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A simple phenomenological model is used to develop a formalism for chemisorption on transition-metal

surfaces. The model includes the Coulomb correlation on both the substrate atoms and the adatom.

Nonorthogonality of the metal and adatom wave functions is allowed for through overlap integrals. The
analysis provides condition for the existence of local moment on the adatom and can thus distinguish

between the applicability of the existing molecular-orbital and Heitler-London approaches. In view of the

growing wealth of reliable photoemission data, emphasis is laid on the electronic structure of the

chemisorbed atom and substrate, rather than the binding energy. Though a detailed analysis of the data at
the moment is hindered due to the unavailability of surface density of states of the clean substrate, simple

use of the experimental value of the center of the occupied narrow d band leads to self-consistent values of
various parameters. This reflects on the importance of the substrate correlation effects in chemisorbtion on

narrow-band-metal surfaces.

I. INTRODUCTION

The term "electronic structure" of chemisorbed
atoms. on metallic surfaces refers to the self-
consistently adjusted energy level, density of
states, and occupation number of the adatom par-
ticipating in the "molecule" it forms with the
atoms of the substrate. Much experimental work
has been done on the adsorbate configuration and

binding energies on metallic surfaces but only re-
cently have we obtained reliable data on the elec-
tronic structure of adsorbed gases on transition-
metal surfaces. This long-felt gap has been filled
by the use of ultraviolet photoemission spectros-
copy techniques in studying systems such as hy-
drogen on palladium, ' oxygen, carbon monoxide,
etc. , on nickel, titanium, etc. The growing
wealth of quite reliable experimental data on the
electronic structure of chemisorbed gases on
transition-metal surfaces needs to be understood
in terms of a simple model that takes into account
the important features of the substrate, adsorbate,
and their interaction. In this paper we present
such a model and its results. A detailed compari-
son of the results with experiments at this stage
must, unfortunately, await the availability of cal-
culated substrate surface density of states. How-
ever, as a check on the reasonableness and po-
tentiality of this simple model and approach, we

compare the theoretical results under the admit-
tedly drastic assumptions of a 5-function density
of states of the substrate surface. Even with this
assumption we find that the results give a self-
consistent account of the various physical quanti-
ties which play an important role in chemisorbtion
on narrow-band metals.

Three main theoretical models for adsorption of
hydrogen on metal surfaces have appeared. The
Anderson model, given in the context of dilute

magnetic alloys was used by Newns'; one-elec-
tron augumented-plane-wave (APW) energy-band
calculations by Switendick; and the induced-cova-
lent-bond mechanism put forth by Schrieffer and
Gomer. Of these, the first one has been in most
prevalent use, even though one recognizes that
the free-electron descritpion of the substrate in
the Anderson model, while being a reasonably
good description of alkali substrates, is not justi-
fiable for transition metal substrates. In this re-
spect, the Schrieffer-Gomer approach is more
realistic in describing the localized nature of the
substrate. Even though both these approaches
consider the substrate within Hartree-Fock ap-
proximation, the inclusion of nonorthogonality of
the metal-adatom wave functions in the latter leads
to a Heitler-London bonding mechanism as op-
posed to molecular-orbital view taken in the for-
mer. In particular, whereas the former gives a
nonmagnetic state of the chemisorbed hydrogen
(in the sense that spin-up and spin-down hydrogen
states are equally occupied), the latter maintains
that hydrogen retains its full spin, this spin being
coupled antiferromagnetically to an induced spin
density on the surface. Thus, even though the
surface molecule formed by the adsorbate with
the surface atoms is in a net spin zero state, hy-
drogen by itself remains magnetic. The simple
model considered here is capable of discriminat-
ing between these two approaches and allows us
to comment on the validity and limitations of the
molecular-orbital and Heitler-London approaches.

To understand the electronic structure of chem-
isorbed atoms on transition metal surfaces, we
describe the narrow d band of the substrate by a
tight-binding s -band Hubbard model. We include
the nonorthogonality of the metal-adatom wave
functions through overlap integrals. This then
allows us to study the electronic structure of the
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chemisorbed atom as a function of the relative
strength of the adatom-metal transfer matrix ele-
ment V and the overlap D. The electronic struc-
ture is found to be sensitive to the overlap, going
from a nonmagnetic state to magnetic state with

increasing D. Thus, earlier contentions that the
nonorthogonality of the metal-adatom wave func-
tion does not play an important role are found to
be erroneous. The model provides us with a
criterion for the existence of localized moments
on the surface, as opposed to the bulk. As such,
the analysis can be used to predict and check the
magnetic nature of the chemisorbed atoms. Of

course, to make such a prediction from first
principles would require knowledge of the self-
consistent metal-adatom wave functions and their
interaction. Even though an attempt has been
made in this direction such first principles calcu-
lations are difficult, tedious and require utmost
care. Indeed, for each given substrate-adatom
system a separate calculation is needed. While
development of such methods is not only desired,
but essential to our realistic understanding of the
chemisorption phonomenon, a simple model which
can coherently classify the fast growing wealth of
data without requiring a detailed knowledge of the
fundamental wave functions and interactions is
equally needed. We believe that the present work
fills in this gap.

In this connection it seems appropriate to men-
tion that in the past, most theoretical attempts
have been aimed towards calculating the chemi-
sorption binding energy to make contact with ex-
periment. Thus, either theoretical expressions
for chemisorption energy have been compared with
the experiments to estimate the metal-adatom
coupling strength, as in Ref. 5 within the Anderson
model or some estimates of this coupling strength
have been made under assumed parametrized form
of the wave function and then the parameters
varied to fit the theoretically calculated chemi-
sorption energy to the experiment. Two points are
to be noted with regard to such approaches; (i)
the experimental values of chemisorption energy
are fraught with doubt due to uncertainty in the
cleanliness of the substrate, presence of defects,
etc. Thus, it is generally not clear what part of
the measured binding energy is truly due to the
substrate atom-adatom binding. (ii) The theo-
retically calculated binding energy is not very
sensitive to the metal-adatom coupling strength.
As such, estimates of this coupling based on com-
parison with chemisorption energy do not provide
any reliable information when used to estimate
other important physical quantities such as charge
transfer, the associated nature of bonding, mag-
netic behavior, etc. Indeed, in Ref. 5, if the
estimated values of metal-adatom coupling V are

used to estimate the level width of the chemisorbed
level one finds that the level width is as large as,
if not larger than, the distance of the level from
the Fermi surface of the metal itself. This shows
the lack of self-consistency in such attempts and
makes the very concept of a chemisorbed atom
level meaningless.

Fortunately, with the availability of very re-
liable ultra-high-vacuum data from ultraviolet
spectroscopy, we have now a means of estimating
the metal-adatom coupling V directly from the
observed photoemission data, and then checking
the reliability of this estimate by calculating pa-
rameters such as charge transfer, metal-adatom
separation which are extremely sensitive to V.
We shall, therefore, take this approach and de-
velop a formalism to accomplish this goal.

II. HAMILTONIAN AND FORMALISM

The model Hamiltonian describing the narrow
band substrate, the adatom and their interaction
is

2 fy f fy

where the subscripts i and n refer to the sub-
strate atoms and the assumed single valence orbit-
al of the adatom participating in the substrate
adatom bond respectively. a and a are the usual
electron creation and annihilation operators and

n;„n, are the number operators. t;; and v; are
the hopping and transfer matrix elements for the
substrate atoms and between the substrate atoms
and adatom, respectively. I and U are the intra-
atomic Coulomb repulsions at the substrate atom
and adatom sites, respectively. We present un-
restricted Hartree-Fock solutions of Eqs. (1), al-
lowing for nonorthogonality of the metal-adatom
wave functions through the following commutation
relations

t[a;., a...I, = 5;, 5... ,

[a;„a„.],= (5;,+ D; )5„
Thus, Hamiltonian (1) coupled with relation (2) has
two very important features built into it: (a) the
inclusion of I, the intra-atomic Coulomb repulsion
on substrate atom sites, leads to the dependence
of the narrow d-band energy levels on its occu-
pancy. This in turn couples the occupancy of the
adatom level to the substrate atom occupancy,
since the self-consistent energy level of the ada-
tom depends upon the energy of the d-band levels.
Thus, we find that an additional self-consistency
relation must be satisfied for transition metal
surfaces and is totally missed in a free-electron-
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where the suffix d refers to the states of the nar-
row d band. Employing the standard t;echnique
of Green's functions, ' we obtain from Eqs. (1) and
(2) the following equations for the single-particle
Green's function G", (&u), G«(~), and G~~(e):

. .. v(...)-Zv. ,)),.IG:„(.)
d

5,+Z [/&~+I(n~, ) jD~, + V ~ ]G"~(&u),

(4)

«+ [ien+ U(n~, ) jD ~+ V ~ ]
2m

x G", ((u) + D, Z V~. G~. ( )(0, (5)

((d —fg —l(Ãg ~) jG((gn (Q7)

like description of these substrates. ' This self-
consistency is essential to obtain the correct
charge transfer values and metal-atom bond
lengths. (b) Nonvanishing overlap, which would
definitely be the case for narrow d band substrate
electron and the adatom electron wave functions
for observed metal-adatom separations of -1 A,
leads to important exchange energy contributions.
This contribution is important in considering the
magnetic state of the chemisorbed atom. '

In the Hartree-Fock HF approximation, Hamil-
tonian (1}written in Bloch representation' reads

I
X„F= Ze, n,.+—Z n„(n, .) +pe n, .

da da a
X,((u) =XV, D, ((o —E„+it})', (10)

X2 ((o) =Z Eq, V qDq, ((u —E~, + iq} ~,

xs(&u) =~Ea ID u I (~ Ea +iq—} '.
d

We note that for D« = 0, expression (8) for G'; (&o}

reduces to the standard form of result with only
Xo(v) surviving. However, note that Xo((()) in-
volves summation over E((,= ( a+l(n„) ) and not
just &d. This shows the additional self-consistency
coming through (n~, ) For. nonvanishing D ~, the
other terms contribute significantly. Starting
from values D „of the order of a tenth of V d we
find that Xz(&o) shall be of the same order of mag-
nitude as yo since Ed is generally of the order of

10 eV. g, and gz are of the same order, being an

order of magnitude smaller than Xo and Xz in this
region. As the overlap becomes larger, X (&o),

m = 0, 1, 2, 3 all become equally important and must
be included in determining the chemisorbed atom
energy level, given by the poles of G",,(ur); the
density of states at this level, given by

p'((u) =-ImG". ((o)

and from Eqs. (5) and (6), we obtain the following
for G,",((o}:

Gdd(~}='L(~-Ed. }(I—xi)j '

x [(I/2v)((1 —X~) +D ~(2 V ~ + D ~E,+ X~E,j
+(D.,E.,+ V.d+ q, + q,E.,)

(D ~E,+ V ~(1 —Xi)+D ~xo jG" ((o) ],
where

A~ =Q V«D«,
d

xo(~) =~
I V., I

(~ E,.+;&)

+ [(e, + U(n, ) jD + V, ]
and the occupancy of this level given by

(n, ) = f p'((o)d(u . (12)

x G ~'~, ((o) + D q Z V~" G~".~. ((()} . (6) The density of states of the substrate is calculated
from

Defining

E„=e + U(n, ),
E,.= ~„+f(n, .);

p', (ur) =-ZlmG,",((u)

and occupation of the substrate levels from

(n„) = f p,'(&u) d(u . (14)

we obtain the following for G" (ur) from Eqs. (4}
and (5):

G",((o) = (I/2v)/I+ X,((u}j

x [((u —E,—A, —X, (&o) —E .X,((o)j

P,(&d)F (~d) d~d

(o —e, —f(n, ,)+iq
= a'(&o) + ir' ((o),

x.(~) =

The general form of the functions X (ur), m=0, 1,
2~3 is

(I —x ( )j-0+x ( )j(xo( )

+ E..X|(~)j ] '; (6)
( )

" & p (eg)E (e~) de~
I( )

(16a)



CHE MISORPTION ON TRANSITION-ME TA L. . . 4461

r'((o) = —w J 'p, (e,)F (e,)
D1

x 5((u —e, —I(n, ,)) de, , (16b)

III. NARROW BANDWIDTH LIMIT

where F (&„) is the corresponding numerator in
Eq. (10) for )f, m=p, 1,2, 3; p, (&~) is the surface
density of states of the clean substrate and D„D~
are the lower and upper limits of the d band of
the substrate. Even though the expressions for
the quantities of interest to us, p', (~) and (n, )
look cumbersome, a numerical analysis is
straightforward and quite simple on the computer.
However, any attempt at this analysis at this
stage is hindered because of our lack of knowledge
of the surface density of states of the clean sub-
strate, p, (&~). Consequently, in Sec. III we de-
rive certain simpler expressions in the limit of
a narrow band to obtain some insight qualitatively.

IV. DISCUSSION

The electronic structure of the chemisorbed
atom is characterized by Eqs. (11) and (12) for
the density of states and occupancy of the chemi-
sorbed atom level, respectively. Within the unre-
stricted Hartree-Fock scheme of the present
work expression (12) for (n, ) always has a non-

magnetic solution (n, ) =(n, ,) for the occupancy
of the spin states of the adatom. However, in
certain regions of the values of V and D, there
exists a magnetic solution, i. e. , (n,)4(n, ,),
as well. Whenever a magnetic solution exists, it
has a lower-energy state as compared to the non-
magnetic state. Solutions of (12) thus provide a
criterion for the existence of localized moments
on the chemisorbed atoms. In this context it is
well to recall that in the Anderson model, which
provided a criterion, within the unrestricted Har-

For a narrow-d-band substrate, a localized
adatom level exists if the pole of G'„;(&e) lies out-
side the band. Only in this case can we talk of an
electronic structure of the chemisorbed atom in
a meaningful way. In this case I' (ar, ) = 0 and the
self-consistent adatom level, co, is given by

K~u~ —Ea~ —~a —n2(~ug) —E~(r~g(~no))

x (I —&i(~..)) —II+ &3(~..6
x (g,(~„)~ E,g, (~ .)] ]= P .

Now, & (~„,) may be approximated by

a ((u„) =N /((u„—E„',),
N = 5 2p, (e,)E (e,)d , .e (Ia)

Dj

In the above E'„, is the center of the occupied nar-
row d band and use has been made of the fact that
for e „removed from the narrow d band, E„,—E~,
« ~,—E~,. Thus, the self-consistent adatom
level is given by

[(w„—E„',) —(v, —E~,) (E,„—E~, + A, + N, )

+ ((c),—E„',)(N~(A~ —E~,) —No —N2 —E Qsj
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+ (N,Nq —NONq) ] = 0

and from (12), we find

19)
20 i I i I

0 02 04
-D

( )
'& g Nt&~ —E~, N2 No —E~+—q-

((u —E,',)'
2(NqN2 —No 3) ~( ) d (2p)

( Ec)2 ~ 47 —
CO& (d

where ~„are the roots of (19). Note that within
the above made approximation, the additional full
self-consistency of the occupation of the substrate
levels has been replaced by a partial consistency
if we rely on the experimental value of E,', , as ob-
tained from photoemission data.

FIG. 1. Adatom-metal coupling strength vs overlap.
Broken line gives the theoretical limit for magnetic state
of adatom, the nonmagnetic region being above the line.
Solid curve is obtained by fitting theory with photoemis-
sion data, on the assumption of nonmagnetic state of the
adatom. The dash-dot curve gives the occupancy of one
spin state of the adatom in the region where the above-
mentioned assumption is consistent with experiment. U
=12.895 and 12.134 eV for H and 0, respectively. Re-
duction by 20% to take account of screening does not alter
the nature of the results.
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tree-Fock, for the existence of localized moments
in the bulk of the metal, as indeed in general
virtual level problems, it is the ratio of the intra-
atomic Coulomb repulsion on the "impurity" atom
U (here the adatom) and the level width of the vir-
tual level which essentially determines the bound-
ary between nonmagnetic and magnetic regions.
In the chemisorption problem, this is determined
by essentially the ratio of V and the splitting of
the bonding and antibonding levels. For adatoms
such as hydrogen, oxygen, etc. , on transition
metals such as Pd, Ti, Ni, etc. , we are essen-
tially in the region where V and splitting of the
bonding-antibonding levels are comparable. The
theoretical problem is thus a complicated one and
the validity of the unrestricted Hartree-Fock
scheme becomes doubtful due to its neglect of the
correlation effects. This fundamental short com-
ing is faced in all applications of the approach of
Ref. 5 when applied to chemisorption of gases on
transitional metal surfaces. " On the other hand,
a description in terms of a totally Heitler-I ondon
picture of bonding over emphasizes the role of
correlation. We have, therefore, made an attempt
to provide a formalism which includes the domi-
nant contribution of the correlations, namely the
strong correlation energy I on the substrate atom
and the exchange-correlation contributions due to
the overlap of the metal-adatom wave functions.
The formalism is not subject to restrictions on the
magnitudes of the bandwidth, overlap, etc. It is
true though that for strong overlap a clear dis-
tinction between Coulomb and exchange energies is
very obscure. Nonetheless, in the important re-
gion of intermediate amounts of overlap the for-
malism would be quite reliable and provides a cri-
terion for the justification of the ad hoc assump-
tion of a magnetic state of the adatom built into
the induced covalent bond mechanism of chemi-
sorption. As mentioned before, a lack of knowl-
edge of the clean substrate density of states has
not allowed us to apply the formalism to experi-
ments. However, work is in progress in this di-
rection and we hope to be able to put the formalism
to test in the near future. In the meantime to il-
lustrate the sensitivity of the results to directly
observable quantities and to show the importance
of the correlation on the substrate atom site in the
transitional metals, we present an almost trivial
analysis of some recent photoemission data, under
the assumption of a 5-function substrate density
of states.

In this limit from Eqs. (19) and (20), one ob-
taines the result

(g', = ,' [(E„+E~+2VD)—

+{(E,—E~;) +4(E~++ V)(E ++ V)}'~3], (21)

V (1 —D )+ 2VDE~, +E Q~, D
(co'. —E,'.)'

)Q

0.3
Ni/0

0.2

O. I

00
I

0.2
I

0.4
I

0.6

FIG. 2. Metal-adatom separation estimated from know
work function change Q fI5

= 0. 2 eV for one-half Langmuir
coverage) and calculated charge transfer, as a function
of overlap.

0, ~'. &0 . (22)

Indeed under this drastic assumption, the prob-
lem reduces to a two-level problem and the re-
sults could trivially be derived from

det I& —~D
I
=0,

where

fE.. V) -(I D)
Dl j

Equations (21) and (22) are identical to Ref. 5 if
we neglect the overlap and replace E„'„ the center
of the occuPied part of the d band, by the center
of the entire band. Ho~ever, in B.ef. 5 and sub-
sequent such approaches, use of the center of the
entire d band led to estimates of metal-adatom
separation lengths an order of magnitude or more
smaller than observed and expected, and the esti-
mated values of V when used to estimate the level
width give widths as large as the substrate band
itself, totally inconsistent with experiments, as
mentioned before. However, when the correlation
on the substrate atom I is taken into account from
the very beginning, then even within the drastic
approximation of a two-level system one arrives
at the result, which one would have expected in-
tuitively even without a detailed analysis, that it
is the center of the occupied part of the d band
which plays an important role. Thus, mere use
of E~, provides results shown in Figs. 1 and 2
and Table I which are fully self-consistent. Using
observed values of co, and E~, from photoemission
data (see Table I), Eqs. (21) and (22) lead to values
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TABLE I. Shows photoemission experimental data. and theoretically calculated values for
zero overlap. N stands for number of substrate nearest neighbors of the adatom. Actual
metal-adatom coupling strength equal to (1/vN)V, where V is the calculated value.

Experiment Theoretical calculations

System

Ti/H
Pd/H
Ni/0

(eV)

—4. 0
—5. 4
—5. 5

Ec~

(eV)

2 ~ 2
—1.3
—1.0

Width
(eV)

-2. 0
2. 0
2. 0

(~.,) = (n. .)
0. 57
0. 51
0. 55

V(N =1)
(eV)

3.2
3.2

4. 0

V(N =4)
(eV)

1.6
1.6
2. 0

Width
(eV)

2. 0
2. 0
2. 0

of V as a function of D (solid curve, Fig. l), assum-
ing a nonmagnetic state of the adatom. The broken
curve gives the theoretical limit for occurrence of
a magnetic state, the upper region being the non-
magnetic region. We find that beyond D-0. 1, the
assumption of a nonmagnetic state of hydrogen on
Pd and Ti is inconsistent with the observed elec-
tronic structure. The dash-dot curve gives the
occupancy of the chemisorbed atom level in the
nonmagnetic region. The values of charge trans-
fer provide reasonable estimates of metal-adatom
separation as a function of D (Fig. 2). Further-
more, estimated values of V give values of the
width of the chemisorbed atom level, consistent
with the observed widths (Table I). Oxygen on
nickel shows a very different behavior than hy-
drogen on padladium or titanium. We find that
oxygen remains nonmagnetic for large values of
overlap and the charge transfer is much larger,
the bonding thus being significantly ionic. Hydro-
gen on Pd and Ti on the other hand is border line
between magnetic and nonmagnetic and the charge
transfer is extremely small, the bonding thus
being primarily covalent.

This trivial analysis illustrates the importance
of the correlation effects on the narrow-band sub-

strates. The role of these correlation energies
has been emphasized in this paper. Indeed it is
clear from the trivial analysis discussed above
that any realistic attempt to understand chemi-
sorption phenomenon on narrow-band substrates
must have at least the ingredients of the formal-
ism presented here. Work is under progress in
certain quarters to calculate the surface density
of states for bcc, fcc, and hcp structures needed
to evaluate the quantities X . With the availability
of these surface density of states we hope to pro-
vide a coherent picture of chemisorption on nar-
row-band substrates. Since the evaluation of V
and D from first principles is a very difficult
problem, we suggest that experiments that probe
the magnetic state of the adatom (e. g. , resonance
tunneling, NMR) will yield information which in
conjunction with photoemission data, would allow
us to estimate V and D using the formalism pre-
sented here.
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