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CHAPTER

TWO

Fundamentals of ion-surface
interaction

The interaction of an ion with a solid surface is a dynamic, many-body process,
which encompasses the trajectory evolution of the ion above the surface, the
electron exchange between the solid and the ion, and the excitation of both the
ion and the surface. Since a full theoretical treatment of the problem is quite
complex, present models use a mix of classical and quantum-mechanical con-
cepts to describe the ion-surface interaction. Most models treat the ion trajectory
classically, the path of the ion being determined as a series of binary ion-surface
atom collisions by making use of Monte Carlo simulation codes like MARLOWE
[29, 30], or, more recently, molecular dynamics codes like Kalypso [31]. The elec-
tronic ion-surface processes are most often described in terms of interactions be-
tween discrete electronic levels in the ion and the conduction or valence band of
the solid, approximated as a free-electron gas.

This chapter presents an overview of the fundamental concepts in ion-surface
interactions, relevant for collisions of slow, multiply charged ions with metallic
surfaces. The foundations in the description of electron capture from solid sur-
faces into ions have been laid out in the early work of Hagstrum [11–13]. Later,
the classical over-the-barrier model (COB) developed for electron capture in ion-
atom collisions [21–23] has been extended to neutralization of multicharged ions
in front of surfaces [16]. Different types of relevant electron capture processes
and transitions will be discussed.
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6 Fundamentals of ion-surface interaction

Throughout this thesis atomic units will be used (see Appendix 1), unless
stated otherwise.

2.1 Classical over-the-barrier model

In the framework of the classical over-the-barrier model [16], electrons are reso-
nantly captured from the surface into atomic levels of the incoming ion, as soon
as the potential barrier between the ion and the solid is lowered below the work-
function W of the surface. Multiply charged ions will then be neutralized in a
stepwise manner by consecutive capture of conduction or valence electrons. The
COB model includes in its description the resonant capture of electrons, reso-
nant electron loss into unoccupied states and the (subsequent) relaxation of the
excited ion. The neutralization distance in front of the surface and the atomic
levels in which the electrons are captured can then be determined.

The electric field of an ion approaching a conducting surface causes a pile
up of surface electrons in a region closest to the ion, in order to screen the field
induced by the ion. For slow ions (vi � vF, with vF the Fermi velocity) and for
large ion-surface distances, the screening of a charge q at a distance z in front
of the surface induces a classical image charge −q at a distance −z inside the
conductor, as shown in Fig. 2.1. The image plane of the surface does not coincide

Figure 2.1: Classical screening of a charge in front of a conductor

with the first atomic layer, but is localized slightly above the top-most atomic
layer at the jellium edge, where the electron density has dropped to half of its
bulk value [32]. The potential V felt by an electron at a distance r from the ion
is given by the sum of the ion-electron potential Vie, the image potential of the
ion Vimage

i and the self-image potential of the electron Vimage
e . Assuming that the

ion-surface distance z is much larger than the ion-electron distance r, we can use
the approximations r = z − d and D = z + d to write the electron potential as:

V = Vie + Vimage
i + Vimage

e = − q
z − d

+
q

z + d
− 1

4d
(2.1)
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The shape of the potential V is exemplified in Fig. 2.2 for a doubly-charged ion
at two ion-surface distances z, showing the lowering of the potential barrier be-
tween the ion and the surface as the projectile approaches the solid. The position

Figure 2.2: The potential V for a doubly-charged ion at a distance in front of the surface
of 10 a.u. (solid line) and 5 a.u. (dashed line).

of the saddle point ds, for a given ion-surface distance z, can be determined by
setting the derivative of the potential equal to zero:

∂V
∂d

= 0 (2.2)

which gives the (approximate) solution ds � z/
√

8q + 2 [16]. The onset of the
resonant electron capture takes place at a distance zc where the potential at the
saddle point is lowered to the workfunction of the surface, V(ds) = W, and is
given by:

zc �
√

8q + 2
2W

(2.3)

One of the prominent effects of the charge-image charge interaction is the
acceleration of the ion towards the surface. The classical image force with which
an ion is attracted towards the surface is:

Fim = − q2

4z2 (2.4)
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The attractive force Fim which pulls the ion towards the surface increases the
incidence angle of the ion’s trajectory. There is an upper time limit that an ion
can spend in front of a surface, because of the energy that the projectile will gain:

Eim =
∫ zn

∞
− q2

4z2 dz (2.5)

where zn is the distance where the ion gets completely neutralized. With the
assumptions that the charge transfer occurs instantaneously when classically al-
lowed, and that the charge of the ion is reduced to q − 1 at the distance zc(q), the
following expression for the image energy gain is derived, for large q [33]:

Eim(q) =
W

2
√

2

[
2
3

q3/2 − 3
4

q1/2 + 0.521
]

+ O(q−1/2) (2.6)

For the purpose of this thesis, the following approximation to the Eq. 2.6 can be
used as a good first-order estimate [34]:

Eim(q) � W

3
√

2
q3/2 (2.7)

The expression for energy gain due to the image charge, as given by the Eq. 2.6,
has been confirmed experimentally by measuring either the angular deflection
of a beam of multiply charged ions [35, 36] or the saturation of the total electron
yield as a function of the deceleration voltage [37].

Another effect of the charge-image charge Coulomb interaction is the shift in
energy of the projectile atomic levels, due to the fact that the binding energy of
the electrons in the ion decreases as they interact with the image of the ionic core.
To a first order, the energy shift ΔEb of a valence electron as compared to the ’free
atom’ binding energy can be approximated by [1]:

ΔEb � 2q + 1
4z

(2.8)

For a better description of the atomic level shift, the incomplete screening of
the nucleus has to be taken into account, as well as the dynamic response of
the metal [38]. This problem will be described in more detail in the following
sections.

2.2 Charge transfer processes

The charge transfer processes which take place between a slow, multiply charged
ion and a surface can be classified in four major types: a) one-electron resonant
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transitions, in which an electron is captured resonantly into an atomic level (res-
onant neutralization) or is transferred into an empty surface state (resonant ion-
ization); b) Auger transitions, in which an electron decays to a deeper lying level
and the excess energy is carried away by another electron; c) radiative transi-
tions, in which the energy difference between the initial and the final state is
carried away by a photon; and d) collective excitations, in which the excess en-
ergy excites plasmons at the surface or in the bulk. These processes are discussed
in more detail in the following sections.

2.2.1 One-electron transitions

When the saddle point of the potential barrier between the ion and the surface
is lowered to the Fermi level, an electron can be resonantly captured into an
atomic level, a process named resonant neutralization (RN). The opposite pro-
cess, where an electron from a high-lying level of the excited projectile is lost
to an empty state of the solid, is called resonant ionization (RI). These two pro-
cesses are schematically depicted in Fig. 2.3. The rate ΓR of the resonant electron

Figure 2.3: Schematic depiction of one-electron resonant transitions.

capture process from a solid perturbed by the presence of an ion of charge q at
a distance z in front of the surface is given, in the first order, by Fermi’s golden
rule (see e.g. [12]):

ΓR = 2π|Hf ,i|2ρ f (2.9)

where ρ f is the density of states of the metal resonant with the energy of the final
atomic level, and Hf ,i gives the coupling between the metallic state ψi and the
atomic state ψ f :

Hf ,i =
〈

ψ f

∣∣∣− q
r

∣∣∣ψi

〉
(2.10)



10 Fundamentals of ion-surface interaction

where the operator is the Coulomb potential of the ion core acting on an electron
at the distance r. As the metallic wavefunctions drop exponentially outside the
surface, so does the matrix element Hf ,i and thus the resonant rate ΓR:

ΓR(z) = ΓR(0)e−αRz (2.11)

where ΓR(0) denotes the maximum rate, at z = 0, and αR is the decay length of
the matrix element Hf ,i. Typical ΓR(0) rates range from 10−2 to 10−1 (1014 − 1015

s−1).

2.2.2 Auger transitions

In an Auger process, the interaction between two electrons leads to the transfer of
one electron to a lower empty level, while the other electron, the ’Auger electron’,
is ejected into vacuum, carrying away the excess energy. Depending whether the
electrons are initially both in the metal, both in the ion or one in the metal and
one in the ion, the Auger processes are called Auger neutralization (AN), auto-
ionization (AI) or Auger de-excitation (AD).

In an Auger neutralization process, depicted in Fig. 2.4, two conduction band
electrons interact, one being transferred to a deeper atomic level, while the other
is emitted in the vacuum. The emitted Auger electron will have the maximum

Figure 2.4: Schematic representation of the Auger neutralization process (AN).

kinetic energy if initially both electrons originate from the Fermi edge, EAN =
EB − 2W (where EB is the binding energy of the final atomic state). The energy
distribution of the emitted Auger electrons represents a self-convolution of the
surface density of states (SDOS).

For the case of an auto-ionization process (AI), two electrons in the excited
ion (or atom) interact, as shown in the Fig. 2.5. The kinetic energy of the emitted
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Auger electron is given by EAI = Eb, f − Eb,i, where Eb, f and Eb,i are the bind-
ing energies of the final and initial state. Since both electrons stem from atomic
levels, the energy distribution will exhibit sharp features, the width of which is
given in principle by the lifetime of the excited state, but in practice the energy
resolution is often limited by the characteristics of the detector.

Figure 2.5: Schematic representation of the Auto-ionization process (AI).

In Auger de-excitation (AD), a conduction band electron is captured into a
lower atomic level, while the excess energy is taken up by an electron in an
excited state of the projectile, as shown in Fig. 2.6. The energy distribution
of the Auger electrons reflects the SDOS, the maximum energy being EAD =
Eb, f − Eb,i − W (with Eb, f and Eb,i being the binding energies of the final and
initial state). The decay rate ΓA for Auger processes is given, like in RN, by the
coupling of the initial and final state wavefunctions of the two electrons and the
density of final states available to the excited electron of energy Ea [12]:

ΓA = 2π|Hf ,i|2ρ f (Ea) (2.12)

where Hf ,i is the coupling matrix element between the initial and final states for
the two electrons:

Hf ,i =
〈

ψ1,2
f

∣∣∣∣ 1
|r1 − r2|

∣∣∣∣ψ1,2
i

〉
(2.13)

For AN and AD processes, where also metallic levels are involved, the decay rate
ΓA varies exponentially with the ion-surface distance z, as in the case of resonant
transitions:

ΓA(z) = ΓA(0)e−αAz (2.14)

where ΓA(0) is the maximum Auger rate, while αA denotes the decay length of
the coupling. For close ion-surface distances, the dependence of ΓA on z deviates
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Figure 2.6: Schematic depiction of the Auger de-excitation process (AD).

from the exponential form [39]. As the decay length αA decreases with increasing
binding energy of the states, transitions involving strongly bound states take
place closer to the surface. The magnitude of the AN and AD decay rates depend
strongly on the system under consideration. For intra-atomic AI processes, the
rates can be calculated ab initio. Typical AI rates range from 10−3 to 10−2 (1013 −
1014 s−1) [16].

Figure 2.7: Schematic representation of a radiative transition.
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2.2.3 Radiative transitions

In a radiative transition (Fig. 2.2.3), a photon carries away the excess energy
given by the de-excitation of the projectile. The polarization of the light emit-
ted by excited projectiles after scattering under grazing incidence from surfaces
can be used to probe long-range surface magnetization, as discussed in Chapter
4. In contrast to Auger rates, which depend weakly on nuclear charge Z, the rates
for radiative transitions Γr increase fast with nuclear charge Z. For hydrogenic
atoms Γr depends on Z with Z4. For second row hydrogenic atoms, the radia-
tive rate for an excited state of principal quantum number n can be expressed as
Γr � 4 · 10−7Z4/n4.5 [40].

2.2.4 Collective excitations

Collective excitations are processes in which a conduction band electron is trans-
ferred into a low-lying level in the incoming ion, while the energy difference is
used to excite a plasmon (Fig. 2.2.4). The energy of the plasmon is provided by
the potential energy released by the neutralization of the ion Ep = EI − W − ε,
where ε is the energy of the conduction band electron, and EI is the ionization
energy of the final atomic state. As no electrons are emitted during this pro-
cess, the creation of a plasmon shows up as a dip in the energy distribution of
secondary electrons emitted during ion bombardment of the surface [41].

Figure 2.8: Schematic representation of a collective excitation.



14 Fundamentals of ion-surface interaction

2.3 Electronic structure effects

The energies of excited atomic states and potential energy level crossings are
determining factors for the final charge and electronic state populations in ion-
surface interactions. The presence of the surface perturbs the atomic levels,
which are shifted in energy due to the charge - image charge Coulomb inter-
action. Also the velocity of the ion has a major influence on the neutralization
and ionization processes: while the perpendicular velocity determines the in-
teraction time, the parallel velocity may induce a ’kinematically-assisted’ charge
transfer reaction.

2.3.1 Atomic level shifts

The energy of an electron emitted by auto-ionization during an ion-surface inter-
action is different from the case of free-atom emission in vacuum. This change
in energy is caused not only by the atomic levels’ shift due to the charge - image
charge interaction, but also by the finite response of the solid to the ionization
event. In this section a description of the shift in transition energies will be given
for the particular case of de-excitation of He∗∗ atoms by auto-ionization in front
of a metallic surface, because of their relevance for the results presented in chap-
ters 5, 6 and 7.

The charge of the ion is taken as an effective charge, to incorporate the in-
complete screening of the ionic core by the electronic cloud. For the He+(1s)
and He∗∗(2l2l′) states, the z-dependent effective charges Ze have been approxi-
mated as [38]:

ZHe+
e = 1 + e−z/0.72

ZHe∗∗
e = 2 e−z/3.5 (2.15)

The dynamic response of the metal to the ionization event lies in between two
extreme cases, the adiabatic and the diabatic one. In the adiabatic case, the metal
responds infinitely fast to the changes in the external conditions caused by the
auto-ionization event, while in the diabatic case, the metal response is infinitely
slow. For the adiabatic case, the charge-image charge interaction potentials of
the He ions (atoms) are given by:

Va(z) = −Z2
e

4z
(2.16)

while for the diabatic case the interaction potential is

Vd(z) = −Ze,iZe, f

4z
(2.17)
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with Ze,i and Ze, f the effective charges in the initial and final states, respectively.
In the diabatic case, as the metal has no response, the ion (atom) in the final
state interacts with the image charge of its initial state. The kinetic energy of the
emitted Auger electron, given by the difference of the initial and final potential
curves, is also dependent on the ion-surface distance z:

ε(z) = ε(∞) + Vi(z) − V f (z) (2.18)

where ε(∞) is the free-atom transition energy, Vi(z) and V f (z) are the initial and
final state potentials. Then again, the transition energy ε(z) can be written for
the adiabatic and diabatic case, respectively:

εa(z) = ε(∞) − Z2
e,i(z)
4z

+
Z2

e, f (z)

4z

εd(z) = ε(∞) − Z2
e,i(z)
4z

+
Ze,i(z)Ze, f (z)

4z
(2.19)

For the auto-ionization transitions from the (2l2l′) states in He∗∗ to the ground
state in He+, the energies εa(z) and εd(z) differ by approximately 0.5 eV. The
actual transition energy ε(z) lies in between these two extreme cases, and can be
approximated by [38]:

ε(z) = εd(z) +
(
εa(z) − εd(z)

)
e−ρ/2 (2.20)

where the parameter ρ represents as the fastness of the response of the metal,
and is proportional to the ratio of the velocity of the emitted electron va and the
Fermi velocity of the metal vF, ρ = va/vF.

2.3.2 Kinematically shifted DOS

For ion-surface scattering, the velocity component of the ion perpendicular to
the surface determines the time scale of the interaction. In the stationary case,
the resonant electron transfer depends only on the ion-surface distance z. There-
fore, many models treating charge exchange between an ion and a solid surface
neglect, in first approximation, the parallel velocity component, v�. However,
kinematic effects due to v� have been observed experimentally, for example in
the formation of H− in front of alkali surfaces [42]. These parallel velocity ef-
fects are caused by the fact that the rest frames of the ion and the metal move
with a relative velocity v� and are therefore connected by a Galilean transforma-
tion [43, 44].

For the sake of simplicity, in the following discussion the free-electron metal
approximation will be used, with a parabolic band E(k) = k2/2, a Fermi energy
EF and a workfunction W. In the rest frame of the moving ion, the momentum k
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Figure 2.9: Atomic level shifts of He∗∗ (2l2l′) states (1D, 1P, 3P, 1S) upon approach to the
surface; a schematic kinematically-shifted DOS of the solid is depicted on the left (see text
for details), the static Fermi level is indicated by the horizontal line.

of a metal electron appears to be reduced to k′ = k − v�, while the energy of the
electron is given by

E(k′) = E(k) − k · v� +
1
2

v�

2 (2.21)

Therefore, the Fermi sphere appears shifted in the k space of the reference frame
of the moving ion. The occupation probability of metal states with energy E is
given by the shifted Fermi-Dirac distribution [43]:

fE(ν) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

θ(1 − ν), 0 ≤ ε < (1 − ν)2

1
2 + 1 − ν2

4ν
√

ε
−

√
ε

4ν
, (1 − ν)2 ≤ ε < (1 + ν)2

0, ε ≤ (1 + ν)2

(2.22)

where ν = v�/vF and ε = E/EF. The modified occupation probability leads to a
smearing of the Fermi edge of the electron gas, similar to thermal smearing, but
much more pronounced. The energy of Fermi electrons varies, in the frame of
the moving ion, as following [43]:

1
2
(vF − v�)2 ≤ E ≤ 1

2
(vF + v�)2 (2.23)

In Fig. 2.9 such a kinematically-shifted DOS is shown, as seen in the reference
frame of a 500 eV He2+ ion incident under 15◦ degrees on a metallic surface with
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EF = 9 eV and a workfunction W = 5 eV. On the right, the energy shift of two
pairs of (2l2l′) levels in doubly-excited He is shown. Due to the smearing of the
Fermi edge, resonant electron capture from the surface into the ion is possible
for a much wider range of ion-surface distances than in the static case.






