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The tight-binding type theory for cleaved alloys by Bennemann et al. has been extended to 
include the effects of the random transfer integrals (off-diagonal disorder). The chemisorption 
and segregation behavior of cleaved alloys is investigated in detail including both the diagonal 
and off-diagonal disorder. I t  is demonstrated that the effects of the off-diagonal disorder are very 
important for the electronic properties of cleaved alloys. The theory has further been used to 
study the electronic structure of metal surfaces with substitutional disorder as well as to inves­
tigate the changes in the density of states due to the order-disorder phase transition in chemi- 
sorbed layers.

1. Introduction

An understanding of the surface of transition 
metal alloys is of great importance in relation to 
catalysis by alloys, corrosion and segregation 
phenomena. Indeed it is known that some transition 
metal alloys (e.g. CuNi) exhibit catalytic behavior 
with interesting technical applications [1 , 2]. 
Atomic segregation phenomena at the surface have 
been observed on many transition metal alloys such 
as PdAg, PdAu, NiCu, NiAu, PtAg [3 — 8], and 
ZrFe [9] alloys. In order to understand these inter­
esting experimental findings from a theoretical point 
of view, it is desirable to develop a microscopic 
electronic theory for treating d-electrons near the 
surface.

So far, however, only a few theories * have been 
presented for treating d-electrons at the surface of 
transition metal alloys, and the above mentioned 
surface phenomena have not been fully discussed. 
Bennemann and his co-workers [1 1 -1 3 ] have 
developed a tight-binding type theory for d-elec- 
trons at the surface of transition metal alloys. The 
electron scattering due to the atomic disorder (only 
the diagonal disorder) is treated by using the con­
tinued fraction method. Desjonqueres and Cyrot- 
Lackmann [14] have presented the more elaborate 
moment theory for the electronic structure of 
cleaved alloys: The electronic density of states of 
bulk and cleaved binary alloys is determined 
through a tight-binding model, using a continued

* The first electronic theory for cleaved alloys is Berk’s 
CPA theory [10]. However, the continued fraction tech­
nique mentioned below is more appropriate to treat 
cleaved alloys.

fraction technique and a computer simulation on 
clusters of several thousands of atoms. In general, 
one can obtain with these two methods essentially 
the same results for the electronic structure [12]. 
In this respect, the former theory does have the 
virtue of being simple for numerical calculations.

It is the purpose of the present paper to extend 
the tight-binding type theory for cleaved alloys by 
Bennemann et al. to include the effects of the 
random transfer integrals (off-diagonal disorder) 
between nearest neighbours. It is quite desirable to 
include the off-diagonal disorder in an alloy theory 
so as to permit a study of alloys of materials having 
different bandwidth. It is to be noted that the pure 
components of real alloys have always different 
band structures and random off-diagonal elements 
occure in the alloy Hamiltonian. The formal theory 
for cleaved alloys with both diagonal and off- 
diagonal disorder is presented in Sect. 2 and 
numerical results on electronic structures are given 
in Section 3. The chemisorption and segregation 
behavior of cleaved alloys is investigated in Sect. 4 
and Sect. 5, respectively, including both diagonal 
and off-diagonal disorder.

Furthermore, we present some of the applications 
of the present theory: In Appendix A, we study the 
electronic structure of cleaved metals with sub­
stitutional disorder (both diagonal and off-diagonal 
disorder) in the surface layer (referred to as system  
A). This calculation is useful when studying the 
surface segregation of dilute alloys [15—16]. In 
Appendix B, we further investigate the changes in 
the electronic density of states due to the order 
disorder phase transition in chemisorbed layers 
(system B). These studies have been motivated by
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the following considerations: The Green’s function 
theory of the Kalkstein-Soven type [17—20] is 
probably incapable of treating system A when the 
off-diagonal disorder is introduced in the surface 
layer and is only applicable to system B wrhen the 
order parameter rj is one (complete order case) or 
zero (complete disorder case).

2. Tight-Binding Theory for Cleaved Alloys

We describe the d-electrons in a transition metal 
alloy by the usual tight-binding Hamiltonian and 
use the well known s-band approximation with five 
independent s-orbitals per atom :

(1)
i* j

where c^(cj) is the creation (annihilation) operator 
for the d-electron on site i (j). The hopping integrals 
Tij describe the electronic transitions between 
atomic sites i and j and the electronic energy 
level Ei takes the values E A and E b depending on 
whether the site i is occupied by an A-atom or a 
B-atom. The local electronic Green’s function Gu(E) 
for electrons on site i is given by

Gu(E) = (E — Ei — Ai) 1, (2)

where the electron self-energy Ai results from all 
hopping processes starting and ending on site i and 
is expressed as

T i j T j i

A> ,1, E -  E, -  A) (3 a)

T i j T j i  T u

(E — Ej — A)) [E — Et — A\

with

4  =  2
T j i T i j

E — Ei — Af (3b)

Here, the self-energy A) (Af) results from hopping 
processes starting and ending at the site j (I) and 
avoiding the site i (sites i and j) in between.

In order to close the expansion (3 a), we keep 
only the terms of the order T2 and use the approxi­
mation Af =  A{ [12], which is exact for a Bethe 
lattice [21]. Here, it is important to realize that 
(i) the approximation on Af should become better 
at the surface since the number of neglected paths 
is smaller, (ii) the terms of higher than T2 in Eq. (3 a)

essentially affect only the fine structure of the 
electronic density of states and of little importance 
for the semi-quantitative understanding of the alloy 
surfaces [12]. In the calculation of the electronic 
Green’s function we assume that the surface affects 
only the d-electrons within the first three atomic 
layers at the surface. This assumption seems to be 
quite reasonable in view of the exact Green’s 
function calculations on the electronic structures of 
cleaved metals of [17].

We now apply the above theory to d-electrons at 
the surface of (transition metal) alloys with both 
the diagonal and off-diagonal disorders. The 
average d-electron Green’s function in the L-th 
atomic layer is

Gl(E) =  Ca Gla(E) +  (1 -  CA)GLB(E) , (4)

where L =  I, II, I I I . . . ,  and the local Green’s 
functions are given by

Gl% (E) = (E — En — A Li) 1 • (5)

Here E h  and A n  denote the site energy and the 
self-energy for atomic sites i (A or B) in the L-th 
layer. From Eqs. (3a) and (3b), one finds that

/ I t  a =

r/ /~i m2. r/ ri rp2
■ ^ O ^ A - t A A  AB

~E — E1A — A\a ~E - E ib -  A\ (6)
IB

+
Z i Ca J I a Z i Cb T I b

E — E\\A — A\iA E — E\iB — zljIB *

z 0cA TlA
■IB r ~  +

ZoCB T2bb
E — Eia — A\a ' E — jEib — A\b 

Zx CA T |a , £i CB T|b
(7)

E — EnA — zljIA E — EhB — A\iB '

Zo CA T|a ZoCB T\b
• i i  a E — EnA — Zl jja E — EuB — A\lI IB

+
ZiCA t aa Z1 cb t \ b

E  — E m A — ZIjiia E  — Ei i iB — zljnB
CA t aa Zi Cb t -ab _

~E -  E 1A -  AI i  +  E  -  E 1B -  A H  ’

A  HB =
ZoCA T\a Z0CB T2bb

E — EjiA — ZljjA E — Eub — ZljIB

+
c A T |a -Zi  C 'b

E  — E  h i a — ^niA FI — -^iiiB ^ iiib  
CA T |a , C'b T |b

E  — E \ A — zIja E  — E \ B — ATT- (9)
IB
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In the above equations, we denote the number of 
nearest neighbour atoms within the same layer by 
Z q and the number of nearest neighbour atoms 
within one of the adjacent layers by Z \ .  The self­
energies for the third layer, ZIiiia and zIiiib, are 
given by the similar expressions to A ha  and ZIub- 
The self-energies of the types A\x , A \b , A \iX, 
are obtained by using the approximation A f t  — A 
For example, for A\k and zJjIA one finds that

( Z p -  l)C A r l A , ( Z q - D C b ^ B  . . . .  
IA E - E i k - A \ k  E -  E 13 - A \ b 1 ' 

Z iC a T Ia  Z iC b T Ib  
E — A — d[IA E  — E u b  — ^ Jib

r /  r \  m 2  y  r i  m 2.J ^oC aJaA  ^ o ^ b ^ a b_
IIA  =  E  -  E i i a  -  J g A  E  -  £ „ B  -  J B b  

Zi Ca T |a Z i Cb T I ?
E  —  E  m A —  z J j} IA E —  A’i i i b  —  - l i l i i i  

( Z i - l ) C Ar | A ( Z j - I J C b T I b  
+  E  -  E lA -  A \ \  +  jB -  Bib -  J g , ' 1 '

Then we get from Eq. (3 b) a set of eighteen coupled 
equations with A\x , A\B, A^a , A^q , A \iX, A \iB,
A l l  A l l  A l l l  A l l l  A l l  A l l  A l l l  A l l l^IIA; > ^IIA* ^IIB» '̂iIIA* ^IIIB» ^IIIA’ ^IIIB)

ZlniA, A\a , and A \b as unknowns in terms of T aa, 
^ a b , ^ b b , Z0, Z i, JS'ni, E im , E bi, and Abbi 
(b refers to the bulk or forth layer). For the case 
where the off-diagonal disorders can be neglected, 
the electronic Green’s functions Gu(E), G m (E) and 
Crjiii (E) are determined from the six coupled 
equations for the self-energies as shown in [12].

The self-energies for the bulk layer are given from 
Eq. (3a) as

(Zq +  2Zi) Ca T aa (Zq - f  2Zi) Cb ^AB 
&A_ E - E bA- A bbA +  E - E bB- A bbB ’

(12)

. (Zq +  2Zi) Ca  Tba (Zo +  2Zi) CB T BB 
&B =  E - E b a -  Ab a +  E - E b b -  A fa ~  ’

(13)
where

4 a  =  (Z» +  2Zi -  1) (14) 
( C a  T i i  ____ C B 21b j
\ E - E bA- A bbA +  E - E bB - A bbB} ’

4 b =  (Zo +  2Zi - 1 )  (15)
_ f____C aTba___________ C B T-bs  j

\ E - E b a -  z]JA E  - E „ b -  A bbS J '

The Eqs. (14) and (15) can be rewritten as a fourth- 
order equation in AbbX or ^&b as a function of Zq, 
Z i , E ba , E bb, Ca, Taa, T ab and T bb- In partic­
ular, if the transfer integrals T aa, Tab  and Tbb 
satisfy Shiba’s condition [22], i.e.

TAb = ( T a a - 7 7bb)1/2,

the fourth-order equation reduce to the cubic 
equation:

fc-2( 4 a ) 3 - { E -  E„b +  «- H E  -  E bA)} {Alt)*
+  {(E — E b a) (E — E bB)
+  (Z q +  2 Z i  — 1) T 2} Abk (16)
— (Z q +  2 Z i  — 1 ) T 2 {a2 Ca(E  — E bB)
-f- CB(E — E ba)} - 0 ,

where TAA =  a 7 \  T bb =  ol~1T  and T AB= T .  If  
a = l  (diagonal disorder problem), eq. (16) further 
reduces to that obtained by Moran-Löpez, Kerker 
and Bennemann [12]. The expression for Abbi 
given by Eq. (14) or (15) is equivalent to the one 
used in the coherent locator formalism for disordered 
bulk alloys by Shiba [22].

Once the self-energies for the bulk layer are 
obtained, the eighteen coupled equations for the self­
energies (Eqs. (10), (11), etc.) are solved quite easily 
by the iterative procedure. (At the first stage of 
the iteration, the self-energies Arf for the cleaved 
alloy are replaced by those for the bulk alloy.) The 
electronic density of states for an atom of type i 
within the L -th layer is determined from the 
electronic Green’s function by the formula

QniE ) =  ~  (1 l n ) ’ ImGLi{E) . (17)

3. Numerical Results for the Electronic Density 
of States of Cleaved Alloys

In this section we present the electronic density 
of states for the cleaved alloys with both the 
diagonal and off-diagonal disorders. In particular, 
we have considered the following two cases in our 
numerical examples; (a) (100) cleaved simple cubic 
(sc) lattice, and (b) (100) cleaved face centered 
cubic (fee) lattice, with parameter values appro­
priate for CuNi or AgPd alloys. Though the present 
method is capable of treating the general off- 
diagonal disorder, we restrict ourselves in the 
present numerical calculations to two types of the 
off-diagonal disorders; one is the Shiba-type off- 
diagonal disorder and the other is the additive-type 
off-diagonal disorder (Tab =  (Taa~\~ T bb)/2 ).
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3.1. (100) Cleaved Simple Cubic Lattice

Assuming the additive-type off-diagonal disorder, 
we have numerically evaluated the electronic 
density of states for the simple cubic alloy with 
(100) surface. In this case, Z o =  4 and Z i =  l ,  and 
the eighteen coupled equations for the self-energies 
(Eqs. (10), (11), etc.) are solved by the iterative 
procedure. After 20 or 30 iterations, the self­
energies of the type A f  converge to the final values. 
In Fig. 1 we present the average electronic density 
of states for the (100) surface (full curve) of the 
sc alloy with parameters: (7a =  0.6 and 0.9, 
6 l { =  E la  — E lb )  =  0.4 and 1.5, and ?7aa(^1bb) =
1.5(0.5), 1.2(0.8), 0.8(1.2), 0.5(1.5). Also shown 
(dashed curve) is the corresponding density of 
states for the bulk layer. The parameter values are 
chosen so as to facilitate the comparison of the 
present results for the bulk layer with those 
obtained by Blackmann et al. (generalized-locator 
renormalized-interactor formalism) [23]. The unit 
of the energy is taken to be the half-bandwidth of 
the unperturbed crystal [ E l a  =  E l b  and T a a  =  
T B B = 3r7AB), which is set equal to 1 . The zero of 
energy is chosen in such a way that E la  =  — E lb  
=  0l I2.

Fig. 1. Average density of states ql (E) of the surface 
(solid curve) and bulk (dashed curve) layers for the (100) 
cleaved sc alloys, (a) C \  =  0.6 and d =  1.5, (b) C \  =  0.9 
and Ö — 0.4. The energy is in units of the half-bandwidth 
of the unperturbed crystal (Ela  =  E lb  and T aa  — T bb  
=  T ab).

The bottom curve of the set in Fig. 1 ((a) and (b)) 
illustrates the average electronic density of states 
of an alloy for which the pure host (A) band is three 
times wider than, and overlaps, the pure solute 
(B) band. As we move up through the set of curves, 
the host band narrows while the solute band 
broadens. In each case, the host (A) band is 
centered above the solute band center. The strong 
effects of the different constituent bandwidths are 
clearly seen in the figures, both for the surface and 
for the bulk layers. Comapring the results in Fig. 1 
with those in Ref. [23], one can see that the general 
behavior of the ^buik(^) are quite similar to those 
obtained by Blackmann et al. [23]. This indicates 
that the present tight-binding theory should give 
correctly the overall shape of the electronic density 
of states for the bulk as well as for the surface layers.

3.2. (100) Cleaved FCC Lattice

For the (100) fee alloy, Zq =  Z \ =  4, and the 
eighteen coupled equations for the self-energies of 
the type Aj1 are solved by iteration, again. The 
electronic density of states Qu{E) is calculated 
using the formula of Eq. (17). In Figs. 2 and 3 we 
present the average as well as the local electronic 
densities of states in the first three layers of the (100) 
cleaved fee alloys, together with those for the bulk

}[■ __ „ ----- P iE)
/  -----? ' (E) CA=0ßf  bulk

C.=06

a 
1

/ii

T
__ ^  ni

31- / " N  '

I

i

V / ' \  . .

0
E—  ' E —

Fig. 2. Local density of states qL{(E) of the first three 
surface layers (L  — I, II, III) and a bulk layer of the 
(100) cleaved fee alloy (which roughly represents the CuNi 
alloys). E a (=  Em)  =  — E b ( ~  E cu) =  <5/2. d =  0.6,
=  1.2 Tbb and (a) C \  — 0.8, (b) Ca =  0.6. The energy 
is in units of the half of the B(Cu)-metal d-bandwidth 
(~  1.7 eV). Also shown (dashed curve) is the average 
density of states.
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Fig. 3. Local density of states QLi(E)  of the first three 
surface layers and a bulk layer of the (100) cleaved alloy 
(the curves in (b) roughly represent the AgPd alloys).
Ea{— jE'pd) =  — Eb (=  E Ag) =  ö/2 ,  ö =  1.0, Taa =  1.2 Tbb
and 1.8 T b b ,  T a b  =  ( T a a  * T b b ) 1/2 -

layer. The parameter values of 6l  and the transfer 
integrals (TAb =  {Taa ’ Tbb)1j2) are chosen to 
describe the CuNi [24] or AgPd [25] alloys: 
6l {  =  E la  — E lb)  =  0.6 and 1.0 for L — I, II, III, 
and b (in units of the half of the Cu (or Ag) d-band- 
width, ~ 1 .7 eV ) and TAa = 1 -2 T b b  and 1.8 Tbb 
(B refers to the noble metal atom Cu or Ag). Note, 
the d-bandwidth of Ni(Pd) is about 20(80)% wider 
than that of Cu(Ag).

In the present calculation, we neglect electronic 
charge transfer between the Cu(Ag) and Ni(Pd) 
atoms as in Refs. [12] and [24], since the Fermi 
energy of Cu(Ag) and Ni(Pd) are almost the same. 
This is also confirmed by the fact that by neglecting 
electronic charge transfer in CuNi alloys, one 
obtains good agreement between experimental and 
theoretical results for the bulk electronic density of 
states [24]. Thus, the Fermi energy Ef  of the cleaved 
alloy is determined by using [12]

J {^A ' QbA {E) +  • QbB {E)}
— OO

=  Ca • -Â NiCPd) +  Cb ' iVcu(Ag), (18)

where IVNi(Pd) =  9-4 and iVcu(Ag) =  10 electrons.
One notices in Figs. 2 and 3 that mainly oLi(E) 

of the first two layers is affected strongly by the 
surface; due to the surface Qh (E) and Qm(E) tend 
to narrow. Here it is interesting to note that this 
behavior on the Qu(E) is common to the tight- 
binding models for the cleaved alloys (see Ref. [12]) 
and is independent of the inclusion of the off- 
diagonal disorders. On the other hand, one can see 
in Fig. 3 that the off-diagonal disorders influence 
significantly the electronic structures (total d-band­
width) both for the surface and for the bulk layers.

4. Electronic Density of States for Chemisorbed 
Atoms on the Alloy Surface

Using the tight-binding theory for the cleaved 
alloys in Sect. 2, we calculate the local density of 
states for the single chemisorbed atom on alloy 
surfaces. In order to investigate the local atomic 
environment effects on the chemisorption behavior, 
we consider the six different adatom configurations; 
A (on-site), B (bridge-site), C (centered fourfold - 
site), C2A2B (centered site coupled to two A-type 
and two B-type substrate atoms: C 2 configuration 
in Ref. [12]), C4A (centered site coupled to four 
A-type atoms), and C4B (centered site coupled to 
four B-type atoms) configurations.

We calculate the local density of states for the 
chemisorbed atom, Qq(E), by the formula

qc {E) =  — (1/n) Im (E — E c — A c ) -1 , (19)

where the self-energy for the chemisorbed atom A c 
is given by

Ci

+  2

X E — Eu — An
T a  T i j  T jc

(20)

i * c  {E  — E u  — A i i ) ( E  —  Ei ]  — z J j } )
j* i,C

Here, T 3 terms are included in order to get more 
detailed information on the adsorbate density of 
states. For the on-site and bridge-site configurations, 
the self-energies Ac  are given by

CA T 2ck Cb T%b 
A c =  i ;----- „  ,  ~ +  - s ----- „  .  . (21)E  — E ia — A ia E  — E  is  — A I B
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and

,  J ____0 * 1 % » ________________________ 1
0 - \ E - E i a - A i A ^  E - E 1b - A 1b\

m2 rn
_____________1  CA 1 A A ________________

(E — Ei a — zIia) — -Ê ia — A \i)

+ _______ ^  TBS__________
T  ( E - E m -  J i b ) ( ^ - £ i b - / 1 { | )  1 1 

CA Cb T c b T ba T a c  

^  — i?iA — zJia)(-® — E i b  —  zIib)

C 'a  C b T q a T a b T b c  j

+  (E -  B ib -  J i b ) (B -  B i a -  J ’

respectively. The similar expressions are obtained 
for the C, C2A2B, C aa, and C43 configurations.

In Figs. 4 and 5, we present the adsorbate density 
of states for the parameters, Ca =  0.6 and 0.8, 
<5z =  0.6, and T AA=  1.2 Tbb(TAb =  (T aa  • Tbb)1/2). 
In both figures, the curves (a) and (d) show the 
adatom density of states (single orbital per adatom) 
for the chemisorption system with E c  =  E f  and 
T Ac — 3 T AA: These parameter values roughly 
represent the gas atom adsorption on the alloy 
(CuNi, AuNi, etc.) surfaces. One notices in these 
figures that the effects of the chemisorption 
geometry on the behaviors of the Qc ( E)  are very

E — -  E -----

Fig. 4. Local density of states gc (E) of the adatom on 
(100) cleaved fee (CuNi) alloys for the A , B, C, C2A2B, 
C4A, and C4B configurations. CA =  0.6, <5 =  0.6, T AA =  
1.2 Tbb- (a), (d) Ec =  E( and T Ac =  3 T aa; (b), (e) Eq =  
-®A(Ni) and T Ac =  1.4T aa; (c), (f) E c == E A and T Ac
=  T  AA-

E---- - E

Fig. 5. Local density of states gc{E) of the adatom on 
(100) cleaved (CuNi) alloys. CA =  0.8. The other param­
eters and notations are the same as in Figure 4.

large. For example, one can observe the prominent 
peak (bonding resonance) near the lower band edge 
for the C, C 2A2B> C*4A, and C4B configurations, in 
contrast to the A (on-site) and B (bridge-site) con­
figurations.

The curves (b) and (e) in Figs. 4 and 5 show the 
adatom density of states for the system with 
E q =  E a and T Ac =  1.4 T AA, while the curves (c) 
and (f) are the results for the parameters Ec =  E A 
and T ac =  T AA. The parameters for the curves (b) 
and (e) roughly represent the Pd or Pt atom chemi­
sorption on the (100) surface of the CuNi alloys and 
those for the (c) and (f) curves represent roughly 
the Ni atom chemisorption on the CuNi alloy sur­
face. Again, the curves (b), (e), (c) and (f) demon­
strate the importance of the local atomic environ­
ment effects on the chemisorption behavior; the 
adatom density of states strongly depends on the 
local atomic environment of the substrate atoms.

It is the most interesting that the resonance peaks 
(Lorentzian) for the C 2A2B configuration in Figs. 4 
and 5 are located below the adsorbate energy 
level E c ( =  E A> 0 ) .  This behavior for the C 2A2B 
configuration is completely different from others 
and can not be understood from the general ideas 
for the adsorbate atom on the pure metal substrate 
(weak coupling picture of chemisorption) [26], 
Following the general ideas of Ref. [26], the 
adsorbate resonance peak should be located above



1218 Kin-ichi Masuda • Electronic Theory for Cleaved Alloys: Effects of Off-Diagonal Disorder

E c (if Ec >  0), as in the case of the other configura­
tions. This surprising behavior of the resonance 
peak for the C 2A2B configuration results from the 
effects of the off-diagonal disorders in the substrate 
alloys and the hybridization of the energy levels of 
the adsorbate and substrate atoms E A , E b , and E c . 
Therefore, in order to understand the chemisorption 
behavior on the alloy surface quantitatively, one 
has to take into account the effects of the off- 
diagonal disorders.

5. Atomic Segregation at the Surface 
of Binary Alloys

It is the aim of this section to study the surface 
segregation observed in the alloys like CuNi, AuNi, 
AgPd, and AgPt alloys [2 — 8], within the frame­
work of the present theory. In view of the fact 
that, for instance, the d-bandwidth of Pd is about 
80% wider than that of Ag [25], the effects of the 
off-diagonal disorder should be included in the 
theory. In order to investigate whether the atomic 
segregation occurs or not at the surface, we calculate 
the heat of segregation AQS. For the dilute binary 
alloys [15] the surface concentration of the solute, 
Cs , is related to its bulk concentration, C^, by

Csl( 1 -  C») =  [Cty(l -  Cb)] exV(AQslkT). (23)

If AQS is large and positive, then the surface 
segregation should occur. Even in the case of the 
concentrated alloys, the calculation of AQS is useful 
since it permits us to predict the segregation. 
Furthermore, the present calculation of AQS is much 
simpler than the calculation of the layer dependent 
concentrations C*, based on the Lagrangian 
multiplier technique [13].

In order to calculate the heat of segregation AQS, 
we first investigate the changes in the electronic 
density of states due to the introduction of the 
additional B- (or A-) type atom in the surface (or 
subsurface) layer. The additional atom is regarded 
as an “impurity atom” in the effective medium of 
the disordered binary alloys. We assume here that 
only the local density of states of the atoms within 
the nearest-neighbour sites of the “impurity atom” 
are affected by the “impurity atom”. The local 
density of states for the nearest-neighbour atoms 
(in the surface layer) of the B-type impurity atom  
is obtained as

e ik (E )  =  -  ( IM  Im [E -  E 1A -  (24)

where

aNN _  ~  ÂA {( 0̂ — 1) C b  +1}  21b 
,A ~  E - E i a -  A \ i  +  E - E 1B-  A W ~  

Z i C a T \ a H i C e T I s  
+  E -  E nA  -  zltfA E  — E u b -  A \ fB ’ 1 

eiB (®) =  -  (1/*) • Im [E -  E a  -  (26)

where

a n n  _  (Zo ~~ 1) C'a { ( Z q — 1) C b  +  1} ^bb
ie  -  E i a  -  z)i® +  E -  E i b  -  Zlil 

Z t Ca r |B  Zi Cb n ,
+  E  -  E „a  -  4 jfA +  E  -  E n B -  J{?B '

The average electronic density of states for the 
nearest-neighbour atoms of the “impurity atom” is 
thus calculated by

e™  (.E) =  Ca ■ e ? f  (E) +  CB • W  • (28)

In the above equations (24) —(28), the pairs (N N , I), 
(N N , IA), and (N N , IB) indicate the nearest- 
neighbour atoms in the surface layer.

For the nearest-neighbour atoms (of the “im­
purity atom ”) in the second layer,

enA(B) (E) (29)
=  — (1 /n) ■ Im [E — -E iia ( B )  — ^ i i a ( B )]-1 ,

where

( Z i - 1 ) C A T | A {(Zi -  i ) C B +  i } r | B 
ZllIA E  -  E 1A -  z)JiA +  '  E - E j B -  zIJ'b4

7  r\ m2 r/ /~i m2^oCA^AA ^O^B-fAB „ n

+  ~E -  E n  A  -  A \\ i  +  E  -  En  b  -  A\\% ’ ( )

_  (Z 1 - \ ) C A T \ b { ^ - ^ C b + I I T I b 
J iib  E - E 1 a -  A \ f  +  E - E i b -  A\™

Z 0 Ca T \ b Z q C b T I b  /01l
+  E -  E n  A  -  A ™  E —  E ub -  J g  ’ }

Therefore, the total changes in the electronic 
density of states due to the introduction of the 
B-type “impurity atom” in the surface layer is 
given by

A qs(E- B) =  (1 -  CB) Qi b {E) -  CA qi a (E)
+  Z 0[ef N ( E ) - ei(E)] (32)
+  z 1[efI-v (£,) - e n ( £ ) ] ,

where

o f f  (E) =  CA (E) +  Cb e?& (E) .  (33)
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The change in the electronic energy A E S(B) due to 
the introduction of the B-type “impurity atom” is 
thus obtained by the formula:

AES(B) =  f ( E  -  Ef ) A qs (E ; B) dE . (34)
— oo

The heat of segregation of the B-type atom AQS(B) 
is defined as

AQS (B ) =  A E hulk (B ) - A E S (B ) , (35)

where Zl-^buik(-B) is the change in the total elec­
tronic energy due to the introduction of the B-type 
“impurity atom” in the bulk layer.

In Fig. 6 we show the heat of segregation for the 
B (noble metal)-type atom (Eb =  — <5/2), AQS, as a 
function of concentration Ca for 5 =  0.3, 0.6 and 
T aa =  T b b , T bb {T ab =  {T aa T Bb)1/2)- These 
parameter values roughly represent the CuNi (or 
AuNi) alloys. The results in Fig. 6 show that the sur­
face layer should be enriched in B (noble metal)-type 
atom for A(Ni) rich concentrations, in agreement 
with the experimental results as well as the previous 
theoretical results based on the elaborate Lagrang- 
ian multiplier technique [13]. The order of magnitude 
of AQS in Fig. 6 is comparable to that obtained by 
experiments for the AuNi (111) system [7], 
~  12 i  2 kcal/mole. Furthermore, one can see in 
Fig. 6 that the results of AQS are considerably 
affected by the inclusion of the off-diagonal 
disorders, even for the alloys such as CuNi alloys 
where the d-bandwidth of pure Ni is only about 
20% wider then that of pure Cu. Thus, for the 
quantitative understanding of the surface phenom­
ena of the disordered alloys like AgPd, RhNi, PtNi, 
and AuNi, the effects of the off-diagonal disorders 
have to be included.

CA

Fig. 6. Heat of segregation AQS (kcal/mole) for the B(noble 
metal)-type atom as a function of the concentration Ca(N1) •

Finally, we note that the present formulation for 
obtaining the heat of surface segregation can be 
straightforwardly used to study the segregation of 
solute to the stacking faults or grain boundaries 
[27].

6. Concluding Remarks

We have investigated the electronic structure of 
alloy surfaces including both diagonal and off- 
diagonal disorder in the tight-binding Hamiltonian 
and demonstrated that the off-diagonal disorder can 
influence significantly the electronic structure. The 
present method has the advantage that it is capable 
of treating the general off-diagonal disorder without 
difficult and extensive numerical calculations. The 
electronic density of states of cleaved alloys as well 
as of the bulk alloys are calculated using the first 
terms in the continued fraction series for the 
Green’s function. The overall shape of the density 
of states is essentially the same as that obtained by 
using the much more elaborate method of Ref. [14, 
23]. The iterative procedure for obtaining the 
electronic Green’s function is found to work quite 
well even when off-diagonal disorder is included: 
After 20 or 30 iterations, the self-energies of the 
type Ajl converge to the final values.

In addition, we have studied the chemisorption 
and segregation behavior of cleaved alloys in detail. 
The parameters are chosen to describe transition 
metal alloys like CuNi, AuNi, or AgPd alloys. In 
the calculation of the adsorbate electronic density 
of states (Ni, Pd, and Pt atom chemisorption on the 
CuNi (100) surface), we have found a new resonance 
peak for the C2A2B configuration, where the energy 
of the resonance peak is not directly related to the 
orbital energy of the adsorpate atom, in contrast to 
the single atom chemisorption (weak coupling) on 
the pure metal substrate. The resonance energy is 
determined, in a rather complicated way, by the 
hopping integrals ( T a a ,  T a b ,  T b b , T a c ,  and T bc) 
and the atomic energies (Ea , E b ,  and Eq) of the 
substrate and adsorbate atoms. Thus, the off- 
diagonal disorder in the tight-binding alloy 
Hamiltonian does play an important role in chemi­
sorption on alloy surfaces.

The surface segregation behavior of alloys like 
CuNi (or AuNi) alloys has been studied by calculat­
ing the heat of segregation AQS, instead of under­
taking the elaborate calculation based on the
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Lagrangian multiplier technique [13]. The formula­
tion for obtaining the heat of surface segregation, 
AQS, is presented not only because it is numerically 
simple but also because it can be straightforwardly 
used to study the segregation of solute at the stack­
ing faults or grain boundaries, which are very 
important for the understanding of the mechanical 
properties of the materials. To our knowledge, this 
is the first time that a microscopic electronic theory 
has been used to calculate the heat of segregation 
AQS. The numerical results of AQS for the CuNi 
(or AuNi) alloys indicate that the noble (Cu or Au) 
metal atoms tend to segregate in the surface layer, 
in agreement with experiments. We have also found 
that the AQS are strongly influenced by the inclusion 
of the off-diagonal disorder even when the difference 
between the band widths of pure A and B metals is 
approximately 20% of the pure metal bandwidth. 
Thus, it is concluded that in order to understand 
the segregation behavior of cleaved alloys quanti­
tatively, the effect of the off-diagonal disorder has 
to be included.

The present theory for cleaved alloys can further 
be used to study the electronic structure of semi- 
infinite crystals with two dimensional substitutional 
disorder in the outermost layer as Avell as to 
investigate the changes in the electronic density of 
states due to the order-disorder phase transition in 
chemisorbed layers. Such applications are presented 
in Appendices A and B, respectively.
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Appendix A

Here, we apply the present tight-binding theory 
for cleaved alloys to study the electronic structures 
of the metal surface with substitutional disorder. 
Recently, several authors [18—20] have extended 
the Kalkstein-Soven [17] theory for semi-infinite 
crystals in such a way that the random distribution 
of impurity atoms in the surface layer (two dimen­
sional disorder alloy) can be discussed. These 
extensions are of great importance for the studies 
of the surface segregation of dilute alloys [15—16], 
the diffusion behavior of surface impurities into a 
bulk [27], and other related surface phenomena.

However, the previous Green’s function theories are 
probably incapable of treating the off-diagonal 
disorders introduced in the outermost layer, since 
it is difficult to estimate the effective transfer 
integrals between the atomic sites in the first layer 
and those in the second layer.

Now, we investigate, within the framework of the 
present theory, the electronic structure of the metal 
surface with substitutional disorder including both 
the diagonal and off-diagonal disorders. The 
formalism is quite parallel to that for the cleaved 
alloys in Section 2. In Eqs. (6) —(9), we simply 
take such that E n A  =  -E 'h b  > ^ i i i a  == - E i i i b  > and 
Ef>a =  Eft# (in the following, B refers to the surface 
impurities), and obtain the following expressions 
for the self-energies:

A IA  =
Z o C A T L Cb T 2ab

E  — Ei  a — A \ a E  — E ib — ZljB

Z i
E  — E u A — A] ’ (A.l)

'II

A
Z 0 CA T°BA Z o C B T | B

IB E  — E i A — A \ a E  — E i B — A \ b 
Z i T°BA

E - E h A - A ]  ’
(A.2)

'II

T \ a
in E  -  E ua  - A \ \  1 E  -  fimA -  A}1' (A’3)'III

Z i Ca T 2aa z  1 Cb TIb

A in  =

E - E iA -  A \ l  E  -  E ib  -  A \ i  ’ 

Z 0 T | a  Z 1 T]AA

E  -  E m A -  A ™  ^  E -  E h a  -  A UIIIA

z i  n A
<bA

(A.4)
ÖA

The expressions for the self-energies of the types, 
ÎA> ^IB , A \ i , . . . ,  are obtained by using Equation 

(3 b). Again, we solve the coupled equations for the 
self-energies by iteration.

Numerical calculations of Ql(E) for L =  1 are 
carried out for the (100) surface of the simple cubic 
metal with a complete disorder in the surface layer. 
In Fig. 7, we show the average electronic density of 
states of the outermost layer, ^i(^) for the param­
eters: Ca =  0 .2 , 0 .5  and 0 .9 , T AB =  {TAA • T BB)l l2\ 
(a) T b b =  T a a /2 . E iA{ =  E h A =  E u iA =  E bA) =  0, 
JE’ib =  0 .5  (in units of the half-bandwidth of the 
pure A metal), (b) T BB= 1 . 5 T AA, E iA =  E iB =  0.
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Fig. 7. Comparison of the electronic density of states of the sc metal surface with substitutional disorder [(a), (c)] with 
that of the uncoupled two-dimensional random alloy [(b), (d)]. Ca =  0.2, 0.5 and 0.9. (a), (b) Tbb — Taa/2, E \a  =  0, 
and E ir  — 0.5; (c), (d) T bb =  1.5 T aa  and E ia  =  -Eib =  0 . The energy is in units of the half-bandwidth of the 
pure A-type metal. The electronic density of states of the clean surface (Ca =  1, E ia  =  -^iia =  -®iiia =  -^öa) is 
the same as in Appendix B and presented in Fig. 8 (dashed curve).

For comparison, we have also presented the 
electronic density of states for the corresponding 
two-dimensional random alloys. One can see that 
the coupling effect to the semi-infinite metals on the 
electronic structures is considerably strong.

Appendix B

In this Appendix, we investigate the changes in 
the electronic density of states due to the order-

disorder phase transition in chemisorbed layers. 
In particular, we give the formulation appropriate 
for the chemsiorption systems such as the (alkali 
adsorbate)/(noble or transition metal substrate) 
systems, where the direct interaction between the 
adatoms plays an important role and the tight- 
binding approximation may be used [29]. For the 
illustrative purpose, we consider the chemisorption 
system with 0  =  1 /2, where 0  is the adsorbate 
coverage and assume that A-type chemisorbed
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atoms are in the on-site position of the (100) surface 
of a B-type sc metal. For comparison, we consider 
two types of the ordered structures, C(2 x 2) and 
(2 x 1 ) structures.

We now divide the whole chemisorbed system  
into two sublattices a and ß, such that there are 
N/2  sites of type a and N/2  sites of type ß. The 
atomic order parameter r) for the chemisorbed layer 
is defined as follows:

p } = p }  =  ( i  +  V)P ,

P l  =  P$ =  (1 -  r,)l2, (B .l)

where P;  ̂(P j) and Pß(P^)  are the probabilities to 
find an A-atom (a vacancy) in the a and ß  sublattice, 
respectively. If 77 =  1 (the complete order case) all 
chemisorbed atoms are on the a sublattice and the 
ß  sublattice is empty (occupied by vacancies). If 
rj =  0 (the complete disorder case) there are as many 
as chemisorbed atoms on a sites and ß  sites and the 
same holds for vacancies. By considering the atomic 
rows perpendicular to the surface plane, the 
substrate atoms are divided into a and ß sublattices 
as well: If the outermost chemisorbed atom is 
sitting in the <x(ß) lattice, the substrate atoms 
beneath it are on the on(ß) lattice.

For the case of C (2 X  2) adsorbate structure, 
where each a. (ß)-site has Zo /?(a)-sites within the 
same layer and Zi <x(ß)-sites within the adjacent 
layer as its nearest-neighbours, the self-energies for 
the adsorbate layer are expressed as

^A a(^)

ß{rj )

r/ r>A m2
0 iß  J- a a

E  —  E Xß —  Afß{rj)

+
Z i T 2AB

E - E u -
i2

________________ AA______

E -  E AaL -  Aj£(ri)

+
zi n B

E  — Eiß  — A ff  (rj)

(B.2)

(B.3)

The corresponding self-energies for the (2 x 1 )  
adsorbate structure, where each <x{ß)-site has Z o /2 
a-sites and Zo/2 ß-sites within the same layer and Z 1 
a(/?)-sites within the adjacent layer as its nearest- 
neighbours, are given by

(Zo/2) P i  T | a
A Aa iv) ( B .4)

( Z o /2) P f  T | A Z i  T \a b

E — E Aß — Aj$(r]) E - E IaL- A g ( r j )  *

AAß(rj)
(Zo/2) P ^  T 2AA

E  — Fach — ^A a(r?) 
( Z o /2) P j T-aa ,

(B.5)

Z i T AB

E — E Aß — Ajfa (rj) E E iß  — Aiß{r])

The self-energies for the substrate layers and those 
for the types of A*$(ri), Ai*(r]), . . . ,  are obtained 
from Equation (3b). Here, it is noted that the 
approximation on A\] should become better at the 
adsorbate layer, since the number of neglected 
paths of the electron hopping processes is smaller 
than that for the surface layer.

In Fig. 8 we show the electronic density of states 
of the adatom Qa(E) for the C(2 x 2) and (2 x 1) 
adlayers as a function of the order parameter rj, 
with parameters E Aa =  E Aß =  0.1 and 2?ia =  Eiß =  0. 
The energy E  is given in units of the half-bandwidth

Clean Surface

®o®o
®o®o
®0®O

Fig. 8. Local density of states of the adatom qa(E) as a 
function of the order parameter rj for the C(2 x 2 )  and 
(2 x 1 ) adlayers. Ea* =  E a 0 =  0.1, E \a =  E 10 =  0, and 
T aa =  Tbb =  Tab  (B refers to the substrate atom). The 
energy is in units of the half-bandwidth of the substrate 
(B-type) metal.

0.5-
E
1.0 -10
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of the substrate metal. One can see in Fig. 8 that 
qa (E ) strongly depends on the local atomic environ­
ment of the adatom. For the (7(2 X  2) adlayer, as rj

increases the adatom band becomes narrower and 
has the more detailed structure while for the (2 x 1 ) 
adlayer there are not so drastic changes in (E).
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