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THE FREQUENCIES AND THE ANHARMONICITIES OF THE

NORMAL MODES OF GSCILLATION OF ALKALI HALIDE CRYSTAIS.

I, LATTICE OSCILLATIONS

By Sir K.S.Krishnan, F.R.S., and Sanat Kumar Roy, Ph.D.,
National Physical Laboratory ofIndia, New Delhi,

ACT

The frequencies and the anharmonicities of the lattice
oscillations of alkali halide crystals, i.e. the oscillations
of the interpenetrating lattices of the alkali and the

halide ions respectively, with respect to each other, are

calculated on the basis of the Born model. If r be the

small relative displacement of the two lattices, and imn
the direction cosines of r with reference to the cubic axes

of the crystal, it is found that the potential energy can

be expressed in the form

U = +2. bripert (14my nA) + +=)
in which the constants U, , a, b and ¢ are readily
evaluated. The coefficient of * determines the frequency,
and of r* the anharmonicity, of the lattice oscillation.

This oscillation is characterized by the development

of an polarization in the medium. It is found that

the polarization field acting on an ion tending to displace
the ion has just the Lorentz value, whereas the field tending

the OW
to polaris 1 almost nothing.

The anharmonicity of the lattice oscillation, unlike
its frequency, is found to vary with the direction of the

oscillation, from a large positive value along to a

small n@gative value along 100} - its effects on the

homo

frequency of the octave, and on the specific heat at constant

volume, are discussed,
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; 1. INTRODUCTION

Ehe frequencies of thé various normal modes of oscil-
lation of sodium chloride crystal have been calculated by

Kellermann (1940) on the basis of the Born model, and the

frequencies of the other alkali halide erystals, of both the

NaCl and the CsCl types, can be calculated in the same manner.

The frequencies of some of, the simple modes have also been

caleu ated/by Ramanathan (1947) in terms of certain forces
constants that define the restoring forces acting on the

ions when they are given certain specific small displacements
from their equilibrium positions. These oscillations in
general are presumed to be anharmonic, and their anharmonici-

ties have been invoked frequently to explain the occurrence

of some of the octaves and combination frequencies in the

infra-red and the Raman spectra of these crystals, and also
to explain the possibility of a temperature variation of

the specific heats of these crystals at constant volume at

high temperatures (Born he Brody 1921). No attempt, however,
seems to have been made to estimate the magnitudes of the

anharmonicities of these oscillationss though they can be

calculated on the basis of the Born model just as readily as

the frequencies (Krishnan 1950).
It is the main purpose of this paper to calculate the

anharmonicities of the various normal modes of oscillation
of the alkali halide crystals. Part I concerns itself with
the oscillations of the two interpenetrating lattices of. the

alkali and the halide ions respectively with respect to

each other. These oscillations, unlike those in other

normal modes, are characterized by the develonment of jen
@lectric polarization in the crystals. Hence the calcula-
tion of the frequencies of these oscillations on the Born

model is also of interest, as it throws light incidentally
on the magnitude of the polarization fields in these crystals,
and in particular brings out the essential difference in
behaviour between the polarization due to the relative dis-

O Hono

placements of the positive and the negative ions and that due

cll
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to the dipoles induced in these ions, and the almost

complete lack of interaction between the two polarizations.
These and other aspects of the polarization fields are also

discussed in this Sart.
Ze TRE BORN MODEL

9

In crystals of the alkali halides, as is well known,

the alkali and the halide ions form interpenetrating lattices,
both the lattices being face-centred cubin in the NaCl type

of erystals, and body-centred cubic in the CsCl type. The

ions in the crystal may be regarded, according to Born*,: as

in their respective positions by the electrostatic forces

between the charges carried by them, and by short-range forces

of repulsion between them. Indeed the fall of the repulsive
forces with increase of distance is so rapid that all repul-
sion interactions except between the nearest neighbours may

be neglected. Other types of interaction, as for example the

interaction between the dipoles that may be induced in the

ions, will be much smaller, and may be neglected to a first
approximation. Further, in view of the spherical symmetry

ne

of the ions, we may regard both the electrostatic and the

repulsion interactions to be central. These assumptions, which

are good approximations, render the model simple.

Taking the energy of repulsion interaction between any

two neighbouring ions separated by a distance R to be given
+

by G(R), the potential energy U of the crystal per pair
of ions will be given by

wan (1)+ YL,
in which n is the number of nearest neighbours, equal to 6

in the NaCl type and 8 in the CsCl type, and & is the

Madelung constant, equal to 1.748 in the NaCl type and to

1.763 in the CsCl type (Sherman 1932).
Ed

*For a good account €see MaxBorn and M.Goppert?-Mayer (/733)
ae PyS> TEs prince ORE Sas aa/oy Pee+o, or Je

Sherman Crem C OKY +49 S Soa 732, pue)
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The condition for equilibrium of the crystal, namely

3U/AR) ae)
where is the value of R when the crystal is in
equilibrium, gives

pd) =xxe 2

erNo 03

Using the further relation

ur') ined), (4)

where is the isothermal compressibility of the erystal
and N is the number of ion pairs per unit volume, we

obtain

/f
(5)

where N is equal to 1/(24°) in the NaCl type and to

(843) in the CsCl type.
Both a and

/

appearing in these expressions refer
to the Absolute Zero of temperature. Though d may be

obtained by extrapolation accurately enough, a reliable
estimate of at absolute zero (and at zero pressure) is
difficult- to make.

The higher derivatives of Pp; namely f (a), ea),
etc., may similarly be obtained from the known variation of
the compressibility of the crystal with pressure at different
pressures. Since the experimental data on pressure variation
of compressibility are not sufficiently precise for this
purpose, we may obtain' the values of the higher derivatives
of f (R) more satisfactorilyy by assuming for it as uaual, A
suitable simple form like wad

PR) aeRP ar Ss (6)

in which the two constants A and can be evaluated with
the help of relations (2) and (4). For such functions,

tf
(d) and YP (d),involving only two constants, not only9

but/



but all the higher derivatives also become known from (2)

and (4).
The exponential law of variation of repulsion inter-

action with distance postulated in (6), besides being con-

venient, is justifiable, as is well-known, on other considera-

tions. Adopting (6), and denoting afr by we obtain

from (3) and (5),
(7)2=4 A

Other simple functions, like oP (R) ='B R@, have also

been proposed for the repulsion interaction between neighbours,

in which the eonstant B can be eliminated as before with

the help of (3), and/ m evaluated with the help of (5).
it will be readily seen that

tho ben

(8)9d/(NX 1

t, d-(.
3. POTENTIAL ENERGY CORRESPONDING TO SMALL RELATIVE

DISPLACEMENT OF THE TWO INTERPENETRATING LATTICES

We shall now consider the oscillationy of the inter-

penetrating lattices formed by the alkali and the halide

ions respectively, with respect to each other. Starting
with the crystal in equilibrium, and taking the cofordinate

axes along the cubic axes of the crystal, and the origin at

the lattice point occupied by an alkali ion, let the lattice
formed by the alkali ions be displaced with reference to

the lattice of the halide ions by a "small distance r

The alkali ion which(r da) in the direction
was originally at the origin will now be at X Y 2;

where x =ri, rm ¢ 2 = rn. Let us now calculate the
fee Pins

potential energy of the pair of ions formed by the alkali ion

at x y 2 and each of the surrounding ions.taken in

succession. The sum of these potential energies will obvious-

ly be the potential energy of the deformed erystal per pair
of/
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of ions. Denoting it by U, may be expressea/as a power
series in r, in which, owing to the centre of symmetry of
the lattice points in these crystals, terms involving odd

powers of r will obviously be absent. U may therefore be

expressed in the form

parte rtt lO)
The term U, , which is independent of r, will evidently be

the same as for the undeformed crystal, and will be Biven by

(10)Xe fp (d)
The coefficient of re will determine the frequency of the
oscillation that we are considering, i.e. the reststrahlen
frequency of the crystal, and the coefficient of r# the
anharmonicity of this oscillation.

We now proceed to calculate these coefficients. Since
the positions of the other alkali ions relative to the one

at xyz remain the same as before, the potential due to them

will obviously be independent of xyz. Hence, in calculating
the r@ and terms in the expression for the potential
energy of the alkali ion at xyz due to the surrounding ions,
it is sufficient to consider the effect of the halide ions
alone.

4. EXPRESSION FOR POTENTIAL ENERGY

Let us confine attention to one of these halide ions
located at say € 7 C , and the alkali ion at xyz, and
denote the interaction energy between them by WR),
where re

R is their distance of separation, given by

(12)

/R + (R) (11)(R) &

(EF -

ene, (13)2
0

RY is the distance of the halide ion from the & origin and



ae (14)
denotes the cosine of the angle between the radius
vectors nd R. (See 1)

Keeping 1 mn constant, and varying the magnitude

of r, we may express (R) in the form

fn( 15)

in which as

With the help of (13) we may replace the differential
coefficients in (15) with respect to r at r=o by the cor-

responding coefficients with respect to R, at R=R . The r@
and r terms in (15) will then reduce to

WIR) YR.) 2.!
=.

4

*

Y=(172)\ = Q*) wePR, +anyaA (16)

4 (Za)?
and w/R)

be
respectively. The differertial coefficients of wappearing
in (16) and (17), and in the equations to follow, are

with respect toR, atR=R,.
Owing to the symmetry of the crystal, corresponding

to every lattice point nb) occupied by a halide ion,
there are others at points obtained by the various com-

binations of (+ EN, £C ) in which the coordinates
are interchangeable. Their number n, i.e. the number of

distance R - ( +n +E w ll benegative ions at a
OD

48 when are all different and different from zero



but will ordinarily be less. Knowing the values of n and of
R, for these groups of halide ions, the coefficients a

and f of the r2 and, terms respectively, appearing
in (9), can be calculated, since

a => (nA) we 8)
t = > (% ss (19)

where the bar indicates the average value taken over the

n ions forming one such group, and the summation extends

over all such groups.
In calculating A and F, we need to know the correspond-

ing mean values of Qe and gt appearing. in equations (16) and

(17). Obviously

r (20)= STR,
1/3 > (21)

G4 =$ (1-30)-3 A4+mt4n4), (22)
in which

J (23)
and

=
(24)

n, R, and will naturally vary from group to group.

5. COEFFICIENT OF THE TERM IN THE EXPRESSION FOR

POTENTIAL - BENERGY

We shall now take up the calculation of ay the

eoefficient of the term in expression (9) for the

potential energy of the deformed crystal per pair of ions.

Substituting for Q@ in (16) its average value, namely,
= 1/3 (see (21) ), we obtain

OX. => (2w/R,WV § 3 ux (25)

in which Ry and n vary, as-we have seen, from

group to group, and the summation extends over all the

groups of negative ions surrounding the positive ion at

xy Z.

Considering/
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Considering first the electrostatic interaction, 3

i.e. putting wW(RY --¢/R in (25), one can readily
see that (25) reduces to zero. In obBer words, the electro-
static interactions between the various ions contribute

nothing toyre term in expression (9) for the potential
anergy of the crystal.*

Considering next the repulsion interactions, i.e.

interactions between. the nearest neighbours,. one can

readily see from (25), in view of relations (3) and (5),

putting and confining ourselves to the

that their contribution to the coefficient a in expression

a = An (26)

Taking the law of repulsion interaction to be exponential,

(9) is given by

a
!

The magnitude of ajo as calculated here, will
obviously be independent of the explicit formulation of

can also be expressed, in view of (7), in the form

(27)

(R) as a function-ofF R,
6. THE EFFECT OF THE POLARIZATION OF THE MEDIUM

Amona the various normal modes of vibration of the

erystal, the particular one that we are considering, namely,

the oscillationg of the lattice of alkali ions with respect
to that of the halide ions, is unique in that it corresronds

OH

to the development of an/electric polarization in the crystal.
As a resylt of this polarization, which will be proportional

acting on any given ionthe dispto (the force
in the crystal, tending to restore it to its equilibrium

position, instead of being Days where Q, has the

value (26), will be less by an amount equal to the force

* There is, however, an indirect contribution to the re term
arising from the electric polarization developed in the
crystal as a result of the relative displacement of the posi-
tive and the negative ions; this will be considered in the
next section.
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due to the polarization field.*
Now the polarization of the medium, equal to say »

Pr per unit volume, will arise primarily from the relative
the two lattices; but accompanying this

displacement there may be a polarization of the individual
ions also, since the ions are polarizable.

There is, however, this essential difference between

the polarization produced by a small relative displacementVK
of the positive and the induced

in he donsy The polar zation arising from the lattice
displacementg may be regarded as due to small dipoles,
located at the lattice points, the separation of charges
in these dipoles being much smaller than d. On the other
hand in the dipoles} induced in the ions, the separation of

charges is comparable to d. This difference in size of the

two types of dipoles renders the character of the field due
(Heckmann 1025 Rae

(P+ P= P ) the contributions to the polarization of the

crystal per unit volume, from the lattice displacement and

from the dipoles induced in the ions respectively, and

consider the polarization fields, due to Pp and P acting
on an ion, that are effective (i) in displacing the fon,
and (ii) in polarizing the ion. Let us designate the

to them in their close neighbourhood quite different
aka Gurney 1989). We shall denote by r and ar

Nes polarization fields effective in (i) by P,Pezri Jand J

(28)p Per respectively
and those effective in (ii) by

and ép P, e rjrespectively, (29)
The elementary dipoles arising from the displacements of
the ions being practically point dipoles, we should expect

Pp. to be equal to 4It/a, i.e. the polarization field

\~
* The direction of the latter force s such as to increase

the separation r of the two lattices.
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concerned to have the proper Lorentz value. The other P 's

however, will be much smaller than (hy, <pyeh,& 4/3)
actual magnitudes depending on the degree of overlap oftheirthe

ighbouri Anticipating the results to be obtainedion
in the next section, we may mention here that the experimental
data point to p being 47/3, and all-the other pis being
practically zero. In other words, the experimental data

alone. The polarization per unit volume is then given by
P 9 and the force acting on an ion tending
to increase the displacement has the full Lorentz value
(4 JL/3)N e

Remembering that the displacement r of the positive
ions is relative to the negative ions which may be regarded

show that is practically zero, and the only polarization
in the medium is that due to the displacement of the ions

Te2

as kept fixed, the corres ponding potential energy of the

erystal per pair of ions will be given by

ya(30)276 Ne2
2

which will be the contribution to the coefficient a in (9).
from the polarization of the crystal.

Adding this to (27), we obtain for the coefficient of
in expression (9)

= ae (S-aod') - 27U Ne/3, (31)
Knowing a, the reststrahlen frequencyV of the alkali
halide crystal is readily catoulated from the relation

270 oe(32)
where (Jee =
and mand m, are the masses of the two ions. 62)

thine
2 TSTRAHLEN FREQUENCIES OF THE ALKALI HALIDES

The constants needed in the calculation of the fre-
quencies are obviously a, 8 and A+ For all the alkali

ni Fm
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alkali halides, both of the NaCl and CsCl types, the values

of m, equal tod-1 Isee (8) J have already been calculated
from the compressibility data extrapolated to the absolute

zero of tef¢mperature, by Slater (1924), and from certain

independent general considerations by Pauling (1928). We

* have adopted Pauling's values of m to give us é. The values

of a, calculated therefrom, and of a, , are given in columns
1

5 and 6 'fable z. Table

a x a x 10
4 y x rolCrystal A/ S=m+1

Tyan
x 10 23 4

(Pauling) aleu- Observed2
lated (Barnes?

é 1932 )

NaGl type
LiF y 2.01 7.0 1.186 4.13 -2.97 84 91
var

[Bo

e.s2 3.0 0.579 3.27 -1.96 6.2 7.4

RbF+ ss 2.82 9.5 0.389 2.25 -1.08 4.8
CsF .. 3.00 10.5 0.363 2.11 -0.89 4.7

KCL ows) 3,14 10.0 0.324 1.74 0.78 4.0 4.2
RbCl .. 3.27 10.5 0.241 1.63 -0.69 3.4 3.5

LiBr .. 2.75 8.5 0.944 2.10 -1.16 6.7
NaBr .. 2.98 9.5 0.338 1.90 -0.91 4.1 4.2
KBr ww §=63629) 10.5 0.230 1.60 -0.68 3.3 3.4
RbBr .. 3.43 ---11.0 0.146 1.50 -0.60 2.6 2.6

liI 0. 3.00 9.5 0.916 1.86 -0.89 6.7
Nal .. 3.23 10.5 0.310 1.69 -0.72 3.9 3.5
KI .. 3.53 11.5 0.202 1.45 ~0.55 3.0 2.9

3.66 12.0 0.118 1.37 -0.49 2.3 2.3
CsCl type rome

[
cscl .. 3.86 11.5 0.215 1.43 069 2.8 2.9
CsBr .. 3.71 12.0 0.121 1.33 -0.61 2.1 2.2
CsI... 3.95 0.093 1.21 -0.51 1.8

2.67 9.0 0.472 247 -1.27 5.4

Licl 2.57 8.0 1.039 2.37 -1.42 Tel
NaCl e 2.81 9,0 0.432 2ell -1.09 .4.7 4.9

13.0
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It will be seen from the table that except in some

of the fluorides the calculated values of D agree

well with the observed values.
It will also be seen that |&, ts a large fraction

of a If in (28)and (29) the factors P and P, deter-

mining the magnitude of the polarization fields that are

effective in inducing dipole moments in the lions, and the

factor p determining the polarization field due to these

induced dipoles, tending to displace the ions, had all of

them the Lorentz value of 47¢/3, like p, , the contribution
to a from the polarization of the medium instead of being

equal to would be given by
2.

+

where no, is the refractive index of the crystal extrapolated
for long wave-lengths. In NaCl for example, (ng + 2)7/8=1.4,
and in some of the other crystals much higher, and if intro-
duced in. the expression for KX, would considerably decrease

the calculated value of VY. Even if p andp., » which.

should be of comparable magnitudes, were equal to 47/3,
and Pi» which might be mach smaller, were equal.to gero,
the effect would be considerable. Hence the observed

agreement between the experimental values of Y and those

calculated from (32) and (31), may be regarded as demonstra-

ting empirically
(1) that the polarization of the medium is due wholly

to the displaceménts of the ions, and that these

displacements do not induce any polarization in
the ions;

(2) that the effective polarization field acting on an ion.
and tending to displace it has just the Lorentz value,
namely 47¢/3 times the polarization per unit
volume of the crystal. Pegler
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(act) for the NaCl type of crystals from the observed
difference between the dielectric constant for static
fields and the square of the refractive index extrapolated
for long wave-lengths. This difference obviously represents
the contribution from the relative displacement of the

Littleton(438)Similar have beenhave been by Mott ang

positive and the negative ion lattices.

8. THE LORENTZ POLARIZATION FIELD
These results are indeed gratifying. The experimental

finding that the observed variation of the refractivity
of these crystals with density does not conform to the
Lorentz formula has sometimes been regarded as throwing
doubt on the validity of the Lorentz derivation of the

polarization factor even in cubic crystals. The
4

fundamental assumption implicit in this derivation is that
the elementary dipoles present in the crystal to which the
polarization of the medium is due, are point dipoles, i.e.
that the distance of separation of the charges in the

dipoles is small in comparison with d. The dipoles induced
.in the ions in these crystals, as. for example in refraction,
do not generally satisfy this condition, since the separa-
tion of charges in the ions is of the magnitude of the
diameter of the ions, and hence in the larger ions comparable
with the interionic distance. The polarization factor under
these conditions, instead of being equal to 4 as
deduced by Lorentz, will be much smaller, and judging from
the experimental data, almost nothing in the alkali halides.
In other words, the Lorentz factor 4 IN/3 fails just in
the ease to which it was intended to apply, namely, in
determining the polarization field in refracting media.

This should not, however, be interpreted.as casting
N doubt/



- 15
doubt on the validity of the Lorentz derivation of the

factor 47/3. Where the polarization of the crystal
arises from a small relative displacement of the positive
and the negative ion lattices, it may be regarded, as

we have seen, as due to point dipoles located at the

lattice points. In this case, the experimental data

for the reststrahlen frequency do point to the factor

determining the polarization field, having just the

Lorentz value
Before coneLuding this section we wish to make two

observations. We have here regarded the effect of

the overlap of the electric charge on an ion with the

charges on its immediate neighbours as affecting the

magnitude of the polarization field due to the latter
acting on the former. Alternatively, we may also regard

the effect of the overlap as equivalent to a reduction

of the effective charge on the ions frome to e*<é
(Frohlich 1949).

The second observation concerns the method

Remonothen= referred to in the

Antroduction, for/ calculating the frequencies of

some of the simple modes of oscillation of these

crystals on the basis of certain specified force-
constants between the atoms. Since these constants

are not known functions of the distance of separation
between the interacting atoms, the method is not

capable of giving information regarding the anharmoni-

city of the oscillations, in which we are specially
interested in this paper. Even in the calculation of

the frequencies by this method, since no attempt is
made to distinguish between the contributions to the force-
constants from electrostatic interaction and from other types

4

and
of interaction, snece/ the electric charges
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on the ions are not invoked explicitly in calculating
the forces between them, any cooperative effect of the

electric charges, like the polarization of the medium

that may
/
aaccompany the oscillation,is com=

pletely over looky in this method. When such a pola-
rization occurs, as in the lattice oscillation of the

alkali halides considered in this paper, the effect
of the polarization field on the restoring forces acting
on the ions, and thence on the frequency of the oscillation,
as we have seen, can be quite large.

We shall have more to say on the force-constants
between the atoms in alkali halide crystals when we

calculate the frequencies of some of the other modes

of oscillation of these crystals in fart II.

9, THE r* TERM IN EXPRESSION (9) FOR POTENTIAL ENERGY

The contribution to the potential energy from the

polarization of the medium is confined, as we have seen,
to the r" term. But both the repulsion and the Coulomb

interactions will contribute to the rt term. It will be

seen from (17), (21) and (22) that this term is of the

form

and is thus a function of the direction of the relative
displacement r of the two lattices.

As in the calculation of the r* term, in the

present case also, it. will be convenient to consider

separately the contributions from the repulsion
and the electrostatic interactions, and denote

them by the subscripts 1 and 2 respectively so that

a TT gyag y ten

Bos.

4 4.br +c
born



(36)

and

(37)

Considering the repulsion interactions first, and
ce
) a Q + Q

adopting for them the exponential law ( 6), and ignoring

interactions except between nearest neighbours, we obtain (7)
ops £

i

xX ee .

ae 48

vestectively.
In the NaCl type, in which the immediate neighbours

are six, at ( td, 0, o ), ete.

ones CG = 1/3, (40)

whence (38) and (39) reduce to

respectively.
Similarly in the CsCl type, in which the nearest

neighbours are eight, at (+ a/ V3, + V3, td/ V3),
= 1/9 eek (43)

and the values of b and Cy
are given by

In calculating the corresponding contributions b

and Cy from the Coulomb interactions, which are long-range

ones, we have naturally to include many more of the negative

ions surrounding the positive ion at KX, Vy Ze Substituting
2 for (A) in (17), and putting

R, /A =D Wwe (46)

we obtain

b = b+b

(38)2 ¢

.48 16
8+15 (l--5@) woe (39)

(41)
24.+15 S +15

3
(42)

Te

D>+68+6
x (44)

qo 72

2
(45)S +8 +415

108
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{x te

2

16 x
1 (47)

235 e

The values of n a and & will naturally vary from

one group to another, and their values for the different
groups of negative ions surrounding any given positive
ion in the crystal are given in Table iH.

TABLE iI

NaCl Type

6 1 d, 0, 0 1/3 =4,000
8. 3 d, d, 4 1/9 0.228

24 5 24, a, 0 17/75 ~0.057
24 9 2d, 2d, 4 11/81 0.032

6 9 Bd, 0, 0 1/3 ~0.016

24 au 3d, 4, d 83/363 -0.009
24 13 3d, 24, 0 97/507 0.002

'Total -3.82

D= a/V¥3

CsCl Type
7

8 1 D, D, D Qo 3.550
24 11/3 3D, D, D 83/363 -0.133
24 19/3 3D, 3D, D 163/1083 0.059

8 27/3 3D, 3D, 3D 1/9 0.015

24 27/3 5D, D, D 209/729 ~0.043

2448 35/3 5D, 3D, D 0 26%/aER525 0.00%

It will be seen from the last column of Table JZ that

and
(48), in which the summation extends over all the

surrounding/

2 16d )
(48)5

AGHTeaT
co-

ordinates
=o on a ow Mam om _

Total 3,48
mart

+ 2

with «increase of An ( T/A5 decreases rapidly
5 O~ ) 7 appearing in (87)n (1and the value of 5

7
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surrounding groups, is therefore calculated easily. Its
value is -3.82 for crystals of the NaCl type, and 3.46

for those of the CsCl type. Using these values, those of

b and c can be calculated with the help of (47) ana (48)

respedtively. The values of b=b+b, and of oef=C4 cy thus

calculated are entered in columns (2) and (3) of foie TET,
3

Table 3
2
in A 5

@/100

NaCl tyne
LiF -2.72 7.03 6.5 -0.6 2.3 22 44
NaF -2420 5.4 3.3 -0.2 1.2 32 by
KF -1.52 4.21 2.4 -O.1 0.9 a6 72
RbF -1.35 3.80 2.1 -O.1 0.8 35 7o

CsF ~1.28 3.79 27.0 0 0.8 25 70

LiCl -1.29 3.43 4.1 -0.3 1.5 2958
Nacl -1418 .3.26 2.4 -O.1 0.9 22 oly
KCL -0.90 2.60 1.8 0 0.7 35 70

RbCL -0.84 2.47 1.5 0 0.6 34 b&

LiBr -1.12 3.01 3.7 -0.2 1.4 33 62
NaBr 1.02 2.89 2.0 -O.1 0.7 33 66

KBr -0.81 2.39 1.5 0 0.6 24 OF

RbBr -0.74 2.23 0.2 0 0.5 24 68

Lil -0.93 2.78 3.2 -O.1 1.2 28 bo

Nal 460.89 2.62 1.68 0 0.7 -- 33bb

-0.71 2.20 1.5 0 0.6 a3 62.

RbI ~0.66 2,08 1.0 0 0.6 32 by
CsCl type
CsCl 1.39 -1.34 O.1 1.3 0.4 2342
CsBr 1.30 -1.24 O.1 0.9 0.8 22 4-4

20.Crystals bx1020 100@x100 6x 100 f6x100

KI

CsI 1.23 -1.16 O.1 0.3 0.5 22 44
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Now the extreme values of sh are

when the direction 'of ccd1lation is along any of the euble

along (111), etc., and its average value, taken over all
directions, is given by

=

andaxes, i.e. along (1 0 0), ete.

the long diagonals of the cube, i.e.when it is along any of

The corresponding extreme values of f (see (35) ) are

foo = ee
+ & be (49)

and

(50)
Hone =

and its average value is
(51)oc

10, ENERGY LEVELS OF THE ANHARMONIC OSCILLATOR
The energy levels of an anharmonic oscillator of the

above type are given a
por') (52)

which may be written in the form

(w+ n+ AtoWt (58)W = Av
where

(54)9

and is a measure of the anharmonicity of the oscillator
varies, as we have seen, with the direction of the

oscillation. In these expressions we may use for Y, the
value of Y given in Table J.1

The Afirst differences'\ between the energy levels will
be given by

(55
4

and the Msecond differences" by 2 f 6

aay (F2

a
phe

Ta -

Yor (seus) anolft Peleg
Recor (0935), Bdicacks- 49,

nene
rT eat

CN Re maigrnmminns
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¥,=(W,- Ww,)/A 2p +6XTo wv (56)

(57)Y+ oy fe, -
so that the ratio of the frequency of the first overtone
(second harmonic) to twice the frequency of the fundamental
is given by

4. vy (2v,) = 1+ $8, eee (58)
The frequency of the octave will obviously vary with the
direction of the oscillation, unlike the frequency of the
fundamental.

The two extreme values of the anharmonicity factor
+8 are given in columns (4) and (5) of table re, which

sive us #a measure of the spread of the spectrum of the
octave on either side of twice the frequency of the
fundamental.

The anharmonicities of the oscillations of several
diatomic molecules have been studied in detail both

theoretically and experimentally. There are two features
that distinguish them from the anharmonicities of the lattice
oscillations of the alkali halides. In the first place the
main term determining the anharmonicity in diatomic molecules
is the re term whereas in/alkali halides it is the

term, the po term being absent. The sign of the anharmonic
factor in diatomic molecules is negative, i.e. the energy
levels come closer together as on increases, and the Condon

Parabola tends to widen out as one moves to high energy
levels. In the lattice oscillations, on the other hand, the
anharmonicity factor varies with the direction of oscillation,
from large positive to small negative values.

From the valves of the anharmonicity factor
entered in fable 2i4 it will be seen that its magnitude
decreases as we proceed from the fluorides to the iodides,
and again from the lithium salts to the corresponding salts
of caesium.

9

11./
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OF THE SPECIFIC HEATTI. INFLUENCE OF THE ANHARMONICITY

For linear oscillators having an ahharmonicity of the

above type, the specific heat at constant volume at suf-
ficiently high temperatures, will be given by (Born and
Brody

(59)

(60)
The significance of @ is that the specific heat at

where
e 2
MY

constant volume of an assemblage of such linear anharmonic

oscillators will fall from its theoretical value k ogee Uatsy

characteristic of harmonic oscillators, -by 1% per
CD /100 degrees rise in temperature. Using for .f its
average value, namely, f =b+3c/5, the vdhes of @

have been calculated and are entered in the last
column of Table FTF.

We naturally need to know similarly the anharmonicities
of all the other normal modes of oscillation of these

"erystals, before we can correlate them with the observed

temperature variation of ey On the observational side also,
only rough estimates of Cy are available, and those too for
one erystal, namely sodium chloride. Direct measurements

naturally give the specific heat at atmospheric pressure,
and in order to calculate from these data the specific heat

at constant volume, one needs to know the compressibilities
of the erystal at these very high temperatures, whereas

the available compressibility measurements are at ordinary
temperatures only and only very rough estimates can be made

by extrapolation. Using such extrapolated values for the

4 he o

compressibility of sodium chloride, Eucken and Dannohl (1934)
find that @ attains nearly the theoretical value characteris-
tic of an assemblage of harmonic oscillators at abote

300° C,
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300°C, and then falls off almost linearly by about one

sixth in 500°C, This would correspond roughly to an

effective value of 3000°C for @ , which is of the same
the Manneand

order of magnitude, as that calculated
for the lattice oscillations.

We shall resume this discussion after the anharmoni-
of all the other modes of oscillation have also been

calculated.
NX

We wish to thank Mra K.S.i:Sarma and Mry K.D.Baveja
for helpful discussions.
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