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A Green's function perturbation technique is presented which is appropriate for studying the 
chemisorption behavior of ordered atomic layers on a metal surface. The phase shift technique 
is used to determine the change in the electronic density of states due to chemisorption. The 
method is quite general and can be used to study the electronic structure of arbitrary ordered 
overlayers. Numerical results are given for p(2 x 2), c(4 x 2), p(2 x 1), c(2 x 2) and p(l X 1) 
overlayers on a (001) surface of a tight-binding fee metal. It is shown that the effects of long-range 
order and the binding geometry of the adsorbate layer are of great importance for the electronic 
structure of ordered overlayers. 

1. Introduction 

In order to develop a qualitative picture of the 
complex chemisorption process, simple model 
calculations have been very useful. Using Green's 
functions coupled with the phase shift technique, 
several authors have studied the single atom 
chemisorption on the various surfaces [1—3]. 
Recently, the model calculations were extended to 
consider a monolayer of adatoms. Ho, Cunningham 
and Weinberg [4, 5] have investigated the change 
in the electronic density of states (DOS) due to the 
adsorption of a monolayer of atoms (0=1) on the 
(001) surface both of a model bcc metal (one-band) 
and of a model two-band crystal with the CsCl 
structure. The present author has studied the effect 
of having the monolayer of atoms on the tight-
binding metal surface, using the two-peaked DOS 
model for the substrate [6]. Ideally, however, the 
calculation should be carried out considering 
ordered overlayers with general coverage since the 
surface superstructures are found in many chemi-
sorption systems by low energy electron diffraction 
[7]; e.g., c(2 X 2)-H structure on W(001) and 
Mo(001) surface, (2 x l)-0 structure on Ir(001), 
Ni(110) and Pt(110) and c(4 X 2)-CO structure on 
Pd(001) and Pt(001) surfaces. 

In the present paper, we investigate the chemi-
sorption behavior for the ordered overlayers with 
6 = 1/4 and 1/2 (most frequently observed overlayer 
structures) on the (001) surface of a fee tight-binding 
metal. For comparison, we also investigate the 
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chemisorption behavior for the single adatom 
(0^0) and the monolayer (p(l X 1) overlayer) of 
adatoms. The fee metal is chosen from the following 
considerations: (1) There has been a considerable 
amount of experimental work dealing with the 
adsorption of ordered atomic layers on the fee metal 
surfaces (see Table 1). (2) A simple modification of 
the present theory can be used to study the 
adsorption behavior on the reconstructed surface 
[8, 9] or on the surface with relaxation [10]; the 
occurence of surface reconstruction (or surface 
relaxation) is a commonly observed phenomenon 
in fee metals. The present calculation, then, will be 
important as a basis for comparison with these 
other related calculations. 

The present method uses the Linear Combination 
of Atomic Orbitals (LCAO) scheme and the tight-
binding approximation to describe the electronic 
structure of a semi-infinite crystal. The tight-bind-

Table 1. Ordered overlayers with 0 = 1/4 and 1/2 on the 
fee transition metal surfaces (from Somorjai, Ref. [7], 
*0 = 1.0). 

substrate super-
structure 

substrate super-
structure 

Ir(100) 

Ni(100) 

(2 X 1) —O 
c(2 x 2)—CO 
(2 x 2) —O 
c(2 x 2) —O 
(2 x 2) —CO 
c(2 x 2) —CO 

Ni(110) 

Pd(110) 

(2 X 1) —O 
(1 X 2 ) - H 
(1 x l ) -CO* 
(1 X 2) —O 
c(2 X 4)—O 
(2 x 1) —CO 

Pd(100) c(4 x 2) —CO Pt(110) (2 x 1) —O 
Pt(100) c(4 x 2) —CO 

(2 x 2) —H 
(1 x l ) -CO* 

Rh(110) c(2 x 4) —O 
(2 x 2) —O 
c(2 x 2) —O 
(1 x 2) —O 
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ing model is known to give a better idea of the 
d-band properties of transition metals than the 
electron gas model. The electronic DOS for the 
clean substrate layers is obtained by the method 
developed by Allan [11] and Kalkstein and Soven 
[12] (AKS). Each adatom is represented by a single 
non-degenerate energy level EA. Two binding sites, 
the on-site and the centered fourfold-site, are 
considered. The Green's function perturbation 
technique and the phase shift function approach 
are used to calculate the change in the electronic 
DOS, AQ[E), during chemisorption. The calculation 
of AQ(E) is quite important since it is directly 
applicable to photo-emission. It is noted that no 
other method gives the same information in such a 
straightforward manner. 

In Sect. 2, we present the formulation for obtain-
ing the chemisorbed Green's function and the 
change in the DOS, AQ(E), due to chemisorption 
for the ordered overlayers with 0 = 1/4 and 1/2. 
However, the extension to other ordered overlayers 
is straightforward. Section 3 contains the results 
and discussion of numerical calculations. In this 
section, we demonstrate that the effects of the 
long-range order and the binding geometry of the 
adsorbate layer are of great importance for the 
electronic structure of ordered overlayers. The final 
Sect. 4 is devoted to conclusions. 

2. Model and Formulation 

In the following we consider the adatom/sub-
strate binding from the standpoint of the Newns-
Anderson model [13, 14]. We assume that chemi-
sorbed atoms form a simple superstructure coherent 
to the unreconstructed substrate surface layer. One 
can therefore construct the two-dimensional (2D) 
Brillouin Zone (ABZ) corresponding to the ordered 
adsorbate lattice in the surface Brillouin Zone 
(SBZ). 

2.1. Ordered Overlayers with 0 = 1/2 

We consider the p(2 x 1) and c(2 x 2) overlayers 
on the (001) surface of a fee tight-binding metal. 
The bulk band structure of this metal is given by 

E (k) = — 4 | y | • [cos (kx/2) cos {ky/2) 
+ cos(fcj,/2)cos(fc2/2) (1) 
+ cos (&z/2) cos(&a;/2)], 

where y is the hopping integral between the nearest-
neighbour atoms and lattice constant a is set equal 
to unity. In Fig. 1, we show the geometry and the 
ABZ for the p(2 x 1) and c(2 x 2) overlayers. For 
both overlayers, the first ABZ has one-half the area 
of the first SBZ (unreconstructed clean surface). 
We denote the wave vectors inside the first ABZ 
as and those inside the first SBZ as kf. Then, for 
a given k\\ in ABZ, there are qkf's in SBZ that are 
expressed as kf = k\\ + Kh, where Kh is a reciprocal 
lattice wave vector of the ordered adsorbate lattice 
and £ = 2(4) for the overlayers with 0=1/2(1/4) 
[15]. 

For convenience, we construct the layered Bloch 
orbitals as 
10, fc,|> = Aa-1/2 ̂  exp (i *n • i?a) | i?a> , (2) 

I n, k\f> 
= ( q N a ) - W ^ e x P (*ll + K * ) • | ŝn> , (3) 

Rsn 

where Na is the number of adatoms, i?Sn(^a) is the 
position vectors of the substrate (adsorbate) atoms 
in the n-th substrate layer and | Bsn) (| i?a>) denotes 
localized wave functions centered on lattice site 
^sn(^a)- In terms of these layered Bloch orbitals, 
the perturbation (adsorbate-substrate hopping 
interaction) matrix elements, Fas + ^h) and 
Fsa(fc|| + Kh) [= Fas(fc|| -+- i^h)], can be written as 

Fas(fc|| +JT h )= Vt/yq, (4 a) 
for the on-site adsorption 

= 2 Vol^q [cos (kx + Khx) 12 
- f c o s (ky + Khv)l2], (4 b) 

for the centered fourfold-site adsorption, where 
Vt{Vc) denotes the on-site (centered fourfold-site) 
adatom-substrate atom binding strength. 

In order to derive the partial (k\\ dependent) phase 
shift function [16, 17], one further requires the 
knowledge of the unperturbed Green's function 
matrix ö°(k\\,E). When the direct interaction 
between the adatoms can be neglected, the un-
perturbed Green's function for the adatom, 
G®a (k\\, E) is written as 

G®. ih ,E)=G°aa (E) = [E-E& + i 0 ] -I . (5) 

On the other hand, the unperturbed (clean) surface 
Green's function appropriate for the p ( 2 x 1) and 
c (2 x 2) overlayers is obtained from the AKS for-
malism and is given for the (001) surface of a 
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Fig. 1. Two-dimensional Brillouin Zones appropriate for the 
(001) surface of the fee lattice (SBZ) and the ordered adsor-
bate lattice (ABZ) with 0 = 1/2, p(2 X 1) and c(2 x 2) 
structures. The lattice constant a is set equal to unity. 

fee tight-binding metal as 
Gl(k{l + Kh,E) (6) 

= [W(kn + Kh)-i{±\T(kll + Kh)\2 

- W2 (k\\ -+- iih)}1/2]/21 T + Kh) |2 > 

where {41T |2 — IF2}1/2 must be interpreted as 
- i • sgn(W) {W2 - 4 | T|2}i/2 for W2>±\T\2 and 

TP ft, + Kh) = E-lycos {(kx + Khx)l2} 
• COS {(ky + Khy)l%} , (7) 

T(kn + Kh)=- 2y [cos {(kx + Khx)/2} 
+ cos {(ky + Khy)/2}] • (8) 

Following the phase shift technique [16, 17], we 
determine the partial (k\\ dependent) phase shift 
function for the ordered overlayers. This phase shift 
function r)x (k\\; E) is given by 

rjx(khE) = -&vg-det[l-fxaxO(khE)], (9) 
where the subscript % becomes t or c for the on-site 
or centered fourfold-site geometry, respectively, 
1 is the unit matrix, and V and fir0 are the pertur-
bation and the unperturbed Green's function 
matrices, respectively. After a short calculation, 
one finds that the partial phase shift functions for 
the p (2 x 1) overlayer are given by 
Vt(k{l, E) = - arg[1 - (Ft2/2) {G%(kx,ky,E) 

+ Gi(7i-kx,7i-ky,E)}GUE)l (10) 

ric(khE) = - arg[l - (Fc2/2) (4(cos(^/2) 
+ cos (kyl2))2Gl(kx,ky,E) 
+ 4(sin(^/2) + sin(kyl2))2 

• G^(7l — kx, 71 — ky\E)} Gaa(.E')] . 

(11) 
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Fig. 2. The fee (001) surface Brillouin Zone and ABZ for 
p(2 x 2) and c(4 x 2) overlayers. 

The corresponding rjy expressions for the c (2 x 2) 
overlayers are written as 
Vt(ft,,, E) = - arg[1 - (Ft2/2) {G%(kx,ky,E) 

+ G°sa(27t-kx,ky,E)}Gl(E)], (12) 

Vc (Ay ,E)=- arg [1 - (Fe2/2) {4 (cos (kx/2) 
+ cos(kyl2))2Gi(kx,ky,E) (13) 
+ 4(cos(^/2) - c o s (^ /2 ) ) 2 

•Gl(27t-kx,ky,E)}Gl&(E)}. 

Once the partial phase shift function is known, 
the change in the electronic DOS, AQ(E), can be 
given by 

AeiE) = (iln)-brit[E)fiE, (14) 
where the total phase shift function rjx(E) is defined 
by 
Vx(E) = {(1 INJ 2 r]x(kx,ky,E)} -nQ(Ea-E). 

kX,ky (15) 

Here, the summation over kx and ky extends over 
the first ABZ and the Heaviside theta function is 
added so that AQ(E) directly gives the difference in 
the DOS between the chemisorbed system and the 
clean substrate. In Eq. (14), we find the sum rule 

+ oo 
jAe(E)dE= 1 , (16) 

— oo 

since we are adding an electron state to the system. 
In addition, it is important to realize that AQ(E) 
in Eq. (14) is the quantity of experimental interest 
since photoemission difference spectra are obtained 
by subtraction of the clean substrate spectrum from 
the chemisorbed system spectrum. 
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The chemisorbed Green's function is obtained by-
solving the matrix-form Dyson equation: 

Ö = G* + G<>VG. (17) 

The explicit expression of the chemisorbed Green's 
function is written, in a mixed Bloch-Wannier 
representation, as follows: For the p(2 x 1) over-
layer (Ä"H = (0, 0) and ( — TC, — TT)/«), the adsorbate 
Green's function is given by 
Gt ,E;0,0) = [E-E>-( F t2/2) {G°sa (kx ,ky,E) 

+ G°sa(n-kx,jc-kv,E)}]-i, (18) 

Gc (fey, E; 0, 0) = [E - E& - (Fc2/2) {4 (cos (kxj2) 

+ cos (kyl2))*Gl(kX,ky,E) 

+ 4 (sin(Jfc.r/2) + sin(ky/2))* 
•G°ss(7i-kx, n-ky,E)}]-K 

(19) 

The similar expressions of the adsorbate Green's 
function are obtained for the c (2x2 ) overlayer 
(Kh = (0,0) and (— 2n, 0)/a). On the other hand, 
the chemisorbed Green's function for the substrate 
layer (n = 1, 2, 3,...) is written as 

1 
G z ( * , l + 1 , 1 ) - w_\T\2G0s{h + KhiE)-\V&s(kl{ + Kh)\*ID(khE) ' 

1 
Gx(h + Kh,E; 2,2) = ^ _ \ T G ^ + Kh,E) -\T\*l[W-\ Fas(*ii + Kh)\*ID(khE)] 

Gx(k]l + Kh,E;3,3) = --, (22) 

(20) 

(21) 

where 
D(khE) = E - E a - J |F(t| + ZQ)|« 

•Cfcfa + K ^ E ) , (23) 

and W = W(k\\ + and T = T (k\\ + Kh) are 
defined by Eqs. (7) and (8), respectively. The local 
electronic DOS of the chemisorbed system can be 
calculated by the usual formula 

qJE) = - (ll7iN&)2lmGx(khE-0,0), (24) 
kx, ky 

6n(E) = - (l/nqNt) J 2ImGx(h + Kh,E-n,n). 
kr,kvK* (25) 

2.2. Ordered Overlayers with 0 = 1/4 

Two different ordered structures of the adsorbate 
layer are considered here. The adatoms are arranged 
in two different ways forming the p(2 x 2) and the 
c(4 x 2) structures. In Fig. 2, we show the geometry 
and the ABZ for the p(2 x 2) and c(4 x 2) over-
layers. For the ordered overlayers, four different 
reciprocal lattice vectors Kh are required to satisfy 
the relation kf = k\\ + Kh, since the real space unit 
cell of the overlayers with 0=1/4 is four times 
larger than that of the clean substrate layer. 

For the p (2 x 2) overlayer, Kh are given in units 
of a - 1 as 

KH = (0, 0), (— N, — TI), (71, — TI) and 
( 0 , - 2 * ; ) . (26) 

Thus, one can obtain the partial phase shift function 
for the p(2 x 2) overlayer 

r)t(khE) = - arg[l - (F t 2 /4) {G°ss(kx, ky,E) 
+ Gi(TI-kX,TI-ky,E) 

+ G°ss(7i + kx,7i-ky,E) (27) 
+ G°ss(kx,27i-ky,E)}GUE)], 

r]c(khE) = - arg[l - (F c 2 /4) {4(cos(kx/2) 
+ cos(kyl2))2G°Ba(kx,ky,E) 
+ 4(sin(^/2) + sin (ky 12))* 
•G%(7i-kx,7i-ky,E) (28) 
+ 4(sin(&y/2) — sin(kx/2))2 

•G°ss(7i-\-kx,7i-ky,E) 

+ 4 (cos(kx/2) - cos (ky/2))2 

•G°S9(kx,27i-ky,E)}Gl(E)]. 

On the other hand, for the c(4 x 2) overlayer the 
reciprocal lattice wave vectors Kh are given as 

Kh = (0,0), (-3jr/2,7r/2), ( - 3*, n) and 
(— 9tt/2, 3TT/2) . (29) 

Using these reciprocal lattice vectors Kh, one 
obtains the following expressions for the phase 
shift function 

Vt(kl{, E) = - arg[1 - (Ft2/4) (kx,ky,E) 
+ G°AS(3TI/2 - kx, TI 12+ ky,E) ( 3 0 ) 

+ <£(3 71 - kX, 71 +ky,E) 
+ G°J9TII2 - kx, 3TZ/2+ ky, E)}G^(E)], 
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ric(khE) = - arg [1 - (Fc2/4) (4(cos(^/2) 
+ cos(kyl2))*Gl(kx,ky,E) 

+ 2 [sin (kx/2) - sin(^/2) 
- (cos (kxl2) - cos {ky/2))]2 (31) 

' ^88(3tt/2 — kx, TZ/2 ky,E) 
+ 4 (sin(ft*/2) + sin (ky/2))2 

• GAS(3JI — kX,N-\- ky, E) 

+ 2(sin(fcx/2) - sin {ky 12) 
+ cos {kxl2) - COS(A2//2))2 

• <9«s(9TT/2 - 3 w/2 + ky, E)}G°AA{E)]. 

The calculations of the change in the electronic 
DOS, zl{)(i£), due to chemisorption and the adsor-
bate (substrate) electronic structure are similar to 
those for the p(2 x 1) and c(2 x 2) overlayers. 

3. Calculation Results and Discussions 

In this section we present the adsorbate electronic 
structure, (E), and the change in the DOS, AQ(E), 
due to chemisorption for the p(2 x 2), c(4 x 2), 
p (2 X 1) and c (2 x 2) overlayers on the (001) surface 
of the tight-binding fee metal using the method 
described in the previous section. These ordered 
overlayers are observed in the adsorption of simple 
atoms on the low index surface planes of fee tran-
sition metals (Table 1). For comparison, we also 
present the corresponding results for the single 
adatom and the monolayer of adatoms (p(l x 1) 
overlayer). The computation is performed for the 
two adsorption sites, the on-site and centered 
fourfold-site. 

The electronic structure of the clean surface 
(clean surface Green' function) of the tight-binding 
fee metal is calculated by the use of the AKS 
formalism [11, 12]. In Figs. 3a and 3b, we present 
the real and imaginary parts of the surface Green's 
function appropriate for the on-site and centered 
fourfold-site adsorption. The energy is given in 
units of 2\y\ (the bandwidth is 8). The surface 
Green's function for the centered fourfold-site 
adsorption is calculated from 

(E) = T / - f W f d V G°s [kxs, kys, E) (32) 
(4n)L -In 
• {1 + 2 cos (kxs/2) c o s ( V / 2 ) + cos (kxs)} , 

where Gaa(kxs, kys, E) is defined by Equation (6). 
One can see that the general feature of Im G%a(E) 
is considerably different from that for the on-site 

Fig. 3. Real (dot-dashed) and imaginary (solid) parts of 
Green's function appropriate for single atom adsorption 
on the (001) surface of an fee metal; on-site (a) and centered 
fourfold-site (b) adsorption. The energies are given in 
units of 2 | y |. 

adsorption; Im G^(E) curve indicates the down-
ward shift in energy of the symmetrized surface 
Wannier states. These Green's function curves are 
helpful when discussing the chemisorption behaviors. 

Before discussing the general behavior of Qa,(E) 
and AQ(E), we investigate the behaviors of the 
localized electronic states for the ordered overlayers. 
In general, the existence of localized states alters 
the chemisorption behavior drastically. It is well 
known that the adsorption of atoms to a surface 
can introduce electronic states which are localized 
outside the energy band. The localized electronic 
states exist if there are solutions of the following 
Equation [18]: 

det | | / - Px-Gx°(kx,ky,E)\\ = 0 , (33) 

for values of E which lie outside the energy bands 
when plotted in Ay space. Thus, one can see that 
the localized states for the ordered overlayers are 
wave vector k\\ dependent. In the case of the single 
atom adsorption, the localized states exsist as a 
delta function outside the extrema of the band, 
i.e., the split-off states from the band edges. 

In Fig. 4, we show the positions of the localized 
electronic states for the p(2 x 1) overlayer with 
respect to the energy band along the particular 
segment in the SBZ, ky = kx + Z7iß, — 37t/4^ 

4. For the on-site adsorption (Fig. 4a) with 
E& = 0 and Ft = 1.5 (similar values of Ft have been 
used in Refs. [1—6]), the localized states exist both 



606 Kin-ichi Masuda • Chemisorption on a FCC Metal Surface 605 

p(2x1) Overlayer 
(a)On-Siie Kŷ '371/2 

Fig. 4. The positions of the localized electronic states for 
the p(2 X 1) overlayer on the fee (001) surface along the 
segment, ky = kx + 3JT/2, — 3 .-r/4 TI/4. Also shown 
(dot-dashed) are the positions of the "virtual states". The 
arrows below the figures (a) and (b) indicate the boundary 
of the ABZ. 

above and below the band. These states are derived 
from the anti-bonding split-olf states and bonding 
split-off states, respectively. In Fig. 4, we also show 
the position of the "virtual (localized) states" 
(dot-dushed curve) which are given by the solutions 
of the equation 

Re det || 1 - Vx • Gx°(kx,ky,E) || = 0 , (34) 

inside the energy bands. The existence of the 
"virtual states" can also alter the chemisorption 
behavior considerably as will be shown later. As can 
be seen in Fig. 4 a, there are "virtual states" for the 
p(2 x 1) overlayer with the on-site adsorption. For 
the centered fourfold-site adsorption (Fig. 4b), with 
E& = 0 and Fc = 0.75 ( = Ft/2), the localized states 
exist only below the band. Here, it is noted that in 
order to consider the same total binding strength 
for the two adsorption sites (on-site and centered 
fourfold-site), one must choose F c = Ft/2 [2, 4, 5]. 
Furthermore, for the centered fourfold-site adsorp-
tion there are no "virtual states". These dramatic 
differences in the localized (or "virtual") states 
behavior between the on-site and centered fourfold-
site adsorptions are important when interpreting 
the calculation results of AQ(E). The general 
behavior of the localized and "virtual" states for 
the p(2 x 2), c(4 x 2) and p(l X 1) overlayers is 
similar to that for the p(2 X 1) overlayer. For the 
c(2 x 2) overlayer, however, the appearance of the 
localized and "virtual" states is different from that 
of the other, i.e., for this overlayer, there are no 

"virtual states" both for the on-site and centered 
fourfold-site adsorptions. 

In Fig. 5, we present the adsorbate electronic 
structure, QA[E), and the change in the electronic 
DOS, AQ(E), due to the on-site adsorption of the 
ordered atomic layers with 0=1/4 and 1/2, together 
with the results for the single adatom and the 
monolayer of adatoms; all energies are expressed 
in units of 2 | y | and the parameter values, Ea = 0 
and Vt —1.5, are used. These Q&(E) and AQ{E) 
curves show the familiar bonding and anti-bonding 
resonances in the surface density of states and how 
these resonances are affected by changes in the 
coverage and structure of the overlayers. In general, 
as the adsorbate coverage increases, the AQ(E) 
curve differs more significantly from the correspond-
ing curve for the single atom adsorption: Note that 
the bonding and anti-bonding resonance peaks for 
the ordered overlayers are strongly skewed com-
pared to those for the single atom adsorption. This 

O n - S i t e 

Single adatom 
— A?(E) 

P(lxl) — ?a(E) 
\ 

ß 1 » 1 j'\ H.E 

Fig. 5. The change in the electronic DOS, JQ(E), per adatom 
and the adsorbate electronic structure, GA(E), for a single 
adatom and p ( 2 x 2 ) , c ( 4 x 2 ) , p(2 X 1), c ( 2 x 2 ) and 
p ( l x 1) overlayers on an fcc(OOl) surface. The adatoms 
(Ea — 0) are situated in the on-site positions. Ft = 1.5. 
The arrow in the AQ(E) (or Q*(E)) curve for the single 
adatom indicates the localized antibonding (split-off) state. 

C(Ax2) 

C(2x2) 
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results from the fact that the localized electronic 
states for the ordered overlayers are wave vektor k\\ 
dependent. Thus, the indirect interactions between 
the adatoms are very important for the electronic 
structure of the overlayers. 

Furthermore, for the p(2 X 2), c(4 x 2), p(2 x 1) 
and p(l x 1) overlayers, one can observe the 
prominent non-bonding resonance peaks near the 
adsorbate energy level EA. The appearance of the 
non-bonding resonance peak near EA for these 
overlayers is due to the existence of the "virtual 
states" (Eq. (34)) and is significant in the AQ(E) 
curves. Therefore, the existence of the "virtual 
states" is as important as that of the true localized 
states in the calculation of AQ(E). 

The adsorbate electronic structure, Qa(E), and 
the change in the electronic DOS, AQ(E), for the 
centered fourfold-site adsorption are shown in 
Fig. 6 with E& = 0 and Fc = 0.75 (= Ft/2). In 
contrast to the on-site adsorption, the centered 
fourfold-site AQ(E) [^(i?)] curves show the two 

C e n t e r e d F o u r t o l d - S i t e 

Fig. 6. The change in the electronic DOS, AQ(E), and the 
adsorbate electronic structure, Qa.{E), for a single adatom 
and p ( 2 x 2 ) , c ( 4 x 2 ) , p ( 2 x l ) , c ( 2 x 2 ) and p ( l x l ) 
overlayers on an fcc(OOl) surface. The adatoms (EA = 0) 
are situated in the centered fourfold-site positions. 
Vc = 0.75 ( = Ft/2). 
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peaked structure with the bonding and anti-bonding 
resonances, irrespective of the type of the over-
layers. For the p(2 x 2), c (4x2) and c(2x2) 
overlayers, the bonding and anti-bonding resonance 
peaks are located considerably below and above 
the adsorbate energy level Ea. However, for the 
p(2xl) and p(l x 1) overlayers, the bonding 
resonance peaks are located at the adsorbate energy 
level. Since the usual bonding resonance peaks are 
observed below the adsorbate energy (in the present 
case Ea = 0), these bonding states at E& are different 
in nature from the usual bonding states, i.e., the 
bonding states for the p (2 x 2), c (4 x 2) and c (2 x 2) 
overlayers. Since the resonance peak at the adsor-
bate energy level is ineffective for the formation of 
the strong chemisorption bond, these bonding 
states for the p(2 X 1) and p(l X 1) overlayers are 
referred to as the non-bonding states in the follow-
ing. The appearance of the non-bonding states at 
the adsorbate energy level is explained as follows: 
For the p (2 X 1) overlayer with centered fourfold-
site adsorption, the values both of Fas(&n) and 
Fas (&n + Kh) vanish at the zone boundary of ABZ, 
ky = lcx±2n, T TT/4 -̂ Lkxt̂  T 3TT/4. On the other 
hand, for the p(l X 1) overlayer, the values of 
T7as(&ns) vanish at the zone boundary of SBZ. 
Therefore, the electronic states with these fcy (or kf) 
have no interaction between the overlayer and the 
substrate layer and thus have the degenerate energy 
E = E&. From this, one can see that these non-
bonding states do not occur for the on-site adsorp-
tion. 

Summarizing these features of the AQ(E) 
curves, the following should be pointed out: (1) By 
examining the coverage dependence of the reso-
nance peaks, it is possible to get information about 
the chemisorption binding site and the structure of 
the overlayers. (2) The non-bonding states (at and 
near E&) for the ordered overlayers are essentially 
different in nature from those for the single atom 
chemisorption of Refs. [19, 20], where the non-
bonding peak appears due to the minimum in the 
substrate DOS. 

Finally, we briefly discuss the electronic structure 
for the atoms in the substrate layers. The local DOS 
for the atoms in the first three atomic layers are 
calculated from Equations (20) —(25). In Fig. 7, we 
show the substrate electronic structure, QN{E), 
n= 1,2, and 3, for the c(2x2) overlayer with 
on-site adsorption. One can clearly observe the 
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(a) 

(b) 

(c) 

Fig. 7. Local DOS per atom for the first three substrate 
layers in the presence of the (001) surface covered with 
adatoms in on-site positions in the c(2 x 2) superstructure. 
E& = 0, F t = 1.5. n = 1 (a), 2 (b) and 3 (c). 

bonding and anti-bonding resonance peaks only 
for the first substrate layer and not clearly observe 
for the second and third substrate layers. This 
indicates that the chemisorption bonds are well 
localized between the adsorbate and first substrate 
layers. This feature of the substrate electronic 
structure is common to the other overlayers. 

4. Conclusions 

We have investigated the chemisorption behavior 
for ordered overlayers with 0 = 1/4 and 1/2 on the 
(001) surface of the model fee transition (single 
s-band tight-binding model) metal. For comparison, 
we have also investigated the chemisorption 
behavior for a single adatom and a monolayer of 
adatoms. The calculations of the adsorbate elec-
tronic structure, Q&(E), and the change in the 
electronic DOS, AQ(E), due to chemisorption have 
been performed for a single adatom and p(2 X 2), 
c(4 X 2), p(2 x 1), c(2 X 2) and p ( l x l ) over-
layers, considering the two different binding sites, 
the on-site and the centered fourfold-site. 

In general, we have found that the results for 
Q&(E) and AO(E) depend strongly on the adsorbate 

coverage, structure of the ordered overlayers, and 
the adsorption geometry (on-site and centered 
fourfold-site bindings). Both for the on-site and 
centered fourfold-site adsorption, the An (E) and 
QA(E) curves differ more significantly from the 
corresponding curves for the single atom adsorption 
as the adsorbate coverage 0 increases: The reso-
nance peaks for the ordered overlayers are strongly 
skewed compared to those for the single atom 
adsorption. This implies that indirect interactions 
between the adatoms play the leading role in the 
chemisorption of ordered atomic layers. Further-
more, the results of Ag(E) for the c(2 x 2) 
(c(4 x 2)) overlayer are significantly different from 
those for the p ( 2 x l ) (p(2x2)) overlayer. This 
indicates that the long range order of the adsorbate 
layer is of great importance for the electronic 
structure of the ordered overlayers. It has been in 
fact observed that Aq(E) is sensitive to the adlayer 
structure: photoemission and INS spectra for 
systems such as 0/Ni(001) and Te/Ni(001) [21]. 

The present work has also shown that two kinds 
of non-bonding peaks (at and near EA) appear in the 
AQ(E) curves for ordered overlayers with 0 = 1/4 
and 1/2. The non-bonding resonance peaks at the 
adsorbate energy level E& appear due to the sym-
metry of the adlayer (centered fourfold-site 
adsorption) while those near E& result from the 
existence of "resonance electronic states". 

Finally, we note that the present results will serve 
as the basis for comparison to similar chemisorption 
calculations which will be carried out for a recon-
structed surface or a surface with relaxation. These 
calculations are of considerable importance for the 
understanding of the mechanism of the impurity 
(adatom)-stabilized unreconstructed surface or the 
mechanism of the adatom-induced surface relax-
ation [9, 10]. 
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