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Abstract

Certain structural, thermodynamic and atomic transport properties of a number of liquid
noble and transition metals are reported. The underlying theory combines together a simple
form of the iV-body potential and the thermodynamically self-consistent variational modified
hypernetted chain (VMHNC) theory of liquid. The static structure factors calculated by using
the VMHNC resemble the hard sphere (HS) values. Consequently the HS model is used to
calculate the thermodynamic properties viz. specific heat, entropy, isothermal compressibility
and atomic transport properties.
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1 Introduction

The transition and noble metals play a very significant role in metallurgy. Consequently there
have been numerous works aiming to understand the various physical and chemical properties
of these metals and their alloys [1]. In this paper we have presented results of calculation for
a certain structural, thermodynamic and atomic transport properties of Cu, Ag, Au and Ni by
using the iV-body potentials [2], sometimes referred as embedding-atom-model (EAM).

The prime reason of employing the EAM model in the present calculation is that the rel-
evant potentials can effectively overcome the inherent limitations of pairwise potentials. The
two EAM models, proposed independently by Finnis and Sinclair [3] and Daw and Baskes [4]
using two philosophical points of views, have precisely included the many-body term described
by an embedding energy function and a repulsive pair potential term in the effective interaction.
Because of its generalized appeal, the Finnis-Sinclair (FS) formalism, initially derived to model
the interactions in crystalline solids, has been subsequently further developed to extract more
realistic potentials for the liquid noble and transition metals [5-7]. Among these, the potentials
derived by Ackland et al. [5], have been able to describe successfully a number of physical prop-
erties of transition metals using both the molecular dynamics (MD) simulation [8] and integral
equation theory [9]. Following these successes, we have opted for the Ackland et al. [5] version
of the FS model to calculate the static structure factors S(q) and a certain thermodynamic and
atomic transport properties of liquid Cu, Ag, Au and Ni. In this endeavour, we have successfully
combined together the afore-said ./V-body potential with the thermodynamically self-consistent
variational modified hypernetted chain (VMHNC) theory of liquid.

It is relevant to mention here that since thermodynamic quantities and to some extent
structural properties are global in nature, these may not testify entirely the quantitative nature
of any interatomic interaction with full clarity. On the other hand since transport and critical
properties are either local or quasi-local in nature, the correct theoretical interpretation of such
properties can effectively predict the accuracy of the said interactions. Following this implication
we have extended our efforts to calculate the shear viscosity of liquid Cu, Ag, Au and Ni using
the ./V-body potentials [5] within the VMHNC framework.

The layout of the paper is as follows: in Sec. 2 we briefly describe the formalism combining
the iV-body interactions and the VMHNC theory. The theory of shear viscosity is briefly pre-
sented in Sec. 3. Results are presented and discussed in Sec. 4. Some concluding remarks are
presented in Sec. 5.

2 Mathematical formalism

2.1 Interatomic potentials and the VMHNC theory of liquids

The total energy per atom in a metallic system may be written as [3]

where V denotes the core-core repulsive pair interaction and f(p) an embedding function de-
scribing the many-body interaction relevant to the density of state p. In terms of a polynomial
function <f>(rij) for p [10], an extended pair potential function can be approximated as

u(r) = V(r) - 2/(p)0(r) (2)

so that the total energy now takes the form

Utot =
l-J2 'u(ry) (3)



Within the iV-body formalism, we choose the Ackland et al. [5] functional forms of V(r) and
<p{r) with the second moment form of /(p). The reason behind, this choice is that it generates
simple and computationally convenient forms of these functions.

Once the extended pair potential u{r) is generated it can be combined to the VMHNC
within the framework of the Ornstein-Zernike (OZ) equation with a closure relation for the pair
distribution function [11]

g{r) = exp[/i(r) - c{r) - /3u(r) - B(r)] (4)

where h(r) is the total distribution function, c(r) the direct correlation function, (3 = (fc^T)"1

and B(r) the bridge function [12]. B(r) is approximated by use of the analytic solution of
the Percus-Yenick (PY) equation for hard sphere, while the corresponding packing fraction rj
is variationally determined by minimizing the VMHNC configurational free energy [13] at a
temperature T and number density n. In the present investigation we have also employed the
linearized Weaks-Chandler-Andersen (WCA) theory [14] to calculate B(r). The thermodynamic
condition that for an approximate hard sphere diameter a the Fourier transform of B(r) should
vanish leads to a transcendental equation [14]

/3u(a) = £n{(-2f3au'{a) + Y + 2) / ' ( - Peru1'(r)

+Y + 2} (5)

The solution of Eq.(5) gives the correct value of the hard sphere diameter a.
Once the hard sphere diameter and so the packing fraction 77 is known for a particular

temperature T and number density n, the structural functions g(r) and S(q) can be calculated.

2.2 Theory of Shear Viscosity

If the liquid metals are approximated as hard sphere liquids, the shear viscosity may be expressed
in terms of the effective pair potential u(r), the pair distribution function gHS(r) and the soft
sphere friction coefficient £s in a very simple form [15]

c = a + 0 + a (6)

where the hard sphere contribution is given by

n

with

(8)

and

o, = — ) ( ) (̂ )

M being the atomic mass.



The contribution of the soft part of the potential to the viscosity is

where £s is the soft core friction coefficient [16].
The kinetic energy contribution to the shear viscosity reads

fa) [" + fa)]

3 Results and discussions

The static structure factor S(q) for Cu, Ag, Au and Ni are presented in Fig.l. The VMHNC
results for S(q) are found to be very consistent with the experimental values [17] with slight
discrepancy of the first peak-values. The VMHNC calculations for all the systems exhibit no-
ticeably higher peak values, the LWCA calculations, however, reproduce slightly lower peaks
for at least Cu and Ni, but they overestimate the subsequent maxima and minima. It may
be anticipated that truncation of the embedding potential and the limitaion of the underlying
liquid state theory may have a combined effect on the higher peaks for the systems. The accu-
racy of the VMHNC calculations for liquid transition and noble metals has been further tested
elsewhere [9-11] and has been found to be comparable with the molecular dynamics (MD) data.

The thermodynamic quantities e.g. the specific heat at constant pressure Cp, the entropy
S and the isothermal compressibility xT

 a r e presented in Table 1, the relevant expressions are
taken from Tamaki and Waseda [18].

Table 1 Calculated and experimental values of specific heat at constant pressure, Cp (Cal/mol.K),
entropy per atom, S/Nk (Cal/K) and isothermal compressibility, X 1

System

Ni
Cu
Ag
Au

T(K)

1773
1422
1273
1423

Cp
Theory

8.34
8.98
9.08
9.29

Expt.
10.30
7.50
8.00
7.40

S/NkB

Theory
9.80
8.92
9.81
10.63

Expt.
11.72
10.26
10.94
12.00

XT
Theory

1.0
0.99
1.55
1.26

Expt.
1.03
1.49
2.11

-

The calculated values for these quantities are found to be reasonably consistent with experi-
ments. The calculated values for %T, for most of the cases are, however, slightly underestimated;
the conceivable reason behind this behaviour might arise from excluding the attractive part of
the potential and neglecting the electronic contribution to the entropy. The significant values of
the electronic density-of-states (DOS) at the Fermi levels for all of the systems necessitate the
inclusion of the latter contribution.

Now we turn to the results of calculation for the atomic transport property, namely, the
viscosity. The calculated values for Cu, Ag, Au and Ni are presented in Table 2. The table
shows a good agreement with experiment for the noble metals, but for Ni the agreement is just
fair. The possible causes of the discrepancy for Ni will be briefly discussed in the concluding
remarks in Sec. 5.



Table 2 Calculated and experimental values of shear viscosities CicP)- Values within the
parentheses are obtained from our parametrization of potential for Ni.

System
Ni

Cu
Ag
Au

/-(i)

0.0543
(0.0499)
0.0547
0.0487
0.0749

1.713
(2.317)
1.884
1.859
2.847

1.571
(2.480)
1.417
1.592
2.179

Cfc
0.0710

(0.0600)
0.067

0.0596
0.0904

C(theo)
3.41
(4.9)
3.421
3.560
5.186

C(expt)
4.9

4.0
3.88
5.0

Prom Table 2 it is noticed that the major contribution to the viscosity arises from the hard
core part of the interaction. The contribution from the soft part of the potential is also significant
and comparable to the hard core part. The kinetic contribution is very small in comparison to
the other two contributions. However, in the limit of very high temperatures well above the
melting points the kinetic contribution may become significant. The temperature dependence of
viscosity for all of the systems is shown in Fig. 2. The calculated vbalues of C(T) based on two
different approaches are found to be comparable. Consideration of any temperature dependence
in the embedding potential might further refine these values, but this consideration from the
first principles point of views is not known yet.
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Figure 1. The structure factor S(q) for liquid Cu, Ni, Au and Ag. The solid line represents the
VMHNC calculations, the broken line the LWCA calculations and the circles the experimental
values [17].
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Figure 2. The temperature dependence of the shear viscosity ((cP) for liquid Cu, Au, Ag and
Ni. The solid line is based on the Protopapas- Anderson-Par lee [19] method and the broken line
on the Itami-Sugimura [20] prescription.

4 Concluding remarks

In the paper we have reported results of calculations for the static structure factor S(q), thermo-
dynamic properties e.g. Cp, S, XT and an atomic transport property, namely, the shear viscosity
£. The calculated results, particularly for the noble metals, show reasonable agreement with
experiment, for Ni, however, we have noticed some discrepancies, in the light of the calculations
we would like to make the following concluding remarks:

(i) The EAM theory can adequately describe the liquid state properties for non-simple liquid
metals, particularly for those metals having filled d-electron bands. For metals having substan-
tially empty d bands the EAM may not be very suitable. This shortcoming is reflected in our
calculations when we look particularly at the results of specific heat and viscosity for Ni. Part
of this shortcoming may be revealed owing to the incomplete parametrization because of the
non-availability of high pressure-volume experimental data for high melting-point systems like
Ni.

(ii) Backscattering effect is presumed to be relevant to the atomic transport of any system
including the present ones. Inclusion of any such effect on an ad-hoc basis may further improve
the values of shear viscosity, but a first principle approach will be microscopically more desirable.

(iii) The temperature variation of the shear viscosity needs a temperature dependent potential,
this is at the heart of any finite-temperature property of a metallic system. This problem has
been tackled on an ad-hoc basis [21], but a complete theory is needed to consider this temperature
dependence in the formalism self-consistently.



Work considering the above points is in progress.
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