Vol. 103 (2003) ACTA PHYSICA POLONICA A No. 5

Effect of an Adsorbed Atom
on Resonant Charge Exchange

in Atom Scattering on Metal Surfaces

R. TARANKO, E. TARANKO AND M. WIERTEL

Institute of Physics, M. Curie-Sktodowska University
pl. M. Curie-Sktodowskiej 1, 20-031 Lublin, Poland

(Received January 17, 2003; revised version April 16, 2003)

A simple model describing resonant charge transfer between the free-
-electron metal surface and an atom colliding with it at some distance from
another adsorbed atom is presented. The negative ionization probability of a
scattered atom is studied within the time-dependent Anderson—Newns model
and the time-evolution operator approach. With appropriate models for the
considered system, the ionization probability is shown to oscillate with the
distance between the adsorbed atom and the collision point of the scattered
atom with the metal surface. These oscillations are results of the indirect in-
teraction between the adsorbed and the scattered atoms due to the coupling
of both atoms with the metal energy band.

PACS numbers: 79.20.—m, 82.65.4r, 34.70.+e

1. Introduction

Charge-exchange processes play the fundamental role in the atom-metal sur-
face interactions. The study of the charge transfer processes that can occur when
an atom (ion) collides with the solid surface is especially of a fundamental inter-
est in the context of many surface analysis techniques [1-3]. In many cases the
resonant electron transition between the moving (scattered) atom level and the
metal surface levels has the highest efficiency and this kind of electron transitions
determines the final electron occupancy of the outgoing atom. The strength of the
electron transfer is very sensitive to the electronic characteristics of the complex
system “moving atom + metal surface”, particularly it depends on the relative en-
ergy position of the atomic level and the Fermi level of the surface energy band, as
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well as, on the coupling strength between the atom and metal surface (e.g. [4-6]).
Therefore, the additional modification of the surface due to the adsorbed atoms
(adatoms) influences very distinctly the charge transfer and can change dramati-
cally the final charge state of the outgoing atom beam (e.g. [7, 8]).

First of all, the adsorbed atoms on a metal surface result in a change of
the work function, which is a very important characteristics of the metal surface.
Depending on the work function the atomic level can be localized above or below
the Fermi level and thus resulting in a charge transfer. It is the so-called non-local
effect as in this case the change of the metal surface characteristics concerns the
entire surface and not only the region around the adsorbed atom. However, the
adsorbed atom modifies locally the electronic potential and influences the level
energies and coupling between the moving atom and the surface (e.g. [3, 9-13]).
In addition, in the case when the moving atom is backscattered from an adsorbed
atom or from the surface in the immediate vicinity of the adsorbate, then there
are two different channels for electron transfer between the moving atom and the
surface. The first one corresponds to direct tunneling between an atom and the
surface and the second one to tunneling through the adsorbed atom level. Let
us note that a similar situation is observed in the case of the scanning tunneling
microscopy (STM), where there are also two different electron tunneling channels
between the microscope tip and the surface with the adsorbed atom [14-16] (see
also [17]).

The interaction between the adsorbed and moving atoms is usually short-
-ranged and for the atom-surface collision region lying further away from the
adsorbed atom, this interaction is negligibly small. However, it does not mean that
the charge transfer between the moving atom and the surface is the same as in the
scattering in the case of clean surface. Note that the adsorbed and moving atoms
are coupled to the substrate and can interact via the substrate-metal electron
band (during the period when the scattered atom is in the vicinity of the surface).
This indirect interaction should be dominated in a long range and is expected to
be of oscillatory character (like the RKKY interaction between impurities in bulk
metals (e.g. [18]). The similar indirect interaction is responsible for oscillatory
behaviour of the interaction energy of two adsorbed atoms (depending on the
distance between them) (e.g. [19, 20]). On the other hand, in many experiments by
STM with single adsorbed atoms on metal surfaces the adsorbate-induced charge
density oscillations around the adatom were observed [21, 22].

In this paper we present an attempt of theoretical evaluation of the charge
state of an atom scattered from the surface when the collision region is in some
distance from the adsorbate atom. The indirect interactions, which play an impor-
tant role in the chemisorption or in mesoscopic physics can be, in principle, visible
also in dynamical charge exchange processes at the solid surface, although the pe-
riod of time during which the scattered atom is near the surface is relatively short.
Particularly in the case when the adatom—metal interaction is relatively large, the
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indirect interaction between moving and adsorbed atoms can affect the charge
transfer even if the direct tunneling through the adatom level is negligible. In lit-
erature there are only a few theoretical treatments of similar problems [3, 9, 10].
Borisov and Gauyacq [10] considered the neutralisation of Li~ ions backscattered
from the Al(100) surface depending on the distance of the collision region from the
adsorbed Cs atom. Using the multi-channel rate equation approach and taking into
consideration the changes of the local electrostatic potential due to the adsorbed
atom and its influence on the energy shift and broadening of atomic levels the
authors showed the importance of the local effect. The perturbation introduced
by the adsorbed Cs atom was seen to extend to a very large distance. In their
treatment the resonant charge transfer was considered for one specific system. In
our paper we are going to consider the related problem using the model Hamilto-
nian and put an emphasis on the charge transfer calculated for a broad class of
parameters characterizing the system under consideration, e.g. the atom velocity,
the width of the surface electron band, the relative position of the Fermi energy
level and adatom and moving atom energy levels, the values of the coupling be-
tween all parts of the system. The starting point to describe the resonant charge
transfer will be the time-dependent Anderson-Newns (AN) Hamiltonian. Several
authors have reviewed the resonant charge transfer processes in the framework
of this model (e.g. [1, 4]). Usually, the evolution of the scattered atom is well
described by a classical trajectory given by a time function z(t), z being the dis-
tance between an atom and the metal surface, so the z-dependent parameters of
the AN Hamiltonian can be easily converted into the time-dependent ones. In our
calculations we renounced a wide-band limit approximation [1, 4] often used for
simplified description of the metal surface electron band structure and assumed
the free-electron band structure. It will be shown that for some values of parame-
ters the oscillatory dependence of the ionization probability of the scattered atom
against the distance of the collision region from the adsorbed atom is observed
— the effect of the indirect interaction between the adsorbed and the scattered
atoms.

The article is structured as follows: in Sec. 2 we will discuss the theoretical
background while in Sec. 3 we will show the numerical results obtained and present
our conclusions.

2. Model and approximation

We describe the system of the moving atom and a clean metallic surface with
a single atom (adatom) adsorbed on it at the point R, by the time-dependent
Anderson—Newns (AN) Hamiltonian [1, 4] (c.f. periodic AN model [23]):

H= Zeknk +eo(t)no + cana + ZVak exp(ik- R,)CHCy + h.c.
2 2

HVou(t)CF Ca+hic. + > Vor(t)CF Ci + hoc, (1)
k



486 R. Taranko, E. Taranko, M. Wiertel

where for simplicity, the spin variables are neglected and C,, Cy, C¢ (CF, CF, C',;")
are the annihilation (creation) operators for the adsorbed atom orbital, the incident
atom orbital, and the surface electron state orbital, respectively. We place the
origin of the coordinate system at a point on which the moving atom is scattered
on the surface and we assume that the atom moves along the classical trajectory
perpendicular to the surface.

The functions Vya(t), Vag, and Vyg(t) are the matrix elements of interactions
between the moving and adsorbed atoms, and between the adsorbed and moving
atoms and k-th level of the surface electron band, respectively. The incident atom
(labelled by a number “0”) and the adatom (labelled by a letter “a”) are described
by its electron levels £4(¢) and ¢, and the surface electron band is described by
£g. The corresponding electron wave functions are denoted as |0),]a), and |k},
respectively.

We calculate the occupancy of the moving atom in terms of the time-evolution
operator U(%,tg) (in the interaction representation) given by the equation of mo-

tion (e.g. [25, 26])
oU(t,t0)

iT =V(t)U(t, o), (2)
where

V(t) = Us(t, 1)V () UF (t,10) (3)
and

Uo(t,to) = €Xp (lHo(t - to)) (4)

Here Hy denotes the three first terms of Eq. (1) and V(¢) corresponds to all
the other terms of the Hamiltonian (1). Once the appropriate matrix elements of
the time-evolution operator U;(t,t0) = (i|U(t,10)|j) are found, where |i) and |j)
belong to the set of basis functions |a), |0), |k}, then the occupancy of the moving
and adsorbed atoms can be given as follows (c.f. [26]):

no(t) = no(to)|Uso(t, to)|* + na(to)|Uoa(t, to)* + D nk(to)|Usk(t, to) |, (5)

na(t) = no(to)|Uao(t, t0)|” + na(to)|Uaa(t, ta)|* + Y n(to)|Uar(t, to) . (6)

We note that as we consider only one atom orbital, then ng(t) corresponds to
the probability of the negative ionization (the occupancy of the affinity level) if
ey denotes the energy of the affinity level. In the case, where ¢y corresponds to
the atom ionization level, the probability of the positive ionization is given by
1 — ng(t) [26].

It follows from Eqgs. (5, 6) that the occupancy of the adatom and the moving
atom can be simply calculated if the appropriate matrix elements of the evolution
operator are found. After some algebra it can be shown that these elements satisfy
the corresponding set of coupled integro-differential equations (c.f. [25]):
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0 o
ano(t,to) = —1Voa(t)Ua0 (2, t0)

- /t dt'[®1(t, ) Uoo (', to) + Do (t, ") Uao(t', t0)], (7)

0 o
EUaO(tatO) = =iV (1) Uoo(t, o)

- /t dt'[@5(t, 1) Uoo(t', to) + Pa(t, t')Uao (', 10)] (8)

with the initial conditions Uyg(to,t0) = 1, Uao(to,to) = 0.

Similar equations were also found for Upa(t,tn) and Uya(t, o) with the initial
conditions Ugy(to,t0) = 0, Uaa(to,t0) = 1, and the corresponding set of equations
for Upg(t,t0) and Uag(, o) is as follows:

0 - .
ank(t,to) = —IVQk(t) — IVOa(t)Uak(t,to)

- /t dt'[®1(t, ) Uor(', t0) + Po(t, ") Uar (¥, 10)], (9)

d . -
EUak(t,to) = —iVar () — 1IVE () Uk (2)

a /t dt/[QSS(t’ t/)UOk(t/a tO) + @4(ta t/)Uak(t/’ to)] (10)

with the initial conditions Uag(to,%0) = 0, Upg(to, o) = 0.
Here, the functions &;(¢,t"), i = 1,2, 3,4, are defined as follows:

@1(t.1) = 3 Tor(DTa (1), (11)
Poft,1) = Z Tae(DVE (1) exp(—ik - R). (12)
Ps(t,1) = Z Tk () V53 (1) exp(ik - Ry, (13)
Pu(t,1) = Z Ve () Vi (1), (14)

where, according to Eq. (3) one obtains:

Vs = Ve i [ () - esar (15)

to
and g; corresponds to |7).

We assume the functions Vi (¢) and Voa(t) in the form Voug(t) and Voauoa(t),
respectively, where the functions ug(t) and uga(t) describe the time-dependence of
the corresponding interactions.

The functions @;(t,t') can be written as follows (we assume Vo = V4 and

to = 0)
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t

@1(t,1') = [Vo|*uo(t)uo(t') exp <l/t

i

o (t”)dt”)

X /_00 dw exp(—iwt) Z S(w — ek), (16)

t
@z(t,t/) = VQVGUQ(t) €Xp (1/ Eo(t//)dt// — it/Ea)
tl

(o]
X / dw exp(—iwt)Z(s(w —cg)exp (—ik- Ry) (17)
- k
and similar expressions for @4(¢,#') and P3(¢,1'), respectively.

In order to proceed further the calculations we assume the free-electron en-
ergy dispersion £ = h2k2/2m for the metal surface electron energy spectrum.
Therefore, the integral appearing in @1 (¢,’), the Fourier transform of the density
of states, D(¢), can be simply calculated and the second integral in @5(¢,¢) can be
rewritten as

%(7’12/2771)1/21/1/—3/2 fOW dw exp(—iwt) sin(y/2mW/h|R,|)
| R
where T is the bandwidth of the surface energy spectrum D(w) and we assume
Dw) = %W_?’/zwl/z for 0 > w > W and D(w) = 0 elsewhere.
Finally, the functions @;(¢,t’') which play the role of the integral kernels in

= F(1), (18)

the integro-differential equations (7-10) can be written as follows:

2101 = W PusuoV)exs i [ caterraer ) o), (19)
Go(t,1') = VoVaug(t) exp (i /: go(t")dt” — it’ea) Ft—1, (20)
®3(t,1') = VaVouo(t') exp (—i/otl eo(t")dt” + itea) F(t—1t), (21)
@u(t,1) = [Vl exp iea(t — )DL~ 1), (22

It is clear that the importance of the charge transfer channel between the moving
atom and the metal surface through the tightly bound adatom orbital |a) should
decrease with the increasing distance between adatom and the point on the surface
at which the moving atom scatters. In our set of equations for the matrix elements
of the evolution operator (Eqgs. (7-10)), the information on the relative position
of the adatom and the moving atom is contained in the function F(t) and upa(t).
For a very large |R,| (note that we placed the origin of the coordinate system at
a point on the surface where the moving atom strikes the surface) the influence
of the adatom on the direct charge transfer between the metal surface and the
moving atom is almost negligible and we can simplify the set of equations (7-10)
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neglecting the functions @4(¢,t’) and P5(¢,t'). The resulting equations for ng(t)
will be the same as in the case of atom scattering on a clean metal surface [24, 26].

Note, however, that at |R,| for which wga(t) is negligible and the direct
charge transfer between the adatom and the moving atom can be ignored, the
functions @4(¢,t') and P3(t,t") cannot be neglected and there is still possibility
that the adatom can affect the charge transfer between the moving atom and the
metal surface.

3. Results and discussion

We discuss the charge transfer between the moving atom and the metal sur-
face with the adsorbed adatom as a function of the distance between the adatom
and the point of the surface at which the moving atom is scattered. We assume
the trajectory of the moving atom perpendicular to the surface. The velocity of
the atom is assumed to be in the range of v = 0.1 — 0.02 a.u. and is constant on
the way towards the surface, as well as; on the outgoing trajectory. We calculate
the charge localized on the moving atom according to Eq. (5) and the required
matrix elements U;; (¢, 1) are obtained solving Egs. (7-10) and the correspond-
ing set of equations for Upa(t,t0) and Uaa(t, to) (not displayed here). In order to
solve these equations, the explicit forms for the time-dependence, or equivalently,
the z-dependence of the hybridization matrix elements Voa(z), Vor(z) and the
z-dependence of the atomic energy level are required. In the literature various
forms of the z-dependence for Vpi(z) have been explored — exponential, Gaus-
sian, nodal or others. The exponential form commonly used represents fairly well
the true hopping integral and should be sufficient for our model calculations. So,
we characterize Vyg(t) through the collision time t., or the interaction range Ay
(the collision time can be estimated as A; /v, where A; is the interaction range and
v is the velocity of the moving atom [27, 28]):

Vor(t) = Vo exp(—[t|/tc) = Voexp(—z/A1). (23)
For numerical calculations we adopt the value Ay ~ 2.5 a.u. estimated in [28].
We adopt also the same distance dependence for the hopping integral between the
moving and adsorbed atoms with Ay ~ 2.5 a.u. However, it is known that such
approximation for the hopping integral works sufficiently well far away from the
surface and is overestimated at distances close to the surface. Therefore, we have
repeated some of our calculations with the hopping integral damped or increased
in the region 0 < z < 2 (in comparison with the exponential approximation). As
a result, we did not find any qualitative differences in the results obtained. As for
the matrix element Vg (it should be time-independent) we assume the sudden
switching on of the interactions between the adatom and the metal surface and
take it in the form Vag(t) = Vau(t), where u(?) = 0 for ¢t < 0 and u(¢) = 1 for ¢t > 0.

It 1s well known that, as an atom approaches the surface, the atom ioniza-
tion and affinity levels are shifted by the image potential and broadened into a
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resonance of some width (e.g. [12]). The situation is more complex for the case of
atoms scattered on adatoms adsorbed on the surface. The studies of the interac-
tion of atomic levels with an adatom adsorbed on a metal surface performed in the
“on top” geometry show that the atomic levels and their widths are very clearly
disturbed in comparison with the results obtained for clean surfaces (e.g. [9, 29]).
These disturbances should disappear relatively fast with the increasing distance
of the collision region from the adsorbed atom. In our model calculations we as-
sumed two forms for gq(z). The first one corresponds to €g = const. As the main
aim of this work is to investigate the dependence of the charge transfer (between
a moving atom and the system consisting of the adsorbed atom and the metal
surface) on the distance of the collision region from the adsorbed adatom, then
such simplified assumption about ¢y should be justified. In the second step we used
the formula for eg(z) consistent with the image potential correction. As expected,
this improved expression for gq(z) did not change the results qualitatively. Our
investigations consider the negative ionized atom approaching the surface; so the
occupation number ng corresponds to the probability of the negative ionization
of the moving atom. In all figures we present results for the asymptotic values of
the occupation numbers ng (i.e. far away from the surface) obtained for particular
parameters given below in the text.

In Fig. 1 we show the occupation numbers ny versus the distance of the
collision region from the adsorbed atom for £, equal to the Fermi energy ¢y and
for the three constant values of g, ¢g = ep —0.5eV, ¢g =¢p and ¢g = cp+0.5 eV,
curves A, B, and C, respectively. The results for d = 0 correspond to “on top”
geometry, i.e. for the collisional ion approaching the surface along the surface
normal that goes through an adsorbed atom. The broad free-electron energy band
with ep = 11.7 eV was assumed to mimic the aluminium surface. The parts a, b,
and ¢ correspond to the ion velocities v = 0.1, 0.05, and 0.02 (in atomic units)
and Vo = Voo = Vo = 1 eV. Generally, the occupation numbers ng are smaller for
small d in comparison with the results for larger d which are essentially equivalent
to those obtained for scattering on a clean surface. In all cases the existence of
the efficient additional channel for electron tunneling between the collisional atom
and the metal surface (Voa # 0) results in decreasing the charge localized on the
scattered atoms. However, we observe some interesting interference effects which
manifest in decreasing ngy for the collision region lying in a distance from the
adsorbed atom. This effect is clearly visible for smaller velocities v = 0.05 and 0.02,
curves A and B. Generally, ng(d = 0) are smaller in comparison with ny(d = 30)
for all velocities and localizations of €y and €,. The largest charge transfer from the
moving atom to the metal surface is observed for small atom velocities for the case
of ¢y localized above the Fermi energy, curve C in Fig. 1c. We note also for smaller
atom velocities a weak dependence of the occupation numbers calculated for d = 0
(in comparison with the results obtained for d = 20) on the atom velocities and
relative localization of ¢g and ¢,.
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Fig. 1. Occupation numbers ny as the functions of a distance between the adatom
and the point of the surface at which the moving atom strikes the surface, d, for the
atom velocities v = 0.1, 0.05, and 0.02 a.u., the parts (a), (b), and (c), respectively. The
curves A, B, and C correspond to 5, —e0 = 0.5 €V, 0 eV, and —0.5 eV, respectively.
The surface energy band is described within the free-electron model with the bandwidth
W =18 eV and the Fermi energy er = 11.7 €V. The atomic energy level ¢ is assumed

to be independent of the distance from the surface and e, = ep, Vo = Vo = Voo =1 €V.

In Fig. 2 we show the 1/v dependence of the occupation numbers ng calcu-
lated for different distances d between a collision region and an adsorbed atom. It
is well known that the resonant charge transfer between two atoms (in the absence
of the surface) leads to periodic in 1/v oscillations of the appropriate occupation
numbers; v being the relative velocity of atoms [25, 30]. Here we have extended
the investigations of the 1/v dependence of the occupation numbers np to the case
of atoms scattered on the adsorbed atom (d = 0) or in some distance from it. For
a relatively large distance of the collision place from the adsorbed atom (d = 10
or d = 15 a.u.) we do not observe any oscillations independently of the strength of
the hybridization constants Vi, Vi, Via and relative position of the energy levels
€F, €a, and €g. The oscillations appear for an atom — adatom scattering (d = 0)
and disappear sufficiently fast with the increasing distance d. Note that, surpris-
ingly, the greater oscillations (at d = 0) are observed with the weaker coupling
constants Vi, Voa, and Voa (Fig. 2b).

As the constant values for ionization or affinity levels of the moving atom
are rather a crude approximation we performed also calculations of the atom occu-
pation numbers ng for the case of the affinity level shifted downward as the atom
approaches the surface. In Fig. 3 we plot the d dependence of the occupation num-
bers ng for two values of the hybridization constants equal to 1 eV (thick lines) and

2 €V (thin lines) for v = 0.1 a.u. (Fig. 3a) and v = 0.05 a.u. (Fig. 3b). The curves
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Fig. 2. Occupation numbers no as the functions of 1/v for Vo = Vo, = Voo = 2 €V
(part (a)) and for Vo = V, = Voo = 1 €V (parts (b) and (c)). Particular curves correspond
to different distances d. The curves denoted by d = 0 correspond to the atom-adatom
collision case. The parts (a) and (b) describe the case €0 = e, = er and the part (c) cor-

responds to g — er = 0.5 €V, e, = eF.
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Fig. 3. Occupation numbers ng as the functions of a distance d for the atom velocities
v = 0.1 a.u. and 0.05 a.u., parts (a) and (b), respectively. The thick (thin) lines corre-
spond to Vo = Vo, = Voo =1 eV (Vo = Vo = Voo = 2 €V). The atom electron affinity
energy level is assumed to vary along the distance from the surface to account the im-
age interaction. The curves A, B, and C correspond to the work function ¢ = 2.32 eV,

2.82 eV, and 3.5 eV, and e, =er — 0.5 eV, e, =er and € = er + 0.7 €V, respectively.
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A, B, and C correspond to the work function equal to 2.32 eV, 2.82 eV, and 3.5 eV,
respectively, and for corresponding ¢, we assumed the values ep — 0.5 eV, ep and
er + 0.7 eV. For this choice of parameters, the curve C corresponds to the affinity
level £9(2) lying entirely above the Fermi energy for all values of z. The curves B
describe the situation when £4(0) = ¢p, i.e. the affinity level is shifted downward
up to the Fermi energy at z = 0 and the curves A correspond to the case for which
£0(2) is going down below the Fermi energy at some distance from the surface. In
all cases we assumed ¢, = £9(0). These three cases A, B, C can be compared, to
some extent, with the corresponding arrangement of ¢p, €, and the constant val-
ues of £y studied in Fig. 1. Essentially, at greater velocity the overall d-dependence
of the occupation numbers ng is very similar to that given in Fig. 1. We observe
greater charge transfer to the surface at small values of d than for scattering on
a clean surface. At smaller velocity (Fig. 3b) we still observe considerably smaller
occupancies ng for the case of a moving atom colliding with an adsorbed atom
or striking the surface at small distances from it. For stronger coupling between
the moving atom, adatom and metal surface (thin curves), the enhanced charge
transfer from the moving atom to the surface is observed, although for small d
this transfer is greater than for the clean surface.

In the next step we are going to discuss the role of the indirect interaction
between the adsorbed atom and the moving atom colliding with the surface at
some distance from the adsorbed atom on the charge transfer between the moving
atom and the surface. This indirect interaction comes from the perturbation of
the conduction electron states by the adsorbed atom. This perturbation influences
the electron tunneling process between the moving atom and the surface even at
the distances d at which the direct electron hopping between the adsorbed and
the moving atoms is negligible (c.f. [15, 16]). Figure 4 presents the comparison
of the occupation numbers ng calculated for the nonzero interactions V4, Vg, and
Voa (thick lines) and for the vanishing direct hopping Vp, (thin lines). We observe
relatively large oscillations at small d (thin curves) which are due to the indirect
interaction between the moving and the adsorbed atoms. If we include the direct
hopping (thick curves) then at small distances the influence of the indirect inter-
action is still visible although strong interference effects with direct hopping are
present. For the greater distance d, only the oscillations due to the indirect inter-
action survive and the influence of the direct hopping between the adsorbed and
the scattered atoms is negligible. These oscillations disappear with the increasing d
and finally ng achieves the value corresponding to scattering on clean surfaces. The
influence of the indirect interaction grows up with the increasing coupling between
the adsorbed atom and the surface and is greater for lower atom velocities.

Figure 5 shows the oscillations of ng for different values of the coupling
constants Vy, Vi, Vpa for different bandwidths W of the free-electron metal sur-
face energy bands. Note the dependence of ng on the energy bandwidth 1W. The
substrate band structure enters into the theory mainly through the time-Fourier
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Fig. 4. Occupation numbers ng as the functions of a distance d for different atom

velocities v = 0.1 a.u., 0.05 a.u., and 0.02 a.u. — curves A, B, and C, respectively. The
thick curves correspond to Vo, = Vo =V, =1 eV and thin curves are calculated for the
vanishing direct coupling between the adatom and the moving atom, Vo, = 0. Other

parameters as in Fig. 1 and €90 = e, = eF.
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Fig. 5. Occupation numbers no as the functions of d for Vo. = Vo = Vo = 1€V (part (a))
and for Vo, = Vo =V, =2 eV (part (b)) for different values of the bandwidth W. The
Fermi energy is put in the middle of the free-electron energy band and e, = ¢g = e,
v = 0.05 a.u.

transform of the density of states. It seems, however, that the width of the energy
band (and not the detailed structure of the energy dispersion function) is most
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important characteristic which influences the charge transfer if only the adatom’s
and moving atom’s ionisation and affinity levels are not too close to the band edges
or peaks of the density of states (e.g. [31]). Therefore in our paper we consider
rather the influence of the substrate energy bandwidth than the specific energy
dispersion function. For relatively small interactions between all parts of the con-
sidered system we observe a clear dependence of asymptotic values of ng on the
width W (Fig. 5a), whereas this dependence disappears for larger interactions
(Fig. bb). On the basis of the results given in Figs. 4, 5 and others we have per-
formed, one can conclude that the period of oscillations does not depend on the
atom velocity but it decreases with the increasing bandwidth W. The amplitude
of these oscillations hardly depends on the bandwidth W but increases with the
decreasing atom velocity.

4. Conclusions

The main purpose of this work was to establish a relationship between the
final charge state of the atom colliding with the metal surface in a given distance
from the adsorbed atom and the indirect interaction between those atoms due
to the coupling with metal electrons. Unfortunately, up to now the experimental
studies only partly have addressed the problem similar to the one considered here.
Namely, the experiment is able to measure the charge state of atoms backscattered
from the adsorbed atoms or from the substrate atoms (e.g. [9]). However, unlike the
STM where one can observe the atomic geometrical structure on surfaces and probe
the surface electronic structure near the specific impurity atom, the experiments
on charge exchange in the atom-—surface interactions give us, e.g. the ionization
probability of the scattered atom averaged over all configurations of adatoms on
the surface and not for one specific surface atom placed in a definite distance from
the adsorbed atom. So, our model investigations have to be considered at present
time as the first step to the theoretical description of the influence of indirect
interactions on charge transfer in scattering atoms on metal surfaces.

In conclusions, we have presented a study of the resonant charge transfer
between a metal surface and an atom scattered on it in a distance from the ad-
sorbed impurity atom. We have used the time-dependent Anderson—Newns model
together with the evolution operator approach. The calculations of the negative
ionization probability of the scattered atom were performed assuming constant, as
well as, z-dependent (due to the image potential corrections) atom electron affin-
ity level, for different values of the interactions between all parts of the considered
system and different velocities of the moving atom. We assumed the exponential
form for the hybridization matrix elements Vi (z) and a free-electron band struc-
ture of the metal surface. Our main conclusions can be summarized as follows: the
indirect interaction between the atoms scattered on the surface and the adsorbed
impurity atoms results in oscillations of the occupation numbers ny of the atoms
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reflected from the surface. The occupation numbers ng oscillate against the dis-
tance between the adsorbed impurity atom and the collision point of a moving
atom with the metal surface. These oscillations are especially clearly visible for
larger couplings between atoms and the surface as well as for small atom veloci-
ties. They appear independently of the functional dependence of the atom electron
energy level on the distance of this atom to the surface. The amplitude of these
oscillations hardly depends on the bandwidth W of the metal energy band and
the period decreases with the increasing W.
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