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1. Introduction
AN extensive literature' has grown up on fluorescence spectra, and numerous

studies of the spectra of crystals have been made in the last few years. Cooling
the crystals to low temperatures (e.g., that of liquid air or hydrogen) has
played a great and fundamental role in these investigations. Lumines-.
cence spectra are often diffuse and blurred at ordinary temperatures, and
this is usually ascribed to fluctuations in the strength of the crystalline field
arising from thermal and other disturbances. On reducing the temperature, these disturbances diminish and the spectra undergo notable changes,
in many cases becoming clearly resolved into narrow bands or sharp lines.
Analogous changes also occur in the complementary absorption spectra
when the temperature is lowered. Hcnc°, it is usually quite essential that
the luminescence and absorption spectra should be studied at the lowest
available temperatures. Another important fact, as pointed out by Randall, 2
is that many ordinarily non-fluorescent solids become fluorescent at
low temperatures. The belief that only a few substances fluoresce has been
proved to be not quite correct, and we know to-day a fairly large number
of solids giving luminescence spectra. They may, broadly speaking, be
placed in one or the other of two classes. 4 To one class belong the uranyl
salts, the platinocyanides, the rare-earth and manganese salts which fluoresce in the pure state due to the presence of an incomplete 3d or 4f shell.
In the other class, the luminescence is due to the presence of impurities,
as Boisbaudron 5 first pointed out, or to some internal distortion or mosaic
structure in the crystal. This includes the Lenard-Klatt sulphides, alkali
halides, zinc sulphide, chromium and rare-earth activated solids and
diamond. The common activating impurities are Cu, Mn, Ag, Bi, Cr, Th
and the rare-earth elements. In some cases the stochiometric excess of the
metal (e.g., in zinc oxide and the alkali halides) or exposure to X-rays also
produces luminescence.
It is now well known that sharp emission spectra are not the characteristic of gases only. In fact, some polyatomic molecules give continuous
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spectra in emission, while the luminescence spectra of some solids give lines
as sharp as those of gaseous atoms. As Speddinge has pointed out, we may
divide the luminescence spectra of solids into two large classes, the " continuous " and the ' discrete ' or 'line' spectra. Spedding has also discussed
the origin of these two types. The appearance of clearly resolved lines
obviously demands that both the upper and lower states are sharp. The
following solids have been known to give discrete or line spectra at sufiiciently low temperatures.
1. Diamond where the luminescence is probably due to some sort of
mosaic structure?
2. The chromium (transition element) activated luminescent solids,
e.g., ruby.
3. Solids containing rare-earth elements.
4. Solids containing foreign atoms scattered through their lattices
e.g., the sulphide, halide and oxide phosphors, of some metals.
5. Some pure salts, e.g., the uranyl compounds.
6. Organic compounds having a double bond, e.g., solid benzene.
7. Solidified gases, e.g.; solid nitrogen.
Whether the luminescent substances are pure or impurity-activated,
the importance of studying their spectra along with the complementary
absorption spectra cannot be over-emphasised. At the present moment
when the exploration of the energy levels of crystals is making rapid progress, such studies are of great value. Their importance is as great to-day
for the understanding of the energy levels in a crystal as was the study of the
band spectra of molecules, twenty years ago, to understand the energy levels
in the gaseous state. The theoretical side, which has also made a considerable progress within the last thirteen years notably at the hands of Brillouin,
Wilson, Peierls, Wigner, Seitz, Slater, Gurney, Mott and others, has been
shaped to what is known as the " Zone theory " of the solids. Although
this theory claims successfully to have explained the difference between a
conductor and an insulator, yet as regards the excited states it has not been
very successful. Attempts have been made to apply the theory to the case
of luminescence in solids. Thus, Seitzs exlpains the fluorescence of zinc
sulphide and alkali halide phosphors activated by thallium, while Milner' 0
gives a broad outline of the difference between the pure and impurity-activated phosphors. It must be said, however, that there is, as yet, no universal
mechanism known explaining the observed facts.
Still, whatever may be the mechanism of the main electronic transition,
in many cases where this transition is modified by the internal vibrations
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of the solid, some very important information can be procured concerning
the nature of these vibrations. Such information has become of great
interest in view of the recent theory put forward by Raman" which suggests
that the thermal vibrations of the crystals are monochromatic and not continuous, as the theories of Born and Debye assume them to be. Although
the Raman scattering of light in crystals usually gives some of the desired
information, owing to the selection rules involved, not all the frequencies
can appear as fundamentals in every case. In the present paper, an attempt
is done to throw some light on the problem from the evidence gained from
the literature on the luminescence spectra of solids. Wherever possible
this evidence is supplemented by that gained from the corresponding absorption spectra.
2. Diamond
This case is of exceptional interest in view of the elementary character
of the substance and the simplicity of its structure. The emission of light
by diamond in various circumstances has long been familiar knowledge.
Crookes and Becquerel who studied the phenomenon noticed and recorded
the appearance of some lines in the green and yellow regions of the spectrum.
Walter had noticed that some diamonds exibit an absorption band at 4157
A. That a bright band appears at the same position in the luminescence
of many diamonds was noticed by Ramaswamy,"- Bhagavantam, 13 John"
and by Robertson, Fox and Martin. 15 Tha subject has since been thoroughly investigated with the diamonds in the collection of Sir C. V. Raman by
Nayar 16 and more recently also by (Miss) Anna Mani (1942-43) in her as yet
unpublished work. By studying the phenomena at liquid-air temperatures
a notable advance has been achieved in the knowledge of the spectra of
diamond.
At low temperatures, the 4157 A band shifts and appears as a sharp
line or doublet centred at 4152 A. The bright green luminescence of some
diamonds is similarly associated with a sharp line at 5032 A. The
appearance of bright and dark lines with these wave-lengths respectively
in emission and in absorption indicates that they represent electronic transitions. Their intensities vary enormously from diamond to diamond.
These electronic transitions are . found further to be associated with
emission spectra showing much observable detail and extending towards
longer wave-lengths in fluorescence; similar spectra extending towards
shorter wave-lengths are also noticed in absorption in each case. The
intensities of these spectra vary in the same way and proportionately
with that of the associated electronic transition from specimen to specimen.
The features observed in emission and absorption are found to exhibit

312 D. D. Pant
perfect mirror-image symmetry in the frequency scale with reference to the
associated electronic transitions. These facts indicate that the spectra arise
from combinations of crystal lattice vibrations with the electronic transitions.
The observed frequency differences lie in the infra-red region of the spectrum, and the values determined from emission and absorption data agree
with each other and are also the same for both the blue and the green
luminescence.
The most clearly defined and accurately measurable lattice frequencies
for diamond found in the studies of Nayar and of (Miss) Mani are (in wavenumbers) 1332, 1248, 1149, 1088, 1013, 935, 784 and 544, and these are
probably the eight fundamental frequencies of the diamond lattice. The
spectra indeed extend to both larger and smaller frequency shifts from
the electronic transitions. They are, however, both feeble and diffuse towards
larger frequency shifts, indicating that these are probably octaves and
combinations of the frequencies listed above. Much detail is also observable and measurable in the spectral region with frequency shifts smaller
than 544 cm.-1 This region appears only feebly with the 4152 transition,
but quite strongly with the 5032 transition. It is noteworthy that the
highest fundamental frequency 1332 determined from these studies agrees
closely with the characteristic frequency of diamond observed in its Raman
spectrum. Taken altogether, the results make it clear that the vibration
spectrum of the diamond lattice consists essentially of a series of discrete
monochromatic frequencies and is not a continuous one.
3. Chromium (Transition Elements) as Activator

Most of the divalent manganese and trivalent chromium compounds
give well-defined spectra. The electronic transition responsible for these
is due to the rearrangement of the electrons in the incomplete 3d shell.
Manganese happens to be the best impurity activator inasmuch as it imparts
luminescence to the greatest number of cases. Randall'' has studied the
fluorescence spectra of pure manganese halides and also of the compounds
activated by manganese. Kroger 18 has studied the Zn 2 SjO 4 Mn 2SiO 4
mixed system. Considerations of the absorption spectra of the pure compounds of manganese by Gielessen 21 show that the electronic transition is
zG 4 F of the Mn++ ion. No associations of the lattice vibrations with the
electronic transion seem to have been recorded.
Deutschbein' s has studied the chromium activated phosphors most
extensively. Like chromium, the cobalt and nickel phosphors also give
sharp lines both in fluorescence and absorption. It is found that chromium
fluoresces in compounds where Cr 2 O 3 can be isomorphous with the
—
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bedding, e.g., in ruby. Where the distortion of the lattice is greater, the
spectra are more diffuse. Out of the many naturally occurring stones such
as the ruby, sapphire, red spinet, etc., which emit the red fluorescence of the
chromium impurity, 10 ruby has been studied most thoroughly. It is suggested
that the fluorescent doublet at AA 6927 and 6942 A° is due to the Cr+++ ion.
Among the recent workers who have studied the fluorescence spectrum of
ruby may be mentioned Venkateswaran, 22 Thosar 23 and Miss Mani. 24
Apart from the electronic transition in Cr+ + } ion, the part played by
matrix crystal corundum has to be considered. Deutschbein was the first
to explain the sharp band at A 7138 A° (v = 14006 cm. 1) as being due to the
superposition of the Raman frequency 412 cm. -1 of the ruby lattice on the
electronic transition responsible for the band at A 6935 A° (14416 cm. -1).
Thosar who suggested that the Cr+++ ion replace the Al... ion in the lattice
was led to the conclusion that bands on the antistokes side of the main band
must be due to the proper vibrational frequencies of the molecular group
Cr 20 3 Miss) Mani has studied the luminescence, Raman scattering and
absorption of ruby, and she finds that there is an approximate mirror-image
symmetry for the bands at AA 6595, 6693 and 6817 A on the antistokes side
and for those at AA. 7324, 7275, 7188, 7138 and 7030 on the Stokes side. With
the help of three infra-red frequencies at 909, 847 and 741 cm. ' and two
Raman frequencies at 412 cm. -1 and 376 cm. of the Al 2 0 3 lattice, she has
suggested that 8 bands both on the Stokes and antistokes side could be
explained.
In this connection it is worthwhile mentioning certain features of the
absorption spectra of chrome-alums which have been studied by various
investigators 25-29 at temperatures as low as that of liquid hydrogen. Sauer
has for example studied the effect of isomorphous replacement in a group
of eleven sulphate and selenate chrome alums at - 190° C. Discrete absorption
is found in general in the red and orange region followed by a strong continuum with maxima approximately at AA 5700 and 4000 A°. On lowering
the temperature to that of liquid hydrogen, the continuum narrows,
becomes less diffuse and often resolves into finer structure. The spectra of
selenates are richer in lines than those of potassium chromium sulphate and
the lines are superior in sharpness at the temperature of liquid air. Krauss
and Nutting have analysed the spectra consisting of a number of lines, and
they find that combinations of lattice vibrations with both upper and lower
electronic states of Cr4 are involved. Bands are observed in all the alums
shifted about 330, 570 and 800 cm. 1 to higher frequencies than the electronic
absorption lines. Combinations of the internal oscillations of the anions
are weak but have also been observed.
- - -
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Here again we find definite evidence regarding the sharpness of the
internal vibrations in the solid state.
4. The Rare-Earth Phosphors

The ions of rare-earths, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er and Tm
give very sharp lines both in the absorption and luminiscence spectra. Such
spectra are found both in the pure rare-earth salts and the solids where they
are present as impurities. The lines are sharper than those obtained in the
chromium activated phosphors. It is found that unlike the Cr+++ ion the
rare-earth ions need not be isomorphous with the bedding. The spectra
arise out of the transition within the shielded incomplete 4f shell of the ion.
The levels are split up by the electric fields within the atom in accordance
with the theory of Bethe. 30 Each line has therefore, companions depending
on the symmetry of the. crystalline field and J values of the states of the ion.
The naturally occurring fluorites were studied by Haberlandt 31 and his
co-workers who recognised that the divalent rare-earth ions are responsible
for the fluorescence. The pioneering work in the luminescence spectra of
the rare-earths was, however, done by Tomaschek 32 and collaborators. The
sharpness of the lines which resembles that of the lines in the gaseous state
permits to study the influence of the surrounding field on the spectra very
accurately. At Dresden a most thorough investigation of the problem has
been made by what they call 'the method of line fluorescence'. Extremely
useful results have been obtained regarding the nature of the crystalline
fields, structure of glasses, phosphorescence centres in glasses, the hyperstructure of the crystallised substances and the constitution of liquid solutions
which have been shown to have crystalline structure. It is found that the
line structure of the spectra in the crystalline state is diffuse in the vitreous
state. Fluorescence of the pure salts and their solutions has also been
studied 33 34 and recently Chatterji 35 has given the interpretation of the
fluorescence spectra of artificial fluorites activated by the rare earth elements.
Tomaschek 36 has discussed the known facts regarding the line spectra of
solid solutions in emission and absorption, particularly those of the rare earths
in a separate paper. According to him the spectra represent electronic jumps
on which are superposed the vibrations of the parent lattice and the light
centre itself. The vibrations thus obtained are of lower frequencies than
those obtained from. the Raman effect of the parent lattice. This difference
is explained on the assumption that the rare-earth molecules may act as
inert loads. If this explanation is correct the changes of frequency should
be greater the larger the rare-earth and smaller the bedding molecule. This
point has been experimentally confirmed. For example, the praseodymium
.
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ion which produces a greater change of frequency than the samarium ion
has a diameter 3 per cent. greater than that of the latter. On the other
hand, barium oxide has a larger diameter than calcium oxide and the change
of frequency produced by bedding samarium in it is much less. Diagrams
are given by Tomaschek to show how the lattice frequencies of alkaline earth
sulphides and oxides compare with those obtained from the fluorescence
spectra when samarium and praseodymium are embedded in them.
Tomaschek has further shown that similar lattices give similar spectra and
that crystal type has a great influence on them. Leaving aside the mechanism of electronic transition, the position can be summed up by saying that
frequencies characteristic of the matrix lattice modified by the presence of
the rare-earth ion in question are found in the spectra of rare earth phosphors. These frequencies are associated with the electronic transition in the
ion and surely, there cannot be the least doubt about the monochromatism
of these lines.
In the following, the foregoing remarks will be supplemented with
evidence gained from the experiments on the absorption spectra of some
crystalline rare-earth salts. These spectra again consist of sharply defined
and widely spaced groups of bands. The separate groups owe their origin
to the decomposed multiplet levels by the electric fields. The electronic
transition again arises out of the rearrangement within the 4f configuration
of the rare-earth ion. 37 A good amount of work has been done by
Spedding 38 and others who find that low lying levels (electronic) are to be
observed in NJ 2 (SO 4 3 8H 20; NdCl 3 6H 2 0, Pr e (SO 4 3 8H2O and the europium salts. But to account for the large number of lines it is necessary to
couple internal vibrations of the crystal with the electronic transition. The
work of Ewald, 9 Howe and Herbert40 and Weissman and Freed, 41 however,
demands greater attention here, for it gives some definite evidence regarding
the vibrations in the rare-earth crystals.
Taking very thick layers of neodymium salts Ewald found that each
group of electronic transitions is accompanied by faint lines, spaced in the
same manner on the short wave-length side. The spacing in the weak lines
is found to be the same in each group. In the case of the mixed nitrate
3 Mg(NO3)2 2Nd(NO 3 3 24HdO these frequencies correspond to the vibrations of the NO3 ion and the H 2 O molecule. On replacing the water of
crystallisation by heavy water, vibrations corresponding to that of D 2 O are
observed. Ewald also found that some low frequencies from 50 cm. -1 to
200 cm. -1 represented lattice vibrations; for an increase in the mass of the
lattice atoms effected a decrease in the frequencies. Hellwego 42 by the
restrahlen method found that these were actually the crystal oscillations,
)
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Striking results are obtained by Freed and Weissman in the corresponding salt of europium. The spectrum, remarkably enough, consists of sharp
lines even at room temperatures. They also find that in addition to the
lattice oscillations on the short wave-length side of the electronic frequency,
there appears a similar pattern of lines towards the longer wave-lengths
displaced by an equal amount in frequency. On lowering the temperature,
these new lines vanish; thus indicating that they are thermal oscillations of
the lattice and that their presence in the spectrum corresponds to the antistokes frequencies in Raman eflect. These authors also give evidence to
show that crystal structure continues even in the solution state of the salt.
But the lines are naturally more diffuse there.
The observations of Weissman and Freed appear to have a great significance from our point of view. The results show that the vibrations of the
solids are (at least in the observed case) sharp even at room temperatures.
It seems plausible that the diffuseness in any observed spectra is mainly due
to the electronic transition, the thermal vibrations remaining still sharp.
5. Fluorescence Spectra of Impurity Activated Solids

A greater number of solids fluoresce only in the impure state. The
chief characteristic of their luminescence spectra is the lack of resolution
even at low temperatures. On this account, nothing much has been said
from the theoretical point of view. The alkali halide phosphors have been
studied by a number of investigators, notably by Pohl, Hilsch and others. 43
The absorption bands by which luminescence may be stimulated, consist
of several sharp peaks near a 3000 A to the short wave-length side and are
characteristic of such phosphors. They are, however, absent in the pure
halides. The luminescence lies in the near ultra-violet and visible region.
Von Hipple 44 has given a theory of these phosphors. Zinc sulphides give
broad bands depending on the nature of the impurity atoms 4 6 Reference
to Seitz's theoretical discussion in this connection has already been made.
From the experimental standpoint the resolution of the broad, featureless bands in many impurity activated phosphors has been attempted by
Schmidt, 46 Schellenberg'7 and Howes48 but much success has not been
obtained. Recently, however, Ewles 3 has done some valuable work in this
direction and here, his results will mainly be quoted. He obtained the most
remarkable resolution of the ultra-violet bands of CaO phosphors, into
almost line-like components with cathode ray excitation. This condition
was obtained by cutting down the cathode ray current to a fraction of a
micro-ampere by running the machine very slowly or by putting a spark
gap in parallel with the tube. The spectrum obtained in the ultra-violet
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region appears to be divided into a number of groups of broadened lines each
suggesting a band group. The bands in the visible region are however broad.
In CaO, for example, two groups of bands are observed. They are
named as (F, G) and (H, K, L) groups. The bands can be represented by a
formula of the type
1) w „ .
v = ye + ( v + 1) co'— (v"+
The following table gives the bands of the (F, 0) group.
'

TABLE I

Bands in the F, G Group of CaO
Designation

I

F
G
Fl
G,
F,
G,
F3

I

Calculated

Observed
27404
27166
26891
26647
26385
26142
25886

1

27404
27160
26896
26652
26388
26144
25880

I

0, 0
1, 1
0, 1
1, 2
0, 2
1, 3
0, 3

= 27526 corresponds to the el.ctronic transition:
Cal 4s4p 3P° — 4s 4d 3 D, w' = 244 cm. -1 and a," = 508 cm. -1 Similarly
for the (H, K, L) group v= 25816, and w' = 294 cm. ' and w"= 493 cm. -1
The frequencies 508 cm. -1 and 493 cm -1 are presumably the same as
453 cm. -1 the maximum vibrational frequency of the CaO lattice as g;v,n by
Tolksdorf. 49 Further evidence that the CaO crystal plays a predominant part
in the emission of the (H, K, L) group is given in favour of this assumption.
Fourteen samples of CaO phosphors, one pure and 13 impurity activated have been examined both with cathode ray and ultra-violet excitation.
It appears that the activators merely determine the relative intensities
of a set of groups but the positions are determined by the lattice itself. The
results obtained with CaO are confirmed by working with other sulphides
and oxides. In the case of SrO a set of 4 broadened lines is obtained
which can be put in the equation,
v = 26410 + (v' + 1) w'+ (v" + 1) 404 cm. -1
For ZnO, similarly,
v = 26764 + (v' + 1) 322 — (v"+ 1) 571 cm.-'
The frequencies 404 cm.-1 and 322 cm. -1 are probably due to the SrO and ZnO
lattices. The results of other previous workers have been explained on
similar lines. Although the evidence regarding the part played by the
v,

-
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crystal frequencies is not very conclusive, the review shows that, at the liquidair temperature, well resolved, broadened lines presumably due to the lattice
vibrations have been obtained. It would be of interest to study these spectra
at temperatures even lower than this. Even here, it is highly interesting to
note that the spectra which previously were known to consist of broad
featureless bands have been resolved into line-like appearance.
6. The Uranyl Compounds

It is well to emphasise the dependence of luminescence spectra on crystal
structure.b' The uranyl salts and the platinocyanides, which are two striking examples of complex co-ordination groups, greatly owe their property of
luminescence to the crystalline state. Levy, 5 ' for example, found that
out of the three pure samples of Ba Pt (CN)4H 2O only two, which were
crystalline, gave fluorescence. In uranyl compounds also, Nichols and
Howes52 find that the characteristic spectra can only be obtained in the
crystalline state. Even in substances where uranium acts as impurity
activator, well-resolved spectra at liquid-air temperatures have been obtained
only if the matrix substance is in the crystalline form.b 3 It is interestiag to
see that the fluorescence study of uranyl compounds in the crystalline state
gives much information regarding the nature of vibrations in the solid.
Fluorescence is the property of uranyl compounds only; the uranium
salts do not show any luminescence. At room temperatures, the pure salts
fluoresce giving rise to nearly 8 rather broad and diffuse regularly spaced
bands in the green-red region. These become sharp and get resolved into
lines at the liquid-air temperature. At the liquid hydrogen temperature
the lines have been reported to become as fine as those of a spark spectrum.
Table II gives the wave-number values of the lines in the fluorescence
spectrum of uranyl fluoride at the liquid air temperature taken by
Mr. N. D. Sakhwalkar in this laboratory.
TABLE IT

The fluorescence Lines in UO 2 F2 H2 O
.

Group
Series
A
B
C
D

1

2

20237 (w)
20083 (s)

19360 (d)
19218 (s)
19152 (d)
19126 (d)

s = strong

m = medium

3
18503 (d)
18354 (s)
18293 (d)
18270 (w)

4

5

17641 (w)
17493 (m)
17429 (m)

16740 (w)
16577 (m)

d = dim
w = weak

AV
(average)
865 cm. -1
861 cm.-4
858 cm. -1
856 cm. -1
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This is the simplest fluorescence spectrum to be found in the uranyl salts.
Measurement of the lines is very approximate; still it will be seen that the
spectrum consists of 5 groups each separated from the next one by 860 cm. -1
This separation of 860 cm. -1 is characteristic of all the spectra. Dieke and
Van Heel," therefore, suggested that the electronic transition is due to the
uranyl ion and that the jump is modified by the oscillation frequency 860 cm. '
of the UO 2 group. Van Heel 55 drew up the energy level diagrams to explain
the spectrum, but a really satisfactory explanation has not yet come forward.
The Raman spectra of the UO 2++ ion in solution were obtained by
Conn and Wub 6 and Satyanarayana. 57 It is confirmed that the 860 cm. -1
frequency is due to the symmetric (U =0) vibration. Two more frequencies
at 930* cm. -1 and 210 cm. -1 correspond to the antisymmetric and the deformational vibrations of the bent UO 2++ molecule. In addition to these, certain
companions of these vibrations have also been obtained which are due to
the undissociated uranyl compound. Taking these facts into account and
treating UO 2++ molecule as a triangular one, the author has found it possible
to explain the spectra more or less completely with due regard to the intensities of component lines of each groups.
The absorption spectra again consist of sharp bands spaced at intervals
of 700 cm. -1 This is obviously the vibrational frequency in the excited
state of the uranyl ion corresponding to 860 symmetric valence vibration of
the ground state. Thus, the uranyl ion, as far as the vibrational energies
are concerned, behaves more or less as a free gaseous molecule in the
crystalline uranyl compounds and gives rise to extremely sharp bands in the
luminescence spectra which are mostly due to the vibrations of the ion.
-

1. Solid Benzene

Investigations of the Raman spectra of crystals probably first revealed
the sharpness of the infra-red vibrations; attention to this was drawn as early
as 1929. 18 Some solids such as ice, salts having SO 4-- , NO3 , etc., as radicals
show, that vibrations corresponding to the molecule or the radical in question do exist in the solid. The luminescence and absorption spectra which
have been described above show that similar vibrations exist in the luminescent solids and are as sharp and discrete as in the gaseous state. Some more
evidence obtained from the study of fluoresence and absorption of C 6 H6
will now be given to show that vibrations corresponding to the gaseous state
also present themselves in the solid state.
-

* Observed in the infra-red absorption spectrum of the uranyl salts in crystalline state
by Conn and Wu.
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The fluorescence spectrum of benzene has been investigated both in
the gaseousb 9 and the solid state. 80 The fluorescence spectrum of solid
benz-,ne at — 185°C. consists of two progressions F, E, D, C, B and e, d, c, b.
The interval between F-E or e-d is 990 cm. -1 and that between e-E is
.-.600 cm. -1 These bands become extremely sharp at the liqud hydrogen
temperature. For, the structure of the bands, instead of splitting up,
completely disappears at this low temperature and only the maxima are left.
It is remarkable that the fluorescence spectrum of the solid benzene closely
agrees with series II fluorescence progression of the vapour state (Table III).
The equation for this series is gven as v= 39000 — l 000n — 163p.
TABLE III
Fluorescence Spectra cf S lid and Gaseous Benzene
\\

2

n

P \\
0
1
2
3

\

3j

I
I
I I.
5

4

I

I

6

Vapour Solid Vapour Solid Vapour Solid Vapour Solid Vapour Solid
2675
2686
2698
2710

2686
2695
2712

2749
2759
2772
2785

2756
2772
2785

2825
2838
2851
2864

2822
2834
2853
2868

2907
2920
2933
2948
2950

2904
2921
2935
2956

2996
3007

3008

3038

Tn absorption spxtra of b.nz;ne and the substituted benzenes have also
been studied both in the vapour stategl and solid states. 6° Due to the
great advance achieved in the understanding of the polyatomic spectra
in recent years, it has been possible to give a rather complete explanation
of the observed absorption spectrum of benzene. 62 The solid benzene at
—180° C. shows the presence of very strong progression, with a spacing of 923
cm. ' in the spectrum. This is similar to that observed in the gaseous state.
The weaker progression of the gaseous benzene with a spacing of 505 cm. -1
is, however, absent in the spectrum of the solid benzene. The latter is
again shifted by 261 cm. -1 to the red. A complete explanation for the
observed bands has been given except for some weaker bands spaced at intervals of nearly 60 cm. -1 which are probably due to the superposition of the
crystal frequencies. For, they cannot be due to the rotational energy which
will not exist at such low temperatures.
It will be noted that the frequencies 990 cm. -1 and 922 cm. -1 are the totally
symmetric vibration frequencies of the C-C bond in the ground and the excited
states. This case is exactly similar to that already mentioned in the case of
uranyl compounds. The 606 cm. -1 and 520 cm. -1 again are the C vibrational
frequencies in the ground and the excited states.
-
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It is not necessary to give a further account of the fluorescence and
absorption spectra of other organic molecules. It is known that an unsaturated
or resonating band in organic compounds generally gives rise to discrete
spectra. For, when a double bond exists, one of the electrons can be excited
without destroying the bond and this accounts for the sharp levels.
8. Solid Nitrogen

In 1924 Vegard 83 discovered that when solid nitrogen was bombarded
by cathode rays it emitted a radiation, the spectrum of which consisted of
sharp bands and lines. He extended his work considerably and the spectra
of solid nitrog ;n, nitrogen-argon mixtures in various proportions and so on,
at the temperatures of ligaid hydrogen and helium, were studied by various
types of excitations, e.g., slow and swift cathode rays, canal rays, X-rays
etc. 84 A considerable number of spectra were thus studied and the numerous lines and bands were classified into series and systems of such series.
It is not possible to give all the details regarding these; in brief it may be
said that they can be represented by equations of the type
e.g., vs = 21245.5-1631.1n + 10.7 n 2
ve = 22976.1-1633.1n + 11.3 n 2
for the 8 and the 6 series respectively. Other types of series which are characteristic of the solid state (for they appear in the phosphorescence emission)
can be represented similarly but the spacing between the successive bands
is larger here,
e.g., ve =17232+22315n +74 n 2

.

Series D, a, X, e and E are similar so far as the spacing between the successive bands is concerned. The nature of the equations clearly shows that
the series are due to an electronic transition modified by a vibrational frequency which combines with it in various quanta. The a series which is
of greatest importance, involves vibrational frequencies of the excited as
well as the ground states of the electronic transition.
Thus,
/
E (ml m2) = vo + T2 ( m2) — T1 (ml)
where mi , m2 correspond to the upper and the lower levels of the crystal.
T 2 and T l are approximately vibrational frequencies of the excited and the
ground states respectively; for T 2 (m2) = 1453.1 m2 .14.866 m 2 2 and Tl (mi)
=23233 m l — 14.898 m x 2 .
Experiments showed that the solid nitrogen has two allotropic modifications ; the a -form which exists below 35.5 K. and the fl-form which
,

0
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exists above this transition point. While both the forms give luminescence
on excitation with the cathode rays, it is only the a -form that gives the afterglow (phosphorescence). The D, a, X, e and e series which appear in the
afiei-g'ow spectrum are thus the typical bands of the solid form. Vegard
explained the non-appearance of the after-glow in the fl-form by assuming
that the electronic transition, which is a forbidden one, appears in the a-form
because the molecular axes are fixed in the lattice (which is cubic).B 5 In
the /3-form, however, the axes are absent because the molecule rotates. 66
This, however, does not explain the decaying property of the after-glow
which does not obey the exponential law. It was, therefore, assumed that
the bombarding rays produce dissociation of the molecules into atoms.
The latter recombine to form an excited molecule by the force of some chemical energy.
The then existing facts were all in agreement with the assumption that
the electronic transition is of the forbidden type. The level A 3E of the N2
molecule was known to exist from the analysis of the first positive nitrogen
bands. This level is metastable with respect to the ground X 1 + state.
state. The
vibrational levels of the ground and the excited states were known to be of
the values of 2359.6 cm. -1 and 1460.4 cm. -167 respectively. However, the
discovery of the Vegard-Kaplan bands of N 2 by Kaplan 68 (transition
A 3L' — X1 Eg) completely removed the last traces of doubt. The e bands
now correspond to the above transition 89 and vibrational energies T, and T 2
correspond to the vibrational frequencies of the 1E+ and 3E states respectively.
Lastly, Vegard finds that the series are not composed of single lines but
of two or more components. The splitting up is more pronounced at the
liquid helium temperature than at that of liquid hydrogen. The multiplicity
cannot be due to the rotational energy for obvious reasons. Excepting for
the a- series which has a splitting of 69 cm. -1 other series show a difference of
40 cm. -1 between the successive components. Vegard suggests that these
are due to the change of vibrational energy of the molecular element in the
crystal lattice. 70 In other words, these are the oscillation frequencies of
the lattice.
Here again we have strong evidence to show that thermal frequencies
existing in the solid state are sharp and monochromatic. Further, it has
once again been shown that the vibrational energy of the molecule remains
more or less the same both as regards monochromatism and frequency in
the gaseous and the solid states. A little difference, if at all, has to be
expected due to the Van der Waals forces.
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A general survey of the known luminescence spectra of crystals is given.
Those which give discrete spectra have been divided into seven classes. The
luminescence spectrum of each of these crystals is examined to see what
evidence it gives regarding the nature of the vibrations in the crystal lattices.
Wherever possible the information thus obtained is supplemented by the evidence furnished by the complementary absorption spectra. It is shown that
there is a mass of striking evidence indicating that vibrational frequencies
are sharp and monochromatic in all crystals. Those luminescence spectra,
which are not discrete are due to an electronic transition in which one or
both the electronic states involved are not sharp and hence no evidence
regarding the vibrational frequencies can be gained from them. It is
remarkable that over the whole range of crystal structure—from the typical
covalent crystal diamond to the typical Van der Waals crystal solid nitrogen—
the vibrational frequencies are all sharp and monochromatic. The ionic
crystals, e.g., the uranyl salts are also no exception to this rule. In many
crystals some of the constituents, e.g., N2 in solid nitrogen, C 0H 6 in solid
benzene, the UO 2++ molecule in uranyl salts and so on, behave as if they are
in the gaseous state. For example, the vibrational frequency observed in
the fluorescence spectrum of solid benzene at very low temperatures. is thus
the same as that of the ground state of the C 6H 6 molecule, probably the only
difference being that the observed bands are more discrete in the crystal
state owing to the absence of the rotational lines.
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