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Thermodynamic Properties of Liquid Metals:
One-Component Plasma (OCP) Model

K. N. KHANNA and G. SHANKER
Department of Physics, V.S.S.D. College (Kanpur University), Kanpur 208002, India.

(Received January 2, 1985)

It is shown that the plasma parameter obtained by fitting the entropy of the system to observed
one can reasonably reproduce thermodynamical properties of liquid metals. A simple method
is proposed to calculate specific heat C, of liquid metals in OCP system.

Recently it has been shown that liquid metals can be treated successfully
as a system consisting of classical point like ions embedded in a uniform
neutralizing background.! Several authors have recently reported thermo-
dynamic properties of liquid metals, most of the approaches limited to
alkali metals and discussed the usefulness of this system in comparison to
the hard sphere reference'system.?~® However, there remains an important
question regarding the magnitude of the plasma parameter I".” It is noticed
that the theoretical value of I' which corresponds to the freezing point of
the metals at atmospheric pressure lies above the value (I' = 155 for alkali
metals) at which the computer simulation indicates that the OCP is crystal-
lizing. In view of this, in this communication, we demonstrate how the
approach, to evaluate the value of I' by fitting the entropy of the system to
observe one, can be applied to improve the value of I' and to calculate the
thermodynamical properties of alkali and polyvalent liquid metals success-
fully. This fitting approach was successful in hard sphere system.® The
Helmbholtz free energy of a liquid metal can be assumed as

F=Foep+ Fg (1)

where Focp is the Helmholtz free energy in the OCP system and F, is the
69
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difference in the free energy in the reference system (OCP) and the real
liquid. Fep can be written like in the hard sphere system

Focp = F gas T AF oCP @)

here, F, is the gaseous motion of N identical particles with mass M in the

volume V.

g

3/2
F, =—-NK,Tln [Q (%K;ZT) ] ~ NK,T 3)
T

AF ,cp Which includes the Coulomb interaction energy, can be described in
terms of the Plasma parameter I"®

AFoep = NKyT(AT + BI'Y* 4+ CInT + D) (4)

where A = —0.896434; B = 3.447408; C = —0.555130
D = —2.995974; K is the Boltzmann’s constant.

30 1/3
I'=(Ze)*/aKyT;a = (Tn)

The contribution from the non reference liquid, F,, can be assumed as

F,= [2{ _ 0916 (0.115 — 0.031 In a)]Z + A + F, (5)
a a Q
the first three terms are the kinetic, exchange and correlation energies of the
electron gas. A is an adjustable parameter to achieve the condition P =
—(0F/08); = 0.
The last term represents the electronic term. All these terms except F,
do not contribute to entropy being exclusively volume dependent terms.

1

oF
S = - <6T) = Sgas + SOCP + Sel
Q

S s MK, T\%? 3
NE =§+1n[9(3;£2~> ]+ [—13r1/4~canr— 1)—D]
B

1
+ 3 m*KzTN(E;) ()
S, term is negligibly small for simple metals and is considered on the lines
of Yokoyama et al.'® Neglecting electronic term, the excess entropy in
OCP system can be expressed as
AS 3

— ——B 1/4 _ _ _
NK, 2 Br CInC—1)—D )
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For comparison, the results of Slattery et al.’' can be written as

AS
NK,

= —2.83632I''/* + 0.89770T" " /* 4 0.80049 In I"

+ 1.78559 )]

We now turn to calculate specific heats C, and C,. The method to evaluate
C, is the same as proposed earlier in hard sphere system [12].

oS 3 3 1
=T|==] ==+ =BI'* + C + - n?K,;TN(E 9
C, (6T>Q 2+16B + +3nKB (Ef) 9

and

N 3 3 oT (3B
=71(2) =24+ 2 grus 2P rye
C, T(a’r)p T +C+aT+3<16F +C)

1
+ 3 Ky TN(E) (10)

here o represents coefficient of thermal expansion. To test the validity of
our I' values, we also calculate the structure factor at long wavelength by
using the expression of compressibility proposed by Evans and Sluckins.!?

K = —0.3989T + 0.3414T""* + 0.05490~1* + 0.7332 (11)

oce
where K;' = nKyT. Comparing with Ornstein—Zernike relation

lim S(K) = nK; TKgcp (12)
K~0
we find structure factor at long wavelength.

Table I shows that the calculated values of T are well below the values of T’
at which OCP is believed to melt. We also remark that the fitting of Z*
as done by most of the workers to achieve the reasonable value of I is not
done here. We now proceed to calculate the excess entropy by feeding these
values of T" in Eqgs (7) and (8) that almost give same numerical values. The
results are then compared with existing theoretical values and experiments.!*
Two promising results in this regards are I' = 140, AS/NKy = —3.75 for
Na?and I' = 130.5 AS/NK,; = —3.64 for Li® at their melting temperatures.
Recently Montella et al.* have also calculated the excess entropy varying
from —2.9 to —3.8 for alkali metals using variational approach. Table I
shows the general improvement of the excess entropy by using our I values.
The calculated values of C, and C, by using these T" values are lower than
experimental value.'* Unfortunately, reliable experimental values of thermal
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TABLE 1

Specific heats and excess entropy (in units of NKp) of liquid metals at their melting points

—AS
C, (Exp) Theo. Value using Exp [14]
Element K r C, C, [14] Eq. (7) Eq. (8)

Li 453 120 3.15 3.25 365 3.46 3.49 3.61
Na 371 124 3.16 3.31 3.82 3.51 3.55 345
K 337 120 3.15 3.30 3.86 3.46 3.50 345
Rb 312 126 3.19 3.35 3.78 3.54 3.58 3.63
Cs 301 123 3.18 3.36 3.84 3.50 3.54 3.56
Mg 953 104 3.12 3.36 3.90 3.24 3.27 —

Cd 623 146 3.20 3.46 3.57 3.47 3.51 4.00
Zn 723 162 3.25 3.54 3.78 3.96 4.01 3.78
Al 943 121 3.20 3.37 3.52 3.78 3.83 3.49
In 433 199 3.44 3.53 3.55 4.33 4.39 434
Pb 613 152 3.33 346 3.68 3.85 3.90 3.91
Ga 303 212 3.52 3.47 3.35 445 4,51 4.62
Sn 523 173 3.38 3.46 3.57 4.08 4.13 4.08
Cu 1356 105 3.11 3.58 3.78 3.25 3.29 3.59

expansion are not available. The values of C, are almost the same as ob-
tained by Percus-Yevick phonon theory.!® The values of C, for Zn, Sn,
Ga, Pb and Bi are adequately better than in hard sphere system.!>!¢ The
present values of I' also seem useful to predict the structure factor of liquid
metals at long wavelength as displayed in Table II.

In conclusion, OCP model discussed here is able to reproduce thermo-
dynamical properties of liquid metals despite its crude form. Further, our
results revealed that OCP model can be extended to polyvalent liquid
metals with reasonable accuracy.

TABLE 11

Structure factor at long wave length for liquid metals

S(0)

Element T(K) r Ours Ref. [6] Expt. [17, 18]

Li 453 120 0.0217 0.0201 —

Na 3N 124 0.0210 0.0215 0.0233

K 337 120 0.0217 0.0212 0.0225

Rb 312 126 0.0207 0.0207 0.0220

Cs 301 123 0.0212 0.0202 0.0237

Mg 953 104 0.0252 — 0.025°

Al 943 121 0.0216 — 0.0202

Pb 613 152 0.017 - 0.009, 0.014

? From McAlister (1974).
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