their serial numbers
are 206 and 227. Diamond No. 206 was colourless and in the form of a
thin plate (10 x 6 x 0-6 mm.) and its weight was 0-2 of a carat. The
other diamond was cut in the form of a faceted prismatic rod with oblique
ends and had a slight tinge of colour. It was a centimetre long and about
3 mm. thick, its weight being roughly 1-3 carats.

A vertical quartz mercury arc of a special design was constructed in
the laboratory with mercury cathode and tungsten anode. The arc was
kept immersed in running water to a depth of about one centimetre above
the cathode bulb and was kept continuously evacuated by an efficient
pumping system. The central vertical portion of the arc was inserted be-
tween the poles of a powerful electromagnet which caused the deflection of
the discharge against the front wall of the tube. The water-cooling and
the continuous evacuation prevented the mercury from acquiring any consi-
derable density, and the magnet by squeezing the discharge against the
wall still further prevented the reversal of the 2536 line. Under these
conditions, this line was so intense that the main Raman lines of calcite
could be recorded in a couple of minutes.

Diamond No. 206 being a flat plate was illuminated through one of
its faces and the scattered light was observed through one of the edges in
the end-on position. The maximum depth of illumination equal to the
length of the plate was thus secured. By aluminising the opposite face
of the diamond, the incident radiations were reflected back, thereby increasing
the intensity of the scattered light. Diamond No. 227 was fixed inside a
copper rod at the junction of two perpendicular holes cut through it. This
diamond was irradiated through one of its long prismatic facets and the
scattered light was taken out normally through one of the pyramidal end
facets. In this arrangement, the parasitic illumination entering the spectro-
graph was negligible and the displaced lines could be photographed on a
very clear background. .

The diamond under investigation was held facing the most intense
portion of the arc near the front wall of the quartz tube towards which the
discharge was deflected. To prevent any appreciable rise in temperature of the
diamond, a continuous strecam of cold air was directed towards it. The
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light scattered from the diamond was condensed on the slit of a Hilger Inter-
mediate spectrograph. The 2536 radiation in the scattered light was
suppressed before its entry into the spectrograph by absorption in a column
of mercury vapour contained in a cell placed in front of the slit. With
these arrangements, the 1332 line could be recorded in about ten minutes.
Longer exposures of the order of 15 hours or more are required to record
the fainter Raman lines. These were obtained also with the smaller diamond.
The efficiency of the optical set-up could be judged from the fact that the
anti-stokes of 1332 was recorded in about 24 hours with the smaller diamond.
For obtaining strongly-exposed spectrograms, the larger diamond was
used. Numerous photographs were taken varying the time of exposure
up to a maximum period of 60 hours. On every negative, a series of photo-
graphs of the direct mercury spectrum with graded exposures was also
recorded by the side of the spectrogram of the scattered light. The slit width
employed was 20 p. The dispersion of the instrument was about 220 wave
numbers per millimetre in thc region of 2536. The plates were measured
under a Hilger cross-slidc micromcter. To measurc the shift of very faint
lines, an ordinary low-power microscope was used.

4. Results

An intense Raman spectrum of diamond with 2536 excitation is repro-
duced in Plate VII along with a photograph of the direct arc. The micro-
photometric record of a less intense spectrogram is also reproduced. The
displaced lines are clearly seen on the microphotometric record. Most of
them can also be identified on the reproduced photograph. Their positions
have been marked for clarity. The Raman spectra obtained with the two
diamonds are exactly similar in nature. The recorded spectra show,

TABLE 1
e e e : - - | .
Ser. No. ”‘ﬂ:’g‘]‘iy ;h'ﬂ l{ Intensity * t Nature Assignmentt
i [ |
T ~1331-5 .| | Ant-stokes I,
2 ; 1332-0 500 . Fundamenta) F,
3 | 1925 <1 ! Combination H,+- H,
4 2175+5 1 I Octave Kj?
s | 2245 -5 !
6 | 2267 2 ' Combination K+ M,
7 j 2300-5 4 | Octave H,?
g | 2467 : 10) ;
9 i 2495 10 L do. He
10 | 2518 7; ‘
T 26095 4’ do. M,
12 ' 2664+6 i 5 © do. )

* lntcnax(y valucs arc only approxlmatu t Notation taken from Bhagavantam's paper (1943),
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besides the intense line with a frequency shift of 1332 cm.~, a host of lines
of comparatively feeble intensity. The frequency shifts of the two extreme
lines are 1925 and 2664-6 cm.~! Of these, some are rather broad, while
others are sharp. The shifts of these lines have been carefully measured
and are given in Table 1. Rough estimates of the relative intensities of
these lines have also been made and the values entered in the table. There
is a weak continuum starting from a point separated by about 2300 wave
numbers from the 2536 line. This continuum is sharply cut off at 2664 cm.~!
which corresponds to the octave of 1332. Even in the most heavily exposed
photographs, no trace of any Raman line having a frequency shift less than
1332 cm.~! could be detected. In the direct picture of the mercury arc, one
notices a faint mercury line at A 2625-2. The principal Raman line with the
frequency shift of 1332 cm.-! falls on the top of this faint mercury line. The
anti-stokes line corresponding to 1332 is also clearly recorded on the plate.
The Raman line with a frequency shift of 2467 cm.~! unfortunately falls
almost on the top of a faint mercury line in this region. This fact has been
taken into account while estimating the intensity of this Raman line. The
reproduced photograph shows the presence of a displaced line at 2749 A.U.
which corresponds to the frequency shift of 1332 wave numbers excited by
the strong mercury line A 2652 A.U.

5. Discussion of Results

On the assumption that the diamond structure has octahedral (Oh)
symmetry, it is possible to calculate the Raman-active frequencies of diamond.
The appropriate character table for a super-lattice based on the Raman
theory of crystal dynamics has been given by Bhagavantam (1943). Of
the eight fundamental frequencies of oscillation which have been designated
by Bhagavantam as F,, H;, H,, H,, K;, K;, M, and M, with degeneracies
3,6, 6, 6,4, 4, 8 and 8 respectively, only F, is active in the Raman effect,
and it corresponds to the principal line of frequency shift 1332 wave num-
bers. The other scven modes which have frequency shifts less than 1332
cm.! are inactive in light-scattering as fundamentals. This fact has been
fully substantiated by thc present experimental results. The use of the
intense 2536 radiation and of exposures long enough to bring out the
octaves, has failed to reveal the presence of any Raman line corresponding
to a fundamental frequency of oscillation other than the principal one with
the frequency shift of 1332 cm.~! Bhagavantam (1930 a) had reported the
existence of some feeble lines on either side of the 1332 line excited by 4046
in some diamonds and by 4358 in some others. The luminescence studies
of Nayar and of (Miss) Mani have shown that many fluorescent lines (some
of which are sharp) fall in the regions separated by about 1100 wave numbers
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from both the 4046 and 4358 mercury lines. These results together with
the fact that no Raman line corresponding to a fundamental frequency of
oscillation other than 1332 is excited by the 2536 radiation, suggest that the
origin of the faint lines reported by Bhagavantam is in all probability
fluorescence and not Raman effect.

The group characters for the various octaves and combinations have
been determined and the selection rules applied for finding their activity
in the Raman effect. The octaves of all the eight modes and four combi-
nations, namely H, + H,, H; + H,, K; + M, and K; + M, should be
Raman-active. The ten new Raman lines (see Table 1) which are observed
with intensities small compared with that of the principal 1332 line are
therefore some of the allowed octaves and/or combinations. Of these, the
line with the frequency shift of 2664-6 cm.~! can be easily identified as the
octave of 1332, ie., F,2  In order to give proper assignments for the
remaining nine observed Raman lines, it is necessary to know the fundamental
frequencies (in wave numbers) of the various modes. The lattice fre-
quencies which appear very prominently in the absorption and luminescence
spectra of diamonds are (in wave numbers) 1332, 1283, 1251, 1149, 1088,
1013, 785 and 544. These values have been taken from the recent and
more accurate measurements of (Miss) Mani. On the assumption that these
represent the eight fundamental frequencies of the diamond lattice, it is
possible to assign them. F, having the maximum and M, the minimum
frequency, should be identified with 1332 and 544 cm.-! respectively. M,
being the next highest, should correspond to 1283 cm.~! As the frequency
of H. is /2 times that of M,, 785 cm.! should be assigned to H,. Putting
these values in the expressions for the frequencies given by Bhagavantam,
one finds that 1251, 1149, 1088 and 1013 cm.~! represent the frequencies of
H,, H,, K; and.K, respectively. The Raman lines observed with frequency
shifts of 2175-5, 2300-5, 2495, 2609 and 2664-6 cm.-! are thus the
octaves of K, (1088), H, (1149), H, (1251), M, (1283) and F,(1332). The
octave of K, (1013), even if present, would not be detected as it would fall
roughly on the mercury line at 2675 A.U. No Raman lines have been
observed corresponding to the octaves of H, and M, which have the lowest

frequencies.

Next to the Raman line of frequency shift 2664-6 cm.”!, the line at
2175-5 cm.~! is rather sharp and stands out clearly in the photograph. This
is also true of the corresponding lattice frequency (1088 cm.”!) in the
luminescence spectrum. The octave of 1251 appears to have been split into
three components in the Raman effect, these having approximately the

A3
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same intensity. The frequency shifts of these components are 2467, 2495
and 2518 cm."?

The observed Raman lines with frequency shifts of 1925 and 2267 cm.~!
can be considered as combinations of H; and H; (1149 + 785) and of K,
and M, (1013 + 1283) which are allowed in light-scattering. The combi-
nations of H, and H, (1149 + 1283) and of K; and M, (1088 + 544), though
Raman-active, could unfortunately not be detected, as the former would
fall on the top of the mercury line at 2698-9 A.U., while the latter would be
masked by the halation due to the intense mercury line at 2652 A.U. The
microphotometric record shows other kinks which remain unassigned. It
is reasonable to suggest that these represent lines due to some of the so-
called forbidden combinations. They are forbidden in the Raman effect
on the basis of the ordinary selection rules which are valid provided the
vibrations are harmonic. But the fact that combinations and overtones
appear in Raman effect shows that the amplitudes of such oscillations need not
necessarily be small. When once anharmonicity sets in, the ordinary selec-
tion rules cease to be valid and more combinations become Raman-active.

The appearance of several new Raman lines in diamond as overtones
and combinations of modes of oscillation of the diamond structure which
are inactive as fundamentals is a direct experimental verification of the
predictions of the Raman theory of crystal dynamics. These results cannot
be explained satisfactorily on the basis of the Born dynamics.

In conclusion the author takes this opportunity to express his grateful
thanks to Professor Sir C. V. Raman at whose suggestion the present investi-
gation was carried out.

Summary

The Raman spectra of diamonds of the ultra-violet transparent type
have been investigated using the 2536 resonance line of mercury as exciter.
Besides the well-known 1332 Raman line, ten others with frequency shifts
1925, 2175-5, 2245, 2267, 2300-5, 2467, 2495, 2518, 26095 and 26646 cm.~!
have been recorded.  These new lines have been identified as the octaves
and allowed combinations of some of the eight fundamental frequencies
of oscillation of the diamond structure of which the existence is indicated
by the Raman theory of crystal dynamics, but which are not themselves
permitted to appear in light-scattering by reason of the selection rules.



R. S. Nrishnan Droc. [nd. Acad. Seioy Ll volo NIX, PL 1T

T
ta) (h 1 2o :-,
Frequency i = 2
shitts AR
cm !
20040
24935
— 2175.5
)
— A205240
i' -
- 428305
l. (”l
-
.. “—l‘;‘;].s
T — ——
Microphotometrie Record
(¢) Mercury Spectrum (1) Mercury Spectrum
(Iy Raman Spectrum (hy Raman Spectrum

Fic. 1 i, 2






Tke Raman Spectrum of Diamond 223

Bhagavantam, S.
Chelam,E. V.
Nagendra Nath
Nayar, P. G. N.

Placzek, C.

Raman,C. V.
Ramaswamy, C.
Robertson and Fox
———, ——— and Martin
Venkatarayudu, T.

REFERENCES

Ind.Journ. Phys., 1930, 5, 169 ; 1930 a, 5, 572.

Proc. Ind. Acad. Sci., A, 1943, 18, 251.

Ibid., 1943, 18, 257, 327 and 334.

Ibid., 1934, 1, 333.

Ibid., 1941, 13,483 ; 14, 1; 1941 a, 13, 284 ; 142, 15, 293 ;
1942 a, 15, 310.

Marx—Handbuch der Radiologie, 1934, Vol. VI, Part 2,

Proc. Ind. Acad. Sci., A, 1943, 18, 237.

Nature (London), 1930, 125, 704; Ind. Journ., Phys., 1930, 5, 97.

1bid., 1930, 125, 704.

Phil. Trans. Roy. Soc., A, 1934, 232, 482,

Proc. Ind. Acad. Sci., A, 1938, 8, 349,



THE LATTICE SPECTRUM AND SPECIFIC
HEAT OF DIAMOND

By BISHESHWAR DAYAL
(From the Department of Physics, Indian Institute of Science. Bangalore)

Received April 17, 1944
(Communicated by Sir C. V. Raman, k., F.R.S., N.LI.)

1. Introduction

THeE mathematical problem of finding the vibration spectrum of the
atoms in a crystal about their positions of equilibrium has been solved by
Sir C. V. Raman (1943) in a recent memoir, it being assumed that the
external boundaries of the crystal have no sensible influence on the vibrations
of high frequency under consideration. The treatment leads to the result
that there are (24p — 3) normal modes and frequencies of atomic vibration,
p being the number of non-equivalent atoms in the crystal and 24p being,
therefore, the total number of degrees of freedom of the atoms contained
in the cell of a super-lattice which has twice the linear dimension of the cells
of the crystal structure. The number of distinct frequencies is reduced by
degeneracy in the case of crystals possessing symmetry elements. The
particular case of the diamond lattice has been fully worked out on the basis
of this theory by Bhagavantam (1943) and by Chelam (1943) by different
methods which yield the same results. It is found that the diamond structure
has eight distinct frequencies of atomic vibration which between them
embrace 45 out of the 48 degrees of freedom of movement of the 16 atoms
of carbon contained in the cell of the super-lattice.

A remarkable confirmation of the correctness of this new approach to
crystal dynamics is furnished by some recent experimental work by Dr. R. S.
Krishnan which is reported in another paper in this symposium. If, as is
indicated by the theory, the diamond lattice has eight discrete frequencies
of vibration, it should be possible to demonstrate their existence by means
of the Raman effect under appropriate experimental conditions, whereas
hitherto only the so-called fundamental vibration has been recorded as a
frequency-shift in the Raman spectrum. Using the well-known Rasetti
technique and a diamond having the requisite transparency in the ultra-
violet, Raman spectra have been successfully recorded by Dr. R. S. Krishnan
in which several of the additional frequéncies appear as octaves as permitted

224
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by the selection rules, though their fundamentals are not allowed. It is
gratifying that the nature of the lattice spectrum as thus deduced from Raman
effect data agrees with that deduced from other entirely independent methods
of spectroscopic study, viz., the investigation of the luminescence spectra
and the absorption spectra of the diamond made by Dr. Nayar (1942) and
recently in a more exhaustive way by (Miss) Anna Mani, a report of whose
work appears as another paper in this symposium.

It is the purpose of the present writer to correlate the theoretical results
of Bhagavantam and of Chelam with the experimental results of R. S.
Krishnan, Nayar, and of (Miss) Mani, in other words, to identify the parti-
cular modes of vibration indicated by theory with the frequencies as
spectroscopically observed. This enables us to ascertain the degeneracy
attached to each particular observed frequency and hence to cvaluate the
specific heat of diamond in a manner fully justified by both theory and
experiment.

2. ldentification of the Optical Frequencies

The formule for the optical frequencies as given by Bhagavantam and
Chelam have been reproduced in Table 1 where we have followed the group-
theoretical designation of the former author and the force-constant notation
of the latter. The force constants K and K” arise from the mutual displace-
ments of the neighbours and next nearest neighbours respectively, and K,
from the changes in the angle between the various valence bonds.

The most intense line at 1332 cm.-! in the Raman spectrum was inter-
preted by Ramaswamy (1930) as the fundamental lattice oscillation. The
theoretical investigations of Nagendra Nath (1934), Venkatrayudu (1939) and
Bhagavantam and Venkatrayudu (1939) have proved conclusively that the
mode F, which is an oscillation of the two interpenetrating lattices of carbon
atoms with respect to each other has this value. It follows from the
formule of Table 1 that this is the highest lattice frequency. The two next
highest frequencies taken in order evidently belong to the modes M, and H,
and should satisfy the relation v§, — v§;, = v§;, — vfi,. A line with a frequency
shift of nearly twice 1284 has been observed by Krishnan in the Raman
spectrum, while there is an indication of a line at twice 1248 also in his
photographs. Both these lines have been observed by Nayar (loc. cit.) and
(Miss) Mani (this symposium) in fluorescence and absorption. They
approximately satisfy the above-mentioned difference relationship for these
frequencies and there seems little doubt that they belong to the modes
M; and H, respectively. The modes M, and H, should have low frequencies
since they do not involve the largest force constant K, while the numerical
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values of their frequencies are in the ratio 1: -\/1-9. No low frequency lines

have been observed in light-scattering, but two lines at 565 and 784 satisfying
the above relationship have been observed both by Nayar and (Miss) Mani,
and have been assigned by us to the above two modes. The other three
lines can also be assigned by inspection and have been given in Table I.
In order to show that the assignment is correct, we have also given the
calculated values of the frequencies in the same table. The force-constants
have been calculated by approximately solving the equations for the fre-
quencies belonging to the modes F,, H, and M,. It is seen that there is a
good agreement between the theoretical and observed values. The values
of the force-constants are
K = -314 x 10 dynes cm.

K" =-039 x 108 ”
Ke

= +0197 x 10¢ i
TABLE 1
Lattice Frequencies of Diamond
cgenil- - Calculated v | Observed .
Mode DS 4 teulaigd v| Observed v | Buidence
R B — (
by 3 8K 64K, 1332 1332 | Fundamental Raman
Im and infra-red active,
obscrved in  lumines-
cence and absorption.
H, 6 | 4K 40K, 8K’ 1185 1149 | Octave at 2245 in.
Im m Raman spectrum. Fun-
damental in  fluo-~
rescence and absorp-
tion.
H, 6 12Kq F 4K’ 745 784 Fluorescence and  ab-
m sorption.
H, 6 i 8K 14K, - 4_K 1200 1248 Fluorescence and ab-
Im i sorption.  QOctave in
Raman effect.
K, 4 1 IKEBK 1153 1088 do.
. ) ) ”
K, 4 12K FRKIZKD) g 1013 | Fluorcscence and abe
3m sorption.
L 2K”
M, 8 8K1 34 Kq + 2K 1269 1284 Fluorescence and ab-
dm m sorption. Octave in
’ Raman effect.
M. § 6Kg + 2K’ 527 565 Fluorescence and ab-
) m sorption.
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3. Elastic Constants of Diamond

Nagendra Nath (1935) has investigated the relation between the elastic
data and the force-constants of diamond. If we neglect the intravalence
force-constant K'"’, his expressions are

ey = -.3.1‘-1 [K + 12K” + 12K,]
1 ,

;
Car = 5 [K" +3K]

where d is the lattice constant of diamond = 3-552 x 10-8cm. Substi-
tuting the values of the force-constants given earlier, we have

¢ = 96 x 10'2 dyne,cm.?
Ce =4:0 x 1012,
C4s = 5:6 x 102

The calculated value of the bulk modulusK1 is 4 (cy + 2¢y) =59 x 1012

dyne cm.2 This agrees well with the cxperimental values 6-25 x 10'2 and
5:56 x 10'2 determined by Adams (1921) and Williamson (1922) respectively,
and is a fair check on the values of the force-constants and the assignment
of frequencies.

4. Evaluation of the Specific Heat

We have now to ascertain the modes and the frequencies of the vibra-
tion which represent the three degrees of freedom of movement of the 16
atoms contained in the super-lattice cell which are left over after consi-
dering the optical modes of vibration. The exact knowledge of these modes
and frequencies is of importance for the specific heat evaluation only in the
lower ranges of temperature. Lacking such knowledge and in view of the
fact that they represent only 2, of the total number of degrees of atomic
freedom, we may evaluate their contribution to the thermal energy by
using the Debye approximation and assuming that they represent the elastic
spectrum of the crystal lattice. The characteristic temperature 6, however,

has to be altered by putting 3;1: in place of 3N in the usual Debye formula.

The modified expression for it is

h( 3N \
TE



228 Bisheshwar Dayal

where V is the atomic volume and » the average velocity obtained from

1_121 (1
w=3% 4 [ [ e

v; is the velocity corresponding to the direction i and the summation is
be made over the whole solid angle for all the three waves. The integ
has been evaluated by Hopf and Lechner’s interpolation method (19!
from the above-mentioned theoretical elastic constants. The numeri
value of 6}, thus obtained is 820 which has been used for the evaluation
the specific heat. This is accordingly given by the formula

s hv, 1 820
C. =3R [Z o.E () + 16 2( T)]
where E and D stand for Einstein and Debye functions respectively. o, is

the statistical weight of frequency », and can be obtained from the degene-
racies given in Table I.

The calculated values of C, are given in Table II. The experimental
data below 273° K. have been taken from Pitzer (1938) and above that
temperature from Magnus and Hodler (1926). Near the room temperature
—the region common to both sets of observations—Pitzer’s determinations
of C, are systematically lower than those of the other authors. The order
of difference can be judged from the fact that the C, measured by him at
276-6° K. coincides with that given by Magnus and Hodler for 273° K. If
we accept the latter’s result as standard, the experimental values of Pitzer
given in Table 11 are about 59 lower near about 252° K.

Considering these facts, we find that the theoretical values follow
the course of experimental data fairly closely above 200° K. It is, however,
precisely this region of high temperatures where no arbitrary constants are
involved in the calculation and where, therefore, the present theory is
rigorously valid. The contribution of the elastic spectrum to the thermal
energy reaches its limiting value at about 300° K., so that its value above this
temperature is entirely determined by the optical frequencies and their
degeneracies. Below 200° K, there is a small systematic deviation between
the theoretical and calculated results, but owing to the increasing importance
here of the contribution of the elastic branch, there are two uncertain
factors involved in the calculations. In the first place, the elastic constants
used in the calculation of the Debye characteristic temperature have been
derived on certain simplifying assumptions about the nature of the forces
between the atoms, and, secondly, the Debye function itself is only used as
an approximation to represent the elastic spectrum. Further, the atomic
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heats are particularly sensitive to changes of frequencies in the low-tempera-
ture region, so that small errors either in measurements of frequencies or
estimation of the characteristic temperature can cause rather large devia-
tions in the atomic heats.

TaBLE I1
Atomic Heats of Diamond

Temp. Optical Elastic Total ! Observed
0°K. frequencies spectrum Cy ! C,
!
70-16 -0013 -0180 -0193 022
8159 0046 0280 033 036
105-1 -0284 <0547 083 079
125.3 072 -082 154 -138
162-8 -222 -135 -357 =38
200-9 -445 -183 628 -595
252-4 -839 -231 1-070 1-032
273 1-014 247 1:261 1-252
300 1:253 263 1-516 1-520
400 2-122 -305 2-427 2-411
500 2-873 <326 3-199 3-149
600 3-442 -340 3.782 3-749
700 3-851 -348 4-199 4-222
800 4-200 -354 4.554 4-580
1000 4630 +357 4.987 4.992
1100 4-780 362 5-142 5-060

In the cend the author wishes to express his indebtedness to Professor
Sir C. V. Raman, Kt., F.R.S., N.L., for his kind suggestions and guidance in
the course of the work.
Summary

The new view of crystal dynamics developed by Sir C. V. Raman
indicates that the diamond latticc has eight distinct normal frequencies of
vibration which comprisc forty-fiva out of the forty-eight degrees of freedom
of the atoms present in a group of eight lattice cells, while the remaining
three degrees of freedom represent the elastic vibrations of lower frequency.
These eight frequencices of atomic vibrations arc actually observed in the Raman
spectrum recorded by Dr. R. S. Krishnan and in the luminescence and the
absorption spectra in the visible region investigated by Dr. P. G. N. Nayar and
(Miss) Anna Mani. The modes corresponding to the observed frequencies and
their respective degeneracies have been ascertained from the theoretical
formule given by Bhagavantam and Chelam. The elastic constants have been
calculated from the spectroscopic data with the aid of the same formulx. The
calculated and experimental values of the bulk modulus agree well. The
thermal energy of diamond has been cvaluated from the spectroscopically
observed frequencies and the known degeneracies, the three degrees of
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freedom not covered by these frequencies being considered as an elastic
spectrum for which a formula of the Debye type with greatly reduced character-
istic temperature is an approximatc representation. The theoretical and
expcrimental results agrec throughout the whole range of temperature and
particularly well in the temperaturc range between 200 and 1100° K. where

the thermal energy content is principally determined by the optical frequencies
of vibration.
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1. Introduction

Tue luminescence of diamond has long been familiar knowledge, but
spectroscopic studies of it have not becn very numerous. E. Becquerel
(1859) and W. Crookes (1879) were amongst the carlier observers. The
latter noticed some bright lines in the spectrum of the cathode luminescence
of diamond and ascribed them to thc presence of foreign atoms. Walter
(1891) who studied the absorption of light by diamond and noticed a dark
band at 4155 A.U., also ascribed it to the presencc of impurities. The
Iuminescence of diamond appears in the spectrum along with the scattering
of light when the Raman effect is studied, thus directing attention to itself
[Ramaswamy (1930), Bhagavantam (1930), Robertson and Fox (1930), and
Robertson, Fox and Martin (1934)]. The important observation was
made by these authors that a bright line appears in luminescence which
coincides with thc dark linc at the same wave-length noticed in absorption
by Walter. John (1931) observed the cathode luminescence spectrum of
diamond and found it to bc very similar to that cxcited by ultra-violet
irradiation.

Dr. P. G. N. Nayar (1941 a, b, ¢, d; 1942 @, b) madc a notable advance
by his comparative studics of the luminescence and absorption spectra of
diamond over a wide range of temperatures. His investigations at liquid
air temperatures, in particular, yielded highly interesting and valuable
results. His most important findings were, however, made with onc singlc
strongly blue-luminescent diamond. It is well-known that diamond may
also emit luminescence of other colours and that thc intensity of such
luminescence may vary over a wide range of values. It is thercfore of
importance that the investigation of the Iluminescence and absorption
spectra should be extended to specimens showing the widest range of
behaviour. Such studies may be expected to throw light on the question
of the reason for such difference of behaviour and ultimately also on the
general question of the nature and origin of the luminescence of diamond.

231
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The present paper describes a detailed investigation of the fluorescence
and absorption spectra of 32 diamonds from Sir C. V. Raman’s collection,
so selected to be as widely representative as possible of the behaviour of this
substance. To enable this wide range of specimens to be successfully
studied, a spectrograph of high light-gathering power combined with good
resolution was found to be necessary. A two-prism Hilger glass spectro-
graph (E 328) was used which gave a dispersion of 28 A.U./mm. in the
4358 A.U. region and 63 A.U./mm. in the 5500 A.U. region. To study the
absorption spectra under high dispersion in a few cases, a spectrograph of
three-metre focal length (Hilger E 185) having a dispersion of 2 A.U./mm.
in the 4200 A.U. region and 6 A.U./mm. in the 5200 A.U. region was
cmployed.

Except with regard to the spectrographs employed, the technique of
the investigation was gencrally similar to that followed by Nayar. A
specially designed demountable Dewar flask was used to hold liquid air,
and the diamonds were mounted in copper blocks screwed on to the bottom
of its inner metal tube. This ensured the specimen reaching and remaining
at the liquid air temperature. The source of ultra-violet light was a small
carbon arc run at 5 amperes, the light from it being filtered through a plate
of Wood’s glass. The fluorescent light was focussed on the slit of the
spectrograph by a short-focus cylindrical lens. The light-source for the
absorption studies was a gas-filled incandescent lamp with a straight filament
run at 309, more than the usual voltage. In every case, the diamonds were
set so that the maximum thickness was employed. The spectra were photo-
graphed on Ilford selochrome plates in the blue region of the spectrum, on
Iiford HP, plates in the green, and on Kodak extra-rapid infra-red plates

in the red.

The fluorescence spectrum of each diamond was recorded both at room
and at liquid air temperature, while the absorption spectrum was similarly
recorded in each casc with a graded series of exposures. In all, some 67
fluorescence spectra and 590 absorption spectra werc obtained. Except
where specifically mentioned, however, the data given in the paper always
refer to the measurements of the plates taken at liquid air temperature.

2. Description of the Diamonds

As mentioned above, the 32 specimens chosen for examination covered
a wide range of behaviour. Four of them were totally non-fluorescent;
sixteen showed a blue luminescence with intensities ranging from extreme
brilliance to almost complete invisibility; seven showed a greenish-blue
and five a greenish-yellow fluorescence, in each case with widely different
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intensities. By placing all the diamonds together under the ultra-violet
lamp they could be sorted out, and those in each class of luminescence
arranged in order of their apparent brightness. Table I shows the cata-
logue numbers of the 32 diamonds arranged in the order of decreasing
intensity of luminescence as visually observed. The twelve diamonds with
catalogue numbers between DI and D30 were crystals from Panna in their
natural state. Ten of the other diamonds were cleavage plates with their
faces polished flat, while the rest had been fashioned into different shapes
for use as jewellery.
TaBLE 1

List of Diamonds Studied

Diamonds which were non-fluorescent : (4)

D39 D206 D207 D227
6-6 7-2 6-8 11-2 millimetres

Diamonds showing a blue fluorescence : (16)

D223 D224 D40 D226 D34 D27 D32 D3
4.4 8.7 4-6 3-8 9.2 7-0 i1-5 7-0 millimetres
D8 D38 D33 D43 D42 D36 D221 D3l
6-0 7-6 7-6 7-8 77 8-4 82 10-0 millimetres

Diamonds showing a creenish-blue fluorescence : (7)
D25 D4 DI5 D0 DIl D7 D47
10-3 7-9 67 89 62 6-7  4-4 millimetres
Diamonds showing a greenish-yellow fluorescence : (5)
D13 DI2 D19 DI DI97
6-5 5-0 5.0 9.8 9-4 millimetres
The great majority of the non-fluorescent and blue-fluorescent stones
were colourless as seen in daylight. The exceptions were the following:
in the non-fluorescent class, D227, a rod-shaped diamond with a slight
brownish tinge; in the blue-fluorescent class, D226, a small brilliant with a
lively pink colour; D27, a grey hexakis-octahedron from Panna; D32, a
heart-shaped diamond with a distinct yellow tinge.

On the other hand, the majority of the diamonds with a greenish-blue
or greenish-yellow fluorescence showed various shades of brown or yellow
or yellowish brown ditlicult to describe exactly. The exceptions were D47,
a small colourless octahedron with an extremely feeble bluish-green
fluorescence, and the two diamonds D225 and D13 which exhibited a greenish
tint by daylight, possibly due to their fluorescing with that colour.

The maximum linear dimension (in millimetres) of each diamond has
been entered under it. This is of importance, as it influences the observed
results, especially in the case of the absorption spectra.
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3. General Results of the Investigation

Nayar’s published studies (loc. cit.) relate to the class of diamonds
which exhibit a blue fluorescence of greater or less intensity. Such diamonds
show a bright band in luminescence at 4156 A.U. and a dark band in absorp-
tion at the same wave-length. A summary of the results obtained by him with
regard to the fluorescence and absorption spectra of such diamonds appears
in the preface to his doctorate thesis. It is useful to quote the same here
in extenso, in view of its bearing on the present investigations and to enable
it to be better appreciated how the latter have advanced our knowledge of
the subject.

“ The fluorescent band at 4156 A varies enormously in intensity between
different diamonds, but is nevertheless found to be present with every one
of the specimens examined, and is thus evidently characteristic of diamond.
The 4156 band occurs also in absorption, the peak of intensity coinciding
exactly with that observed in fluorescence, and the intensity varying with the
specimen studied in precisely the same fashion. Both in absorption and
fluorescence, the 4156 band sharpens at liquid air temperature, shifting to
4152 A and appears resolved into a close doublet. On the other hand, at
higher temperatures, therc is a shift to greater wave-lengths, the band becomes
progressively more diffuse, and fades off to invisibility above 600°K.

“The 4156 A band in thc spectrum is accompanied by subsidiary
bands between 4156 A and 4900 A in fluorescence, and between 4156 A
and 3600 A in absorption. These are present strongly in crystals in which
the 4156 band is intense. The bands in absorption exhibit a perfect mirror
image symmetry about the 4156 frequency with respect to the bands observed
in fluorescence. When the diamond is cooled to liquid air temperature,
and the bands are examined under high dispersion, they appear resolved
into a spectrum of discrete frequencies. The frequency shifts from the
principal band at 4152 A in fluorescence and in absorption are found to be
exactly equal but of opposite sign. They lie in the infra-red range, indi-
cating that the subsidiary bands arise from a combination of certain infra-
red or atomic vibrations with the electronic frequency manifesting itself
both in emission and absorption at 4152 A.

“The 18 discrete infra-red frequencies ranging from 137 cm.! to 1332
cm.~! deduced as explained above from the fluorescence and absorption
spectra of diamond at low temperature, are interpreted as the characteristic
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vibration frequencies of the diamond lattice. This interpretation is con-
firmed by the agreement of the frequency shifts with the Raman effect data
reported by Bhagavantam, and with the infra-red absorption frequencies
reported by Julius, Reinkober and by Robertson ef al. The fact that the
lattice spectrum of diamond consists of 18 discrete frequencies covering
such a wide range, is evidently irreconcilable with the assumptions on which
the Debye theory of specific heats is based.”
* * * * * * *

The present investigation shows the appearance of a second system of
subsidiary bands which may be designated as the 5032 system to distinguish
it from the 4152 system described in Nayar’s thesis. As will be set out later
in the paper, this 5032 system is related to a line observed at 5032 A, appearing
at longer wave-lengths in emission and at shorter wave-lengths in absorption
in a manner generally analogous to, but differing in important details from
the relation between the 4152 system and the 4152 A line. The important
point is that both the 4152 and 5032 systems appear in the fluorescence and
absorption spectra, but that their relative as well as their absolute intensities
vary enormously from diamond to diamond. The great differences in the
intensity and colour of the light emitted by different stones as perccived by
the unaided eye arise from these variations. These points are illustrated
by the five fluorescence spectra reproduced as Fig. 8 in Plate X appear-
ing at the end of the paper. The spectra were those obtained with two
diamonds of the blue-fluorescing type, two of the greenish-blue and one of
the yellowish-green fluorescing type.

Another important result of the present investigation has been to show
that besides the 4152 and 5032 lines and the bands which accompany them
in luminescence and in absorption, there are numerous other lines which
are quite sharply defined at liquid air temperature and of which the posi-
tions as observed in emission and in absorption coincide. These are inter-
preted as electronic frequencies. No fewer than 36 such lines have been
recorded in the present investigation, their wave-lengths ranging between
3934 and 6358 A. They may roughly be divided into two groups, the
behaviour of which in respect of intensity is similar to that of the 4152 and
5032 systems respectively in the spectra.

The present investigation also shows that the relations between emission
and absorption observed by Nayar in respect of the 4152 line and its asso-
ciated bands are much more general, and extend also to the lines and bands
of the 5032 system and to the numerous other electronic frequencies men-
tioned above. A particular case of this correlation which is of great im-
portance is that of the non-fluorescent diamonds. It has been found that
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these show no trace of any absorption lines in the visible speétrum even
under the most favourable conditions, namely with the longest possible
absorption paths and the exposures most suitable for their detection. No
trace of any emission lines, either, appears with such diamonds even after
prolonged exposures.

Still another interesting result of the present investigation is that the
doublet structure of the 4152 line detected in absorption by Nayar in a
particular diamond is observable also in the emission spectra of numerous
diamonds. Further, it has been found that the width and separation of the
components of the doublet varies from diamond to diamond in a manner
generally related to the intensity of the luminescence of the specimen.

4. The Colour of Fluorescence and its Spectrum

The 22 diamonds whose fluorescence spectra have been studied may be
arranged in the order of the relative intensities of the band systems accom-
panying the 4152 and 5032 lines, beginning with those in which the former
is the principal feature while the latter is barely recorded, and ending with
those in which the 5032 system is much more prominent than the 4152 system.
It should be mentioned that in no case does the 5032 system appear in the
spectrum without the 4152 system being also rccorded.

TaBLE 11

Order of Relative Intensities of the 4152 and 5032 Systems in Emission
D33, D8, D27, D36, D38, D34, D40, D42, D223, D224, D32,
D12, D226, D3, D225, D7, D4, D47, DIS, DI. DI3, DI9
Examining this list and comparing it with Table I, it will bé noticed that
all the diamonds which appear earliest in Table Il are those classified as
blue-luminescent in Table I, while those which appear last are mostly those
shown in it as having a greenish-ycllow luminescence. The diamonds shown
in Table 1 as giving a greenish-blue fluorescence appear somewhere midway
between the beginning and the end of the list in Table II. There are a few
anomalies, e.g., D12 appears high up in the list instead of towards the end.
The order in which the blue-fluorescent diamonds appear in Table Il is also
not the same as that in which they are shown in Table 1. Tt is quite clear.
however, on a comparison of the two tables that the difference in the relative
intensities of the 4152 and 5032 band systems in the spectrum is the origin
of the differences in the colour of the fluorescence as visually observed.

5. Relation between Fluorescence and Absorption

The intensity of the luminescence of diamond varies enormously. An
idea of the range of this variation may be obtained by phtographing a
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group of stones with a series of graded exposures and counting the number
rendered visible by their luminescence. Such photographs also enable a large
group of diamonds to be sorted to small groups of approximately equal bright-
ness and their relative intensities to be estimated microphotometrically. The
figures obtained in this way for a group of 88 South African diamonds are: —

50). 2(1), 4(3), 9(10), 16(20), 4(30), 14(50), 7(100), 6(200), 4(400),
3(700), 2(1,000), 6(1.800), 3(3,000), 1(5,000), 1(10,000), 1(12,000).

It will be seen that the majority of the diamonds have small intensities of
fluorescence, while a few exhibit intense luminescence or else are entirely
non-fluorescent.

The diamonds whose emission and absorption spectra have been studied
in the present investigation exhibit similar variations in their intensities of
luminescence. While the spectra of the most intensely fluorescent diamonds
were recorded in a few minutes, to photograph the emission spectrum of
the weakly fluorescent diamonds, long exposures of the order 15 to 20 hours
were found to be necessary even when thinner plates of Wood’s glass and
broader slits were used, and the source of light was brought much nearer
the diamond.

Accompanying these large differences in the intensities of luminescence,
we have corresponding differences in the intensity of absorption of the
electronic lines, cspecially those at the wave-lengths 4152 and 5032. There
is also a corresponding increase in the intensity of the subsidiary absorption
bands associated with these two electronic lines and appearing towards
shorter wave-lengths. 1t should be mentioned that if the diamonds are
arranged in the order of the relative intensities of the two systems of bands
as they appear in absorption, the list would be the same as Table Il. The
absolute intensities of absorption would, however, depend on the length of
the absorbing column and cannot therefore be directly compared unless the
latter is equal.

Figs. 9 and 10 in Plate XI illustrate the 4152 and 5032 systems res-
pectively, as seen in absorption in a sequence of seven diamonds in onc case,
and a sequence of five in the other. We have only to compare the spectra
of D36 and D224 in Fig. 9 or those of D1 and D197 in Fig. 10 to realise
that great differences in the strength of absorption go hand in hand with the
differences in the intensity of luminescence. It is not unlikely that the
absorption coefficients for the electronic lines are proportional to the intensity
of their emission and that the subsidiary band-systems also vary propor-
tionately in intensity. No quantitative measurements have, however, been
made to test these points.
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It is important to remark that the intensity with which the 4752 and
5032 electronic lines are actually recorded in emission would be affected by
the absorption of these same radiations before they emerge from the diamond.
Hence, the apparent intensities of these lines as recorded in the spectra would
not be proportional to the intensity of the luminescence as visually observed,
especially when considerable thicknesses are involved. The subsidiary
bands accompanying the electronic lines are a better criterion for the visually
observed intensity of luminescence. The effect of self-reversal in reducing
the intensity of the 4152 and 5032 lines compared with that of the band
sysiems accompanying them is clear on an inspection of several of the
spectrograms reproduced in Figs. 1, 7 and 8 in Plates VIII and X. This
is also startlingly evident in the emission spectrum of D32 reproduced in
Fig. 7, where the 4152 line has completely disappeared due to self-reversal in
passing through a thickness of over one centimeter of diamond.

6. The Electronic Frequencics

In the fluorescence spectra taken at liquid air temperature, the pre-
sence is noticed of several sharply defined lines, besides those at 4152 and
5032 A and the cmission band-systems associated with these which appear
at longer wave-lengths. The absorption spectra of luminescent diamonds
similarly show several sharply dcfined dark lines other than 4152 and 5032
and the absorption band-systems associated with these toward shorter
wave-lengths. When the absorption and emission spectra are compared,
the positions of the bright and dark lines respectively noticed in them are
found to coincide, and their identification as distinct electronic frequencies
is thereby confirmed.

It must not be supposed, however. that an electronic absorption line
would necessarily be observable in the same position in the spectrum as every
electronic emission line.  The effective absorption dependson the lumi-
nescent intensity of the diamond, the intrinsic strength of the electronic
absorption and the length of the path available, and when these factors (or
all of them working together) make the effective absorption very small, the
absorption line in the spectrum would be overpowered by the transmission
on either side of it and become unobservable. [In general, therefore, a weak
clectronic line would be more casily observed in emission than in absorption.
and only the strongest clectronic lines could be expected to be recorded with
very weakly luminescent diamonds, unless very long absorption paths are
available. Another inherent difliculty in observing weak electronic lines
arises when the region in which they appear coincides with the regions in
which the subsidiary bands associated with the 4152 and 5032 lines appear.
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The latter regions are fortunately different in emission and in absorption,
and the relative intensity with which the two systems appear differs greatly
with different diamonds. These facts and the sharpness and intensity of the
electronic lines are an aid to their discrimination from the background of
the band-system on which they may appear superposed.

The foregoing remarks will enable the results shown in  Appendices
I and IT at the end of the paper to be better understood. These appendices
give a list of the electronic lines observed in the emission and absorption
spectra of the 28 diamonds investigated. Where a column has been lefi
blank under either cmission or absorption, it is to be understood that the
same has not been studied. The figures recorded in these tables reveal the
following features:—

(a) The most strongly luminescent diamonds show the largest number
of electronic lines, and the number of such recorded in emission
is generally greater than in absorption, for the reasons already
explained.

(h) The blue-fluorescing diamonds show characteristic electronic lincs
at the wave-lengths 4090, 4109, 4152, 4189. 4197, 4206, 4959
and 5032 A.

(¢) The yellow-fluorescing diamonds show characteristic elecironic
lines at the wave-lengths 4060, 4123, 4152, 4194, 4222, 4232, 4271,
4907, 5014, 5032, 5359, 5658, 5695, 5758, 6177, 6265 and 6358 A.U.

The morc intense lines are printed in heavy type. They may be recognised
in the spectrograms reproduced in the Plates. Fig. 11(a), (b) and (¢) indicate
diagrammatically the changes of the clectronic spectrum occurring in the
transition from yellow to blue fluorescence. ~ While the diagram repre-
sents the facts generally both as regards the positions of the lines and
(qualitatively) also their relative intensities, individual diamonds show
peculiarities of behaviour, as will be seen from the data given in Appendices
I and II. For instance, D42 shows 4907, 6177, 6265 and 6358 but not 4959,
5359 or 5758. Then again, D13 shows strong lines at 4388 and 4833, D32
a strong line at 5895, and D47 strong lines at 4175 and 6043 which are not
usually observed in other diamonds. A remarkable obscrvation worthy
of special mention is the appearance of an extremely sharp and intense
absorption line at 3934 A with D225 and D36.

7. Structure of the 4152 and 5032 Lines

In one particular diamond, the 4152 line in absorption was observed
by Nayar to exhibit a doublet structure. In the present investigation it is
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Fig. 11. Electronic Spectrum of Diamond for (a) yellow, (b) green and (¢) blue fluorescence.

found that in most diamonds the 4152 line appears as a doublet with widely
separatcd components in both emission and absorption. The width and
separation of the components generally increases with the intensity of
luminescence. In very weakly fluorescent diamonds, the doublet is so close
as to be scarcely resolved. With increasing intensities of luminescence, the
separation as well as the width of each component increases, so that in the
most intensely fluorescent diamonds the 4152 line is the most diffuse and
the separation of the components the largest. This is strikingly illustrated
in Fig. 13, Plate XII, where the microphotometer tracings of the 4152
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line for 6 diamonds of increasing intensities of bluc luminescence are re-
produced. Table IIl gives thc wave-lengths, width and separation of the
two components of the 4152 line for 13 diamonds. 1t will be noticed that
the two components always appear centred about the mean wave-length at
4152 A.U. and that the line is thus symmetrically split with regard to the
positions of the two components. The intensity and the width of the compo-
nent of longer wave-length are, however, larger than those of the compo-
nent of shorter wave-length.

TABLE 111
Structure of the 4152 Line
Component | Component 11
Number of Sl e e o —— 1 Sepatation
Diamond Wave-length Width in Wave-length ! Width in ! inAU.
in A.U. A.U. in A.U. ! A.U. !
D223 4155 3 a9 | 3 6
D224 4156 3 4150 2 e
D27 4155 3 a4 | 2 e
D40 4155 2 4149 2 e
D226 4155 5 4150 | 4 s
D42 4154 3 4149 2 s
D225 4154 3 4150 > |4
D4 4154 3 4151 (I
D3 4153 2 4151 T Y
D38 4153 2 a5t | 2 Ty
DI5 4183 2 ast | 2 | 2
I YE R BT Y I YT T 2
T s | ass 2 T T B

The four diamonds D3, D33, D34 and D226 appear to be cxceptions 1o
the general rule stated above as existing between the intensity of luminescence
and the structure of the 4152 line. In D3, D33 and D34, the separation of
the components is not as high as we might expect from their luminescence
intensity. In D226 the two components of the 4152 doublet are extremely
broad and more diffuse than in D223 or D224. It is likely that D226 owes
its pink colour to some extraneous impurities and that these are responsible
for the observed diffuseness of the line. It should be remarked however,
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that in the case of diamonds showing a tinge of yellow or brown colour,
impurities if present, appear to have no effect on the sharpness of the elec-
tronic lines.

In the case of two diamonds D223 and D225, it was observed that
different portions of the same diamond give the 4152 line respectively as a
well-separated doublet and as a single line. In D223, where the 4152
appears as a line, it is accompanied by two wings of high intensity extending
to 4 A.U. on either side. D225 showed in the same spectrogram the upper
portions of the doublet clearly split, while in the lower portion the two
components were very close to each other. These observations become
intelligible when it is remembered that in many cases diamonds show definite
regions of both high and low luminosity and patterns of blue and green
fluorescence. The weakly blue-fluorcscent portions of the same diamond
will show 4152 as a close doublet or a single line, while with the strongly
fluorescent parts it will appear as a well-separated doublet.

Under the high dispersion of the threc-metre spectrograph and at liquid
air temperaturc the 4152 line in D42 appears as a triplet, the central line
at 4152-2 A.U. being very much sharper and fainter than the two outer
components. Absorption photographs of the 4152 line taken at room
temperature and at liquid air temperaturc respectively on the three metre
spectrograph arec reproduced in Fig. 3(¢) and (b) Plate VIIL.

The principal elcctronic line appearing in fluorescence and absorption
at 5032 A.U., on the other hand, does not alter in its width and structure
with variations in the intensity of luminescence. As will be noticed in the
photographs of the 5032 system for different diamonds reproduced in Fig. 8
(emission) and Fig. 10 (absorption), there is no marked broadening of the
linc as the intensity of ycllow luminescence increases, the width of the line
in the strongest and weakest fluorescing diamonds being approximately the
same, viz.,, 7 to 8 A.U. In all ycllow-fluorescing diamonds, with the excep-
tion of DI, D13 and DI5 where it appears as a very close doublet, 5032 is
present as a single line.  Absorption spectra taken on the three-metre
spectrograph also failed to reveal any clear splitting of the 5032 line. No
definite relationship thus seems to exist between the intensity of yellow
luminescence and the structure of the 5032 line. 1In D226, the 5032 line as
well as the other electronic frequencies at 4206, 4388 and 4959 are broader
than in other diamonds. This, as mentioned before, is to be ascribed to
probable impurities in this diamond.

8. The Lattice Spectrum of Diamond

(@) The 4152 System.—The wave-lengths, intensities and frequencies
of the principal electronic line at 4152 and the associated subsidiary bands
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in both fluorescence and absorption arc given in Table V. Column 6
gives thc descriptions of the lines and bands. and columus 5 and 9 the fre-
quency differences of thc subsidiary bands from 4152 in fluorescence and
absorption respectively. The microphotometer tracing of the 4152 system
in emission for D4 is reproduced in Fig. 14 Plate X1, and the promineint
lattice frequencies indicated by their frequency shifts.  The bands are
numbered from Il to XI, extending to 4825 A.Y). in fluorescence and to
3730 A.U. in absorption. The continuous spectrum in fluorcscence lics
between 4110 and 6500 A.U. A number of new lines have been observed
in the present investigation, viz., 4158, 4164, 4169, 4189, 4215, 4248, 4279,
4373, 4386 and 4401 in fluorescence and 4140, 4135, 4123, 4116, 4109, 4092,
4060, 3952 and 3930 in absorption. The bands X and XI in fluorescence
could not be obtained in absorption, owing to the lack of sensitivencess of
the selochrome plates in the 3500-3700 A region.

An examination of the 4152 system in both cmission and absorption
reveals that though the intensity of the subsidiary bands rclative to that of
4152 varies from diamond to diamond, the relative intensities of the lattice
bands among themselves arc constant. The only exception to this rule is
the first subsidiary band Il which gencrally consists of two {aint lines at
4164 and 4169 in fluorcscence and at 4140 and 4135 in absorption. In D47
this appears as a fairly intense band with limits at 4158 and 4169 and is
observed in D3, D4, DI9, D40 and D225 but weakly. This band is
however present in fluorescence and absorption with identical [requency
shifts in both the 4152 and 5032 systems and hence 34, 70 and 98 cm.-! are
classed as genuine lattice frequencies.

The lattice lines at 4060, 4109, 4175, 4189, 4197 and 4304 coincide with
electronic lines present at the same wave-lengths and this is evidently res-
ponsible for the observed small variations in the relative intensitics of these
lines.

A number of lines which could not be classified with any certainty as
cither lattice or clectronic lines are listed separately in Table V.

D32 exhibits the lattice spectrum in absorption also at wave-lengths
greater than 4152. The bands in absorption at longer wavc-lengths dis-
appear at low temperatures and are thereforc probably thermally excited.
D32 also exhibits three broad bands in absorption with approximate
limits at 4494 and 4538, 4602 and 4701 and 4758 and 4794 A.U., which
are apparently unrelated to either the 4152 or 5032 systems. The iast one
at 4776 A.U. is the most intense of the three and appears in the fluorescence
spectrum as a dark band.
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TABLE LV
Lattice Spectrum in the 4152 System
FLUORESCENCE, ABSORPTION
Description
No. Wave- Fre- Frequency of the Wave- Fre- Frequency
length  tnten: quency  diflerences Bands length  auency  differences
m sity in from 4152 in in from 4152
: cm, ! A.U. cm. ! in cm.—!
4152 | 20 24077 .. Intense line 4152 24077
4158 3 24043 34 Sharp edge
4164 i 24009 68 Discrete linc (4140) | 24148 1)
4169 4 23980 97 Discretc line (4135) 24177 100
n | 4175 | 1 23945 132 Sharp limit 4130 | 24206 131
4183 ! 23900 177 Discrete line (4123) | 24247 (170)
4189 L 23865 212 Discretc lIne (4116) ' 24288 (211)
4197 | 23820 257 Discrete line (4191) , 24330 (253)
4215 1 23718 359 Discrete line (4092) 24431 (354)
4230 | 23634 443 Sharp limit 4077 24521 444
v | 426 | 3 | 23545 532 | Verysharpedge | 4062 | 24611 | 533
4248 4 23534 543 Discrete line 4060 24624 544
.. .. .. .. Discrete linc 4057 . 24642 565
4273 S 23396 681 High int. edge 4038 | 24758 681
4279 5 23363 714 Discrete line 4032 24795 717
4292 6 23293 784 Sharp cdge 4021 24862 785
v | 4304 | 14 23228 | 849 | Discrete line 4011 | 24924 847
4322 ] 23131 946 Discrete line 3995 25024 947
4334 3 23067 1010 Discrete linc 3984 | 25093 1016
4349 4 22087 1090 Discrete line 3973 ' 25163 1086
VI | 4357 | 3 | 22045 | 1132 | Sharp cdge 3966 | 25207 | 1130
4360 4 22929 1148 Discrete line 3963 25226 1149
4373 4 22861 1216 Discrete line (3952) 25296 1219
4380 5 22825 1252 Discrete line 3947 25328 | 1251
4380 5 22793 1284 Discrete line 3942 25360 1283
4395 | 6 22747 1330 Discrete line 3935 | 25406 | 1324
4397 5 22736 1341 Sharp cdge 3933 25419 . 1342
VIL| 4401 | 2 22716 | 1361 | Sharp linc 3930 | 25438 | 1361
4406 2 22690 1387 Sharp limit 3927 25457 1380
(4461) 1 22410 (1667) Limit approa. (3890) 25700 (1623)
VII| (4490) | 2 232265 | (I812) | Limitappron. | (3865) | 25865 | (1788)
4510 o, 22062 (1915) Peak appron. (3850) 25967 (18%()
(4547) ) . 21986 205 1) Limit approx. (3827) 26123 (2040)
IX | 461D | 2 20681 | (2396) | Limitapprox. | (3782) | 26434 | (2357
(4635) 221569 (2508) Peak approx. (3758) 20602 (2529)
(4667) 2 21421 (2656) Limit approx. (3742) 26716 (2639)
X | 4678) | 1 i 21370 | (2707) | Limit approx. T
(4700) l 21271 (2806) Peak approx. ‘
(4710) 1 v 21225 (2852) Limit approx.
X1 | 4760) | 1 | 21002 | (307%) | Limit approx. I
(4795) 11 20849 (3228) Peak approx ‘
(4825) 1 20719 (3358) Limit approx ‘

N.B.—The figures within brackets refer to lines which are doubtful or to those whose

frequencics could not be measured accurately.
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The sharpness of the lattice lines in the 4152 system is closely associated
with the structure of the 4152 line. In strongly fluorescing diamonds where
the 4152 is broad and diffuse, the lattice lines are broad and the edges of
the bands slightly diffuse, while in weakly fluorescent diamonds, where the
4152 is sharp, the lattice lines and edges are correspondingly sharp. This
is clearly seen in the spectra of D3, D1, D42 and D225 in the Plates and may
more readily be noticed in the case of the lines at 4334 and 4349 which are a
prominent feature of every spectrum. In D226, these two lines are scarcely
observable owing to their diffuseness. In D3 and D1 they are seen to be
very sharp. The variations in the breadth of the lattice lines with the
broadening and splitting of the 4152 line suggest that both components of
the doublet are capable of exciting the lattice frequencies. Therefore the
procedure adopted in Table IV of considering neither of the components
but the central wave-length at 4152 as responsible for exciting the lattice
spectrum appears justified.

TABLE V
Unassigned Frequencies
Wave-length of lines in
. Diamonds in Frequency
No. which present incm.1
Emission Absorption

1 5128 D225 19495
2 4200 D3 23803

3 4310 D223 23195

(b) The 5032 System.—Preliminary investigations by Nayar on the
yellow luminescence and absorption of diamond had shown that the fluor-
escence spectrum is similar to that in the blue and consists of a principal band
accompanied by subsidiary bands at longer wave-lengths in fluorescence and
at diminished wave-lengths in absorption. A photograph of the 5032
system in emission and absorption taken by Nayar is reproduced in an
article by Sir C. V. Raman in Current Science for January 1943.

At room temperature the principal electronic line lies at 5038 A.U. and
is about 15 A.U. broad. The subsidiary bands, as will be seen in Fig. 5(a),
are correspondingly broad and diffuse. As the temperature is lowered,
both the main and subsidiary bands become more intense and sharper and
shift towards shorter wave-lengths. The peak of the band at liquid air
temperature as determined by a microphotometer curve was found to be
at 5032-0 A.U. Descriptions of the bands, their wave-lengths, intensities

AS
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and frequencies are given in Table VI for both emission and absorption.
Columns 5 and 9 give the frequency shifts of the subsidiary bands from 5032
in fluorescence and absorption respectively. A microphotometer tracing of
the 5032 system in emission is reproduced in Fig. 15, Plate XIII.

TABLE VI
Lattice Spectrum in the 5032 System
FLUORESCENCE ABSORPTION
"7 Description

No. | Wave- Fre- Frequency of the Wave- Fre- Frequency
length | Inten-  quency Shifts Bands length | quency Shifts
in sity in from 5032 in in from 5032

A.U. cm.™? incm."? A.U. cm.? incm.™?

1 5032 20 19867 .. Intense line 5032 19867

| 5040 | 4 | 19836 31| Sharp limit . . }
(5049) 4 19800 (67) Fall inintensity | (5015) 19934 (67)
(5056) 2 19773 94 Diffuse limit (5009) 19958 1)

ur | 5062 | 2 | 19750 (117) | Diffuse limit (5002) | 19986 9
(5080) 4 19680 (187) Rise in intcnsity | (4985) 20054 (187)
(5100) 7 19602 (265) Further rise in | (4966) 20131 (264)

intensitv
(5130) 7 19488 (379) Fall in intensity | (4930) 20278 411)
(5144) 3 19435 432) Diffuse limit (4920) 20320 (453)

1V | (5170) 3 19337 (530) Diffuse limit (4900) 20402 (535) a
(5180) 5 19300 (567) Risc in intensity | (4890) 20444 577
5216) | 5 | 19166 (701) | Fallinintensity | .. . .. .
(5230) 3 19115 (752) Diffuse limit (4840) = 20655 (788)

V | (5260) 2 19006 (861) Diffuse limit (4825) 5_20720 (853)
(5284) 3 18920 (947) Rise in intensity .. .. ..
(5304) 3 18848 (1019) Fall in intensity | (4788) 20880 (1013)
(5320) 2 18792 (1075) Diffuse limit (4768) 20967 (1100)

vi| (s335) | 1 | 1873 (1128) | Fairly sharp limit| (4762) | 20994 ain

5341 2 18718 1149 Sharp line 4757 21016 1149
5372 3 18610 1257 Sharp limit 4733 21122 1255
5381 2 18579 1288 Sharp limit 4727 21149 1282
5393 2 18537 | 1330 Sharp limit 4716 21198 1331
(5397) 1 18524 (1343) Fairly sharp limit| (4713) 21212 (1345

VII | (5420) 2 18445 (1422) Limit approx. (4692) | 21307 (1440) -
(5455) 2 18327 (1540) Peak approx. (4673) 21394 (1527)
(5492) 2 18203 (1664) Limit approx. (4645) 21522 (1655)

VIII| (5520) 1 18110 (1757) Limit approx. 4611) 21681 (1814)
(5560) 1 17980 (1887) Peak approx. (4588) 21790 (1923)
(5602) 1 17846 (2021) Limit approx. (4566) | 21895 (2028)

IX | (5639) 1 17729 (2138) Limit approx. .. .. ..

.. .. .. .. Peak approx. (4468) | 22375 (2508)
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The sharpness of the lattice lines in the 4152 system is closely associated
with the structure of the 4152 line. In strongly fluorescing diamonds where
the 4152 is broad and diffuse, the lattice lines are broad and the edges of
the bands slightly diffuse, while in weakly fluorescent diamonds, where the
4152 is sharp, the lattice lines and edges are correspondingly sharp. This
is clearly seen in the spectra of D3, D1, D42 and D225 in the Plates and may
more readily be noticed in the case of the lines at 4334 and 4349 which are a
prominent feature of every spectrum. In D226, these two lines are scarcely
observable owing to their diffuseness. In D3 and DI they are seen to be
very sharp. The variations in the breadth of the lattice lines with the
broadening and splitting of the 4152 line suggest that both components of
the doublet are capable of exciting the lattice frequencies. Therefore the
procedure adopted in Table IV of considering neither of the components
but the central wave-length at 4152 as responsible for exciting the lattice
spectrum appears justified.

TABLE V
Unassigned Frequencies

Wave-length of lines in . )
o — | Digmondsin | Frauncy
Emission Absorption
1 5128 D225 19495
2 4200 D3 23803
3 4310 D223 23195

(b) The 5032 System.—Preliminary investigations by Nayar on the
yellow luminescence and absorption of diamond had shown that the fluor-
escence spectrum is similar to that in the blue and consists of a principal band
accompanied by subsidiary bands at longer wave-lengths in fluorescence and
at diminished wave-lengths in absorption. A photograph of the 5032
system in emission and absorption taken by Nayar is reproduced in an
article by Sir C. V. Raman in Current Science for January 1943.

At room temperature the principal electronic line lies at 5038 A.U. and
is about 15 A.U. broad. The subsidiary bands, as will be seen in Fig. 5(a),
are correspondingly broad and diffuse. As the temperature is lowered,
both the main and subsidiary bands become more intense and sharper and
shift towards shorter wave-lengths. The peak of the band at liquid air
temperature as determined by a microphotometer curve was found to be
at 50320 A.U. Descriptions of the bands, their wave-lengths, intensities
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and frequencies are given in Table VI for both emission and absorption.
Columns 5 and 9 give the frequency shifts of the subsidiary bands from 5032
in fluorescence and absorption respectively. A microphotometer tracing of
the 5032 system in emission is reproduced in Fig. 15, Plate XIII.

TABLE VI
Lattice Spectrum in the 5032 System

FLUORESCENCE ABSORPTION
Description
No. | Wave- Fre- Frequency of the Wave- Fre- Frequency
length | Inten- quency Shifts Bands length | quency Shifts
in sity in from 5032 in in from 5032
AU. cm,? incm.™! A.U. cm.™? incm.™!
1 5032 20 19867 .. Intense line 5032 19867
| 5040 | 4 | 19836 31 | Sharp limit N T
(5049) | 4 19800 (67) | Fallinintensity | (5015) | 19934 67)
(5056) 2 19773 94 Diffuse limit (5009) 19958 “1)
ML | (5062) | 2 | 19750 (117) | Diffuse limit | (5002) | 19986 19
(5080) | 4 | 19680 (187) | Risc in intcnsity | (4985) | 20054 (187)
5100) | 7 | 19602 (265) | Further risc in | (4966) | 20131 (264)
intensitv
(5130) 7 19488 (379) Fall in intensity | (4930) 20278 411)
(5144) 3 19435 (432) DifTuse limit (4920) 20320 (453)
1V | (5170) 3 19337 (530) Diffuse limit (4900) 20402 (535)
(5180) 5 19300 (567) Rise in intensity | (4890) 20444 (577)
(5216) | 'S | 19166 | (701 |Fallinintensity | .. .. ..
(5230) 3 19115 (752) | Diffuse limit (4840) : 20655 (788)
\% (5260) 2 19006 (861) Diffuse limit (4825) | 20720 (853)
(5284) 3 18920 947) Rise in intensity .. .. ..
(5304) 3 18848 (1019) Fall in intensity | (4788) 20880 (1013)
(5320) 2 18792 (1075) Diffuse limit (4768) 20967 (1100)
VU | (5335) 1 1873¢ (1128) l Fairly sharp limit| (4762) 20994 (1127)
5341 2 18718 1149 Sharp line 4757 21016 1149
5372 3 18610 1257 Sharp limit 4733 21122 1258
5381 2 18579 1288 Sharp limit 4727 21149 1282
5393 2 18537 1330 Sharp limit 4716 21198 1331
G397 | 1 | 18524 (1343) | Fairly sharplimit| (4713) | 21212 (1345)
VII | (5420) 2 18445 (1422) Limit approx. (4692) 21307 (1440)
(5455) 2 18327 (1540) Peak approx. (4673) 21394 (1527
(5492) 2 18203 (1664) Limit approx. (4645) | 21522 (1655)
VIII| (5520) 1 18110 (1757) Limit approx. 4611) 21681 (1814)
(5560) 1 17980 (1887) Peak approx. (4588) 21790 (1923)
(5602) 1 17846 (2021) Limit approx. (4566) 21895 (2028)
17729 (2138) Limit approx.

X | (5639)

Peak approx. (4;168) 22375 (2568)
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The bands are numbered from Il to 1X and extend to 5700 A.U. in
fluorescence and to 4400 in absorption. The continuous spectrum in this
system extends to 6500 A.U., and beyond 5600 A.U. is as intense as the
subsidiary bands whose limits could not thereforc be located with any
certainty. The relative intensities of the subsidiary bands as in the 4152
system are always constant with the exception of the band Il which is gene-
rally weak, but appears with fairly high intensity in D225 (see Fig. 7¢ and
Fig. 8¢).

(¢) Lattice Frequencies.—An cxamination of Tables 1V and VI shows
that the frequency shifts of the subsidiary bands in both the 4152 and 5032
systems are identical within the limits of accuracy of measurement and that
these bands arise from a combination of the lattice frequencies of the
diamond lattice with the clectronic frequencies at 4152 and 5032 respec-
tively. The intensity and structure of the bands in the two systems are,
however, very different. In the 4152 system, the bands 11 to VI consist of
sharp lines or bands with extremely sharp edges, while in the 5032 system
all the bands with the exception of VI arc broad and diffuse. The lattice
bands in the 4152 system alternate in iniensity, II, V, VII, 1X and XI being
weaker than 1V, VI and VIII. In thc 4152 system VI is the most intense
band and 111 one of the weakest. On the other hand in the 5032 system,
the bands progressively decreasing in intensity as we proceed away from
5032, III is the most intcnse band of the group and VI one of the weakest.

The lattice frequencies derived from fluorescence and absorption
measurements may be classificd into ten groups: 34-98, 132-443, 532-784,
848-1088, 1131-1341, 1361-1667. 1800-2090, 2400-2660, 2700-2850 and
3100-3350 cm.-! The principal discrete frequencies are listed below:—

34, 70, 98, 132, 178, 212, 258, 359, 443, 533, 543, 565, 681, 716, 784,
848, 946, 1013, 1088,1131, 1149, 1218, 1252, 1284, 1330.

9. Effect of Temperature Variation on the 5032 System

The general effect of cooling the crystal from room temperature to liquid
air temperature is to increasc the intensity of fluorescence and absorption
in the whole region of the 5032 system. The bands become considerably
sharper and shift towards the blue, the general behaviour being analogous
to that of the 4152 system. The changes in absorption in every case are
parallel to those in fluorescence. In Table VII are given the wave-lengths
and frequencies of the principal electronic line and the lattice bands of the
5032 system at room temperature and at liquid air temperature respectively.
In column (3) are shown the shifts of the bands in cm.~! as the temperature
is lowered from 25°C. to — 189°C. In column (6) the changes in
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TasLe VII
Effect of Temperature Variation on Electronic and Lattice Lines

25°C. —189°C.
) Wave- Shift
No. | numbers | per 1000
Wave-length Frequency : Wave-length Frequency shift cm.~!
in AU, incm™t ! inA.U. incm.?
|
1 5038 19844 5032 19868 T4 1:2
111 5123 19514 5115 19545 31 1:6
v 5204 19210 5198 19233 3 12
\' 5292 18891 5286 18912 21 1-1
VI 5367 18627 5359 18655 28 1-5
Vil 5455 18327 5451 18340 13 0-71
XI 5701 17536 5695 17554 18 1-0
5768 17332 5758 17362 30 1.7
1 4156 24057 4152 24077 20 0-83
2 3450 28975 3447 28999 24 0-83
3 3304 30257 3299 30303 46 1-5
4 3159 31648 3154 31699 st | 16
5 Raman linc 1332-1 Raman line 1333.8 1:7 1:3

frequencies in each case are shown as a shift per 1000 cm.-? In the lower
half of the table are given similar data for the prominent electronic lines
in the 4152 system and in ultra-violet absorption along with those of the
1332 line in Raman ecffect (taken from Nayar’s tables). = An examination
of the last column shows that the shifts per 1000 cm.-! are more or less of
the same order and about the same as that of the 1332 line in Raman effect.

In conclusion, the author wishes to express her respectful thanks to
Professor Sir. C. V. Raman for his constant guidance and encouragement
during the course of this work.

10. Summary

A detailed study of the fluorescence and absorption spectra of 32
diamonds of widely different intensities and colours of luminescence has
been made at room temperature and at liquid air temperature, using a two-
prism spectrograph of good resolution and large light-gathering power.
A clear relation is observed to exist between the fluorescence and absorp-
tion spectra in the visible region and this is shown to extend both to the
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The bands are numbered from Il to 1X and extend to 5700 A.U. in
fluorescence and to 4400 in absorption. The continuous spectrum in this
system extends to 6500 A.U., and beyond 5600 A.U. is as intense as the
subsidiary bands whose limits could not therefore be located with any
certainty. The relative intensities of the subsidiary bands as in the 4152
system are always constant with the exception of the band II which is gene-
rally weak, but appears with fairly high intensity in D225 (see Fig. 7¢ and
Fig. 8c¢).

(¢) Lattice Frequencies.—An examination of Tables IV and VI shows
that the frequency shifts of the subsidiary bands in both the 4152 and 5032
systems are identical within the limits of accuracy of measurement and that
these bands arise from a combination of the lattice frequencies of the
diamond lattice with the clectronic frequencies at 4152 and 5032 respec-
tively. The intensity and structurc of the bands in the two systems are,
however, very different. In the 4152 system, the bands II to VI consist of
sharp lines or bands with extremely sharp edges, while in the 5032 system
all the bands with the exception of VI are broad and diffuse. The lattice
bands in the 4152 system alternate in intensity, 11, V, VII, 1X and XI being
weaker than 1V, VI and VIII. In the 4152 system VI is the most intense
band and 1II one of the weakest. On the other hand in the 5032 system,
the bands progressively decreasing in intensity as we proceed away from
5032, 111 is the most intcnsc band of the group and VI one of the weakest.

The latticc frequencies derived from fluorescence and absorption
measurements may be classificd into ten groups: 34-98, 132-443, 532-784,
848-1088, 1131-1341, 1361-1667. 1800-2090, 2400-2660, 2700-2850 and
3100-3350 cm.~' The principal discrete frequencies are listed below :—

34, 70, 98, 132, 178, 212. 258, 359, 443, 533, 543, 565, 681, 716, 784,
848, 946. 1013, 1088,1131, 1149. 1218, 1252, 1284, 1330.

9. Effect of Temperature Variation on the 5032 System

The general effect of cooling the crystal from room temperature to liquid
air temperature is to incrcasc the intensity of fluorescence and absorption
in the whole region of the 5032 system. The bands become considerably
sharper and shift towards the blue, the general behaviour being analogous
to that of the 4152 system. The changes in absorption in every case are
parallel to those in fluorescence. In Table VII are given the wave-lengths
and frequencies of the principal electronic line and the lattice bands of the
5032 system at room temperature and at liquid air temperature respectively.
In column (3) are shown the shifts of the bands in cm.~! as the temperature
is lowered from 25°C. to — 189°C. In column (6) the changes in
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TABLE VII
Effect of Temperature Variation on Electronic and Lattice Lines
25¢C. —189°C.
_ Wave- Shift
No. - numbers | per 1000
Wave-length Frequency Wave-length Frequency shift cm.™!
in A.U. incm.? in A.U. incm.™t

I 5038 19844 ‘ 5032 19868 24 12
111 5123 19514 SIS 19545 31 1:6
1v 5204 19210 5198 19233 23 1.2
A\ 5292 18891 5286 18912 21 1-1
Vi 5367 18627 5359 18655 28 1.5

Vil 5455 18327 5451 18340 13 0-71
X1 5701 17536 5695 17554 18 1-0
5768 17332 5758 17362 30 1-7

1 4156 24057 4152 24077 20 0-83

2 3450 28975 3447 28999 24 0-83
3 3304 30257 3299 30303 46 1-5
4 3159 31648 3154 31699 51 1-6
5 Raman line 1332-1 Raman line 1333-8 1-7 1-3

frequencies in each case are shown as a shift per 1000 cm.-! In the lower
half of the table are given similar data for the prominent electronic lines
in the 4152 system and in ultra-violet absorption along with those of the
1332 line in Raman effect (taken from Nayar’s tables). = An examination
of the last column shows that the shifts per 1000 cm.-! are more or less of
the same order and about the same as that of the 1332 line in Raman effect.

In conclusion, the author wishes to express her respectful thanks to
Professor Sir. C. V. Raman for his constant guidance and encouragement
during the course of this work.

10.  Summary

A detailed study of the fluorescence and absorption spectra of 32
diamonds of widely different intensities and colours of luminescence has
been made at room temperature and at liquid air temperature, using a two-
prism spectrograph of good resolution and large light-gathering power.
A clear relation is observed to exist between the fluorescence and absorp-
tion spectra in the visible region and this is shown to extend both to the
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general character of the spectra and to their intensities. In spite of the
enormous variations in the intensity and colour of luminescence, the spectra
in all diamonds consist mainly of the 4152 and 5032 systems which consist
of (a) a set of lines appearing as bright and dark at the same wave-lengths
respectively in fluorescence and absorption, (b) subsidiary or lattice lincs
appearing at greater wave-lengths in fluorescence and at diminished wave-
lengths in absorption, associated with the principal electronic lines at 4152
and 5032 A respectively. In blue-fluorescing diamonds the 4152 system is
more prominent than the 5032 system. In yellow-fluorescent diamonds the
reverse is the case. More generally, the two systems appear with com-
parable intensities. The intensity and colour of luminescence is thus
determined by the absolute and relative intensities of the two systems.

Thirty-six clectronic lines other than 4152 and 5032 are found to be
present in the visible region. Of these the lines at 4060, 4123, 4194, 4222,
4232, 4277, 4907, 5359, 5695, 5758, 6177, 6265 and 6358 are characteristic of
yellow fluorescence while those at 4090, 4109, 4189, 4197, 4206 and 4959
are characteristic of blue fluorescence.

The 4152 line appears in most diamonds as a doublet in both emission
and absorption, the width and separation of the components increasing
with the intensity of blue luminescence. The 5032 line shows no such
variation with changes in the intensity of yellow fluorescence.

The frequency differences between the principal electronic lines at 4152
and 5032 and the lattice lines associated with them are the same in fluores-
cence and absorption, and lic in the infra-red range; they thus represent
the vibration frequencies of the diamond lattice. Their values as derived
from the 4152 and 5032 systems are identical, but the degree of sharpness
and the intensity distributions are different in the two systems. From the
observed frequency differences 25 monochromatic frequencies, viz., 34, 70,
98, 132, 178, 212, 258, 359, 443, 533, 543, 565, 681, 716, 784, 848, 946, 1013,
1088, 1131, 1149, 1218, 1252, 1284 and 1330 have been obtained as con-
stituting the lattice spectrum of diamond.
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APPENDIX I
List of Electronic Lines
Observed Wave-lengths in A.U. and intensitics (on a scale of 20) of the lines present in
in —
Diamond Fluorescence Absorption
D3 4152 (20). 4189 (0), 4197 (1), 4206 (2), 4959 (5), | 4152 (20), 5032 (4), 4959 (2)
5032 (6)
D7 4152 (20), 5032 (3)
D8 4152 (20)
D12 4152 (20), 4206 (2), 5032 (1)
D27 4152 (20), 4206 (4), 4222 (2)
D31 4152 (20)
DN32 4152 (-), 4197 (6), 4206 (6), 4227 (15), 5895 (20) | 4152 (20), 4189 (1), 4197 (1),
4206 (2), 4304 (1), 4380 (1),
4252 (1), 4959 (1), 5032 (1)
D33 4152 (20), 4197 (3), 4206 (2) 4152 (20)
D34 4152 (20), 4189 (1), 4197 (1), 4206 (2), 4959 (2),
5032 (1)
D36 4152 (20), 4197 (1), 4206 (3), 4227 (1). 5032 (0) 4152 (20), 3934 (5),
D38 4152 (20), 4206 (2), 4227 (2), 5032 (4)
D40 4152 (20), 4189 (0), 4197 (0), 4206 (1), 4227 (1),
4959 (2), 5032 (6), 5233 (1)
D42 4152 (20), 4189 (1), 4197 (2), 4206 (4), 4907 (2), | 4152 (20), 5032 (4)
5032 (8), 6177 (1), 6265 (2), 6358 (1)
DA42-+-D43 4152 (20), 4206 (1), 5014 (1),
5032 (3)
D221 4152 (20)
D223 4090 (1), 4109 (1), 4152 (20), 4175 (2), 4189 (1),
4197 (2), 4206 (3), 5233 (2)
D224 4090 (2), 4109 (1), 4152 (20), 4189 (2), 4197 (3), | 4152 (20)
4206 (4)
D226 4152 (20), 4206 (2), 4388 (5), 4959 (2), 5032 (7) | 4152 (20), 5032 (5)
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List of Electronic Lines
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Wave-lengths in A.U. and intensities (on a scale of 20) of the lines present in

Observed
in
Diamond Fluorescence Absorption
D1 4060 (1), 4123 (1), 4152 (20), 4194 (2), 4222 (1), | 4152 (20), 4907 (2), 5014 (1)
4227 (0), 4232 (1), 4277 (3), 4907 (2), 5014 (0), 5032 (20), 5359 (4)
5032 (20), 5359 (4), 5658 (1), 5695 (1), 5758 (2),
6177 (0), 6265 (0), 6358 (0)
D4 4152 (20), 4175 (1), 4206 (2), 4907 (3), 4959 (1), | 4152 (20), 5032 (6) -
5032 (7), 5359 (1)
D10 4152 (15), 4907 (2), 5032 (20),
5359 (3)
D11 4152 (5)-, 4907 (1), 5032 (20),
5359 (4)
D13 4123 (1), 4152 (20), 4175 (1), 4194 (3), 4222 (1),
4227 (0), 4232 (1), 4277 (5), 4388 (6), 4590 (1),
4606 (2), 4833 (4), 5014 (0), 5032 (20), 5359 (3),
5658 (0), 5695 (0), 5758 (2), 6177 (0), 6265 (0),
6358 (0)
D15 4123 (1), 4152 (20), 4194 (3), 4222 (1), 4227 (0), | 4152 (15), 4907 (2), 5032 (20),
4232 (1), 4277 (6), 4907 (2), 4959 (1), 5032 (15), 5359 (5)
5359 (6), 5658 (0), 5695 (0), 5758 (1), 6177 (0),
6265 (0), 6358 (0)
D19 4152 (10), 5032 (20), 5359 (3)
D47 4152 (20), 4175 (4), 4959 (1), 5032 (12) 5233 (2),
5359 (2), 5758 (2), 5895 (1), 6043 (4
D197 4060 (1), 4152 (6), 5014 (1),
5032 (20)
D225 4152 (20), 4189 (2), 4197 (3), 4206 (4), 4959 (18), | 3934 (10), 4152 (20), 4245 (1),

Becquerel, E.
Bhagavantam, S.

5032 (12)
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DESCRIPTION OF PLATES VIII TO XIII

Fie. 1. Fluorescence spectra, (@) at room temperature, and (b), (¢), (d) at liquid air tempe-
ture. In these, 4152 appears at the extreme left and 5032 at the extreme right.
The latter is much brighter than the former for D1 which is a yellow-luminescing
diamond, while the reverse is the case for D3 and D42 which are blue-luminescing
diamonds. 4152 is clearly seen as a doublet in Fig. 1 (d). The electronic frequency
at 4959 is seen with D3 but not with D1. Note other electronic frequencies at
4194, 4222, 4232. 4277 in (c) and 4189, 4197 and 4206 in (b).

Fic. 2. Fluorescence and absorption spectra juxtaposed after inverting the latter to exhibit
the mirror-image symmelry of the lattice lines about the electronic frequency
at 41