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Abstract

An analytic electron density function p(r) and pair potential function
#(r) have been developed for FCC metals from their experimental binary alloy
data. Values of the electron densities, derived from exact dilute limit heat of
solution, were used to determine the pair potentials via the equation of state of
Rose et al [3]. The parameters in the fitting functions have been calculated
and tabulated in this study.

Keywords: Analytic Electron DensityfEmbedded Atom Method, Semi-Empirical Methods.

1.0 Introduction

One advantage of the original EAM model as given by [1] is Heatmbedding energy and core-
core potentials can be obtained by fitting experimental data. Etkodh though simple, can handle
structures and energies of complex metal systems sudefests and even alloys. In their work, the
embedding function, B}, and pair potentiab(r) were tabulated as spline functions. In that form, the
results are not analytical. Besides, the empirical fiterdéhed the embedding energy and its first and
second derivatives at equilibrium [2]. These difficultiegired Johnson to propose an analytical EAM
model that can give good fit at distances other than the lemunl. His simple exponential functions for
atomic electronic densities and pair potentials could not serifigi predict dilute-limit heat of solution
for FCC metal alloys of Cu, Ag, Au, Ni, Pd and Pt. The disagreemecalculated and published values
for Pd in Ni was unacceptable. One other problem is that dueinis quite sensitive to input variables
namely; atomic volume, cohesive energy, unrelaxed vacancy tiormenergy, bulk modulus and the
Voigt-average shear modulus.

Cai and Ye [2] proposed an analytical model that included a long-fanggein order to try to
resolve the above problems. They assumed an exponential fornorfauc a&lectronic density, f(r). The
pair potential took the form for Rosat al function [3] and the embedding function followed that of
Barnerjea and Smitf4]. The parameters involved were obtained from fitting basic ptiepeof pure
metals. Their model ensures that the embedding energy hafieepogvature. A further advantage is
that the model can be extended to accommodate the angular force becauséyitastdoaever, it could
not sufficiently resolve the heat of solution of Pd in Ni.
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Because HY),p(r) and f(r) can take on different functional forms in theME&Aamework many
other workers have proposed various forms to address spedlilems [5,6]. Johnson [7] has rightly
observed that the details of interactions between physical paresvof an impurity atom of type-b in a
host lattice of type-a atom and the dilute-limit heat of smiuis complex. Two important considerations
must be kept in mind in the search for a new analytic functibhe new function must satisfy the
equation of state and it must give a good fit for interatomicnpiale at distances away from the
equilibrium point.

Rather than propose analytic expressions for calculation of diiteheat of solution, the
approach in this work is the converse. Here, we obtain expressioffs) from the experimental values
of heat of solution. The electron density derived therefroneishile enough to give an appropriate pair-
potential through the equation of state, and also to exattlyefipublished values of heats of solution.
The derived analytic functions and the results are presented irfiolbevs for Ni and Cu. A brief review
of an analytic nearest neighbour FCC model for alloying, based onAhk E given in section 2.
Further details than contained here can be found in [7]. Resultsedbtaie discussed in section 3 and
concluding remarks are made in section 4.

20 Theory

In the EAM framework for an alloy with a host lattice of typatams containing impurity atoms of type-
b atoms, two kinds of embedding functioflr, and B(p) exist. Similarly, one could specify two kinds
of atomic electron density functionrf) and f(r,). But for the pair-potential, there are three kinds, often
referred to in literature a$® ¢™, and ¢®* ¢* and ¢ are the same as that of their respective

monoatomic models bup® is assumed to be a density weighted average of the monoapainic
potentials given as [7].

2 a b
f5(ra) fFo(ra)
The EAM model is quite useful in the treatment of alloys and the basic equaitdhe total energy,&
is [Rose et al]

s =1 f2(r,) aa f(ra) bb (2.1)

Eiot = F(0) +®(r) (2.2a)
where
= f(r. (2.2b)
o P le (r;)
o(r)=1> (1) (2.2¢)
qZj
Thus, one could write for FCC alloys, within a nearest neighbour model, tressixs
p(r) =121 (r) (2.3)
and ®(r) = 6¢(r) (2.4)

An adequate analytical function fe(r) and ¢(r) with sufficient flexibility is needed to calculate.&
Idiodi and Obodi [8] have proposed the following functional form foe aitomic electron density

p(r):ﬂo[1+P %2+ Py xS +P, x4 +Pox? +P.x8 + P Xq (2.52)

2 3 4 5 6 7
where r
X:[__lj (2.5b)
and o
-3V
0= [—“J (2.5¢)
Lo
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and Pi (-, .5 are constants to be determine®, is not a free parameter and it is determined self
. (rg)
consistently form P, = 2{ o ,0% - 62 (2.5d)

: . o , 1
Equation (2.5a) involves several unknowns. The firgbojsfor which we assume the form, 25

instead of pg = EC prescribed by Johnson [7]. It is sensible that electron geisitinversely

proportional to atomic volume. There are also the other congtamsich must be determined from the

exact dilute-limit heats of solution of a given impurity ives&al hosts. For example, consider Cu as an

impurity in Ag, Au, Ni, Pt and Pd as hosts. The respective heats ¢ibsolwe sufficient to determine the

parameter$, - P; for the electron density function of Cpc(). Thus, one could in turn obtagmg, Pni,

Pra Paus, and pp. Having determined the various electron densities, the embeddanatjoh Fp) is

calculated. In this study, we have usedfq)FRle following fungtion
F(p) = AE, —Oj/lnT—j

o (2.6)
A is taken as unity, Eis the cohesive energy of the atom, host or impurigy.i€calculated from the

formula [3]
Ert = —Ec[1+a x]e X (2.7)

%
wherea = {%j , Q is the atomic volume and B is the bulk modulus. From equationg@d2§2.4),
C

$(x) can then be determined using P(x) = %(Etot - F(,o)) (2.8).

30 Resllts
The properties of six FCC metals used in this work are presentedlenIlab

Table 1: Properties of pure FCC metals. Lattice consténtd), Bulk modulus (in 1&ergs/cni), and cohesive energies (in eV)
are from Ref. [3] and Ref. [9], elastic constaitsl0'%ergs/cni) are from Ref. [10]

Ni Cu Pd Pt Au Ag
B [10*%ergs/cn] 1.876 1.420 1.955 2.884 1.803 1.087
C11[10%%ergs/cmi] 2.612 1.762 2.341 3.580 2.016 1.314
Cy,[10%ergs/cn] 1.508 1.249 1.761 2.536 1.697 0.973
Ca4 [10%%ergs/cr] 1.317 0.818 0.712 0.774 0.454 0.501
a (A) 3.5100 3.6150 3.8900 3.9200 4.0700 4.0800
QA3 10.8109  11.8104 14.7160 15.0591 16.8548 16.9793
ro(A) 2.4819 2.5562 2.7506 2.7719 2.8779 2.8850
Po =p(r)[A3 0.0925 0.0847 0.0680 0.0664 0.0593 0.0%89
P'(Fo)[po/Al -0.6512  -1.1182 -1.7055 -1.8226 -1.9388 -1.3374
p"(N[pd/A? -1.3770  -2.7966 -4.4663 -4.4863 -5.3582 -3.2096
EJfeV] 4.4400 3.5000 3.9400 5.8400 3.7800 2.9600
A 1 1 1 1 1 1
F(po) [eV] 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
F'(0o) [€V/pd] 4.4400 3.5000 3.9400 5.8400 3.7800 2.9600
F"(00) [eV/ped] 4.4400 3.5000 3.9400 5.8400 3.7800 2.9600
@eV) -0.7400  -0.5833 -0.6567 -0.9733 -0.6300 -0.4933

Journal of the Nigerian Association of Mathematical Physics Volume 11 (November 2007), 429 - 434
Alloy modelsfor FCC metals S. O. Azi, E. Aghemenloh and J. O. A. Idiodi J of NAMP



Ni Cu Pd Pt Au Ag
@leV/ A] 0.4819  0.6523 1.1200 1.7740 1.2215 0.6598
@' [eV/ A?) 3.7876  3.3050 4.5827 6.4255 4.4426 27771
V11 [Po] -0.5388 0.9528 -1.5638 -1.6840 -1.8599 -1.2861
Wil ol -1.8450  -3.8431 -6.5702 -6.3696 -8.5129 -5.4015
Wi pd] 0.0475 -0.1713 -0.7855 -0.8761 -1.2787 -0.4673
a 5.0635 5.1145 6.4039 6.4632 6.7201 5.9180
0 1.6163 2.8583 4.6914 5.0520 5.5798 3.8583

As a preliminary report, the values for Ni and Cu only areqntesl in Table 2p, is essentially the
equilibrium electron density(x) is plotted in Figure 1 for Cu and Ni to show the variation ardhed
equilibrium point ¢o).

Table 2: Calculated coefficients; For fitting electron density.

Ni Cu
P, -4.72E+01| -1.12E+02
P, -4.00E+03| 0.00E+0
P, 1.59E+05| 8.50E+04
Ps -2.17E+06| -2.07E+06
Ps 1.22E+07| 2.00E+0]
P, -2.43E+07| -6.72E+0]

~N OO

pP(X)

-0.05 -

Figure 1: Electron density functiomp(x), plot for Ni and Cu

A seventh degree polynomial is used to exactly ) obtained from equation (2.8). The polynomial is

(3.1)

3 6,7

p(X) =90+ y1x+ y2 X2 + y3 xS+ yaxt +y5 x> + yg x +y7

The fitting parameters for the derived pair potentialspkegd, , y, and vy, fixed at their equilibrium
values, is as presented in Table@.andy, correspond to the first and second derivatives of the pair
potential at equilibrium.
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Table 3 Fitting parameters for the derived pair potentials

Ni Cu
0 -0.740 -0.583
V1 1.19E+00 1.66E+00
V2 1.16E+01 1.08E+01
v 1.85E+03 5.96E+03
Ya -1.17E+04 -8.89E+03
s -9.28E+04 8.65E+03
Ve --1.54E+05 5.48E+04
V7 5.54E+06 8.25E+05

The exact fit is shown in Figure 2 for Ni and Cu only, while €ablprovides the fitting parameters for
the derived pair potentials. Note that the coefficieptsare not arbitrarily chosen but calculated to
reproduce the exact heat of solution. Efforts are still beingctdidetowards fashioning adequate
relationship between the fitting parameters and mateigigpties and the findings will be reported in the
future for all the FCC metals.

40 Conclusions

The problem of finding the parameters of a suitably chosetr@tegensity function and also the
parameters of a pair potential function that will reproduceettperimental dilute limit heat of solution
for six FCC binary alloys, within the EAM, has been studiedhis work. The electron density derived
from exact values of experimental heat of solution, was used tdatal@n appropriate pair potential via
the Roseet al’'s equation. The functions obtained cannot be fitted by a single ex@drfanttion, as
assumed by Johnson and others [2,8]. This may therefore account for the disdoepaaeyn theory and
experiment in their work.
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Figure 2. Exact fits for Pair Potential function fas)(Ni and ) Cu metals. Shaded circles represents values of
pair potential that exactly reproduce the experitaetilute-limit heat of solution while the lineepresents the fit
using equation (3.1)

References
[1] M. S. Daw and M. |. Baskes, Rev. B, Vol. 29, 644384)
[2] J.Caiand Y. Y. Ye, Phys. Rev. B, Vol. 54, 8391996)
[3] J. H. Rose, J. R. Smith, F. Guinea and J. RegrdRev. B, Vol. 29, 2963, (1984)
[4] A. Banerjea and J. R. Smith, Rev. B, Vol. 3%74(1989)
[5] M. W. Finnis and J. W. Sinclair, Philos. Mag.5Q, 45, (1984)
[6] Ercolessi, E Tossati and M. Parrinello, Suxfi.S177, 314 (1986)
[7] J. O. Aldiodi and G. N. Obodi, Phys. Stat..Sb) Vol. 177, 281 (1993)
[8] R. A. Johnson, Phys. Rev. B, Vol. 39, 1255989)
[9] C. Kittel, Introduction to Solid State Physi& ed. (Wiley, New York, 1976), pp 31, 74 and 85

[10] G. Simmons and H. Wang, Single crystal elastiostants and calculated Aggregate propertiesaddHdook, 2 Ed.
(Wiley, New York, 1971).

Journal of the Nigerian Association of Mathematical Physics Volume 11 (November 2007), 429 - 434
Alloy modelsfor FCC metals S. O. Azi, E. Aghemenloh and J. O. A. Idiodi J of NAMP



