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Universal binding-energy relation in chemisorption

John R. Smith
Physics Department, General Motors Research Laboratories, 8'arren, Michigan 48090

John Ferrante
National Aeronautics and Space Administration, Lewis Research Center, Cleveland, Ohio 44135

J. H. Rose
Ames Laboratory —U.S. Department of Energy, Iowa State University, Ames, Iowa 50011

(Received 13 October 1981)

We have discovered a universal relationship between chemisorbed-atom —metal-substrate in-

teraction energies and separation distances. For a variety of adatoms and substrates, the ada-

tom binding energy as a function of the distance between the adatom and metal surface has

been accurately determined by a simple scaling of the universal relationship. We also reveal an

accurate, simple relationship between the electron-number density distributions at jellium sur-

faces and the bulk electron density.

Recently it has become possible to compute adatom
binding energies as a function of the distance
between the adatom and metal surface in an ab initio

fashion. '~ Such calculations are difficult and quite
rare, however. Moreover, energy-distance relation-
ships for chemisorption cannot be obtained using
modern experimental techniques. Such relationships
would be very useful, however, because they are
basic to surface energetics. For example, energy-
distance relationships are central to the prediction of
surface equilibrium atomic configurations and reac-
tion kinetics. 5

In the following, we provide evidence for the ex-
istence of a universal energy-distance relationship for
chemisorption on jellium surfaces. We have found
that every chemisorption binding-energy —distance re-
lation computed to date —for a wide variety of
adatoms —can be accurately obtained via a simple
scaling of a universal relation which we provide. The
equilibrium binding energy and the host (substrate)
electron density at the equilibrium position of the ad-
sorbate are the only necessary inputs.

Binding-energy —distance relationships in chemi-
sorption have been computed for several adsorbates
on jellium in a self-consistent, ab initio fashion. Hy-

drogen was first treated by Smith, Ying, and Kohn'
using a linear-response-gradient expansion method.
Subsequently, Kahn and Ying2 computed binding en-

ergy curves for the alkalies using the same technique.
Binding-energy —distance relations for the chemisorp-
tion of H, 0, and Si on jellium surfaces which ap-
proximate Al and Mg have been computed via a

solution of the Kohn-Sham equations. For a review
of these calculations, see Ref. 8.

The variety of binding-energy —distance relation-
ships for the different adsorbates is exemplified in
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FIG. 1. Total energy of the adion plus substrate plotted
against adion separation from the jellium surface. The
(bulk) jellium r, =1.5 a.u. The hydrogen results are from
Ref. 1 and the alkali results are from Ref. 2.

Fig. 1, where the results of Refs. 1 and 2 are given.
The alkalies show a much slower variation with
separation (distance between the adsorbate and jelli-
um surfaces), than does hydrogen. Despite these ap-
parent differences, we shall see that there is a univer-
sal relationship which links together these results and
those of Refs. 3, 4, and 6. That is, all of these
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results can be simply scaled onto a single curve.
The effective "size" of the adatom depends pri-

marily on surface screening lengths. Longer screen-
ing lengths mean that the adatom samples the sub-
strate surface potential distribution over a larger
volume. The more rapid variations in the potential
tend to be averaged out over a larger volume for the
case of longer screening lengths. Conversely, it is
plausible to expect adatoms which encounter shorter
screening lengths when chemisorbed to effectively
desorb or lose contact with the metal over a smaller
separation range. That is, for these adatoms it would
be expected that the atomic binding energy curves
would rise to zero from the minimum or equilibrium
position over a smaller range of separations. We will
scale the adatom-jellium surface separation a by the
Thomas-Fermi screening length A. = —, (9n/4) ' 'r,'('
a.u. where r, I is determined from the clean surface
electron density no at the equilibrium position of the
adsorbate. 9' That is, r„=(3/4mno) ' '.

In combining the results of Refs. 1—4 and 6 we
take note of that fact that the authors of Refs. 1 and
2 computed ionic binding energy curves, while those
of Refs. 3, 4, and 6 computed atomic binding energy
curves. For the ionic case, the desorbed particle is an
ion with an electron left in the metal, whereas for the
atomic case the desorbed particle is an atom. In the
vicinity of the equilibrium position, electron ex-
change between adsorbate and substrate is rapid.
Therefore, one might expect that in this region the
ionic curve would be essentially identical to the atom-
ic curve. We will see that this is in fact the case, as
evidenced by the result that the ionic and atomic
curves can be scaled onto a single, universal curve.

We will scale the amplitudes of these atomic
binding-energy curves by their respective values at
the minima. The distance and amplitude scaling is
then explicitly,

E(a) =SEE'(a') .

Here a'=(a —a )/X and AE=E(a ), where a is
the equilibrium separation, so that AE is the theoreti-
cal energy to remove the adsorbate to infinite separa-
tion as a neutral atom (atomic desorption ener-
gy). " " E'(a') is the scaled atomic binding energy
function and the E(a) are the atomic binding func-
tions computed by the authors of Refs. 1—4 and 6.

It remains to find no so that A, can be determined.
To simply find no, we make note of an accurate scal-
ing of electron number density distributions at clean
jellium surfaces. We have solved' the Kohn-Sham
equations for jellium surfaces with densities appropri-
ate to Al, Zn, Mg, and Na. We scaled the distance
coordinate by the Thomas-Fermi screening length
corresponding to the bulk r, and the density ampli-
tude by the bulk (jellium) density. As shown in Fig.
2, the scaled electron number density distributions
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FIG. 2. Electron number densities at a jellium surface as
a function of scaled coordinate perpendicular to the surface,
where a" =a/X and X is determined from the corresponding
r, value shown on the figure. The number density ampli-
tudes are divided by the bulk density.

fall rather closely on a single curve in the region
where the equilibrium positions of the chemisorbed
particles lie, 0 to +3 a.u. This enables a simple
determination of no for the substrates of interest by
scaling back from the curve in Fig. 2. Alternatively,
a simple relationship is shown to exist between the
bulk electron density and the surface density distribu-
tion.

In Fig. 3 we plot the scaled atomic binding energies
E'(a'). One can see that the scaled binding energies
fall closely on top of each other so that Eq. (l) be-
comes a universal binding energy relation for chemi-
sorption. This is true despite there being a variety of
adsorbates and four different substrate bulk electron
densities. That, e.g. , the hydrogen results should fall
on top of the alkali results is truly remarkable given
the differences evidenced in Fig. 1.

It is interesting that the different theoretical
methods (i.e., linear-response —gradient-expansion
method and the solution of the Kohn-Sham equa-
tions), used in Refs. l —4 and 6 yield results which
fall closely on a single curve. This would suggest that
the apparent universa1ity is not due to a particular
theoretical approximation.

This is consistent with what we have found' for
cohesive and adhesive binding. For those phenome-
na, using identical scaling procedures, we found
universal adhesive and cohesive binding energy rela-
tions. The results that we scaled came from a variety
of theoretical methods, which gives further evidence
of the universality not being due to a particular
theoretical method. In addition, the cohesive energy
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FIG. 3. Atomic binding energy curves for chemisorption
on jellium surfaces scaled as described in the text. The jelli-

um bulk densities are denoted by the corresponding r, value

listed in the figure. The 0 results are from Ref. 6, the H

results on r, =2.07 (Al) and 2.65 (Mg) are from Ref. 4, the

Si results are from Ref. 3, the H results on r, =1.5 are from

Ref. 1, and the alkali results are from Ref. 2. The solid

curve is drawn as an aid to the eye.

results included those from transition metals. This
suggests that chemisorption on transition metals
might fall within the universal character discussed
here. A testing of this must await calculation of
binding energy curves for chemisorption on transition
metals.

Chemisorption binding energy curves on simple
metal crystalline surfaces can be quite site depen-
dent. ' It is unlikely that one could scale the curves
for different sites onto one universal curve. It would
be interesting, however, to attempt to scale the

curves for different adsorbates on the same site onto
a universal curve for each site merely from a
knowledge of the electron densities at the equilibrium
positions. The fact that universal adhesive and
cohesive energy relations were found' for crystalline
solids suggests that they might be found for chemi-
sorption on crystalline surfaces. A predictive capabil-
ity for these surfaces could be formulated as follows.
There is increasing evidence that bond lengths for
chemisorption on metal surfaces can be determined
relatively simply to a reasonable accuracy. For exam-
ple, by summing covalent radii' or by using
Pauling's bond-length —bond-order relation" some
authors have successfully predicted chemisorption
bond lengths. Once we know the bond length, the
electron density no due to the clean substrate at the
site of the adsorbate can be approximated by overlap-

ping atomic charge densities. The accuracy criterion
is not too critical for no since it enters into A. as no

as shown above, There are a number of clean sur-
face charge distributions now in the literature, ' and
these could be used when available. An experimental
test of this predictive procedure could be had by

comparing predicted vibrational spectra with electron
energy-loss data. When binding energy curves are
computed for crystalline transitional metal surfaces
(there are none available in the literature to our
knowledge), then a direct theoretical test of univer-

sality can be made for transition-metal surfaces.
In summary, our results suggest that a universal

relation exists for the binding energy as a function of
the separation distance between a chemisorbing atom
and a jellium surface. This universality has been
seen to extend to a wide variety of adsorbates on
substrates of several different bulk electron densities.
In a subsequent, longer paper, we will present a more
quantitative argument as to why one might expect to
find such a universal relationship. Taking advantage
of the simple, exponential form for the universal
binding energy relation, we will present analytic rela-

tionships between observables such as absorbate vi-

brational frequencies and desorption energies.
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