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Abstract. A review is presented on the charge transfer process in atom–metal surface collisions,
focusing on the modifications of this process induced by the presence of adsorbates on the
surface. It concerns primarily the case of low coverages where the adsorbates can be viewed as
impurities on a substrate and not the case of very large coverages where the substrate properties
disappear. Adsorbed impurities are found to strongly perturb the atom–surface charge transfer
process. Two different effects invoked in the interpretation of these perturbations are discussed:
the non-local effect due to the change of the surface work-function induced by the adsorbates
and the local effect due to the local modifications in the surface electronic structure induced
by the adsorbate around itself. Recent experimental and theoretical results on this problem
are reviewed, stressing the relative importance of the two effects, i.e. the relative weight of
delocalized and localized aspects.

1. Introduction

During the collision of an atomic (or molecular) particle with a solid surface, a variety
of inelastic processes can take place leading to modifications in the collision partners:
excitation of the atom or molecule (electronic, vibrational, rotational), excitation of the
surface (electrons, phonons), fragmentation, transfer of the electron (charge transfer),
reactivity etc. Among all these processes, charge transfer has received a lot of attention.
Indeed, this process is quite importantper se: it determines the charge state of the reflected
(or sputtered) particles and so governs the charge equilibrium between gaseous and solid
phases. It is also quite important for surface analytical methods such as SIMS (secondary ion
mass spectrometry). In addition, the charge transfer (CT) process plays a very important role
as an intermediate step in many surface reaction mechanisms: fragmentation, desorption,
reactivity at surfaces,. . . . The general basic aspects of the charge transfer process have
been covered by a few reviews [1–7]. Traditionally, the different charge transfer processes
are classified into three categories: (i) the resonant charge transfer (RCT) which involves
only one electron making an energy conserving transition; (ii) the Auger process which
involves two-electron interactions and (iii) the charge transfer process involving inner shell
electrons of the projectile and of the target surface. These different processes will be
presented in more detail below in section 2. Usually for the outer shell electrons, the RCT
process is assumed to be dominant when it is possible, since one-electron interactions can
be expected to be stronger than multi-electron interactions. On the theoretical side, the
studies of the charge transfer in atom–surface collisions have mainly been developed in the
case of clean and perfect surfaces which corresponds to well defined surfaces and allows
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quantitative comparisons with experiment. On the RCT, which is the main concern of the
present review, many studies have been performed within the Anderson–Newns Hamiltonian
formalism. Developments concerned both the treatment of the collision dynamics and the
quantitative calculation of the CT coupling terms entering the dynamics equations. However,
realistic surfaces may not be clean and crystallographically perfect. They can present defects
or have adsorbed impurities whicha priori can influence the charge transfer process. This
problem has received some attention, mainly from the experimental side. In particular quite
a few experimental studies have been devoted to the effect of the presence of adsorbates on
the charge transfer process.

The present review concerns the effect of the presence of adsorbates on the charge
transfer process with emphasis on the theoretical aspects. At this point, one should
distinguish two different extreme cases: the very low adsorbate coverages where the
adsorbed atoms or molecules can be looked at as impurities deposited on the surface and
the case of thick adsorbate layers where one can consider that the solid surface has been
replaced by a new one and where the substrate characteristics have disappeared. The present
review is devoted to the case of a low adsorbate coverage (impurities) on a metal surface.

Experimental studies revealed a large effect of the presence of adsorbates on the
atom–surface charge transfer. Qualitative discussions of these results basically invoked two
effects: (i) a non-local effect associated with the surface work-function change induced by
the adsorbates; it modifies the relative energy position of the atomic and surface electronic
levels available for the charge transfer and so directly influences the RCT; (ii) a local effect
due to the local modification of the electronic potentials around the adsorbate which directly
influences the electronic wavefunctions and so the charge transfer couplings in the vicinity
of the adsorbate. One can stress the fact that local aspects should always exist even without
adsorbates. Let us consider a perfect clean metal surface. It looks flat when seen from some
distance. However, when the projectile approaches the surface closely enough, there will
always be a region where the projectile will mainly interact with only one surface atom.
Basically, the projectile–surface interaction will have a granular local character when the
projectile is so close to the surface that it interacts not only with the delocalized electrons of
the metal valence band but also with the more inner electrons localized around the surface
atomic centres. In the case of an adsorbed impurity, the electrostatic potentials and electron
wavefunctions are locally modified around the impurities and one can expect the granularity
in the atom–surface interaction to be quite important.

The aim of this review is to present some of the recent results obtained in the domain
of the resonant charge transfer process on adsorbate covered metal surfaces. A particular
emphasis will be put on the interplay between the local and non-local effects. Section 2
contains a short presentation of the charge transfer process on a metal surface. Section 3 is
devoted to the experimental evidence for the non-local and local effects. Section 4 reviews
some of the recent developments on the theoretical treatment of the RCT in the case of a
metal surface with adsorbates with an emphasis on the alkali covered metal surfaces. Finally
section 5 presents some conclusions.

2. Charge transfer processes in ion(atom)–metal surface collisions

In the case of the interaction of an atom with a metal surface, the charge transfer process
involves electronic states of different characteristics: the atomic levels are localized in space
around the atom and form a discrete energy spectrum, whereas in a metal the electronic
conduction band states are delocalized over the entire metal crystal and form an energy
continuum. This difference between the two kinds of state is responsible for some of the
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most salient characteristics of the charge transfer problem. The charge transfer processes
in atom–surface collisions are usually classified into three different processes with different
characteristics.

The resonant charge transfer (RCT) process corresponds to the transition, at constant
energy, of an electron between atomic and metal states (figure 1(a)), i.e. to the resonant
transition between a discrete state (the atomic state) and a continuum of states (the metal
states). It can be looked at in a different way if one considers the potential ‘felt’ by the
electron in the atom/metal surface system (figure 2). The RCT appears as the tunnelling
of an electron through the barrier separating the potential well localized around the atom,
and the potential well inside the metal (figure 2). In both these simple views (discrete
state/continuum interaction or tunnelling of an electron through a barrier), the RCT is
associated with an irreversible evolution that corresponds to the finite lifetime (finite width)

Figure 1. Schematic diagrams for various processes in ion(atom)–surface interactions.
(a) Resonant charge transfer. (b) Auger neutralization. (c) Auger de-excitation, direct (dashed
arrows) and indirect (full arrows) processes.
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Figure 2. Schematic plot of the potential felt by the active electron in a resonant charge transfer
process, along the normal to the surface going through the atomic centre.

of the atomic level. The RCT can occur in both directions, depending, for a vanishing
temperature, on the relative energy position of the atomic level and of the occupied metallic
levels. If the atomic level is below the Fermi level the electron tunnels from the metal to
the atom, and if the atomic level is above the Fermi level of the metal the electron tunnels
in the opposite direction. When it is energetically allowed, the RCT is usually assumed to
dominate over the other charge transfer processes, since it involves one electron transitions
in the outer shells.

The Auger processes correspond to the relaxation of the excited atom–surface system
and involves more than one electron [8–27]. The Auger neutralization process occurs when
the incident projectile presents a core hole. One metal electron neutralizes the atomic
core hole and the energy gained with this neutralization is used to excite another metal
electron [8–21] (figure 1(b)). The energy gained by the neutralization can also be used for
a collective excitation of the metal: a plasmon. This last possibility is quite important, when
it is energetically possible [11–21]. If the energy is high enough, the excited metal electron
can be ejected into the vacuum and so can be observed. This feature has been extensively
used to study the Auger neutralization process and allows a qualitative analysis of the atomic
and metallic density of states [9, 10, 18, 19]. In the case of an excited-atom–surface collision,
an Auger de-excitation process can occur [20–27] (figure 1(c)): the excited atom electron
fills the atomic vacancy and the released energy excites a metal electron or a plasmon
(direct process) or a metal electron fills the atomic vacancy and the released energy ejects
the excited atomic electron (indirect process). This de-excitation process is not associated
with a change of charge of the projectile. The electron ejected by these processes can
be observed and this forms the basis of a surface analytical method: the metastable atom
de-excitation spectroscopy (MDS) that is sensitive to the surface density of occupied states
[24–27].

Charge transfer processes can also involve inner shells of the atom and of the metal.
The inner metal states are localized around the lattice sites in the crystal and have thus an
almost atomic character. The transitions among inner electrons are then quite analogous to
the charge transfer processes observed in ion–atom collisions which only involve discrete
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states. They usually favour the quasi-resonant electronic transitions between the quasi-
atomic levels or are induced by orbital promotion in close binary collisions between the
projectile and one of the target metal nuclei [28–36].

Theoretical studies on the projectile–surface charge transfer implied both the
development of the dynamical treatment of the collision and the quantitative estimate of the
charge transfer couplings. Here, we will only briefly present the calculations for the RCT.
More detailed account can also be found in earlier reviews [1–7].

The atom–surface resonant charge transfer process has been very often described using
the time-dependent Anderson–Newns Hamiltonian:

H =
∑
k

εkC
+
k Ck + εaC+a Ca +

∑
k

(VakC
+
a Ck + CC) (1)

which contains the Hamiltonian for the unperturbed metal (statesk, with energyεk), for
the unperturbed atom (usually only one levela, with the energyεa) and a coupling term
between the atomic levela and the metallic statesk (Vak). C

+
i andCi are the creation and

annihilation operators. The energy position of the atomic levelεa and the charge transfer
couplingsVak vary with the atom–surface distance,Z. It is implicitly assumed that the
atom follows a classical trajectory during the atom–surface collision associated with aZ(t)

dependence. This transforms theZ varying quantitiesεa and Vak into time dependent
quantities. Various methods have been developed to treat the collision dynamics within this
Hamiltonian. Within a certain number of approximations (free-electron-like metals, broad
band approximation, high surface temperature, semi-classical conditions,. . .), the dynamics
of the charge transfer can be described by a rate equation in which the population of the
atomic state evolves via a charge transfer rate given by the atomic level width (see e.g. in
the reviews [1–6] and in [37–41]). In this case the atomic level width is given by

0 = 2π
∑
k

|Vak|2δ(εk − εa). (2)

The existence of a few atomic levels as well as the effect of the degeneracy of the atomic
states can be included in the rate equation approach. This leads to a multi-state rate equation
approach where the electron capture and loss rates are not equal. However, this approach
neglects the dynamical aspects of the charge transfer (non-adiabatic transitions) as well
as possible many-body effects. A few approaches have been developed to introduce the
many-body effects [6, 41–49].

The very first studies on the RCT process relied on perturbative approaches associated
with simple representations of the atom+ metal system to evaluate the charge transfer
couplings and the atomic level energy entering the Anderson–Newns Hamiltonian (1)
[50–56]. Later, it appeared that these methods were not accurate enough because of both
the simplifications in the system description (for example the lack of the image potential in
the description of the electron–surface interaction [57]) and the hybridization of the atomic
levels due to the presence of the metal surface [58–60].

The quantitative non-perturbative studies of the RCT are based on direct calculations
of the atomic level energies and widths. A few quantitative methods have been introduced
in the case of a free-electron-like metal (‘jellium’) surface. In this case, the electron–metal
interaction is described by a local potential only function of the atom–surface distance.
Basically, the underlying physics is the same in all these methods. The determination of the
atomic level perturbed by the presence of the metal surface corresponds to the determination
of the characteristics of the one electron quasi-stationary states in the potential schematized
in figure 2 or, equivalently, of the resonances in the scattering of a negative energy electron
in this potential. The various methods differ by the way they analyse the quasi-bound states:
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complex scaling [61], coupled angular mode [62], stabilization [63, 64], self-energy [65, 66]
and wave-packet propagation [67]. At this point, one can stress that these different methods
yield the same results when applied to the same problem, i.e. when using the same electron–
metal and electron–surface interaction potentials (see e.g. for the H− case [67]). Examples
of results for the energy and width of atomic levels interacting with a jellium metal surface
will be presented below in section 4, together with their modification due to the presence of
adsorbates on the surface. The energies and widths of the atomic levels obtained with these
methods can be used directly in a rate equation approach of the collision dynamics, thus
leading to the prediction of charge transfer probabilities. Alternatively, one could use these
methods to obtain the relevant quantities to use directly in the Anderson–Newns Hamiltonian
(see e.g. [47, 48]). However, for this, one has first to invert the equation (2) to obtain the
Vak couplings from the level width0. This cannot be done without thea priori knowledge
of the k dependence of the coupling termVak (the k index summarizes all the quantum
numbers required to label the metal states; in particular in the case of a free electron metal,
k is a vector). Usually, it is assumed that the coupling is independent ofk; the reliability
of this simplifying assumption has not yet been assessed. The quantitative non-perturbative
methods, associated with a rate equation treatment of the collision dynamics, were found
to be quite successful to describe the RCT in the case of free electron metals when a
comparison with experimental results was possible (see e.g. the results for rate equation
treatments of the RCT in grazing angle scattering on ‘perfect’ Al surfaces [68, 69]).

3. Experimental evidence for the effect of adsorbates on the charge transfer process

3.1. Non-local effect of the presence of adsorbates on the resonant charge transfer

The adsorption of atoms (molecules) on a metal surface results in a change of the surface
work-function8. Indeed, for small coverages, the presence of adsorbed species can result in
the creation of a dipole layer on the surface which modifies the surface work-function. For
example, the alkali atoms are well known to induce rather large work-function decreases
when adsorbed on metal surfaces [70]. As we have seen in the preceding section, the
direction in which the RCT occurs is determined by the relative energy position of the
atomic and Fermi level. Since the collisional atom level energy is linked to the vacuum
level, a change in the surface work-function directly results in a change in the energy
distance between the atomic and Fermi level and thus a possible change of the direction of
the RCT. This effect of the presence of adsorbates is usually termed the ‘non-local’ effect,
since it is linked to a variation of a quantity, the surface work-function, which is defined
for the macroscopic surface and is not localized at a peculiar point on the surface. Let us
consider for example, the case of atomic negative ions. Their binding energy is usually
rather small, smaller than a typical metal surface work-function, so that the affinity level of
atoms is in resonance with the unoccupied levels of the metal conduction band, at least at
large projectile–surface distances. The formation of negative ions or their survival after an
interaction with a metal surface is then unlikely (with the exception of a few strongly bound
ions like the halogen negative ions [71]). The presence of alkali adsorbates on the metal
surface strongly reduces the surface work-function and, thus, it can drastically enhance the
negative ion formation. This effect has been observed very clearly in a few systems (see
below).

Figure 3 presents the experimental results of Yu [72] on the charge state of atomic
oxygen sputtered from a polycrystalline vanadium surface covered by oxygen impurities
and by a variable amount of alkali adsorbates (lithium below the monolayer coverage). For
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Figure 3. O− negative ion yield in the case of sputtering from a polycrystalline vanadium
surface covered with a variable amount of lithium. The horizontal scale corresponds to the
lithium induced surface work-function change, i.e. to an alkali coverage scale. The ion emission
angle is 55◦ from the surface normal and the ion emission energy is 8.3 eV (a) and 65 eV (b).
From Yu [72].

each alkali coverage, the O− oxygen negative ion flux sputtered from the surface at well
defined energies and angles (low fluence mode) is recorded. The results by Yu are shown
in figure 3 as a function of the work-function change induced by the alkali (this scale is
related to the lithium coverage). The O− negative ion yield is found to drastically increase
when the work-function decreases, i.e. when the lithium coverage increases, as predicted
by the non-local effect. Figure 4 schematically presents the binding energy of a negative
ion interacting with a metal surface, as a function ofZ, the ion–surface distance. At large
Z distances, the negative ion level energy roughly varies according to the image charge
attraction

E(Z) = E(∞)− 1/4Z. (3)

At very large ion–surface distances, the negative ion level is degenerate with the unoccupied
levels of the surface. However, due to the above variation, the affinity level can go below
the Fermi level for ion–surface distances below a critical distanceZc and become degenerate
with occupied levels of the surface. The atom–surface resonant charge transfer process then
contributes to the negative ion formation at short distancesZ < Zc and to its destruction
at large distancesZ > Zc. What is observed at the end of the sputtering event is the result
of the interplay of the creation and destruction zones. The decrease of the surface work-
function results in the increase of the critical distanceZc and then favours the creation zone
against the destruction zone. Qualitatively, this accounts for the observations of figure 3,
where the decrease of8 results in the increase of the O− yield by orders of magnitude
and in a saturation of the O− yield for large work-function changes. This latter situation
is attributed to a negative ion fraction equal to one: the destruction zone is repelled to



6592 J P Gauyacq and A G Borisov

Figure 4. Schematic position of the various energy levels involved in the negative ion formation
process via resonant charge transfer.8 is the surface work-function. Full line: affinity level of
the negative ion as a function of the ion–surface distance. Horizontal dashed line: Fermi level
of the metal surface. The affinity level is seen to cross the Fermi level at a distanceZc, leading
to two different charge transfer processes in the two regions:Z > Zc andZ < Zc.

large atom–surface distances where the charge transfer coupling is very small and so where
very little negative ion destruction can occur. Assuming that the increase of the ion yield
was only due to the change in the RCT and not in a change of the sputtering yield, Lang
[73] and later Kasaiet al and Bahrimet al [74, 75] were able to quantitatively account for
these results. They only took into account the change of work-function and assumed that
the charge transfer couplings were independent of the presence of adsorbates, i.e. they only
considered the non-local effect of the adsorbate (the macroscopic work-function change).

The same non-local effect on the formation of negative ions has also been very clearly
observed in the case of projectile scattering from an alkali covered metal surface. The FOM
group in Amsterdam performed a very detailed study of the formation of H− negative ions
by collision of hydrogen on a caesiated tungsten surface [76–78]. One of their results [76]
is presented in figure 5. It shows the negative ion fraction in the reflected beam for 400 eV
H+ incident on a Cs/W(110) surface as a function of the quantity of caesium deposited on
the surface, together with the surface work-function evolution. As a remarkable result, the
negative ion yield sharply peaks in the Cs coverage region where the surface work-function
is minimum. Here again, we recognize the very large effect of a work-function change.

Many other experimental results have shown the importance of the non-local effect.
One can mention the studies of the charge transfer processes in collisions of alkali positive
ions on alkali covered metal surfaces [48, 79, 80]. Depending on the alkali coverage, i.e. on
the surface work-function, different states of the projectile are formed: ground state neutral,
excited neutral and negative ion. The different domains in which the various species are
formed can be interpreted via the non-local adsorbate effect and the multichannel aspect of
the problem (competition between the different projectile states).

Another piece of experimental evidence for the importance of the non-local effect is
provided by the detailed studies of electron emission during the neutralization of ions
impinging on a metal surface covered with a variable amount of alkalis. The various
Auger processes (neutralization, intra- and inter-atomic de-excitations) can be associated
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Figure 5. H− formation in collision of hydrogen on a caesiated W(110) surface as a function of
the Cs coverage of the surface. Black squares and right scale: negative ion formation probability
for 400 eV H+ ions incident on the surface at 82◦ from the surface normal. Black dots and left
scale: surface work-function. From van Wunniket al [76].

with electron emission and can thus be recognized on an energy spectrum of emitted
electrons. When the surface work-function varies, as discussed above, the states that can be
involved in the resonant and Auger processes change and this can be traced by analysing
the emitted electron spectrum. Kempteret al [18, 81–83] studied the electron emission
during the neutralization of a variety of atomic ions on partially alkalated surfaces. They
could correlate the formation of excited atoms or of doubly excited negative ions (visible
through their Auger destruction) with the surface work-function variation in agreement with
the predictions of the non-local effect [18, 81–83].

Adsorbate induced modifications of the charge transfer process were also found to
perturb the metastable atom de-excitation spectroscopy method (MDS), used for surface
electronic analysis. The MDS method basically consists in analysing the energy spectrum
of the electrons ejected via Auger de-excitation processes during the collision of a metastable
atom (typically He) on a surface [24–27]. Studies of alkali coated metal surfaces with MDS
have revealed the existence of an important singlet to triplet conversion process in He∗

impinging on the surface. The He(21S) metastable atoms incident on the surface were
found to be partly converted into He(23S) metastables, at large atom–surface distances,
prior to the metastable deexcitation process [84–86]. Both the singlet and triplet metastable
helium atoms then contribute to the ejected electron spectrum. Their contributions are
shifted one from the other by their energy difference (around 0.8 eV) and this makes it very
important for the MDS analysis to precisely know the relative population of the singlet and
triplet He metastable states at the time of the de-excitation. The singlet to triplet conversion
mechanism has been found to be very efficient for low work-function surfaces. It has been
interpreted as proceeding via the formation by electron capture of a transient He−(1s2s2, 2S)
ion [86–91]. Because of its low binding energy with respect to its parent metastable states,
the He− intermediate can only be formed on low work-function surfaces and the correlation
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between the existence of the conversion process and the work-function change supports the
existence of a strong non-local effect of the alkali adsorbates in these systems.

The charge transfer processes at surfaces can result in a variety of reactions in the case of
molecular projectiles. So, the change of the surface work-function which modifies the charge
transfer (non-local effect of the adsorbates) will also influence the reactions induced by the
charge transfer. As an example of molecular evolution induced by a charge transfer, the
neutralization of a molecular ion impinging on a surface can lead to molecular dissociation.
The case of H+2 ion neutralization has been discussed in quite some detail [92–98]. On
clean metal surfaces, the Auger capture process is expected to populate the X16+g state of
H2, whereas the resonant neutralization populates the dissociative b36+u state. Thus the
neutralization process directly influences the fate of the incident molecular ion, whether it
dissociates or not before the impact on the surface. However, the neutralization step is not
the only factor; other electronic processes [99–101] following the neutralization step as well
as the direct molecule–surface interaction (see e.g. the reviews in [101–102]) can also lead to
dissociation. The decrease of the metal surface work-function by adsorption of alkali opens
new resonant neutralization channels which can influence the dissociation. For CO2 and
CO+2 molecules impinging on Pd(110) and potassium covered Pd(110) surfaces, it was found
that the decrease of the surface work-function due to K adsorption is resulting in an increase
of the molecular dissociation [103]. This has been interpreted as due to the formation of
CO−2 ionic states which are very efficient in promoting dissociation [103]. Here again, the
surface work-function change can be used to qualitatively explain the experimental results
and this confirms the importance of the non-local effect. However, it should be stressed
that this is not always the case and the variation of molecular dissociation cannot always
be linked with a variation in a charge transfer process [101].

3.2. Local effect of the presence of adsorbates on the resonant charge transfer

The above examples show a strong correlation between the work-function change and the
variation of the charge state of scattered or sputtered particles. However, the correlation is
not complete and other effects have to be taken into account. In particular, the presence of
an adsorbate on a metal surface modifies the potential felt by the electrons in a certain region
around the adsorbate. As a result, the metal electron wave-functions will be modified in the
vicinity of the adsorbate and this can obviously influence the charge transfer coupling; in
addition, the presence of a long range electrostatic potential around the adsorbate influences
the energy position of the atomic level when the collisional atom approaches the surface.
These effects which correspond to the existence of a perturbation of the RCT in a region
localized around the adsorbate are termed ‘local effects’.

The first experimental evidences for the local effects were only indirect ones. They
corresponded to the recognition that, in certain systems, the experimental results for the
charge state of particles reflected from a metal surface partially covered with adsorbates
could not be reproduced by a simple ‘non-local’ approach in which the presence of
adsorbates is introduced only via a work-function change. As an example, one can mention
the experimental results on alkali positive ion neutralization in grazing collisions on caesium
covered tungsten surfaces by Geerlingset al [104]. Figure 6 presents some of their results
on the alkali ion (Li+, K+ and Cs+) survival probability as a function of the surface work-
function.

The situation for electron capture by a positive ion is opposite to the one discussed
above for negative ion formation by electron capture by a neutral (figure 4). As a function
of the atom–surface distanceZ, the energy of a neutral atomic level approximately varies
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Figure 6. Survival probabilities for alkali ions incident on a caesiated W(110) surface as
functions of the Cs induced surface work-function change. Black triangles: Cs+ ions incident at
an energy of 100 eV and 85◦ from the surface normal. Black dots: K+ ions incident at 1000 eV
and 80◦ from the surface normal. Black squares: Li+ ions incident at 400 eV and 80◦ from the
surface normal. The various lines (dashed, dashed dotted and full) present the prediction for the
neutralization probability when only the non-local effect of the adsorbate is taken into account
(Cs+, K+ and Li+ ions respectively). From Geerlingset al [104].

like:

E(Z) = E(∞)+ 1/4Z (4)

due to the image charge interactions. Notice the change of sign in the image charge term
compared to equation (3) which applied to negative ion systems. For a clean W surface, the
work-function is larger than the alkali ionization energy and so, as the atom–surface distance
decreases, the neutral level is always degenerate with unoccupied levels of the surface and
the RCT process only acts in one direction: the alkali ionization. The experimental results
indeed show that the positive ion fraction is unity in this case. When alkali atoms are
adsorbed on the W(110) surface, the surface work-function decreases and becomes smaller
than the electron binding energy in the free atom. The RCT process is then responsible
for an electron loss process at small atom–surface distances (Z < Zc) and for an electron
capture process by the positive ion at large distances (Z > Zc). The critical distanceZc is
where the neutral level energy crosses the Fermi energy. The situation is very much like
the one described above in figure 4 for the negative ion formation, except that the zones
for electron capture and loss by the projectile are interchanged. The existence of these
two zones is responsible for the variation of the ion fractions seen in figure 6. So, from a
qualitative point of view, it seems that these results could be explained by considering only
the ‘non-local’ effect. Geerlingset al [104] have tried to model their results using a simple
non-local model. They assumed that, close to the surface, the projectile is a positive ion and
as the alkali projectile leaves the surface, it can neutralize beyondZc. The result of these
calculations is also presented in figure 6. As a general result, it appears that the non-local
approach predicts a much sharper variation of the neutralization probability with the work-
function than the one which is observed experimentally. However, the work-function that is
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used in this approach is a macroscopic quantity. In fact, on the surface, the potentials vary
as one moves parallel to the surface (‘lateral inhomogeneities’) qualitatively corresponding
to a varying local work-function. This dispersion of local work-functions (a local effect of
the adsorbates) can be expected to lead to a broadening of the transition region in figure 6.
To test this idea, Geerlingset al [104] have developed a model study that is discussed below
in section 4.

These experiments supported by a model calculation partly introducing the local
inhomogeneities of the surface brought indirect evidence for the importance of the local
effect. However, it must be noted that the failure of the non-local approach to reproduce
these experimental results (figure 6) has been interpreted in other ways. Zimny [105] showed
in a model calculation with adjusted parameters that the results on Li+ neutralization on a
caesiated W(110) surface could be reproduced without introducing any inhomogeneity of
the surface, if the proper spin statistics and the parallel velocity effect [106–108] have been
taken into account. In fact, for grazing angle scattering, the effect of the collision velocity
component parallel to the surface is very similar to that of a very high surface temperature.
It results in a smearing of the clear cut separation between occupied and empty metal states
and thus, the work-function induced variation seen on figure 6 appears to be broadened.
In rather different ways, Panet al [109], using the approximation of the Anderson–Newns
Hamiltonian due to Kasai and Okiji [44] and Sulstonet al [45], using a many electron
wave-function approach, showed that the same experimental results on Li+ neutralization
[104] could be reproduced within the non-local approach and without the parallel velocity
effect, however using adjusted quantities to describe the system.

Another example where the role of the surface inhomogeneities can be invoked is
provided by the experimental results on Li(2p) excited state production by scattering of Li+

ions from a Cu(001) metal surface partially covered with potassium and caesium adsorbates
[79, 80]. Figure 7 presents the experimental results for the Li(2p) formation as a function
of the variation of the surface work-function induced by the Cs coverage, together with the
prediction of a pure non-local approach. The binding energy of the excited Li(2p) level is
smaller than the work-function of the clean Cu(001) surface and it is further decreased when
the atom approaches the surface due to the image charge interaction. As a consequence, in
the absence of any ‘parallel velocity effect’ [106–108], one does not expect any significant
Li(2p) formation if the surface work-function is larger than the electron binding energy
in the free Li(2p) excited atom. Thus, the non-local approach predicts a vanishing Li(2p)
formation for the small work-function changes. Indeed, no Li(2p) atoms are observed on the
clean surface. However, in the case of an alkali coated Cu(001) surface, the experimental
results on Li(2p) formation do not present any work-function threshold and the Li(2p)
formation seems to exist for the very first alkali adsorbate deposited on the surface. A
very similar result, the absence of a work-function threshold for Li(2p) formation, has also
been observed in the case of Li+ ion scattering by a W(110) surface partially covered with
Cs [110–112]. Clearly, the surface work-function change alone is not able to account for
the experimental observation and indirectly points at the importance of local effects. The
study by Brentenet al [112] showed that the Li∗(2p) formation was associated with rather
large scattering angles suggesting that a violent collision is a prerequisite for the excitation
process. These authors then proposed that the Li excited atoms were formed by the short
range interaction between the projectile and the adsorbate, i.e. that the excited states were
formed locally on the adsorbate sites on the surface.

In a few other studies, the variation of the charge transfer probability was found to
explicitly depend on parameters other than the surface work-function change. For example,
Bernheim and Le Bourse [113] studied the sputtering of various negative ions from alkalated
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Figure 7. Relative photon yield (Li(2p) excitation) for Li+ ion collision on a caesiated Cu(001)
surface (incident energy 400 eV at 65◦ from the surface normal). The experimental photon
yield (black dots) is presented as a function of the Cs induced surface work-function change
and is compared to the prediction of a theoretical model (full line) only taking into account the
non-local effect of the adsorbate. From Behringeret al [80].

metal surfaces as a function of the surface work-function in a large range of alkali coverage.
Figure 8 shows the H− negative ion yield sputtered from a NiCu alloy surface covered with
a variable amount of Cs. As in figure 3, the negative ion yield is found to drastically
increase with the decrease of the work-function. However, as the alkali coverage of the
surface is increased, the surface work-function goes through a minimum and then increases,
approaching in the limit of very high coverages the value for a pure Cs surface. It is then
possible to perform two experiments on two surfaces with different alkali coverages and
the same work-function8. In figure 8, it is seen that the H− negative ion yield is found
to be different for the two different surfaces, illustrating the fact that the charge transfer
process is not only a function of8. As a matter of fact, the results on H− formation
by collision on caesiated tungsten surfaces [76] presented in figure 5 also show the same
effect, although rather limited: the H− fraction is different for the two surfaces with the
same macroscopic work-function obtained with two different Cs coverages. Nevertheless,
one can stress the fact that, in both cases, these differences are rather small, compared
with the variation of the H− ion yield with 8, the surface work-function. In addition, it
should be kept in mind that these results were obtained with a rather large alkali coverage
and so local effects are not the only candidate explanation. Other effects linked with the
replacement of the original surface by an alkali metal surface could also play a role. This
point was put forward by B̈ottcheret al [90] who studied the singlet to triplet conversion
of helium metastable atoms by collisions at alkali covered Ru(0001) surfaces. They found
that for Cs coverages leading to surface work-functions lower than 2 eV, the conversion
via the He−(1s2s2 2S) ion is extremely efficient (see above), in agreement with the ‘non-
local effect’ predictions. However, they also found that the work-function is not the only
parameter influencing the conversion efficiency. They discussed their results in terms of
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Figure 8. H− negative ion sputtering yield (in counts per second) from a NiCu alloy surface
covered with a variable amount of Cs. The ion yield (black dots and full lines) is presented
for various energies of the sputtered ions as a function of the Cs induced surface work-function
change. The folding of the yield curves corresponds to the fact that the same work-function
change can be reached with two different Cs coverages. From Bernheim and Le Bourse [113].

depolarization of the individual adsorbates and of metallization of the alkali layer; this
corresponds to the fact that for large coatings, the surface looks more and more like a
surface only made of adsorbates.

Experimental studies on the effect of adsorbed species different from the alkalis also
pointed at the importance of local effects. Figure 9 presents the experimental results of
Maazouzet al [114] who studied the H− ion formation in 4 keV H+ collisions on a
polycrystalline Al surface on which a variable amount of oxygen is adsorbed. In this
collision energy range, the negative ion formation is strongly enhanced by the so called
‘parallel velocity effect’ [106–108] which allows sizeable negative ion fractions, even for
large work-function surfaces. The surface work-function8 rapidly decreases with the
oxygen exposure in the 0–50 L range. One can then expect an increase of the H− ion
formation in this exposure range due to the non-local effect. This is the case for the collisions
associated with small specular angle scattering. However, for non-specular reflection at large
angle, the ion fraction is found to decrease with the oxygen exposure (figure 9). Thus the
H− ion fraction cannot be accounted for within a simple scheme that only considers the
non-local effect. The experimental results were qualitatively discussed [114] in terms of
the interplay between non-local and local effects. Indeed, small angle specular reflection
corresponds to ’soft’ collisions with the surface, the projectile probing a large region of the
surface and thus averaging out the local aspects. In contrast, large angle scattering into a
non-specular direction is the result of a violent atom–surface collision; the projectile quickly
leaves the surface and its charge state is determined locally around the impact point. The
same experiment was also performed in the case of very large oxygen exposures. In this
case, it is preferable to discuss the results in terms of aluminium oxide formation instead of
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Figure 9. H− negative ion formation probability for 4 keV H+ ions incident on a polycrystalline
Al surface with a variable amount of oxygen adsorption. The results are presented as functions
of the oxygen exposure (in Langmuir). The different symbols correspond to different scattering
conditions:θ (9) is the incident (exit) angle of the collision with respect to the surface. From
Maazouzet al [114].

effect of the oxygen impurity adsorbed on the surface. In the oxide case, the charge transfer
process has a completely different character with strong local aspects (see section 3.3).

More recently, a few experimental studies were able to directly show the importance
of local effects. This was made possible in back-scattering experiments where an energy
loss analysis allows one to discriminate among the projectiles that have been reflected by
different atoms on the surface [115–123] or in direct recoil experiments [124]. One can thus
single out the particles that have been scattered by a given site on the surface. The group of
Yarmoff [119] performed a series of very detailed studies on the Li+ neutralization in back-
scattering from partially alkali coated Al(100) surfaces. Figure 10 presents the neutralization
probability of 2 keV Li+ ions singly scattered by the Al and Cs sites as a function of the Cs
induced work-function change (coverage range 0–0.25 ML). The neutralization probability
is found to increase when the surface macroscopic work-function decreases (when the Cs
coverage increases), as expected from the non-local effect. However, as a striking result, the
neutralization probability is quite different on the Al and Cs sites, in the low coverage region.
This is a direct proof of the existence of the local effects: the neutralization probability
depends on the impact point on the surface. For the large Cs coverages, the difference
between scattering from Al and Cs becomes much smaller, in particular, because, in both
cases, the neutralization probability becomes almost equal to one, due to the smallness of the
surface work-function8. Similar features have been observed by Luet al [122, 123] who
studied the Li− ion formation by scattering from a Cu(111) surface partially covered with
Cs. In figure 11, one clearly sees that the negative ion formation is quite different on the Cs
and Cu sites, here again stressing the importance of the local effects. In particular, the Cs
coverage threshold for Li− formation is quite different for the impact on the two sites. In
figure 11, the folding of the curves for large8 corresponds to the existence of a minimum
work-function for an increasing Cs coverage (same as in figure 8). These results also show
that the Li− ion formation is different for surfaces presenting the same work-function but
with different alkali coverages.
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Figure 10. Li+ ion neutralization probability in back-scattering from a Cs covered Al(100)
surface. The neutralization probability is presented as a function of the Cs induced work-
function change. The full triangles represent the experimental results for back-scattering from
the Cs sites (Cs single scattering peak, 1.2 keV incident energy) and the black dots for back-
scattering from the aluminium sites (Al single scattering peak, 2 keV incident energy). The
dashed line and full line with squares represent the results of two fits using a homogeneous and
inhomogeneous description of the surface. The black diamonds present the Li− negative ion
formation probability (×10). From Weare and Yarmoff [119].

The above experiments performed for selected trajectories reveal very strong local
effects. It is noteworthy that the unambiguous observation of a local effect is more difficult
without a trajectory selection, as in the experiments mentioned in the beginning of this
section. These experiments correspond to a sum over many different trajectories which can
average out the local effects. This averaging effect should be particularly efficient in the
case of grazing collisions where the projectile probes a very large region of the surface.
This can explain why ‘average’ experiments sometimes seem to behave as if only the non-
local effect were playing a role. This aspect has been discussed for example by Jianget al
[121] who studied the Li+ neutralization process on Ni(111) surfaces covered by variable
amounts of Cs, in two very different scattering geometries: glancing exit trajectory and
specular scattering close to the normal. They concluded on the existence of local effects
only in the latter scattering geometry, which corresponds to the smallest averaging effect.
Another aspect which can explain why certain ‘average’ experiments seem to be dominated
by the non-local effect is the fact that the non-local effect is quite important: it is able to
modify charge transfer probabilities by orders of magnitude and can thus hide other smaller
effects.

3.3. Other systems with local effects

The interaction with adsorbate covered surfaces is not the only example where the charge
transfer process in atom–surface collisions appears to be influenced by local effects, i.e.
where the charge transfer depends on the interaction point on the surface. We will briefly
mention here a few examples.
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Figure 11. Li− negative ion formation in back-scattering of 1 keV Li+ ions from a caesiated
Cu(111) surface. The adsorbate and substrate single scattering peaks are separated in the Li−
energy spectrum. The Li− integrated peak area is presented as a function of the Cs induced
work-function change for both back-scattering from the Cs (black squares) and the Cu (black
dots) sites. The folding of the curves corresponds to the fact that the same work-function change
can be obtained with two different Cs coverages. From Luet al [123].

Basically, any non-perfectly homogeneous system is a good candidate for these effects.
First, if one considers high energy atomic particles reflected at non-grazing angles from a
surface, there exists a region along the projectile trajectory where the projectile interacts with
only one (or possibly a few) of the target atoms. In this part of the trajectory, one can expect
very strong local effects, the collision outcome being determined by an atom–atom-like
interaction. This forms one of the main interests of the LEIS (low energy ion scattering)
method. It consists in studying the energy loss spectrum for the ions reflected from the
surface. The energy loss of the reflected particle is the signature of the mass of its collision
partner and can then be used to analyse surface compositions. To be quantitative, one needs
some information on the charge state of the reflected particles and in particular to know how
the reflection probability of a given charge state of the projectile by a given surface atom is
affected by the environment on the surface. This is often referred to as a ‘matrix’ effect (see
e.g. the review by Brongersmaet al [125]). In the case of RCT processes involving outer
shells, the above examples on alkali adsorbates show very strong variations of the charge
transfer probabilities with the surface environment. For other cases, e.g. He+ neutralization
by the Auger processes, the charge transfer probability seems to be independent of the
atomic environment. In that case, one can speak of scattering dominated by local aspects
and the LEIS method can be quantitative [126, 127]. In this context, one should look at this
problem in a way opposite to the one used in the rest of this review. One can consider that
the scattering is mainly dominated by short range binary interactions between the projectile
inner shells and one of the surface atom’s inner shells and that delocalized interactions
between the projectile outer shell and the metal surface valence band appear as a secondary
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mechanism. A few experimental results on excitation and reionization processes have thus
been interpreted as resulting from a binary collision between the projectile and one of the
target atoms, modified by interactions delocalized on the target and occurring after the short
range interaction. In that case the local aspect is dominating and is modified by the non-local
aspect [128, 129].

In some systems, the charge transfer probabilities on the various sites of the target
surface are quite different and lead to spectacular local effects. This is for example the case
of the electron capture process from an ionic crystal. It has been found that the negative ion
formation by grazing collisions on ionic crystals such as LiF is very high [130–133]. This
has been interpreted as due to two effects: the possibility for an efficient electron capture
by neutral atoms and a very large survival probability of the negative ions in front of an
ionic crystal. The latter effect comes from the large band gap in the ionic crystal. This band
gap extends from−12 eV to+2 eV [134], so that there is no electronic state available for
resonant electron loss from the projectile affinity level. As for the negative ion formation,
because of the localization of the valence band electrons on the halogen anionic sites of
the crystal, a model involving binary interactions for the projectile–surface charge transfer
process has been proposed [130, 135, 136]. The affinity level of the projectile is lowered
by the Madelung potential in front of the surface, so that the electron transfer between
the projectile and an anionic site becomes quasi-resonant and therefore very efficient. In
the case of grazing angle collisions, the projectile interacts successively with many anionic
sites leading to a cumulative negative ion formation. This interpretation which corresponds
to a highly local charge transfer process has been shown to account for the experimental
observations [131, 135, 136].

The presence of defects on the target surface is another circumstance which can bring
local effects. A priori, defects should have characteristics very similar to the adsorbates
viewed as impurities on a surface. The influence of defects (adatoms, vacancies, steps
etc) on the collisional charge transfer processes has not been the subject of many detailed
studies; this can possibly be linked with the difficulty of performing experiments with
well defined defects on the surface. The displacement of atoms on the surface, such
as that created in violent collisions, can be expected to locally perturb the electronic
structure of the solid target and thus can locally affect the collisional charge transfer
probabilities. This effect has been invoked in studies of Li+ neutralization on Cu(001)
where it was found that the neutralization along different trajectories was associated with
different probabilities [137]. The most complex trajectories with large energy losses were
assumed to be associated with the creation of surface defects and thus to provide charge
transfer probabilities different from those found in the case of single scattering from one of
the surface atoms. The presence of steps on the surface can also be expected to influence
the RCT. In the case of fast glancing collisions, a step on the surface will produce a sudden
change of the atom–surface interaction and in particular of the charge transfer interaction.
Using the sudden approximation, it has been shown that the passage over a step strongly
modifies the H− formation probability in glancing collisions on an Al(111) surface [138], in
agreement with the experimental observations of a strong dependence of the H− formation
probability on the surface preparation [139, 140]. A similar effect has been observed in a
very different context: MeV ions scattering at glancing angles. It has been found that the
charge states of the projectiles reflected in the vicinity of a step were different from that
found in pure specular scattering. This has been interpreted by invoking the dependence
of the equilibrium charge state of the fast ions travelling in the vicinity of the surface
on the density of the target electron gas and therefore on the distance from the surface
[141–143].
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4. Theoretical approaches

4.1. ‘Non-local’ approach

On the theoretical side, various approaches have been introduced to treat the effect of the
presence of adsorbates on the resonant charge transfer process. The simplest one consists
in only considering the non-local effect: one assumes that the atomic level position with
respect to the vacuum level and the charge transfer couplings are not affected by the presence
of adsorbates. These quantities are chosen to be the same as in the clean surface case. The
presence of the adsorbates is only introduced as a change of the surface work-function. This
method is basically identical to that for a clean metal surface. It has been much used, due
to its simplicity. In quite a few cases (as examples, one can quote some of the systems
mentioned in section 3.1 [48, 73, 75]), such an approach has been able to account for the
experimental observations. Indeed, as mentioned above, the non-local effect is a rather
important one and when looking at a physical situation which does not discriminate among
various trajectories, this effect might seem to explain the major part of the modifications
introduced by the adsorbates.

4.2. Partial treatment of the local inhomogeneities introduced by the adsorbates

A first improvement has been to approximately take the variation of the atomic level energy
due to the presence of the adsorbate into account. Indeed, the quantitative methods for
the study of atomic levels interacting with a clean jellium metal surface have shown that
the variation of the atomic level energy with the atom–surface distance can, to a good
approximation, be obtained from the local potential in which the atom is embedded [61, 67].
Thus, the knowledge of the electrostatic potential around an adsorbate should allow one to
obtain a reasonable estimate of the atomic level energy.

The traditional picture of the alkali adsorption on metals [144] is the following: at low
coverage, the alkali atom loses its outer electron and is adsorbed as a positive ion. The ion
induces an image in the metal and so an alkali adsorbed at a distanceh from the surface
creates a local dipoleµ equal to 2h (in atomic units). The different dipoles repel each
other for low adsorbate coverages and are uniformly distributed on the surface. For an
adsorbate density equal toρ, this leads to a change in the surface work-function18 equal
to

18 = 2πρµ = 4πρh. (5)

For larger alkali coverages, the adsorbates interact together leading to a depolarization of
the individual dipoles and, for very large coverages, to the formation of an alkali metal
overlayer. This simple picture of a single alkali atom adsorption has been confirmed
by the early calculations of Lang and Williams [145] on the atom–jellium interaction.
More recently, this interpretation has been discussed and in particular the existence of the
adsorbate–metal electron transfer has been questioned, the local dipole being alternatively
interpreted as due to a polarization of the alkali electronic cloud [146]. This discussion has
a semantic character, since it is very dependent on the way one defines the charge state
of an atom in a complex system. Calculations confirmed the existence of an important
electron movement from the atom to the surface that resembles much to the electron
transfer of Gurney’s model [147]. In addition, two-photon photo-emission experiments
confirmed the existence of the unoccupied alkali state [148, 149], so that the simple model
for the adsorption of a single atom seems qualitatively correct [150]. The case of the
adsorption of an alkali layer on a metal has also received quite some attention. Although,
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in the low coverage limit, the alkalis adsorb as adatoms in the way described by the
simple model, the situation is rather different for higher coverages: alkali can adsorb as
interstitial atoms, form surface alloys or build islands on the surface (see e.g. for the Al
substrate [151–154]). All these peculiarities of the alkali adsorption for not too small
coverages should influence the charge transfer process; they correspond to the situation
mentioned above where the surface cannot be considered as the substrate surface perturbed
by impurities.

The simple model of alkali adsorption has been used in a few theoretical studies
to obtain an estimate of the projectile level energy when the projectile approaches the
adsorbate. The electrostatic potential created by the individual dipoles associated with the
adsorbed alkalis was assumed to govern the variation of the projectile level energy when the
collisional atom approaches one of the adsorbates. In a way, this consists in defining a local
variation of the surface work-function. In contrast, the atomic level width, which cannot
be estimated simply, was assumed to be unperturbed by the adsorption. This procedure
partly introduces the local effects of the adsorbates. The first application of this procedure
has been reported by Geerlingset al [104] in their interpretation of their results on the
Li+ neutralization in grazing collisions on Cs/W(110) surfaces. They found that the local
effect results in a very significant modification of the Li+ neutralization probability in the
intermediate Cs coverage range where the charge state of the reflected projectile switches
from ionic to neutral. The work-function transition region is considerably broadened
as compared to the non-local model prediction, in agreement with the experimental
observations.

The same approach was also used in studies of the K+ and Li+ neutralization on
alkali covered metal surfaces [119, 155, 156]. Associated with estimated level widths, the
introduction of a local variation of the atomic level energy leads to a significant improvement
of the agreement between the theoretical approach and the experimental results, confirming
the importance of the local effects [119]. The local variation of the projectile level
energy was also introduced into a statistical treatment of the adsorbate effect on the K+

neutralization in collisions on a K/Cu(100) surface. For a random projectile trajectory,
the variation of the level energy is treated as a stochastic process [157, 158] allowing the
authors to reproduce the experimental results of Kimmelet al [155].

Local effects have also been considered in the discussions of the adsorbate effect in the
sputtering context. It has been observed that the negative (positive) secondary ion yield was
strongly enhanced by the adsorption of electro-positive (negative) species on the surface (see
e.g. [72, 113, 159, 160]). This enhancement of ionic sputtering was not found to correlate
with the surface work-function variation in all cases [161, 162]. A first interpretation invoked
the breaking of the chemical bonds between the adsorbate and the substrate during the
sputtering process; in this way, the ionic character of the original adsorbate–substrate bond
directly influences the ion fraction in the sputtered particles [159, 163, 164]. The survival of
the ion during the sputtering process can then be described as the dissociation of a molecule
with a coupling between an ionic and a covalent state. This has been performed using the
Landau–Zener–Stueckelberg model [165–167]. This approach only considers the local effect
and neglects the fact that the quasi-molecule is embedded in the continuum of electronic
states of the target, i.e. neglects the non-local effect. The problem of adsorbate effects on
the charge state of secondary particles has also been described within the context of the
resonant charge transfer process, taking into account the local variation of the surface work-
function around the adsorbates [161, 162]. Then, the local electrostatic potential created
by the adsorbate is responsible for a modification of the atomic level energies around the
adsorbate, leading to the observed variations of the ion yields.
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4.3. Treatments of the local effects

4.3.1. Static studies.A significant improvement in the quantitative treatment of the RCT
process in the case of adsorbate covered metal surfaces has been achieved recently by the
development of quantum mechanical methods for the non-perturbative calculation of the
energy and width of atomic levels interacting with a metal surface with an adsorbed impurity.
The first calculations of this kind concerned hydrogen atoms interacting with a potassium
covered jellium surface [168]. They were performed in the case of a single potassium
adsorbate; the collisional atom approaches the adsorbate along the surface normal going
through the adsorbate centre (‘on top’ geometry). The case of a single adsorbate should
be considered as a representative for the situation of very small coverages. Basically,
the method is the generalization of the one developed for the case of a clean jellium
surface and presented in section 2. One considers the problem of an electron scattered by
the superposition of the potentials created by the ionized adsorbate, its electrical image,
the surface, the collisional proton and its image. The atomic level characteristics were
obtained by the complex scaling method [61]. The results are presented in figure 12.
The excited hydrogen level energies are found to decrease when the atom approaches the
adsorbate due to the localized dipole, instead of increasing as in the case of a clean jellium
surface. This feature is in agreement with the qualitative prediction of the level energy
following the local electrostatic potential. These calculations qualitatively account [168]
for the formation of excited states by electron stimulated desorption from a surface with a
work-function larger than the atomic binding energy in the free atom (see the discussion
above in section 3 and below). The same method was further used by Nordlander and Lang

Figure 12. Energy position (left) and width (right) of excited atomic hydrogen states interacting
with an aluminium surface with K adsorbates, as a function of the hydrogen–surface distance.
There is a unique K adsorbate on the surface and the hydrogen approaches it in the ‘on-top’
geometry. The short dashed line represent the (n = 2, m = 0) states, the long dashed line the
(n = 2, m = 1) state and the full line the (n = 3, m = 0) states. The notation of the levels
refers to the Stark splitting of the hydrogenn = 2 and 3 manifolds. From Johnsonet al [168].
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with a refined description of the electron-adsorbate interaction for various electro-positive
and negative adsorbates [169]. The atomic level energies exhibit opposite atom–surface
distance dependencies in the electro-positive and negative cases, due to the opposite sign of
the local dipole induced by the adsorbate. The widths of the atomic levels are also found to
be much modified by the presence of the adsorbates. These calculations thus confirmed the
importance of the local perturbation introduced by the adsorbate around itself; the lateral
inhomogeneity of the surface is rather large and influences both the energy and the width
of the atomic levels.

The coupled angular mode method [62] has been used to study the interaction of various
atomic states with an alkali covered jellium metal surface [170]. Figure 13 presents the
results for a Li atom approaching in the ‘on top’ geometry a model Li atom adsorbed on
an Al surface. The use of an extended basis set in the calculation allows the determination
of the collisional Li levels as well as those of the adsorbate. Similarly to the study by
Lang and Williams [145], there exists an adsorbate level located 2.1 eV below vacuum
with a width of about 1.2 eV. The Li(2s) level energyE2s(Z) is found to decrease when
the atom approaches the surface approximately following the local electrostatic potential at
large atom–surface distancesZ. One can then use the following atomic estimate for the
2s level energy, by only considering the dipole potential formed by the adsorbate and its

Figure 13. Characteristics of the levels of a Li atom approaching an Al surface with a unique
adsorbate on it (‘on-top’ geometry) as functions of the atom–surface distance (measured from
the image reference plane): (a) energy position and (b) width of the levels. Solid line: Li(2s)
level; dashed dotted line: Li(2p) level; dotted line: adsorbate level; long dashed line: results
in the case of a clean Al surface. Black dots: molecular estimate for the26g level of the Li+2
molecule (equation (7)). Black triangles: atomic estimate for the Li(2s) level (equation (6)).
From Borisovet al [171].
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image

E2s(Z) = E2s(∞)+ 1/4Z − 1/(Z − Zad)+ 1/(Z + Zad) (6)

whereZad is the distance between the adsorbate and the surface image plane.
However, at smallZ, the energy is found to depart from this variation and in particular,

it increases asZ goes to small values (figure 13). Indeed formula (6) which assumes that
the expectation value of the adsorbate induced potential for the Li(2s) level is equal to
the value of the potential at the centre of the atom cannot be expected to hold when the
Li electronic cloud starts to overlap the adsorbate. This overlap leads to a saturation of
the energy downshift and to the possibility of a charge transfer between the projectile and
adsorbate levels. In fact, the energy variation seen in figure 13 can be attributed to the
formation of a quasi-molecular state by the mixture of the collisional atom and adsorbate
states. Indeed, theZ variation of the level energy is found to vary as a molecular level

E2s(Z) = EM(R)+ 3/4Zmol (7)

where one assumes that the 2s level is in fact the ground state of a Li+
2 molecular ion

centred atZmol (Zmol = 0.5(Z + Zad)) with an internuclear distanceR (R = Z − Zad).
EM(R) is the binding energy of the outer electron in the Li+

2 molecular ion ground state.
This change of character of the collisional atom level is also seen on the level width which
undergoes a rather strong variation in theZ domain where the molecular state is formed.

The same system was also studied in the case where a small finite adsorbate coverage
is present on the surface, thus allowing us to consider the local and non-local effects at
the same time [170, 171]. The alkali adsorbate that is the nearest from the collisional
atom is treated explicitly, whereas the other adsorbates which are further away are simply
introduced via a dipolar plane with a constant dipole densityρµ whereρ is the adsorbate
density andµ is the individual dipole introduced by each adsorbate. A circular hole is
removed from this plane to only count once the nearest adsorbate. This modelling which
does not introduce any depolarization of the adsorbate layer is only valid for small alkali
coverages. The main effect of the presence of the distant adsorbates is to lower the local
effect [170]. Indeed, when seen from some distance, the surface covered with adsorbates
looks rather flat and the electrostatic potential term correspond to the work-function change.
However, as the collisional atom approaches the surface, at a distance of the order of the
mean inter-adsorbate distance, the local inhomogeneities start to be important. Therefore, for
small atom–surface distances, one always observes the formation of quasi-molecular levels
between the collisional atom and the nearest adsorbate. These calculations also confirm
the importance of the local effects and provide some insight into them. In this system,
at small and intermediate distances, the perturbation introduced by the adsorbate can be
symbolized by the mixture of the collisional atomic level with the unoccupied adsorbate
level. The atom–surface charge transfer problem then becomes a three-body problem, the
electron jumping between the collisional atom, the adsorbate and the surface. In a way,
the atom–surface charge transfer appears to be mediated by the adsorbate unoccupied state.
This could introduce strong non-adiabatic effects in the dynamics of the charge transfer
process in the case where the interaction between the adsorbate level and the collisional
atom levels results in sharply avoided crossings. This is not the case for the system presented
in figure 13. However, such structures appear in the case of negative ion interacting with
alkali covered metal surfaces where the negative ion levels are above the adsorbate levels
at infiniteZ distances [171, 172] (see below the discussion of figure 16). Since the levels
are not truly bound states, these avoided crossing structures have peculiar characteristics.
They appear in the complex energy plane and involve both a direct coupling and an indirect
coupling via the continuum of metal states (see the discussion in [173, 174]).
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4.3.2. Dynamical studies.The existence of a complex three-body (projectile–adsorbate–
surface) interaction should lead to peculiarities in the dynamical behaviour of the electron
transfer process in these systems. This problem has been discussed in a model way by
Kato et al [175] who studied the neutralization of a proton at an adsorbate covered surface.
They considered an extension of the Anderson–Newns Hamiltonian to describe the charge
transfer between a metal (statesk), an atomic level localized on the collisional atom(a)
and a level localized on the adsorbate(b). Their model Hamiltonian is written

H =
∑
k

εkC
+
k Ck + εaC+a Ca + εbC+b Cb + VbaC+b Ca + VabC+a Cb
+
∑
k

(VakC
+
a Ck + VkaC+k Ca)+

∑
k

(VbkC
+
b Ck + VkbC+k Cb). (8)

It contains the charge transfer coupling termsVab between the atomic and adsorbate levels,
Vak between the atomic and metal states andVbk between the adsorbate and metal states.
The solution of the collisional equations of motion revealed the appearance of a rather
interesting coupling term between the atomic and adsorbate levels. This coupling term is
proportional toVakVbk, and corresponds to an interaction between the atomic and adsorbate
levels via the continuum states k. It has been invoked in various situations where a few
quasi-bound states interact with the same continuum, leading to the existence of an indirect
interaction between the quasi-bound states [173–179]. This interaction is not Hermitic and
results in an unusual mixture between the quasi-bound states. It can lead to an attraction
and even a coalescence between the states [173, 174]. In the model study of Katoet al
[175], the final charge transfer probabilities are found to be strongly dependent on the sign
of the indirect coupling term. This was interpreted as due to the fact that, depending on
its sign, the indirect interaction results in rather different energy shifts of the atomic level.
Thus, it deeply modifies the resonance condition between the atomic and metal states and
so the efficiency of the resonant charge transfer process.

The effect of non-adiabatic couplings between the various projectile and adsorbate levels
has been studied in a discussion of the N− formation by collision on caesiated metal surfaces
[172]. The basis of this work is the derivation of a diabatic representation, almost equivalent
to the adiabatic one and where the dynamical couplings can be neglected. Using this basis,
it has been possible to determine the limit of the collision velocity below which the system
behaves adiabatically [172].

In the low collision energy regime or for systems where the non-adiabatic effects can be
expected to be negligible, one can rely on an adiabatic approach and introduce the position
and width of the atomic levels into the dynamical treatment of the collision to get the charge
transfer probabilities for a given collisional system. This has been done in a parameter free
study for the case of Li+ neutralization by back-scattering from an alkali covered Al(100)
surface [171, 180, 181]. The theoretical results have been compared with the experimental
data of Yarmoffet al [119, 182] presented in section 3. Figure 14 presents the results
of Goryunov et al [181] for 1.2 keV Li+ ions back-scattered from the Cs sites and for
2 keV Li+ ions back-scattered from the Al sites on a caesiated Al(100) surface. These
two different incident energies have been chosen so that the outgoing energy for the two
different back-scattering processes is the same, around 700 eV. The results are presented as
a function of the caesium induced work-function change. The calculation has been limited
to the low Cs coverage range where the induced work-function change is a linear function of
the alkali coverage and so where the alkali layer modelling should be valid. The study of the
collision dynamics is performed within a rate equation formalism with the following initial
condition. For the rather violent collisions that are considered here (keV range collision
energy and 180◦ back-scattering), one can assume that the projectile is a positive ion just
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Figure 14. Neutralization probabilities for Li+ ions back-scattered from a caesiated Al(100)
surface, as a function of the Cs induced work-function change. The black dots (black triangles)
present the experimental results of Weare and Yarmoff [119] for 2 keV back-scattering from the
Al (for 1.2 keV back-scattering from Cs) sites. The long dashed line (solid line) presents the
theoretical predictions for back-scattering from the Al (Cs) sites for the same incident energies.
From Goryunovet al [181].

after the impact on the surface, even if it has been neutralized in the incoming part of the
trajectory. Therefore, the solution of the rate equation was only performed in the outgoing
part of the trajectory with the projectile initially ionized. It is noteworthy that in these
violent collisions, the inner Li electrons can also be excited. This inner shell excitation
process has been experimentally observed by Germanet al [183, 184]. It is associated
with an extra energy loss of the projectile and so can be easily studied separately in the
experiments. The comparison presented in figure 14 only concerns the projectiles which
have not undergone an inner shell excitation. Figure 14 shows that the very large difference
between the neutralization probabilities for back-scattering from the Al and Cs sites is
quite well reproduced as well their variation with the alkali coverage. Since the outgoing
projectile energy is the same in the two cases, this comparison is meaningful for an analysis
of the charge transfer process. In this system, it appears that the neutralization is much
more probable on an alkali site than on a substrate site. At first sight, this feature may look
surprising since the alkalis are adsorbed as positively charged ions and one would expect a
lower electron capture probability on the Cs sites. However, in all cases, the neutralizing
electron comes from the metal and not from the adsorbate. The difference between the
Al and Cs sites corresponds to the fact that an electron is more easily transferred from
the metal to the projectile when the latter is above the alkali adsorbate than when it is
above a substrate atom. This is rather easily understood since the adsorbed alkali brings an
attractive potential in the region in between the projectile and the metal, i.e. in the region of
the potential barrier separating the projectile and the metal. The presence of this attractive
potential lowers the atomic level energy, thus increasing the neutralization probability. Thus,
the increased neutralization above the alkali sites is due to the easier tunnelling of a metal
electron through the adsorbate.

From these results concerning an electropositive adatom, one can extrapolate to the
case where an electronegative adatom is present on the surface. Nordlander and Lang [169]
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studied the static problem of the interaction of a hydrogen atom with chlorine and sulphur
adatoms on a jellium surface. They showed that, in the case of an electronegative adatom,
the projectile level energy close to the adsorbate is varying in a way opposite to the case
of an electropositive adatom due to the reversed sign of the adsorbate dipole: the projectile
level energies are shifted up and the level width is decreased. One could then conclude
on decreased capture probabilities for the projectile. Maazouzet al [114] have studied the
effect of oxygen, an electronegative adsorbate, on the H− formation process by collision
on oxygen covered Al and Mg surfaces (see figure 9 and its discussion). For low oxygen
coverages, they interpret their experimental results as due to both local and non-local effects
of the adsorbates. The local effect corresponds to a decrease of the negative ion formation
on the negatively charged sites, following the above quantitative argument. However, the
situation is more complex in this case. First, the correlation between the decrease of the
surface work-function for the small oxygen coverages and the oxygen adsorption geometry
above the surface is still under discussion. Secondly, there exists an occupied level on the
adsorbate, broadened by its interaction with the metal. This adsorbate level can also interact
with the projectile levels in a way similar to the alkali case discussed above, so that an
electron can be captured by the projectile directly from the adsorbate.

The presence of adsorbed alkalis on the Al surface has an interesting consequence
on the production of excited Li projectiles. Indeed, the attractive potential around the
adsorbate leads to a decrease of the projectile level energies. The excited Li states can
then be shifted below the Fermi level at small projectile–surface distances. This is indeed
the case for the Li(2p) levels as found in [170, 180, 181] (see also figure 13). The energy
downshift is particularly strong for the Li(2p, m = ±1) excited states (m is the projection
of the electron angular momentum on the axis normal to the surface that goes through the
adsorbate centre). For these states, the electronic cloud is oriented parallel to the surface
and so the molecularization effect is smaller than for the other polarization (m = 0) of the
electronic cloud, thus allowing for a larger downshift of the energy. As a consequence, the
neutralization process of the Li+ ion can involve the excited Li(2p) states and lead to a
sizeable fraction of excited atoms in the reflected beam. Figure 15 presents the results of
Goryunovet al [181]: it shows that, for back-scattering from an adsorbate site, an important
fraction of the neutralized Li atoms are in excited states, even for the smallest alkali coverage
of the surface. This provides an excited state formation process that does not present any
work-function threshold: the excited state fraction is only rather weakly dependent on the
alkali coverage of the surface (see figure 15) and so one can expect an excited state yield
that roughly varies linearly as a function of the alkali coverage. Qualitatively this accounts
for the experimental observations [79, 80, 110–112] which do not present any work-function
threshold for the excited state formation in contrast with the predictions of the non-local
approach (see figure 7). It is also noteworthy that these excited states are not formed during
the short range hard collision between the incident ion and the alkali adsorbate, although it
is a consequence of it: the incident projectile is ionized in the short range violent collision
and the excited state is formed by a subsequent resonant neutralization process.

Another interesting aspect of the local effect of the adsorbate can be found in the
discussion of the Li− ion formation in the single collisions of lithium projectiles on an
alkali covered surface. Luet al [122, 123] have experimentally investigated the formation
of Li− ions by collision on a caesium covered Cu(111) surface (see figure 11). As discussed
above in section 3, the negative ions usually have a small binding energy and their formation
on a clean metal surface is unlikely. It becomes possible in grazing angle collisions where
the so-called ‘parallel velocity effect’ [106, 107] is able to bridge the gap between the
affinity level and the Fermi level [68, 69, 108]. The other way to produce negative ions is to
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Figure 15. Population of the various states of the Li atoms formed in the back-scattering of
1.2 keV Li+ ions from Cs adsorbates on an Al(100) surface covered with a variable amount
of caesium. The theoretical results are presented as functions of the Cs induced work-function
change. Solid line: population of the Li(2s) ground state. Dashed line: population of the excited
Li(2p, m = 0) state. Dashed–dotted line: sum of the populations of the excited Li(2p,m = ±1)
states. From Goryunovet al [181].

lower the surface work-function as exemplified in figure 5 [76] (see also the discussions in
[79, 80]). However, in the case of the single scattering events studied by Luet al [122, 123],
the situation is rather complex. The interaction between a Li− ion level and a model jellium
surface with adsorbates on it (‘on-top’ geometry) has been studied theoretically by Borisov
et al [171] using the CAM method described above. Their results for the energy and width
of the levels are presented in figure 16 as functions of the Li–surface distance,Z (the
Cs coverage corresponds to a work-function change of 1 eV). It appears that the levels
correlating at large Li–surface distance to the Li− level and to the unoccupied level of
the adsorbate interact very strongly together in the region of distances around 17a0. The
energies of the two levels present an avoided crossing as a function ofZ, whereas their
widths cross. This is linked to the fact that these two quasi-bound states are associated
to complex energies and their energy avoid each other in the complex energy plane. One
can compare the structure in the energy curves to the one presented in molecules by the
crossing between a flat covalent potential and a Coulombic ion-pair potential. Here, the
two states correspond to the LiCs and Li−Cs+ configurations. A molecularization effect
resulting in a minimum of the energy curve at smallZ is also found in the lower state.
The interaction responsible for the avoided crossing in figure 16 is both adirect interaction
between the two states and theindirect interaction via the continuum metal statesmentioned
above [173, 174]. Also shown in the figure is the estimate of the energy of the Li− ion level
if it were following the electrostatic potential at the centre of the ion. It is roughly given
by the following expression analogous to the equation (6) above:

Eion(Z) = Eion,clean(Z)− 1/(Z − Zad)+ 1/(Z + Zad) (9)

whereEion,clean(Z) is the energy of the Li− ion level interacting with a clean jellium surface
andZad is the distance between the Cs adsorbate and the surface image plane. This ‘ionic’
estimate is found to follow the Li− energy at large distances and to be closer to the energy
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Figure 16. Energy position (a) and width (b) of the levels involved in the Li− formation by
back-scattering from a model Cu surface, partially covered with Cs adsorbates (the Cs coverage
is such that the Cs induced work-function change is equal to−1.0 eV). The energy and width
are presented as functions of the Li projectile–surface distance, measured from the surface image
reference plane, in the case where the Li− ion approaches one of the Cs adsorbates in the ‘on-
top’ geometry. Full triangles: level asymptotically correlated to the Li− level. Full dots: level
asymptotically correlated to the lowest alkali adsorbate level. Dashed–dotted line (solid line)
in (a): simple estimate for the adsorbate (Li−) state energy. Solid line in (b): width of the Li−
level in front of a clean jellium metal surface. From Borisovet al [171].

of the level correlated to the adsorbate at smaller distances. In such a system, the formation
of a negative ion requires three conditions: (i) that the lithium projectile is already in its
neutral ground state, (ii) that the work-function change is large enough so that the lowest
lying state in figure 16 can be populated at smallZ and (iii) that the system does not behave
completely adiabatically at the avoided crossing seen in figure 16 so that the lowest lying
state populated at smallZ can lead to a Li− population at infinity. It is the superposition
of these three conditions which leads to the existence of a threshold in the Li− formation
(in the present system, condition (ii) is expected to dominate). It is noteworthy that this is
quite different from the above discussion of the Li(2p) formation in which the local effect
allows the excited state formation as soon as the first alkali is adsorbed on the surface.
Here, the three-body aspect of the charge transfer process (projectile–adsorbate–surface)
leads to a complex structure. In particular, the interaction between the two quasi-bound
states in figure 16 is non-adiabatic and it requires a special treatment. This problem could
be solved using a ‘diabatization’ procedure to yield the two interacting ‘unperturbed’ ionic
and adsorbate states (see e.g. the case of N− ion formation on a jellium metal with alkali
adsorbates [172]).
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4.3.3. Three-dimensional studies.The above experimental and theoretical examples on
strong local effects correspond to the selection of certain special trajectories for the projectile
that emphasize the perturbation around the adsorbate. Back-scattering around 180◦ selects
the collisions with a nearly vanishing impact parameter. However, one can wonder about
the range of the local effect: how far has one to go from an adsorbate to find charge
transfer probabilities similar to the clean substrate case? This problem has been addressed
by an extension of the above presented CAM study on the Li+ neutralization on alkali/Al
surfaces to the full 3D situation. The model system is a Li projectile approaching an Al
jellium with a single alkali on it. The adsorbed alkali is modelled as lithium (adsorption

Figure 17. Energy position (a) and logarithm of the width (b) of a Li(2s) level interacting with
a model Al surface with an alkali adsorbate on it. The study is performed in the case of a unique
alkali adsorbate as a function of the Li projectile coordinates,X andZ. Z is the Li–surface
distance measured along the surface normal (Z = 0 is on the surface image reference plane)
andX is the projectile coordinate along an axis parallel to the surface (X = 0 is located on the
adsorbate).
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Figure 18. Neutralization probability in back-scattering of Li+ ions from a model Al surface
with an alkali adsorbate on it (outgoing projectile energy 670 eV, corresponding to a 2 keV
incident energy). The theoretical neutralization probability is computed for an exit trajectory
normal to the surface at a lateral distanceX (impact parameter) from the alkali adsorbate. The
impact parameterX is considered as a continuous variable. The horizontal dashed line presents
the neutralization probability for back-scattering from a clean Al surface, which is the limit of
the present theoretical result whenX, the impact parameter goes to infinity.

height 1.65 a0 with respect to the image plane) and should then be considered as a model
for alkali adsorption. The projectile coordinates areX andZ. X is measured parallel to
the surface (X = 0 is the located on the adsorbate) andZ is the projectile–surface distance
measured from the image plane along the surface normal. Figure 17(a) presents the energy
position of the Li(2s) level as a function ofX andZ. TheX = 0 cut is similar to figure 13
(‘on-top’ geometry) displaying the effect of the molecularization whereas whenX goes to
infinity, the constantX cut approaches the clean Al case (energy varying approximately like
1/4Z, as given by equation (4)). The behaviour in between represents the lateral extension
of the local effect. The range of action of the adsorbate is found to extend much farther in the
Z direction than in theX direction; this is connected with the dipolar shape of the adsorbate
induced potential at large distances. The width of the Li(2s) level as a function ofX andZ
(figure 17(b)) also presents a clear transition from the ‘molecularization’ region at smallX,
where the projectile–adsorbate interaction is very important, to the clean surface case at large
X dominated by the projectile–clean substrate interaction. From these figures, one could
estimate the lateral size of the model adsorbate. A better estimate for the lateral range where
the model adsorbate perturbs the projectile–surface charge transfer can be obtained from a
study of the collision dynamics. Figure 18 presents the neutralization probability for Li+

ions back-scattered normal to the surface as a function of the impact parameter with respect
to the adsorbate (X coordinate). All trajectories are assumed to be straight lines followed at
constant velocities. The neutralization probability is found to asymptotically join that of the
clean Al surface allowing to estimate the range of the adsorbate around 10–12a0. A few
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remarks can be made about this number. First, it is quite comparable to the neutralization
cross section reported by Geerlingset al [104] in their study of Li+ neutralization on a
caesiated tungsten surface. They found that the neutralization probability was proportional
to the caesium coverage of the surface and thus they extracted a neutralization cross section
for the Cs atom of 600a2

0, i.e. a range for the neutralization around 14a0. This range for a
Cs adsorbate is slightly larger than the one found here for a model Li adsorbate, in agreement
with the expected difference between the local effect induced by the various alkalis (see
discussion in Goryunovet al [181]). However, this comparison should not be pushed too
far. Indeed, the range of the adsorbate effect should depend on the quantity that is looked
at, on the projectile probing the adsorbate, on the collision energy, on the trajectory angle
etc. Nevertheless, it must be noted that, for the present process and projectile, the range of
the model Li adsorbate is quite large. If one assumes that each Li adsorbate is surrounded
by an effective neutralization zone with a radius of 12a0, these neutralization zones will
start to overlap when the alkali coverage of the surface is in the range of 0.06 with respect
to the substrate density.

5. Conclusions

We have presented a review on the effects of the presence of adsorbates on the resonant
charge transfer process in ion(atom)–metal surface collisions. These effects are basically
of two kinds: the non-local effect due to the adsorbate induced work-function change and
the local effects associated with the local perturbation of the surface electronic structure
around the adsorbate and we have discussed their relative importance. Although the non-
local effect has been recognized and discussed rather long ago, it is only recently that direct
evidence (both experimental and theoretical) for the importance of the local effects on the
resonant charge transfer process could be obtained. These are particularly strong in the case
of alkali adsorbates, emphasized in the present review. A few points can be stressed about
the importance of the local effects.

• The resonant atom–metal surface charge transfer is much modified in the vicinity of an
adsorbate. It has the characteristics of a three-body process, the electron being transferred
between the projectile, the adsorbate and the metal surface. The range of action of the
adsorbate (size of the lateral inhomogeneities) is quite large (in the 10–15a0 range) for
adsorbed alkalis.
• The three-body aspect (projectile–adsorbate–metal) results in the existence of a few

quasi-stationary states which,a priori, are involved in the charge transfer process and which
are coupled via non-adiabatic couplings. Very little attention has been devoted to this aspect
until now.
• The local perturbation introduced by the adsorbate can lead in the case of electro-

positive adsorbates to the existence of a charge transfer process populating excited states of
the projectile, even if the binding energy of the free excited atom is smaller than the surface
work-function.
• The local effects are particularly visible in the experimental situations with a selection

of the trajectories of the projectile, i.e. for the situations in which one discriminates among
the possible impact points on the surface. This is for example the case of the back-scattering
studies.
• If one does not perform any trajectory selection, the local effects are more difficult to

see. Indeed, summing many different trajectories with different charge transfer probabilities
averages out the local variations and it can be that averaged results look as if only the
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non-local effect were present. However, it is not obvious that averaging charge transfer
probabilities over different trajectories having probed different potentials leads to a result
equal to that obtained for a unique trajectory probing an average potential. In the case of
averaging experiments, the importance of the local effects can be suggested by the failure
of the purely non-local approaches in accounting for the experimental observations.
• Because of the importance of local effects, the resonant charge transfer process appears

to be a rather sensitive probe of the local electronic properties of an adsorbate–substrate
system. Since many reactions at surfaces involve a charge transfer step, this sensitivity has
to be related to the existence of different reactivities at different sites on a surface, as well
as to the poisoning (enhancing) of catalysts by adsorption of impurities.
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