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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. It 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 [11—13] 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. Desjonquéres 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
50 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 when the
order parameter 7 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:

HZZEiCiTCi—F.Z Tﬁci'fcj, (1)

7 e

where ¢;1(c;) is the creation (annihilation) operator
for the d-electron on site ¢ (j). The hopping integrals
Ti; describe the electronic transitions between
atomic sites 7 and j and the electronic energy
level E; takes the values £ and Eg depending on
whether the site 7 is occupied by an A-atom or a
B-atom. The local electronic Green’s function Gy; (E)
for electrons on site ¢ is given by

G” (E) = (E == Ei = Ai)‘l s (2)
where the electron self-energy A; results from all

hopping processes starting and ending on site 7 and
is expressed as

Ti T
M2 E—E -4 o
TyTuTyu
- e e e
J:Z (B — B — &)(E — B — 4P)
*1,)
with
. Ty T
Al Lol (3b)

i= — = A
*1,5 E _El— Alj

Here, the self-energy A! (A7) results from hopping
processes starting and ending at the site 5 (/) and
avoiding the site ¢ (sites ¢ and j) in between.

In order to close the expansion (3a), we keep
only the terms of the order 72 and use the approxi-
mation AY = Aj [12], which is exact for a Bethe
lattice [21]. Here, it is important to realize that
(i) the approximation on A} should become better
at the surface since the number of neglected paths
is smaller, (ii) the terms of higher than 7'2in Eq. (3a)
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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) = CAGra(E) + (1 — Ca)GLB(E), (4)

where L=1, II, III..., and the local Green’s
functions are given by

Gri(B)=(E — Ep; — Apy)™L. 5)
Here E1; and Ay; denote the site en>rgy and the

self-energy for atomic sites ¢ (4 or B) in the L-th
layer. From Egs. (3a) and (3b), one finds that

ZoCa T ZoCs T3
A1a = — i I (6)
E — E1s — A1 E — Eg — A1
Z1 04 Ths 7,0 T3
E — Eus— Ay, E— Eug— Ah’
ZoCa Ty ZyCp Tip
Ap = I - i (7)
E—FEps—AY, " E—Ep— A
PR L0 % T
E—Eusa—Ay  E—Eus— A’
S ZeCa T2, ZyCpTp
TAT B —Ena— A%, " E—Eup— 4%
Zl CA T?&A Zl OB TiB
E — Ema — My~ E — Es — Afis
20,7, Z1 08 Typ
e ey
E—Ein— A7,  E—Ewp—A4}
P Zo s Thy B ZyCp Tgp
UB™ B _Eya— A%, " E—Eus— A
Z1Ca T3y Z,Cs Tip
E — EIIIA —_ AHIA E — EIIIB e AHIB
Zl CA TZBA Zl CB T%B (9)
E—EIA—A§£ E—EIB—A}}?..
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In the above equations, we denote the number of
nearest neighbour atoms within the same layer by
Zo and the number of nearest neighbour atoms
within one of the adjacent layers by Z;. The self-
energies for the third layer, Amra and Ams, are
given by the similar expressions to Ayra and Ams.
The self-energies of the types Al,, Aly, Al ...,
are obtained by using the approximation 4,1/ = A;J.
For example, for A1, and A}, one finds that

(Zo—1)O0, T2 (Zo—1)CTin

di = B—Fa—A " B—Bm—d (10)
Z1Ca TS, Z,Cp Tis
E—Eua— Ay E— Bus — Ais”’
A ZoCa TXs ZoCs T
U B —EBua— A1, ' E— Eus— Aifp
Z1Cy T%AA Z1Cg TiB

E — Ema — Aifia
(Z1—1)Ca T34
E — By — A5

E — Ems — A
(Z; — 1) 0 Tip
I - (11)
E —— EIB — AIB

Then we get from Eq. (3b) a set of eighteen coupled
equations with A,, Alg, 45, 4%, 4%, 4k,
AgAr AHBS A:I[E\ AH%’ AHIAv AgIBa A{HA? A%HB?
Abia, ALY, and ALY as unknowns in terms of 754,
Tas, Tss, Zo, Z1, Evi, B, B, Evi, and A
(b refers to the bulk or forth layer). For the case
where the off-diagonal disorders can be neglected,
the electronic Green’s functions Gy; (%), Gir; (E) and
G (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

A Zot+221)0s T3y | (Zo+22) Op Thy
B, = E'—EbA'—AgA E_EbB_AgB ’
(12)
A Bo+221) Cy ] Tha | (Zo+2Z1) Os Tig
vB = E——EbA~A2A E—EbB—AIb)B ’
(13)
where
My = (Zo+ 22, — 1) (14)
. CA T?AA - CB TiB
E—E,,A—A',;A E—E,,B—AgB ’
My = (Zo+ 221 — 1) (15)
J_ OaTia s Ty
E—EM—A,’;A E—E,,B—A,'iB '
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The Egs. (14) and (15) can be rewritten as a fourth-
order equation in A), or Ay as a function of Zo,
Z1, Eya, Eyg, Ca, Tas, Tag and Tgg. In partic-
ular, if the transfer integrals T'aa, Tap and T'pp
satisfy Shiba’s condition [22], i.e.

Tag= (Tas Tsp)'?,

the fourth-order equation reduce to the cubic
equation:

a2(A%,)3 — {E — Epp + a-2(E — Epa)} (4h4)?
+ {(E — Epa)(E — Epn)
+(Zo+ 22, — 1) T2} A%, (16)
—(Zo+2Z1 — 1) T2 {«2 CA(E — Epp)
+ CB(E — Epa)} =0,

where TAAZO(.T, TBB:OL_lT and TABZT. If
o =1 (diagonal disorder problem), eq. (16) further
reduces to that obtained by Moran-Lépez, Kerker
and Bennemann [12]. The expression for A%
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 (Eqgs. (10), (11), etc.) are solved quite easily
by the iterative procedure. (At the first stage of
the iteration, the self-energies 4;7 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

ori(E) = — (1/7) - Im G, (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
(se) lattice, and (b) (100) cleaved face centered
cubic (fec) 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 (T's=(Ta4s+ T8B)/2).
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3.1. (100) Cleaved Stmple 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, Zop=4 and Z; =1, and
the eighteen coupled equations for the self-energies
(Egs. (10), (11), etc.) are solved by the iterative
procedure. After 20 or 30 iterations, the self-
energies of the type A;i 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: C,=0.6 and 0.9,
6L(:ELA—ELB)=O~4 and 1.5, and TAA(TBB):
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 (Epa=FErp and Tasx=
Tgp= Tag), which is set equal to 1. The zero of

energy is chosen in such a way that Epa=—ErB
=0L/2.
@  Ce=06 =15

—— surface

st
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=

Density of States
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o

Qsr

Fig. 1. Average density of states g.(E) of the surface
(solid curve) and bulk (dashed curve) layers for the (100)
cleaved sc alloys. (a) Ca4 = 0.6 and 6 = 1.5, (b) Cx = 0.9
and 6 = 0.4. The energy is in units of the half-bandwidth
of the unperturbed crystal (ELa = Erg and T'sa = TBB
= T ag).
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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 gy, (£) 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, Zo=2Z;=4, and the
eighteen coupled equations for the self-energies of
the type A;t are solved by iteration, again. The
electronic density of states gz;(£) 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 fcc alloys, together with those for the bulk

60)

w
Q

g o

w
o

Density of States
g o

30

Fig. 2. Local density of states g.,(#) of the first three
surface layers (L = I, II, III) and a bulk layer of the
(100) cleaved fecc alloy (which roughly represents the CuNi
alloys). EA(= ENi) = — EB(Z ECu) = 5/2 0= 06, TAA
= 1.2Tgp and (a) Ca = 0.8, (b) Ca = 0.6. The energy
is in units of the half of the B(Cu)-metal d-bandwidth
(~ 1.7eV). Also shown (dashed curve) is the average
density of states.
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Fig. 3. Local density of states g (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).
E'A(: EPd) === EB(Z EAg) = 6/2, 0= 1.0, TAA =12 TBB
and 1.8TBB, TAB = (TAA * TBB)I/Z.

layer. The parameter values of dz and the transfer
integrals (Tap=(Taa - T'sB)}/?) are chosen to
describe the CuNi [24] or AgPd [25] alloys:
0r(=Epa—Ers)=0.6 and 1.0 for L=1, II, III,
and b (in units of the half of the Cu (or Ag) d-band-
width, ~1.7eV) and Txax=12Tgp and 1.87pg
(B refers to the noble metal atom Cu or Ag). Note,
the d-bandwidth of Ni(Pd) is about 20 (80)9%, 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 Ey of the cleaved
alloy is determined by using [12]
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E;
[{Ca- 0ps (B) + CB- 05 (E)} dE

= C4s - Nyxiea) + CB° Ncu(ag)

where Nxjpa)y=9.4 and Ncy(ag = 10 electrons.
One notices in Figs. 2 and 3 that mainly o, (E)
of the first two layers is affected strongly by the
surface; due to the surface py;(E) and 9,7, (E) tend
to narrow. Here it is interesting to note that this
behavior on the py;(£) 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.

(18)

4. Eleetronie 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), 242 (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 C4p (centered site coupled to
four B-type atoms) configurations.

We calculate the local density of states for the
chemisorbed atom, g¢ (#), by the formula

oc(B)=— (1/a)Im(E — Ec — Ac)™1, (19)

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

s,
=27 _ . A 2
e ;E—Eli_l]ﬁ (20)
5 Tei Ty Tic B
&0 (B — By — Au)(E — By — A%)

j*i,C
Here, 7'3 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 A¢ are given by

CaTEs Cs Tip

Ac = 5
& E—EIA——AIA E—EIB~AIB

(21)
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and
O T?
Ao — 2{ A TCa

E — E1p — Ara

Cp T
E — E1p — AIB}
+2{ 05 T3 Pax
(E — E1p — A1) (E — E1a — A{g)
Cs T%B Tss

T BB — dwm)(E— Ee— 48 &
CaCTcBTBAT AC -

T (E — E1a — A1a)(E — E1p — A1)
CaCsTcaTasTBe

T B = Erp — d1p) (B — Bra — A1) }

respectively. The similar expressions are obtained
for the C, U242, C4a, and C4p configurations.

In Figs. 4 and 5, we present the adsorbate density
of states for the parameters, C4=0.6 and 0.8,
61,: 0.6, and TAAZ 1.2 TBB(TAB: (TAA & TBB)l/Z).
In both figures, the curves (a) and (d) show the
adatom density of states (single orbital per adatom)
for the chemisorption system with E¢=E; and
Tac=3Taa: 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 oo (E) are very

Cu=06

————— on-site ==
d =06 —-—bridge-site — —(:Mm
Tas= i 4A
aa=12Tpg ——fourkid-site

Density of States

o— E o ¥

Fig. 4. Local density of states o.(#£) of the adatom on
(100) cleaved fce (CuNi) alloys for the 4, B, C, Caass,
Csa, and Cy4p configurations. Oy = 0.6, 6 = 0.6, Tas =
1.2Tgp. (a), (d) Ec = E; and Tac = 3T a4; (b), (e) BEc =
Exi) and Tac = 1.4Taa; (c), (f) Ec = Ex and Tac

= TAA-

1217
101
----- on-site '\ ~==--Caz
—-— bridge-site — A
05 — fourfold-site —Ci

Density of States

o &
L

E —

Fig. 5. Local density of states g.(E) of the adatom on
(100) cleaved (CuNi) alloys. Csx = 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, C2428, C4sa, and C4p 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
Ec=FE4 and Tac=14T 44, while the curves (c)
and (f) are the results for the parameters Ec = E 4
and T sc =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), (¢) 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 Csa2p configuration in Figs. 4
and 5 are located below the adsorbate energy
level Ec (= E A >0). This behavior for the Cas0n
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
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E¢ (if Ec>0), as in the case of the other configura-
tions. This surprising behavior of the resonance
peak for the C242p 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 £ 5, Eg, and E¢.
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. Atomie 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
809, 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 AQ;. For the dilute binary
alloys [15] the surface concentration of the solute,
Cs, is related to its bulk concentration, Cp, by

Cs/(1 — Cs) = [Cy/(1 — Cp)] exp(4Qs/kT). (23)

If AQs is large and positive, then the surface
segregation should occur. Even in the case of the
concentrated alloys, the calculation of AQ; is useful
since it permits us to predict the segregation.
Furthermore, the present calculation of AQ;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
oix (B) =

— (1/m) Im[E — Epa — AFF1,  (24)
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where

AN (Zy— 1075,

_ {(Zo—1)Cp+ 1} T4
W B — Bia— A%

E — Eg — A3

Z, C T2 Z+1C TZ
_{___“1_*“_;“_ __1Bim_’ (25)
E—Eus—A4ffy ' E—Eus— A1
o} (B)= — (1/n) - Im [E — E1s — A%F]1,  (26)
where
v Zo—1)0sTip  {(Zo—1) Cn+ 1} Thy
B — B — 4R B — Exs— A%
Zl CA T%\B Z1 C’B T%B

. (27

E—Fua— A0, T B—Fun— A8 ¢

The average electronic density of states for the

nearest-neighbour atoms of the “impurity atom” is
thus calculated by

o1 ¥ (B) = Ca- 01X (E) + Cs- ofy

V(E).  (28)

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

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

otiAB) (B) (29)
— (1) - Im [E — Etia) — duam]t,
where
N — (Z1— 1)EA£’“ {(Zy—1)Cs+ 1} T3p
E—Epa— A2 E— Erp— AU
ZoCaTia ZyCp T3y
- T , (30)
E—Eus— A " E—Eyp— A4
AHB_(Zl—l)OAT {21—1)OB+1}TBB_
E — E 1A — AIIB B — EIB _ AIIB
Zo0x Tin ZoCn T2y

E — Eqa — AIIA

. (31
T—Enp— A OV
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
Aog(E; B) = (1 — CB) o1 (E) — Ca 014 (E)
+ Zo[o¥¥ (E) — 01(B)] (32)
+ Z1 [0} (E) — ou(B)],
where
oMV (B) = CaofX(E) + Croim(E).  (33)
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The change in the electronic energy AE;(B) due to
the introduction of the B-type “impurity atom” is
thus obtained by the formula:

AB,(B) = [ (B — By Ao (B; B)AE.  (34)

The heat of segregation of the B-type atom 4Q;(B)
is defined as

AQs(B) = AEvuik (B) — 4Es(B), (35)

where AEpuix(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 (Eg= — d/2), 4Qs, as a
function of concentration Cy for 6=0.3, 0.6 and
Taa=Tgs, 1.2TBB (TaB = (T'aa T'BB)!/%). These
parameter values roughly represent the CulNi (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 AQ; in Fig. 6 is comparable to that obtained by
experiments for the AuNi (111) system [7],
~ 12 4 2 kecal/mole. Furthermore, one can see in
Fig. 6 that the results of AQ; are considerably
affected by the inclusion of the off-diagonal
disorders, even for the alloys such as CulNi alloys
where the d-bandwidth of pure Ni is only about
209, 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.

~20r
% —Taa"Tes
g i —-—Ta S12T.
5 T~ .
g —
{ \} 08
10t ]
} 4=03
\_\-
1.0 03 08

Ca

Fig. 6. Heat of segregation A¢Qs (kcal/mole) for the B(noble
metal)-type atom as a function of the concentration Ca(xi).
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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 4;t 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'aa, Tas, T8, T'ac, and T'sc)
and the atomic energies (B, Eg, and Ec) 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 AQ;, 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 AQ; 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 AQ; are strongly influenced by the inclusion
of the off-diagonal disorder even when the difference
between the bandwidths of pure A and B metals is
approximately 209, 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 well 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.
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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 Egs. (6)—(9), we simply
take such that Epa=FEus, EFura= Fmme, and
Eys = Epg (in the following, B refers to the surface
impurities), and obtain the following expressions
for the self-energies:

A ZyCy T%, - Zo 01}771;137”
B F—Bp— M " B—Ep—45
. ,Zi** . (A.1)
T — A '
A Z()CA TBJ\ ZOCB TBBﬁ
B = F _En—4 E—Eip— A
. VAR KN (A2)
" E — Era — A}I ; '
Zo T Z, T2
Ay = e A (A3)
E — Ena— A B — By — AL
, Z1 Oy TAiArﬁi N Z1Cg TAB
‘ E—EIA—A}i T E— EIB——AH y
A — ZoTix " Z1 T
M= F _Ema— AR " E— Ea — AH‘I\
Zy T4
Ll Ty ey (A4)

The expreisions for the self-energies of the types,

Ay, Al AL L. are obtained by using Equation
(3Db). Agam, we solve the coupled equations for the
self-energies by iteration.

Numerical calculations of o (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, o1(#) for the param-
eters: C4=0.2,0.5 and 0.9, Tap= (T4 - Tsp)!/2;
(a) Tep=Tas/2, E1a(=Eua=Ema=Eps)=0,
Erp=0.5 (in units of the half-bandwidth of the
pure A metal), (b) Tgg=1.5T4a, Era=E1z=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/Q, EIA = 0,

and Eig = 0.5; (c), (d) T = 1.5Ta4 and Era = Es = 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 (Cax =1, E1a = Ena = E1mia = Epa) 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 @ =1/2, where @ 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 S, such that there are
N2 sites of type o and N/2 sites of type B. The
atomic order parameter 7 for the chemisorbed layer
is defined as follows:

PA=Py=(1+n)2,
PY=P}=(1—n)2, (B.1)

where P2 (PY) and P,‘;(P};) are the probabilities to
find an A-atom (a vacancy) in the o and g sublattice,
respectively. If n=1 (the complete order case) all
chemisorbed atoms are on the o sublattice and the
f sublattice is empty (occupied by vacancies). If
7 =0 (the complete disorder case) there are as many
as chemisorbed atoms on « sites and £ sites and the
same holds for vacancies. By considering the atomic
rows perpendicular to the surface plane, the
substrate atoms are divided into o and £ sublattices
as well: If the outermost chemisorbed atom is
sitting in the o(f) lattice, the substrate atoms
beneath it are on the « (f) lattice.

For the case of C(2x 2) adsorbate structure,
where each «(f)-site has Zgo f()-sites within the
same layer and Z; o(f)-sites within the adjacent
layer as its nearest-neighbours, the self-energies for
the adsorbate layer are expressed as

Asaln) = 5 _Zgigﬁ‘%;(m
Zy T?
+7= E; fil?:(n) ’ =
Arsl) = 0 f_ﬁiégm)
Z, 7%
+TEC EI; —Azﬁf(n) ‘ =

The corresponding self-energies for the (2x1)
adsorbate structure, where each o (f)-site has Zo/2
a-sites and Zo/2 f-sites within the same layer and Z;
o (f)-sites within the adjacent layer as its nearest-
neighbours, are given by
(Z0/2) P T3a
AAa(n) = n_ Eﬁ _ZAT’
. Ao Aa(n)
(Zo/2) PA T,

E — Exp— A35(n)

(B4)

Zl T?\B
B — By — AIA:(W) ’
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(Zo/2) P2 T,
 E—Ex— 43
(Zo/2) P5 T34
E — Exg— 435 (n)

Aap(n) (B.5)

Z1 T?\B
E — Eyg— Aff(n)

The self-energies for the substrate layers and those
for the types of Aﬁ%(n), A (n), ..., are obtained
from Equation (3b). Here, it is noted that the
approximation on Aj’ 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 g, (£) for the C(2 x 2) and (2 X 1)
adlayers as a function of the order parameter 7,
with parameters £ aq = Esp=0.1and Erq = E13=0.
The energy E is given in units of the half-bandwidth

0.2

T T
T T

04

T

s

AN
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AT O®@O cx2) } ®@0@O (2x)
o-@O® 1.0 ®0@0O
sk 10 o5t
e Eg 1 1 E
10 0 10 -10 0 10

Fig. 8. Local density of states of the adatom g,(E) as a
function of the order parameter 7 for the C(2 % 2) and
(2 x 1) adlayers. Eax = Eap = 0.1, E1yx = E13 =0, and
Taa = Tps = Tap (B refers to the substrate atom). The
energy is in units of the half-bandwidth of the substrate
(B-type) metal.
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of the substrate metal. One can see in Fig. 8 that
04 () strongly depends on the local atomic environ-
ment of the adatom. For the C'(2 x 2) adlayer, as 5
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