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A theory of chemisorption on metallic surfaces is formulated in the site representation. The influence of the
intra-adsorbate Coulomb correlations is investigated and is found to lead to significant changes in the single-

particle spectral function as compared to the Hartree-Fock result. Comparison with spectroscopic data is

shown to imply the existence of large upwards shift in the adsorbate ionization potential due to screening

effects arising from the adsorbate-substrate e-e interaction. Thus the relative importance of screening and

polarization effects and the intra-adsorbate Coulomb correlation is for the first time extracted unambiguously
from spectroscopic data. The use of the site representation allows for a natural introduction of the concept of
a "surface cluster" without any need for detaching it from the rest of the metallic substrate. Thus the issue of
rebonding the surface cluster to the "indented surface" does not arise, the entire system being treated on the

same footing self-consistently. We are able to explicitly exhibit the local nature of bonding and incorporate the
influence of the surface geometry without disregard of the important screening and polarization effects

characteristic of the substrate. The theory is generalized to take account of the nonorthogonality of the
adsorbate-substrate wave functions.

I. INTRODUCTION

The phenomenon of chemisorption is known to
be strongly dependent upon the electronic structure
of the free adsorbate and the free substrate. ' In

particular, chemisorption on transition-metal
substrates tends to exhibit a rather local nature
of the chemical interaction. Theoretical attempts
to correlate the behavior of the chemisorbed sys-
tem with the properties of the free adsorbate
and substrate have, in the main, taken two di-
rections, each emphas iz ing a particular aspect
of the problem. One view relies on the local na-
ture of the adsorbate-substrate bonding and thus
attempts to describe it as a bonding of the ad-
sorbate with a few neighboring substrate atoms. "
Conventional quantum molecular methods are
employed and the presence of the rest of the metal-
lic surface is considered of secondary importance.
The other view emphasizes the metallic nature
of the surface and describes the metal electrons
within the conventional band picture. ' ' However,
the chemical interaction with the adsorbate has
most often been considered in terms of phenom-
enological models describing the interaction of the
valence level of the adsorbate with the substrate
band. Most theoretical work' ' along this line
has been within the Hartree or Hartree-Fock
approximation. While both the above-mentioned
approaches have their qualitative merits, neither
of them is separately able to provide a satisfactory
description of the observed phenomenon.

It is perhaps widely recognized that a reasonable
description of chemisorption on transition-metal
surfaces must contain the essentials of both the

above-mentioned aspects of the problem. A micro-
scopic Hartree-Fock theory incorporating this
point of view is provided elsewhere. ' In this paper
we develop the theory in three significant direc-
tions; (i) the role of Coulomb correlations on the
adsorbate is investigated and (ii) an explicit de-
velopment of the formalism in the site represen-
tation is presented. This allows us to exhibit the
role of the local environment of the adsorbate.
(iii) The nonorthogonaiity of the adsorbate-sub-
strate wave functions is taken into account.

An issue of long standing in chemisorption is
the relative significance and importance of screen-
ing and polarization effects on one hand and the
Coulomb correlations on the adsorbate on the
other. A discussion of these effects starting from
the full microscopic Hamiltonian of the adsorbate-
substrate system very quickly leads to intractable
mathematical equations. Thus to meaningfully
discuss the significance of the above-mentioned
effects it is not only desirable, but appears es-
sential to discuss one effect at a time so that
controll. ed and meaningful approximations can
be introduced. As such, of the many Coulomb
interactions present in the system, we consider,
in this paper, the situation where the intra-ad-
sorbate Coulomb interaction, U, is most dominant.
Other Coulomb interactions are assumed to be
described fairly well within a Hartree-Fock ap-
proximation. An effective Hamiltonian which de-
scribes such a situation has been derived from
the microscopic theory. ' We take this effective
Hamiltonian as the starting point for a discussion
of the consequences of correlation effects arising
from U. It is shown that such correlations can
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have a profound effect upon the spectral. function
(and hence the density of states) of the chemi-
sorbed system. Exceptfor very small values of
U, the results obtained by a standax'd Hartree-
Fock analysis are shown to be even qualitatively
inadequate, producing erroneous structure in the
density of states. It is precisely information on
thedenslty of states that ls pl ovlded by spectl'o-
scopic measurements (e.g. , photoemission, lon-
neutralization spectroscopy, etc. ) and we show
that for most adsorbates with relatively large
ionization potentials (e.g. , H, 0, CO, C,H~, etc. )
the Hartree-Fock approximation of U is incapable
of providing a meaningful analysis of the spectro-
scopic data.

Another important aspect of the chemisorption
phenomenon on transition-metal substrates is
its dependence upon the crystallographic face
(or surface structure), reflecting the influence
of the local and directed nature of the d orbitals
of the substrate. '0" To bring this feature out
explicitly we find it desirable to further develop
the formal. ism in a site representation. We find
that the concept of a substrate group and a surface
cluster emerges naturally and allows for a con-
nection with the usual notions of molecular cal-
culations. We note that this substrate group (con-
sisting of an arbitrary, finite number of sub-
strate atoms surrounding the adsorbate) is never
considered detached from the rest of the solid.
Thus the metallic nature of the substx'ate is not
ignored and the resulting adjustment of charge
etc. can be calculated in a self-consistent man-
ner.

In Sec. II we present the effective Hamiltonian
and its relationship to the chemisorption phe-
nomenon on transition-metal surfaces. In Sec.
III we discuss its solution employing the equa-
tion-of-motion method of Zubarev. ' The results
for the adsorbate single-particle propagator ax'e

cast in a form that explicitly reveals the self-
consistent adjustment of the free adsox'bate ion-
ization and electron affinity l.evels. It is shown

that the contributions of spin fluctuations on the
adsorbate are as important as those arising from
direct scattering processes (tbe only ones con-
sidered in a Hartree-Fock treatment of the prob-
lem).

In Sec. IV we discuss oux' results in the limit
of the standard Newns' model. for chemisorption.
In this limit, one neglects the screening and polar-
ization effects of the metal induced by the pres-
ence of the adsorbate. We show that such effects
are essential to the chemisorption process and
must be included for a meaningful discussion of
the phenomenon. In Sec. V the concept of a "sub-
strate group" and a "surface cluster" is discussed.

Section VI general. izes the results to take account
of the nonorthogonal. ity of the adsorbate-substrate
wave functions. The results of this paper are
summarized in Sec. VII.

Ii. HAM ILTONIAN

To simplify the problem we consider only ad-
sorbates having a single level available for bond-
ing. We also consider substrates that are de-
scribable in terms of a tight-binding band arising
from site orbitals. " The electronic structure
at the surface of such a metal is a subject of ac-
tive investigation. " Therefore we will. assume
that this is known, i.e. , the el.ectronic structure
of the clean surface is one of the inputs in our
treatment of chemisorption. To desex'ibe the
chemisorbed system we adopt the following model
Hamiltonian whose quantum-mechanical. basis
has been discussed by one of us'.

X, = g (To, + V )cot,c,, + ,'I g n, , n—,

X, =Q (Eo + Vo„„)n„,+ —,
'

U Q n n

&, =g (&'; c„,c;,+H.c.)+-ll' g n, n... ,

X, is a Hamiltonian for the substrate in the
presence of the adsorbate. The term V'„de-
scribes the additional hopping from site j to site
i induced by the presence of the adsox'bate core
potential. I is the Coulomb interaction within
the metal for two electrons on the same metal
site. If V', , =—0, X, would describe the clean metal
surface. X, is a Hamiltonian for the adsorbate
in the pxesence of the substrate, Eo~ being the
energy of the ionization level and ~~ +U being
the energy of the affinity level of the free ad-
sorbate. V is the level shift caused by the ion
core potential of the substrate atoms,

K, is the "interaction" part that couples the two
components. We have explicitly included a Cou-
lomb interaction, K, between an electron in the
substrate and one on the adsorbate. " The l.owest-
order contribution of this term is obtained by
making a Hartree-Fock decoupling of the operator
l2 ~g s~ ~. Hlghel -ox'del' contrlbutlons ax'lse be-
cause of correlations between electrons on the
adsorbate and those in the substrate. Since we
expect 8", I & U, these correlations may be un-
important compared to others in the problem.
We therefore concentrate on correlations arising
from U, postponing the other correlations to sub-
sequent papers. The term in W serves to "re-
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1R= Q T ~ g
c.~c~~+ E(y ~n+o2UZ +nasa-a

G

+g (V„,.c ~, c,, + H.c). (2.2)

normalize" the one-body interaction potential
V, e.g. , V„„-V'„„+ ~WQ, ,(n, ,), etc. A com-
pletely self-consistent calculation should take
into account the dependence of V on the occupa-
tion numbers and bond charges. This will be im-
portant if there is significant charge build-up
in the region of the adsorbate.

In the Hamiltonian for the metal we can also
make a Hartree-Fock decoupling on the Coulomb
term I. That this may be reasonable can be seen
from the following argument: In the absence of
the adsorbate there are already Coulomb inter-
actions between the substrate electrons. In any
reasonabl. e description of the clean metal surface
these should already have been taken into account.
The Coul. omb term, I, will then affect the chemi-
sorption process only if there is significant charge
redistribution brought about by the presence of
the adsorbate. In that case the Hartree-Fock
contribution of electron-electron interaction in

the metal is -1((n„)—(n', ,)), where (n«) is the
occupation of the ith site in the presence of the
adsorbate and ( n', ,) is the occupation for the
clean substrate. Again we will include this term
in a Hartree-Fock decoupling scheme; but if the
results indicate significant charge redistribution,
we will have to explicitly include correlations in

the substrate.
Within our approximations the Hamiltonian for

the metal X, has been reduced to a sum of one-
body terms. It differs from the Hamiltonian for
the clean substrate because of the terms V', , and
I (( n, ,) —( n', ,) ). This difference is important
in that these terms alter the response of the sub-
strate when the "bonding" interactions V„; are
included. ' This response is determined by the
Green's function of the substrate which is now

not the same as the Green's function for the clean
substrate. This difference invalidates previous" '"
discussions that consider the applicability of a
"group orbital" conc ept without cons ide ring the
very important modification of metal states
brought about by the presence of the adsorbate. "

Within the above approximations our Hamilton-
ian is now:

+5,, I((n, .) —(n, . ))+~Wg (n„)

V, = Vo,. + Wg(c~, c, ,)

(2.3)

E~=E +V„„+WQ(n, ,).
In standard treatments of the Anderson Ham-

iltonian as applied to chemisorption' ' the de-
pendence of the matrix elements on occupation
number and bond charges is neglected. For sig-
n ificant char ge trans fer or redistribution this
is obviously not correct and the problem has to
be solved completely self-consistently. In Sec.
IV, we show that charge redistribution is an in-
tegral part of chemisorption and must be included
for a meaningful description of the phenomenon.
We now go on to discuss the effects of the Coulomb
interaction U and the correlations introduced by
it.

III. EFFECTS OF CORRELATION

The eleetronie properties of the system are
given by the appropriate Green's function. We
will use the doubl. e-time Green's function of Zuba-
rev. " For two operators A and B we define the
Green's function:

9~e(t —t ') =((A(t ); B(t ')))

where H is the Hamiltonian for the system. Using
this, we write down the equations of motion for
the single-particle Green's functions, "9~, (u)
=(( c „,; c „,)), where v and p can be the sub-
strate site orbitals [ ~i) j and/or the adsorbate
orbital,

~ n). (We will neglect overlap at this
stage, by assuming (o.(i) is zero for all ~i). These
effects are discussed in Sec. VI). From Eqs.
(2.2) and (3.1) we obtain,

u9'„~(&u) = —+E 9' (&u)+g V,. 9,. ~(&u)+UI'~~(a),2'

Its Fourier transform satisfies the equation of
motion:

u)9„((u) =(1/2n)([A, B],) „+(([A,H]; B))

(3.1b)

This looks similar to the standard Anderson
Hamiltonian" but now the effective interaction
strengths can be related to the properties of the
clean substrate and free adsorbate viz. :

where

&„"„(~)=((&„,c ~, ; c ~, ))

(3 2)
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Similarly we have

(3.3)

We can define the substrate Green's function
by G = (w —H, ) ' corresponding to propagation in

the renormalized metal states. Inserting this
into Eq. (3.3) we obtain

(3.3a)

(3.4)

Z,(e) =g V, G,', (~) V, „. (3 5)

It is seen that one effect of the interaction is to
introduce a. self-energy, Zo(u), into the adsorbate
Green's function. The effects of surface geometry
and local electronic response of the metal are
contained in G;,

The effects of correlation in the problem are
contained in the two-particle Green's function
I'"„„=((n„,c „,; c„,)) . In a simple decoupling
scheme this is replaced by (n, )Q', thus giving
the resul. t,

8"„r'((v) = (1/2v) [(u —E —U( n, ) —Z, ((o)]

This is the standard Hartree-Fock result which
gives rise to a single pole at ~ = [E„+U(n„
+Z,(u)]. However, such a decoupling eliminates
the very correlations that are important if U is
large. To include them we must, instead, cal-
culate the equation of motion for I'"".

tuI'"„~ (~) = —(n, ) + (E + U)I'

Inserting (3.3) into (3.2) gives

~g'„„(~)= —+E 8' ((u)+Z, ((u) 9' (&u)+U r„((u),1

spin on the adsorbate. We will refer to this as
"direct" scattering.

(ii) 1,.„"=(( ct, c;, c„,; c t, )). The in-
termediate state involved here is one having a
v spin propagating in the presence of a —0 hole.
This corresponds to a spin flip on the adsorbate
and we will refer to this as "spin-flip" scatter-
ing.

(iii) r'~~ =((c, , c~ ~ c„~;c«)). This in-
termediate state has two el.ectrons on the ad-
sorbate at the same time. For very la.rge U this
term is -1/U and is usually neglected. a"' If we
wish to discuss intermediate U it obviously has
to be retained. We will refer to this process as
"charge-transfer" scattering.

These three additional two-particle Green's
functions involve the correlated motion of elec-
trons and holes on the adsorbate mediated by the
metal. As we shall see, it is exactly these cor-
relations that are important in the large U limit.
Thus it is not admissible to decouple these and

we must evaluate their equations of motion.

(3. Ia)

f'
Pg~pan x ni r + T graxe+ V Paota =
2~ ~~ za + &n nn

fJ

(3.7b)

27r j

+Q V, (I'„, + I", ) —V,. I'„„. (3.7c)

As expected we have encountered additional two-
particle Green's functions, for exa.mple,

(3.6)

where we have used n'~ =n~ and defined the
general two-particle Green's function via

1,, (&u) -(( c (,c, , c~~; c „))~.

It is seen that, in the equation for I'„„the trans-
fer integral V, has introduced three additional
two-particle Green's functions.

(i) r« ——((n„,c,, ; c «)): this describes the
following process: at some time we have a o spin
on the adsorbate. This Green's function then gives
the amplitude for excitation to an intermediate
state in which the v spin is now in the metal, the
motion being correlated with the presence of a —o

These involve the correlated motion of two elec-
trons in the substrate mediated by the adsorbate.

Consistent with the spirit of our model Ham-
iltonian [Eq. (2.2)], which retains correlations
arising from two electrons on the adsorbate only
and neglects correlations in the metal, we de-
couple these additional two-particle Green's func-
tions, involving two electrons in the metal, in the
Hartree approximation. The equations of motion
of these two-particle G reen's functions are pro-
vided in Appendix A where it is shown that such
a decoupling is exact to order V' and to all orders
in U. It appears worth noting that the terms
arising from such a decoupling of these two-par-
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(ul'","((u) =Q T,»I'""»(.(u)+ V, I' „(»d), (3.8a)

ticle Green's functions are of the same order as
other terms that we have retained and therefore
must be included to obtain results exact to order
V'. %e also point out that the deficiency in com-
pletely neglecting the two-particle Green's func-
tions involving two electrons in the metal manifests
itself by giving a negative spectral weight function
for the single-particle Green's function 9 (»d).
However, approximating them in the Hartree
approximation does not lead to such inconsistency
in the solution for 9'„(&»»).

Thus replacing all two-particle Green's functions
of the form I"'; „by ( c, c, ,)9'„, etc. , we ob-
tain a closed system of equations consisting of
Eq. (3.8) and the following equations:

interacting with the substrate and Z„(u&) is the
self-energy for an electron in the adsorbate af-
finity level. The two terms in Eq. (3.9), we note,
have a simple physical interpretation.

The first term corresponds to propagation of
a 0-spin electron in the ionization level. This
propagator is weighted by the "probability, " 1
—f '(&d), that the —o spin electron is not there.
The second term corresponds to propagation in
the affinity level, weighted by the "probability"
that the -o spin state is occupied.

We will now discuss the Z and f functions that
appear in Eq. (3.9).

A. zA(~)

The affinity level self-energy, Z„(~), is found
to be

Z~(~) = 3K Va» ~»» V»a -Z Vn» G»» V, a

—6;9' (»d), (3.Bb)

[0 ']0=[~—(3z +fJ)]5;, +r, ,

(3.10)

(3.11)

(3.8c}

In the above, Z, (&u) is the self-energy as defined
in Eq. (3.5) and we have introduced an additional
effective transfer matrix element via

io. +if Vja '
kf

This effective transfer matrix element r eflects
the role played by the charge shared between two
substrate atoms (the substrate bond charge). A
transfer of charge from site i to n may be brought
about via the jth atom by making use of the shared
charge (n»»'} to go from i to j and then on to a
via the transfer matrix element V& .

Solving Eqs. (3.6) and (3.8a)-(3.8c) for I "(»»»)

and substituting into Eq. (3.4) gives 9'„(»»»). We
find that the solution for 9„' (»d) may be written
in the following form which allows for a ready
interpretation of its physical content:

1-f. (~), f. (~)
»d —E —Z, (e)»d —E —U —Z„(&u)

'

(3 9)

In the above we have introduced three functions
f '(»d}, Z, (&»»}, and Z„(»»»), all of which are given
in terms of the physical parameters of ~h~ system.
As we shall see, f '(»»») is the effective pr». sability
that the -0 orbital of the adsorbate is occupied
(at a given frequency»»»). Z, (»d) is the self-energy
for an electron is the adsorbate ionization level

is the propagator for an intermediate state having
two electrons on the adsorbate together with a hole
in the substrate.

Z„(ru) contains three distinct contributions: (i)
self-energy of direct scattering, Z, (»d); (ii) self-
energy of spin-flip scattering, Z, (»»»); (iii) self-
energy of charge-transfer scattering,

z
The ionization level self-energy, Z, (»a), is found

to be

Z»(»d) =Z V»»» 9»~»(»»») V»~ i (3.12a)

Z,(~)=P V., G, , (~) V, „.
ij

It is seen that the first two contributions are
identical. Thus in situations where correlation
is important, di~ect and spin flip scatte-ring con-
tribute equally to the chemisorption process. The
third term comes from charge-transfer scattering
and, as expected, it is -V'/U and vanishes in
the infinite U limit.

It is worth noting at this point, that in the small
V limit our results reduce to those of Brenig and
Schonhammer23 (see Appendix 8) who calculated
the effects of correlation to order V2. In par-
ticular we can identify the two contributions to
their correlation self-energy, n»(&u): the first
term arises because of spin-flip scattering, the
second term is -V'/U and arises from charge-
transfer scattering.
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where

xQ (n, „')[G, ,'((u)+G, ,'((u)].

If we compare Eq. (3.12a) with Eq. (3.5), we see
that the metal state Green's function G,', (z), oc-
curring in the ionization level self-energy, is
changed to the new Green's function 8,', (~}as de-
fined in Eq. (3.12b}. It is important to note that
this "renormalization"' only occurs if we include
spin-flip and/or charge-transfer contributions
in the chemisorption process.

In the large U limit, the contribution of spin-
flip terms is of the same order (in V,. ) as the
direct scattering terms. It is to be seen that the
renormalization of the o-spin metal propagator
is determined by elements of the bond charge ma-
trix and propagators for the -v spin electron.
Thus the presence of a fluctuating moment on the
adsorbate has produced an effective spin-spin
interaction in the metal. What has happened is
ba.sically this: in the absence of spin-flip scatter-
ing, the up- and down-spin states of the Anderson
Hamiltonian are independent and degenerate. By
including the spin-flip scattering we split the de-
generacy and introduce an additional contribution
to the self-energy.

As a final remark, we point out that for large
negative frequencies (i.e., outside the metal band),
the real part of 9;;(ru) is negative. For the first
term this is obvious; for the second term, both
G, (&u) and [v —E —U —ZA(a)] are negative,
this, combined with the minus sign, gives rise
to an overall negative contribution. This will be
of importance in Sec. IV.

The effective occupation "probability" f '(e)
can be written

f—
Q( ) 1

EA(~) ~l( )
A U

x (n. .)+g (n.—,) G,, V,.

(3.13)

The numerator reflects the modification to the
occupation "probability" produced by bonding, the
two additional terms being proportional to the
bond charge matrix. Thus the numerator contains
the modifications produced by chm ge sharing.

The denominator would be equal to one if U were
very large. For finite U the occupation probability
is modified by charge transferring back and forth.
Thus the denominator contains the modifications
produced by charge fluctuations.

The expression (3.9) is our general expression
for the single-particle propagator 8'„(~). It is
easily seen that it satisfies the property of being
exact in the limits V40, U=O and V=O, Ut0 and
interpolates smoothly between these limits. In
the former case it gives rise to either a single
level or two levels corresponding to weak- (V
«bandwidth) or strong- (V~ bandwidth) coupling
regimes, respectively. The two levels in the
strong-coupling regime correspond to the bonding
and antibonding levels. In the latter case (V = 0,
Uw 0) it gives rise to two poles corresponding
to the ionization and electron affinity levels of the
nonbonded adsorbate. For both Vc 0 and Uc 0
it has at least two poles and under certain situ-
ations, four poles. These four poles correspond
to the bonding and antibonding levels arising from
the ionization and electron affinity levels each.

It is to be noted that, while the pole structure
of 8„',(&u) discussed above may give rise to four
poles, it does not necessarily imply that the spec-
tra. l weight function will also always show four
peaks. The four energy levels corresponding
to the four poles have a finite width, of course,
and if the energy separation of these poles be-
comes small compared to their widths in some
region of the parameters V, U, and the clean
substrate density of states, then the spectral
function would not show the corresponding poles
separately, but would manifest the closeness of
the poles involved as a single peak at an appropi-
ate intermediate energy. This is an important
point to bear in mind in comparing theoretical
analyses with spectroscopic data (e.g. , photo-
emission) which reflect the behavior of the density
of states, a quantity directly related to the spec-
tral weight function of 9„(w}. Anticipating the
rather important conclusions which will be reached
in Sec. IV via a comparison of our result (3.9)
with the result of the Anderson model and spectro-
scopic data, we pause here briefly to comment
upon the role of Coulomb correlations introduced
by U. This also allows us to shed light on the
conventional molecular-orbital and valence-bond
pictures of quantum chemistry as applied to the
phenomenon of chemisorption.

The physical content of Eq. (3.9) can be ap-
preciated from the following considerations. In
the absence of V;, 9' (~) has two poles, one
at E and the other at E' +U. These correspond
to the adsorbate ionization and electron affinity
levels, respectively. " As the interaction V«
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is allowed to build up, we mould expect the tmo
levels E and E + U to shift and acquire a width
(nevertheless maintaining the character that there
is no contribution of the form U(n ') to the shift
in the peak of the E derived level). The cor-
rection U in the level E + U is purely a conse-
quence of the fact that it is the electron affinity
level which contains two electrons. However,
the Hartree-Fock (HF) approximation replaces
the ionization and electron affinity levels by a
single level at an appropriate mean energy be-
tween the tmo. It compensates for this error by
giving equal meight to the neutral and ionic con-
tributions to the system ground-state wave func-
tion. (Note that the HF scheme is equivalent to
the well known molecular-orbital scheme of quan-
tum chemistry. ) Our result (3.9) always gives
two poles {in contrast to the single pole Hartree-
Fock approximation); however, as U becomes
small the peaks associated with the ionization
and affinity levels merge into a single peak at
some intermediate energy —the situation described
by Hartree-Fock. Thus by its very nature the
HF scheme is incapable of providing the correct
spectral function, ++~&~ the separation of the
two bonding levels is completely dominated by
their widths, giving rise to a single peak in the
spectral function. In its essence, our result
(3.9) for 9 (&u} is equivalent to the valence-bond
picture in which one attempts to retain the cor-
rect energies of the neutral and ionic configura-
tions and calculates their relative weights as ac-
curately as the presence of Coulomb interactions
will allow.

IV. COMPARISON WITH ANDERSON MODEL AND

EXPERIMENT

A phenomenological model extensively used to
discuss chemisorption is the Anderson model,
given originally in the context of local moment
formation on paramagnetic inpurities in a bulk
nonmagnetic metallic host. In its usual form and
as adapted to chemisorption by Grimley, Newns,
and others, it consists only of the interaction
terms V', and the single Coulomb interaction,
Un ~ . Thus setting V', , =O'=I=0 in expression
(2.3) we regain from (2.2) the standard Anderson
model;

X= Q T; C~, C~, + Q E n„,+ —'U Q n, n

+ Q (P'; C', C;,+ H.c.}.

In Eq. (4.1), E is the valence level for the free
absorbate and has been in the past set equal to the
ionization potential of the free adsorbate (e.g. ,

—13.6 eV for hydrogen). Since T'„ is the trans-
fer integral for the clean substrate, the propaga-
tor G,', (&u) in Eq. (3,3a) now corresponds to the
clean substrate. Consequently, the ionization
level self-energy of Eq. (3.12) now becomes

Z, ')(w) =g V'„; 9';, (~}V,'„.

We introduce the real and imaginary parts of
Z,")(&o) by writing,

y(G)(w) A(0)(&) fg(0)(&) (4.3)

Similar changes occur in the electron-affinity-
level self-energy and the occupation function f(&o).
We denote these by 2„'" and f ")(u&) and correspond-
ingly the adsorbate propagator for the Anderson
model by 9""(e)which follows from Eq. (3.9);

Now, we observe that A~&" (&u) is related to the
Hilbert transform of the clean surface density
of states of the substrate. Most transition-metal
density of states (d and s bands) are centered at
~,-5-V eV below the vacuum level. '4 For ener-
gies less than &o„ it is generally true that Az")(w)
will be negative (going as -I/l co

l
a,s v- —~).

Thus if the pole occurs below (d„ it must occur at
an energy f)efow EQ given by a =E —IAi'0)(& ) I.
[At these energies lA~)"(w ) l-2 eV.] In the
absence of the adsorbate-substrate Coulomb inter-
action 8', E' corresponds to the free ionization
level E~. Thus if E~&&„ the self-consistent
position of the pole of 8""associated with E~
is below Ez by -2 eV. (This is nothing more
than a reflection of the fact that an attractive
one-body interaction P',- always lowers the en-
ergy of the bonding level. ) Thus the approximate
Anderson model has led to the inevitable conclu-
sion that for adsorbates having large ionization
potentials, E, (-I eV}, the observed bonding level
should be below E~. By contrast photoemission
results for hydrogen (Ez 13.6 eV) and o-xygen
(E~-13.6 eV) adsorbed on transition metals show
a peak associated with adsorbate at -10-11 eV
below the vacuum level. 4'2' This is -3 eV above
the free ionization level. Thus there is a dis-
crepancy of -5-6 eV in the position of the level
predicted by the approximate Hamiltonian (4.1)
and that observed in photoemission.

(4 4)

From(4. 4) it follows that the poles arising from the
adsorbate ionization level occur at energies, (d, that
are solutions of
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A number of possible explanations for this dis-
crepancy come to mind:

(i) The observed level is not the bonding level
of the adsorbate but some other level, the actual
bonding level being below EI. As far as we know,
no such level has been observed and so we dis-
count this explanation.

(ii) The bonding level is indeed below Ez, but
the photoemission experiment gives an apparent
energy above EI due to the contribution of final-
state relaxation effects." For most systems the
required final-state relaxation shtft would be
~ 5 eV, which seems entirely too large and un-
expected for valence orbitals. Although a cer-
tain upwards final-state relaxation shift is in-
herently contained in the bonding level as measured
by photoemission, a quantitative independent esti-
mate of this shift is at best difficult and has, to
the best of our knowledge, never been made. How-
ever, the general body of experimental information
and comparison between core and valence level
spectroscopy suggests to us that for valence or-
bitals of most covalently bonded adsorbates, this
shift is probably -2—3 eV. Thus we discount this
as the sole explanation for the observed position.

(iii) The value of the Coulomb energy, U, is so
small that the distinction between the ionization
level and the affinity level has become obscured.
Their separation is dominated by their w'idths

giving rise to a single peak between EI and EI+ U

(the conventional Hartree-Fock picture). How-

ever, the observed upward shift - 5 eV would re-
quire a value of U-10 eV (if we take (n„}--,) in-
consistent with the above assumption. Thus this
cannot be the explanation.

(iv) From the above we a.re led to the inevitable
conclusion that the observed level is indeed asso-
ciated with the adsorbate ionization level. If this
is the case, the approximate Hamiltonian (4.1) in
which E' =EI is clearly inadequate to describe
the absorption of atoms having a large ionization
potential. The E needed is at least that contained
in our Eg. (2.3), reflecting the importance of
electron- electron interactions between adsorbate
and substrate electrons. This gives rise to an
upward shift (the same as image at large separa. —

tions) of the free ionization level. However, the
observed level is still in the region where Az(v}
is negative, hence, this uptorn. d shift must be large
enough (~ 3eV) to overcompensate for the downaoard
shift due to the bonding interaction, V,-, giving a
level at the observed position.

Thus from points (ii) and (iv) above we come to
the realization that the total needed upward shift
of the adsorbate ionization level (which we have
estimated to be ~ 5 eV) arises from two main
contributions. One such contribution is the screen-

ing and polarization effects that exist in the chemi-
sorbed system even in the absence of any inter-
action with an external probe. This, we discussed
in point (iv) above and will refer to this contribu-
tion as a "ground-state" effect. By contrast, the
second kind of contribution is a consequence of
disturbing the chemisorbed system by an external
probe (e.g. , photons in photoemission) and arises
due to the response of the metallic charge density
to the hole left behind by the photoemitted electron.
We therefore will refer to this shift, inherent in
the nature of the photoemission experiment, as a
"final-state relaxation" effect. As mentioned
earlier, there is no way of determining this
quantatively without ambiguity at the present
time. Nevertheless, it may be safely concluded
that both the above-discussed effects are contained
in the total upward shift of ~5 eV, possibly con-
tributing almost equally for valence levels of ad-
sorbates like hydrogen, oxygen, etc.

This of course implies that ground-state screen-
ingandpolarizationeffects play an important role
in chemisorption. " The total electron-electron
interaction between adsorbate and substrate elec-
trons produces a shift upwards in the adsorbate
level given (in Hartree-Fock"} by

Since this contains a sum over neighboring sites,
the value of W itself need not be very large (es-
pecially for sites of high coordination). For ex-
ample, in the centered position (i.e., with four
neighbors) we have: &E„-4W-2-4 eV implying
that 8'=-,'-1 eV. However, the presence of the
above-mentioned Coulomb interaction, together
with the intrasubstrate transfer terms V,-, , will
cause significant modification of the metal states,
altering the response of the metal to the adsorbate.
In Sec. V we show that these effects are local in
nature, being restricted to a small number of
substrate atoms and depend upon the local geo-
metry and electronic structure.

V. SUBSTRATE GROUP AND SURFACE CLUSTER

As mentioned in Sec. I the rather local nature of
the chemisorption process has led to the notion
of a "surface molecular cluster" consisting of the
adsorbate and a few neighboring substrate atoms.
That such a notion is conceptually meaningful and
under certain conditions may also lead to simpli-
city in actual calculations follows immediately
from the preceeding analysis.

From Eq. (3.5) (defining the self-energy of the
adsorbate propagator in the absence of U}, we
observe that the sum over the substrate sites is
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restricted to a small number of substrate atoms
which we will call the "substrate group. " The sum
is limited by the short-ranged nature of the ef-
fective single-body coupling strength V, The pre-
sence of a contact interaction, U, does not change
the range but enters only through its effect on the
bond-matrix elements that are implicit in V [see
Eq. (2.3)]. Thus it is clea, rly seen that the chem-
ical bonding of the adsorbate to the substrate in-
volves only a few substrate atoms. However, the
appropriate state of these atoms is the renormal-
ized metal states discussed in Sec. II. The prop-
agation of electrons between these states must
be described in a self-consistent manner. This
requirement has been overlooked in previous in-
troductions of such a concept. ""They are self -con-
sistently included in our considerations through
the presence of G;; in Eq. (3.5).

The meaning of this equation becomes clear if
we define a mean strength of interaction via,

V'= Z IV. . I2 (5.1)

and introduce the notation of a "substrate-group"
Green's function via,

G,(~)=g -" G;;(~) -"
g~ V

' V

Thus,

Z,((o) = V'G, ((o).

(5.2)

From Eq. (5.2) it is seen that the natural defini-
tion of the "group" Green's function is given by a
linear combination of the renormalized substrate
propagators, G, , , the relative weights being de-
termined by the relative strengths of the interac-
tion V;. We emphasize that defining G,(&o) via
Eq. (5.2) takes into account the propagation within

the entire substrate to all orders in T,, At no

stage has the cluster been considered to be de-
tached from the rest of the substrate.

At this stage one may introduce the notion of a
substrate-group "orbital" with energy E,(&u) de-
fined via the relation

G,(&o) = [&u —Z, (u&) ] '. (5.4)

In the absence of U, Eq. (3.3) describes the prob-
lem of the interaction of the single valence or-
bital of the adsorbate with a szngle substrate group
orbital whose energy E,(&o) is frequency dependent.
The "energy, " E,(ru), contains the complete re-
sponse of the substrate and is a well-defined func-
tion of substrate parameters (e.g. , surface geo-
metry, surface density of states, etc.). The sub-
strate-group orbital, P„ is defined to be a linear
combination of substrate sites orbitals, y; with
the appropriate symmetry. The coefficients in

this linear combination are the relative weights
of the self-consistently determined coupling
strengths, V, Thus

This definition of $, is valid for any position of
the adatom not just the symmetric positions con-
sidered previously. The introduction of the ef-
fective substrate-group orbital may be a useful
device for incorporating the electronic and struc-
tural properties of the substrate into a description
of the chemisorption phenomenon.

VI. EFFECTS OF NONORTHOGONALITY

Our analysis of the chemisorption phenomenon

in Secs. II—V proceeded by neglecting the direct
overlap between the adsorbate and substrate wave

functions. However, in general these wave func-
tions are not orthogonal to each other and their
overlap must be taken into account. In this sec-
tion we therefore provide the mathematical con-
siderations involved in generalizing the preceed-
ing theory to nonzero overlap (i.e., (i I a) 40). As
mentioned in Sec. I, the inclusion of the overlap
merely involves a redefinition of the parameters
discussed in Secs. II-V. The basic structure of
the theory remains the same. This was first
shown by Grimley. ' However, for the sake of
completeness as well as to expose the physical
and chemical content and implications of nonzero
overlap, we provide here a modified version of
his proof. In particular we draw attention to the
relation between physical observables and single-
particle Green's function calculated in a nonortho-
gonal basis set.

%e assume that the system can be described in

terms of a set of localized functions. One of these,

I n), describes the adsorbate orbital and the sub-
set LI I)] describes the site functions. We define
the overlap matrix S, vial, =-(ilj), S„=-(ali).
We also define its inverse, 5 =-S '.

The set (I n ); li ) j—= X is assumed to be a com-
plete description oi chemisorption. (Note that the
orbitals ( li) ] include only the s and d orbitals of

the substrate, thus the issue of overcompleteness
does not arise. )

This being the case, we can expand the field
operator, 4', in terms of this (nonorthogonal)
basis set:

c + ~ g =X c.

Alternatively, we could have chosen to describe
the same system in terms of some orthogonal set
of states, y. There exists a transformation that
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takes us from X —q and back again viz.

y =X'A and X=yB. (6.2)

where 1, is the unit matrix.
Let us expand the field operator g in terms of

the orthonormal set, rp.

Because the set X is nonorthogonal the transfor-
mation described by Eq. (6.2) is nonunitary. As
shown by Grimley' the operators A and 8 have the
properties:

can therefore write

Tr 9 = Q at,. {{c,. ; c,' ))„8„
jk

Hence

Tr8= Tr8 ~ 8.

=P (aa')„. 9,, = P (s 9)„.
jk

(6.9)

0= Q &««««=@' a (6.4)

Now, independently of the representation used,
we know that [ «t», »t»«] = 5(x —x'), which implies
[a,a,]=5,. Using Eqs. (6.4) and (6.2) we can
write

(=y'a=X'A a '

comparing with Eq. (6.1) this implies that

A ~ a. =c, a' A'=c'. (6.6)

Thus we have related Fermion operators of the
nonorthogonal set to those of the orthogonal set.
Using this we can derive the commutation rules
for the nonorthogonal basis

[c,c'],, =(A. [a, at]At), , = PA, ,[s„nt]At,.

= PA,.„A'„.=(AA'), , .
k

Hence, from Eq. (6.3),

[c,, c',.] =D, , =(S-'),, (6.6)

An immediate consequence of Eq. (6.6) is that

2n; =D;;n; 4n;, .
This is important when solving the equation of
motion for the I' functions of Sec. IG.

Having derived the commutation relations for
the nonorthogonal set we now show how to calcu-
late the observables of the system: We can define
two different single-particle Green's functions:

uB«»(e) =D «+P D~ «»H9„. (6.10)

Letusform 9„8—=Q S „9 «»
andusethefactthat

D ~ 8=1 to obtain,

«dB««8 («»») =
5«»»8 + gH ««» 9» ««

~

For the systems we are discussing, we assume
that the metal orbitals are orthogonal to one an-
other. This being so, we can write the overlap
matrix S as

(6.11)

Thus the quantity S ~ 8 is the important quantity
in terms of the observables of the system. (It is
worth noting at this point that S.8 is exactly the
"pseudo"-Green's function used by Bagchi and
Cohen in their analysis of chemisorption with an
overcomplete basis set.") In Secs. III and IV,
the density of states was the object of major in-
terest. Equation (6.9) shows that, in the pres-
ence of nonzero overlap, we have only to cal-
culate S 8 to compare with the observed spec-
troscopic data. This becomes a trivial task once
we have solved the equations of motion for the
Green's function.

To calculate the equations of motion we use the
commutation relations (6.6) and Eq. (3.1). For
clarity of expression we will just consider a, one-
body Ha.miltonian, (i i X i j)= H, ,; Hamil-tonians

having electron-electron interactions can be dealt
with in the same way. The equation of motion for
8,, is

9,, = ({c,; c~t))„, nonorthogonal;

9;,= {{a;;a«))„, orthogonal.
(6.6) with S„& = 0, if ~ and P are both metal or adsorbate

orbitals. Thus we have

From standard many-body theory we know how
to calculate observables for the orthogonal basis.
For example, the density of states is related to
the trace of the Green's function. Thus,

9 8=+S»9»8 =9 ««+QS»9«8.

Substituting into Eq. (6.11), we have

Tr8= a;;a,.

However, a=a c [see Eqs. (6.3) and (6.5)]. We

(6.12)«dB«»»»»(«»») 6««6 + Q (H„» —««»S««») 9, 8 ~

If we compare this with Eq. (3.2), we can see
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that for a single-particle Hamiltonian the effect
of overlap is only to modify the off-diagonal hop-
ping matrix elements.

Next, we discuss the changes introduced by non-
zero overlap in the equations of motion of the two-
particle Green's functions (the I"s) and conse-
quently in the equations of motion of the single-
particle Green's functions. The changes in the
two-particle Green's functions also arise due to
the modified commutation relations of the electron
creation and annihilation operators occurring in
the electron-electron interaction terms. The only
modification in these iwo-particle terms [in addi-
tion to the replacement of V„, by (V„, —uS„,)]
arises due to the relations of the type expressed
in Eq. (6.7). For example, for the model Ha. mil-
tonian (2.2), the intra-adsorbate Coulomb inter-
action term leads to contributions involving

Un~ =D«Un„, . Recalling that D=S ', the
additional factor D„reflects the correction in-
troduced in the occupation probability due to the
normalization of nonorthogonal wave functions of
the basis set.

Thus the results derived in Sec. III carry over
to the nonzero overlap case by merely changing

V„, to (V„,. —~S„,) and U to D„„U. The conclu-
sions reached in Sec. IV and the concept of surface
molecular cluster discussed in Sec. V also re-
main unaffected by including the nonorthogonality
of the adsorbate-substrate wave functions.

VII. SUMMARY

In this paper we have shown how Coulomb cor-
relations on the adsorbate affect the chemisorption
process. It ean be seen that such correlations can
cause radical departures from the results obtained
by standard Hartree-Fock decoupling schemes.
The major differences are: (i) The adsorbate
Green's function now has two poles; one derived
from the ionization level (at m =E ) and the other
derived from the affinity level (at &u =E„+U). In

contrast, Hartree-Fock decouplings produce a
single peak at some intermediate energy ~-E
+~ U. (ii) The chemisorption self-energy is differ-
ent for the iwo levels. (iii) Spin-flipped and ionic
configurations contribute to the self-energy of the
affinity level. In fact, the former gives as much
contribution as the direct scattering term —the
only one included in a Hartree-Foek decoupling
scheme.

The results with Coulomb correlations have been
compared with photoemission data for typical ad-

sorbates on transition metals. This leads us to
the conclusion that screening and polarization
effects must play an important role in chemisorp-
tion. The electron-electron interaction between
adsorbate and substrate electrons, together with
the intrasubstrate transfer terms V;,- produce this
screening and polarization, giving rise to sub-
stantial modification of the metal states.

In addition to the effects of Coulomb correlations,
chemisorption is strongly dependent on the local
electronic and lattice structure of the substrate.
The formalism presented here uses a site repre-
sentation to describe chemisorption; thus local
effects appear in a natural way and the relative
importance of individual properties of the sub-
strate can be distinguished. The introduction of
the nonorthogonality of the substrate-adsorbate
wave function is a straightforward matter as
shown in Sec. VI.
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APPENDIX A: NATURE OF ZUBAREV DECOUPLING

In Sec. III we calculated the equation of motion
for the two-particle Green's functions (GF). The
approximation used there was to decouple those
two-particle GF that contain two metal operators,
the assertion being that this retained all terms
correct to O(V'). In this appendix we will now

prove that assertion.
The important quantity as far as the single-

particle GF is concerned is the two-particle GF
F "[see Eq. (3.2)]. This contains no metal op-
erators. It is connected, by V~, , to those two-
particle GF that have a single metal operator
[Eq. (3.6)]. These are, in turn, connected by V, ,
to those two-particle GF that have two metal op-
erators. Thus the latter are already of O(V')
removed from I

Thus if we neglect the coupling V, in their equa-
tions of motion the result will be exact to O(V ) ~

This result should not be surprising: neglecting
the coupling V,. is tantamount to allowing the
electrons to move independently —exactly what is
assumed by the decoupling procedure. The pur-
pose of this appendix is to show this explicitly.
Their equations of motion ean be written (these
are written in k space for simplicity, the final
result can always be Fourier transformed back
to the site representation) as

(ur'„((u) = " +E„r"„((u)+(e, —e, ) I'"„((o) + U(( c„,c,n„,c „„c„,)) „+O(V) (Ai)



cu&&c,",c~,n„,c~;ct, }& = ""2""" +(E„+U+ep-e, ) &&c~t, cp, n „c„„ct,&& +O(V). (A2)

&n,;s„.& =&a &&a. .}5„+O(V),

from Eqs. (Al) and (A2) we see that, to O(V),

&(c~t,c, ,n„,c ~; c t, }}„=5„n,' r„""((u).
Hence Eq. (Al) becomes

&ur'„"(ar) =(n '& 5, +(E„+5 U&n, })r„„"(a&) 0+{v).

Comparing this with Eq. (3.2) we see that

r,'"„((d) =5„,n, '9 ((u) +O(V) .
This 18 exactly the Zubarev decoupl1ng x'esult

that me have used in Sec. DI. By a similar pxo-
cess @re can shor that two-particle GF'8 of the
form r~" are of O(V'). Thus the decoupling
scheme used in Sec. III is exact to O(V'), as
as sex'ted.

A completely diffexent approach to the problem
of corx'elation in chemisorption has been taken
by Brenig and Sch5nhammer. ' Instead of dealing
arith single-particle Green's functions, they cal-
culate dlx'ectly a certa1n class of t%'0-pax't1cle
Qreen's functions, vrhich in theix' notation are
2 x 2 matrices 9((e{z ). They write down a Dyson
(matrix) equation for this Green's function reduc-
ing the problem to the evaluation of a self-energy
matrix M„()(z). The evaluation of this matrix is
done to O(V'). As stated earlier, our method of
approach is exact to O(V') and so to that order,
%e should have identical results. The purpose of
this appendix is to shoe& that this is indeed the
ca8e.

To do so, ere vrill have to establish a corres-
pondence between thelx' notation and ours. Fol-
lowing the definitions given in theix paper vze de-
fine new functions E„((d) by F„((d)=-g()9 8(u&).
It is easy to see, from their definition of
9„e((v) that (E(}=dI'„"" and E,( )+(dE (~) =9„„(ru).
Their Dyson equation (2-l5 of their paper) can
then be written in terms of the functions E„(ro)

)' (s)=()'„„(s)((+I M„,F,(~)). (B(l

'Ihus their equation for F+((d) takes the form:

E,((d) =9,', ((d) [I+M„((d)E,((d)+M, (ru}F ((d)].

(82)

VVe now need expllclt expx'es81ons fo1 their self-
energy matrix M„(). Using their Eq, (3.8):

AM((d) A =Az, ((d) +8m((u),

and Z 1s the chem1sorpt1on fu ct1on defined in Eq.
(3.5). The i'unction m((d) is their "correlation self-
energy. " Using Eq. {83)it is straightforward to
shovr that

M„((u) = &n„,& '[Z,((o) &n, &+I((u}],

M, ((d) =-&n, } '(I-&n .&) '~(~).

Inserting these expressions into Eq. (82) and using

9,0,(~) = &n„.}(~ -Z.—V)-'

SPY ((())
( ))" (w)).

Equation (85) is the 8renig and Sch5nhammer
equation of motion for the bvo-particle Green's
function r„"„"(&u)=E (ru). In order to complete our
comparison vrith theix" vrork, it is necessary to
show that oui expression for I ~~ can be %'ritten
in the form (85) and that, to order V', our defi-
nitions for m ((()) are identical.

Going back to Sec. III we found that the equation
of motion for r"„"(~)can be written

(& —& —U) E,(~) = &n, & +Z,((u)F,((d)

+ [2:0(~)—r, (~)]F,(~)
—(8 +3) [F,((d)+E (ar)]+I, -K,

where (adopting the notation of Oguchi, "who has
also considered this problem in yet a third way)
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L ( ) Q v&(k&n))&X&

(d —E'I,

v, &n, „)
2p~U+Q

R( ) Q
I V ))I &»)) & O(V4)

g( ) Q
I (&). I (»)) &)& O(V4)

I.'
{d —2E —U+ eOt

Now consider:

f. -RF ((o) =i [Z,(z) -Z, (&d)]
dz J (z)

where we have used the notation

(B8)

If E„+U&&~, then the second term is of order
V~ smce F (z) at V = 0 has no poles below Ez A. i-
so it is easy to see that

F {z)-F (~)={~-z)F (~)F {z)( -&». „&) '

+O(V') .

Hence retaining terms to O(V"') only we arrive at

L((o)-R(~)F (+) =F ((u)(1-&n „)) '

xs I z Zo -Zo &d

L, (&d) R{(u)-F ((u) =F (&d)(l —(n„))
gV „&n,„&

(9((())] = 9(&d +i)I) —9(&)) —iq) ) q -0' .
Now using 9„„(z)=F,(z )+F (z), Eq. (B8) can

be written

—-.&~) &) -& . .))) .

(B9)

I( )-R( )F ( )= f(z) ""
2' + —g

x(F (~)-F (z))

(fz, Zo(z) -Zo((o)
+z 2' &d —z

x [F,(z)f

Similarly, it can be shown that

K((u)+S((u)F„((u) =F,((o)(»„,&
'

x [V„,& n„.&+a,(~) & n„„&].

(Bio)

[&.(~) -&,(~)]F,(~) +[I (~) -R((d) F (~)] —[f~(&d) +S(~)F,(( )]

=Z, ((u)f,'(&d) —Z, ((u)F (&u) +2+ V„„&n,„)[F ((d) -F,((o)] ~

which is correct to O(V'). Inserting this into Eq.
(B8) we arrive at

((u —Z —U) F,((u)

=&n .&+Z,((u)F, (&u)

+ Zo CO —2 Vip yBpot I'+ CtP

— Z,(~)-2+ V., (n, „& F (~). (Bll)

Co~paring with Eq. (B5), the solution using the

method of Brenig and Sch5nhammer, we see that
our results are equivalent if

& ) =-.' (~.& ) -2 p ) ..&,.)) .

This is exactly their expression (4.8) for the self-
energy in the "weak-coupling" approximation.

Thus we have shown that, in spite of the differ-
ent methods of approach the two techniques are
completely equivalent in the results (to the order
of accuracy at which they have been calculated).
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