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In this paper we calculate nearest neighbour relaxation in some dilute
substitutional alloys using a lattice static Green function and the Morse po-
tential function. Distant neighbour relaxation is calculated by invoking a
continuum approximation. The potential parameters for the unlike interac-
tions are calculated using simple interpolation formulae. Using the above
relaxation, we calculate volume changes in the above alloys. It is observed
that the simple model predicts values which are in reasonably good agree-
ment with the experimental values in all cases. The calculated values are
also compared with those obtained from the Vegard law. For Au-Ag alloy,
our model reproduces both the correct sign and the magnitude of the vol-
ume change, whereas the Vegard law cannot even give the sign of the volume
change. This shows the inherent strength of the present model.

PACS numbers: 61.72.Bb, 61.82.Bg

1. Introduction

» In studies of point defects, lattice relaxation plays an important role. -Ear-
lier, we have developed a consistent semi-discrete approach for the determination
of the lattice relaxation and applied the same for the studies of substitutional
defects in alkali halide solid solutions [1] and obtained good agreement with the
experimental results. Besides the above method, there is another more powerful
and theoretically more rigorous method based on a Green function to determine.
lattice relaxation. The Green function approach has been discussed in detail by
Caldwell and Klein [2] and by Tewary [3]. In a previous paper [4] we have em-
ployed the Green function method to study the variation of nearest neighbour
separation with concentration of defects in alkali halide solid solutions and have
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got encouraging results. In this paper, we try the above approach to estimate
lattice relaxation and hence to calculate volume changes in some dilute metallic
alloys. The method can also be applied to alloys with a finite concentration of
defects ‘with a suitable modification using Huang’s idea [5]. Our work along this
line on K-Cs alloy is in progress and will be réported elsewhere. In addition to the
simplicity and rigour, the present approach has the advantage that it minimises
the labour of computation to a great extent.

In studies of point defects, it is usual to divide the crystal into two regions.
Region I consists of the immediate neighbourhood of the point defect, and this
region is treated in detail, atomistically. The remaining portion of the crystal
is the region II. Using the continuum approximation for the region II, one puts
the relaxation of an ion at a distance r from the defect as K/r?, where K is a
constant which we call the defect strength constant. For the region I, relaxation,
Unn, of nearest neighbour to defect is written as up, = &7y, where 7, is the nearest
neighbour distance of the host crystal and € is a parameter determined by the
Green function discussed in the next section. Several different procedures for the
determination of the constant K exist in the literature [6-8]. Considering the
simplicity, we follow the method suggested by Brauer [6]. The details of the pro-
cedure of determination of K is also discussed in the next section. Utilising these
relaxations and using the Morse potential function, we calculate volume changes
in some low concentration binary alloys and compare them with the experimental
values and those obtained from Vegard’s law [9]. Considering the simplicity of the
model, the agreement between the calculated and the experimental values seems
to be quite appealing. '

2. Theory

For a monoatomic crystal, the relaxation U(},) of an ion in the I-th cell along
the o (= z,y, ) direction is given by

Ue) = ) Glap) F(h), (1)
g
where the lattice static Green function G Zlﬁ) is defined by

G(ap) = m®™ (5p) = (1/N) Y _[b(g, @, §)b*(a, B, )
0.

x exp [ig - (1 — 1)]/w?(g, 5), (2)
where m is the mass of an ion of the pure crystal,  is a square (3N x 3N) force
constant matrix of the pure crystal, NV is the number of cells in the crystal, b(q, «, j)
are the eigenvectors and w(g, j) are the eigenfrequencies and j = 1,2, 3. F(},) in
Eq. (1) is the additional force experienced by an A (host) ion in the I-th cell along
the 8 (= z,y, z) direction due to the substitution by a foreign B (defect) ion at
the origin. From Egs. (1) and (2) we can find the displacement U(!,) of an ion
of the pure crystal provided the phonon spectrum of the perfect lattice is known.

In the present paper, we have replaced w?(q, j) by an average Einstein frequency
defined by

(w?) = (1/3N) ) w’(g, ). ®3)

a,J
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We have used the Morse potential for the purpose of calculation of (w?) and F(g)
For a two-body central potential ¢(r;;) '

(w?) = [1/(83m)]
X Z (T'uarmﬁ/rz])d’”(rm) + (8ap/rij — rZJarlJﬁ/er)¢ (rij)]. (4)

all,p
For a fcc crystal and interaction up to the next nearest neighbour (nnn), we can

write
@) = (ofm) |28(r0) + 222 2y,

where 2rg is the lattice parameter, r1 and 79 are, respectlvely, the nearest neighbour
(nn) and second nearest neighbour distances. Relaxation of the A ion at the nn -
site of the defect B ion at the origin is

( D)+ ¢//(r )+ ¢2(r2) (5)

I_nn
(I.-nn) — ((w2>) (6)

where the force F(},) is given by
d
F=- (ZY) at r = ry. (7)

2.1 Pofcntial parameters for like and unlike atomic interactions

The Morse potential function is usually written in the form

¢(r) = Dlexp(—2a(r — ro)) = 2exp(—a(r = )], (8)

where D, « and ry are potential parameters. We shall, however, use a more
convenient but equivalent form given by

¢(r) = Dlexp(=23(r — 0)) — exp(=&(r — 7))] (9)
where : A
D =4D, &=a and a'--ro—lnT2 (10)

The cohesive energy per particle is given by
1
E = 52} é(rij)- (11)
Considering interactions up to the second neighbour and the potential given by
Eq. (8) or (9) we get
n n
E= 71¢1(7“1) + 724;2(1'2), (12)
where hl and ny are the numbers of equivalent sites for the nearest neighbours (nn)
and next nearest neighbours (nnn) and r; and ry are the respective separations.

n = 12,n, = 6 and ry = /2r; for a fcc crystal. We now have the equilibrium
condition '

OF
[ %L_h =0, | 13)
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where 7 is the harmonic value of the nearest neighbour separation. The expression
for the harmonic bulk modulus can be written as

d’E
vz’

where V is the volume per atom. V = r$/+/2 for a fcc crystal. Equations (12) (13)
and (14) can be used to determine the potential parameters for pure metals, using
the experimental values of the cohesive energy corrected for zero point effect, the
harmonic values of the lattice parameter, and bulk modulus. These parameters
along with the data used for their evaluation are listed in Table I. The potential

x=V—s (14)

TABLE I

Parameters of the Morse potential for pure metals and data used for their evaluation.
The harmonic lattice parameter is denoted by d. d is calculated by using harmonic
density p and atomic weight. Cohesive energy is denoted by E. The harmonic bulk
modulus is denoted by x.

Metal | p [12] d E [13] | x [12] D a 7o
[s cm=2] | [10~8 cm] | [10—12 | [10%2 | [10—2% erg] | [10% cm] [ = [107% cm]
sro) | S
Au 19.551 | 4.0600 | 6.0552 | 1.814 8.9181 1.6300 2.9214
Cu 9.083 | 3.5950 | 5.6067 | 1.433 7.7988 1.3980 2.6230
Ni 9.020 | 3.5096 | 7.1044 | 1.888 9.8550 1.4100 2.5629
Ag 10.661 | 4.0657 | 4.7416 | 1.099 6.8170 1.4250 2.9439

parameters for unlike interactions have been determined following the combination
rules adopted for unlike molecular interactions in gas pairs on the basis of the
Morse potential function [10]. The combination rules for unlike interactions may
be summarized in the following way. If the potential parameters for A-type atoms
are Da, as and oa, and Dy, ap and op are the corresponding parameters for the
B-type atoms, then the parameters for the AB interaction are determined from
the interpolation formulae [10],

DaB = \/DaDs, (15)

asB = 0.5(as + aB), (16)
OAB = /TACB. (17)
The parameter roap is related to the parameter oo by
0AB = 0AB + ——.
= (18)

The parameters determined in this manner are listed in Table II.
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TABLE II

Parameters of the Morse potential for AB inter-
actions from combination rules.

Alloy D o ro
(A-B) |[10~13 erg] | [10® cm] | [10~8 cm]
Au-Cu 8.3397 1.5140 2.7621
Cu-Ni 8.7832 1.4050 2.5941
Cu-Ag 7.2914 1.4115 2.7775
Au-Ag 7.7971 1.5275 2.9306

2.2. Volume change

The expression for the volume change can be obtained from Eshelby’s con-
tinuum theory of elasticity [11] and is given by (for fcc crystal)

1AV

oV =4V (19)
where C' is the fractional concentration of the impurity ion. The parameter &
determines the nearest neighbour relaxation and is determined by the equation

u(110) = up, = &éry, (20)
where the merging parameter k is taken to be unity following Brauer’s [6] assump-
tion. Hence Eq. (19) reduces to.

1 AV

Gy = 4Vene (21)
Considering the image term [11], the above expressions for the volume changes
will be multiplied by é%f—:l, where v is the Poisson ratio. For almost all metals,
v = 1/3. Hence, we get volume change for fcc crystals,

1 AV

3. Results and discussion

From Table III, we note that, except Cu—Au alloy, the calculated values agree
with the experimental values within reasonable limits (within 30%). Signs of vol-
ume changes come out correctly in all cases. Considering the very large uncertainty
in the experimental measurement this agreement is not bad. The discrepancy in
Cu-Au alloy seems to be due to the fact that the Brauer approximation (k = 1)
overestimates the distant neighbour relaxation in this case. Another interesting
point may be noted in connection with Au—-Ag alloy. Here the Vegard law can-
not predict even the sign of the experimental volume change, whereas the present
model reproduces both the sign and the magnitude. This shows the inherent
strength of the present model.
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TABLE III

Evaluated volume changes for several alloys and comparison with experimental
results. :
Alloy 3 102147 102 L&Y 102L 4%
(A-B) (Calculated) | (Vegard’s law) (Experimental)
Au-Cu | -0.0091 —24.26 -30.57 —289, —26.87°
Cu—-Au { 0.0276 73.57 44.04 48¢, 42.66°
Cu-Ni | -0.0024 —6.40 -6.96 —8.5%, —9.00° .
Ni-Cu | 0.0021 5.70 7.48 7%, 7.00°
Cu-Ag | 0.0210 55.99 44.65 44e, 61.27°
Ag—Cu | -0.0109 -29.056 -30.87 —282, —26.41%
Au-Ag [ -0.0005 -1.33 0.42 —0.6%, —1.27¢
¢King [14]; ®Pearson [15]; *Barrett [16].
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Fig 1. Comparison plots of Au~Au, Cu~Cu and Au-Cu interaction potentials.
rij is in 1078 cm and ¢(ri;) is in 10™*3 erg.

In order to test the quality of the interpolation (suggested by Saran [10])
construction of the A-B interaction potential, using the A~A and B-B potential
parameters, we have recalculated the volume changes for all the alloys studied using
an alternative choice, Dap = 1(Da+Dg), aap = Veaas and oap = 1(0a+0p),
to determine the potential parameters for the A-B interaction. The recalculated
results do not show any major change in the values. For three alloys (Au-Cu,
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Fig 2. Comparison plots of Cu—Cu, Ni-Ni and Cu-Ni interaction potentials.
7i5 is in 107% cm and ¢(ri;) is in 1072 erg.

Cu-Au and Ni-Cu) disagreement between theory and experiment increases by
about 3 to 9 per cent, whereas for the rest four alloys recalculated values show
better agreement (by about 5 to 8 per cent) with the experimental values. This
.shows that the choice of Saran [10] is not unique, and other alternative choices
which do not alter the calculated results appreciably exist. We get further jus-
tification in favour of the above statement from the fact that the nature of the
potential curves does not alter significantly for the alloys by using the above alter-
native choice. In order to show the quality of the potential construction we have
plotted the potentials for pure metals and their alloys in the same graph (Figs. 1
and 2) for the alloys Au-Cu and Cu~Ni respectively.
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