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Abstract. An s phase shift semicircular model of a random substitutional binary alloy has
been used as a test case for studying the self-consistent Korringa-Kohn—Rostoker cluster
coherent-potential approximation (KKR-CCPA). In addition to being computationally
simpler, the model has the advantage that a corresponding model exists in the well known
tight-binding framework. A one-to-one correspondence has been shown between the KKR-
CCPA equations and the tight-binding cCPa equations. In the tight-binding framework, it has
been shown that certain quantities, which were hitherto calculated approximately, can be
obtained exactly by the partitioning technique. Our results for density of states in the CCPA
show rich structure in the impurity band, which arises due to correlated scattering from
clusters of atoms.

1. Introduction

During the last decade, the coherent-potential approximation (CPA) has emerged as the
most successful single-site approximation for calculating the electronic structure of
random substitutional binary alloys, in both the empirical tight-binding (TB) and first-
principles Korringa-Kohn-Rostoker (KkR) frameworks. Despite its success, the CPA,
being a single-site approximation, does not include correlated scattering from neigh-
bouring sites. This could play an important role in systems having short-range order and
clustering tendencies (Wright e al 1987, Stefanou et al 1987, Banhart et al 1988). To
study the effect of correlated scattering, some workers (Gonis et al 1984) proposed the
idea of an embedded cluster method. In this method, a cluster consisting of a central site
and its shell of nearest neighbours was embedded in an effective medium determined
within the KKR-CPA. However, this method is not fully self-consistent. The idea of self-
consistent cluster CPA (CCPA) was proposed by some workers within the framework of
some new approaches, like travelling-cluster approximation (Mills and Ratanavararaksa
1978) and augmented-space formalism (ASF) (Mookerjee 1973, Gray and Kaplan 1976a,
b), which preserve the herglotz properties of the Green function. The ASF has been
successfully applied to the calculation of electronic properties of binary alloys by several
workers in the tight-binding framework (Kumar et a/ 1982, Thakur et al 1987).
Recently it has been shown that one can use the ASF to go beyond the single-site
approximation within the conventional KKR method (Mookerjee 1987, Razee eral 1990),
preserving the herglotz properties of the Green function. Because of its complexity,

+ Present address; S N Bose National Centre for Basic Sciences, DB-17, Sector I, Salt Lake City, Calcutta
700064, India.

0953-8984/90/112653 + 18 $03.50 © 1990 IOP Publishing Ltd 2653



2654 S S Rajput et al

implementation of the KKR-CCPA to realistic systems is difficult and involves lengthy
computation. To our knowledge no successful implementation has been carried out on
any realistic system to date. In this paper, as a test case, we have applied the KKR-CCPA
to an s phase shift semicircular model. The model has several advantages. (i) Because
of the semicircular modelling, the involved k-space integration, required to obtain the
site-diagonal path operator, is bypassed. This reduces the computational effort and
allows us to concentrate more on the effect of correlated scattering, which is the principal
aim of this work. (ii) The KKR-CPA based on this model has been tried out before (Soven
1970). This allows us to compare the earlier work, based on conventional methods, with
our augmented-space generalisation. However, the ad hoc assumption of a semicircular
density of states for the structure factor allows us only to obtain the site-diagonal path
operator. It does not tell us how to obtain the off-diagonal elements, which are also
necessary in the CCPA. In order to circumvent this difficulty, we have first shown an exact
analogy in the mathematical structure in the CCPA equations of the KKR method in this
model and the tight-binding equations. The path operator in the KKR method has its
counterpart in the Green function in the tight-binding framework. We have also shown,
through the analogy, that the semicircular model is essentially a Bethe lattice approxi-
mation. This allows us to model the off-diagonal elements of the path operator. It also
gives us a clear insight into the approximations involved in the model.

In section 2.1, we start with a brief discussion of the augmented-space formulation.
This is first applied to a tight-binding Hamiltonian and ccpaA equations are derived. This
then forms the basis for extension of this method to the kKR framework. In the tight-
binding framework, we have refined the technique such that various quantities appearing
in the ccPA equations are calculated exactly. Till now these quantities were calculated
approximately by summing over an infinite series (Kumar et al 1982, Thakur et al 1987).

One of the features of the cpaA is that in the low-concentration limit it gives the
features of a single impurity (Ehrenreich and Schwartz 1976). In the same spirit, we
want to examine whether the ccpa density of states (DOS) in the low-concentration limit
reduces to the two-impurity local density of states (LDOS). The formulation of the two-
impurity problem is given in section 2.2. In some earlier work on the ccpA (Thakur et al
1987, Kumar et al 1982) as well as in the present work, we note rich structure in the CCPA
DOs. We also wish to understand the structure in the cCPA DOS in the light of the two-
impurity LDOS.

The formulation of the KKR-CCPA is presented in section 2.3. In section 3.1, we apply
the KKR-CCPA formulation to the s phase shift semicircular model. The Bethe lattice
model is examined in section 3.2. The KKR-CCPA equations for the s phase shift model
and the tight-binding CCPA equations for the semicircular model are compared and a
one-to-one correspondence between them is established in section 3.3. Finally we
present our results in section 4 and our conclusions in section 5.

2. Formulation

2.1. Tight-binding cluster coherent-potential approximation (TB-CCPA)

We consider the following tight-binding Hamiltonian with no off-diagonal disorder:

H= E El'g),' + 22 VU"OIU (2.1(1)

i#j

where E, is the energy corresponding tosite £, and V;is the hopping integral. ®; (=i)i[)
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and J; (=[i)(j]) are respectively projection and transfer operators in the Hilbert space
% spanned by the site-labelled basis {|i)}. The elements of the Green function for this
system are

Gy = (I(EI - H)7'|)). (2.10)

For a random binary alloy A,B,, the random site energy E; can be written in terms
of a random ‘occupation’ parameter 7; as

Ei = EAn,' + EB(]' - ni) (2.1C)
where
{1 ifi=A
n; =
0 ifi=B

with a probability distribution
p(n;) = x6(n; — 1) + yo(n,).
We may express p(n,) as
p(n;) = —(1/m) Im(f|(n; 1 — M) f7)

where M, is an operator in the configuration space 6; of rank 2 spanned by |f?) and
|f}) with a representation

M;=xPp+yPp + (xy)2(T po0 + T o). (22)

The augmented-space theorem (Mookerjee 1973) then implies that the configuration
average of a function is

(F{n3D = (ol A{M Nl (2.3)

where |@) = IL;|f?) is a member of the basis |¢,) = I1; |f{» (5;=0,1andp=1,2,. . .,
2¥) belonging to the configuration space ® = IT;6;0f rank 2". The function / [{M}]is an
operator in the augmented space ¥ = # ® ® of rank N x 2V,

The elements of the configuration-averaged Green function, by the augmented-
space theorem, are

(Gy(E)) =i, 9{(EI — H)'|o, j). (2.4a)

The augmented-space Hamiltonian H is given by

H=Es®9+SEXPOM +22V,T,89 (2.4b)
i i#]
where 6E = E, — Eg and $ is the identity operator in the configuration space. Note that
(2.4a) is exact, but cannot be evaluated because of the large dimensionality of the
augmented space. Therefore, we look for some approximation that will reduce the size
of the augmented space. For this purpose, we partition the augmented space into a
subspace I spanned by |€, ¢,) and remaining subspace denoted by II. We shall take, as
an example, the cluster € consisting of sites 0 and 1.

The subspace I is spanned by eight basis vectors |0, ), |0, @), |0, 1), 10, @), |1, @),

L @0, L, @y and [1, go), where @ = |f39). @1 = |fif1), @o = |f3fD) and o =
If§ 1) (Mookerjee 1973).
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Now we partition H as
. H H
= (gn 1)
H/T HII
where

=E[P,Q P, +P,)+P B (P, +P,)]
+E[P ® (P, + Py, )+ PO (P
+ (Vo To + VioT10) ® (P, + P
+ W[Po, (T
+W[P, QT

o1 + 95070)]
+ Py +Py)
Pop + J WPO)]
+ T g0 (2.5a)

We now replace the Hamiltonians Hy; and H’ by translationally symmetric effective
Hamiltonians Hf{' and H'". Their diagonal and off-diagonal elements are o, and o;
respectively. Thus

HH—<00 2 P+ 22 0,9 ,}>®(9p + Py + Py + P, )

P01

+J +J

P19 01

+7

Po1¥1

PP, ‘P]‘P ‘1701(7’0

i#0,1 i,j#0,1
(EE 0T ,,) B Py + Py, + Py +P,,) (2.5b)
i,j#0,1
E=xE, + yEg E =xEg +yE, W = (xy)Y*(E5 ~ Ep).

By the partition theorem, (G;;) may be written as the representation of the resolvent of
an operator H in the subspace I where

H=H;+ H'(E$ - Hy) 'H'".
With the help of equations (2.5), we get

H=H+ [P +P) + (EaTo + E0T 1)@ Py + Py, +Py + Py )
where
Epo = EE UOijig(o’DUko
jk#0.1
En= 22 0, GiF Vo (2.6)

j k%01

Ew = EE Uleflgfm‘l)Uko-
jk#0.1

Since we need only the (i, ¢|. . . |@, j) element of (E$ — H)~!, we again partition &
as

g = I:Hl H12}
H, H,
where
H, = (E + &w ‘fm + 501)
Vio+ 8w E+ 8w
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(0 OOOOW)
“"\wooo0o0 o0/

The matrix H, is of rank 6 and can be obtained from equations (2.6). By the partition
theorem

G, ol(E$ = H) g, ) = (I[E$ = H, = Hp(E$ = Hy) ™ Ha 7' j). (2.7b)

Here

(2.7a)

WOW WQW
Huwﬁ—H»*Hn=( )

WQ,sW WO, W
where
=[(E$ — Hy) ']

We define a translationally symmetric effective Hamiltonian H* such that its resolv-
ent is the average Green function (G):

H= 0,39+ 3 0,9, 2.8)

i#j

Here o, and o are diagonal and off-diagonal elements of H*". By comparing (2.7b) and
(2.8), we get

Oy = E_ + WQ66W
o =V + WO W (2.9)
010 = Vi + WO W.

Here
Qe = R
Q16 = RV gR;'WR3 'V o R WRS'V 4 Rg! (2.10)
Q¢ = R,V RS'WR'V R WR;'V o RT
with
Voa=Vyu+8&u
Vo=V + &
and
=E-E-E&,
Ry=E—-E—E&p~VuR{'Vy
Ry=E-E—Epy— WR;'W
R,=E-E~E&yp—VuR:'"Vy @10
Rs=E-— E Ew — WRI'W
=E—-E-§y- °V01R5 Vo

We have calculated &y, 5y, and &,y analytically by using the partition theorem on
H°®, The G*is given as
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G = (El — H*')™1,

By partitioning this in 2 X 2 cluster subspace, we get
<G8<f)f GS?) _ [(E_ Oy —On ) _ <§oo Em)]“l. (2.12)

Gf§ G& —Oo E-o o Sw

Equation (2.12) then gives
S = E = 00 = [GHf - Gif(Gi) ™' G¥f]
& = —ou + [GElf - GS{(GH) ™' G31™ GSI(Ge) (2.13)
£10 = —0w + (GS) ™ GH§(Gsfl - GHi(GS) ' G3f1.

Note that &y, &, and &, as given by (2.13) are exact. Earlier workers (Kumar et al

1982, Thakur et al 1987) calculated these quantities approximately from (2.6) by a
recursion method.

2.2. The two-impurity problem

The study of the two-impurity problem is important while examining the structures
in ccpa pos. Let us embed two impurities A and B at the sites labelled as 0 and 1 in the
cpa effective medium. Then the Hamiltonian is

H= [on) 2 g)i + EE O'UO\IU + EAQ)O =+ EB@I + V(gm + '*OTIO)' (214)

i#0,1 i,j#0,1

By simple partitioning of the space into a space spanned by 0 and 1 and the rest, we
get

ﬁBGeff eff[(oo —_ EB)Geff + a,]

Gy = BaBs — [(0y — EAGST + a][(0o — Es)GSE + a] (2.15q)
G — Glf[(0, — EA)GEE +
s = b ﬂ[(ao - EB>c;e[f(fUJi a][{;)o = E)(l Tl (2.15b)
where G is the Green function for the effective medium, and
@ = (0, ~ V)G
Ba=1+ (00 = EA)GE + (01 = V)GYj (2.15¢)

Bs =1+ (0g = Eg)G§f + (0, — V)GE.
The local density of states (LDOS) p; on the ith site is then obtained as

;= —(1/7) Im(G¢ff i=0orl.
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2.3. Korringa—Kohn—Rostoker cluster coherent-potential approximation (KKR-CCPA)

In the KKR framework the alloy is modelied by a random array of muffin-tin potentials
of A or B type. The on-shell matrix elements of single muffin-tin -matrices are (Ehren-
reich and Schwartz 1976, Gyorffy and Stocks 1979, Bansil 1987)

tPB) (k) = —(1/k) e'1sin 8, (2.16)
where k = (|E|)"/2 and §, are phase shifts. The path operator matrices are given by
T; ={[C— B(x)]'}; (2.17)

where C = 7! and B(x) is the matrix of real-space structure function B;(x) (Ehrenreich
and Schwartz 1976). We note that B(x) depends only on the lattice structure and does
not contain any disorder while C(x) has a binary distribution. For a random binary alloy
the random variable C can be written in terms of the random parameter r; as

Ci=Can; + Cg(1 — ny)
where »; is given by equation (2.1c). Also we define an operator D as
D= ’T~1 =C-B= 2 Cig}i - EE BUS)T[} = CB + 6C2@iﬂi - 22 B,/g[,
i i#] i i#]
and
6C = CA - CB'

A comparison of (2.17) and (2.1b) shows that T}; is structurally similar to G;; and
hence the augmented-space formulation developed in section 2.1 for the tight-binding
equations can be applied straightforwardly to derive the KKR-CCPA equations (Mook-
erjee 1987). The relationship between tight-binding and kxR formulations becomes
clear if we note the following correspondences:

GoT

EeC

V< —B
H,, Hy< Dy, Dy

(2.18)

The procedure for generating the CPA and CCPA by partitioning of the augmented
space is identical to that described in section 2.1. By using (2.18), we get the KKR-CCPA
equations as

C=C—-WQEW
%01 = BO] + W’Qél W’ (219)
B =B+ WQiW.

Here
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B; =B, + b,-]-
66 = R
Qls = RISV IRy WRY V4RI W RSV Ry (2:20)
Qi = RV RS WRTW o RTTW RV g R
with
Voo = Bo + &
Vio =B + &1
and
Ri=C- g
Ry =C~ & —VuR{™ V1
R; = C Ely — WRy'W .
R, =C— &y — VRV
Ry =C— &y - WRTW
Rg = C~ & = VR Vg
where
C=xCh+ yCy C=xCg+yCa W' = (xy)2(Cs — Cp).
Also

560 =C - [T&f]f — Teff(Teff)—lTeff]—l
E(IJl — _%01 + [Teff eff(Teff) lTeff] lTe (Teff) 1 (222)
510 — _%10 -+ (Teff 1Teff[Teff ff(Teff IT%f]—l.

Now the average electronic density of states for the alloy can be calculated by the
formula (Ehrenreich and Schwartz 1976)

1 dcC
50(E) = puE) - po(B) = - Te ((T55) - (DGR @229)
where p((E) is the free-electron DOS, p.«(E) is the DOs for the effective medium, N is
the total number of unit cells in the solid and B, is the Fourier transform of B;;. The
configuration averages in equation (2.23) can be calculated using the augmented-space
formalism as shown in section 3.1.

3. Application of the cluster coherent-potential approximation

3.1. The s phase shift semicircular model

We shall illustrate our KKR-CCPA formalism by applying it to a simpie model. This will
also bring us in contact with the single-site muffin-tin KKR-CPA work of Soven (1970). As
in that work, we shall assume that only the s phase shift dominates, so that B, tand T
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become scalars in angular-momentum space. For this model, like Soven (1970), we shall
assume that the phase shift has resonance behaviour and that the cotangent of phase
shift is given by

CA®) = (EA(B) - E)/FA(B) (3.1)

where E4 g, is the resonant energy and I' s g, is the resonance half-width.
In order to simplify the problem further, we assume that the structure function
(Soven 1970)

B,=(B/x)~i (3.2)

has no explicit dependence on energy. Here B (k) is the Fourier transform of B;;. From
(2.16) we get

C(k)=t"Yk)= ~Kkcotdy +i=~—kc+i (3.3)

where c is given by equation (3.1).

The path operator
T, = ‘1‘2 exp(—ig - Ry)
N7 c— B,
. — 1 (3.4)
To = — Eﬁ% (c+B) ' =- ;f (c + b)"LFO(b) db
where f°(b) is a distribution function given by
£ob) = %g 8(b — B,). (3.5)
We choose f%(b) (Soven 1970) as
(2/m)(1 - b%)'2 bl=<1
fie) = {0 |b] > 1. (3:6)
Then
Too = —(1/x)gw
where
goo = 2[c + (c? = )2, (3.7)

Similarly,
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1
Toy =Ty = - ;ff’(b) (c+ )1 db (3.84)
where distribution function f'(b) is defined as
’ 1 : 3
f'(b) = 5 2 exp(~ig - Ror) & (b = By). (3.8b)
q
We choose f'(b) such that
= —(A/7)(1 ~ b¥)V?b b =<1
b ={ 3.9
Fe)=1_, bl> 1 (3.9)

where A is a constant. The validity of this choice will be discussed in section 3.3. Hence

1 (=4 2V1/2 -1 1

T =Ty = “;f_l o (=55 c+b)'bdb = ~ 8o
where

gor = (4/8) (800) - (3.10a)
From equation (3.8b) we get

By = j fl(b)bdb = —A/8. (3.10b)
Taking the Fourier transform of (3.2) we get

B01 = BlO = KBOl = _KA/B
From equation (2.20) we get

By =By =By + by

where

bm =b10 = K,@l. (311)
The Fourier transform of (3.11) gives us

B, =B, + b,
and

by(x) = 2 by exp(iq - Ryy) = by exp(iq - Roy)

J

The diagonal elements of the path operator within the CCPA are given as

Bo expliq « R01)> —1‘

1 )
Teff —-— + B ~1 ( _
00 KNg(C DR c+B,

Expanding in a Taylor series near f3y; = 0 and retaining only the first-order term we get
i = ~(1/0g88

where
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2¢2 -1
g% = goo + B <20 + (c 1)1/2> (3.12)

The off-diagonal elements of the path operator are given by

T§f = ~ ;%; exp(=ig-Ry)(c + B! (1 + E%‘W) -
which reduces to
TS = Tif = —(1/x)gé!
where
gef = go + 2Bui[1 + ¢/(c? = D], (3.13)

Note that the form of the function g§if retains its herglotz properties even after this
additional approximation.
Finally the change in DOS per atom is given by equation (2.23), which is

. _Im dO\ 15 et _ g _py-1 9By b)

where

dc . eff yreff
<T°0 dE>_T00U

- ¢
eff _ — —
U= 0+ G (Us = Un)
U=dC/dE Cf=—kc+i.

We get the formula for the change in bos as

a2 2]
ap(E)— JT {g FA+ +CA—CB rA FB (3.15)

where ¢ = xc, + ycg and c is the cotangent of the phase shift for the effective medium.

3.2. The Bethe lattice model

Bethe lattices have no closed loops and are completely characterised by their number
of nearest neighbours Z or connectivity K = Z - 1. For the tight-binding Hamiltonian
on the Bethe lattice the Green functions for a perfect system can be calculated exactly
by a renormalised perturbation expansion (Economou 1979) and are given by

2K

G = K=D)(E - Ey) + (K + DIE - Eo)* — 4KV -

Go=Gi=G ( 2V ) '
0T T TONE - Eo) + [(E - Eg)? — 4KV?]'2

where E, and V are the diagonal and off-diagonal elements of the nearest-neighbour
Hamiltonian. We take V = 0.5/K"/2, which gives unit half band-width. For an alloy A,B,
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we take the site energies Egas E, = 6/2 and Ez = —8/2, where & is a band separation
parameter. For the cPA medium, (3.16) reduces to

2K
Goo = (K= 1)(E = 0q) + (K + D[(E — 0,)? — 4KV?]12 617
Gy=Gy=G ( 2V |

U T RO N(E = 0y) + [(E - 09)? - 4KV2]1/2>

where o0, is the diagonal element of the effective Hamiltonian within the cPA. For K > 1,
equations (3.17) reduce to the Green function of the semicircular model (Velicky ez al
1968) as

Gy = 2{(E — 0¢) = [(E = 09)* = 1]}

Gor = Gyo = (0.5/K'?)(Ggp)*. (3.18)

The Green functions within the CCPA can be obtained from (3.17) by replacing V by
o, where o is the off-diagonal element of the effective Hamiltonian.

3.3. Comparison of KKR-CCPA and TB-CCPA equations

In this section, we compare the KKR-CCPA equations for the s phase shift semicircular
model of unit resonance half-width with the TB-CCPA equations for the semicircular
model of unit half band-width. Therefore, we have calculated the values of Green
functions for tight-binding semicircular model with the help of distribution functions.
The Green function within the cpPA is given by (Ehrenreich and Schwartz 1976)

G. = __1_2 exp(—ig - Ry)

1= N2E-o,=5, (3.19)

where
1 .
Sq = NZE exp(ig Rij)vij-
i#j

With the help of distribution functions f%(») and f'(b) as defined in (3.6) and (3.9),
we get

G == [ FPB)E + ) db= =2c' + (7 = 1)) (3.20)

Gn=Gp= ff'(b) (¢"+b)71db=—(2/8)(Gw) (3.21)
where

¢' =0y — E.

These equations for Gy and Gy, are analogous to equations (3.18), which are exact
and are derived by taking the large-K limit of the Bethe lattice model. Since T; in
equation (3.4) and G, in equation (3.19) are structurally similar, we expect Ty, and T,
in equations (3.7) and (3.104) respectively to have the form of equations (3.20) and
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(3.21). This is exactly what we get by using the distribution functions f°(b) and f'(b).
Therefore, we are justified in using these distribution functions. We also get

Vo=V = ff’(b)b db = —A/8. (3.22)

The Green function for the effective medium is given by

1 < exp(—ig-Ry)
off — e 30 e Sl 4 3.2
o N%E—UO—S,, (3.234)
where
S~q = Sq + Sq Sq =Un exp(iq 'Rij) U,'j = O'ij - Vl] (323b)

By using the distribution functions f%(b) and f'(b), we have calculated the diagonal and
off-diagonal elements of G as

207 — 1
G(e)(f)f = GOO —A‘UOI <2C’ + < )

(%= 1)1/2

cl
Gt = Go - 200, (1 + (‘C‘z’:“l—)T/i)
Now for convenience, we define a new set of KKR variables as follows:

Bb1 = Boi/x Jo=Ebo/Kk +i

J1=&u/k v =Y/

r1=Ri/x r,=R}/x

rs=R}/x rs = Ri/x (3.24)
rs=Ri/k re = R{/K

Q6 = k0 51 = Qs

w=W/k.

By using these variables, the KKR-CCPA equations are compared with TB-CCPA
equationsin table 1. Itis clear that there is a one-to-one correspondence between them.

4. Results and discussion

For convenience, we shall first present the calculations using the tight-binding method
for the Bethe lattice model with K = 2. Figure 1 shows the CPA and cCPA DOS for 6 = 1
in the low-concentration regime. We note that there is not much difference in the
majority band between the cPA and CCPA, in contrast to considerable difference in the
impurity band. Two sub-bands appear in the CCPA as compared to one in the CPA. These
two sub-bands arise because of correlated scattering from the clusters of two impurities
embedded in the effective medium. In the low-concentration limit (x < 1), the impurity
pair in the alloy is most likely to be of AA type. The energy levels for the AA impurity
pair embedded in pure B are at energies 0.53 and 1.04, as shown by the full arrows in
figure 1. These two levels are close to the shoulder in the ccpA DOS at about E = 0.6 and
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Table 1. Comparison between KKR-CCPA and TB-CCPA equations.

KKR-CCPA equations

TB-CCPA equations

Bo = —4/8 Vor = —A/8

w = (xy)"(E, — Ep) W= (xy)X(Ex — Eg)
C=xE,+yEg— E E=xE, + yFy
E=yE,+xEzg— E E=yE, + xEy

geff — [C + (Cz _ 1)1/2] GSBf - —2[c’ + (sz _ 1)1/2]

27— 1) 27 -1
+ Ao <2c+( 5 1)1/2> — Avg, (20 +( T )1/2)
g8l = (A/2)[2¢ — 1+ 2¢(c? - 1)) GSi = —(A/2)[2c'2 — 1+ 2¢'(¢'? = 1)1

C/
— 20y (1 + ———(C,z — 1)1/2>
£ =~ ~ GH[(G)? ~ (Gi)] "

+2B01< ( 2 < )1/2>
]0 = —c + g&[(g8&)* - (&)

= —Py + o [(g5) ~ (g5 S = -0, = GH(GH)? - (GsH*)!
o' 'ﬁm"‘]l V= Vo + &nn
ro=-¢—j R,=E~- E &y
rp=—=C=jo— vy’ Ry=E—E— &y - VIR7!
ry=—¢—jo— whrs! Ry=E - E - Ey— W2R]!
ry=—C—jo—v'?r3! R4=E_E_~:—§OO_QV%R3_I
rs=—¢—jo— wirj! Rs=E— E—§&y~— WR}!
rg=—¢—jo— v'ri Ry=E—E — &y~ VIR5!
Qb = w o friryryrgrsrs Qa = W*V3/R\R;R3R.RsR;
c=¢+ wirg oy= E + W¥/R,
By = Bo + w05, o= Vo + W?Qq
8p(E) = (1/) Tm(g p(E) = -(1/7) Im(Gf)

the peak at E = 1.0 respectively. The peak at about E = 0.8 in the CCPA DOS arises due
to the single A impurity level, which is at £ = 0.83 and about which the cpa impurity
band is centred. Thus, the structures in the CCPA minority-band DOs are accounted for
by the examination of impurity levels.

Figure 2(a) shows the cPA and ccpa DOS for 6 = 1 for a concentrated alloy (x = 0.5).
We note that although the CPA DOS is smooth, the cCPA DOS has two peaks. We explain
this on the basis of clusters of two atoms embedded in the effective medium. Unlike the
low-concentration limit, the probabilities of AA, AB, BA and BB pairs are identical.

| —— T T T T T T T
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0 .6# A —
H
— |
Z or | 1 ]
= |
2 I
) 0.A§— ! .
£ x
5 ! .
o [
el !
24, | | Figure 1. The averaged density of states using the
s CPA (broken curve) and the ccpa (full curve) for
N the parameters K=2, 6=1 and x=0.05.
P Broken and full arrows indicate the positions of
ol i ) | . | . : L the single-impurity and two-impurities levels in a
-1.6 -0.8 0 0.8 pure B medium. The energy is in units of half

band-width.

Energy {units of half band-width)
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The peaks in ccpa around E = —1.0 and 1.0 appear approximately at energies close to
the LDOS peaks corresponding to BA and AB pairs embedded in the cPA medium as
shown in figure 2(b). The LDOS peaks corresponding to AA and BB pairs appear near
the edges of the cCcpa DOs. This indicates that the extra peaks arising in the CCPA DOS are
due to the correlated scattering from the impurity clusters in the effective medium.

Figure 3 shows the DOs for § = 1.7 and x = 0.5. We note that the critical value of 6
for band separation in the cCPA is 1.7 while in the cPa it is 1.3. This implies that in the
CcCPa the bands are less likely to be separated.

The results for the Bethe lattice model with K = 10 are shown in figures 4, 5 and 6.
In figure 4 we show the CPA and cCPA DOS for & = 1 in the dilute limit (x = 0.05). There
is no difference in the CPA and cCPA DOS in the majority band. The CCPA minority-band
DOS has two peaks at about E = 0.6 and 0.85, in contrast to a very smooth CPA minority
band. The two peaks in the CCPA DOS are well accounted for by the energy levels of AA
impurity pairs, which are at E = 0.64 and 0.87 respectively.

Figure 5(a) shows the DOs curves for § = 1 in the concentrated limit (x = 0.5). We
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note that both the cpA as well as the cCPA DOs are smooth. This arises for the following
reasons: (i) the LDOs for the impurity pairs, as shown in figure 5(b), are smooth as
compared to K = 2; (ii) the LDOs peaks for (BA, AB) and (AB, AA) pairs are at about
the same energies.

Figure 6 shows the pos for d = 1.4 and x = 0.5. This again shows that the critical
value of & in the CCPA is greater than that in the cpa. Itis 1.4 in the CCPA whereas it is
1.2 in the CcPA.

A contrast between K = 2 and K = 10 cases is worth noting. In the dilute limit, the
minority band for K = 2 (figure 1) breaks up into two sub-bands while for K = 10 (figure
4) we have only one impurity band with some structure. The separation between the
two impurity levels for the K = 2 case is much larger than that for K = 10. The difference
is due to the different values of hopping parameter V = 0.5/K"? in the two cases. For
the K = 10 case it is much smaller compared to that for K = 2. Thus in the concentrated
limit, there is an appreciable difference in the cPA and ccpa DOS for K = 2 compared to
K = 10. The difference between the cpa and CCPA DOs decreases as K increases and
eventually reduces to zero when K is very large (=100). Note that, in this limit, our
model reduces to the semicircular model (Velicky er al 1968) as shown in section 3.2.

Now we present the KKR-CCPA results for the s phase shift semicircular model. We
have calculated the change in density of states (6D0OS) with respect to the free-electron
gas within the crA and ccPA. We have found that, for the small A, there is negligible
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difference in 6DOS between the CPA and CCPA, as was mentioned above for the Bethe
lattice model with large K. This is because for large K (or small ), CCPA equations for
both modelshave one-to-one correspondence. But for large A there is a visible difference
between 6DOS in the CPA and CCPA as can be seen in figures 7(a) and (b). Figure 7(a)
shows the KKR-CPA and KKR-CCPA &DOs for the same resonance half-widths (T =Ty =
1), while figure 7(b) is for different half-widths (I'y = 1,Tg = 2). Note that these results,
in general, are also valid for the tight-binding semicircular model, as is evident from
table 1.

As in the tight-binding case, to understand the structure in the KKR-CCPA DOS, we
have to solve the two-impurities problem. This requires knowledge of the impurity
wavefunctions (Faulkner and Stocks 1980), which are not available for the s phase shift
model. However, since we have already shown a one-to-one correspondence between
the KKR-CcCPA and the TB-CCPA equations, we expect that the main features of the TB
model will be reflected in the KKR model, and hence the structure in figure 7 can be
related to the correlated scattering from clusters of atoms.
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5. Conclusions

We have applied the KXR-CCPA formulation to the s phase shift semicircular model,
which has an analogue in the tight-binding framework. A one-to-one correspondence
has been established between the KKR-CCPA equations for this model and the TB-cCPA
equations for the analogous semicircular model. In the course of this analysis, we were
also able to refine the TB-cCPA method such that various quantities, which have so far
been calculated approximately, are calculated exactly. This TB-CCPA formulation was
then applied to the Bethe lattice model. We found that the difference in the cpa and
CCPA DOS is appreciable only when the number of nearest neighbours Z is small and
decreases as Z increases. Also, in the CPA the minority band is smooth whereas in the
CCPA it gains structure. The structure in the CCPA DOS is seen at energies close to the
impurity levels. This clearly indicates that the structure appears due to the correlated
scattering from the clusters embedded in an effective medium. For a large value of Z,
there is little difference in the cPA and cCPA DOS for this model and the s phase shift
semicircular model. This is expected because of their equivalence in this limit.
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