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ABSTRACT

In the present method an average Griineisen constant is calculated from the experimental
data on the thermal expansion, specific heat and compressibility. This enables one to calculate
the thermal pressure as a function of the volume in the usual manner. The pressure for &
non-vibrating lattice at T = 0 at a given volume is calculated from the condition that the sum
of the static and thermal pressures is equal to the total pressure under which the volume is
experimentally measured. The static pressure being the derivative of the potential energy,
the latter can be calculated from it. The method is capable of being applied to non-cubic
crystals. Beveral forms of potential energy functions have been tested by this method.

1. INTRODUOTION

A theoretical evaluation of the potential energy of an assembly of particles as
a function of their interatomic distance is expected to provide complete information
about the crystal structure, lattice constant and various other elastic and thermo-
dynamic properties. This is # very difficult task, and it is usual to adopt the
reverse procedure in which crystal structure, and a few other properties are taken
for granted and are used to find the parameters of an assumed interatomic force
law. This law may differ considerably from the real force law, but is made to fit
with it in a narrow region surrounding the equilibrium position which is the only
region of interest in the usual thermodynamical calculations.

The simplest form of the interatomic force law is a function of the form

¢ = —ar»tbr* .. - . .. (D

which satisfies the necessary condition that the lattice must be mechanically stable
for all kinds of small perturbations under the action of these forces. This law was
used extensively by Griineisen (1926) in his studies of the solid state. Born (1939)
and his students (Furth, 1945) have modified the above into the following form

¢(’)=;:n:n{_%(%)m+%(?)”} N ¢

where 7 is the equilibrium distance and u is the dissociation energy. m and = are
constants,

Bardeen (1933) has used the following form for metals

§ t
ug(v) = A (310) +B (29) -C (E) .. .. .. (3
v v v

where v, is the equilibrium volume and A4, B, ¢ are empirically determined
constants. The ionic crystals have been discussed at length by many workers. It
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is assumed that the main interaction in jonic crystals is the ordinary coulomb
interaction between spherically symmetrical ions. The stability of structure is
provided by balancing them with short range repulsive forces. Additional interac-
tions are introduced in the process of refinement of the theory. The final form is of
the type (Huggins and Mayer, 1933) (neglecting zero point energy)

p=—22_%_ - + ble-f/P + bze“r*/—ilp .. o 4)

The forms given above have all been used for an evaluation of the thermody-
namical and such other properties as have not been explicitly used in the derivation
of the parameters. 1t would be a decided advantage if we could derive the poten-
tial energy function directly from the experimental quantities like thermal expansion
and specific heat for which excellent data are available and then test the various
forms proposed by theoretical workers. A method of this type was first described
by the present writer (Dayal, 1950) and has been used by the Banaras workers.

Cubic Crystals
The Helmholtz free energy 4 of the crystal is given by

A.—_UO+Zleog(1_e"‘”ﬂ") N -3
3

where the summation extends over all the 3N vibration frequencies, and U, is the
potential energy of the crystal at the absolute zero.
The pressure P is given by

3N
AN AR
P—‘(W)T—“(W)TWE%EJ' o O

Griineisen (1926) assumed that all the values of ¥; are the same so that ¥ can be taken
outside the summation sign. Even if this assumption is incorrect we may assume
that y is an average constant such that we may put the second term in (6) in the

form ZIJ We get accordingly

V
_ (aU,\ ,vE
P-——(W)T+—IT .. .- .. o (M
_—:_pst+pth .. .. .. . .. (8)

E is the thermal energy of the crystal under given conditions. This can be deter-
mined experimentally and need not be calculated from vibration frequencies. pst is
the static pressure due to a non-vibrating lattice and py is the thermal pressure.

From equation (7) Griineisen (1926) derived the following expression for the
thermal expansion «

@ = Yhqou N 1)

2
v, (1_ KE.ko‘)')

Vo

where k, is the compressibility, ¥, the molecular volume and ¥ the Griineisen
constant. K is a constant connected with the interatomic force law and is usually
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determined empirically, The procedure adopted by us consists in evaluating ¥
from (9) with the use of the experimental data. The value of ¥ is then used to
calculate pi, which depends on temperature mainly through E. The volumes of
the solid at different temperature are then calculated with the help of the thermal
expansion data. Since the experimental measurements are always made at the
atmospheric pressure which is practically zero in the scale of pressures with which
we are concerned, these volumes are effectively those at P =10. For these
volumes, we can put P = 0in 7 and 8 and get

vE
Pt = —Pu=—75

In this way p, can be obtained as a function of V (or of interatomic distance).

On plotting the curve and integrating we can get the volume of the potential
energy at any particular volume, which can be compared with the value derived
from any of the assumed forms of interaction. We have, however, avoided integra-
tion and calculated the static pressure as a derivation of the potential energy
expression. This has been used for comparison with the p, obtained from 7 and 8.
This enables one to make an exhaustive and more thorough test of the proposed
forms of interaction than has been made so far.

The first comparison of this type was made by the present writer for NaCl
(Dayal, 1950-51). Sharma (1955) took up the cases of KCl and LiF. The
theoretical form of potential energy is the same as given in equation (4). The
values of C and D were taken from a paper by Huggins and Mayer (1933). b;/bq
was calculated from the ionic radii taken from the same source. For NaCl, p was
taken as 0-333x 1078 cms. and for the othertwo 0-345x 1078 cms. & and by were
calculated from the equilibrium conditions. The results of calculations for NaCl
and KCl are presented in Table I. The values of p, calculated from the potential
energy and those calculated by our method are of the same order but it is obvious
that some small revision in numerical constants of equation (4) is necessary.

TasLe I

—pgy as calculated from the thermal data and that from the equation (4) ¢n 108 dynesfem.?

NaCl KcCl1
74 —Pgt —Pst rx 108 —Pst — Pyt
(thermal data) from (4) oms, (thermal data) from (4)
28-47 108-1 146-4 3-152 20-27 25-64
29-27 160-8 197-5 3-160 33-94 40-03
29.71 1887 220-8 3-165 41-52 4917
30-72 3558 270-9

Sharma (1955) has also tested equations (2) and (3). The constants of
equation (2) were taken from the work of Furth (1945) but small changes in m and
n were made if a better agreement could be reached. The constants of Bardeen’s
equation (3) were taken from Seitz’s (1940) book. The results of calculations are
shown in Tables IT and III, the first of which has been taken from a paper of Dayal
and Sharma (1955) and the second from the Ph,D. Thesis of Sharma (1955).
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TasLE IL

Dyt from thermal data and from equation (2) in 108 dynes/em.2

Substance Vv —py (thermal data) — pg; from (2)

Al 10-041 11 13
10-092 54 53

10-172 107 114

10-323 219 219

10-586 385 378

w 9-578 11 15
9-587 43 42

9-614 124 122

9-630 169 168

Tasre III

Dy Jrom thermal data and from Bardeen’s equation in 108 dynes/cm.?

Na | Li
v —Dgt — Pt 1% Pyt — Pst
(thermal data) Bardeen (thermal data) Bardeen
23-181 19-18 20-25 1294 15-09 21-74
2370 35-95 35-7 13003 23-14 27-12
13-097 33-52 39-93
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