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1. INTRODUCTION

LiteruM fluoride crystallises in the cubic system, the crystal structure being
similar to that of rock-salt and it also exhibits similar cleavage propertief:
But in-other respects, lithium fluoride differs markedly from rock-salt.
Though the atomic weights of both the component elements in lithium
fluoride are much smaller, its density is substantially greater than that of
rock-salt, being 2-60 as against 2-17. The solubility of lithium fluoride
in water is also-extremely low. It is clear from these facts that the binding
between the metal and halogen atoms is far stronger in lithium fluoride than
in rock-salt. Hence the strength of such binding would be quite as
important a factor as the lower atomic weights in determining the spectro-
scopic behaviour of lithium fluoride. <

In Memoirs Nos. 127, 128 and 129 of this Institute published in these

~ Proceedings in recent months, the author has described studies on the infra-

red behaviour of three crystals of simple structure and composition, viz.,
MgO, NaCl and diamond and shown that the results enable us to determine
the characteristic modes and frequencies of free vibration of the atomic nuclei
in their structures. It was further shown that on’ the basis of the spectro-
scopically determined frequencies and without making use of any other data,
it is possible to evaluate the thermal energy of the crystals as a function of
the temperature over the entire range extending from the absolute zero up-
wards up to that at which the specific heat reaches its limiting value. The
present memoir aims to accomplish this also in the case of lithium fluoride.

2. Tuee FrRee VIBRATIONS OF THE STRUCTURE

We may usefully begin by recapitulating briefly the considerations of

the same nature as those set out and discussed in much greater detail in the
memoirs on MgO and NaCl referred to above. The dispersion, absorption

" and reflection of infra-red radiation by a cr.ys't“al‘are effects a_rising from the
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interaction of the electromagnetic field in the radiation with the structural
units forming the crystal. As a first step towards the understanding of these
effects, it is necessary to consider the nature of the spectrum of the frce or
spontaneous vibrations of these structural units. We may deduce their
modes and frequencies by the methods of classical mechanics. For this
purpose the atomic nuclei may be regarded as simple mass particles and the
electronic clouds surrounding them as massless springs which hold the struc-
ture together.

It emerges that the vibrational mode of highest frequency of the lithium
fivoride structure is one in which the nuclei of lithium and fluorine oscillate
against each other in opposite phases. Eight other modes of free vibra-
tion are also possible. They may be described very simply in terms ol the
crystal structure. Four of the modes are oscillations of the cubic layers,
while the four other modes are the oscillations of the octahedral layers, the
movements alternating in phase from layer to layer and being either mormal
or tangential to those layers. Since the oscillations of the lithium and
fluorine nuclei may be either in the same phase or in oppositc phases, we
have four modes of the cubic layers and four modes of the octahedral layers
ard hence eight in all. The oscillations of lithium and fluorine nuclei located
in the seme cubic layers would be coupled with each other and hence would
both appear in each of the four modes under reference. But since the
lithivm ard flucrine nuclei appear in distinct layers parallel to the octahedral
plares, Iheil: cscillations would be independent. In other words, only the
layers containing the lithium nuclei would oscillate in two of the modes, the
movements being respectively normal and tangential to the layers. Like-

wise, only the layers containing the fluorine nuclei would oscillate in the two
other modes.

3. THE VIBRATIONAL FREQUENCIES

_ The forces which determine the frequencies of vibration in each of the
nine mcdes arise from the displacements relative to an oscillating nuclcus
of thia other nuclei in its neighbourhood. 1In a first approximation, it is
§uﬂicx§§t to Ljon;ider the interactions between each nucleus and 123 SiX
g‘;;:ﬁgtebg:igog& A special feature of the present case is the great
608 aad 10 oo ec:iva;comm weights of lithium and fluorine, which are
parity, The mcdzs o i?}’;o.gmport.anf: consequences result from this dis-
nmafaly higher frequenc ich the hthlm:n nuclei alone oscillate would have
A SO ;qthenmes than those in which the fluorine nuclei alone
tions of the muclei ] I consequence, we should find that the coupled vibra-

ciei located in the cubic layers would similarly separate into

e

SIS

e g~ T



Vibration Spectrum of LiF.& Evaluation of its Specific Heat 133

two pairs, one with higher and ths othsr with lower frequencies of which the-
values are of the same order of magnituds as thoss of ths modas in which'
only the lithium and only the fluorine nuclej respectively oscillate, Thase
considerations enable us to arrange the nine modes of fres vibration of the
structure in a descending order of frequency as showa in Table I. On a

TABLE I
Description of the Normal Modes

' f
Mode Description Degeneracy | Frequency 5
! !
I Oscillation of the lithium and fluorine 3 ' v !
nuclei in opposite phases |
II Oscillation of the lithium nuclei in the 4 ‘ vy |
octahedral planes normally | )
11X Oscillation of the lithium nuclei in the 8 g Vs
octahedral planes tangentially l i
v Oscillation of the lithium and fluorine ) 6 ’ v, |
nuclei in the cubic layers tangentially [ |
Vv Oscillation of the lithium and fluorine 3 1 vs
nuclei in the cubic layers normally 5
VI | Oscillation of the fluorine nuclei in the | 4
octahedral planes normally | ;
VII Oscillation of the fluorine nuclei in the | 8 vy
octahedral planes tangentially | g
VII | Oscillation of the lithium and fluorine | 30 oy
nuc'ei in the cubic layers normally 1
IX O.illation of the lithium and fluorine 6 ~ vy
nuclei in the cubic layers tangentially ;
! Translations 3 L om0
Total .. 48 i T

comparison with the tables of the same kind appearing in ths mesmoirs on
MgO and NaCl referred to above, it will bz sezn thit many features are com-
mon to all the three cases, a rearrangement appearing only in respsct of the
modes located near the middle of the Table. The principal differences
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between the three cases are in respect of the relative magnitudes of the
various frequencies. In the cases of MgO and NaCl, the frequencies are
distributed pretty evenly in their values between the highest and the lowest.
In the case of lithium fluoride, on the other hand, four of the frequencies
form a group with higher values and the four others form another group
with lower values.

In the memoir dealing with the case of magnesium oxide, the dynamical
theory which gives explicit formule for the nine vibration frequencies was
developed both in the first and second approximations. Very simple rela-
tions between the frequencies vy, v, vs, v and v, appear in the first approxi-
mation. They are also valid in the second approximation, if we consider
only the interactions between each atom of one species and its neighbours of
the other species. These relations are, vy = kfu, vo = vy = kfmy, vg=»,
= k[m,, where m;, m, are the masses of the two species of atoms, w is the
reduced mass given by the relation 1/u = 1/m, + 1/m, and k is the operative
force-constant. As will be shown later in this memoir, the infra-red
absorption studies with lithium fluoride enable a very precise determination
to be made of the highest vibrational frequency »;. This comes out as
508 cm.™ in wave-numbers. From this and the foregoing relations, we
obtain v, =y =435cm.™ and v, = v, = 263 cm.”' There are good
reasons for assuming that the interaction between each atom and the atoms
of the same species surrounding it in the structure of lithium fluoride can be
neglected in comparison with the interactions between the atoms of different
species. This assumption is equivalent to assuming that the difference
btetween 7 and v, and the difference between v, and », are both unimportant.
Since v, is precisely determined, the values for »,, vs, v and v, thus calculated
can be confidently made use in the evaluation of the thermal energy content.
These five frequencies between them account for 27 out of the total of 48
degrec?s of dynamic freedom. The remaining four frequencies v,, »5, v and
vy Which between them- carry 18 degrees of freedom are, as we shall preSent‘ly
see, accessible to observation by infra-red absorption studies.

4. Tee ORIGIN OF INFRA-RED AcCTIVITY
As has been stated earlier, the spectrum of freé vibrationis of {hé crystal
exhibits the t:r.eqqencics of oscillation of its atomic nuclei about their posi-
?on;s of ethbnuq. In d?termining these frequencies, the massive posi-
wvely charged atomic nuclei play the major role, while the negatively
charged electrons play the subordinate role of holding the nuclei in their

%3051:;0118 of eg}llhbrimn and. of setting up the forces which return the nuclei
10 -those- positions when disturbed -therefrom.. .. S
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The spectrum of infra-red absorption and the spectrum of free vibra--
tions are fundamentally different in their nature and origin and cannot there-
fore be identified with each other. This becomes clear when it is remarked -
that infra-red absorption represents a transfer of energy from the field of the
radiation to the substance of the crystal. For such a transfer to be possible,
the field should give rise to a periodic displacement of the mobile electrons
present in the structural units of the crystal. This displacement would, on
the one hand, excite the vibrations of the structural units and would on the
other hand react on the field of radiation and cause its extinction. In these
processes, the electrons clearly play the leading role and the atomic nuclei

only a subordinate one, thus reversing the position which obtains in the case
of the free vibrations.

It is evident that if we assume each nucleus in the structure to carry with
it in its movemen s the full quota of e ectrons required to neutralise its posi-
tive charge, the crystal could display ro infra-red activity. It follows that
the negative charges of which the movements are the effective cause of infra-
red absorption are the electrons which hold the different nuclei together and
hence do not participate fully in the movements of any particular nucleus.
The movements of these electrons would evidently be determined by the
symmetry of their situation and the symmetry of the movements of the
nuclei between which they are located. Lack of such symmetry is clearly
indicated as a necessary condition for their being set in motion by the field
of the incident radiation and for the excitation of the nuclear vibrations
resulting in the transfer of energy from the field to the crystal.

5. Activity oF THE NORMAL MODES

Since the crystal structure of lithium fluoride resembles those of -mag-
nesium oxide and of rock-salt, the considerations already set out fully in the
two earlier memoirs regarding the infra-red activity of the diﬂ”;rent normal
modes would be applicable also in the case of Iithium. fluoride. As has
already been remarked, however, the case ot-‘ ht@um ﬂuond.e presents excep-
tional features, in particular a great disparity in t_he gom_m wezg@ts o'f th‘e
two species of nuclei present in its structure. This dlspanty. carries with it
a corresponding disparity in the charges .carrled by the nuclel. No?ewox;thy
differences in infra-red behaviour stemming from thesp factors are therefore
to be expected. We may usefully here make a comparison between the cases

of LiF, MgO and NaCl.

The reduced mass of the nuclei appearing in the formule for the fre-
uencies of vibration are respectively in these three cases, 5-08, 9-65 and
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13-97. Lithium fluoride resembles magnesium oxide in its low solubility
in water. Their crystal spacings are not also very different, being 4-01 and
4-203 A respectively. In these circumstances and since magnesium is di-
valent whereas lithium is monovalent, the bonding forces in MgO may be
presumed to be about twice as strong as in LiF. It follows that the highest
vibration frequency would be roughly about the same for lithium fluoride
as for magnesium oxide. This indeed, as we shall see, is actually the case.
On the other hand, in the case of NaCl, the corresponding frequency is far
too low to be accounted for as due solely to the increased mass. The much
weaker binding indicated by its solubility in water and the larger crystal
spacing has also to be considered.

While the infra-red behaviour of MgO and LiF may thus be similar in
some respects, noteworthy differences are also to be expected in view of the
factors already alluded to, viz., the great disparity in the masses and charges
of the two species of nuclei in the case of lithium fluoride. The disparity in
masses would lead to marked differences in the distribution of frequencies
in the spectrum. The disparity in the nuclear charges may likewise be
expected to result in marked differences in the activities of the different
modes, both absolutely and relatively to each other. We may therefore
proceed to recall here briefly the behaviour of the different modes in their
qualitative aspects as deduced in the earlier memoirs.

The mcde of highest frequency in which the lithium and fluorine nuclei
oscillate with respect to each other would necessarily be infra-red active,
both in the first order and in the higher orders. In other words, besides the
absorption of radiations having nearly the same frequency, we should also
expect absorptions to appear in the regions where the frequency is nearly
twice or thrice or four times the frequency of that mode, the strength of such
absorptlon. diminishing rapidly with increasing order. Taking the highest
frequency in wave-numbers as 508 cm.~? and the corresponding wavelength
as 19-68 p, we should expect the absorption of the second order to appear
at 9-84p, the absorption of the third order at about 6-6 w, and the fourth

order at .4-9 . We shall see later that these indications of the theory find
support in the observed behaviour of lithium fluoride.

The o.ctahedral modes of vibration listed as II, III, VI and VII in Table I
would te infra-red inactive both in the first and in the higher approximations
by reason of the: symmetry which they possess, as has already been explained
f-ully in the earlier memoirs. On the other hand, the cubic modes of vibra-
tion 11§ted as IV,V,VIll and IX in Table I, though inactive in the first
approximation, would be active in the higher approximations. In particular,

S SO



Vibration Spectrum of LiF & Evaluation of its Specific Heat 137

- they may be expected to manifest themselves strongly with doubled fre-
quencies in the infra-red absorption spectrum.

6. METHODS OF INVESTIGATION

Following the same procedure as that adopted for magassium oxids,
the infra-red transmission curves of lithium fluoride were recorded using a
Leitz spectrophotometer provided with NaCl optics for the spectral range
between 1 and 154 and KBr optics for the range betwezn 13w and 24 u.
A clear transparent block of lithium fluoride of 1-8 cm. X 1-8 cm. cross-
section was available. From this, a whole series of plates could bz obtainad
by cleavage of different thicknesses. But the optical performance of plates
obtained by simple cleavage was not always satisfactory. Hanze, it was
found to be a better procedure first to obtain a plate of nearly ths dasired
thickness by cleavage and then by grinding and polishing to give its faces a
satisfactory finish. Yn this fashion, it was found possible to carry ths investi-
gation down to thicknesses as small as a tenth of a millimstre. Ths fragi-
lity of the material prevents obtaining still thinner plates of ad=juate size.

The absorption and reflection are both so large at wavelengths greater
than 15 p that the technique described above then ceases to be inapplicable,
Two other procedures analogous to those employed in the case of MgO were
accordingly followed. One was to stir very finely ground lithium fluoride
into liquid paraffin and to study the transmission by a thin film of the mix-
ture held between K Br plates, balancing it against a similar film of paraffin
alone. The second method was to mix a very small quantity of finely divided
lithium fluoride with KBr powder and press the mixture in vacuum under
high pressure into a flat tablet, the transmission by which was investigated.

Some sixty records in all were made with thirty different absorption
paths at fairly close intervals, so as to reveal clcarly.how ths streazth of the
absorption varied with the wavelength over the entire §pectral. range unfler
consideration. The majority of the records were obtalnf:d with absorption
paths less than one millimetre, for it is in this range, as in the case of mag-
nesium oxide, that the most interesting changes appear in thz character of
the transmission curves. Nine records out of the large .numbe'r made? are
reproduced with this memoir, the selection being mads W}th a view to illus-
trate the most significant features revealed by the studies.

7. Tue EXPERIMENTAL RESULTS

We shall set out the results of the studies by divi.di.ng the spectra} range
covered by them into five different sectors and describing the behaviour of
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the transmission in these sectors as recorded with different absorption thick-
nesses. :

I 4u to 5u.—With the maximum thickness employed in these studies,
yiz., 1-8 cm., the transparency is complete in the wavelength between 1w
and 4p. But between 4 p and 5, the transmission falls by about 55;. But
this effect ceases to be observable when the thickness of the plate is five milli-
metres or less, the curve then running quite horizontally between these wave-
lengths. It is evident that the absorption between 4 p and Sy is extremely

weak.

II. 5; to 8:.—With an absorption path of 1-8 cm., the transmission
which is 92% at 5 falls steeply at great>r wave-lengths, reaching a value of
only 18% at 6-5u. Beyond this wave-lzngth, the decrease becomes less
rapid. The transmission goes down to 49 at 7 x and is practically zero at
7-5u. At 8u and all greater wavclengths there is a complete cut-off. These
features are evident in the record reproduced as Fig. 1 in the text.

100

AN
— X

40 , \
20 | 1\
0 \\\

3 4 5 6 7 8 9 10 !

FiG. 1. Transmission percentages of block 1:8 centimetres thick.

When t}.:xe thickness of the plate traversed by the radiation is reduced
from a centimetre or more to a few millimetres, the wavelength at which
a cut-off appears moves 0 104, a sensible transmission then appearing in
;he region betw?en 8}:j and 10u. These features are noticeable when the
absorption path is five millimetres and becdme increasingly ‘more conspicuous

as the thickness is further_ reduced, . .
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- T]Exe'rec'ord of the percentage transmission by a plate 2-92 millimetres
thick is reproduced as Fig. 2 in the text and illustrates the remarks fn,ade
al.aove. The curve may be described as consisting of five distinct sectors
viz., a part between 4 ;v and 5p where it runs horizontally, a part betWeeni
Sp and 6p where is a gentle fall, then a rapid fall between 6 wand 7 4, 2
fourth part between 7 o and 8 u where the fall is even more rapid with Zm

ix:)ﬂexion at 7-6 p and final'y < gentle slope between 8 and the cut-off at
f ‘

100

—_

801 |

o T T\

20 \
N

0 | T~
4 ) 6 7 8 9 10 ///J

F1G. 2. Percentage transmission by plate 2:92 millimetres‘thick._

A comparison of Fig. 1 with Fig. 2 shows that the transmission at all
wavelengths has notably increased in the latter. The transmission at 6u
has improved from 52%t090%. The transmission at 7p has increased
from 4% to 62%, and that at 8 from 077 to 137.

III. 8pu to 10p.—The record of the transmission appearing in this
sector when the cut-off has shifted from 8 p to 10 initially exhibits a con-
cavity ' upwards. As the thickness - diminishes, the -transmission at 8u
improves.rapidly. It is zero for an absorption path of 1-8 centimetres, 12
for a thickness of 2-8 millimetres and 50% for a thickness of one millimetre.
The slope of the graph between 8 w and 10 p increases rapidly in consequence
and its shape alters at the same time. Its-curvature- diminishes and the
graph appears as a nearly straight line with fairly sharp bends near its two
extrémities. With smaller thicknesses, the graph is curved in the opposite
sense with its. convexity. directed outwards.. But at this stage the cut-off at

) ——E
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10 .. has disappeared and an appreciable transmission appears beyond that

wavelength. , |

A remarkable series of changes in the form of the transmission curve
between 8 and 10 is recorded when the thickness of the plate is progres-
sively reduced from one millimetre down to a tenth of a millimetre. They
are depicted in Figs. 3, 4, 5, 6, 7 and 8. The graph between 8 p and 10 i«
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Fic. 3. Percentage transmission by plate 1 millimetre tLick.
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F16.4. Porcentage transmission” by plate 0-6 millimetre thick,
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does not run continuously into that of the next sector between 10 z-and 15 p.
Intervening between them appears an arrest or horizontal strip. located
between 3-8 axd 10p. As the thickness is progressively reduced, this
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Fi1G. 5. Percentage transmission by plate 0-4 millimetre tlick.
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Fic. 6. Percentage transmission by plate 0-34 millimetre tLick,

feature retains its position on the scale of wavelength.s but moves upwards.
‘When the thickness is reduced below 0-4 millimetre, it chapges 1t§ character
and develops into a V-shaped depression. This becomes increasingly more
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conspicuous as the thickness is reduced, and the tip of the depression then
appears as a sharp point. :

80 |- N N
DN
60 _ \f\

40 N
N,

.

0 1
’ 8 9 10 11 2 13
Fi1G. 7. . Percentage transmission by plate 0-18 -millimetre . thick.
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0 ' | ~—__|
s 9 0 1 12 13 4 I5U

~ F16.8. Percentage. transmission by platc 0-10 millimetre thick.

~ IV. 10p 10 15 u.—The changes appearing in this sector as the absorp-
tion tl}lckness 15 diminished are depicted in Figs. 3, 4, 5, 6, 7and 8. When
the thickness is reduced from 2-92 millimetres to 1 millimetre, the cut-off
at 10 p moves to 11 x and when it is further reduced, the cut-off disappears
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and a weak transmission is noticed extending up to 13 x and even beyond

I3 4. With a thickness of 0-4 millimetre, the wavelength at which the per-
centage transmission is least may be placed at 12 4. As the thickness is fur-
ther reduced and the transmission improves, the wavelength at which the
transmission is a minimum moves towards longer wavelengths and finally
r.eaches 13 ¢ with the thinnest plates. Beyond 13, the transmission is dis-
tmctly larger and shows a distinct maximum at about 13-4 x. It then falls
off to a much smaller value at 15 which is the end of the range of the
spectrograph with NaCl optics. Records obtained with KBr optics using the
thinnest obtainable plates show a transmission of 14% at 13 pu, rising to 15%
at 13-5 u, and then falling to 129 at 14 p and going down smoothly to zero
at 15 ». Beyond 159 there is a complete cut-off.

V. 15p to 24 p—In this range which is accessible to study using KBr
optics in the spectrograph, six records were obtained exhibiting the trans-
mission by very small absorption paths in lithium fluoride. Three of these
records were made by the pellet technique, three different quantities of finely
powdered lithium fluoride, 1 milligram, 4 milligram and  milligram res-
pectively being incorporated with one gram of KBr and pressed into a flat
circular tablet the transmission by which was investigated. Three records
were also made of the transmission by a layer of liquid paraffin and very
finely divided lithium fluoride made up into a paste. One of the records was
made with a spacér separating the plates between which the paste was held.
The other two records were made without a spacer but with different
quantities of the lithium fluoride in the paste.

The record made by the paste technique with a spacer 30p thick
resembled those obtained with the thinnest plates but with the cut-off appear-
ing at 18 u instead of at 15 u. When there was no spacer and the effective
thickness of the film was therefore extremely small, a transmission appeared
over the entire spectral range. But it was much greater between 13 and
16 1 than between 18 and 24, a transition appearing between 16 and
18 w. : ,

‘The results obtained with the pellet technique are qualitatively similar
but quantitatively different with the three different quantities of the lithium
fluoride. A largé transmiission appears between 13 p and 16 x and a notably
smaller transinission between 18p and 24u, with a region of transition
between 16w and 18 p. The record made with the half-milligram of %ithium
fluoride in the pellet is Teproduced as Fig. 9. It exhibits five different
features, (@) a. region of nearly complete. transparency between 13u and
15:5, (b) a region of diminishing. transparency between 15:5p and 18y,
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(c) @ region of constant transparency batwsen 18 u and 2 p, (4)-a région of
diminishing transparency bstwesn 20p and 224, and finally, a rezion of
nearly constant transparency betwssn 22px and 24 pu.

8. SIGNIFICANCE OF THE RESULTS

The ‘most 1mp01tant result which emsrges from the present studies is
that a sharply—deﬁned minimum of transmission appears at 9-84 . This is
most strikingly exhibited in Fig. 8. Its origin is evident from thz circum-
stances in which it is observed. It can indisputably be idzntified as the
second-order absorption due to the mods of vibration listed as having the
highest frequency v; in Table I, in othsr words, ths oszillation of the lithium
and fluorine nuclei in opposite phasess. The wavelength 9-84p corres-
ponds to double this frequency or 2 v;. Ths sharpness with which it is
recorded is an objective demonstration that this fres vibration possesses a
deﬁmte monochromatic frequency.

The frequency v, corresponds to a wavelength 19-68 » which is double
9-84 u. Since the vibrational mode of that frequency is active not only in
the first order but also in the highsr-ordsrs, we should expzst to find evidence of
suchactivityin the appropriate regions of ths spectrum, viz., around 66 p inthe
third order, around 4-9 p in the fourth order and around 3:9 x in the fifth
order respectively, the strength of such activity falling off rapidly with increas-
ing order. This agrees with the recorded results of experiment. The absorp-
tion of the fifth order to be expected at 3-9 u is too weak to be recorded with
a thickness of 1:8 cm. But there is an observable absorption at 4-9 p with
that thickness. This, however, disappears when the thickness is reduced
to 5 millimetres. On the other hand, the records for various thicknesses
exceeding one millimetre all exhibit the third-order absorption at 6-6 .
The strength of this absorption becomss progressively less conspicuous as is
indicated by the steepness of the fall of the transmission percenta ;e at that
wavelength. It finally ceases to be noticeable when the thickness is one
millimetre or less. But at these same thicknesses the second-order absorp-
tion at 9-84 p is conspicuous and continues to be observable even with the
thinnest obtainable plates. It is thereby made evident that the second-order
absorption is far more powerful than the third-order effect.

‘Referring to Table I, we find in it listed as modss IV and V with the fre-
quencies v, and v4 the coupled vibrations of the lithium and fluorine appear-
ing in the cubic layers. These two modes are inactive in the first-ordzr but
active in all higher orders. From a study of the transmission curves repro-
duced in the present memoir, we are enabled to recognise the activity of these
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two modes and locate their characteristic wavelengths at 24 p and 26 pres-
pectively. We should accordingly expect them to give rise to readily
observable third-order absorptions as 8 u and 8-7 & respectively and to power-
ful sccond-order absorptions at 12 and 13 w. These absorptions are easily
recognisable in the series of figures reproduced above in the text. Indeed,
it is clear that these two vibrational modes contribute in a very large measure
to the features noticeable in the spectroscopic records of transmission per-
centage.

We have now to ascertain the frequencies vg and v, of the two other
modes of coupled vibration of the lithium and fluorine nuclei appearing in
the cubic layers and listed as VIII and IX in Table I. If we take vy & vy =
210 em.! in wave-numbers, the corresponding wavelength would be 47-6 .
The second-order absorption due to this would appear at 23-8u. That
this is the wavelength at which the minimum transmission appears in
Fig. 9 may be regarded as a justification for the assumed values of v; and v,.
Thus, finally, we have in Table II a list of the nine modes of free vibration

TaBLE IT

Modes and Frequéncies‘

Mode Degeneracy | Frequency cm.™! -~ Wavelength p I
1 3 v, = 508 19-68 |
10 4 vy v 433 23
III 8 vy A 433 23 :
v 6 v, = 417 24
\' 3 vs = 384 26
VI 4 vy ~ 263 38 |
VIl 8 v, & 263 38 |
VIII 3 vg A 210 48 |
IX 6 vy & 210 48
Trans- 3 210 -0 48 —> o ;
lations ;
" Total .. . 48
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of the lithium fluoride. structuré, their degenetacies, theu* frequencles and
their characteristic wave-lengths.

9. THE REST-STRAHLEN REFLECTIONS

According to Czerny and Roder (Ergebn-exakt. Naturw., 17, 70-10],
1938), the reflecting power of a lithium fluoride surface is quite small at 124
and only 20% at 14 p. -Tt rises steeply to 62% at 15 p and thereafter goes up
less abruptly to a maximum of 75% at 18 x. Beyond this again, it dips a
little to 727 at 20 u and rises to a second maximum of 92% at 26 u. It then

falls off progresswely It is 867, at 30p, 687 at 35, 357; at 40 and 28Y,
at 50 p.

These facts of observation become intelligible when considered in rela-
tion to the spectroscopic behaviour of lithium fluoride as elucidated in the
present memoir. It is evident from the investigation that the second-order
absorptions due to the coupled vibrations in the cubic layers are very power-
ful. -Indeed, from Fig. 9 it is evident that the second-order activity of modes
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therefore. to be expected that the reflecting power at 20 , though large, would
be less than that at greater wavelengths. The appearance of a second and
raore pronounced mammum at 26  is this explamed
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vibration of the structure. Technically, all thsse modes except the first are
infra-red inactive. But this is only in ths first approximation. Tha intzase
excitation near the surface of the crystal dus to the active modas and over-
tones would necessarily also involve ths excitation of all othsr mad=;s to a
greater or less extent determined by the differences between their freguzacies
and those of the active modes. It follows that enhanced reflzcting powsr
should extend, though with progressively diminishing strength, over the
entire range of wavelengths listed in Table II.

10. COMPUTATION OF THE ATOMIC HEATS

The details of the procedure adopted for the evaluation of the thermal
energy of the crystal have already been set out fully in ths earlier mzmoirs
dealing with the cases of MgO, NaCl and diamond. It is thsrefore unnaces-
sary to traverse the same ground here. The unit oscillators with th> total
of whose energies of vibration we identify the heat conteat are ths 16-atom
groups composed of 8 lithium atoms and 8 fluorine atoms. Of ths total of
48 degrees of freedom of each such group, 45 dzgrees of frezdom are id=nrified
with the modes of their internal vibration, while the 3 remaining dezre=s of
freedom represent their translational movements. These latter again may
be identified with the internal vibrations in volume elements of larger size,
the frequencies of which diminish as the linear dimensions of thz volume
elements increase. The number of such volume elemsnts present in the
crystal varies inversely as the cube of their linear dimensions. Ths contri-
bution of these vibrations to the thermal energy content would thersferz
fall off rapidly as their frequencies go down. The sams can bs evaluated
on. the basis of Einstein’s theory, except that instead of a summation over
a discrete set of frequencies, it appears as an integration based on ths d'istri-
bution law 3 N.3 »2 dv derived on the basis of the foregoing considerations,
where N represents the number of 16-atom groups contained in ths crystal.

Table III sets out the computations made for the lower and most
interesting part of the temperature range in which thc? gtomic heat goes up
rapidly from zero to fairly high values. TableOIV exhibits the computations
in the higher range of temperatures up to 500 K The theoreuca% calcuia-'
tions are based upon the assumption that .the os<:11.lator§ are ha'rmomc. Thf.‘}‘
also ignore the changes in the frequencies of vibration which a_ccom?azy
the changes in temperature and are related to the thermal expansion of the

crystal.
The experimental data have been shown in Table V for the lower range
of temp@rature and in Table VI for the higher range. The references to the
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original literature from which the experimental data have been taken have
been entered below the respective tables. The specific heats as actually
measured are the values at constant pressure. At low temperatures, they
do not differ sensibly from the specific heats at constant volume. But it is
the latter which can appropriately be compared with the theoretically deter-
mined values. Hence it is necessary to compute the specific heats at con-
stant volume from those at constant pressure as experimentally determined.
The corrections involve a knowledge of the thermal expansion co-effizient

of the crystal and of its isothermal compressibility at the various tempe-
ratures.

The thermal expansion of lithium fluoride has been measured over a
wide range of temperatures. The compressibility, however, has only been
determined near room temperatures. Some uncertainty is thereby intro-
duced in effecting the reduction from Cy to C,.

Tables V and VI show a satisfactory over-all agreement between the
theoretically computed and experimentally determined values of atomic heat
over the entire range of temperature from absolute zero up to 500 K. This
agreement is graphically exhibited in Fig. 10.
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SUMMARY

The records of the transmission percentages of infra-red radiation by
thin plates of lithium fluoride enable the frequency of the vibration of the
lithium and fluorine nuclei against each other in opposite phases to be pre-
cisely determined. The frequencies of the four inactive m odes can be com-
puted therefrom. Four other modes are active as overtones and their
frequencies can be directly determined from the rcecords. A theorctical com-
putation of the specific heat of lithium fluoride on the basis of the spectro-
scopic data alone thus becomes possible. A very satistactory agreement
emerges between the theoretically computed and experimentally determined
values of the atomic heats of the crystal over the entirc range of temperatures
from absolute zero to 500° K.




