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Chapter 1

General introduction

1.1 Introduction

When ions are scattered off surfaces at small incidence angles and at low en-
ergies of typically several hundred eV or a few keV, they interact exclusively
with the uppermost surface layer. If one understands these dynamic interac-
tion processes, one can gain detailed information on the surface properties. In
general, ion-surface collisions are known to be sensitive to the geometrical and
electronic properties of the surface structure. In particular, electron capture
processes are expected to be sensitive to the spin ordering of the surface elec-
trons. Electron capture processes should therefore result in polarized electronic
states of the scattered projectiles. An analysis of these states would then pro-
vide valuable information on the surface electronic structure and even on the
magnetic ordering. From a fundamental point of view, the magnetic properties
of the surface are of interest since they often differ from those of the bulk, see
e.g. Refs. [1] to [4]. With decreasing dimensions of electronic structures in
devices, the relative importance of (magnetic) surfaces is also increasing from
a practical point of view. For example, magnetic structures in recording me-
dia have already reached the sub-micron regime and there surface properties
become of increasing relevance.

The general mechanisms of electron transfer during collisions of highly
charged ions on surfaces have been clarified earlier, see e.g. Refs. [5] to [10].
In order to understand how ion-surface collisions can be exploited to gain in-
formation on surface magnetism, knowledge of these mechanisms is crucial.
Therefore first a brief overview of the formation and decay of multiply excited
atoms, resulting from the interaction of highly charged ions with a surface is
given.
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2 CHAPTER 1. GENERAL INTRODUCTION

1.2 Ion-surface interaction

Far above the surface, when the projectile is still in its ionic state, image
charge effects occur and the Highly Charged Ion (HCI) is accelerated towards
the surface, see e.g. [11]. Somewhat closer to the surface, charge transfer of
electrons between energetically resonant target and projectile states takes place.
This charge transfer generally occurs when the potential barrier between ion
and surface is lowered to the Fermi level of the target. In this classical picture,
charge transfer proceeds predominantly over-the-barrier into excited projectile
states and a so-called ’hollow atom’ is formed, see e.g. [12]. The energy stored
in these highly population-inverted projectiles is released via radiative decay
and Auger transitions, see e.g. [13, 14]. Especially for slow projectiles incident
at small angles, the formation and decay of the excited states takes place above
the surface.

Figure 1.1: Artistic view of the neutralization of a HCI
approaching a surface, and the formation and decay of
the ’hollow atom’ by Auger electron emission.

Multiply excited states, resulting from neutralization of light projectiles,
predominantly decay via KLL Auger transitions. In such a two-electron pro-
cess, one of the L-shell electrons fills the initial K-shell vacancy while the other
one (the Auger electron) is emitted into the vacuum. Generally, radiative decay
rates become more pronounced with increasing projectile mass. On the other
hand, states comprising only one (captured) excited electron (singly excited
states) rather decay via radiative transitions. This process only requires an
initial K-shell vacancy.

Depending on the scattering conditions, the projectile is either reflected
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from the surface or penetrates into it, thereby (possibly) sputtering particles
from the surface. Figure 1.1 shows an artistic view of a HCI approaching a
solid state surface.

In order to probe (changes in) the surface electronic structure, like e.g. spin
ordering effects of only the topmost surface layer, extremely surface sensitive
methods are required. Furthermore, due to the small dimensions of e.g. mag-
netic domains, these methods should be able to distinguish between long- and
short-range magnetic ordering of surface electron spins. In this thesis, results
obtained with two such techniques are presented.

Electron Capture Spectroscopy (ECS)

This method exploits the fact that the electron spin is conserved during the
electron capture process. The electron spin then couples to the orbital angular
and/or nuclear spin momentum. By using fast (150 keV) D+ beams, Rau et al.
[15, 16] exploited the hyperfine interaction to investigate surface magnetism.
A problem with the use of such fast beams is that extremely small angles of
incidence are necessary, rendering the method very sensitive to surface imper-
fections. Also the detection method, which is based on the angular distribution
of alpha particles produced in collisions of the deuterons on tritium, is rather
complex.

Instead, when slow (∼ 10 keV) ion beams at small incidence angles are used,
neutralization partly takes place into excited projectile states which decay via
photon emission. Via spin-orbit coupling the spin polarization is partly trans-
ferred into the ML components of the orbital angular momentum L, which in
turn is reflected in the polarization of fluorescence photons. Therefore photons
emitted subsequently in the decay of the projectiles will reflect the magnetic
surface properties. Using low energy singly charged ions, this method has been
shown to be sensitive to the topmost surface layer [17, 18]. The circular po-
larization of the fluorescence light has already been exploited to probe surface
magnetism, see e.g. [19, 20, 21]. Information on the analysis of the polarization
of the emitted light can be found in chapter 3. The transfer of the polarization
of surface electrons into spin-polarized projectile states is discussed in chapter
5, where our experimental results are presented.

Auger Electron Spectroscopy (AES)

This method is based on the capture of surface electrons into discrete and
distinguishable excited projectile states. The energy of the subsequently emit-
ted Auger electrons is characteristic for the initial state. Spectroscopy of the
Auger electrons emitted from the excited projectiles might thus provide infor-
mation on the population of the initial states, which in turn reflects the spin
polarization of the surface electrons. For a non-magnetic target, the electron
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spins are randomly directed. Therefore on average low-spin states (singlet)
will be populated. If the surface is magnetized, most of the spins are aligned
and higher spin states (triplet) will be populated. The ratio of Auger electron
emission from low- and high-spin states within the projectile can therefore be
expected to be sensitive to surface magnetism. Without resolving the different
spin states, Pfandzelter et al. [22] showed, by using a SPLEED detector [23] for
polarization analysis, that the KLL Auger electrons emitted from the excited
projectiles are indeed polarized.

Realizing that the neutralization starts far in front of the surface, the pro-
jectile can be used to detect the short-range magnetic ordering of the surface.
Because if the ions are incident normal to the surface, the electrons are ex-
tracted from an area of a few Å2. On the other hand, if they are grazingly
incident they extract electrons from an area of several tens of Å2.

So by measuring electron spectra for different incidence angles, hollow atoms
might be a unique tool to sample the short-range ordering of the topmost
atomic layer of the surface. In addition to the possibility of probing local
magnetic ordering, advantages of AES are the relatively high efficiency (almost
all particles decay via autoionization) and the fact that measurements can be
taken at all temperatures (the black-body radiation at high target temperatures
does not interfere as is the case with ECS).

The main advantage of slow (highly charged) ions, as compared to the other
methods, is their extreme surface sensitivity. Ion beams incident on the surface
at suitable energies and angles do not penetrate into the target and interact
only with the upper surface layer [24, 25, 26]. Due to the absence of hard
collisions between projectile and target atoms, and the corresponding energy
deposition into the surface, the interaction is predominantly of electronic nature
(Coulomb force). In modern ion sources (see chapter 3) high charge states can
be reached, which allows for a tuning of the electronic interaction.

1.3 Alternative techniques

In the past various other methods have been used to investigate surface elec-
tronic structures, and in particular surface magnetism. The most important
ones are briefly discussed below, including their advantages and their disad-
vantages. For clarity, a distinction is made between methods based on photons
and electrons.

Photons

An often used technique is the Magneto-Optical Kerr Effect (MOKE), which
makes use of the rotation of polarization when light is reflected from a magne-
tized surface [27]. Since typical wavelengths of the light are large as compared
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to the thickness of a monolayer, the depth resolution of this method is rather
low and it is difficult to separate the influence of the surface from that of the
bulk. The sensitivity can be drastically enhanced by using the non-linear Kerr
effect, i.e. by measuring the polarization rotation in the second harmonic of
pulsed laser light [28]. Second harmonic generation occurs only at the surface
where the inversion symmetry of center-symmetric crystal structures is broken.
Also the variation of light absorption or reflection can be used when linearly
or circularly polarized light is shined on a magnetized surface and the sam-
ple magnetization is reversed. Magnetic Circular Dichroism (MCD) exploits
light induced transitions from core levels to magnetic valence states just above
the Fermi level near the absorption edge [29]. In X-ray Resonant Magnetic
Scattering (XRMS) the magnetization dependent reflection or diffraction of
synchrotron light is exploited [30, 31]. A strength of these methods is their
element selectivity. Spatial resolution of magnetic structures can be obtained
when MCD is used in Photo-Emission Electron Microscopy (PEEM) [32, 33].
In this case impressive direct images of element selective magnetic structures
with µ-meter resolution are obtained. However the surface sensitivity of all
these methods is limited by the penetration depth of the light. Although the
surface sensitivity can be improved by using light at grazing angles of incidence
[30, 31], it is practically impossible to limit the probing depth to just one atomic
layer.

Electrons

Similarly, electron based microscopy techniques have a limited surface sensi-
tivity related to the penetration- and escape depth of the electrons. This is
for example true for Scanning Electron Microscopy with Polarization Analysis
(SEMPA), which measures the spin polarization of secondary electrons from a
magnetized target [34]. Surface sensitivity in combination with excellent spa-
tial resolution is achieved by Scanning Tunneling Microscopy (STM). However,
it is difficult to obtain spin contrast in STM on a routine basis. As pointed
out by Himpsel et al. [1], this might be caused by the localized nature of the
spin-polarized d- and f -electrons which prevents overlap between the magnetic
states on tip and sample, such that the tunnel current is mainly carried by the
de-localized s- and p-electrons. Smaller tip-surface distances should then result
in a higher spin-polarized transfer through 3d-states.

1.4 This thesis

In chapter 2 the relevant ion-surface fundamentals are discussed, so as to pro-
vide a conceptual basis for the results presented in this work. The most im-
portant neutralization and deexcitation mechanisms are treated, without going
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into too much (theoretical) detail.
Chapter 3 deals with the experiment, i.e. the ion source and the experi-

mental setup are described. The experiments in chapter 4 and section 5.2 were
performed with the Sirφ setup, which is described elsewhere [35, 36]. The ex-
periments in section 5.3, 5.4 and chapter 6 were obtained with the completely
upgraded version Sirφ++.

In chapter 4, results are presented from collisions of different highly charged
ions with a carbon surface (HOPG). A surprisingly high yield of emitted target
Auger electrons was observed, which is attributed to KLL Auger decay from
(sputtered) hollow carbon atoms from the surface of the target.

Chapter 5 contains our latest results on spin-polarized surfaces. Both spec-
troscopic methods (ECS and AES) are applied to study differently prepared
spin-polarized surfaces. Firstly, AES is used to probe a GaAs surface, spin-
polarized by optical pumping. Secondly, AES was applied to a ferromagnetic Ni
target to study changes in the spin ordering at the surface, induced by heating
the sample below and above the Curie temperature. Thirdly, ECS was applied
to probe magnetically induced changes in the surface spin ordering of the Ni
target.

In chapter 6 we present a relatively simple model, which can describe the
deexcitation of doubly excited helium projectiles above different surfaces. The
model results are discussed and compared to experimental data obtained for
various surfaces and scattering conditions. Also an attempt is made to corre-
late the observed changes in the Auger spectra to the spin polarization of the
magnetic target.

Finally in chapter 7, the main conclusions of the research presented in this
thesis are summarized and an outlook is given.


