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It is shown that a correct interpretation of the spectroscopic data for most chemisorbed
systems implies the existence of considerable screening and polarization effects. A
specific view of chemisorption on transition metals is suggested, incorporating the im-
portance of the metallic nature of the substrate as well as the effect of the local envi-

ronment of the adsorbate.

An important distinction between ordinary chem-
ical bonding in molecules and the chemical bond-
ing of an adsorbate on a metallic surface is the
presence of the large number (~ 10%) of electrons
in the latter which may cause significant screen-
ing effects, absent in the former. However, the
relative importance and significance of these
screening effects and the intra-adsorbate Cou-
lomb interaction (usually denoted by U) has as
yet remained unclear. Recent successes of spec-
troscopic techniques have provided us with con-
siderable data on the electronic structure of
chemisorbed systems. Among the varied'™® at-
tempts to interpret this data, a widespread ap-
proach has been based on phenomenological mod-
el Hamiltonians which require that certain ener-
gies be specified as input values and others pa-
rametrized to achieve agreement with experi-

that theoretical analyses which neglect screening
and polarization effects and retain only U cannot
explain the spectroscopic data. A correct inter-
pretation of this data requires significant screen-
ing and polarization effects. In addition, most
adsorbates (e.g., H, O, CO, C,H,, etc.) on tran-
sition metals exhibit primarily covalent bonds,
implying that U, whatever its adjusted value in
the chemisorbed system, must still remain a
dominant interaction energy. We note that the
Hartree-Fock (HF) approximation of U in describ-
ing such a situation is inadequate for a meaning-
ful interpretation of spectroscopic data and ob-
scures the importance of the above-mentioned
screening effects.

The phenomenological model most widely used
to describe the interacting adsorbate substrate
system is the Anderson model? which takes the

ment. The aim of this Letter is to demonstrate | following form, written here in the site repre-
sentation®:
H= Z Tij G ioT@jo +Z> EaaaoTaac + % UE oo o - o +E {Vou‘ aaoT@io +H.c. } (1)
ijo o o io

In (1), | @) denotes the adsorbate bonding orbital and |7) denotes the orbitals (e.g., s and d) associat-
ed with the 7th substrate site.® T;; and V,; are the electron-transfer integrals between the substrate
atoms, and between the adsorbate and substrate atoms. E, is an assumed effective energy level for
la) which, in the absence of screening and polarization effects, reduces to its free ionization poten-
tial, E;. The density of states of (1) is obtained from the single-particle Green’s function. Following
Zubarev,” the equation of motion for the Green’s function G ,5(w)={A;B)Y,,, for two operators A and B,

is given by

wG 4p(w)=(2m)"YA,B]. +{[A,H].;B),. (2)
From (1) and (2) we obtain the following equations for the single-particle propagators:

WG e *(@) = (2M) " +E (G, “(@) + 233 Vi G4, *(@) +UT 1, ° (), (3)

wGiao(w)': EJTijGJOL c(w) +ViOLGOLdO(w)’

(4)

where T'y, °(@) ={%g . 0@uo; Qoo ., iS @ two-particle propagator. Defining [g- ;= (wbd;;=T;,), which
corresponds to electron propagation in the substrate, we obtain from (2) and (3)

[w=-€, ~Z1()]G 4o %)= (27)"  +U Ty, °(w),

(5)
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where Z;(w)=27;;Va; Si; Vo is the self-energy of the adsorbate ionization level. To determine G,,°(w),

we need to know I',, %(w).

Now, in the Hartree-Fock approximation one closes Eq. (4) by putting ', °(w)~{n,. )Gy °(w). This
introduces an upward shift by U{n,. ) in the bonding level E,.2"'' As shown below, such a decoupling
procedure can introduce erroneous structure in the density of states. It is precisely information on
the density of states that is provided by spectroscopic data (e.g., photoemission). Hence for a mean-
ingful interpretation of this data it is essential to retain, as far as possible, the correct structure of

the density of states.

The structure of the single-particle density of states can be seen from a consideration of the equa-
tion of motion of I'y,%(w). From (1) and (2) it may be seen’® that this equation will not contain any sin-
gle-particle Green’s function. Hence whatever the structure of I'y,°(w), it cannot be proportional to
G, °(w) as the HF approximation assumes. We have performed a detailed analysis of I',, °(w) that
will be published elsewhere® and find that its exact form must have the structure

To W)= (27)" n," (w)/[w=Ey U ~Z ()],

(6)

where T 4(w) is the self-energy of the electron-affinity level and n,~ °(w) is the (frequency dependent)
effective occupation probability. It is to be appreciated that the exact I',, °(w) does not have poles at
the same location as G, °(w). Hence T',,°(w) cannot produce a shift of the type U{n,"°) in the position
of the poles of G, °(w) arising from the ionization level, E,. Inserting (6) into (5) we obtain

1

1 Uny" °(w)

Gaao(w)=g{w -E, —Ez(w)+[w -E, _El(w)][w -E, -U —ZA(w)]} . v

This structure for G, °(w) is valid for both small
and large U (the result is exact for V=0, U#0
and for U =0, V+0 and provides a smooth inter-
polation between these two limits).

The physical content of (7) can be appreciated
from the following considerations. In the ab-
sence of V;, Gqo°(w) has two poles, one at E
and the other at (E, +U). These correspond to
the adsorbate-ionization and electron-affinity lev-
els, respectively.'

As the interaction V; is allowed to build up,
we would expect the two levels E, and E, +U to
shift and acquire a width, nevertheless maintain-
ing the character that there is no contribution
from U to the shift in the peak of the derived lev~
el E,. The correction U in the level (E, +U) is
purely a consequence of the fact that it is the
electron-affinity level which contains two elec-
trons. However, the HF approximation replaces
the ionization and electron-affinity levels by a
single level at an appropriate mean energy be-
tween the two. It compensates for this error by
giving equal weight 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 (7) always gives two
poles (in contrast to the single-pole HF approxi-
mation); 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.
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Thus by its very nature the HF scheme is incap-
able of providing the correct spectral function,
unless 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 (7) for G, °(w) is equivalent
to the valence-bond picture in which one attempts
to retain the correct energies of the neutral and
ionic configurations and calculates their relative
weights as accurately as the presence of Coulomb
interactions will allow.

Returning to (7), we note that the poles derived
from the ionization level, E, are given by the
solutions of w =E , +A;(w), where =, (w)=A; (w)

- iA; (w). For any reasonable density of states
of the substrate, A; (w) is negative for w<w,,
where w, is usually near the center of the band.™
Thus if screening and polarization effects are
completely neglected, E, reduces to the free-
adsorbate ionization potential, E,;, and the bond-
ing level would occur at w, =E; — | A; (w,)]. As
we see, this is below the ionization level E;.

In contrast, for all adsorbates with E; below
the substrate €, and w., the experimentally de-
termined bonding level is always found to be
above E;. For example, E; for hydrogen and
oxygen is about — 13.6 eV and the observed bond-
ing level-of these adsorbates on transition metals
is observed about 4 eV above this value.'®® Four
possible explanations for this discrepancy come
to mind: (1) The observed level is not the bond-
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ing level of the adsorbate but some other level,
the actual bonding level being below E;. As far
as we know no such level has so far been ob-
served. We therefore discount this explanation.
(2) The bonding level is indeed below E; but pho-
toemission gives an apparent energy above E;
due to contribution of relaxation effects. How-
ever, other spectroscopic measurements (e.g.,
ion-neutralization spectroscopy) give values
close to the photoemission values. In addition,
for most systems the required relaxation shift
would be = 5 eV which seems too large and un-
expected. (3) 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
widths giving rise to a single peak between E; and
E;+U (the conventional Hartree-Fock picture).
However, the observed upward shift ~5 eV would
require a value of U~ 10 eV (if we take (n, %)~ 3)
inconsistent with the above assumption. Thus
this cannot be the explanation. (4) From the
above we are led to the inevitable conclusion that
the observed level is indeed associated with the
adsorbate ionization level. For this to be so,

the free-ionization level must have been shifted
upwards by an amount which we denote by V.
This gives rise to an effective level at E; +V
which is the appropriate identification of E, in
(1). Contributions to V,, arise primarily from
the Coulomb interaction of the metal electrons
with the adsorbate electron and with the adsor-
bate ion core. The details of these individual
contributions, which are conventionally viewed
as screening and polarization effects, have been
discussed elsewhere.® The important point to be
noted is that the upward shift due to V,, must be
lavge enough to overcompensate fov the down-
ward shift due to the “chemical bonding” intev-
action V,;, thus giving a chemisorbed adsorbate
ionization level at the observed position.

It has long been recognized that screening and
polarization effects must be an integral part of
the chemisorption phenomenon.'” However, the
relative significance and importance of the screen-
ing and electron-electron interaction U has es-
caped meaningful analysis because of the com-
plex nature of the problem. We believe that com-
parison of our results with spectroscopic data
for the first time demonstrates the true impor-
tance of the screening and polarization effects
arising from the metal electrons. (It would also
appear that the screening of the adsorbate ion
core and the consequent delocalization of the ad-

sorbate valence electron would tend to reduce U
considerably from its free adsorbate value. How-
ever, the bonding localization on the other hand
will tend to oppose this effect. A rough estimate
for hydrogen, neglecting the localization due to
bonding, indicates that U~ 3-6 eV.) In view of
our results we are led to propose the following
picture for chemisorption on transition metal
surfaces.

The relevant bands of the transition metal are
primarily of s and d character. The chemical
bonds formed by adsorbates on these metal sur-
faces may be viewed as involving two kinds of
contributions. (1) The presence of the adsorbate
ion-core potential induces a significant modifica-
tion of the substrate s and d densities of states
and may cause significant s-d hybridization as
well.® The repulsive Coulomb interaction be-
tween the substrate and adsorbate electrons gives
rise to considerable screening effects, thus rais-
ing the energy of the adsorbate valence electrons.
Because of the mobile nature of the s-like elec-
trons and their ability to adjust and accommodate,
these screening and polarization effects may be
relatively insensitive to the crystallographic face
of the substrate. (2) The relatively localized d-
like electrons with their associated directed or-
bitals form bonds via electron sharing with the
charge associated with the adsorbate valence lev-
el. This contribution to the bonding is expected
to be sensitive to the local environment (geome-
try, size effects, etc.) of the adsorbate. Thus
variations in the properties of the adsorbate-sub-
strate system for different crystallographic fac-
es arise primarily from the variations in this
contribution. Of course these two contributions
are intimately interrelated.>!* We have made
the demarcation only for conceptual simplicity
in presentation.

We conclude by mentioning the work of Demuth
and Eastman'® on chemisorption of ethylene on
Ni(111) which, to our knowledge, is the only sys-
tem for which one has an experimental estimate
of the “screening” and “bonding” contribution.
They find an initial constant upward shift for all
the levels. This has been associated with screen-
ing and relaxation effects. However, the bonding
m level then has a downward shift with respect to
the o levels, this being a consequence of the 7-d
bonding. Finally, in a very recent paper, Lang
and Williams® have reported a fully self-con-
sistent calculation for hydrogen on a semi-infin-
ite jellium substrate (of y,=2) and find the chemi-
sorbed ionization level at 1.5 eV below the Fermi
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level. This is ~3 eV above the observed level on
most transition metals. We suggest that includ-
ing the bonding with d orbitals (along with adjust-
ment to an appropriate y, value) will provide the
required downward shift.

The authors are grateful to Professor R. Go-
mer and Professor M. H. Cohen for helpful dis-
cussions.
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The orientation of the scaling axes at nonsymmetric critical and multicritical points is
discussed. Although nonuniversal, the orientations at a spin-flop bicritical point may be
found to leading order in the magnetic anisotropy and in € =4 —d (where d is the dimen-

sionality).
well with new experimental data.

A scaling theory! has been advanced to describe
the spin-flop bicvitical point which arises when a
magnetic field H is imposed on a weakly aniso-
tropic antiferromagnet [see Fig. 1(a)]. The theo-
ry predicts! that the critical lines T."(H) (para-
magnetic to antiferromagnetic) and T ,*(H) (para-
magnetic to spin flop) should meet the spin-flop
line tangentially at the bicritical point [see Fig.
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The resulting geometry of the antiferromagnetic phase boundaries accords

1(a)] with a curvature characterized®® by the
Heisenberg crossover exponent ¢. Recent pre-
cise experiments by Rohrer*® on GdAlQ, should
allow the first sensitive test of the prediction but
reveal that this is feasible only if the orientations
of both linear scaling axes (for H and T) are
known or determined. In this note we show how
these (nonuniversal) orientations can be esti-



