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tion band, at 1.1-1.9 eV for Xe, 1.6-2.1 eV for
Kr, and 2.5-3.5 eV for Ar above the bottom of
the conduction band. From modified calculations
for the EDC’s, considering realistic valence
bands, one can extract more detailed informa-
tion about the structure of the conduction bands,
which is difficult to get otherwise. Such calcula-
tions are in progress.?®

At energies equal to the sum of the gap energy
and the first exciton energy the onset of electron-
electron scattering is observed (not shown in
Fig. 1). These energies are 17.8 eV for Xe, 21.9
eV for Kr, and 26.3 eV for Ar. The cross section
for this process has been studied in detail for Kr
and Ar and will be discussed elsewhere.'®?°
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We report the results of a parameter-free, self-consistent, wave-mechanical calcula-
tion of the properties of H, Li, and O chemisorbed on a metal surface. Comparison is
made with available experimental results on dipole moments, adsorption energies, and

state densities.

We report here the first essentially exact nu-
merical solution of a widely discussed model of
chemisorption. The model consists of a semi-
infinite uniform distribution of positive charge
representing the lattice of substrate metal ions,
an atomic nucleus of charge Z, and the gas of in-

teracting electrons. The equilibrium position of
the nucleus and the electron density distribution
are evaluated self-consistently by use of the Kohn-
Sham local-density description of exchange and
correlation.! From this density distribution, we
have calculated the dipole moment, heat of ad-
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sorption, and energy density of states.

The uniform-background model for the bare
metal surface has been shown to represent accu-
rately the ground-state properties of simple-met-
al surfaces.? We expect this description of the
substrate to give good results for chemisorption
on surfaces not characterized by either direction-
al bonding or a density of states which varies rap-
idly with energy in the vicinity of the resonant
states associated with the adatom.

The partial differential equations associated
with this simple model for chemisorption are dif-
ficult to solve; and previous studies®* have in-
troduced approximations which preclude bringing
out the full physical and chemical content of the
model. These studies, in contrast to the present
work, describe the electronic kinetic energy with
a finite-gradient expansion, which leads, for ex-
ample, to qualitatively incorrect values for the
dipole moment and the electron density in the vi-
cinity of the nucleus (see below). Our analysis
shows in addition that linearizing the response of
the metal to the adatom® is not an adequate ap-
proximation, even for hydrogen chemisorption.

The only input to our calculation is Z and the
positive background density of the substrate (spec-
ified by 7,). We introduce no adjustable param-
eters, no linearization, no assumed variational
forms for the wave functions (such as Gaussian
orbitals), and no assumption of spherical sym-
metry near the nucleus. The resulting energy
spectrum contains both discrete and continuous
portions. The wave functions associated with
both portions are allowed to polarize freely®;
this freedom was found essential to give a vanish-
ing electrostatic force on the adatom nucleus at
the minimum-energy position (Hellmann-Feyn-
man theorem). ‘

The formalism of Kohn and Sham™?2 reduces the

many -body problem for the ground-state density
distribution of an inhomogeneous system of N
electrons in a static external potential to the self-
consistent solution of a set of Hartree-like equa-
tions®:

{'— V2+veff[n;;]}\I/i(;)in‘l’i(;), (la)
n(d =35 e @F, (10)

where v ¢, a functional of the electron number
density n(r), is the sum of the electrostatic po-
tential and an effective exchange-correlation po-
tential, The eigenfunctions of Eq. (1a) for the
bare model surface (without the adatom) can be
written (with use of cylindrical coordinates p, ¢,
z) as

¥, M) =emd (kp)uM(z). (2)

(We take the z axis along the surface normal, and
label quantities appropriate to the bare surface
with an M.) The quantum numbers E, m, and k
reflect the quantities conserved by the symmetry
of the bare model surface: energy and the two
components of transverse momentum. The u,*(z),
where k2=FE - k% —v ¢ (bulk), are calculated self-
consistently.” The ¥, .” are normalized to 6(E
-ENG,, . 16(k—=K').

The fundamental difficulty in the analysis of the
combined system (adatom plus surface) is the
loss of transverse translational symmetry. Oth-
er than azimuthal symmetry, the only major sim-
plicity we can take advantage of is the fact that
the metal screens out the effects of the adatom
on the charge density and potential (though not on
the wave functions) except in the adatom’s vicini-
ty. This locality is conveniently exploited by re-
placing Eq. (1a) for the continuum states by the
equivalent Lippmann-Schwinger equation:

¥ (D) =¥y, ME) + [d GH(F, T7) 00 (F) ¥ 5, (), (3)
where |

00es1(T) = Ve[ T] = Vogs[my; 7], (4) as .
and ‘I'EmK(M)(r) - 1=Z: aEmKl(M)‘I’Eml(M)(r)- (6)

{VE+E = vogs[n,; 1} GH(r, ) =6(r = 1/).  (5)

While we can use « to label our scattering solu-
tions, it does not refer to a conserved quantity
in the combined system.

In the region surrounding the adatom in which
0v.¢s is nonnegligible, we expand ¥, and ¥, *
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The ¥, and ¥, ," were obtained by direct nu-
merical integration of Eq. (1a)® outward from the
origin (the position of the adatom nucleus). They
differ from their « counterparts only in the boun-
dary conditions they satisfy:

limy™! [ dQ Y, (¥, A0 =5, ("

7>0
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TABLE I. Calculated values of the dipole moment
and atomic binding energy, compared with low-adatom-
coverage experimental results. d in the second column
is the calculated equilibrium separation in atomic units
(bohrs). The computed values of u and AE, are not in-
ordinately sensitive to d. (For example, a change of d
for oxygen by 20% changes u by less than 15% and AE,
by less than 5%.) The available experimental data are
for transition-metal substrates: H (Ref. 9); Li (Ref.
10); O [Refs. 11 (u) and 12 (AE,)]. The <sign in the
table refers to the fact that even at low coverages, H
and O atoms cluster into islands, making the true zero-
coverage limit of 4 more negative than the measured
low-coverage value (see Ref. 13).

Theory Experiment
d © AE, [T AE,
(a.u.) (D) (eV) (D) (eV)
H 1.1 -0.5 1.5 <=0.15 3
Li 2.5 2.6 1.3 ~1,5-3 ~2.5=3
(¢} 1.1 - 1.7 5.4 <=~0.4 5—6

When expansions (6) are substituted into the »
-0 limit of Eq. (3), a linear matrix equation® re-
lating the properly normalized oy, to the known
Qg results. The required » -0 limit of the
metal Green’s function was constructed by com-
bining the two sets of independent solutions of
Eq. (1a) (with potential v ¢¢[n,; T]): those which
increase exponentially in the vacuum and those
which decay. Our particular treatment of the r
dependence of Eq. (3) reduces complications
stemming from the fact that the atom is most
naturally described in spherical coordinates
while the metal is naturally described in cylindri-
cal or rectangular coordinates.

We introduce a quantity on(E, r) defined as twice
(for spins) | ¥z, (r)P~ ¥, M(r)? summed over
m and k, plus twice the squares of the discrete-
state wave functions (multiplied by energy delta
functions). Integration of on(E, ) over E up to
the Fermi level yields the change in electron den-
sity on(r). Integration of on(E,r) over r yields
the change in state density on(E).

We now briefly discuss the results of our calcu-
lations for H, Li, and O chemisorbed on a high-
density metallic substrate (»,=2). The predicted
nucleus—positive-background separations d are
given in Table I, these separations are physically
realistic.'* The energy, and the various com-
ponents of the electrostatic force on the nucleus,®
are shown for the case of oxygen in Fig. 1.

Figure 2 gives the state-density changes on(E).
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FIG. 1. Energy and forces as functions of d for oky-—
gen chemisorption. The “force” curve gives the total
electrostatic force on the adatom nucleus. The differ-
ent contributions to this force are shown as dashed
curves. F,, is the force due to the bare metal. The re-
maining contributions are _gue to the various components
of the electron density én(r): Fy  and F, arise from
electrons in the 1s and 2s discrete states; F, and Fy
arise from electrons in continuum states characterized
by m =0 and m =1 (mostly m =1), respectively. The
magnitudes and directions of these force components
are similar to those found for the oxygen molecule (see
Ref. 15). ‘

Both H and O show resonances in the filled part
of the metal band. Unfortunately, the available
experimental data are almost entirely for chemi-
sorption on transition-metal or semiconductor
substrates, which our model is not primarily in-
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FIG. 2. Changes in state density é6n(E). The continu-
um portions are normalized to unity.
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tended to describe. For this reason, and also be-
cause of the importance of relaxation effects,'®+"
a comparison of these on(E) curves with photo-
emission difference spectra (at low coverages)
can be only qualitative. As examples, peaks in
the measured spectra having widths and positions
(relative to the vacuum) roughly similar to those
of the resonances in Fig. 2 have been reported

by Ibach and Rowe'® (H/Si) and Menzel® (O/Ag).

Table I gives the computed dipole moments
(£2°°22 and atomic binding energies AE,.*® Even
though the experimental data are again for chemi-
sorption on transition metals,®”® the calculated
values agree with the data both in sign and in
trend with atomic number. "

We are delighted to acknowledge helpful conver-
sations with J. F. Janak, D. W, Jepsen, D. E.
Eastman, J. E. Demuth, D. M. Newns, J. M.
Baker, M. C. Gutzwiller, L. J. Sham, H. F.
Budd, and W. E. Spicer.

'W. Kohn and L. J. Sham, Phys. Rev. 140, A1133
(1965).

’N. D. Lang, Solid State Phys. 28, 225 (1973).

3J. R. Smith, S. C. Ying, and W. Kohn, Phys. Rev.
Lett. 30, 610 (1973), and Solid State Commun. 15, 1491
(1974), and to be published.

‘H. B. Huntington, L. A. Turk, and W. W. White, III,
to be published.

A. R. Williams and J. van W. Morgan, J. Phys. C:
Proc. Phys. Soc., London 7, 37 (1974).

SUnits are rydbergs and bohrs.

IN. D. Lang and W. Kohn, Phys. Rev. B 1, 4555
(1970).

8We make the completely controllable approximation
of finite truncation of the I summation in expansions (6).
1., =6 was found sufficient for the present work.
ng’aEx.g., T. E. Madey and J. T. Yates, Jr., Colloq. Int.
Cent. Nat. Rech. Sci., No. 187, 155 (1970).

W0y. K. Medvedev, Izv. Akad. Nauk SSSR, Ser. Fiz. 33,
528 (1969) [Bull. Acad. Sci. USSR, Phys. Ser. 33, 489
(1969)].

'E.g., T. E. Madey, Surface Sci. 33, 355 (1972).

534

Eg., A. E. Dabiri, V. 8. Aramati, and R. E. Stick-
ney, Surface Sci. 40, 205 (1973).

33, C. Tracy, Ph.D. thesis, Cornell University, 1968
(unpublished).

43, E. Demuth, D. W. Jepsen, and P. M. Marcus,
Phys. Rev. Lett. 31, 540 (1973).

1%cf. R. F. W. Bader, W. H. Henneker, and P. E.
Cade, J. Chem. Phys. 46, 3341 (1967).

185, E. Demuth and D. E. Eastman, Phys. Rev. Lett.
32, 1123 (1974).

Tt also the discussion by L. J. Sham and W. Kohn
[Phys. Rev. 145, 561 (1966)] of the relation between the
eigenvalues in Eq. (1a) and the quasiparticle energies.

8. Ibach and J. E. Rowe, Surface Sci. 43, 481 (1974).
(Note estimated zero-coverage extrapolation.)

8D, Menzel, to be published.

20, is defined as ~ [drz on(r) (z=0 at nucleus; z=+*
in vacuum). Thus p<0 implies an increase in substrate
work function.

We note several differences between the wave-me-
chanically computed u values and those obtained in the
linearized, gradient-expansion treatment of Ref. 3.
[The effect of a finite gradient expansion for the kinetic
energy was tested by using the wave-mechanical calcu-
lation at Z values for which the other approximation of
Ref. 3 (linear response) is not in question, i.e., Z<1.]
In the range d=0 to d=1.5 a.u., for example, the value
of u/Z in Ref. 3 varies between — 0.02 and +0.05 D.
The wave-mechanical treatment (with Z < 1§, by con-
trast, yields a value that increases monotonically over
this range from zero to +0.85 D (this one result is for
rs=1.5, the substrate r; used in Ref. 3). With regard
to nonlinearity, p/Z, a quantity which is constant if
linear response is valid, changes (at d=1 a.u. for ex-
ample) in the present calculation from +0.7 D for Z< 1
to—-0.5D for Z=1.

22An important conclusion of Ref. 3 is that chemisorp-
tion reduces the electron density at the hydrogen nucle-
us to ~ 3 its atomic value. Our calculations (for Z=1),
by contrast, show this quantity to be slightly enhanced
by chemisorption.

23AEa is the difference in total energy between the met-
al plus the separated atom, and the metal with the atom
chemisorbed on its surface. Energies of isolated Li
and O atoms found by J. F. Janak (private communica~
tion) in a spin-polarized Kohn-Sham calculation were
used.



