
ELSEVIER Surface Science 307-309 (1994) 704-709 

s u r f a c e  sc i ence  

ii!~i~iiiiiiiii!i!iiiii!i~iiiii~i~i:,i~i~iiii~i!i:~ii~::,iiiJ ':'I 

Adsorption of  xenon on metals: a theoretical analysis 
R. Pdrez*. a, F.J. Garcia-Vidal a, P.L. de Andrds b, F. Flores a 

a Departamento de Fisica de la Materia Condensada (C-XII), Facultad de Ciencias, 
Universidad Aut6noma de Madrid, E-28049 Madrid, Spain 

b Instituto de Ciencia de Materiales (CSIC), E-28006 Madrid, Spain 

(Received 20 August 1993) 

Abstract 

We present free parameter LCAO calculations for the adsorption of  xenon on metal  surfaces. This calculation 
yields the short-range interaction between the adatom and the surface for different adsorpt ion sites. Our  approach 
shows that  the chemical interaction between the Xe orbitals and A1 accounts for as much as half  the adsorpt ion 
energy, and consequently cannot be neglected. To deduce the total adsorption energy, we add the long-range van 
der Waals interaction calculated using a standard available theory for metals. 

1. Introduction 

Although the long-range van der Waals inter- 
action is well understood at distances greater 
than hundreds of  hngstr6ms [1 ], we are still 
lacking a detailed understanding for smaller dis- 
tances relevant to the problem of physisorption 
[2]. This fact has motivated in recent years a 
number of  different approaches to understand 
the weak adsorption on surfaces. We cannot 
make an exhaustive survey of  these here, but 
we should mention the original perturbative 
approach due to Zaremba and Kohn [3 ], the 
scattering formalism due to Chizmeshya and 
Zaremba [4,5 ], and the local density approach 
due to Lang [6]. The first two approaches share 
in common their attempt to describe the physi- 
sorption well using a repulsive interaction act- 
ing at very short distances due to the mutual 
repulsion of the electronic clouds and cores, 
and an atractive force due to the van der Waals 
interaction, given asymptotically by 
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c3 (1)  
Vpol ~ - (z  - Zvdw) 3' 

where terms of order z -5 have been dropped 
and ZvdW is the reference plane where the ex- 
pression diverges [5,7,8]. The LDA approach is 
radically different because, although the repul- 
sive part has a similar physical origin, the at- 
tractive part comes mainly from the lowering in 
energy for the exchange and correlation hole lo- 
cated in high electronic density regions appear- 
ing between the metal surface and the adsorbate. 
Moreover, the local approximation precludes the 
correct asymptotic dependence, gives at long dis- 
tances an exponential decay and produces a mea- 
surable disagreement between theory and exper- 
iment, as seen, for example, in the calculated se- 
quence of bound state energies for the diffrac- 
tion of helium. At the moment, it is not com- 
pletely understood why an LDA theory is able to 
reproduce acceptably well the known details of  
the physisorption well [ 6 ] for Ar on Ag and the 
dipole moments for Xe on AI. 
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In this paper, we propose a new description of 
the weak adsorption of rare gases on metal sur- 
faces following closely the method we have pre- 
viously developed for the adsorption problem 
[9,10 ]. In addition to different contributions to 
the short-range energy found in our method, we 
include the asymptotic form for the potential 
represented by Eq. ( 1 ) and calculated using the 
work of other researchers [7,8,11 ]. Within this 
first-principles formalism we should be able to 
study a number of trends of interest, like adsorp- 
tion energies for different positions on a given 
surface (and then, accurate surface difusion 
barriers), the changes in adsorption for a series 
of different surfaces, and for a series of metals 
and/or  different rare-gas atoms. Any of these 
problems is of  sufficient interest to understand 
the accuracy of the theoretical description for 
the physisorption potentials, and we shall only 
mention recent attempts to determine the actual 
adsorption position for xenon deposited on plat- 
inum or nickel surfaces [ 12,13 ], or the activity 
to explain the known trends in physisorption of 
xenon on different faces of Pd [ 14,15 ]. 

In this work we shall concentrate on the weak 
adsorption of xenon on A1 (100) [ 16 ], which is 
simple enough because it can be described only 
with s and p orbitals, but still retaining the im- 
portant physics that will surely appear in the 
more complex transition metals. 

i,a a,(i,j) 
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2. Formalism 

We use the LCAO method to calculate the 
short-range interaction between Xe and the 
metal. Long-range interactions can be described 
by a van der Waals potential, and we get this 
contribution to the binding energy from other 
authors [3,4]. Thus, our total Xe-metal  poten- 
tial will be given by the following equation: 

Vt = Kr + Vvdw, (2) 

where Vsr is the short-range Xe-metal  potential. 
Basically, our approach describes the Xe-  

metal interaction as a superposition of the differ- 
ent "bonds" defined for each pair of  Xe-metal  
orbitals [ 17 ]: 

705 

(3) 

(4) 

Tij is related to the Bardeen tunnelling current 
between atomic orbitals q)i and q~j, Ui and Jij 
being the different Coulomb interactions associ- 
ated with the same atomic orbitals; Jx,ij defines 
the corresponding exchange interaction. The 
Hamiltonian (3) is obtained by expanding the 
full Xe-metal  Hamiltonian up to a second order 
in the orbitals overlap Sij = (~)i]~)j). 

In Eq. (4), ei is the ith atomic level and the 
terms [-Si j  ~ j  + ¼S 2 (el - ej ) ] are associated 
with the repulsive kinetic energy appearing when 
two orbitals, i and j ,  start to overlap. These 
terms play a crucial role in describing the repul- 
sive energy between the occupied Xe levels and 
the conduction metal orbitals. This can easily 
be understood by considering the simple case of 
a fully occupied Xe level (say, a sp orbital), El, 
interacting with a partially occupied level of  the 
metal, E2. One can prove [9] that for this case 
T12 ~ -½S12 (E2 - Ex ), then the repulsive terms 
and the hybridization terms, T22/(El - E 2  ), as- 
sociated with the hopping integral T12, yield the 
following shifts in the Xe and metal levels: 

fiE1 = 0, 

6E2 = $22 (E2 - E1 ). (5) 

This shift in the metal level measures the con- 
tribution of the one-electron terms to the repul- 
sive potential between the occupied Xe orbitals 
and the metal. The total interaction is obtained 
by adding to that repulsion the Coulomb and 
exchange interaction associated with the many- 
body terms of the Hamiltonian (3). 
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The interaction of the empty 6s level of Xe 
with the metal is different. For close Xe-metal  
distances, the 6s level suffers an important hy- 
bridization and a slight electron charge can be 
transferred from the metal to the 6s level. This 
means that the Xe 6s wavefunction undergoes 
a chemisorption interaction with the substrate, 
then the Hamiltonian (3) has to be fully ana- 
lyzed including the many-body terms associated 
with the electron-electron interaction. 

Following Kohn and Sham, we introduce [ 17 ] 
the following local potential 

l~i mb--  OEmb[nitr ] (6) 
Onw 

where nw is the ia orbital occupancy, and E mb 
the many-body energy of the ground state of the 
system. 

The Hartree energy, E H, is given by 

E H = Z U i n i T n i  * + 1 Z [Ji jnianj# 
i i,j~ i,a 

+ Ji jnianja] (7) 

and the exchange-correlation contribution can 
be written as 

EXC 1 -- 2 Z f f t .  n i a ( 1 - n i ~ r ) ,  (8 )  
i,o- 

where Ji is an average interaction between the 
ni~r charge and its exchange-correlation hole 
(1 - n i a ) .  Notice that Eq. (8) defines the fol- 
lowing exchange-correlation potential: 

l~iXC = _~ . (1  _ nia) (9) 

for the almost empty Xe 6s level, nw ~ 0, and 
V/xc describes the image potential that lowers 
that level towards the metal Fermi energy. 

Our analysis of  the Xe 6s level interacting with 
the metal is based on the solution of the Hamil- 
tonian (3), using the many-body terms that are 
treated in a local-density approach by means of 
Eqs. (6) - (9) .  

In summary, the short-range interaction be- 
tween Xe and the metal is given by the super- 
position of two different contributions: (i) First 
of  all, we find the repulsive potential between 

the Xe occupied levels and the metal. This in- 
teraction is mainly a repulsive kinetic energy 
associated with the overlap between the Xe 
and metal orbitals. (ii) The second important 
contribution between Xe and the metal is asso- 
ciated with the empty Xe 6s level. Here, some 
electron-charge transfer appears, and the inter- 
action has a chemisorptive character instead of  
the physisorptive one appearing in the previous 
case. The analysis of this case has to be done 
by considering fully the many-body terms of the 
Hamiltonian (3) that yield an important con- 
tribution to the total "chemisorption" energy. 

3. Results 

We present detailed results for the physisorp- 
tion of xenon on AI(100). In our calculations, 
the metal surface is described by using con- 
ventional tight-binding parameters [ 19]. The 
method described above has been applied to the 
calculation of the xenon-metal interaction. The 
atomic wavefunctions used to obtain the dif- 
ferent parameters of the Hamiltonian (3) have 
been taken from atomic tables [20] or calcu- 
lated from standard atomic calculations (this is 
the case for the xenon 6s level) [21 ]. We have 
analyzed the cases of xenon approaching the 
metal surface along different directions: centre, 
bridge and top sites. 

Fig. 1 shows the short-range xenon-metal in- 
teraction for the centre and the top sites as a 
function of the metal-atom distance measured 
from the last metal layer. In the same figure we 
also show the van der Waals interaction calcu- 
lated using Eq. ( 1 ) with the parameters given in 
Ref. [ 5 ]. The total energy is obtained by adding 
the short- and long-range interactions: a mini- 
mum is obtained for distances around 8.7 a.u., 
with a binding energy of 177 and 157 meV for the 
centre and top positions, respectively (the bridge 
binding energy being around 165 meV). In order 
to understand the different contributions to the 
short-range interaction, we show in Fig. 2 this 
energy split into its different constituents: (a) ki- 
netic repulsion; (b ) electrostatic; (c)hybridiza- 
tion and (d) many-body energies. It is interest- 
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Fig. I. Adsorption potentials for Xe/Al(100) for the cen- 
tre (a) and top (b) positions. Broken lines represent the 
short-range contribution to the potential, dotted lines the 
van der Waals long-range part and the full line the whole 
potential. 

ing to realize that the short-range interaction is 
very repulsive as long as the metal-xenon dis- 
tance gets smaller than 8.0 a.u.: this is mainly due 
to the high repulsive kinetic energy associated 
with the large overlap between the occupied lev- 
els of  xenon and the metal wavefunctions. The 
high electron metal density of aluminium yields 
this large metal-xenon overlap when the rare- 
gas atom tries to penetrate the metal, increasing 
very efficiently the metal-xenon repulsion. 

On the other hand, we find an atractive short- 
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Fig. 2. Different terms contributing to the short-range inter- 
action between the xenon and the aluminium surface in the 
centre position: kinetic repulsive (full line); electrostatic 
(dotted line); hybridization (broken line) and many-body 
energies (broken dotted line). 

range interaction for metal-xenon distances 
larger than 8.5 a.u. This effect is mainly due 
to the hybridization and the many-body effects 
that overcome the kinetic energy repulsion. This 
is a typical chemisorption effect associated with 
the hopping between the xenon 6s level and the 
metal: some charge transfer is induced from the 
metal to the xenon due to the 6s broadening 
(about 0.1 electrons) and the hybridization and 
many-body terms increase relative to the kinetic 
energy repulsion. 

The short-range interaction between xenon 
and aluminium can be understood in the fol- 
lowing way: (i) at distances between 8.5 and l0 
a.u., the potential is dominated by the xenon 
6s level that defines a weak chemical interac- 
tion with the metal substrate. This explains the 
atractive short-range potentials found in Fig. 1 
for the centre and on top positions; (ii) at dis- 
tances smaller than 8.0 a.u. the repulsion associ- 
ated with the xenon occupied levels (Sp orbitals 
and other inner shells) starts to dominate and 
the xenon atom is not allowed to penetrate the 
metal. 

It is also interesting to understand the differ- 
ences found in Fig. 1 for the centre and on top 
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positions, with a slightly larger binding short- 
range energy for the centre one. Basically, the 
differences are related to larger hopping inte- 
grals appearing between xenon and the metal 
for the centre position. The interplay between 
the number of nearest neighbours defining ba- 
sically the bonds and, their respective distance 
determine, in a complex way, the hybridization 
and exchange and correlation energies, favour- 
ing slightly the centre position for the present 
case. 

Finally, it is also worth remarking that for the 
xenon-aluminium interaction, we find that the 
total binding energy, around 177 meV, is almost 
equally split into its short- and long-range contri- 
butions. Moreover, our results show a small bar- 
rier, ~,, 20 meV, for the motion of the atom in the 
direction parallel to the surface. We remark that 
these results are in good agreement with the ex- 
perimental evidence (experimental binding en- 
ergies being around 200 meV [16]) and other 
LDA calculations [ 18 ]. 

4. Conclusions 

Our results for the xenon-aluminium interac- 
tion show that the short-range potential plays an 
important role, contributing as much as half of 
the value for the total binding energy. We have 
shown that this is basically due to a chemical 
interaction between the xenon 6s level and the 
metal, that in the past has not received too much 
attention, except using qualitative models [22]. 
Furthermore, we remark that this interaction is 
also selecting the centre site as the favoured ad- 
sorption position. The other ingredient yielding 
the equilibrium xenon-metal distance is associ- 
ated with the strong repulsion between the filled 
xenon levels and the high aluminium electron 
density: this is created by the highly repulsive 
kinetic energy due to the overlap between occu- 
pied levels. 

How can this picture be extended to transi- 
tion metals? We have explored the case of xenon 
interacting with the Ni (100) surface. Our pre- 
liminary results give a strong indication of a new 
relevant physical picture in this case. The nickel 
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metal has a conduction band with s-p bond and 
d electrons: the s-p electrons control the xenon- 
metal interaction at distances larger than ap- 
proximately 7 a.u. However, the picture is now 
different from the aluminium case: the main 
reason is that the s-p metal electron density is 
smaller than the one found for aluminum, and 
both the xenon 6s level and the inner shells in- 
teract more weakly with the metal. This implies 
that: (i) First of all, the short-range interaction 
for distances larger than 8 a.u. is not any more 
atractive; on the contrary, we find a slightly re- 
pulsive potential due to the weak interaction of 
the xenon 6s level with the metal. (ii) Second, 
the xenon inner shells and the metal also have 
a weaker repulsion. All these effects tend to 
weaken the xenon-metal interaction, allowing 
the xenon to penetrate the metal to shorter dis- 
tances. Eventually, this effect brings the metal d 
levels to the balance, and makes the equilibrium 
nickel-xenon distance much shorter than the 
aluminium-xenon one. 

In conclusion, our LCAO analysis allows us to 
show the different effects operating in the metal-  
xenon interaction. In particular, we should stress 
that the chemical reactivity between the s-p lev- 
els of aluminium and the 6s level of  xenon is 
very important for explaining the total binding 
energies. Preliminary results show that for nickel 
(and likely for other transition metals), the d 
electrons play an important role due to the weak 
interaction between the metal sp electrons and 
different xenon orbitals. 
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