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Abstract 
The effects of reactive and dissipative forces on -the motion and 
inelastic scattering of quantum particles near metallic surfaces· 
and their consequences on adsorption and similar phenomena_-are...ex­
amined within j;he framework of the surface response of the substrate 
Ferir.i. sea. 

l .  Introduction 
When a thermalized neutral particle (atom or molecule } approach­

es a metallic surface , it experiences first a potential due to the 
electronic and ionic polari�ation of the substrate . The reactive 
and dissipative components of this potential will strongly affect 
the particle motion in the close vicinity of the surface , up to 
the point where the metallic and adparticle electronic wavefunc­
tions start to overlap . Depending on the orbital s�ructures of both 
the aaparticle and the metal , the overlap effects may give rise to 
additional interactions which may then lead to the formation of a 
chemical bond between the adsorbate and the substrate . In order to 
make the adsorption possible , the interaction of the particle with 
the substrate must provide a reactive potential with a n,inimun: near 
the surface and also a dissipative component by means of which the 
particle could lose its energy to the substrate degrees of freedom . 
In this report we present a brief account of a part of our study in 
which we deal with the case where the adparticle motion is not ap­
preciably affected by the overlap effects . This modei describes , 
for instance , a very important dissipation mechanism in physisorp­
tion and also the starting process in activated chemisorption in 
which the particle adsorbs. via a precursor state .

2 .  Formulation of the Model 
A rather general formulation of the adatom interaction with a 

metal starts from the following Hamiltonian : 

( l }

where P ,  M and q (� ') are the particle mowentum , mass tna charge 
density distribution , respectively , and pi ' m, e and r .  denote the
momentwn, mass , charge and position of th� substrate electrons , 
respectively , which occupy the halfspace z<O .  In view ot a rather 
weak initial interaction between the adparticle and the substrate , 
we proceed by making use of the quantum counterpart of the image 
theoren, /1/ and reformulate the problem in terrr.s of the linear 
response /2/ . This enables us to construct an equivalent �atnil­
tonian as regards the adparticle-substrate interaction : 
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tere r= ( p , z ) is the radiusvector of the adparticle centre of mass ,
u .and w �re the twodimensional wavevector .and ener.gy -0f the elem�n
tary excitations · characteristic of the sul:>strate surface · reaponse 
and U0 (-z ) is the coupling matrix element of �he interaition poten- .
tial 'Glhich depends on a particular form of q (r) • ·p and r satisfy 
the usual commutation relations , while the operators aQCi.> and aQw obey · -

(aQw'a� -w ,] -- g 600 ,6 (w-w ') N61 (w) . ( 3 )  

and describe the spectrum s (w) cwN (w) /2 of  the substrate response 
which comprises a continuum0of e1e8tron-hole pair excitations (e-h)
and a coherent .mode - surface plasmon of energy w0 _ /2/ . As is shown
in Fig . 1 ,  for a free electron surface the e-h· pa�t of the spectrum 
starts linearly with increasing w ,dominates up to w"'QvF <vrmFermi
v�locity) , whereas for w>Qvp the surface plasmon contr1but1on , 
which is sharply peakeci around w6 , - is the dominant high-energy mode 
(w =3-15  eV for normal metallic densities) .  

5 In order to find the reactive · anci dissipative components -of 
the potential con·tained in H which govern the particle motion near 
the surface , we shall find it convenient to treat separately the 

· virtual high energy excitations (mainly plasmons) from the real
dissipative processes be.cause the tormer., due to the _lO\tf adparticle 
initial kinetic energy . of the order k'l' , giYe rise o_nly to . the 

· · 
elastic potential scattering. Such a division is achieved by a 
canonical · transformation /3/ :  

H '  = eiS He"'!iS

with 

which yields the Hamiltonian in the new representation : 
0) 

H ' � !M (P-A) 2 + $ (z) + I j dwwN0 (w)  (a;00
a000 + � ) +

0 0 
QvF 

+ I e1Qp J dwNO (w)  {wUQ (-z) /� (aow + a�ow> •
Q 0 

( 4a)  

( 4b) 

(5 ) 

Here · A (
°
�) =-iVS (�) is a complex longituciinal vector potential with 

the properties VxA=O and V •A=O (Coulomb gauge ) and : 
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is a generalized image po,;ential acting- on the adparti.cle . The 
kinetic energy term can be written ip the form 

,,. ,
2 

..., + ·+ i; <rT + f 
�in a 2M - A (r) •v + M ; (v = M)

( 6 )  

(7 ) 

since f and l conunute . The second expression on the right-han6 side 
of ( 7 )  is a friction term proportional to the velocity of the 
particle , often encountered in the studies of the .�otion 0£- p�ti­
cles near dielectric surfaces . However , as in the present prQbJerr 
kT<<w8 , this term will produce a negligible contribution to the
energy dissipation compared with the last terro on the right-hand 
side of (5 )  which describes the coupling ·of the particle motion to 
the continuum of the pair excitations of the substrate . On the . 
other hand , the diagonal elements of the operator quadratic in A 
will contribute , together with � ( z ) , to the total reactive (adia­
batic) potential V (z) acting on the adparticle centre of mass .  
Taking this . into account , we obtain :  m � r _ sg<w> 
V (z)  a � (z) + ��f I l feiup lu0 (-z) 1 2 

J au 2 • ( 8) 
0 QvF

w 

Knowing · u0 (-z)  and Sn (w) , one can calculate the adiabatic and
dissipat,ive potentials for the motion of a particle "in the polariza­
tiQn field of the substrate electronic response . 

3 . Results and Discussion 
As an example of our- model , we carry out cal�ulations for a siir.­

ple adsorption syste� consisting of a free electron surface and a
"rigid hydrogen 11 atom .(with a single ls level-orbital) . 'l'hese two 
assun�tions enable us to estimate the matri� elements u0 /4/ and
use the formerly calculate� surface response function /2/ in the 
calC?ulation of the potential V (z )  which is sketched in Fig . 2 . 
SQ(c.; w
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t .. ig . 1 :  Spectrwu o! the surf nee 
resr-,ons<: for a serri-iufinite 
�lectron gas c�lculated in RPA. 

294 

. !.ttl 
Ryd co5=1 . Ryd

10·2

0 .1 2 
. Eo 

zta8
Fi? . 2 :  � urfacc pote.r,tial ior the.' 
adparticlE= ae-rivcu !ror. ( o ) for a 
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5= 1 11.yu . 



The attractive part of the potential is due to the image screening 
of the atomic charge density (6 ) , and the repulsive part arises as 
a consequence of the local enhancement of the atomic .effective mass 
due to the particle dressing into a cloud of virtual, �simultaneous• 
ly emitted and reabsorbed surface plasmons . Solving numerically the 
Schrodinger equation for the particle at normal ·incidence to the 
surface , we find that V (z) is sufficiently attractive around its 
minimum to bind the atom in a localized state of energy E0 a 
a 0.000856 Ryd below the vacuum level . 

The dissipative interaction described by the last term on the 
right-hand sid� of (5)  will cause the decay of the particle from 
the initial state into the continuum states of lower · energtes "l>r. 

into the bound states . We have computed the_. transition probah.i�y 
r out of the initial state /5/ of energy E �kT using model wave­
functions for the evaluation of the matrix elements appearing in 
the adparticle ·Q�l::Cenergy I (w) . In Fig . 3 we have plotted r (w) /2c 
= -ImI (w) . We have also found that the dominant component in r is 
r�+o which describes the adparticle decay into the boµnd state.
Tnis is illustrated in Fig . 4 where we have sketched the ratio 
r �

0/r . The latter approaches unity in the interval of energies in· 
wiich the adparticle decay rate from the initial state reaches its 
maximum. An in.portant consequence of this feature , which follows · 
directly from the unitarity of the evolution operator , is that the 
sticking probability s (t)  approaches unity for tilr.es t exceeding the 
adparticle lifetime r-I :  

0 

lirn s (t) =l • 
t>r- 1

ra 10-8
Ryd . 

0 . 0 0 1  11.1 
Ryd 

Fig . 3 : I�aginary part of the 
adparticle selfenergy for 
norrra l incidence . 
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Fi� . 4 :  Square of the ratio o f  the 
stickin� and total aecay rates . 
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