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A model Hamiltonian is used to calculate potential-energy surfaces for He and Ne on the (110)
faces of Ni, Cu, Pd, and Ag. The calculations are nonperturbative, self-consistent, and contain no
parameters which are fittable with respect to the gas-solid interaction. Static image-force effects are
included; The theory represents the first quantum-mechanical approach to rare-gas —transition-
metal potentials which includes the interaction of the rare-gas orbit', ls with the d electrons in a con-
sistent way. Corrugation is found to be approximately proportional to the d-electron charge density.
The sp band is represented by a Sommerfeld model with hybridization gap, which does not contri-
bute to the corrugation. Part of the potential arises through the hybridization of the rare-gas orbi-
taIs with the unoccupied metal states. This interference energy is roughly a factor of 2 larger for
neon than for helium, leading to larger corrugations of the neon potentials as compared with the
helium potentials. This is in agreement with recent experiments, but in contrast to earlier theoretical
predictions. The theoretically calculated corrugations and well depths compare reasonably to the ex-
perimental data where available. The computed values of corrugation for He increase in the order
Ni, Cu, Ag, and Pd. This agrees with experiments where soft potentials have been fitted to the
scattering data, although the predicted He/Ni(110) corrugation is overly large by more than a factor
of 2. VA'th increasing energy, the He corrugation increases slightly in the calculations. The depen-
dence is nearly constant for Ni and strongest for Pd. For Ne/Ni(110) and Ne/Pd(110) corrugation
decreases with energy. Image-force effects are found to be important for the corrugation and soft-
ness of the neon potentials.

I. INTRODUCTION

Recent advancements in experimental techniques (im-
proved intensity and experimental resolution) led to the
observation of helium diffraction from a number
of transition-metal surfaces: W(112),' Cu(100), Cu(117),
Cu(110), Cu(113), Cu(115), Ni(110), Ag(111),
Ag(110), Pd(110), and the reconstructed Au(110) sur-
face. For the smooth fcc (111) and (100) surfaces the
nonspecular intensities are so weak that no meaningful in-
formation about the He-metal interaction potential can be
obtained. For the open (113), (115), and (117) structures
the shape is so complicated and the corrugation ampli-
tudes are so large that most methods for calculating dif-
fraction intensities either stop working or become prohibi-
tively complicated. The bound-state resonances are, how-
ever, easily observable for these strongly corrugated sur-
faces and the well depths and energy levels have been
determined. '

The fcc (110) faces present an intermediate situation in
that the corrugation amplitude is usually large enough for
being analyzed by the standard methods, but it is too
small for the bound-state resonances to be observable. '

An exception is Ag(110), which shows an unexpectedly
large corrugation so that selective adsorption data are
available. These favorite circumstances permitted the
construction of an "experimental He/Ag(100) interaction
potential. " If one combines the information about the ad-
sorption well obtained from the He/Cu(113) and
He/Cu(115) data with the He/Cu(110) diffraction intensi-

ties, one can derive what with some justifications might be
termed an experimental He/Cu(110) interaction poten-
tial 11,12

These experimental interaction potentials offer an ideal
testing ground for adsorption theories. Quite a few
schemes have been developed in order to predict the in-
teraction energies of rare gases with metal surfaces. Many
of them' '

pay special attention to the so-called "van
der Waals force," which is taken as the only attractive
contribution. The repulsive part of the interaction is es-
timated independently by either using the Hartree-Fock
approximation' or the density-functional formalism. ' '
The superposition of the attractive and repulsive forces
produces then a minimum. This separation of the total
interaction energy is inadequate, because somewhere near
the equilibrium distance the van der Waals interaction
loses its clear-cut character and merges into the
exchange-correlation interaction which has the same
physical origin as the repulsive interaction. Therefore
both contributions should be determined together in a
coherent fashion by solving Schrodinger's equation. This
point has already been emphasized in the literature. '

Recently, Annett and Haydock pointed out that the
hybridization of the 1s orbital with the unoccupied metal
states yields an important contribution to the attractive
interaction energy, which has been neglected in the
above-mentioned approaches.

The local-density formalism provides an adequate ap-
proach for s-band metals. ' Treatment of the corrugation
on transition-metal surface due to interaction with the d
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electrons is much more difficult in this formalism and no
calculations are available yet. A remedy is commonly
sought by applying the Esbjerg-N@rskov assumption, '

which states the proportionality between surface charge
density and helium potential energy. The validity of this
assumption is presently under controversial discus-
sion. "'

Employing the Esbjerg-Ngrskov assumption together
with the proportionality factors calculated by Puska,
Nieminen, and Maninnen leads to the conclusion that
the corrugation determined from neon scattering should

. be smaller than that determined from helium scattering.
The experimental results obtained by Rieder and Stocker
and Salanon demonstrate the opposite behavior.

The present paper calculates helium and neon interac-
tion potentials by obtaining the Hartree-Fock solution of a
model Hamiltonian, which has already been applied suc-
cessfully to reactive chemisorption systems (H,O, CO, and
NO on the same transition metals as investigated here).

The structure of the paper is as follows. Section II de-
scribes the model Hamiltonian. Only those terms which

are relevant for the rather weak rare-gas —metal interac-
tion are discussed. Section III explains the parametriza-
tion and Sec. IV comments brieAy on technical details of
the numerical procedure. The calculated potential-energy
surfaces are presented in Sec. V. Section VI contains the
physical discussion of the results.

II. THE MODEL

The model has been described previously. It has been
used successfully to explain and correlate experimental
data over a wide class of chemisorption systems. The
same computer program is used here to calculate the phy-
sisorption of rare-gas atoms. Because of the repulsive
character of the interaction, the classical turning point for
thermal kinetic energies is at large distances, where the
overlap is rather small. Interaction terms which are of
higher than second order in the overlap are therefore of
little importance and need not be considered in order to
elucidate the physical picture. The relevant terms in the
Hamiltonian are then

H =Ho+H) +H2+H3+ .

Ho= QE~«~t+n~t)+ 2 et «at+&kt)+ X (AA
I B»(n~r&&t+nAt~Bt)

A k A, B
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I
BB) (AB IB—A)](nztnzt+nz, n~, ),
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where the ellipsis represents unspecified terms of higher
order in the overlap.

The indices A and 8 refer to the rare-gas-atom basis or-
bitals; the indices k and l label unperturbed transition-
metal states; a;, a;, and n; are the electron destruction,
creation, and number operators, respectively. The tilde on
these operators indicates that the wave functions are not
mutually orthogonal. &A

I
k) is the common Dirac nota-

tion for the overlap, which in the notation of Eq. (1) is as-
sumed to be independent of the spin orientation. EA is an
"effective" core attraction integral on the gas atom;
(AA

I
BB) and (AB

I
BA) are effective gas-atom Coulomb

and exchange integrals, respectively. The meaning and
parametrization of these quantities is discussed in Sec. III.
The physically interesting aspect of the Hamiltonian is
that electron-electron repulsion is included explicitly and
consistently in the local region overlapped by the gas-
atom wave functions. This leads to a "dynamic" (i.e., oc-
cupancy dependent) electron hopping between the metal
surface and the gas atom (second term of Ht of the Ham-
iltonian).

Ho describes the separated system, i.e., the gas atom
and metal surface without interaction H& contains the
electronic interaction. H3 represents the attractive image



32 SELF-CONSISTENT CALCULATIONS OF RARE-. . .

potential of the gas-atom core of charge Q. The higher-
order terms not written down in Eq. (1) are retained in the
numerical calculations but are not discussed here. H2 de-
scribes the repulsion between the positive-ion cores. This
term has not been included in the earlier calculations,

and therefore we present a detailed motivation for it in the
following.

The Hamiltonian assumes partial cancellation of large
electrostatic terms:

occupIed occupied occupied occupied
2 g &A

I
V „,~(r)

I
A &+2 g [2(AA

I
kk) —(Ak

I
kA)]=2 g g [2(BB

I

AA) (AB—IBA)] I &A
I
k&

I

A, k

(2)

The sums run only over occupied electron states. The
factor 2 accounts for spin degeneracy, assuming a closed-
shell system. Of the total electron-electron repulsion be-
tween the gas atom and the metal only the right-hand side
of Eq. (2) is retained in the Hamiltonian (cf. H&), i.e.,
only that part of the repulsion which is not canceled by a

corresponding attraction V „,~ of the metal-ion cores.
A detailed discussion of the motivation for Eq. (2) can

be found in Ref. 25 and is not repeated here. The
described choice of the electron-electron repulsion implies
that the adelectron —metal-ion attraction is completely
compensated by a part of the electron-electron repulsion:

I

occupIed occupied occupied
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I
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I
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I
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I
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(3)

Perfect cancellation is also assumed between the attrac-
tion of the metal electrons by the gas-atom core and the
discussed gas-atom —metal electron —electron repulsion
(cf. Ref. 25):

occupied

2 y &k I( —Q/Ir —roI) Ik&
k

occupied

+2 g [2(AA
I
kk) —(Ak

I
kA)]=0, (4)

A, k

where ro is the position of the gas-atom core. The left-
hand side of this equation is called penetration integral.
Using this relationship as an approximation for the
metal-electron —gas-atom core attraction means introduc-
ing a Goeppert-Mayer —Sklar potential (GMS) (first term
in H)).

If we consider the positive charge Q of the gas-atom
core in the field of the unperturbed metal surface, we have
the following exact relationship:

occupIed

gQ/ I
ro rM I

+2 g —&k I
—Q~ I

r —ro
I I

k &

M k = Vg;p, (,(ro), (5)

where rM denotes the position of a metal-ion core. Using
Eqs. (3) and (4) and defining

2 Q~ I
ro —rm

I
=2U+E"

M

we obtain the following expression for the effective repul-
sion

occupiedE"~=Vg;p, (,(ro)+2 g [2(BB
I
AA) —(AB

I
BA)]

k, A, B

x I&A Ik&I'.
This core-core repulsion is contained in H2. It had not
been included in previous calculations based on the same
electronic model Hamiltonian, but it has been demonstrat-

ed here that this form of the core-core repulsion follows
in a logical way from the structure of the electronic Ham-
iltonian. The handling of the electrostatic interaction be-
tween adsorbate and metal can hence be summarized as
follows. There are four electrostatic terms:

8'(adsorbate electrons —metal cores) = —2U,
8'(adsorbate core—metal electrons) = —2U —2b, U,
W(adsorbate core—metal cores) = Vq;»~, +2U+25U,
W(adsorbate electrons —metal electrons) =2U+2b. U .

Here hU and U are defined by Eqs. (2) and (3), respective-
ly. The factor 2 arises from spin degeneracy.

All four terms contain the quantity 2U. In the model
Hamiltonian the electrostatic terms are therefore "renor-
malized" by reducing the absolute magnitude of all four
terms by 2U. In this way the electrostatic balance is
preserved.

III. PARAMETRIZATION

The parametrization consists of choosing the wave
functions and the one- and two-electron integrals in such
a way that the description of the separated system (no in-
teraction between gas atom and metal surface) agrees with
available experimental data. An effective one-electron
description is used, which for the gas atom contains
electron-electron integrals explicitly, whereas for the met-
al an independent-particle model is the starting point.
Fitting a one-electron picture to experimental data means
including correlation effects implicitly. This is essential,
because a Hartree-Pock (HF) description of the separated
system is inadequate. A HF treatment of the metal
would, e.g., lead to a spurious density of states at the Fer-
mi level.
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TABLE I. Core energy E&, and Coulomb integral
( ls ls

~

ls ls) of the helium ls function. Correction zzn to the
position of the image plane for the helium calculations.

E),———54.44 eV
(ls ls

i
ls ls)=29.88 eV

zg 0= 1.36 a.u.

A. Rare-gas-atom description

The gas-atom orbitals are Slater-type orbitals (STO's)
with the exponents taken from Clementi's tables. The
orbitals are identical for different spin orientations. For
helium only the 1s orbital is included. For neon the 1s
orbital is considered to be nonpolarizable and therefore
forms a part of the effective core of charge + Se. The 2s
and 2p orbitals are explicitly treated in the calculations.
The core energies E~ and the Coulomb and exchange in-
tegrals (AA

~

BB) and ( AB
~
BA) are reproduced in Tables

I and II. They are not evaluated by direct integration but
are chosen in such a way that the experimental spectro-
scopic data are reproduced. For helium, e.g., this war-
rants that the total energies of the (ls ) (ls, 2s), and
(1s, 2s) configurations and their ionization energies agree
with experiment.

B. Description of the metal surface

The inner potential of the delocalized electrons of the
sp band is approximated by a step function (Sommerfeld
model). Inside the metal the electrons are attracted by a
potential Vc which is given by the sum of the work func-
tion (t and the energetic width E» of the filled sp band.
Outside the metal the potential is zero. With z defined as
the perpendicular distance from the step the potential is
given by Eq. (7):

Vc, z'~0 with VII
—— its EF, — —

V(z') = (7)
0, z'&0 .

The eigenfunctions of this potential are sines, which decay
exponentially in front of the surface:

A sin[(k, z'+a)], z'&0
PsP band (Ak /K)exp[ —(K~—k~) I&~z'], z') 0

(Z')= '

A =(2/L)', K /2=Eb+sts, (&)

a=arctan[ —k, (K —k, ) '~ ] .

TABLE II. Core energies Ez, Coulomb integrals ( AA
~
BB),

and exchange integrals ( AB
~
BA) for the neon 2s and 2p func-

tions ( A,B =Zs, Zp; a, b =x,y, z). Correction zqo to the position
of the image plane.

E2,———112.47 eV
E2p ———87.56 ev
(2s2s

i
2s2s)=(2s2s

i 2p2p)=(2p2p i 2p2p) =10.00 eV
(2s 2p

~
2p 2s) =2.00 eV

(2p, 2pb i 2pb2p, )=1,00 eV
z~o ——0.68 a.u.

hm II(+)z= — llI11 JI (z )= JIO
+ oo 00

The positive charge density n+(z') of the jellium has a
step at the distance —RJs relative to the Sommerfeld
edge:

no z'( —&Js

0, z') —RJs . (10)

The distance R Js is determined by the overall charge neu-
trality of the metal:

f [n+ (z')+ n (z')]dz'=0 .

The dipole potential is given by

Vdipola(z')=2~ J [JI+(z)+n (z)]
I
z —z

I
dz (12)

The first layer of lattice sites is situated relative to the jel-
lium edge ( —RJs) at d/2, where d is the distance to the
next layer inside the metal. This choice is somewhat arbi-
trary, but it is the standard procedure in the literature.
A11 relevant distances are shown in Fig. 1.

Due to the interaction of the sp band with'd bands of
the same symmetry a hybridization gap is formed.
In the model this behavior is introduced by omitting the
sp states of a certain energy interval (eI,e2). These ener-
gies (with respect to the vacuum level) together with work
functions, Fermi energies, the distance RJs as well as the
lattice constants are compiled for all relevant metals in
Table IV.

The normalization length L, is assumed to be so large that
for normalizing the wave function the exponential decay-
ing parts can be neglected. Parallel to the surface (x,y
coordinates) periodic boundary conditions are used:

+s» band L esp band(z')exp[i (k„x+k»y) ]

where k„and k» are the wave vectors in x and y direc-
tion, respectively. The density of states in k space is
L /4m.

The d orbitals, are approximated by double-g functions
centered at the different lattice sites. As the sp electrons
are delocalized throughout the crystal, the atomic wave
functions of the corresponding positive ions (with the
same d configuration as in the metal) are used. The ex-
ponents and coefficients are shown in Table III. As the
metals under consideration have narrow d bands the ef-
fective density of d states is approximated by a 5 function
in energy. In order to determine the dipole potential of
the unperturbed metal surface, the total electronic charge
has to be calculated. The d states are strongly localized,
however, and do not contribute significantly to the "spill-
over" of the metal electrons, and hence can be neglected
for the dipole potential. The effective part n (z') of the
electronic charge is given by the integral over the absolute
squares of the sp wave functions [Eq. (9)] up to the Fermi
level. In order to obtain charge neutrality a positive uni-
form jellium of density n+ is introduced. Inside the met-
al (z' —+ —no ) both charge densities cancel each other:
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TABLE III. Orbital exponents g; and coefficients c; used in the expansion of nd metal wave func-
tions %q in Slater basis wave functions I)'j„~ . Only components with exponents g; &6 are displayed.
Components which larger exponents give negligible overlap with the adorbitals, but are essential for
normalization. The d wave functions have the form

tPd = pc;Q„I~(r;g;), Q„I~(r;g;)=[(2g;l "+'l(2n)!]' r" 'exp( g; r)—I'I (6,$) .
C

Metal

CU

Pd

Ag 4
4

Quantum
numbers

2.30
5.95

1.570 27
2.787 09
4.752 53

2.398
5.542

2.444
4.908

c

0.5744
0.5933

0.210 53
0.417 73
0.331 29

0.6405
0.5823

0.5809
0.5833

Ref.

33(a)

33(b)

33(c)

33(d)

n, (z'}
n+ I~V

I
I
I
I
I
I
I
I
I
I
I
I
I
I—~

I
I

, ! I

V(z')

I
I
I
S

I

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

I
I
I

I
I

I

I
I

I
I
I

I
I
S

I
I
I
I

I

RJS

Q

FIG. 1. Definition of various surface planes (plane of lattice
sites, jellium edge, Sommerfeld edge) and their relative dis-
tances. Perpendicular distances z are given in this paper relative
to the first plane of lattice sites, positive distances correspond to
the vacuum side (z =z+d/2=z'+RJs+d/2).

C. Image potential

The model Hamiltonian as described in Sec. II contains
a correlated electron motion only in the region overlapped
by the adorbitals. In the presence of a metal surface the
image force is an important nonlocal correlation effect
which even for rare-gas atoms leads to relatively large
shifts of the ionization energies (of the order of several
eV). This has been experimentally confirmed by means of
the ion neutralization spectroscopy. In the present ver-
sion of our model image-force effects are included in a
static way as renormalizing the core and Coulomb in-
tegrals.

—1/(4tz' —z;
t
)+Q/(2tz' —z;

t
)

—(Q —1)/(2 tz' —z; t
)=I/(4tz' —z; t

)=Vi (z') .

We want to describe this by a renormalization of the gas-
atom parameters:

E„'(z)=E„'( )+AE„(z'),
(AA tBB) t, =(AA tBB) (, „—b. W(z'),

(AB
t
BA) t, =(AB

t
BA) i,

This leads to

(13)

Vim(z') =b E~ (z') —(Q —1)b, W(z') .

On the other hand, the total gas-atom energy has to
remain unchanged, because a neutral gas atom experiences
no net image force:

QEEg(z') ——,
'

Q(Q —1)b W(z') —Q V; (z') =0 . (14)

The last two equations can be solved for b.E~(z) and
b, W(z):

Consider the effect of all image charges of the rare-gas
charge distribution on one particular rare-gas electron.
The interaction of the electron with its. own image leads to
an attractive potential —V; = —1/(4

t

z' —z;
t

). z; is
the position of the image plane, which will be discussed
later. z' is the (averaged) position of the considered elec-
tron. The interaction energy of the electron with the im-
age of the core of charge Q is Q/(2

t

z' —z;
t
). Here we

have assumed that the averaged position of the rare-gas
electron is right at the position of the core. This interac-
tion energy is different in magnitude from V;, because
the image of the core does not move, if the considered
electron moves. The same is true for the images of the
(Q —1) other electrons on the rare-gas atom. Hence the
total interaction energy of all images with the considered
electron is
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TABLE IV. Parametrization of the metal surface: P, work function (eV); EF, Fermi energy (eV); e~, upper edge of hybridization

gap relative to Fermi level (eV); c2, lower edge of hybridization gap relative to Fermi level (eV); a, lattice constant (a.u.); d, distance
between (110) metal layers in the z direction (a.u.); RJs, separation between jellium edge and Sommerfeld edge (a.u.); 8, constant for
the T —B method (see text).

Metal

Cu
Ni
Pd
Ag

(eV)

4.50
5.04
5.40
4.52

Ref.

28
28
28
28

(eV)

9.35
9.00
7.00
8.89

(eV)

—7.38
—6.76
—7.44

—10.07

(eV)

—9.43
—9.62
—9.92

—12.07

Ref.

29
29
30
31

a
(a.u. )

6.8340
6.6636
7.3528
7.7244

d
(a.u. )

2.4162
2.3560
2.5996
2.7310

Rgs
(a.u. )

0.3404
0.3799
0.5232
0.3614

0.85
0.70
0.88
0.91

E~ (z') = Vi (z')(2Q —1),

EW(z')=2V; (z') .
(15)

If the Q values. for helium ( Q =2) and neon ( Q = 8) are
inserted, one finds

hEq'(z')=3' (z'), bEg'(z')=15V; (z') . (16)

=[(Q+q)(2Q —1)—(Q+q)(Q+q —1)—Q ]V;

2= —q V;

The gas-atom parameters Ez and (&& ~BB) of the
Hamiltonian [Eq. (1)] are the distance dependent quanti-
ties defined in Eq. (13). This distance dependence de-

creases the total energy of the system as the gas atom ap-

This parametrization has the property that it yields the
right image interaction also for the ionized configurations.
Assume there is the charge q on the gas atom. The
change of the total energy due to image-force effects is
then

(Q +q) hE~ —(Q +q)(Q +q —1)b, W/2 —Q' V;

no 3/4~r, .—— (18)

The functions r; (z) are approximated by two linear
functions in this work (dashed lines in Fig. 2):

proaches the surface. But according to Eq. (14) this de-
crease is canceled exactly by the gain in energy due to the
interaction of the gas core with its image. Because the re-
normalized quantities Ez and (AA

~

BB) enter in the in-
teraction terms H~ of the Hamiltonian [Eq. (1)], the im-
age force influences also the hybridization of wave func-
tions.

Appelbaum and Hamann calculated the image poten-
tial V; (z) of a static point charge Q near a metal surface.
The surface was treated in the jellium approximation and
the response of the semi-infinite electron gas was calculat-
ed self-consistently in the local-density formalism. For
not too small distance z of the charge from the jellium
edge the image potential could be approximated by

V~=Q /[4
~

z r; (z)
~

]—,
where r; depends on the distance z as well. In Fig. 2 this
dependence is shown for different electron densities —no,
given by the Wigner-Seitz radius r, :

r; (z)=
1.36—0.18r„z)A ( r, )

[(1.76—0.18r, )/(1 40+0 30. r, )]z —. 0.40, z &2 (r, )

A (r, ) =1.40+0.30r, ,

zim ~im +Js

The arguments -given up to now are valid for point
charges, whereas in reality we have smeared out electron
charge distributions. If the image force is averaged prop-
erly over these distributions, the effective electron position
would not coincide with the position of the core. To ac-
count for this we make a correction to z;

A
zim zirn +~A 0

00-

iS

= 2

The values used in the calculations are

p'g() = 1.36 a.u. p'go =0.68 a.u. , p =2.2 a.u.

The corrected z; value is used for both, the images of the
electrons and the image of the core. If one would apply it
only to the electrons, a long-range attractive potential for
the neutral gas atoms would result. This long-range at-

I 1 I I I I I I I I I I

8 )6 24
z (o.u. )

FIG. 2. Position of the image plane according to Appelbaum
and Hamann (Ref. 35). The dashed curves are the values used
in the present work. The ordinate gives the position relative to
the jellium edge.
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CU
R~ (a.u. )

Ag Ni Pd

On top
Short bridge
Long bridge
Center

Helium
6.0
6.0
5.5
5.5

6.5
6.3
6.0
6.0

6.5
6.5
6.0
6.0

6.0
6.0
5.5
5.5

On top
Short bridge
Long bridge
Center

Neon
6.0
6.0
6.0
6.0

CU

6.5
6.5
6.0
6.0

D (meV)
Ag Ni

6.5
6.5
6.0
6.0

6.0
5.5
5.0
5.0

Pd

TABLE V. Equilibrium distances (R,„,a.u.) and potential
well depths (D, meV) for helium and neon adsorption above the
four high-symmetry points from Fig. 1 on Cu, Ag, Ni, and
Pd(110) surfaces. Experimental data for the potential well
depths are referred to for comparison with the numerical re-
sults.

represents no special difficulty for the model-Hamiltonian
approach, the high symmetry of the studied system being
no restriction at all. Cross sections of such potential-
energy surfaces at different energies along the [10] and
[01] directions of the (110) face of Pd are displayed in
Figs. 12 and 13 for He and Ne, respectively. These equi-
potential curves allow to trace the energy dependence of
the corrugation amplitudes. They are separately plotted
in Fig. 10 and 11 as a function of energy.

The major trends are as follows.
(1) A slight increase of corrugation amplitudes of He on

Pd(110) with energy for paths through the center of the
unit cell.

(2) A slight increase of z(10) and a decrease of z(01) for
Ne/Pd(110). Such a decrease is also observed for Ne on
Ni(110) and could be ascribed to the strong increase in
repulsion due to the extended d wave functions. As far as
the corrugation functions are concerned the usual practice
is to write them as Fourier series over the reciprocal-
lattice vectors and then to keep only the first terms in the
expansion. This approximation was tested by plotting the
functions

On top
Short bridge
Long bridge
Center
Expt.
Reference

On top
Short bridge
Long bridge
Center
Expt.
Reference

Helium
5.0
5.2
5.7
5.8
6.35'

Neon
6.9
7.1

7.4
74

12.1
23

5.4
5.6
6.5
6.6
6.0

38

10.3
10.5
11.4
11.5

4.3
4.4
5.2
5.2

8.3
8.4

10.3
10.4

7.5
8.2

11.0
11.4
8.05
8

15.8
17.7
23.9
25.7

g( x,O) = —,z (10)cos x1 2K

g(O, y) = —,'z (01)cos y
b

as dashed lines in Figs. 12 and 13. Obviously, keeping
only the first terms in the Fourier expansion of the corru-
gation function is a reasonable approximation for the
less-corrugated crystal direction [10]. However, for the
strongly corrugated [01] direction higher Fourier com-
ponents are important.

'Heat of helium adsorption on Cu(113) and Cu(115).

TABLE VI. Classical turning points (R~~, a.u. ) and corrugation amplitudes z (a.u. ) for helium and neon above Cu(110) in the
close-packed [10] and less close-packed [01] directions compared with experimental data, where available, for perpendicular kinetic
energies 60 and 240 meV.

60 meV 240 meV
Geometric

position
R~ z(10) (a.u. ) z(01) (a.u. ) Rc~ z(10) (a.u. ) z(01) (a.u. )

(a.u. ) Theory Expt. , Ref. Theory Expt. , Ref. (a.u. ) Theory Expt. , Ref. Theory Expt. , Ref.

He/Cu(110)

Long bridge
Center

3.82
3.80

On top 4.25
Short bridge 4.12 0.13'

0.02
=0.0
31'

0.32

0.43

0.26
4

3.68
3.49

3.21
3.14

0.19

0.07

0.35

0.47
0.38
4

On top
Short bridge
Long bridge
Center

4.45
4.27
3.98
3.95

0.18
0.03-

0.32
0.47

Ne/Cu(110)

0.43
23

3.92
3.75
3.44
3.41

0.17
0.03

0.34
0.48

'The two theoretical values are for trajectories of the noble-gas atom above the rows of metal atoms (larger corrugation amplitude)
and in between the rows (smaller z values).
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TABLE VII. Classical turning points (RcT, a.u. ) and corrugation amplitudes z (a.u. ) for helium and neon above Ag(110) in the
close-packed [10] and less-close-packed [01] directions compared with experimental data, where available, for perpendicular kinetic
energies 60 and 180 meV.

60 meV 180 meV
Geometric

position
RcT
(a.u. )

z(10) (a.u. ) z(01) (a.u. ) RcT z(10) (a.u. ) z(01) (a.u. )

Theory Expt. , Ref. Theory Expt. , Ref. (a.u. ) Theory Expt. , Ref. Theory Expt. , Ref.

He/Ag(110)
On top
Short bridge
Long bridge
Center

4.65
4.43
4.05
3.99

0.22
0.06

=0.0
7, 38

0.44
0.60

0.51
38

4.18
3.95
3.52
3.46

0.23
0.06

0.49
0.66

0.85
7

On top
Short bridge
Long bridge
Center

4.79
4.53
4.12
4.07

0.26
0.05

0.46
0.67

Ne/Ag(110)
4.41
4.02
3.62
3.56

0.39
0.06

0.46
0.79

TABLE VIII. Classical turning points (RcT, a.u. ) and corrugation amplitudes z (a.u. ) for helium and neon above Ni(110) in the
close-packed [10] and less-close-packed [01] directions compared with experimental data, where available, for perpendicular kinetic

energies 60 and 180 meV.

60 meV 180 meV

Geometric
position

RcT z(10) (a.u. ) z(01) (a.u. ) RcT z(10) (a.u.) z(01) (a.u. )

(a.u. ) Theory Expt. , Ref. Theory Expt. , Ref. (a.u. ) Theory Expt. , Ref. Theory Expt. , Ref.

He/Ni(110)
On top
Short bridge
Long .bridge
Center

4.52
4.44
4.13
4.07

0.08
0.05

0.06
5

0.37
0.39

0.14
5

3.96
3,88
3.54
3.49

0.08
0.05

0.08
12

0.39
0.42

0.12
12

On top
Short bridge
Long bridge
Center

4.63
4.53
4.08
4.02

0.10
0.06

0.06—0.08
8

0.51
0.55

Ne/Ni{ 110)

0.29
8

4.08
3.94
3.57
3.53

0.14
0.04

0.41
0.51

TABLE IX. Classical turning points (RcT, a.u. ) and corrugation amplitudes z (a.u. ) for helium and neon above Pd(110) in the
close-packed [10] and less-close-packed [01] directions compared with experimental data, where available, for perpendicular kinetic

energies 60 and 180 meV.

60 meV
Geometric

position
RcT
(a.u. )

z(10) (a.u. )

Theory Expt. , Ref.
z(01) (a.u. ) RcT

Theory Expt. , Ref. (a.u. )

He/Pd(110)

z(10) (a.u. ) z(01) (a.u. )

Theory Expt. , Ref. Theory Expt. , Ref.

On top
Short bridge
Long bridge
Center

4.65
4.45
3.88
3.77

0.20
0.11

(

0.04
8

0.68
0.77

0.40
8

4.27
4.01
3.43
3.32

0.26
0.11

0.69
0.84

0.28
0.13

On top 4.72
Short bridge 4.44
Long bridge 3.67
Center 3.54

'For Ekjgz 63 meV (HCW).

0.08
8a

0.90
1.05

Ne/Pd(110)

0.60
8a

4.41
4.02
3.42
3.27

0.39
0.15

0.75
0.99



D D«KOy , G DOYEN , ANDF. v. v. TRENTINI 32

t 0.5-
He/Cu {110)

z(01)

Ne/Cu (110)

z (01)

100

z(10)

200 EE&,„(meV) 100

z {10)
I

I
I

200 EI,}n(meV)

H e / Ni {110)

z (01)
N e/ Ni(110)

z (01)

'100

z (10)
I
I

20000 EI (meV) z(10)
I

I

100 200200 EI, (meV}

0.5-

He/Ag {110)

z{0'I)

Ne/Ag(110)

z{01}

0.5—

I I 1 I

z(10)

200 E . (meV)

0-

z {10)

I

100 20200 EI,In(meV)

e/Pd (110)
Ne/ Pd(110)

z (O'I} 1.0—

z (01)

0.5-

z ('IO)
0.5-

z(10)

100
I

(01) d
c ose-packed and the clo

z(10) are th
ugation amplit d

kdd'

cent
e o each pair

irection, res

on
unit cell, the

nstoa a
e

e rve applies for a
t e

p ths passi

100 20000 EI, }q{meV}

FIG. 11. Ener p
l

cur ves.

rugation am li
anation of different



32 SELF-CONSISTENT CALCULATIONS OF RARE-. . . 6413

l&
z (a.u. }

He/Pd(1'l0)

20meV
40meV
60 meV
80m eV

z (a.u. j 20 meV

40 meV
60 meV
80 meV

T -20 SB
metal

z (a.u. )ii

x (a.u.)

-1.0 SB 10
X(Ci.u. j

20meV
40rneV
60rneV
80meV

N e/'Pd (110j
20 meV

40 meV

60 meV

80 meV

He/Pd(1'l0j

—2.0 LB

1

2.0

metal y (a.u.}

FICi. 12. Equipotential curves for He/Pd(110) concerning the
movement of the He atom along the close-packed [100] (short
bridge to on top), and less-close-packed [010] direction (long
bridge to on top), respectively. The first Fourier components of
the corrugation functions g(x, O) and g(O,y) are plotted as
dashed curves.

—2.0 LB 2.0 T
y (a.u. )

FIG. 13. Equipotential curves as described in the legend to
Fig. 12 for Ne/Pd(110).

&I. DISCUSSION

The discussion serves several purposes. It enables us to
(1) explain theoretically predicted trends physically, (2)
point out possible deficiencies of our theory and connect
these tentatively to discrepancies with experimental data,
(3) check our predictions against reasonable variations of
the properties and parameters assumed for the asymptoti-
cally separated gas-atom —metal system, and (4) derive an
approximate analytic formula for the He-metal potential,
which elucidates the physics. We start with the last point
in order to revea1 the physical picture behind the model
Hamiltonian and the numerical calculations.

A. An approximate analytical formula
for the He —transition-metal potential

1. Contributions due to the electronic interaction
with the occupied metal states

The discussion is facilitated if a discretization into only
two adsorbate-projected metal states —one occupied, the

other empty —is considered. First consider only the cou-

pling of gas-atom orbitals to the occupied metal state.
According to Ref. 25 this gives no net change of the elec-

tronic energy. That it is not repulsive is a consequence of
the exchange hole formed in the metal. Up to second or-
der in the overlap the exchange energy for helium is
—3/2ScU(z), where Sc is the overlap of the ls orbital
with the occupied metal state and U(z) is the image-
force-renormalized Coulomb integral. Near the classical
turning point for He/Pd (z=4 a.u. ) the exchange energy
is —253 meV, near the minimum it is ——3 meV.

Another attractive contribution is the GMS potential
felt by the metal electrons. It is of the order —2S&U(z)
for helium. The helium 1 s orbital contracts due to mixing
with the occupied metal states. This increases the
electron-electron repulsion on the helium by

hE~'~ ~
——

2 SOU(z) .

The gross repulsion between adelectrons and metal elec-
trons neglecting exchange is 3SOU(z). If we add the four
previously-discussed contributions, we get



D. DRAKOVA, G. DOYEN, AND F. v. TRENTlNI 32

(eV)
He/Cu I110I;SB (eV) He/Cu (110);LB

-0.1--

X'~X I«
5.0 6.0 -0.'I 3. 5.0

z (a.u. }

6.0

(eV)

He/Cu(110); C

(eV)

He/Cu(110); T

—0.1— (a.u. }

-0.1—
(0(.u. )

FKJ. 14. (a) Contributions to the electronic interaction energy for He/Cu(110). Compare text for explanation of plotted quantities:
~, EM" [cf. Eq. (36)]; X, bG „'4, EG,~(z)+KG, =E~+E',", +bG, ; o, E,", [cf. Eq. (33)]. (b) Repulsive part of the He/Cu(110)
potential and its components: ~, Eorms

——2SOU(z) [cf.Eq. (37)]; X, Vz;p, &, ', 4, E"' =EPPMs+ Vd;p, &, [cf. Eq. (6)].

6,=EEL'" & +E„+E~—w+EGMs

=(—,
' ——,

' —2+3)SoU(z) =0 . (22)
and renormalized Coulomb integral

U(z) ~U(z)( 1+So/2) (24)
The cancellation of these terms is not fortuitous. It de-
pends, of course, on the parametrization of the model
Hamiltonian and takes its justification from the success of
the model to describe qualitatively correctly the gas-metal
interaction. The cancellation occurs only up to second or-
der in the overlap So. Higher orders lead to a net change
of energy. The true qiiantity AG, including all orders of
the overlap is plotted in Fig. 14 for He/Cu. The deviation
of this quantity from zero is a measure of the importance
of higher- (than second-) order terms.

2. Contnbutions due to the electronic interaction
with the unoccupied metal states

The rare-gas orbitals are then coupled with renormal-
ized core energy

E~ (z)~E~ (z) + (Eg EM )So /4+ —„'So U(z)—
=E~ [1+(1—Esr/E~ )So/4]+ 4 So«z»

b, G,i(z) =2[E~ + U(z) E„]S„/4. — (26)

This quantity is displayed in Fig. 14 as well. It consists of
two repulsive and one attractive contributions. —E„S„/2
stems from the polarization of the Is orbital towards the
metal; charge is removed from the center of the helium
core and thereby core-attraction energy is lost. The polar-
ization is connected with a contraction (often called pro-
motion) of the remaining part of the ls charge density

to the unoccupied part of the metal states. The coupling
is renormalized as well, e.g.,

At ut~+ At uf( + s 0) ' (25)

All these renormalizations, however, affect the total ener-

gy at most in order SoS„aridtherefore are negligible.
The net gain in electronic energy comes now from the

mixing with empty metal states and is equal to the change
of the sum of ls orbital energies:
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constructed in such a way that classically (n„,=1; nk, ——1

for
f

ks& occupied), they would cancel exactly with the
corresponding attractive terms, i.e., with the GMS attrac-
tion (the first term of Hi of the Hamiltonian) and the
electrostatic attraction of the adelectrons by the dipole po-
tential. The latter is implicitly taken into account by
making use of Eq. (6).

In the remainder of this paper the core repulsion will be
made responsible for giving rise to the repulsive branch of
the potential-energy curve. This interpretation is based on
the cancellations leading to b,G„,=0 [cf. Eq. (22)].

Obviously this is not the only possible interpretation.
For example, one could instead balance the core repulsion
against the corresponding electrostatic attractive terms

l

(EoMs and Eg d;p, l, ) and then discuss the repulsive part
of the total energy as arising from &Ez'" &+EQUI'~+E
This would lead to the interpretation that in order to obey
Pauli's exclusion principle the electron wave functions
have to rearrange in such a way that the electron-electron
repulsion becomes larger (exchange repulsion). This inter-
pretation is physically as correct as the one we are pursu-
ing in- the follow'ing.

4. Summary of energy contributions

The weak rare-gas —metal —interaction energy can be
discussed in terms of the squared overlaps So and S„:

Sp —— g f&ls fk&
f

= g f d r&ls fr&&rfk&
k k

f f d r' f d r& ls
f
r&&r'

f
ls &&k

f

r'&&r
f
k &

occupied= f d r' f d r& ls r&&r'
f

ls & g f
&k

f
r'&&r

f
k&

f

= f d r' f d r& ls
f
r&&r'

f

ls &p(r', r),
k

(27)

where 2p(r', r) is the Fock-Dirac density matrix of the un-
perturbed metal surface. For calculating So summation is
only over one spin orientation. With use of the mean-
value theorem, So can be approximated by

Sp ——« ls
f
r'&&r

f
ls»,

„ f d r' f d r p(r', r)
1s 1s

=« ls
f

r'& &r
f

ls » ,„pp(rH,) Vl, , (28)

where pp is the occupied metal charge density only, if the
He 1s orbital can be considered extremely localized com-
pared to the metal lattice constant, i e., if
&r

f
ls & =6(r —rH, ).

So is then approximately proportional to the unper-
turbed metal electron charge density averaged over the
volume occupied by the helium 1s charge density. Simi-
larly one writes for S„,

S„'=« »
f

r'&
& r

f
» ».,no(rH. ) 1'l.

Here

(29)

unoccupied

np(r)=
k

f
&k fr& f' (30)

is the local charge density of unoccupied states at the
point r. no approximates this quantity under the same
conditions as mentioned above for po. no is the energy in-
tegrated local density of states of the empty metal states
between Fermi level and vacuum level. Note that the nu-
merical calculations evaluate S„and So exactly and do
not involve any "charge-density approximations. " The
discussion given here is for interpretational purposes only.
If the proposed interpretations for po and no is valid, we
recognize that each of the energy contributions we have
been discussing is either proportional to the occupied or to
the empty local metal density.

We then produce the following summarizations. First-
ly, the attractive energy contributions: (i) exchange energy

E = —
~ SpU(z) ocPp(rH ) (31)

(ii) GMS potential

EoMs ———2SOU(z) ~po(rH, ),
(iii) 1 s interference energy,

E i", (S„/2)[E~(z——)+ U(z) E„(z)]—(32)

+(So/2)[Eg(z)+ U(z) —Eo(z)]

=Copo(rH, ) +C„no(rH,) Qpo(rH, ), (33)

and (iv) image potential of He core, —4/
f
z —z;

Secondly, the repulsive energy contributions: (i) Change
of electron-electron repulsion on the helium atom,

b E„"p„=—,'S U(z) pp(rH, ),
(ii) adelectron-metal electron repulsion,

E"" =3S U(z) pp(rH, ),
(iii) metal interference energy,

EM = So[EO(z) Ea(z) —U(z)l eeP—O(rH, ),
(iv) GMS repulsion,

Ebs =2S'oU(z) po(rH )

(v) core repulsion from the dipole layer,

Edipole +dipole ~ PO( rHe ) ~

(34)

(35)

(36)

(37)

and (vi) change of electronic energy due to image force,
4/

f

z —z;
f

. Utilizing Eqs. (26) and (37), one obtains the
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FIG. 15. Components of the total energy as described in the legend to Fig. 14 for Ne/Cu(110).

following simple expression for the potential-energy sur-
face, which is correct to second order in the overlap:

V( rH, ) = ,' $„[E~(z)+ U(z) E„]+2S—OU(z)+Ed';p",), —.
(38)

In Fig. 16 this approximate analytical expression is
compared against the numerical result for the example of
the He/Cu(110) on-top potential-energy curve. The excel-
lent agreement demonstrates that the analytic formula
may be used for interpretational purposes. The various
contributions to the electronic energy are displayed in

Figs. 14(a) and 15(a); the repulsive parts are plotted in
Figs. 14(b) and 15(b).

From experiment only the total potential can be de-
duced. The same total potential can be decomposed into
different attractive and repulsive parts. This has been
demonstrated in the case of He/Cu(110), ' where the
Harris-Liebsch (HL) fit" and the Rarcia, Barker, and Ba-
tra (GBB) fit' lead to essentially the same total potential,
but both the repulsive and the attractive components con-
sidered alone are different. Up to -40 meV the experi-
mental potential agrees reasonably well with our theoreti-
cal one. It is now interesting to observe that in our theory
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V((T)ev) HF —
I
—Approx.

Compared to Salanon's experimental results, our
theory underestimates this effect. A possible explanation
of this underestimation is the approximate and rather ad
hoc treatment of the image force (see the discussion of
"deficiencies" later on). The picture is the same for all
metal surfaces. For neon the corrugation of the total po-
tential is always roughly twice as large as that of the
repulsive part only.

'- e/Cu ~,

"' '0,'~
B. Physical explanation of the theoretically

predicted trends

200

I ~aJ I

z(a.u.)

The discussion in the preceding section was restricted to
the He-metal interaction. The physics is, however, corn

pletely analogous for neon. One only has to be careful
with respect to the larger number of adsorbate orbitals in-

volved. When this is important, it will be explicitly point-
ed out in the following.

All calculated trends can theoretically be explained by
the competing interplay of the repulsion energ~ E"~ and
the attractive interference energy E "=EM +E&,. For He
both contributions increase in absolute magnitude in the
order He/Cu, He/Ni, He/Ag, and He/Pd. Generally the
magnitudes of E' and E"r are larger for Ne than for He.
For neon the attraction

~

E'
~

increases in the order
Ne/Cu, Ne/Ni, Ne/Ag, and Ne/Pd whereas the repulsive
term

~

E"
~

increases (for center position) in the order
Ne/Cu, Ne/Pd, Ne/Ni, and Ne/Ag. As demonstrated in
the preceding section one can write approximately [cf. Eq.
(38)]

FIG. 16. Comparison between the results of a self-consistent

calculation for helium on-top adsorption above Cu(110) di-

agonalizing the complete Hamiltonian (solid curve) and using

the approximation Eq. (38) (dashed curve).

corrugation of repulsive potential, 0.27 a.u.

(HL, 0. 1; GBB, 0.21) .

This means that for the Harris-Liebsch fit the repulsive
part alone yields only 40%%uo of the total corrugation,
whereas for the GBB fit and in our theory it yields 80%
of the total corrugation. In qualitative agreement with
the discussion of Barker et al. ' we also find that the cor-
rugation is approximately proportional to the corrugation
of the (occupied) metal charge density.

For neon the absolute magnitude and the variation of
both components are calculated to be roughly twice as
large as for helium. For the total corrugation the attrac-
tive part is of much higher importance than in the case of
helium. For Ne/Cu(110) at 40 meV we find for the corru-
gation of the repulsive part alone 0.15 a.u. , whereas the
total corrugation is (center to short bridge) 0.30 a.u. , i.e.,
the repulsive part along yields only 50% of the total cor-
rugation. Note that the corrugation of the repulsive part
alone is only half the value for helium. This appears
plausible, if the Esbjerg-Nairskov density-potential propor-
tionality is applied only to the repulsive part. The propor-
tionality factors calculated by Puska, Nieminen, and Man-
ninen would then predict a much smaller cori.ugation
for neon than for helium. The much larger interference
energy for neon, however, changes the situation.

V( r) =E"~(r)+E'"(r),
E"~(r)=aPo(r), E'"(r)=Pn0(r),

where po is the occupied charge density at the metal sur-

face and no is the empty charge density [cf. Eqs. (28),
(29), and (30)]. a and p might be calculated from Eqs.
(28) and (29). However, we did not calculate a and p ex-

plicitly, but it is obvious from Figs. 14 and 15 that they
increase from He to Ne.

For the center position, neon penetrates deeper into the
metal, because the attractive interference energy is larger
for neon and the repulsive interaction with the d orbital
sets in only at close distances. For the top position the

. repulsion is felt much earlier and the larger a ' value

shifts the turning point for neon further out than for heli-

um.
This explains the large corrugation of the neon poten-

tial for Ni and Pd. For copper and silver the interference

energy has a smaller influence (because of the low copper
and silver work functions) and the increased neon repul-
sion plays the dominant role. Therefore on copper and
silver the neon turns round further out than helium for all

geometries and the corrugations are approximately the
same.

The reader should observe the important role played by
the attractive interference energy. If it would be negligi-

ble, then neon would always penetrate less into the surface
than helium (because a ' & a ') and corrugation would be
smaller for neon for all metal surfaces, as has been pro-
posed before the experiments were performed.

The gradient of the attractive interference energy in-
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creases iri the order Cu, Ni, Ag, and Pd. The same is true
for the repulsive part, because the contraction of the d or-
bitals decreases in the indicated order so that the overlap
So becomes larger. Hence the predicted corrugation in-
creases for helium from He/Ni and He/Cu via He/Ag to
He/Pd and for Ne in the order Ne/Cu, Ne/Ni, Ne/Ag,
and Ne/Pd.

C. Comparison of different metal surfaces

The quantities which vary significantly with the nature
of the surface are the following.

(i) The GMS core repulsion; it increases from Cu via Ni
and Ag to Pd. This is mainly due to the overlap with the
d orbitals; the contraction increases in the order Pd, Ag,
Ni, and Cu so that the repulsion is felt earlier for Pd than
for Cu. There is also a small counterbalancing contribu-
tion from the hybridization gap, which is larger and at
higher energies for Ni and Pd than for Cu and Ag; the hy-
bridization gap decreases the core repulsion.

(ii) The interference energy E'", which increases from
Cu via Ni and Ag to Pd. The increase runs parallel to the
trend of the overlap with the unoccupied metal wave
functions which is largest for Pd. A larger overlap S„
means more empty metal wave functions to couple to or a
better possibility for the noble-gas electrons to polarize to-
wards the metal surface. Polarization comes about by vir-
tual excitations into unoccupied states. This comes irito
effect only at closer distances to the surface, as a conse-
quence of which the equilibrium distances are closer for
Pd than for Ni, Ag, and Cu. The increased interference
energy is responsible for the deeper potential minimum.
The simultaneously increased core repulsion is not able to
counterbalance this completely.

According to Eq. (38) the form of the potential-energy
curve can roughly be understood as the superposition of
two contributions: the attractive. interference energy due
to coupling to the empty metal density of states and the
repulsive energy due to coupling to the occupied metal
density of states.

The empty states reach out far from the surface. They
have a small exponent for decay into the vacuum. The
occupied states decay, however, much faster with a larger
exponent. Therefore the attractive interference energy is
felt at larger distances from the surface. It sets in first,
but then increases only relatively slowly. The repulsive
energy becomes important at closer distance, but then in-
creases fast (due to the larger exponent of decay) and fi-
nally overcompensates the attractive interference energy,
giving rise to the repulsive branch of the potential-energy
curve.

D. Comparison of helium and neon

For neon, eight electrons (2s 2p ) are included explicit-
ly in the calculation. The 1s electrons are considered non-
polarizable so that the neon-ion core has an effective
charge of + Se. It turns out that for a qualitative discus-
sion only the 2s and 2p, electrons have to be considered
(the z direction is perpendicular to the surface). The con-
tribution of the 2p„zelectrons is negligible. The 2s orbi-
tal is the only one which has a significant overlap with the

This yields for the coefficient

C,„=&~~k&/2, (41)

which in first order is independent of the one-electron en-
ergies. The corresponding contribution to the interference
energy is in first order given by

IF I
I'~k —E~&~ Ik& I' =

[ &W ~k) ~'(E„E,)/4, —
E~ —Ek

(42)

which becomes more attractive for more tightly bound
adorbitals (more negative Ez ).

Eg(Ne 2s)/Eg(He ls) =2,

which explains the increased interference energy for neon.
Despite the larger core attraction felt by the Ne 2s, it is
spacially as extended as the He 1s, and therefore can mix
as effectively as the He 1s, gaining at the same time much
more interference energy. The neon 2p, overlaps signifi-
cantly only with the d orbitals. This increases the GMS
core repulsion considerably for neon. Also the core repul-
sion from the dipole potential is enhanced due to the
larger core charge. These effects tend to compensate the
larger interference energy at closer distances to the sur-
face. The net outcome is, however, a deeper potential
minimum for neon.

empty metal states, this overlap always being very similar
to the overlap of the helium 1s orbital at the same dis-
tance. The unoccupied metal states have a rather slow ex-
ponential decay into the vacuum. The adorbitals only
probe the exponential tail of the sp wave functions be-
cause of the large equilibrium distance from the surface.
Due to the odd parity of the 2p, orbital its overlap with
the unoccupied part is considerably smaller than that of
the 2s orbital.

Therefore, the attractive interference energy for neon
arises nearly exclusively from the 2s empty-metal-states
interaction. The observation, that despite the similar
overlap the interference energy is much larger (roughly a
factor of 2) for neon than for helium, is an interesting
quantum-mechanical effect involving the nonorthogonali-
ty and the different effective electron potentials for neon
and helium. It can be understood, if perturbation theory
is applied to estimate the interference energies after the
charge-density —bond-order matrix has been iterated to
self-consistency.

The coefficient with which the empty metal state
~

k )
is mixed into the adorbital

~

A ) is in first order given by

V„„—E„&W~k)
(39)

E~ —Ek

where E~,Ek are here the self-consistently calculated
one-electron energies. Vzk is the effective self-consistent
one-electron hopping matrix element:

E~+Ekv„,=- &~ ~k) .
2
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the potential would be less steep. In a refined treatment
surface states obviously have to be considered.

Another possible deficiency of the model —which only
becomes important for neon —is the handling of the image
potential. As the neon approaches the surface the image
corrections to the effective electron-electron repulsion be-
come so large that the two-eIectron integrals to be used in
the Hamiltonian become negative. In the numerical cal-
culations this is prevented by keeping the image-force
correction constant from a certain distance, which for
neon happens to be near the classical turning points for
thermal kinetic energies. Variations of the image correc-
tion in the physically reasonable range can therefore easily
increase the corrugation by a factor of 1.5.. (A decrease is
even more unlikely, because our procedure probably un-
derestimates image-force effects. ) On the helium atom
the electron-electron repulsion is so large that a variation
of the image correction within the physical range has
practically no effect. This was also checked numerically.

VII. CONCLUSIONS

We have presented potential-energy surfaces for helium

and neon interacting with transition metals, obtained by a

self-consistent solution of a model Hamiltonian. An im-
provement about other published approaches is that the d
electrons are included consistently and nonperturbatively.
Interference effects between rare-gas orbitals and metal
wave functions as well as image-force effects have been
found to be important. The model needs as input a
description of the metal surface in the form of one-
electron wave functions and their energies. Complete reli-
able information about clean transition-metal surfaces (in-
cluding surface states and their wave functions) is not yet
available. These uncertainties as well as the rough
description of the image force are likely to be responsible
for deviations from the experimental data.
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