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prospect of doing charge sell-consistency is ruled out.
Furthermore, it is now generally agreed that the electron-
ic properties of an alloy should be calculated by the
Green's-function method, as the formulas based on
Lloyd’s formula may give unphysical results,’®?! such as
negative DOS and negative spectral density. Our formu-
lation is based or the Green's function and therefore
overcomes these difficulties: using it one can calculate
charge density and therefore can achieve charge sell-
consisiency within the local-density approximation of the
density-functional theory. T

This theory can also treat a random ternary alloy.
Work within the tight-binding framework has already
been reported.’”? An extension of the theory to deal with
nonrandom effects like short-range order has also been
reported in the tight-binding framework.’® We have ex-
1ended it using the KKR framework and our calculations
are in progress. Therefore we plan to discuss the nonran-
dom effects in a separate paper.

The outline of the paper is as follows. We present our
formulation in Sec. I1. In Sec. Il A we briefly discuss the
main ideas of the ASF. In Sec. II B we combine the ASF
and the conventional KKR method to formulate the
KKR-CCPA formalism. It is found that the KKR-
CCPA introduces diagonal as well as off-diagonal correc-
tions in the scattering matrices of the effective medium.
In Appendix A we present simplification of the KKR-
CCPA equations for clusters of one atom and two atoms.
We also show that, for a one-ziom cluster, the KKR-
CCPA equations reduce to the familiar KKR-CPA equa-
tion, which is the correct limit. In Sec. I1C we give the
expressions for the configuration-averaged Green’s func.
tion and various quantities which can be obtained from
it, such as DOS and charge densities. The problem of im-
purities embedded in the effective medium has also been
discussed in this section. As a first attempt to implement
KKR-CCPA, we have applied it to a one-dimensional
model alloy as presented in Appendix B. This model is
chosen because it has analytical expressions for various
quantities® and thus is computationally simpler. In Sec.
II1 we present the results of our calculations of DOS
within KKR-CPA and KKR-CCPA. We also present lo-
cal DOS on impurities for a cluster of two real impurities
embedded in the KKR-CPA medium. We compare the
KKR-CCPA DOS with these local DOS's on the impuri-
ties and show that their features are correlated. This sug-
gests that the structures in the KKR-CCPA DOS are die
to correlated scattering from the clusters of atoms. We
also present the averaged DOS on the central site of a
cluster of atoms embedded in the KKR-CPA medium,
for clusters of two, three, and five atoms. These calcula-
tions are similar to the embedded cluster calculations of
Gonis ef al." We find that this averaged DOS repro-
duces some of the structures of the KKR-CCPA DOS,
which become prominent as we increase the cluster size.

II. FORMULATION
A. The sugmented-space formalism

The ASF (Refs. 26 and 27) is an effigient and con-
venient method for configuration averaging a quantity,

e 55
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which is a function of a set of random variables {n, |, pro-
vided the probability distribution p({n,}} is known ex-
plicitly. The configuration average of-a function A({n,])
is the integral =

(4)= [ AUnpUn ] dn, . 2.1
i
For a random substitutional alloy with no short-range
order, the composite probability distribution p{([n,}) can
be written as a product of the individual single-site prob-
ability distributions p,(n;), i.e.,

plin =TI p:in). (2.2)
If we assume that p;(n;) has finite moments 10 all orders,
then it is always possible to write p;(n;) as the matrix ele-

=._ﬂq:2v

(i)

Pn:.g"ll._.l_:i.\.o (2.3)

ltn, =M ") 7f8")
where M ‘“’ is an operator in the configuration space ¢, of
rank m, spanned by {[//”}], j=0,1,2,...,m —1, with
m being the number of components of the alloy. The
configuration space ¢; contains all the possible
configurations for the site i and | £}’ } is referred 10 as the
ground state in é;. The basis {|//")] can be defined if
piln;} is known explicitly. For a random binary alloy

A,B,, p,tn;) can be written as

piln;}=x6(n;—~1)+ybln,),
where

! fori=4A
10 fori=gB.

2.4)

It immediately follows from Eq. (2.4) that p,(n;) satisfies
the required conditions, namely, -

{ pitn;)nldn, finite for 1=0,1,2,. ..

and
piln;)20 .

For p;(n;) as defined in Eq. (2.4), M'" is a tridiagonal
matrix in the space ¢; of rank 2 spanned by {f}’) and
[ /%) with a representation?®

| x v
"= Vi oy |
It is easily seen that .
MU ﬂa_.\.w:v.fc\mm_\._:v ,
and
MUl =y +Vay iri)

The bases |f4") and [f{?), referred to as the ground
state and the excited state in the configuration space, re-
spectively, are given by ,

179 =vx I4),+V5 |B), .

{2.5)

2.6
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space ¢ into subspaces labeled by 1 and II; the subspace 1
is spanned by }1i,F, )|, i € @, where € is the chosen clus-
ter and {|F, }| span the configuration space of the clus-
ter. For a cluster of size m, the subspace 1 is of rank
m X2™. The crucial mean-field approximation now in-
volves replacing the conjugate space 11 by an effective
medivm. Thus the subspace 1I has only one
configuration, namely, the ground state |F}, and hence,
is spanned by [1j,F}], jECE', where € is the comple-
ment of the cluster @ and is of rank N —m.

Since we need the (i, Fl...|j,F) element (i,jEC) of
A4 “'in Eq. {2.17), we partition 4 as follows:

A A’

27 A

AT 441"

A= 2.19}
where A | is in the subspace I and 4 |, is in the subspace
I1. By partition theorem, we get the inverse of 4 in sub-
space I as

(A7 =4,~A'A7'4a' TV "'=47". 2.20

The four constituent matrices of 4 are given by

4,=C? 3 ii)ile 3 IFF,

ie¢ F e

+8C 3 lid(ileM"™
1EF
— 3 BUiXjle 3 IF)F,,

[¥1-1.4 fed
= j)

{2.21)

Ay=

Ca X IKMkl= 3T ¥k

ke® kie®
tkw=t}

- 3 BYKYU{elF)(FI, 2.22)

kic¢
1tkmf)

h.nuMMna_::?MM h..,_:;;
IECkEE iECkeEd

e 3 [F)FI,.

Fe®

(2.23}

and 4 7 is the transpose of 4 ". In Egs. (2.22) and (2.23),
4 are the off-diagonal corrections in C, the diagonal
corrections already contained in C 4. Note that 4 1 does
not contain b ¥, because subspace I contains the real
atoms and their configurations, while 4 ;, has these off-
diagonal corrections, because subspace I1 contains only
effective atoms. This partitioning of the augmented space
into subspaces I and 11 is different from the physical par-
tition of the lattice into nonoverlapping clusters of the

Tsukada scheme.’ In the present scheme, the subspaces I -

and II are interacting and, therefore, the operator A
which connects the subspaces I and 11, must contain the
off-diagonal corrections b %, in order to include correlat-
ed scattering between a site inside the cluster and site
outside the cluster.” This ensures that the CCPA
preserves the translationsl invariance of the effective
medium. Removing  * from 4 ' in Eq. (2.23) will lead

RAZEE. RAIPUT, PRASAD, AND MOCKERIJEE 42

to the old Tsukada scheme,® which is not the same as our
CCPA. In general, § * will not be zero in KKR-CCPA.
However, for a one-atom cluster, these terms vanish, thus
reducing to the correct KKR-CPA limit. For conveni-
ence, we add b * to B ¥ (which are also off-diagonal in

site indices) and define B w“ﬂ as , .

Bia=BY+p*. (2.24)
Thus Egs. (2.22) and (2.23) can now be writlen as
An=|Cea I kM k]— 5 Bk
keg kIE®
ki)
®|F)(F| (2.25)
and
4'=—[3 3 BiliXklle 3 IF)Fl. 226
iIECEKE® _....me

The elements of A in Eq. (2.20) can be found if we can
evaluate the triple product (4 A ;'A'7). Since 4, is
the matrix in the effective medium with the cluster € re-
moved, we have

An'=T& . (2.27)

The superscript @ inside the parentheses indicates that
T'$" is the path operator matrix of the effective medium
with the cluster removed from the medium. Though it is
not possible to calculate this quantity, we show in Appen-
dix A that it can be eliminated completely from the com-
putational procedure. From Egs. (2.25), (2.26), and (2.27)
we get

AAGAT=S 3 BETOHBUI(|

LECKIEE
® ¥ |F)(F]
Feo
= 3 ¢tili)(jle 3 IF)F},
ijee FEe
where
tll=3 BYT'S™BY. fori,jEC. (2.28)
Licee

It is clear from Eq. (2.28) that the matrix

(4'457'4°" is diagonal in the configuration space ®.
The off-diagonal parts in 4 thus come from A, only.
From Egs. (2.20), (2.21), and (2.28) we get

A= [T CP—EDNiNl- 3 (BI+LDIN (]

ie@® IhWjEE®
tiw ) .
® 3 IF)XF,|+86C 3 li)ileM'". (2.29)
FE® i€¢
We now partition 4 as follows:
- h_ h-u
4 Ay A, {2.30)

where 4 , is in the subspace 1 spanned by [i,F), i€E
and is of rank m. The subspace 2 is the complement of
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where (T "), and (T ¥)_gla,B= A or B) are the restrict-
ed averages. To find these restricted averages, we embed
a single impurity in the effective medium. Now we recall
that, in the determination of the effective medium, the
off-diagonal term between real and eflective atoms is tak-
en as B Jy. Therefore, 10 be consistent in the prescription

~of these off-diagonal terms, in the present case also, we
take them to be B Y. In Appendix C, we discuss the
eflect of change in the off-diagonal terms between real
and effective atoms on the DOS. In the present prescrip-
tion, the restricted averages can be found by a simple par-
titioning technigue, similar to Ref. 30, to give

(T%,=D°T vr {2.43a)

and

(I")apg=D °TII~(CP~C DT iyC =C.u

XD°T%]1™'D#, (2.43b)
where
D= HC'~C TR (2.44)

The total and component DOS's per atom are obtained
by integrating the SD Green's function over the unit cell,

n(E)=— w..? Im(xE 4D A+yE*D TR . (2.45)
anﬂm,n:wﬂ:am.b.. o (2.46)

where
(2.47)

Mnﬂ.‘-bhn:a._.aiﬂ .

For the charge sell-consistency within the local-density
approximation of the density-functiona) theory, one
needs the component charge densities. To find the com-
ponent charge densities we embed a single atom in the
effective medium.” The average charge density p(r) and
component charge density p'“X(r) (a= A, B) are given by

1 Ee 4 A 8 F
El"l“.ﬂlﬂ.ﬁ: [xE “le,e)D A +yF (r,r)D %)
XTI HdE

{a) 1 Er 00
p Sulﬂq:a.ﬁ ENnrR °TRE . (2.49)

(2.48)

One can construct the potentials v'*(r) from p'eNr)in
the local-density approximation and thus can achieve
~harge un_w.ooammunnanw.

For a single impurity of type a in the effegtive medium,

he local DOS on the impurity site can be obtained from

(2.42)

I

Eq. (2.46). If we embed 1wo mmpurities of type a and 8 on
the sites 7 and j, respectively, the local DOS on the
respective sites will be given by

ny(E)=— w,: Im[£2(T%),]

and

n®NE)= |w.a:imxwét . (2.50)

Hence we need only to find the path operator matrices
(T"), and (T #) ;- Itis straightforward 10 obtain these
matrices by the partitioning technique. The real space is
divided into two subspaces: one for the impurity sites and
the other for the rest effective medium. Then by simple
matrix algebra one easily gets

(I, =HIR~THCP~C D PTE]
HE~C ]!
and
(T =(TE—TEC~C DT %)™
+HCP~C 1t

Equations (2.46)—(2.51) ‘are rather general and can be
used to calculate local DOS and charge densities for a
single impurity or two impurities of foreign kind in the
effective medivm.

2.51)

III. RESULTS AND DISCUSSION

In this section we present the results of our calcula-
tions of DOS for & one-dimensional muffin-tin alloy. All
the relevant equations for this model are given in Appen-
dix B. The lattice parameters (a =6.00 a.u.) and the
muffin-tin radii (r,, =2.25 a.u.) of the two components of
the alloy are identical. The depths of the two constituent
potentials are ¥V ,=—0,3 Ry and ¥3=—0.5 Ry. The
DOS for the two pure systems is shown in Fig. 1, which

. shows peaks at band edges, characteristics of the one-

dimensional model. For the KKR-CCPA calculations we
have taken a two-atom cluster. In Fig. 2 we show the re-
sults of our calculations in the low concentration
{x=0.1) limit. Figure 2(a) shows the KKR-CPA and
KKR-CCPA DOS's. We note that, in the first majority
band, there is no apparent difference in the KKR-CPA
and KKR-CCPA results. However, in the impurity band
we observe & shoulder in the KKR-CCPA DOS around
E=—0.16Ryand a peak at E = —0_12 Ry, in contrast
o 2 smooth KKR-CPA impurity band centered around
£=-0.14 Ry. The extra structures in the KKR-CCPA

- r -
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: {a) {a}
\ x:0.5 x =01
“or 1 KKR-CCPA 7| Averaged DOS
: ~-— KKR-CPA 4.0 Cluster size=2 -
0o L .m
' \_.l._. T c O
E 80 +,88, (LY S 2
3 o AA x:=05% o o)
o B LDOS on impurities 1 < - <201
1 [X} 2 . l
2 i “.. M_...M ﬁ Averaged DOS
5 4o "Cm _"._ G T Lrd Lor Cluster size:3 i
.AIH u | .. ' C-I..
- " ! '
U ' 3 1 IT8
w 1 1) -~ ] o -
G 0 Reed) L WH Qo0
= 8T (@) z I ©) ]
v 1! x 0.9 w x 201
- AB p (]
_m_ _“ \ LDOS on impurities Averaged DOS i
o ‘o On A L0r Cluster size =S
aor | ; ———— OnB 1
'y \ 4
L “ __ -__ /z -
Var o~
! v ~ N e e -~ Qo M " 1 n
o } 1 . . . s -04 0.0 0.4 o8
-05 R 03 0.7 ENERGY(Ry)
ENERGY (Ry) FIG. 4. Averaged DOS on the central site of a cluster of (a)

FIG. 3. {a) KKR-CPA (dashed line} and KKR-CCPA (solid
line) DOS's for the alloy with concentration x =0.5. (b} Local
DOS on the impurity site for a cluster of two impurities of 4 4
{solid line) and BB (dashed line) type embedded in the KKR-
CPA medium for x =0.5. (c) Local DOS on the impurity site of
A {solid line) and B (dashed line) type of a cluster of AB type
embedded in the KKR-CPA medium for x =0.5.

—0.11, and —0.06 Ry, in the KKR-CCPA DOS. Asin
the case of x =0.1, these extra structures in the KKR-
CCPA DOS are very close to the structures in the local
DOS on the impurities of a two-impurity cluster embed-
ded in the KKR-CPA medium. In Figs. 3(b) and 3(c) we
show, respectively, the local DOS's on the impurities of a
cluster of two like and unlike impurities embedded in the
KKR-CPA medium. We observe that the KKR-CCPA
peak at E=—0.35 Ry is exactly at the position of the
peak in the local DOS on a B-type impurity of an AB-
type cluster, as shown in Fig. 3(c). Thus the KKR-
CCPA peak at E =—0.35 Ry is identified as due 1o the
B-type atoms. The second extra peak at £ =—0Q. ]] Ry is
close to the peak in the local DOS on an A-type impurity
of an AB-type cluster, which is at £=—0.14 Ry. The
third extra peak at £ =—0.06 Ry can be identified as due
to the A-type atoms as it is very close to a peak in the lo-
cal DOS on an A-type impurity of an A A-type cluster at
£ =—0.05 Ry as shown in Fig. 3(b).

We have also compared our KKR-CCPA results with
some calculations obtained by using the embedded cluster
approach of Gonis er al.'> We have embedded clusters
of two, three, and five atoms in the KKR-CPA medium.
The averaged DOS on the central site of the cluster is ob-
tained by calculating the local DOS on the central site for
all possible configurations of the clustertand then taking
the average. This averaged DOS produces some of the

two atoms, (b) three atoms, and (c) five atoms, embedded in the
KKR-CPA medium for x =0, 1.

structures of the KKR-CCPA DOS. In Figs. 4(a), 4(b),
and 4(c), we show the averaged DOS, for different cluster
size, in the low concentration limit (x =0.1). We ob-
serve that, for a two-atom cluster, the averaged DOS
does not give the structures’ of the KKR-CCPA DOS.

L . (a} |
x=z0.%
| Averaged DOS
40 Cluster size:2 ]
» |
K=
>
£ o _
<
o | tb) ]
m x 05
s Averagecd DOS
LT o Cluster size:3
w
o -
>
=
..ND 00 . 1
&
() -
x 05
Averaged DOS
“or Chuster sizes$S ]
Q0 s
-05

ENERGY (Ry)
FIG. 5. Same as Fig. 4 except x =0.5.
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Coq=C—(04 247410 =C —wQ% where C is the unit circle centered at z =0 and g{z}is 2
matrix in | space and is given by
and
- =(z24]— K
QCHHAG_E‘M _mhu_hu—:v"&mac—m&_ (A13) Nsﬁhu —N 1—2z cos{ DVH
Xii ~KC ,,+Kb z)+2z sinlKa) .
where
- (2)={z+1—2z cos(Ka}]
Q¥=R:", Eu . . (B6)
Qo_“mol_n\o__h.a.l_Ex”_—\_obwl_exxwl-u\o_x_l_ , (A14) xﬂql\ﬂhs..*ukhaﬂurTNNmu:Hhhu.
and ; mo_auwuhﬁ..ﬂslbo,.q.:wf._lwn cos(Ka)]+z?—1,
R, HWImMa , golz}=KIC o~ w2zt +1-22 cosiKa)]—z°+1,
R, HWImwol pOIR Syt “wna the constants appearing in the denominator of (BS)
Ry=C—tP-wR;'w, ,
g _ =1 e (A15) A=E(b b Lot w0,
N.th.nrmo.l"\_oh ﬂ_“\o_ , . .
£ : s=n—K{bo—b 9} 2hcos(Ka),
—F_ g0 p-!
Ry=L—fy—oRew, a=h+y+2K(C g —C o)~ 27cos{Ka),
—_ #00__ s0tp -1 10
mo .n nﬂlw . hu “ ) m"NﬂnvmﬁmﬁvHNlﬁslhﬁhoth_Ovu

Note that C . may no longer be diagonal in angular
momentum space.
APPENDIX B:
ONE-DIMENSIONAL ALLOY MODEL
We consider a one-dimensional alloy of nonoverlap-
ping muffin-tin (MT) potentials described by the Hamil-
tonian
lu
=w——+7F v,(x—na). (B1)
dx? M_ "
In close analogy with the MT model in three dimensions
we assume that v, (x) is symmetric in x and vanishes for
ix| 2r,, (the MT radius}, r,, £a/2 (a is the lattice con-
stant). This one-dimensional model retains many of the
features of the three-dimensional MT system. But, in
this case, we have only two components of angular
momentum (/ =0 and 1).* The SD Green's function for
this system is given by

ImGix,x )= Z AxHm(TTHZ p{x"), (B2)
Lr
where Z ,(x) are the solutions of the Schrodinger equa-

tion. The on-the-shell matrix elements of the path opera-
tors are given by the integral

T nmw -\\ dk[C o= B atk, )} 'explikii — j)a) ,
(B3)
where B 4k, E} are given by Eq. (2.39} as
B Ak EY=B(k,E)+b® explika) . (B4)

B(k,E) are the KKR structure functions in one dimen-
sion and have explicit expressions.” Equation (B3) can
be transformed into a contour integration by putting
z=explika}):

gl
B
Azt + b0 +azi Bz +y B3

._ .1,-
Hwnﬂﬂ%nmui !

+2sin(Ka)[2i ~K (L o+ C )]

+n+Kbo—b o),
y=E(C C ;1= C & 10)

—iK(C oo+ L )K€ 01— C 10} »
n=iK{bo+b )

—E(Cob n+C b~ Lol o= Crodor) -

-N- T T Ll Q.o T T 1

DENSITY OF STATES (Arb.units)

0 :
o1 0 l.nd.o.‘
8. | b .
L\ LA
oy 2.0 001 00
ENERGY {Ry)

FIG. 6. Local DOS on a single impurity of potential depth (a)
0.3 Ry (type 4), and (b) 0.2 Ry, embedded in the KKR-CCPA
medium for x =0. 1, using Eq. (C1). Vertical lines in (b} st —0.2
snd —0.1 Ry denote the impurity levels.
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3In principle, onc can embed a cluster of impurities to find
charge densities for different configurations of the cluster.
The component charge density p'*'ir) on a particular impuri-
ty a will be different for different configurations of impurities
around it. This, in turn, will give us different v'*'(r) for
difierent configurations of the cluster. For example, for a
two-atom cluster, v' *'(r} will be different for £4A4- and AB-
type clusiers. However, in our formulation, we assume
v" 1) 1o be the same for A A- and AB-type clusters. There.
fore we do not need different v'*'(r) for different clusters.
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coherent potential approximation caxm.om{o scheme for treating a randomly disor-
dered alloy. (For a review and further references see: Bansil 1987, Stocks and Winter
1984, Ehrenreich and Schwartz 1976.) The presence of the surface is modelled as
an abrupt potential step. These approximations obviously imply a rather idealized
model of a surface. Nevertheless, such an approach has yielded reasonable results in
describing aspects of the surface electronic structure in several cases of pure metals
and disordered alloys. (See reviews by Inglesfield 1982, Jordan and Durham 1989.)

Concerning related work, the Green function matching of the sort invoked in the
present study is presumably implicit in the formalism of Durham and co-workers
(Durham 1984) who have considered angle-resolved photoemission intensities in dis-
ordered alloys based on the one-step model of Pendry (1976); these authors have in
particular calculated sss in CuNi(111) and CuPd(111) binary alloys (Jordan and
Durham 1989). We note also some tight-binding model Hamiltonian work in connec-
tion with surface states in alloys. (Berk 1975, Ishida et al 1976, Velicky and Kudrnosky
1977, Wysokinski et al 1980, Bullet 1982.)

An outline of this article is as follows. These introductory remarks are followed
in section 2 by a summary of the formalism used. Only the briefest presentation of
the formalism is given in order to enable us to state clearly the approximations in-
voked and the equations used in the computations; the general aspects of the Green
function matching method and the multiple scattering theory techniques have been
 described extensively in the literature. An explicit secular equation for the sss-bands
in a disordered alloy is derived. Section 3 gives details of muffin-tin potentials and
other model parameters used in the calculations, and presents and discusses the bind-
ing energies and disorder induced smearings of the Y-centred $ss on (110} surface and
the I-centred $SS on the (111} surface of Cu and Cu-based solid solution CuggAlios
CuqgZng,, and CugoGeyp. The theoretical predictions are compared with the mea-
surements in CuggAlyy where corresponding angle-resolved photoemission results are
availablef. The concluding discussion in section 4 comments further on the limitations
of our model, and gives a summary of our results.

2. Theoretical formulation

2.1. General equations

An outline of the Green function matching approach (Inglesfield 1982) is as follows.
Consider two regions I and 1I, with potentials Vj and ¥y respectively, separated by
the surface S. The Green functions Gy and Gy for the two regions are given by the
equations

(=V2 + Y(r) = EYGylr,#) = =6(r>7") (1)
(-0 4+ Vi) - EYCyglr,¥) = =8(r#). @)

The Green function G for the combined system I + II satisfies
(-2 + V(r) - E)G(r,7) = ~§(r,7') (3)

t The present CugaAlio alloy results were presented by Serageldin et al (1990).
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804 R Prasad et al
Here TP are the energy-shell matrix elements of the KKR-CPA path operator, .J.» (B)
and 7EFA are on the energy-sheil matrix elements of the t-matrices for atom A(B)
and the CPA effective atom, respectively. The Green function Gn™(r,r') for the case
when » and ©' are in different unit cells, with r lying in the nth cell and »* in the mth

cell is given by .

. Gomir,r') = K%Y YL (F) AMO.@_ Ri(r) Py (n — m)R] Sv Y (%) (10)
Lre ij
where
P (n — m) = DLTER DY (11)

The symmetry of the semi-infinite system can be exploited by considering suitable
periodic Green functions, rather than the functions G, and G,. For this purpose we
define partial Fourier transforms G,x and Gog for a wavevector K parallel to the
surface Brillouin zone (SBZ), where

Cosclr, 7y =Y G,(r, v — Rp,)exp(-iK - Ry,) (12)

with a similar expression for m...-.c - Here the summation extends over the N, vectors
{R2} of the surface lattice. G,x can be expressed in terms of the Fourier transform

Qbrniu .__.__v = MUQQA.-.. v - wau ounmvﬁl.;.. ‘R.) (13)
m
of the bulk Green function, where the sum runs over the N lattice points ﬁwﬂ,w. and
k is a Bloch waveector. The relation between G, and Gy, is

G lr ) = = G '
ox(r, )= ol (i k)T T) (14)
- .

where d is the interplanar distance; K and k; are the parallel and normal components

of k respectively.
We now introduce the angular momentum representation

Garclr ™) =Y Gare,Laelr, ¥ )W (F)Ye: (7). (15)
L

An explicit formula for the coefficients G, &L+ is obtained straightforwardly by using
equations (7)—(14). The results is

Gzt ) = (R RRHAICLRI) - ROV Moo )

+ auMn..nu.ﬂ?vvmn.:QﬂAiv (16)
i
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2.9. Green function for the semi-infinite alloy surface

The Green function G g (r, ') for the combined system (defined in a manner analogous
to equation (12)) can be obtained in terms of G¥¢ and GJ}2 by using the matching
conditions (4) and (5). Hereafter, following Inglesfield (1978; such an approximation
is commonly invoked in the theory of muffin-tin systems) we will approximate the unit
cell by a Wigner-Seitz (WS) sphere. The matching surface then becomes part of the
WS sphere surface in the shape of a spherical ‘cap’. We thus have

WN?..-.J = @wﬂm?.q& - \ d?r, Q...WMT.._.L{ (27)
5

for » and 7’ inside the WS sphere, and

W.NT._._.J H \ d?r, W%MT.L.U@QN?.L. ) (28)
.m Qﬁ-

when ¢ lies in the alloy and r in the vacuum. Using spherical harmonic expansions
for Gy, GV'S, and G§¥®, and putting r = R, in equations (27) and (28), we get

Grrr(Rut) =GR LR, 7)— RE Y GRS Lin(Ry RIMpupmGiy o (R ')

h\nh.—.nﬁ
(29)
GrrrRr) = B2 Y GO Lol Ry, RIMpugwGi s (R, ). (30)
hsth‘ss
Equations (29) and (30) may be written in a compact matrix notation as |
Gr = GIR - RIGIK MTi (31a)
Gy = RAGNEMG . (315)
Solving for the derivative, we obtain
Gie = (RIM) MG + GURNT'GR (32)
Using (32) in (27), keeping definition (26) in mind, yields
@NT.. v)= hw.mﬂm?., ') - M” Annuw.hh:?. .m..vﬂmﬂw:n._ R)M
hh‘-h:hnns
+ GaR (R, RYMITh LG R pon s (Ry ¥ )YL(AY 1 (7)) (33)

which is the desired expression for the semi-infinite alloy surface Green function in
terms of the bulk KKR-CPA and the free electron Green funciions.
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808 R Prasad et al

tenths of an eV, as are the differences in the Fermi energies between Cu and the alloys
considered in this work. For this reason, we also used V5 = 12.9 eV in the alloy surface
calculations. For the results given below, the matching surface in all cases was taken
to be the hemispherical upper portion of the WS sphere (radius 9.67 au). A number
of other computations using larger, as well as smaller, values of the effective radius
of the matching sphere surface were carried out in order to ascertain the effect of the
position of the matching surface on the SSS energy. While the absolute values of the
surface states do vary with these changes as expected, the relative shifts in the surface
state positions upon alloying, our main focus in this article, were found to be quite
insensitive to such variations in the parameters of the model potential.

The present computer codes were checked extensively in the limiting case of a pure
metal where they reproduce the detailed results concerning the surface state position
and the phase of the surface Green function in Ni(001) given by Inglesfield (1978)
for the Wakoh (1965) Ni potential. Care is needed in evaluating the Green function
expansion co-efficients G, xezr’ (cf equation (16)) which in view of equations (17)-(18)
involve integrals with a singular integrand in the pure-metal limit. We evaluated these
integrals by adding a small imaginary part of = 10~ Ryd in energy; the accuracy
of the results was however checked by test calculations with much smaller imaginary
parts of energy. This procedure was also employed in obtaining the path operators Too
in Cu. The KKR-CPA scattering phase shifts in CuggAlyq, CuzeZnzo, and CuysGe,o
and the path operators in Cu as well as the alloy were calculated over a fine (a few
mRyd) mesh in energy in order to obtain the complex bulk energy bands in the alloy
accurately in the energy region of the surface states.
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Figure 1. Bulk energy bands along the straight line joining &k = {0,0,0.5)2x/a and
the symmetry point L in the Brillouin zone in: (s) Cu, snd (§) CugeAlio, relevant
to the 7 -centred Shockley state on the (110) surface. The bands in the alloy are of
course complex, but are shown without their disorder induced widths for simplicity.
The horizontal lines mark the positions of the Fermi energy Ep (broken line), the
experimental values of binding energy of the Shockley surface states 535 (after Asonen
et ol (1982), chain line), and the theoretically predicted 353 binding energies (present
work, full line).
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Table 1. The calculated binding encrgies, Ep (theory), and the associated disor
dered induced smearings (FWHM}), 6E (theory}), for the Y-centred Shockley atate on
the (110) surface in Cu and Cu-based alloys; the electron/atom ratios (e/a) for various
alloys are given. The experimental values for Cu(110) and Cugg Al1p(110) are from
angleresolved photoemission experiments of Asonen ct ol (1982); 6E (experiment)
is estimated from the observed widths of the sss-feature in Cu and Cugg Aljo; corre
sponding data for other alloys is not available. Theoretical and experimental values
of shifts in the sss-binding energy with respect to Cu are given in the fifth and sixth
columns, respectively. Units are ¢V throughout. thwn&.u = Am_,w:oq ~ E§")iheory:

SEFP = (Ep'™Y - ES")expr-

e/a N.Nvoo..u mﬂ-v. mmawﬁoo:. mhﬂav— o.mw.rnonu 5Eexp

Cu 1.0 0.33 0.39

Cugs Alio 1.2 0.79 0.74 0.46 0.35 0.45 0.36
CuyoZnao 1.3 0.95 0.62 0.34

CugeGero 1.3 1.27 0.94 1.02

Table 2. As table 1, but for the ['-centred s55 on the (111) surface. Units are eV
n.—...—d—-ﬂw—oﬂo. mm»w!nn; = Amw__ou_ - mm.&-voonu. mannv. = Amm—pou_ - mmﬂwnu_w?

5\9 m-wIno:. _.w.nusv, mm—w_.oo:__ mmw..vn mm,rao-u m@.uv_
Cu 1.0 0.25 0.40
Cugo Alyo 1.2 0.68 0.80 0.43 0.40 0.45 0.47
CuroZnag 1.3 0.85 0.60 0.34
Cugg Gero 1.3 1.18 0.91 0.99

Tables 1 and 2 show reasonable agreement between theory and experiment in Cu
and CuggAl,,. In particular, the theoretically predicted increase in binding energy of
the S8 (the fifth column in each table) for both surfaces agrees with the corresponding
measured increase in sign; the agreement with regard to the magnitude of the shift
appears to be somewhat better for the (111} surface. Note, however, that the con-
centration of Al in the surface region in the experiments of Asonen et al (1982) was
estimated to be about 13%; therefore the computed shifts should perhaps be propor-
tionately scaled upwards. The theoretical values for the disordered induced smearing
of the SSS in the alloy are in reasonable agreement with the measured increases (the
eighth column in each table) in the line widths (FWHM) in the alloy compared with
Cu. In general of course a surface state will be broadened in the real system by
other mechanisms (e.g. surface imperfections) which are not included in the present
theoretical estimate.

With reference to tables 1 and 2, we see that the theoretically predicted binding
energy of the SSS increases with increasing electron/atom (e/a) ratios upon adding
polyvalent impurities. A substantial solute dependence is nevertheless seen in that
while e/a values for CuqgZny, and Cug,Geyq are the same, the SSS parameters are
quite different. Interestingly, the measured position of the 58S in the isoelectronic alloy
CuAu is essentially unchanged from Cu, and in CuPd where electrons are depleted
from the Fermi energy, the SSS is observed to move to lower binding energies with
increasing Pd content in angle resolved photoemission experiments (Asonen ¢t al 1985,
Rao et al 1984); as noted above, the experimental 55 data in CuZn and CuGe is not
available. However, angle-resolved photoemission calculations in Cu-rich CuNi(111)
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