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CHAPTER

ONE

Introduction

The interaction of ions and atomic particles with solids provides valuable infor-
mation on the properties of the solid materials. In particular, slow ions, with en-
ergies ranging from meV to tens of eV, are a suitable tool for probing the surface
properties of solids, as the interaction processes take place at the vacuum-solid
interface. Ions with keV kinetic energy in grazing incidence scattering are sensi-
tive to the top-most layer of the surface as well [1, 2]. Not only information on
the geometrical structure and composition can be obtained, but also electronic
characteristics are accessible. Specifically, the magnetic properties of surfaces
have aroused a high interest due to the fact that often the reduced dimension-
ality gives rise to peculiar behaviour, distinctly different from the one of the
bulk material. For example, ferromagnetic Fe films exhibit anti-ferromagnetic
coupling if separated by Ge spacers of a specific thickness [3], while antiferro-
magnetic NiO(111) surface spins remain ordered at higher temperatures than in
the bulk [4]. Furthermore, highly spin-polarized materials, such as half-metals,
are of great interest to the field of spintronics, where they are used as spin-filter
interfaces [5, 6].

Therefore, many surface science techniques have been and still are being de-
veloped to obtain information on the magnetic order of surfaces. A combination
of techniques based on the use of ion or electron beams offers the possibility to
probe layer-dependent magnetization at surfaces [7, 8]. Moreover, techniques
using hyperthermal ions have the potential of accessing nanoscale properties, as
the surface area that an ion probes is in the order of a few (tens) of Å2 [9, 10].

1



2 Introduction

As, for example, the features in magnetic and electronic devices are constantly
decreasing in size, gaining insight into local electronic properties is of high rele-
vance.

The interaction of ions with solid surfaces is a dynamic problem, and under-
standing the details of charge exchange processes between the surface and the
ion is a prerequisite to a more general use of ion beam-based techniques as sur-
face magnetism probes. The gross features of the electron dynamics occurring
in the ion-surface interaction can be understood if the solid is considered as a
nearly free-electron gas weakly interacting with the ion cores of the lattice, with
the charge density having a sharp boundary at the surface (the so-called jellium
model - see e.g. ref. [1] and references therein). The foundations underlying the
description of ion-surface interaction have been laid in the pioneering work of
Hagstrum [11–14] on ion neutralization spectroscopy. He studied the collision of
low-energy singly- and doubly-charged rare gas ions with metallic surfaces, and
found that the main part of the electrons emitted into vacuum originate from
various Auger processes. Auger processes are two-electron processes in which
one electron fills a core hole, while the other one is emitted into vacuum, tak-
ing away the excess energy as kinetic energy. Auger electron emission is the
main de-excitation mechanism for low-Z ions, while higher-Z ions deexcite ra-
diatively [15].

The part of the spectrum that contains the emitted Auger electrons that leave
the metal corresponds to a self-convolution of the surface density of states (SDOS),
which makes the analysis rather complex. Part of the electron spectra originates
from auto-ionization processes following resonant capture of electrons from the
Fermi level of the metal into excited states. This gives rise to sharp atomic lines,
as in this case the Auger electrons are emitted from atomic levels.

Later, extensive studies have been done on the interaction of slow, multiply
charged ions with surfaces, where the creation of the ’hollow atom’ has been
observed, i.e., a highly excited atom with sparsely populated inner shells [15–
20]. The neutralization of highly charged ions (HCI’s) in front of surfaces can be
described in the framework of the classical over-the-barrier (COB) model [16],
which was first developed for HCI-atom interactions [21–23]. From the analysis
of the Auger spectra it was concluded that resonant electron capture leads to
the creation of the hollow atoms, followed by de-excitation by auto-ionization,
at least for large ion-surface distances. For closer distances, capture of electrons
with energies farther from the Fermi level also occurs.

To study long-range surface magnetism, Electron Capture Spectroscopy (ECS)
can be used. ECS was first developed by Rau and Sizmann [24]. By means of
a nuclear reaction, they determined the spin-polarization of electrons captured
by fast deuterium ions, scattered grazingly on the surface. It was hoped that
the extreme surface sensitivity of the grazing incidence ions would help in ad-
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dressing peculiar problems of surface magnetism, like the existence of magnetic
order at the surface even above the Curie temperature of the bulk. But this mea-
surement method is rather indirect, and the data analysis is not straightforward,
some of the reported results (like magnetic ordering of a Ni(110) surface at up
to two times the bulk Curie temperature) could not be confirmed by other mea-
surements. A later, more successful version of ECS uses electron capture into
excited atomic levels, which decay by emission of (partially) circularly polarized
light [1, 25–28]. This kind of ECS was successfully applied to investigate mag-
netic properties of Fe surfaces and magnetic coupling between layers of different
magnetic thin films. It has proved difficult to quantitatively relate the changes
in the degree of circular polarization of the emitted light to the spin polarization
of the surface. Nonetheless, the sensitivity of ECS to the magnetization orien-
tation in the top-most surface layer makes it a useful tool for probing magnetic
correlations between, e.g., ultrathin magnetic films.

In order to address local properties of spin-polarized surfaces, it is proposed
to use the Auger electron emission from hollow atoms formed in front of such
surfaces, as the area from which the electrons are captured is in the order of a few
tens of Å2. This novel method, called Multiple Electron Capture Spectroscopy
(MECS) [9, 10], is introduced in this thesis and is shown to be a very promising
surface-sensitive method for investigating surface magnetism. It makes use of
the changes in the peak intensities in the Auger spectra corresponding to emis-
sion from different spin states. Specifically, if the surface has a high degree of
spin polarization, there is a higher capture probability into high spin states (e.g.,
triplet states), while for an unpolarized surface, lower spin states (e.g. singlet
states) are more likely to be populated in the excited projectile.

This thesis presents results on the potential of using slow, multiply charged
ion beams as probes for surface magnetism, namely the method of Multiple Elec-
tron Capture Spectroscopy:

• In chapter 2, an overview is given of the fundamental concepts in ion-
surface interactions relevant to the scope of this thesis. The COB model
is presented, detailing concepts like charge-image charge interaction and
resonant neutralization of ions in front of surfaces. Also, the main charge
exchange and de-excitation processes which are relevant in the eV-keV en-
ergy range of the ions are described. Finally, electronic structure effects
are discussed, namely the energy shift of the atomic levels in front of the
surface and the kinematic effects in the electron capture process.

• In chapter 3, the experimental set-up is described, together with the main
features of the experimental techniques used throughout this thesis or rel-
evant for the results presented. First, a description is given of the Electron
Cyclotron Resonance Ion Source (ECRIS), the ion beam collimation and
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deceleration system and the actual experimental set-up. Thereafter, a short
overview of the main techniques in surface magnetism is presented. The
last part of the chapter deals with Low Energy Ion Spectroscopy (LEIS),
which is used in this work to check the chemical composition of the target
surfaces, as well as the stoichiometry of the iron oxides studied in chap-
ter 7.

• Chapter 4 contains the ECS results on Fe(110) and Ni(110) surfaces ob-
tained by analysis of the degree of circular polarization emitted upon neu-
tralization of He+ ions scattering from these surfaces. The data, interesting
by itself, are mainly used as complementary information to the MECS data
in chapter5, 6 and 7.

• In chapter 5 the novel method of Multiple Electron Capture Spectroscopy
is introduced, and the basic features of the method are presented. The link
between the changes in the temperature-dependent spin polarization of
Ni(110) and the changes observed in the KLL Auger spectra from hyper-
thermal He2+ and N6+ ions impinging on this surface is discussed.

• An atomic model used to quantitatively extract the spin polarization from
the peak intensity ratio in the KLL Auger spectra originating from the neu-
tralization of He2+ in front of Ni(110), is detailed in chapter 6. By making
use of this ’free-atom model’, the temperature dependence of the spin po-
larization of the Ni(110) surface is obtained, and its behaviour is discussed
in the frame of established models of surface magnetism. Also, the locality
of the information accessible with MECS is presented.

• In chapter 7 MECS is applied to study the spin polarization of Fe(110) and
half-metallic magnetite, Fe3O4, using He2+ ions. For the case of magnetite,
a structural phase transition to anti-ferromagnetic FeO is investigated.



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.

5



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)



8 Fundamentals of ion-surface interaction

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)
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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.
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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.





CHAPTER

THREE

Experiment

The experiments described in this thesis have been performed in the Atomic
Physics research group (ATF), at the Kernfysisch Versneller Instituut in Gronin-
gen. Experimental set-ups in the Atomic Physics lab share an Electron Cyclotron
Resonance Ion Source (ECRIS). The (highly charged) ions produced by the ECRIS
are used to study interactions with various physical systems. The experiments
on ion-surface interactions are done at the Surphyn’ set-up. Both the ECRIS and
the Surphyn’ set-up will be described in detail in the following sections. Further,
an overview will be given of the experimental techniques used to prepare and
characterize the surfaces studied in this work.

3.1 ECRIS

In an ECRIS, highly charged ions are produced stepwise by electron impact ion-
ization. In order to sequentially ionize the highly charged ions, electrons with a
wide range of energies are needed. In the ECRIS, these electrons are produced
inside a magnetic trap formed by a radial magnetic field from a hexapole per-
manent magnet and a longitudinal field from two magnetic coils. The electrons
will gyrate inside the trap along the magnetic field lines with the cyclotron fre-
quency ωc = 2πeB/me. Obtaining high energy electrons is achieved by applying
a radiofrequency field (RF field) (14 GHz). When the RF frequency equals the
revolution frequency ωc, electron cyclotron resonance occurs: the electrons are
accelerated by the RF field.

19
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Figure 3.1: Drawing of the ECRIS.

In the ATF ECRIS, the RF field is injected coaxially. The whole trap is put on
high voltage (up to 25 kV), and the ions produced are extracted using a movable
puller lens, which can be put on a negative voltage to improve the extraction of
low energy or low charge state ion beams.

After extraction, the ions are charge-over-mass selected by an 110◦ bending
magnet, and guided to the various experimental set-ups by means of a series
of quadrupole magnets. The maximum charge state obtained with the current
ECRIS is Xe25+. The highest charge which can be obtained is limited by a number
of factors, like recapture of electrons, the increasing amount of impact energy
needed and the confinement time in the magnetic trap.

3.2 Surphyn’

A sketch of the Surphyn’ set-up is shown in Fig. 3.2. The set-up consists of
a cylindrical 300 mm diameter μ-metal UHV chamber, equipped with a sam-
ple manipulator1, a deceleration lens system, a rotatable Electrostatic Analyzer
(ESA), an ion gun2 and a light polarization analysis system. There is also a sam-
ple transfer system attached, and an UHV evaporator system3.

1Manufactured by Thermo Vacuum Generators, Hastings, UK
2Manufactured by Specs GmbH., Berlin, Germany
3Manufactured by Focus GmbH., Hünstetten-Kesselbach, Germany.
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Figure 3.2: Sketch of the Surphyn’ set-up.

The Surphyn’ chamber is connected to the ion beam line (p � 10−8 mbar) by
a differentially pumping stage and a 45◦ bending magnet. The μ-metal shield-
ing of the set-up prevents for stray magnetic fields penetrating the chamber and
disturbing the electron detection. Residual magnetic fields inside the chamber
are of the order of a few μT. The chamber is kept at a pressure in the low 10−10

torr by a 400 l/s ion getter pump. During sample preparation cycles, a differen-
tial pumping stage consisting of a combination of a rotary forepump and a turbo
pump is also used.

The sample manipulator has three translational degrees of freedom, Δx =
Δy = 25 mm and Δz = 400 mm (the coordinate system is indicated in Fig. 3.2),
as well as two rotational degrees of freedom, the incidence and azimuth angle,
Δψ = 250◦ and Δφ = 100◦. The manipulator has a non-magnetic sample holder,
which allows for heating the sample either by electron bombardment up to 1200
◦C or by radiative heating up to 530 ◦C. The temperature of the sample is mea-
sured by means of two non-magnetic N-type thermocouples. A soft iron yoke
can be mounted on the sample holder, enabling the magnetization of the sample
crystal, if desired.

The Specs ion gun is a fine focus and scannable ion source, with a tunable
beam spot diameter from 125 μm to 1000 μm and a scanning area of 10 × 10
mm2. It can be used for producing singly charged ions of noble gasses as well as
of reactive gasses, like O2 or H2, in the 500 − 5000 eV energy range. The appli-
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Figure 3.3: Sketch of the four-element electrostatic lens system; ion beam shape based on
simulated ion trajectories for 500 eV He2+ ions is shown in grey. The lower part indicates
the voltages applied to the lens elements.

cations of the ion gun range from sample cleaning and etching, to Low Energy
Ion Spectroscopy (LEIS), depth profiling and Secondary Ion Mass Spectrometry
(SIMS). In the experiments described in this thesis, the ion gun was mainly used
for sputter-cleaning the sample and for LEIS.

3.2.1 Ion deceleration and collimation

The ions are extracted from the ECRIS with energies in the keV range, and are
decelerated by floating the whole set-up on the ion source potential. In this way,
the ions can be decelerated in principle to zero energy. The actual deceleration
takes place in a four element electrostatic lens system placed at the beam line
entrance in the chamber (Fig. 3.3). The desired energy of the ions entering the
set-up is determined by applying an offset potential Vbias in series with the source
potential. The final energy of an ion with charge q is given by the sum of the Vbias
and a small contribution due to the plasma potential in the ion source, Vp � 10
V [45]:

Ei = q · (Vbias + Vp) (3.1)

The overall transmission of the ions from the analysis magnet of the ECRIS to
the sample is of the order of 1%, depending somewhat on the mass-over-charge
ratio of the ions (the higher the charge, the lower is the transmission). The ion
current can be monitored either by a movable Faraday cup placed in front of
the deceleration stage, or by measuring the sample current. The latter method is
used during data collection in order to be able to correct for beam fluctuations.
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Figure 3.4: Lens system, sample and ESA. The observation angle θ of the ESA can be
varied between 0◦ and 140◦.

Typical sample currents range from a few tens nA to a few hundred nA, but
values of up to a few μA can be reached for He+ ions. The electrostatic lens
system induces no extra beam intensity loss for deceleration factors up to 100,
while the beam spot size is only slightly larger than for the direct beam. For
deceleration factors higher than 100, the beam tends to diverge more strongly,
therefore the diaphragm D4 (cf. Fig. 3.3) was installed for additional collimation
of slow ions. A detailed description of the deceleration stage can be found in
ref. [45].

3.2.2 Electrostatic analyzer

All ion and electron spectra presented in this thesis were taken using the hemi-
spherical electrostatic analyzer (ESA) sketched in Fig. 3.4. Since the ESA has been
thoroughly described in previous works ( [45, 46]), only the main features of the
spectrometer will be presented here.

In a hemispherical ESA, voltages are applied on the inner and outer hemi-
spheres to set the pass energy for the charged particles. The voltages Vi and Vo
on the inner and outer hemispheres are varied in such a manner that the potential
V(r) on the central trajectory is zero. The electric field between two concentric
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spheres is given by:

E(r) =
(Vo − Vi)rori

r2(ro − ri)
(3.2)

with r the trajectory radius between ro and ri. Integration of E(r) yields the
potential V(r), using the boundary conditions V(ro) = Vo and V(ri) = Vi:

V(r) =
Voro − Viri

ro − ri
− (Vo − Vi)rori

r(ro − ri)
(3.3)

By setting V(r) = 0 on the central trajectory (r = (ro + ri)/2), the ratio of the
voltages to be applied on the plates is obtained:

Vo

Vi
= − ri

ro
(3.4)

The pass energy of a particle of charge q on the central trajectory is:

E(q) = q
Vo − Vi

ror−1
i − rir

−1
o

(3.5)

The ratio between the applied voltage and the energy of the detected particle,
called the spectrometer proportionality factor F, is:

F =
1

ror−1
i − rir

−1
o

(3.6)

The radii of the ESA are ro = 52 mm and ri = 48 mm, yielding a voltage ratio of
Vo/Vi = −0.923 and a proportionality factor F = 6.24. As the ESA is hemispher-
ical, the real Vo/Vi and F deviate slightly from the ideal values. Calibration of
the ESA gave Vo/Vi = −0.935 and F = 6.42 [47].

The energy resolution of the ESA is 0.5% FWHM, with a total acceptance of
1.12 × 10−7E (sr eV). Electrons which have energies higher than 20 eV can be
measured with nearly 100% efficiency. For electrons with energies lower than 20
eV, the transmission is distorted due to the residual magnetic field, leading to a
loss in detection efficiency.

For the conversion of the raw counts detected by the ESA to absolute number
of emitted particles, one has to take into account different correction factors [47].
One factor is the proportionality of the spectrometer acceptance to the energy
of the detected particle, therefore the number of counts has to be divided by
energy. Other correction factors are the angular emission probability, which is
not necessarily isotropic, and a geometry correction, which compensates for the
overlap between the ion beam spot and the spectrometer spot on the surface.
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3.2.3 Light polarization analysis

In the following, a description of the method used in Chapter 4 to measure the
degree of polarization of light will be given. While strictly monochromatic light
must be in some state of polarization, light that contains a band of wavelengths
can be unpolarized or partially polarized. For our discussion, we will consider
quasi-monochromatic light propagating in the z direction, having the orthogonal
components at a point in space given by [48]:

Ex(t) = ax(t)e−i[ωmt−φx(t)], Ey(t) = ay(t)e−i[ωmt−φy(t)] (3.7)

where ax and ay are the electric field amplitudes along the x and y axes, respec-
tively, and ωm is the mean frequency of an electric field with bandwidth Δω �
ωm. The field amplitudes al(t) and phases φl(t) are constant for monochromatic
light, whereas for quasi-monochromatic light, these quantities fluctuate irregu-
larly and are statistically correlated. The timescale on which the pair al(t) and
φl(t) show a similar time response is given by the coherence time τ ∼ 2π/Δω.
We say that the light is unpolarized, or natural, if the time evolution of the pair
of functions al(t) and φl(t) is completely uncorrelated within the detection time.

Several methods have been developed to describe the polarization of light
and the evolution of the polarization state as light passes through optical com-
ponents. Making use of the quasi-monochromatic fields, Jones calculus uses a
2× 2 coherency matrix to represent polarizations. In this work, the Stokes vector
representation will be used, as it contains readily measurable quantities, and it
can be related to the coherency matrix. For a quantitative description of the evo-
lution of the polarization states of the light upon passage through various optical
components, real Mueller 4 × 4 matrices can be combined with Stokes vectors.

The coherency matrix J can be written as:

J =
(〈Ex(t)Ex(t)∗〉 〈Ex(t)Ey(t)∗〉
〈Ey(t)Ex(t)∗〉 〈Ey(t)Ey(t)∗〉

)
=
(

Jxx Jxy
Jyx Jyy

)
(3.8)

where the angle brackets denote the time average and the asterisk denotes the
complex conjugate. The four elements of the Stokes vector are related to the
Jones matrix as:

I = Jxx + Jyy = 〈ax(t)2〉 + 〈ay(t)2〉
M = Jxx − Jyy = 〈ax(t)2〉 − 〈ay(t)2〉
C = i(Jxy + Jyx) = 2〈ax(t)ay(t) cos(Δφ)〉
S = i(Jyx − Jyy) = 2〈ax(t)ay(t) sin(Δφ)〉 (3.9)

Each of the fours Stokes parameters is related to the difference between light
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intensities of specified orthogonal pairs of polarization states:

A =

⎛
⎜⎜⎝

I
M
C
S

⎞
⎟⎟⎠ =

⎛
⎜⎜⎝

P0◦ + P90◦
P0◦ − P90◦

P45◦ − P−45◦
Prcp − Plcp

⎞
⎟⎟⎠ (3.10)

therefore I represents the total intensity of the light, M is the intensity difference
between horizontal (along x axis) and vertical (along y axis) linearly polarized
light, C is the intensity difference between 45◦ and −45◦ linearly polarized light
and finally, S is the intensity difference between right- and left-handed circularly
polarized light. The Stokes parameters are related by:

I2 ≥ M2 + C2 + S2 (3.11)

The degree of polarization of the light can be written as:

P =

√
M2 + C2 + S2

I2 (3.12)

If one replaces the numerator in Eq. 3.12 with M2 + C2, the degree of linear po-
larization is obtained, while if the numerator is replaced by S2, the degree of cir-
cular polarization is obtained. If a light beam characterized by the Stokes vector
A passes through an optical component, the output state A′ can be determined
by using the transformation A′ = MA, where M is the 4 × 4 Mueller matrix de-
scribing the respective optical component. Of course, M can be a product of n
cascaded components Mi:

M =
n

∏
i

Mi (3.13)

The order in which the matrix product is written has to follow the sequence in
which the optical components are reached by the light. For example, if the light is
incident on component 1 and exits component 2, the Stokes vector A′ is obtained
as A′ = M2M1A.

In order to measure the polarization properties of an optical beam, a polar-
ization analyzer is needed [49]. For example, a circular polarizer, made by com-
bining a rotatable quarter-wave retarder and a linear polarizer, can be used as a
polarization analyzer. The optical system used for the detection and polarization
analysis of the light (see Fig. 3.2) is made of a solid Al mirror, a bi-convex quartz
lens ( f = 100 mm), and the actual polarization analyzer, made of a rotatable
quarter-wave retarder, a linear polarizer, an interference filter for selecting the
appropriate wavelength and finally, a photomultiplier tube (PMT) for detecting
the intensity of the output light. In our experiment, the part of the optical sys-
tem following the quartz lens is outside the vacuum chamber, a fused silica port
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being in between the lens and the quarter-wave plate. The components which
affect the polarization state of the light are the mirror, the quarter-wave retarder
and the linear polarizer. The corresponding Mueller matrices are [49]:

Mm =

⎛
⎜⎜⎝

1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 −1

⎞
⎟⎟⎠

Mr(δ, β) =

⎛
⎜⎜⎜⎝

1 0 0 0

0 cos 4β sin δ
2

2
sin 4β sin δ

2
2 − sin 2β sin δ

0 sin 4β sin δ
2

2 − cos 4β sin δ
2

2
+ cos δ

2
2

cos 2β sin δ
0 sin 2β sin δ − cos 2β sin δ cos δ

⎞
⎟⎟⎟⎠

Mpol(θ) =
1
2

⎛
⎜⎜⎝

1 cos 2θ sin 2θ 0
cos 2θ cos 2θ2 cos 2θ sin 2θ 0
sin 2θ cos 2θ sin 2θ sin 2θ2 0

0 0 0 0

⎞
⎟⎟⎠ (3.14)

where Mm is the Mueller matrix for a mirror, Mr(δ, β) is written for a retarder of
retardance δ rotated at an angle β from the x axis and Mpol(θ) is the matrix of a
linear polarizer at angle θ. The Stokes vector A′ of the light detected in the PMT
is then:

A′ = Mpol(θ)Mr(δ, β)MmA (3.15)

The resulting intensity I′ detected by the PMT depends on the four initial Stokes
parameters as follows:

I′ =
1
2
[
I + M

(
cos 2θ cos 2β − cos δ sin 2θ sin 2β

)
+

+ C
(

cos δ sin 2θ cos 2β + cos 2θ sin 2β
)
+ S sin δ sin 2θ

] (3.16)

By fitting the above expression to the measured intensity, one can determine the
four initial Stokes parameters of the light, I, M, C and S, and therefore obtain the
degree of linear and circular polarization.

3.3 Experimental techniques

In this section, an overview will be given of the two techniques used in this
work to probe surface magnetism, as well as of other experimental techniques
used presently to characterize magnetic surfaces and to explore surface spin po-
larization. Also, the main ideas behind Low Energy Ion Spectroscopy (LEIS),
used for determining the chemical composition of surfaces, will be given. The
first technique that we have used for probing magnetism is Electron Capture
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Spectroscopy (ECS), which exploits the fact that the spin of the captured sur-
face electron couples to the orbital angular momentum of the ion, leading to
changes in the degree of circular polarization of the light emitted by the ex-
cited projectile [1, 25–28]. This technique is suitable to study the long-range
magnetization of the surface. In order to have access to the short-range spin
ordering at the scale of the electron exchange length, we have developed a new
method for probing surface spin polarization, called Multiple Electron Capture
Spectroscopy (MECS) [9]. MECS is based on the Auger electron emission from
excited atoms formed upon interaction of slow, multiply charged ions with sur-
faces [16–20]. The relative intensity of the spectral peaks can be related to the
local degree of surface spin polarization.

3.3.1 Electron capture spectroscopy

The method of Electron Capture Spectroscopy (ECS) was first developed by Rau
et al. [24, 50]. In their experiment, the spin polarization of electrons captured
into fast (150 keV) deuterons was detected via a nuclear reaction. After scatter-
ing off a ferromagnetic surface, the neutralized deuterons collide with a solid
target, creating alpha particles. A part of the spin polarization of the electron
shell of the neutralized deuterons is transformed via the hyperfine interaction
into nuclear polarization of the alpha particles. The quantity measured is the
angular anisotropy of the emitted alpha’s. This is a rather complex method and
the analysis of the obtained results is by no means straightforward due to the
intermediate steps involved.

Later, ECS was applied to electron capture into excited atomic terms. The
electron spin polarization is then probed via the analysis of the circular polar-
ization of fluorescence light. This branch of ECS matured and has been applied
to study a whole variety of magnetic surfaces ranging from pure crystals to thin
films [1, 25–28, 51]. Singly charged ion beams of 5 − 100 keV are scattered graz-
ingly off ferromagnetic surfaces, the spin of the captured electrons couples to
the orbital angular momentum via spin-orbit coupling, leading to a shift in the
population distribution over magnetic sub-states. This in turn causes changes
in the degree of polarization of the light emitted by the neutralized projectiles.
Ion beams in grazing incidence interact only with the top-most surface layer,
making ECS a suitable method for probing long-range magnetization of ferro-
magnetic surfaces. This method and the results that we have obtained using it
will be discussed in more detail in Chapter 4.

3.3.2 Multiple electron capture spectroscopy

Multiple Electron Capture Spectroscopy (MECS) exploits the changes observed
in the characteristic Auger spectra from slow, multiply charged ions, as a func-
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tion of the spin polarization of a surface [9]. As the spin of the electrons is con-
served during the capture process, there is a different capture probability into
different spin states depending on the surface’s polarization. If the surface has a
high degree of spin polarization, on average, high spin states will be more likely
to be populated, while for a surface of low or no polarization, electron capture
into low spin states becomes more likely. Then by varying the spin polariza-
tion of a surface (for example, by changing the temperature of a ferromagnet),
changes occur in the relative peak intensities in the Auger spectra. Having in
mind that slow, multiply charged ions capture electrons from an area of a few
Å2 up to a few tens of Å2 (depending on the scattering conditions), MECS has
the potential of becoming a tool for probing surface magnetism on a length scale
below the electron exchange length.

3.3.3 Other techniques

There is a number of established techniques to investigate surface magnetism,
each with its respective strengths and weaknesses. For example, the techniques
based on Magneto-Optical Kerr effect (MOKE) [52] or magnetic second harmonic
generation [53] have the advantage of allowing for magnetic field dependent
measurements, a possibility owed to the fact that photons are used as probe.
In addition, X-ray magnetic circular dichroism offers elemental sensitivity [54].
However, the probing depth is in the order of a few atomic layers, and the surface
area probed is in the order of a few μm2. The surface sensitivity can be enhanced
by using soft-X-rays, the Auger electrons produced in the sample having lower
energies and therefore shorter escape lengths [55, 56].

Spin-resolved electron spectroscopies can either probe the spin-dependent
density of states, like spin-polarized electron emission (SPEE) and spin-resolved
appearance potential spectroscopy, or can probe spin-specific electron states as
function of the wavevector, like the technique of spin-resolved inverse photoe-
mission [57,58]. The surface sensitivity of techniques using low-energy electrons
is limited by the inelastic mean free path of electrons in a solid, which is of ∼ 5
Å at its lowest, meaning that the information depth is still of the order of a few
atomic layers. Also, the measured samples are required to be in a remanent state
of magnetization, and to have shapes which minimize stray magnetic fields that
otherwise can easily disturb the low-energy electrons.

Experimental methods with nanometer resolution are, for example, magnetic
force microscopy (MFM) or scanning electron microscopy with polarization anal-
ysis (SEMPA) [59, 60]. Spin-polarized scanning tunnelling microscopy (SP-STM)
combines excellent surface sensitivity with unprecedented spatial resolution at
the scale of the electron exchange length [61]. However, a ferromagnetic tip can
have a disturbing influence when investigating magnetically soft materials [62].
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3.3.4 LEIS

Low energy ion scattering (LEIS) can be used for determining the chemical com-
position of surfaces, as well as for estimating the surface roughness [2]. In LEIS,
ions of known species and energy (in the keV range) impinge on a surface, and
the energy distribution of the scattered projectiles is measured under a fixed scat-
tering angle. The major scattering contribution comes from elastic scattering,
and the collision process can be described by one or a sequence of two-body col-
lisions. The investigation of the chemical composition requires only elementary
physics (conservation of momentum and energy), while effects due to shadow-
ing of the surface atoms give indications on the surface roughness [1, 2]. For
the analysis of the LEIS spectra from this work, a model where the scattering is
described as a sequence of two-body elastic collisions will be used. This approx-
imation works well for keV ion energies because the collision time of a few fs is
much shorter than the period of crystal phonons. The energy transferred in a col-
lision for a given scattering angle determines the elastic scattering event. If we
consider a hard-sphere collision between an ion and a surface atom at rest, the
final energy of the scattered projectile can be obtained from conservation laws of
energy and momentum [2]:

Mpv2
i,p = Mpv2

f ,p + Mav2
a

Mpvi,p = Mpv f ,p cos θ + Mava cos φ

0 = Mpv f ,p sin θ − Mava sin φ (3.17)

where Mp, Ma are the projectile and the surface atom mass, respectively, vi,p, v f ,p,
are the initial and final velocity of the projectile, va is the recoil velocity of the
atom and finally, θ and φ are the scattering and the recoil angle, respectively. The
energy ratio of the primary and scattered ions, Ef ,p/Ei,p, which is the measured

Figure 3.5: Hard-sphere elastic scattering.
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Figure 3.6: LEIS spectra from an oxidized (solid line) and clean (dotted line) Fe(110) sur-
face.

quantity in LEIS, can be extracted from Eq. 3.17:

Ef ,p

Ei,p
=

(
cos θ ±√μ2 − sin θ2

1 + μ2

)2

(3.18)

where μ = Ma/Mp. In Eq. 3.18 only the plus sign applies if μ > 1, otherwise
both plus and minus signs are valid. By using noble-gas ions and detecting only
the scattered ions, practically only projectiles that have suffered single collisions
are detected, as the probability of a noble-gas ion surviving a multiple collision
series as ion is very small, due to its high ionization potential.

As an illustration of the technique, Fig. 3.6 shows two LEIS spectra taken with
2 keV He+ ions scattered over 60◦ from an oxidized (solid curve) and a clean
Fe(110) surface. Using the scattering cross-sections determined by Wheeler [63]
for a series of oxides surfaces, the analysis of the LEIS spectrum of the oxidized
Fe shows that the oxide is Fe3O4. In order to obtain a clean Fe surface, long cycles
of Ar+ sputtering and annealing to elevated temperatures were required. After
approximately two months of preparation, a clean Fe(110) surface was obtained,
as seen in the dotted LEIS spectrum.





CHAPTER

FOUR

Electron capture spectroscopy (ECS)

Surfaces and thin films often exhibit properties which are drastically different
from those of the corresponding bulk material or the underlying substrate. Such
effects are ascribed to the different electronic structure and the reduced dimen-
sionality of the surface or thin film. The effect is most pronounced for the single
topmost surface layer.

To observe such surface specific properties one needs analytic tools which
are surface sensitive. Ion beams incident on the surface at suitable energies and
angles do not penetrate into the target and thus interact only with the topmost
surface layer [1, 2, 64]. In the neutralization process the spin direction of the
transferred electron is conserved. The subsequent photon emission from excited
neutralized projectiles will be polarized (see e.g. ref. [1] and references therein).
In particular, the degree of circular polarization is a signal of the surface mag-
netization. Using singly-charged ions this so-called ECS (Electron Capture Spec-
troscopy) method has been shown to be sensitive to the topmost surface layer,
see e.g. [7,27,65]. ECS was successfully applied in particular to Fe(110) [27,66,67].
Studying Ni(110) is interesting because one expects large negative spin polariza-
tion, as calculations [68–70] predict a much higher density of states for minority
than for majority electrons at the Fermi energy. This is supported by early stud-
ies of Rau and Sizmann [50] using capture of electrons into the ground state of
deuterium atoms and subsequently analyzing their polarization via a nuclear
scattering reaction. However, in ECS studies using capture into excited atomic
states the spin polarization was found to be small and positive [71]. In this chap-
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ter results are presented on the surface magnetization of Fe(110) and Ni(110) sur-
faces obtained by using keV He+ ion beams scattered grazingly from the sample
surface.

4.1 Principles of ECS

In Electron Capture Spectroscopy (ECS), spin-polarized electrons are captured
by ions scattered under grazing incidence off magnetized surfaces. ECS was first
developed by Rau and Sizmann [24,50], where the spin polarization of electrons
captured into fast deuterons was detected via a nuclear reaction. As it turned
out, ECS can also be applied to electron capture into excited atomic terms, and
the magnetization of the target is linked to the polarization degree of the fluores-
cence light [1, 25–28].

The basic idea in ECS is that the capture of spin-polarized electrons into an
excited state 2S+1LJ leads to a shift in the distribution of the population of atomic
sub-states with different quantum number MJ via spin-orbit coupling. As a con-
sequence, the light emitted upon de-excitation will have a certain degree of po-
larization. For a simple illustration of this concept, optical transitions from a 1D
to a 1P state are shown in Fig. 4.1. The optical selection rules for dipole transi-

Figure 4.1: Optical transitions from a 1D to a 1P state. An asymmetric population of ML
sub-states leads to emission of polarized light.

tions are ΔL = ±1 and ΔML = 0,±1. If ΔML = ±1, the emitted photon will have
a negative or positive helicity (σ±), therefore the emitted light will be positively
or negatively circularly polarized [72] (if the emitted photon has, for example,
a positive helicity, the ML changes by −1). If the distribution over the ML sub-
states is centered around ML = 0, then the emitted light will be unpolarized. If
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the distribution over ML sub-states is asymmetric around ML = 0, the emitted
light will have a certain degree of polarization. For the case shown in Fig. 4.1, the
emitted light will have a substantial degree of right-handed circular polarization.
The degree of circular polarization of light is given by the difference between the
intensity of right-handed and left-handed circular polarized light:

S
I

=
I(σ−) − I(σ+)
I(σ−) + I(σ+)

(4.1)

In order to probe magnetized surfaces, emission from higher spin (doublet,
triplet, quartet,...) states has to be used. In this case, the total angular momen-
tum has to be considered, given by the spin-orbit coupling

−→
J =

−→
L +

−→
S . For

a magnetized surface, the spin of the captured electrons will be aligned along
the direction of magnetization. If the spin of the captured electrons couples con-
structively with the orbital angular momentum (

−→
L and

−→
S point in the same di-

rection), the population of the magnetic sub-states will be shifted towards higher
MJ ’s, and thus the expectation value of MJ will increase. Therefore, also the de-
gree of circular polarization of the emitted light will increase. If, by contrast,

−→
L

and
−→
S point in opposite direction, the distribution over MJ will be pushed to-

wards the center, leading to a decrease in the average MJ and degree of circular
polarization of the emitted light. This concept is illustrated in Fig. 4.2, where a
constructive spin-orbit coupling leads to a shift of the distribution of population
over magnetic sub-states MJ towards higher values of MJ , thereby leading to an
increase in the degree of circular polarization of the emitted light. By magne-
tizing the surface in directions parallel or anti-parallel to the collision-induced
orbital angular momentum

−→
L , information on the spin polarization of the target

electrons can be obtained [1, 25–28].

Figure 4.2: Illustration of the shift in the population of MJ sub-states due to spin-orbit
coupling. Thin line centered at MJ = −1, unpolarized electron spin, filled curve if all
electron spins are aligned in the −z direction.

The light emitted by the neutralized ions has a certain degree of circular po-
larization even for scattering off un-magnetized surfaces, or for emission from
singlet lines, where the spin of the captured electron plays no role. This implies
that, even for capture of electrons with no spin polarization, there is a preferential
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Figure 4.3: Preferential orientation of the total orbital angular momentum according to a)
density gradient model and b) classical electron capture.

orientation of the total orbital angular momentum
−→
L induced by the scattering

conditions. Such an effect can be understood in the framework of the density
gradient model [73]. In this model, the electronic cloud of the projectile starts
to rotate due to the gradient in the electron density of the surface, as the part of
the projectile’s electronic cloud facing the surface experiences a higher electron
density. This rotation leads to a net orientation of the total orbital angular mo-
mentum 〈−→L 〉 ∼ −∇ne ×−→vi , where ne is the electron density outside the surface
and −→vi is the velocity of the ion (see Fig. 4.3a).

The preferential orientation of
−→
L can also be described in a semi-classical

picture, where an electron is transferred from an atom of the surface into the
ion at an internuclear distance

−→
d . Then the total orbital angular momentum is

proportional to −−→
d ×−→vi , as shown in Fig. 4.3b.

The preferential orientation of the total orbital angular momentum
−→
L cor-

responds to a distribution over the ML sub-states shifted away from the center,
ML = 0. Therefore the light emitted by the neutralized projectile will have a cer-
tain degree of circular polarization even for scattering off an unmagnetized tar-
get. For the case of our scattering geometry (see chapter 3), the orientation of

−→
L

in the −z direction implies a preferential population of the states with ML < 0,
thus the emitted light will be partially right-handed circularly polarized.

4.2 ECS results on Ni(110) and Fe(110)

In this section, ECS results will be presented on the surface magnetization of
Fe(110) and Ni(110) surfaces. The results are obtained by using keV He+ ion
beams scattered grazingly from the sample surface and detecting the light emis-
sion from the He(1s3d 3D)→ He(1s2p 3P) line at 587.5 nm. The experiments
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were performed in the UHV chamber described in chapter 3, and the crystals
have been cleaned by cycles of Ar+ ion sputtering and annealing at more than
700 ◦C using electron bombardment. We have started the cleaning cycles by
sputtering the sample for an hour with 3 keV Ar+ ions under normal incidence,
while the sample was kept at a temperature of 450 ◦C. The sputtering time was
halved for each subsequent step, the final one being in the order of 5 minutes.
In between the sputtering cycles, the sample was flash-heated to 700 ◦C. Finally,
the last step was to sputter the sample under grazing incidence (5◦ or 10◦). These
cycles have been repeated in-between the measurements. Target cleanness and
flatness have been verified by low-energy ion scattering (LEIS). In order to in-
vestigate magnetic surface effects we mount the samples in the gap of a soft iron
yoke. Applying current through an isolated wire around the yoke, the sample
can be magnetized very effectively along the easy axis of magnetization, i.e., the
[001]-direction for Fe(110) and the [11̄1]-direction for Ni(110)). The yoke is op-
timized for low electrical currents and reduced heat dissipation. The threshold
currents for magnetic saturation of the Fe(110) and Ni(110) crystals are checked
by performing optical Kerr measurements. The measurements presented have
been performed in remanent magnetization in order to minimize influences of
magnetic stray fields.

We detect the photons emitted by the neutralized ions almost parallel to the
sample surface. A diaphragm is placed close to the interaction zone in order
to detect only light emitted from projectiles on the outgoing trajectory. In this
way, disturbing light emission from ion collisions with surface steps is sup-
pressed [66]. The emitted light is reflected by a mirror and focused onto the
detection system, which is located outside the vacuum chamber. The detection
and polarization analysis system consists of a quarter-wave plate, a linear polar-
izer, an interference filter and a photomultiplier tube, as explained in Chapter 3.

If the surface is magnetized, the spins of the surface electrons are aligned anti-
parallel (for majority electrons) or parallel with the magnetic field (for minority
electrons). As the spin alignment is conserved during the capturing process, the
surface spin polarization is transferred into the total angular momentum orien-
tation of the projectiles via spin-orbit coupling. This results in a change in the
degree of circular polarization of the emitted photons as is demonstrated exem-
plary in Fig. 4.4 where the photon count rate depending on the rotation angle of
the λ/4-plate is shown for +z and −z magnetization of the Fe(110) surface. The
coordinate system used is shown in Fig. 4.3. Fitting the light intensity as func-
tion of the rotation angle of the λ/4-plate (see chapter 3) one obtains the four
Stokes parameters: S, M, C, and I, respectively. For the cases shown in Fig. 4.4
the following percentages of polarization are obtained: S/I= 27.6 %, M/I= 6.7
%, and C/I= -5.5 % for magnetization in the +z and S/I= 19.8 %, M/I= 6.7 %,
and C/I= -5.4 % for magnetization in the −z direction.
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Figure 4.4: Light intensity as function of the rotation angle of the λ/4-plate for 20 keV
He+ ions incident under 5◦ on a Fe(110) surface, which is magnetized either in +z or −z
direction.

In order to understand the direction of the change in the degree of circular
polarization, the two classes of electrons in a ferromagnet have to be considered.
For example, if the surface has a positive spin polarization (more majority elec-
trons around the Fermi level), and the surface is magnetized in the +z direction,
the net spin of the captured electrons will point in the −z direction (the majority
electrons align their magnetic moments parallel with the field, thus the spins are
anti-parallel). This means that the spin

−→
S will couple constructively with the

orbital angular momentum
−→
L , resulting in an increase in the degree of circular

polarization as compared to the unmagnetized case.
In Fig. 4.5 the degree of circular polarization (third Stokes parameter S/I)

is plotted as function of He+ energy, for the Fe(110) and Ni(110) surfaces. In
the case of Fe(110) we observe an increase (decrease) of the degree of circular
polarization if the surface is magnetized in +z (−z) direction, which reflects the
fact that the electrons captured in the He(3d 3D) state from the Fe(110) surface
have a positive net spin polarization, in accordance with previous measurements
[27, 66, 67]. In the case of Ni(110), the effect is opposite compared to Fe(110),
indicating that predominantly minority electrons are captured.

This seems a logic result, because density of state calculations (e.g. [68], Fig. 4.6)
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Figure 4.5: The degree of circular polarization from He+ ions scattering off Fe(110) (top)
and Ni(110) (bottom), HeI 3D line, 5◦ incidence. Full triangles up - sample magnetized in
+z direction, circles - sample not magnetized, triangles down - sample magnetized in −z
direction.

show that for Fe at the Fermi energy the majority electrons have a higher density
of states than the minority electrons, whereas for Ni the situation is reversed. The
experimental data indicate that the minority-majority ratio in Ni should be com-
parable to the majority-minority ratio in Fe. However, according to the calcula-
tions the minority-majority ratio in Ni is a factor of 3 larger than the majority-
minority ratio in Fe. The above situation holds for the bulk DOS, but the ions
probe the surface DOS. At the surface or just above the surface the DOS is likely
to differ from the one of the bulk material. For Ni(110) the surface DOS does not
differ significantly from the bulk one [69], but for Fe the ratio of majority and
minority electrons at the Fermi energy is theoretically predicted to be quite dif-
ferent from the bulk [74]. The number of minority electrons would even exceed
the number of majority electrons for the above-vacuum region. This prediction
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Figure 4.6: The calculated density of states for bulk Fe (left) and Ni (right) by Moruzzi
et.al. [68]. Solid and dashed lines represent majority and minority electrons, respectively.

of negative spin polarization in the above-surface region of Fe(110) proved to be
difficult to confirm, most of the experimental results pointing towards a positive
spin polarization with values close to the bulk value of about 30% [7, 75, 76]. We
find with ECS a positive polarization for the Fe(110) surface, too.

From the similar values of the changes in the S/I (of about 10%) for both
Fe(110) and Ni(110) surfaces, it is concluded that a spin-filtering mechanism
must be active. This spin filtering occurs because both for Fe(110) and Ni(110)
[69, 74] the empty states above the Fermi energy are predominantly minority
states. Resonant ionization loss into these minority states reduces the observed
polarization in case of Ni(110), while for Fe(110) it changes the balance in favour
of the majority electrons.

Already from the above discussion it can be concluded that in ECS the ob-
tained polarization is not a priori equivalent to the spin polarization of surface
electrons at the Fermi level. Moreover, neutralization in ion-surface scattering
can be described by the overlap in the momentum space between the surface
electron distribution and the atomic state [1,43,44], therefore the capture of spin-
polarized electrons is affected by kinematic effects. This effect is obvious in the
dependence on the He+ kinetic energy of the degree of circular polarization
shown in Fig. 4.5. He2+ ions were also used as projectiles, in order to reach
higher kinetic energies. The same transition from 3D HeI was used, implying
that in this case 2 electrons had been captured. In Fig. 4.7 the degree of circular
polarization is shown for He2+ and He+ projectiles impinging on a Ni(110) and
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Figure 4.7: The degree of circular polarization from He+ (empty symbols) and He2+ ions
(full symbols) scattering off Ni(110) (left panel) and Fe(110) (right panel), HeI 3D line, 5◦
incidence. Triangles up - sample magnetized in +z direction, circles - sample not magne-
tized, triangles down - sample magnetized in −z direction.

a Fe(110) surface. For He+ projectiles the polarization value seems to saturate
at energies around 20 keV, and indeed, for emission from He2+ projectiles, the
circular polarization of the emitted light reaches saturation above 24 keV. The
increasing trend of S/I with ion velocity is mostly driven by the dependence of
the orientation of the orbital angular momentum on the projectile velocity, an
increase generally observed for different ions and atomic terms [1,26,27,64]. The
ECS results for He2+ seem a logical extrapolation of the He+ data. This might be
considered as an indication that the HeI 3D state is populated on the outgoing
trajectory.

The shift in the surface electron distribution in the momentum space leads to
an apparent population of states above the Fermi energy (chapter 2). At a cer-
tain velocity target states get populated which are resonant with the He(3d 3D)
state, enabling resonant population of this state. It is of note that only a very
small fraction of the ions gets neutralized in such highly excited states. For a fer-
romagnetic surface, the majority and minority electrons have different densities
of states, therefore their kinematic shifts are different. Thus the overlap of the
majority and minority spin systems with the atomic state is different which, in
turn, leads to a change in the observed degree of polarization [27, 67].

In order to quantitatively relate the surface spin polarization to the ECS sig-
nal, one would need detailed theoretical information on energy- and momentum-
resolved surface densities of states, as well as on the microscopic interaction
mechanisms. At present, the changes in the degree of circular polarization of
the emitted light can only be qualitatively related to the magnetism of surfaces.





CHAPTER

FIVE

Auto-ionization in front of
spin-polarized surfaces

Ion beams have been extensively used to study properties of solids, and of solid
surfaces in particular, owing to the fact that, by carefully choosing the scatter-
ing geometry, a well-defined information depth can be obtained [1, 2]. Slow
ions (with energies of a few tens of eV) interact only with the top-most sur-
face layer within an area of a few (tens of) Å2, offering unique possibilities to
access local 2D properties. Techniques that can probe magnetic properties on
a very small length scale are required to gain insight into phenomena like anti-
ferromagnetism. Methods used to explore surface magnetism, like spin-polarized
metastable atom de-excitation spectroscopy [77], spin-polarized low-energy elec-
tron diffraction (SPLEED) [78], electron energy loss spectroscopy with spin po-
larized electrons (EELS), or electron capture spectroscopy (ECS), usually give
access to long-range magnetic order.

Here, we introduce a new method to use multiply charged ions for probing
local spin-ordering at the topmost surface layer, namely MECS (Multiple Elec-
tron Capture Spectroscopy) [79]. MECS exploits the relaxation of hollow atoms
produced by slow multiply charged ions impinging on surfaces, which gives
rise to characteristic Auger electron spectra. These spectra, which serve as fin-
gerprints of the interaction, can be used to probe local spin-ordering at surfaces
by relating changes in the intensities of different spin states to local spin polariza-
tion at the surface. In this chapter, the potential of using slow, multiply charged
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ions to probe local surface spin polarization is illustrated by He2+ and N6+ ions
interacting with a ferromagnetic Ni(110) crystal. The essential ingredients of an
atomic model used to extract the spin polarization from the changes in the spec-
tral intensities will be given for He2+. A detailed description of the model, to-
gether with experimental results on Ni(110), Fe(110) and on Fe3O4(111)surfaces,
will be presented in the next chapters.

5.1 Principles ofMultiple Electron Capture Spectroscopy

MECS uses as diagnostics the Auger electron emission from hollow atoms, i.e.,
atoms with populated outer shells and empty or sparsely populated inner shells.
The hollow atoms originate when slow multicharged ions neutralize in front of a
surface (e.g. [16–20]). The neutralization of a multiply charged ion approaching
a (metallic) surface can be described by the classical over-the-barrier model [16]
in which the electron transfer between the solid and the ion occurs at a distance
where the potential barrier between the surface and the projectile is lowered to
the Fermi level. Because of the resonant nature of the charge transfer processes
highly excited electronic levels in the ion are populated thereby creating the hol-
low atoms. The temporal state population is determined by an intricate interplay
of electron capture and reionization [16].

In the neutralization processes the spin polarization of the captured electrons
is conserved [1, 7]. Therefore, the probability of ions capturing electrons into
specific spin states depends on the respective densities of majority and minority
electrons near the Fermi level. For a low spin polarization in the surface, on av-
erage lower spin states will be populated than for a high spin polarization. After
the neutralization stage, the inner shell vacancies in low-Z ions are populated by
Auger electron transitions. The relative intensities of the peaks in the Auger elec-
tron spectra corresponding to for example singlet and triplet states will change
if the surface spin polarization changes (e.g. by varying the temperature of a fer-
romagnetic crystal). As multiply charged ions extract electrons from an area of
a few up to several tens of Å2 (depending on incidence angle), electron spectra
may be used as a tool for sampling the short-range spin ordering at the topmost
atomic layer of the surface.

5.2 Auger electron spectra from hollow atoms

5.2.1 Auger electrons from He2+ impact

Upon neutralization of He2+ ions in front of a metallic surface, by resonant cap-
ture of two electrons from the surface into the n = 2 levels, He∗∗ atoms can
be formed. The He∗∗ atoms formed can decay by auto-ionization, giving rise
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Figure 5.1: KLL Auger electron spectrum from 20 eV He2+ ions incident under 20◦ on
Ni(110).

to characteristic KLL Auger spectra. The relevant states in doubly excited He,
which are the initial states in the auto-ionization processes, are (2s2) 1S, (2s2p)
3P, (2p2) 1D and (2s2p) 1P. Since the states (2s2) 1S and (2s2p) 3P, as well as
the (2p2) 1D, (2s2p) 1P states are very close in energy, only two peaks could be
resolved experimentally. One corresponds to the pair (2s2) 1S, (2s2p) 3P, and is
called further the triplet peak, whereas the second peak corresponds to the pair
(2p2) 1D, (2s2p) 1P, and is called further the singlet peak, as shown in Fig. 5.1.
The two auto-ionization peaks sit on top of the high-energy tail of a broad distri-
bution at lower energies, given by electrons originating from Auger de-excitation
and Auger neutralization processes [14, 38]. This high energy tail is treated as
background to the auto-ionization signal. The shape of the background is es-
timated using an algorithm according to Shirley [80] and is represented by the
dashed line in Fig. 5.1.

5.2.2 KLL Auger spectra from hydrogenic N6+ impact

A typical spectrum of the high-energy electrons originating from the interaction
of N6+ ions with a Fe(110) surface is shown in Fig. 5.2. Hartree-Fock atomic
structure calculations have been done by Schippers et al. [81] using the Cowan
code [82], allowing for the peaks present in the electron spectra to be ascribed to
KLL Auger electron emission from a ’hollow’ nitrogen atom. Doppler-shift mea-
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Figure 5.2: KLL Auger electron spectrum from 250 eV N6+ ions incident under 5◦ on
Fe(110).

surements reveal these peaks correspond to electrons which are emitted while
the projectile approaches the surface [83]. The peaks on the low energy side of
the KLL spectrum arise from neutral N with two electrons in the L-shell and
the rest in the M-shell. The highest-energy peak originates from a 1s2s22p5 →
1s22s22p3 + e− transition, while intermediate configurations 1s2lx3l6−x (l=s,p,d,
...) give rise to the broad structure covering the whole width of the KLL Auger
spectrum.

In contrast to He2+, for N6+ ions the neutralization does not proceed via di-
rect, resonant filling of the L-shell, but via resonant capture mostly into higher
shells (M,N,...) (the Fe(110) surface has a workfunction of 4.7 eV). The L-shell is
subsequently filled by the auto-ionization cascade from the higher shells, or, for
closer ion-surface distances, by capture of electrons with a wide range of ener-
gies below the Fermi level [84]. It is of note that in hollow atoms Coster-Kronig
transitions can occur, which are fast intra-shell Auger transitions, in which the
rearrangement of electrons in a shell leads to the emission of an outer shell or
conduction band electron. Coster-Kronig transitions lead to a redistribution of
the intensity in the Auger spectra such that the lowest lying states within a spin
system get enhanced [17] (in this case, 2s2 1S and 2s2p 3P).
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5.3 MECS with He2+ and N6+ on Ni(110)

The He2+ and N6+ ions that we have used have been produced in the ECRIS ion
source and, after charge-over-mass separation, guided into our setup. A Ni(110)
crystal was chosen as target for its high imbalance between majority and minor-
ity electrons at the Fermi energy [69]. The target surface was cleaned by cycles of
Ar+ sputtering and annealing. The sample could be demagnetized by applying
an AC magnetic field and by heating to 700 K. The Auger electrons emitted from
the neutralized projectiles were detected by the ESA, set at a scattering angle
θ = 90◦. To probe surface magnetism on a macroscopic scale electron capture
spectroscopy (ECS) was used.

5.3.1 He2+ on Ni(110)

In Fig. 5.3 a series of KLL Auger spectra from 20 eV He2+ ions impinging at 20◦
on a demagnetized Ni(110) surface is shown for different target temperatures.
As the temperature of the target is increased, the intensity of the triplet peak
decreases strongly until the bulk Curie temperature of Ni is reached (TC=627 K).
Above the Curie temperature, no more changes are observed in the intensity of
the Auger peaks. This is illustrated by the spectra taken at 640 K and 660 K
which fall on top of the one taken at TC (spectra were recorded for temperatures
up to 50 K above TC). As no changes in the Auger spectra are observed above
TC, we conclude that within the experimental uncertainties the surface’s Curie
temperature coincides with the bulk one. This result is in contrast to previous
claims of a remarkable ferromagnetic order at the surface up to at least twice the
bulk Curie temperature [85]. Auger electron spectra taken at other He2+ energies
(50 eV, 100 eV) and incidence angles exhibit a similar temperature evolution.

The surface of the target being demagnetized, the changes in the Auger spec-
tra must be due to local spontaneous magnetization. The ferromagnetic domains
have sizes in the micrometer range. To check that on a macroscopic scale the
surface does not show magnetic ordering we did electron capture spectroscopy
using 14 keV He2+ ions and detecting the He(1s3d 3D)→ He(1s2p 3P) triplet line
at 587.5 nm [79]. Target temperatures up to 375 K could be used in order not to
have the radiation of the heating filament interfere with the detection of the light
emitted by the neutralized ions. In the inset of Fig. 5.3 the degree of circular po-
larization of the emitted light (Stokes parameter S/I) is shown as a function of
the target temperature, and indeed, no changes are observed implying that there
is no long-range magnetic order.

In order to relate the surface spin polarization to the changes in the Auger
peak intensities, we propose a simple model to link the relative peak intensi-
ties to the probability of capturing two parallel or anti-parallel spins into either
triplet or singlet atomic states (a detailed description of the model will be given
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Figure 5.3: KLL Auger electron spectra for 20 eV He2+ ions impinging on Ni(110) under
20◦ incidence for different temperatures of the target. At TC a two-Gaussian fit to the
spectra is shown in grey. Inset: Stokes parameter S/I of light emitted from 5◦ incident, 14
keV He2+ ions scattered from the same Ni(110) surface.

in the next chapters). Because of the difficulties in modelling the full system
along the whole trajectory, only electrons emitted by auto-ionization on the in-
coming trajectory are treated. The Auger de-excitation, which is the major de-
excitation process, is not included here, as it gives a broad distribution at lower
energies. We detect only the high-energy tail of these electrons and treat them
as background to the auto-ionization signal. We assume that the ions get neu-
tralized practically instantaneously at a distance in front of the surface at which
resonant over-the-barrier transitions become possible. For creation of He∗∗ this
occurs at about 8 a.u., the neutralization distance for He+∗, according to the clas-
sical over-the-barrier model [16]. The states are assumed to be populated sta-
tistically according to (2L+1)·Pspin, with Pspin the probability for populating a
specific spin system. The probability Pspin is linked to the surface spin polariza-
tion P as follows (a detailed derivation will be given in the next chapter):
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Figure 5.4: Temperature dependence of the intensity ratio of the peaks indicated in
Fig. 5.3. Solid curve is the ratio calculated from eq. 5.2 as a function of spin polarization
(P, top axis).

Pt =
3 + P2

4

Ps =
1 − P2

4
(5.1)

For zero polarization one finds the statistical 3 ÷ 1 ratio between triplet and sin-
glet states. For the decay of the hollow helium atoms only the time window
between neutralization and quenching of the atomic states at the surface is avail-
able [16,38,81] (for our experiments, this time is in the order of tens of fs). Using
auto-ionization rates from Lindroth [86] and an estimated rate of 1015 s−1 for res-
onant electron loss into the solid we calculated the Auger peak intensities. The
peak intensity ratios turn out not to be very sensitive to the exact values of the
ionization rate as long as the rates are high (≥1014 s−1) (see chapter 6).

For comparison with the data the ratio of the intensities of the triplet and
singlet Auger peaks AT/AS (cf. Fig. 5.3) is used. The expression for the intensity
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ratio AT/AS is related to the surface spin polarization (for details, see chapter 6)
as follows:

AT

AS
=

I1S + I3P
I1P + I1D

= cS + cT · 3 + P2

1 − P2 (5.2)

where the constants

cS =
I1S

I1D + I1P

∣∣∣
P=0

3 cT =
I3P

I1D + I1P

∣∣∣
P=0

(5.3)

are the calculated intensity ratios at P = 0. For the specific energy and incidence
angle of the helium ions used in Fig. 5.3 the values of cS and cT are calculated
to be 0.185 and 0.05, respectively. The peaks in the Auger electron spectra were
fitted with two Gaussians, see Fig. 5.3, in order to extract the intensity of each
peak. The area ratios of the two fitted Gaussians (AT/AS) are shown in Fig. 5.4
as a function of the target temperature. The curve is the AT/AS ratio calculated
from eq. 5.2, plotted as a function of polarization P.

Given the assumptions of our model, the data and the calculations agree very
well. As the ratio varies quadratically with the spin polarization (eq. 5.2), the
sign of the surface spin polarization can not be obtained directly. In order to
determine the sign of the polarization, a complementary ECS measurement was
performed while the sample was kept in a state of single-domain remanent mag-
netization. The sign of the surface spin polarization turns out to be negative [79].
The MECS measurements indicate a value for the surface spin polarization of
approx. −90% at room temperature. This high value is in agreement with calcu-
lations [69], from which values of above −90% are expected for Ni(110). Values
of around −95% were observed in magnetized Ni(110) by e.g. spin-polarized
photoemission spectroscopy [87] and by one-electron capture spectroscopy [85].
A further detailed investigation of polarization in magnetized surfaces versus
local spin polarization in non-magnetized systems is of high interest.

5.3.2 N6+ on Ni(110)

For the He2+ ions, direct capture of metal conduction electrons from the Fermi
edge into the L shell takes place, facilitating a direct access to the surface spin
polarization in the KLL Auger electron spectra. For higher charged ions such as
N6+ at low impact energy the direct filling of the inner L shell plays a minor role;
rather the auto-ionization cascade from higher shells populates the L shell [84].
In this respect, it is very interesting to compare effects of the surface spin po-
larization in the KLL Auger electron spectra originating from He2+ and N6+, as
for N6+ the polarization of the captured conduction electrons might be affected
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Figure 5.5: KLL Auger electron spectra from 60 eV N6+ ions impact on Ni(110) under 20◦
incidence, for different temperatures of the target crystal

by the several stages that they have to undergo before contributing to the KLL
Auger electron emission.

Fig. 5.5 shows a temperature series of KLL Auger spectra arising from 60 eV
N6+ ions impinging at 20◦ on a demagnetized Ni(110) surface. The KLL Auger
peaks in hollow N atoms originate from 1s2sx2pynl(6−x−y) electronic configu-
rations (with n ≥ 3 and 2 ≤ x + y ≤ 6). The peaks at 347 eV and 358 eV
arise from configurations with only two electrons in the L shell [81]. The 347 eV
peak results from configurations in which the two L electrons form a singlet state
(2s2 1S), while in case of the peak at 358 eV they form a triplet state (2s2p 3P) [17].
The broad structure between 360 and 380 eV is due to contributions from many
states with 3 or more electrons in the L shell and of all possible spin character.
Qualitatively, the KLL Auger spectra from Fig. 5.5 follow a temperature evolu-
tion similar to the one for He2+ ions, i.e., a decrease of the higher spin states with
increasing temperature and no changes above TC. This implies that the electrons
originally stem from the conduction band in line with the results of spin analysis
of high-energy (KLL region) electrons emitted from fast, grazing incidence N6+

ions on a magnetized Fe(001) surface [7].
A quantitative analysis of the evolution of the KLL Auger spectra and its re-

lation to the spin-ordering of the surface is even more challenging than for He2+,
because complete state-specific auto-ionization cascades need to be tracked. Also,
at close ion-surface distances electrons sitting deeper in the band can be cap-
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tured as well, thereby reducing the high polarization degree expected for elec-
trons coming from the Fermi edge. However, first theoretical efforts based on
the over-the-barrier model [88] look promising.

Conclusions

The results presented in this chapter show that KLL Auger electron emission
from slow, multiply charged ions is sensitive to the spin polarization of sur-
faces. Using He2+ ions impinging on a Ni(110) surface, dramatic changes are
observed in the spectral peak intensities as function of the surface temperature,
until the Curie temperature of Ni is reached. Above the Curie temperature no
more changes are observed in the auto-ionization spectra. A similar effect is ob-
served also when using N6+ ions, though of smaller magnitude, due to the more
complex processes involved. With the help of an atomic model detailed in the
next chapter, MECS has the potential of becoming a quantitative tool for probing
local surface magnetism.



CHAPTER

SIX

He∗∗ MECS: fundamentals and
application to Ni(110)

In this chapter we will focus on a detailed description of the model used to ana-
lyze and explain the results of chapter 5, and show new experimental results. In
MECS, the changes in the characteristic Auger electron emission from doubly-
excited He atoms are used as a fingerprint of the local surface spin polarization.
The He∗∗ atoms are formed upon neutralization of He2+ ions in front of a sur-
face, in this case ferromagnetic Ni(110), by resonant capture of two electrons
from the surface into atomic levels.

The neutralization of slow, multiply charged ions in front of surfaces can be
described by the classical over-the-barrier (COB) model [16]. According to the
COB model, resonant electron capture from the metal becomes possible at a dis-
tance where the potential barrier between the solid and the ion is lowered to
the Fermi level. The electrons are captured into high-lying shells of the projec-
tile, which can subsequently de-excite by auto-ionization. The emitted Auger
electrons produce characteristic electron-energy spectra [16–20]. While the ion
further approaches the surface, an interplay between electron loss to the solid
(reionization) and electron capture from the surface takes place. The energy dis-
tribution of the emitted electrons contains information on the neutralization pro-
cess and on the electronic structure of the surface [14, 38, 89]. For example, the
dynamic response of the solid influences the shape of the Auger electron spectra,
the peak positions in the KLL Auger spectra from He∗∗ being shifted to higher

53



54 He∗∗ MECS: fundamentals and application to Ni(110)

energies as compared to emission from gas phase atoms [38]. Also, from the evo-
lution of the spectra with projectile energy information on the magnitude of the
resonant ionization rate can be obtained.

As the spin of the electrons is conserved in the capture process [1, 7], there
will be different capture probabilities for different spin states if the surface is
spin-polarized, i.e., majority and minority electrons having different densities of
states close to the Fermi level. If the surface has a high degree of spin polariza-
tion, it will be more probable to capture electrons into high spin states (in the case
of He, triplet states), while for a low surface polarization, low spin states (singlet
states for He) are favoured. When the doubly excited He atoms relax by Auger
processes, the relative peak intensities in the KLL Auger spectra (corresponding
to triplet or singlet states) will change if the surface spin polarization changes,
e.g., by changing the temperature of a ferromagnet (as shown in the previous
chapter). As slow He2+ ions interact only with an area of a few (tens of) Å2 of
the top-most surface layer, MECS has the potential of becoming an useful tool
for studying surface magnetism, yielding complementary information to other
techniques which can probe magnetism on a scale below the exchange length,
like spin-polarized STM [61].

6.1 Free-atom model

In this section we outline the model which we propose for the description of KLL
Auger electron spectra from He2+ ions scattering off a ferromagnetic surface, in
our case a Ni(110) surface. In this so-called ’free-atom model’, the (2l2l′) states in
doubly excited He are allowed to decay exponentially like in free atoms, and it is
assumed that the auto-ionization rates do not change as the projectile approaches
the surface. Besides electron emission by auto-ionization (AI), electron loss to the
solid by resonant ionization (RI) is also taken into account. The influence of the
surface spin polarization on the capture probability for different states in He∗∗
is incorporated, which, in turn, influences the shape of KLL Auger spectra from
He∗∗.

The relevant states in doubly excited He, which are the initial states in the
auto-ionization processes, are listed in Table 6.1. The kinetic energy εk of an
Auger electron is given by the difference in binding energy Ebin between the ini-
tial (2l2l′) state in He∗∗ and the final He+ (1s) state (which has a binding energy
of 54.42 eV). The auto-ionization rates listed in Table 6.1 are values calculated by
Lindroth [86] for free He∗∗ atoms. Other calculated [90,91] and experimental [92]
AI rates have similar values. For the (2s2p) 3P state no experimental AI rate is
available, only an upper limit of 0.23 · 1014 s−1 has been determined [92]. The
decay from the (2p2) 3P state is forbidden, while the rate for the (2p2) 1S is very
small. Therefore, only four states contribute to the auto-ionization spectra from
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Table 6.1: Electronic configurations, statistical weights g, binding energies (Ebin), Auger
electron energies (εk), and auto-ionization rates (ΓAI) [86] for doubly excited He∗∗(2l2l′).

State g Ebin [eV] εk [eV] ΓAI [1014 s−1]

(2s2) 1S 1 21.13 33.3 1.87

(2s2p) 3P 9 20.69 33.7 0.12

(2p2) 3P 9 19.33 - 0

(2p2) 1D 5 19.12 35.3 0.95

(2s2p) 1P 3 18.88 35.5 0.54

(2p2) 1S 1 16.86 37.3 � 0.01

He∗∗, namely (2s2) 1S, (2s2p) 3P, (2p2) 1D and (2s2p) 1P.

6.1.1 Features of the ion-surface interaction in KLL Auger spectra
from He∗∗

In our model we assume that the He∗∗ atoms are formed at a distance in front
of the surface where resonant over-the-barrier transitions become possible. Ac-
cording to the classical over-the-barrier model [16], the neutralization distance
of He+∗ is about 8 a.u. (eq. 2.3), for the typical workfunction of metals of ∼ 5 eV.
Once neutralized, the excited atom will decay by auto-ionization as it approaches
the surface. Close in become the main de-excitation mechanisms, by which the
atomic levels are quenched. The presence of the surface strongly atomic levels
are quenched. The presence of the surface strongly perturbs the atomic levels.

The electrons originating from Auger de-excitation or Auger neutralization
processes are not taken into account in our model, as they give a broad distri-
bution at lower energies, the higher-energy tail of these electrons being treated
as background to the AI signal (cf. Fig. 5.1). Elastically scattered auto-ionization
electrons could end up in the atomic lines, but as only the energy of the electrons
is detected as a measure of the initial state from which they originate, the small
spin-flip probability [93] of these electrons has no influence on the analysis. The
inelastically scattered auto-ionization electrons will show up at lower energies
largely outside the atomic lines.

The atomic levels into which the surface electrons are captured shift in en-
ergy depending on the ion-surface distance z, owing to the charge - image charge
Coulomb interaction. For the atomic charge an "effective’ charge is taken, which
accounts for the incomplete screening of the nuclear charge by the electronic
cloud. The effective charge is also z-dependent. For the doubly-excited He atoms
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Figure 6.1: Illustration of the different level shifts for the (2l2l′) states in He∗∗ compared
to the (1s) state in He+.

the effective charge is taken as Ze f f (z) = 2e−z/3.5, while for He+ it is taken as
Ze f f (z) = 1 + e−z/0.72 [38]. The atomic levels shift in energy as Z2

e f f /4z. The
potential curves for the initial (2l2l′) states in He∗∗ have then a different en-
ergy shift as compared to the one for the final He+ (1s) state. As the energy
difference between the potential energy curves of the initial and final states is
z-dependent, the energy of the atomic Auger transitions will change as the pro-
jectile approaches the surface, as illustrated in Fig 6.1. In addition, in order to
take the dynamic response of the metal into account, the final energy of the
auto-ionization electron εk(z) is taken in between two extreme cases, i.e. the
adiabatic and the diabatic case. The adiabatic case corresponds to an infinitely
fast rearrangement of the metal electrons, while the diabatic case corresponds to
an infinitely slow rearrangement. The ratio between the velocity of the emitted
electrons and the Fermi velocity of the metal, ρ = va/vF, can be regarded as the
fastness of the response of the solid to the ionization event. Zeijlmans van Em-
michoven et al. [38] proposed the following expression for the transition energy:

εk(z) = εd
k(z) + (εa

k(z) − εd
k(z))e

−ρ/2 (6.1)

where εd
k and εa

k are the energies of the auto-ionization electron for the diabatic
and the adiabatic case, respectively. For the case of the Ni(110) surface and the
typical energies of the He∗∗ auto-ionization electrons, ρ � 2. Therefore, the en-
ergies εd

k and εa
k differ by about 0.5 eV, as calculated from eq. 2.19.
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Figure 6.2: Fractions decayed by AI for the four relevant (2l2l′) states in He∗∗. Typical
observation times from our experiments are indicated by the shaded area.

Fig. 6.1 shows schematically the shift of the four relevant atomic levels in
doubly excited He relative to the electronic structure of the Ni(110) surface. The
density of states for Ni(110) is shown here as a modified free-electron metal DOS.
This kinematically shifted DOS is the DOS seen in the reference frame of the
moving ion (here shown for illustration for an ion velocity of 0.05 a.u.) [35, 43,
44]. The relevant atomic levels are below the Fermi energy (which is 5.05 eV
below vacuum and 9.1 eV above the bottom of the conduction band in the case
of Ni(110) [69]) for almost all atom-surface distances. This allows for resonant
capture of electrons into these states as soon as the potential barrier between
the projectile and the surface is low enough. Due to the parallel velocity of the
incoming projectile, the electrons of the solid are seen by the ion as having an
apparent lower work function, because of the kinematically shifted DOS [35, 43,
44]. Therefore electron capture is possible even if the atomic levels are shifted
above the ’static’ Fermi energy.

After resonant electron capture into the He∗∗ states, the part of the initial
population which has decayed by AI in the time t is given by:

Ii f (t) = giΓi f τi(1 − e−t/τi ) (6.2)

where gi is the statistical weight of the state i, Γi f is the decay rate of the spe-
cific i → f transition and τi = (Γi f

AI + ΓRI)−1 is the lifetime of state i. Decay by
resonant ionization was included with an estimated rate of ΓRI = 1015 s−1 [94].
The auto-ionization rates Γi f

AI (taken from Table 6.1) and the resonant ionization
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Figure 6.3: Triplet-to-singlet peak ratio for an unpolarized surface.

rate ΓRI are assumed not to depend on the ion-surface distance z within the rele-
vant range of z-values. The normalized decayed fractions (Ii f (t)/gi) for the four
states in He∗∗ are shown in Fig. 6.2. By summing the decayed fractions Ii f (t) for
the two pairs of states in He∗∗, the triplet-to-singlet intensity ratio AT/AS is ob-
tained. For the decay of the He∗∗ atoms by AI, only the time between neutraliza-
tion and quenching of the atomic states at the surface is available [16,38,81]. For
our experiments, this time is in the interval 10 − 50 fs (indicated by the shaded
area in Fig. 6.2). In Fig. 6.3 the triplet-to-singlet peak ratio AT/AS is shown as
function of the resonant ionization rate and observation time, for an unpolar-
ized surface. For resonant ionization rates > 1014 s−1 and observation times in
the range 10 − 50 fs, indicated by the shaded area in Fig. 6.3, it is expected that
the AT/AS ratio is rather insensitive to the exact resonant ionization rates and
observation times. Experimentally we observed that indeed the AT/AS ratio de-
pends only weakly on the observation time (thus on the perpendicular energy of
the ion), as shown in Fig. 6.4. The three spectra from Fig. 6.4, taken at different
kinetic energies of the He2+ ions (therefore the observation times are different),
are very similar.

In order to incorporate explicitly the (possible) spin polarization of the sur-
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Figure 6.4: Normalized KLL Auger electron spectra from He2+ ions incident on Ni(110)
for a crystal temperature of 650 K.

face electrons, the statistical population of the initial states is written as

gi = (2L + 1) · Pspin (6.3)

where Pspin is the probability of populating a specific spin system (triplet or sin-
glet) when capturing two electrons. If we write the spin polarization of the sur-
face as

P =
n↑ − n↓
n↑ + n↓

(6.4)

with n↑ and n↓ the fractions of spin-up and spin-down electrons, respectively
(n↑ + n↓ = 1), then the probabilities to capture two electrons into either a triplet
or a singlet state are

Pt = n↑n↑ + n↓n↓ + n↑n↓
Ps = n↑n↓ (6.5)

From Eq. 6.4 and Eq. 6.5 it follows that

Pt =
3 + P2

4

Ps =
1 − P2

4
(6.6)

For zero polarization one finds the statistical 3 ÷ 1 ratio between triplet and sin-
glet states. With the above ingredients KLL Auger spectra from He∗∗ can be
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Figure 6.5: Calculated spectra for 20 eV He2+ on Ni(110) under 15◦ incidence, for different
degrees of polarization of the target, indicated on the right. The spectra are normalized to
the higher energy (singlet) peak.

simulated using a Monte Carlo method in the following manner: we include
the statistical population of states from Eq. 6.3 and Eq. 6.6 in the expression for
the fractions decaying by AI (Eq. 6.2). Then the atoms are allowed to decay
along their trajectory by emitting an Auger electron at any random distance z
between the neutralization distance zneut and a distance above the surface where
the quenching of the atomic states takes place (≈ 2 a.u.). The energy of the emit-
ted electrons will depend on z, as the difference between the initial and final state
potential curves is dependent on z. The resulting energy distribution of the elec-
trons is then convoluted with a Gaussian spectrometer function (FWHM=0.75
eV). A series of calculated spectra is shown in Fig. 6.5 for 20 eV He2+ impinging
on a Ni(110) surface under 15◦ incidence, for different degrees of surface spin
polarization (a constant offset has been added to the spectra, for clarity). The
evolution of the calculated spectra is very similar to that of the measured ones
shown in Fig. 6.6. The energy of the Auger peaks shifts to higher energies com-
pared to the case of emission from atoms in the gas phase (from �33.5 eV to
�34.4 eV for the triplet peak, and from �35.4 eV to �36 eV for the singlet peak),
while the spacing between the peaks decreases. This result reproduces quite well
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Figure 6.6: KLL Auger electron spectra for a) 20 eV and b) 50 eV He2+ ions impinging
on Ni(110) under 15◦ incidence, for different temperatures of the target. At TC a two-
Gaussian fit to the spectra is shown in grey.

the peak shifts observed experimentally (�34.6 eV for the triplet peak and �36
eV for the singlet peak).

The intensity ratio of the triplet and singlet peak in the KLL spectra depends
on the surface spin polarization and can be expressed as follows:

AT

AS
=

I1S + I3P
I1D + I1P

= cS + cT · 3 + P2

1 − P2 (6.7)

with the coefficients cS and cT given by:

cS =
I1S

I1D + I1P

∣∣∣
P=0

3 cT =
I3P

I1D + I1P

∣∣∣
P=0

(6.8)

The sum of cS and 3cT gives the triplet-to-singlet ratio for an unpolarized surface,
in our case for temperatures of the crystal above Curie temperature TC:

AT

AS

∣∣∣
T≥TC

= cS + 3 cT (6.9)
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The numerical values fall in the interval 0.34 − 0.39, for the observation times of
our experiments. These values for the AT/AS ratio are very close to the ones
we observed experimentally (between 0.33 and 0.4). As the spin polarization
of the surface increases, so does the probability of capturing two electrons into
triplet states, leading to an increase in the relative intensity of the triplet peak.
Therefore, the triplet-to-singlet peak ratio can be used as a measure of the surface
spin polarization.

6.2 Spin polarization of Ni(110)

The exchange interaction in a magnetic surface is weakened by the loss of mag-
netic neighbours, leading to a faster thermal decrease of the spin order. In models
treating the temperature dependence of the surface spin polarization [95], two
temperature ranges are described separately: the critical limit, i.e., temperatures
close to the Curie temperature TC, and the low temperature limit. For tempera-
tures well below TC, T < 0.5TC, in the regime of spin-wave models, the surface
magnetization is expected to follow, like the bulk, the Bloch law (1 − b T3/2),
but with the coefficient b enhanced 2 to 3 times for the surface as compared to
bulk [96, 97]. The critical behaviour near TC is governed by a (1 − T/TC)β law,
with the critical exponent β � 0.7 − 0.8 for surfaces, as compared to β = 1/3 for
bulk ferromagnets [98].

6.2.1 Temperature dependence of the Ni(110) surface spin
polarization

Knowing the AT/AS peak ratio for every temperature point and calculating cS
and cT for every specific ion energy, Eq. 6.7 can be solved for P. In this way, the
temperature dependence of the spin polarization can be determined. The results
of this procedure are shown in Fig. 6.7. As the peak ratio has a quadratic depen-
dence on the surface spin polarization (Eq. 6.7), the sign of the polarization needs
to be determined independently. We used ECS on magnetized Ni(110) [25], and
found a negative surface spin polarization for Ni(110). For all three projectile
energies, two regimes can be clearly identified in the polarization temperature
dependency. In the temperature range close to TC, the polarization seems to fol-
low a critical behaviour with the exponents β listed in Table 6.2. The values of
β we obtained are reasonably close to β = 0.76 ± 0.02 determined from SPLEED
measurements, with high temperature resolution, by Alvarado et al. [99]. For
temperatures lower than 0.7 TC, a different dependency is evident. Although the
temperature range of our measurements does not extend to temperatures low
enough for the Bloch law behaviour to be fully valid, we attempted to fit a T3/2

law to the surface polarization in the range 0.5 − 0.7 TC, as shown by the solid
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Figure 6.7: Dependence of the surface spin polarization on the Ni(110) temperature, for:
a) 20 eV, b) 50 eV, and c) 100 eV, 15◦ incidence He2+ ions. The solid curves are fits with a
(1 − b T3/2) dependence. The dashed curves are fits with a (1 − T/TC)β dependence.

Table 6.2: Critical exponents and b-coefficients from fits to P(T) of Fig. 6.7

He2+ energy β b [10−5 K−1] b/bbulk

20 eV 0.61 ± 0.14 1.9 ± 0.5 2.5

50 eV 0.65 ± 0.11 2.1 ± 0.4 2.8

100 eV 0.69 ± 0.15 2.3 ± 0.5 3
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lines in Fig. 6.7. The coefficients b obtained from this fit are given in Table 6.2.
These values are approximately three times larger than the one measured for
bulk Ni, i.e. 7.5 · 10−6 K−3/2 [100], in accordance with the expected enhancement
at the surface.

At room temperature (� 0.5 T/TC), the polarization as obtained with 20 eV,
15◦ incidence He2+ ions is close to −90%, in agreement with previous theoreti-
cal and experimental results [69, 87]. We have to point out that this MECS value
is the spin polarization of the electrons close to the Fermi level, as they are the
ones (resonantly) captured into atomic levels. Other techniques for probing the
spin polarization (like spin-polarized metastable de-excitation spectroscopy [77]
or field emission electron spectroscopy [101]) deal with the polarization of elec-
trons coming from a wider part of the band structure and the obtained values
of the polarization are then different. Furthermore, in these latter cases electron
tunnelling is involved and the (very) different tunnelling probabilities for s and
p, on the one hand, and d electrons, on the other hand, have to be considered.

6.2.2 Spatial effects with MECS

Apparently, for 50 and 100 eV, 15◦ incidence He2+ ions, the polarization obtained
at room temperature is lower than for 20 eV (cf. Fig. 6.7). The lower spin polar-
ization observed for 50 eV and 100 eV He2+ ions hints at a weaker spin cou-
pling of the captured electrons. The changes in the observed polarization are
not likely to be caused by a variation of the electron polarization perpendicular
to the surface, as trajectory simulations using the Kalypso 2 code [31] indicated
that the turning point of the ions trajectory is the same for all ion energies used
here (about 2 a.u. above the surface). The lowering of the polarization with in-
creasing projectile energy can be understood if we bear in mind that the spin

Figure 6.8: Schematic depiction of trajectory effects induced by the charge-image charge
interaction.
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Figure 6.9: Room temperature (R.T.) polarization of Ni(110) from MECS as function of the
distance along the surface between the first and the second electron capture (according to
COB model).

correlation length1 in Ni is in the order of � 20 a.u. [102,103]. According to COB,
the distance along the surface between the first and the second electron capture
for He2+ ions varies from ∼ 3 a.u. for 20 eV, 15◦ incidence to ∼ 10 a.u. for 100
eV, 15 ◦ incidence. The difference in distances along the surface is mainly caused
by the image-charge interaction, which causes an energy gain perpendicular to
the surface of ≈ 3 eV for He2+. This leads to a larger effective incidence angle
of the projectile. The lower the energy of the ion is, the larger the effective angle,
because of the increased relative importance of the image-charge energy gain.
This effect is schematically depicted in Fig. 6.8.

Fig. 6.9 shows the room-temperature (R.T.) polarization, obtained by MECS,
as function of the distance along the surface between the first and the second
electron capture, ξ. The data points were obtained from results using differ-
ent He2+ energies and incidence angles (the solid curve is to guide the eye).
Knowing the He2+ energy and the incidence angle, the distance ξ could be de-
rived. The measured R.T. polarization shows a decreasing trend with increasing
ξ, and, most striking, for grazing incidence the polarization vanishes. The dis-
tance along the surface between the first and the second electron capture is, of
course, a crude approximation of the effective area from which the He2+ ions
capture electrons. Nevertheless, Fig. 6.9 can give a fair idea of the scale of the
spin correlation length, which seems to be about 12 a.u., if we take the value

1In a spin system at temperature T, the probability that two spins separated at distance r have the
same orientation varies as e−r/ξ , where ξ is the correlation length.



66 He∗∗ MECS: fundamentals and application to Ni(110)

at the inflection of the P(ξ) curve. Furthermore, it is of interest to investigate
temperature-dependent P(ξ) curves, which would allow to obtain the correla-
tion length evolution with temperature.

6.2.3 Total intensity change in KLL Auger spectra from He∗∗

So far we have focused on the changes in the relative intensities of the triplet
peak, the advantage of using the AT/AS as measured quantity is the cancella-
tion of possible long-term fluctuations in the ion beam current (due to thermal
drifts and plasma instabilities in the ion source). The intensity of the singlet
peak should decrease with increasing surface polarization (thus with decreas-
ing surface temperature), as the weight of the capture probability shifts to the
3P state. This implies that the total intensity of the emitted auto-ionization elec-
trons should decrease with increasing surface spin polarization, because, as the
capture in the 3P state becomes more important, so does the electron loss via res-
onant ionization (due to the smaller branching ratio Γ

3P
AI/(Γ

3P
AI + ΓRI) of the 3P

state compared to the singlet states).
These effects are illustrated in Fig. 6.10, in which the same series of spectra as

Figure 6.10: Not normalized KLL Auger electron spectra from 20 eV He2+ on Ni(110)
under 15◦ incidence (a constant offset is added for clarity).
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Figure 6.11: Polarization dependency of the total intensity of auto-ionization electrons
from 20 eV (•), 50 eV (◦) and 100 eV (♦), 15◦ incidence He2+ ions on Ni(110). The curves
are the calculated intensities for 20 eV (solid line), 50 eV (dashed line), and 100 eV (dotted
line) He2+ ions.

in Fig. 5.3 is shown, but this time not normalized. In Fig. 6.10 it can be seen that
the decrease of the triplet peak is concurrent with the increase of the singlet peak,
as the temperature of the Ni(110) crystal increases. By integrating the spectra
over the whole energy range of interest, the total intensity is obtained. Using
the polarization dependencies on temperature (Fig. 6.7), the total intensity can
be plotted as a function of the surface polarization. This is shown in Fig. 6.11.
The curves are the calculated total intensities from the free-atom model, for the
three projectile energies that we have used. All series have been normalized to
the intensity value at TC, which corresponds to zero polarization.

For each of the three scattering conditions, the calculated total intensity de-
pendence on polarization was obtained by summing the decayed fractions cor-
responding to the four states contributing to the KLL Auger spectra. The atomic
model describes the data fairly well. As points of improvement, the variation of
the decay rates with the ion-surface distance should be included in the model, as
they are strongly influencing the total electron emission. However, the problem
of Auger transition rates in front of metallic surfaces is not straightforward, and
accurate theoretical and/or experimental data are needed. Wethekam et al. [104]
obtained promising results on the Auger neutralization of He+ ions in front of
metallic surfaces. When considering peak intensity ratios though, it is reason-
able to assume that the changes in the auto-ionization rates follow the same be-
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haviour for the four (2l2l′) states in He∗∗ and therefore cancel out. Another
point of improvement in the model could be the inclusion of the possibly dif-
ferent emission anisotropies of the (2l2l′) states in doubly-excited He, or taking
into consideration the Auger de-excitation process which becomes the dominant
decay channel for close ion-surface distances.

Conclusions

Using an atomic model based on concepts from the COB model [16], the changes
observed in the KLL Auger electron emission from He∗∗ could be quantitatively
related to the surface spin polarization of the Ni(110) surface. The temperature
dependence of the Ni(110) spin polarization follows a behaviour expected for
typical ferromagnetic surfaces [96–98]. Changes in the observed polarization
as function of the distance along the surface travelled by the projectile indicate
that MECS could provide information on the magnetic characteristics on a (sub)-
nanometer scale.



CHAPTER

SEVEN

MECS studies of Fe(110) and
magnetite

In the previous chapter, a semi-classical model was introduced to describe the
de-excitation of doubly excited He atoms in front of spin-polarized surfaces. Us-
ing this free-atom model, the local spin polarization of Ni(110) and its depen-
dence on temperature was determined and a behaviour typical to ferromagnetic
surfaces has been found. Furthermore, the predicted high negative degree of po-
larization of Ni was confirmed. In this chapter, MECS will be used to study other
ferromagnetic surfaces, namely Fe(110), which has been studied extensively be-
fore by many techniques [1,25–27,50,75,101,105] and half-metallic Fe3O4(111), a
material with potential application in spintronics.

As previously mentioned in chapter 4, the problem of the spin polarization
of Fe(110) has raised a good deal of interest because of the possibility of a nega-
tive polarization of the electrons which spill out in the vacuum region above the
surface [74, 105]. The value of the Fe(110) surface spin polarization is a matter of
controversy as well [50,75,101,105]. Different mechanisms affecting the observed
spin polarization were proposed, like the spin-filter effect in the case of emission
of secondary electrons or of one-electron capture [7]. It is not clear whether the
local top-layer DOS at the position of the ion, or a DOS somewhere in between
the top layer and the ion is the right choice for interpreting the experimental
results [58].

Half-metallic ferromagnets like Fe3O4 have aroused a high interest in recent
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years due to possible applications as spin-filters in the field of spintronics [106].
For magnetite, only the minority electrons occupy states at the Fermi level, while
for the majority electrons the Fermi energy falls in a gap in their DOS. The
metallic conductivity of the minority band and the semiconducting behaviour
of the majority band have been theoretically predicted more than two decades
ago [107]. The experimental effort to convincingly verify the associated high
spin polarization of half-metals is still ongoing [5,6,108–110]. Many experiments
have been affected by problems with the stoichiometry and quality of the sam-
ples, and these problems still prove to be difficult to overcome [111, 112].

In this chapter, the spin polarization and its dependence on temperature as
obtained with MECS will be presented for Fe(110) and Fe3O4(111) surfaces, and
a comparison with available experimental results and theoretical predictions will
be made. Further, the structural transition affecting Fe3O4(111) films grown on a
Fe single crystal substrate will be investigated.

7.1 Surface spin polarization of Fe(110)

In this section, results obtained by MECS on the surface spin polarization of
the Fe(110) surface will be presented. As mentioned previously, the problem of
spin polarization of Fe surfaces is still attracting attention, as, for example, the-
ory predicts a (large) negative polarization in the above-surface region [74, 105].
Experimentally, this prediction proved to be difficult to confirm: most of the re-
sults on the polarization of Fe surfaces show positive values, with only a few
findings of a (small) negative polarization [101, 105]. Most of the measurements
find a polarization close to the bulk polarization of Fe of around 30% [7, 75, 76].
In the case of emission of low-energy electrons, an enhancement of the polariza-
tion is observed up to 70% [7], which may be explained by the spin-filter effect
(by spin-filtering is understood here either the spin-dependent scattering of elec-
trons [113] or the spin-dependent electron loss to the solid [7,25,79]). The wealth
of information available for Fe surfaces was the motivation to investigate the
polarization of Fe(110) with MECS for benchmarking reasons. Therefore, it was
of interest to us to check the results we obtain with MECS against the available
theoretical and experimental work.

The procedure employed to probe the spin polarization of Fe(110) with MECS
is identical to the one used for Ni(110) (see chapters 5, 6). We have used 20, 50
and 100 eV He2+ ions impinging on the surface under 20◦ incidence. In Fig. 7.1 is
shown a series of KLL Auger spectra resulting from 100 eV He2+ ions impinging
under 20◦ on Fe(110), as function of the temperature of the crystal. Due to exper-
imental limitations, the Curie temperature of (bulk) iron TC = 1044 K, could
not be reached. The maximum reachable temperature was 800 K. The trend
in the temperature evolution of the spectra is similar to the one observed for
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Figure 7.1: KLL Auger spectra from 100 eV He2+ ions impinging on Fe(110) under 20◦
incidence, for different temperatures of the target.

Ni(110) (see Fig. 5.3), but the magnitude of the overall effect is smaller. This be-
haviour is to be expected, as the polarization of Fe is lower than the one of Ni
and from Fig. 5.4 is seen that the changes in the triplet-to-singlet ratio, AT/AS,
are weaker for lower polarizations. The spectra shown in Fig. 7.1 were fitted
with two Gaussians in order to extract the triplet-to-singlet ratio, and, using the
free-atom model outlined in chapter 5, the spin polarization of the Fe(110) sur-
face was determined as function of the surface temperature. The polarization of
Fe(110) was found with ECS to be positive (see chapter 4). Fig. 7.2 shows the
surface spin polarization of Fe(110) as function of temperature, obtained with
20, 50 and 100 eV He2+ ions with an incident angle of 20◦. The room temper-
ature polarization is about 40 ± 5%. This value is higher than, but in general
agreement with previous measurements using spin-polarized electron scatter-
ing [75,76,114], where values of approx. 30% have been found for the band spin
polarization of Fe(110).

The temperature dependence of the spin polarization for ferromagnetic ma-
terials follows, for lower temperatures, a Bloch law (1 − b T3/2). Since the tem-
perature range of our measurements did not extend up to the Curie temperature,
we could not check the critical behaviour. The Bloch law fit in the range 0.3− 0.6
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Figure 7.2: Surface spin polarization of Fe(110), obtained from a) 20 eV b) 50 eV and c) 100
eV He2+ ions under 20◦ incidence. The solid curves are fits with a Bloch law (1− b T3/2).

T/TC yielded the b coefficients listed in table 7.1. These coefficients are in con-
cordance with the expected enhancement at the surface, of about 3 times the bulk
Fe coefficient, which was found experimentally to be 9.3 × 10−6 K−3/2 [97].

Table 7.1: b-coefficients from fits to P(T) of Fig. 7.2

He2+ energy b [10−5 K−1] b/bbulk

20 eV 2.7 ± 0.5 2.9

50 eV 2.6 ± 0.6 2.8

100 eV 2.9 ± 0.5 3.1
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7.2 Investigation of Fe3O4(111) with MECS

Half-metals are a class of ferromagnets with a peculiar band structure in which
either only the spin-up or spin-down electrons are conducting. For either major-
ity or minority electrons they behave like normal metals with a Fermi surface,
while the opposite spin orientation has a band-gap at the Fermi level and does
not contribute to the conduction. Therefore, half-metals are 100% spin-polarized.
This characteristic makes them excellent candidates for use in spin-valve devices.

Magnetite, Fe3O4, was the first known magnetic material, but its high spin
polarization has been only recently investigated. On basis of electronic struc-
ture calculations, magnetite has been predicted to be half-metallic [107], but the
experimental investigation of the spin polarization in Fe3O4 has proved chal-
lenging due to issues with the stoichiometry and surface roughness. The struc-
tural phase diagram of iron oxides is rich and there are fairly narrow ranges in
temperature and pressure in which stoichiometric magnetite is stable [115]. Fur-
thermore, the growth conditions are influenced by the choice of the substrate, Fe
thin films or Fe single crystals.

7.2.1 Structure and growth of Fe3O4(111) �lms

Magnetite crystallizes in the cubic inverse spinel structure, where the oxygen
anions form a close-packed fcc sublattice with octahedrally and tetrahedrally
coordinated Fe2+ and Fe3+ cations located in the interstitial sites [116]. Fig. 7.3
shows the structure of the Fe3O4(111) surface. The hexagonally close-packed
oxygen layers form a cubic ABC stacking sequence. Between the oxygen planes
tetrahedrally and octahedrally coordinated Fe atoms are located. The Fe3O4(111)
surface unit cell has a lattice constant of 5.96 Å(white hexagon in Fig. 7.3 (b)),
while the oxygen sublattice constant is 2.98 Å(black hexagon in Fig. 7.3 (b)). The
distance between two equivalent Fe3O4(111) surface terminations is 4.85 Å.

The preparation of well-defined Fe3O4 surfaces is challenging and depends
critically on the choice of parameters like the substrate temperature, the oxy-
gen partial pressure and exposure time. There is the possibility of coexistence
of different iron oxides and surface structures in the same film [115] which can
affect the spin polarization of the material. Therefore, although a verified growth
recipe is used, the identification of the structure and stoichiometry of the oxide
film is crucial. STM measurements, combined with additional information from
AES and LEIS, provide an excellent tool for the characterization of the thin films.

The Fe3O4(111) films used in this work were grown in an UHV system with
a base pressure of 10−10 mbar by exposing an Fe(110) single crystal to 1500 L
(Langmuir) of O2 ( 750 s at 2 × 10−6 torr). The Fe(110) substrate was kept at a
temperature of 525 K, and post-annealed to 575 K. Using this recipe, the films are
expected to have a thickness of about 40 Å [5]. Fig. 7.4 shows a topographical
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Figure 7.3: Side-view (a) and top-view (b) of the Fe3O4 crystallographic structure (from
[116]).

500 × 500 Å2 and a spectroscopical STM image of the obtained films1(by spec-
troscopical image is meant a current map at a constant tip-surface voltage, with
the feedback of the STM tip turned off). The STM images show large, atomically
flat terraces with dimensions in the order of 50 Å. The interplanar distance be-
tween two adjacent terraces is 4.8 Å, corresponding to the expected values for
a Fe3O4(111) surface. A few terraces display a peculiar behaviour, because they
appear ’noisy’ in the STM images (encircled in white in Fig. 7.4, left). These
islands appear dark in the spectroscopic image (Fig. 7.4, right), and the I(V)
curve measured above these images shows a semiconducting behaviour, while
the rest of the surface of the film shows a metallic behaviour in the spectroscopi-
cal measurements, as seen in Fig. 7.5. This metallic behaviour is specific to mag-
netite, because Fe3O4 is the only iron oxide to display a metallic conductivity.
The ’noisy’ islands are probably FeO, as the oxidation of iron starts with the for-

1The STM measurements were done in the Experimental Solid State Physics II, Radboud Univer-
siteit Nijmegen. Dr. G. Mariş and prof. dr. S. Speller are gratefully acknowledged for the measure-
ment and interpretation of the STM results.
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Figure 7.4: Topographical (left) and spectroscopical (right) map of a Fe3O4(111) film.

mation of a FeO layer, which grows further to Fe3O4 after additional exposure to
oxygen [108, 115, 117]. The overall coverage with FeO is ≤ 10%. The stoichiom-
etry of the films was checked with AES and LEIS. The Auger O(510 eV)/Fe(651
eV) peak ratio was 3.35, a value close to, but slightly lower than 3.5, as expected
for pure magnetite [118].

Figure 7.5: Semiconducting I-V curve measured over a noisy island and metallic I-V curve
measured over a point from the smooth surface of the Fe3O4(111) film.
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Figure 7.6: Schematic representation of the DOS of Fe3O4.

7.2.2 Spin polarization of Fe3O4(111)

Magnetite is a so-called type II half-metal, with localized conduction electrons.
It has narrow d bands, and the carriers are localized, forming polarons with low
mobility and high effective mass. The conduction in Fe3O4 is by hopping, with
a resistivity of 10 mΩ cm (much higher than the conductivity of a normal metal)
[119]. Magnetite has a high magnetic ordering temperature of TC = 860 K. It
is a ferrimagnet with the moments of the Fe3+ at the tetrahedral sites aligned
antiparallel to the moments of Fe2+ and Fe3+ at the octahedral sites. As seen
from the schematic density of states of magnetite shown in Fig. 7.6, the minority
electrons are the only ones present at the Fermi level, therefore magnetite has a
spin polarization of −100%.

Fe3O4 undergoes a structural and charge-ordering transition at 120 K (Ver-
wey transition), and below this temperature it becomes progressively insulating.
Due to the Verwey transition, the polarization of magnetite cannot be measured
by low-temperatures methods, like ones using superconducting tunnel junctions
[120] or point-contact Andreev reflection [121]. By measuring the magnetoresis-
tance in tunnel junctions, values of the spin polarization as high as −72% could
be deduced [122]. From spin-polarized photoemission measurements, a value of
P of −80% has been found [5].

We have investigated the surface spin polarization of Fe3O4(111) with MECS,
using 20, 50 and 100 eV He2+ ions under 20◦ incidence. The Fe3O4(111) films
were grown using the procedure described in section 7.2.1. The temperature
range in which the film was studied was 300 − 650 K. The magnetite film could
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Figure 7.7: Spin polarization of Fe3O4(111) obtained with a) 20 eV, b) 50 eV and c) 100 eV
He2+ ions. Solid curves are fits with a Bloch law (1 − b T3/2).

not be heated above 650 K due to an irreversible structural phase transition to
FeO which occurs for magnetite grown on Fe single crystals [117]. This struc-
tural transition will be discussed in detail in the following section. Our MECS
results for the spin polarization of Fe3O4(111) are shown in Fig. 7.7 as function
of the temperature of the film. The value of the spin polarization obtained at
room temperature is −87 ± 3%, for the case of 20 eV ions. Taking into account
that the surface has islands of FeO, as seen with STM, covering ∼ 10% of the
surface, the real value of the polarization should be even higher. The sign of the
polarization was determined to be negative by an ECS measurement with He+

ions. For 50 and 100 eV He2+ ions, it is observed just as for Ni(110) (see chap-
ter 6) that the spin polarization seems to be lower than for 20 eV. The solid curves
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Table 7.2: b-coefficients from fits to P(T) of Fig. 7.7

He2+ energy b [10−5 K−1] b/bbulk

20 eV 1.7 ± 0.4 1.4

50 eV 1.9 ± 0.5 1.6

100 eV 2.0 ± 0.7 1.6

in Fig. 7.7 are fits with a Bloch law, (1 − b T3/2), in the range 0.35 − 0.65 T/TC.
The b coefficients obtained from the fit are listed in table 7.2. These b coefficients
for the surface exceed the bulk one (b = 1.2 × 10−5 K−3/2 [123]) by less than a
factor of 2. The decrease of the spin polarization with increasing temperature is
slower than expected for a ferromagnetic surface, for which one expects an en-
hancement in the b coefficient between 2 and 3. It is also slower than the linear
decrease of the long-range polarization, measured by Alvarado on a rough mag-
netite surface [124]. The behaviour that we observe could be due to a different
behaviour of the two magnetic sub-lattices in magnetite, but this matter is still
under investigation.

Fig. 7.7 shows a relation between the spin polarization and the projectile ki-
netic energy similar to the one observed for Ni(110). For a systematic study, the

Figure 7.8: Room-temperature spin polarization of Fe3O4(111) as function of the distance
along the surface between the first and second electron capture.
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triplet-to-singlet peak ratio AT/AS has been measured at a fixed He2+ energy as
function of the incidence angle. Using the concepts of image charge, energy gain
and neutralization distances from the COB model, the incidence angle could be
related to a distance along the surface between the first and the second electron
capture by the impinging ions (as detailed in chapter 6). Fig. 7.8 shows the room-
temperature spin polarization of Fe3O4(111) as function of this distance along the
surface, obtained by using 50 eV He2+ ions. The observed dependence is quite
similar to the one seen in Ni(110), with an estimated correlation length of 16 a.u..

7.2.3 Structural phase transition in Fe3O4

The oxidation of iron surfaces usually starts with the formation of FeO, which
upon additional exposure to oxygen grows to either Fe2O3 or Fe3O4, depending
on the choice of oxidation parameters [5, 6, 115, 117, 125]. For Fe3O4 formed by
oxidizing an iron single crystal, at elevated temperatures the Fe from the sub-
strate can diffuse through the oxide film and transform the magnetite film into
FeO [117, 126], as shown in Fig. 7.9. The temperature at which this transforma-
tion starts is 650 K, and seems to be completed at about 850 K.

We investigated with MECS the structural phase transition of Fe3O4 into FeO,
by exploiting the fact that this transition is also a magnetic one. Magnetite is a
ferrimagnet, while wustite (FeO) is an antiferromagnet below its Neel tempera-

Figure 7.9: Thermal behaviour of iron oxides as obtained by Auger spectroscopy (adapted
from ref. [117]).
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Figure 7.10: Transformation of Fe3O4(111) (•) grown on Fe(110) single crystal into FeO
(�).

ture of 198 K. A Fe3O4(111) film was heated above the temperature of 650 K, up
to 800 K, and subsequently cooled down to room temperature. The surface spin
polarization measured with MECS, using 20 eV He2+ ions under 20◦ incidence,
is shown in Fig. 7.10. Upon heating the magnetite film, the surface spin polar-
ization gradually decreases until a temperature of ∼ 650 K is reached, where the
polarization decreases abruptly to almost zero at ∼ 750 K. No further changes
are observed in the polarization value for heating up to 800 K and subsequent
cooling to room temperature, a sign that the magnetite has been transformed
to FeO. The stoichiometry corresponding to FeO has been confirmed indepen-
dently with LEIS.

An interesting result is the apparent small, but non-vanishing polarization
observed in the FeO film. Busch et al. observed a positive spin polarization of
∼ 10% for secondary electrons emitted from a FeO thin film upon proton scat-
tering [125], and a small negative polarization upon further oxidation of the FeO
layer. It was proposed that this result may be due to a small magnetic moment
present at the FeO surface due to an incomplete compensation of the magnetic
sublattices [127]. Koike et al. [114] suggested that a ferromagnetic surface layer
would exist on FeO(111), based on an observed negative spin polarization of
−5% of secondary electrons excited by a 2 keV electron beam. Kim et al. gave
a different interpretation, attributing the observed negative polarization to the
formation of Fe3O4 islands in parts of the FeO film [108], a result supported by
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the observations of Busch et al. [125].
We couldn’t determine the sign of the polarization observed from FeO, mea-

surements done with ECS were inconclusive due to the small signal. As LEIS
measurements confirmed that the film formed upon heating magnetite above
650 K is indeed FeO, and taking into account the results of Busch et al., the spin
polarization is probably positive.

Conclusions

In this chapter, MECS with He∗∗ was used to study the spin polarization of
Fe(110) and Fe3O4(111) surfaces. The Fe(110) surface was interesting for us to
study due to the wealth of information already available for this surface [1, 25–
27, 50, 75, 101, 105]. In this respect, we could compare results obtained by MECS
with other studies and therefore use the Fe(110) as a benchmark surface, as for
the case of the Ni(110) surface.

Fe3O4 is interesting to study due to its predicted half-metallic electronic struc-
ture [107]. Magnetite has therefore a spin polarization of −100%. Indeed, with
MECS we found a surface spin polarization of Fe3O4(111) of ∼ −87%, in line
with recent experimental findings [5, 6, 108–110]. The main reason for the long
time gap (of almost two decades) between the theoretical prediction of the half-
metal-licity of magnetite and the experimental confirmation have been difficul-
ties in growing good quality stoichiometric Fe3O4 films. For example, in our
case, the magnetite films grown on a Fe single crystal are affected by a structural
phase transition at elevated temperatures, transforming magnetite into FeO. This
phase transition could be studied with MECS as well, due to the fact that it
is accompanied by a magnetic transition, from ferrimagnetic magnetite to anti-
ferromagnetic FeO.





CHAPTER

EIGHT

Concluding remarks

This thesis is devoted to the study of the use of slow ions as a tool for inves-
tigating surface and 2D magnetism. Exploiting the Auger emission from such
slow, multiply charge ions impinging on magnetic surfaces, we have successfully
developed a novel technique for probing nanoscale magnetism, namely Multi-
ple Electron Capture Spectroscopy. The development of spin-polarized spectro-
scopic techniques has been the driving force in deepening the understanding of
magnetic phenomena at surfaces on a microscopic level. The discovery of novel
phenomena in magnetic systems has attracted a great deal of attention, both from
a fundamental point of view as well as from the point of view of the continuing
miniaturization of features in magnetic recording devices.

Bulk magnetism has been studied for a long time. More recently, due to ad-
vances in the growth and characterization of ultra-thin films, the problem of
surface and interface magnetism has been in the focus of worldwide research.
Interesting questions appear when investigating the surface of a bulk magnetic
material, an ultra-thin film as a prototype of a 2D magnetic system, or transi-
tions from 2D to 3D behaviour when increasing the thickness of a film. Due to
their extreme surface sensitivity and, in the case of hyperthermal ions, nanoscale
sensitivity, techniques based on the use of ion beams could provide some of the
answers in the field of low-dimensionality magnetism.

In order to develop a method based on the use of slow ion beams and ap-
ply it on a routine basis, the features of the spin-polarized charge transfer be-
tween the ion and the solid surface have to be understood. The neutralization

83



84 Concluding remarks

mechanism of multiply charged ions is a nearly-resonant electron transfer from
the surface into excited atomic levels which can be described by the classical
over-the-barrier model [16]. The atomic species formed upon neutralization is a
so-called ’hollow atom’, with electrons in highly-excited states and sparsely pop-
ulated inner shells. The decay of these exotic atoms takes place by photon and
electron emission, as well as electron loss back to the solid [15–20, 34]. If the sur-
face is spin-polarized, it is expected that the capture probability in excited states
of different spin character will change as function of the spin polarization of the
surface. Therefore, the population of these states will be modified compared
to the case of electron capture from an unpolarized target. More specifically, if
the surface is spin-polarized, high spin states have an increased probability of
being populated, while the probability of populating low spin states decreases
as compared to electron capture from an unpolarized surface. One of the de-
excitation mechanisms of the projectile is auto-ionization, in which one electron
from a high-lying shell fills a core hole, while a second electron is emitted to the
vacuum. The peak intensities in the auto-ionization spectra, corresponding to
transitions from different excited states in the projectile, depend on the initial
population of these states. Therefore, the spectral peak intensities can be related
to the spin polarization of the surface. The associated method is Multiple Elec-
tron Capture Spectroscopy (MECS) (chapters 5-7). Next to MECS, the method
of Electron Capture Spectroscopy (ECS) in which electron capture into singly-
charged ions is used, gives access to macroscopic magnetization of the target.

In chapter 4 we described how Fe(110) and Ni(110) surfaces were investi-
gated using ECS with keV He+ and He2+ ions. The method of ECS relies on the
changes in the degree of circular polarization of the fluorescence light as function
of the surface magnetization [1,25–28]. The spin of the captured electron couples
with the total orbital angular momentum, shifting the population distribution
over the magnetic sub-states. Depending on whether the shift in the distribution
over MJ is towards or away from MJ = 0, the degree of circular polarization
of light S/I will increase or decrease. Measuring the sign of the change in S/I
as function of the magnetization of the surface, parallel and antiparallel to the
scattering-induced orientation of total orbital angular momentum

−→
L , informa-

tion can be obtained on whether mostly majority or minority electrons are cap-
tured from the surface. For Fe(110), the spin polarization of captured electrons
is positive, while for Ni(110) the polarization of captured electrons is negative.
The magnitude of the change in S/I for Fe(110) and Ni(110) surfaces is similar,
indicating that a spin-filtering mechanism is in place. However, a quantitative
determination of the spin polarization of the surface with ECS is still not pos-
sible due to the complex kinematic effects involved [1, 27]. Detailed theoretical
information on energy- and momentum-resolved SDOS is required in order to be
able to describe more quantitatively the transfer of spin polarization in grazing
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ion-surface scattering.

In chapter 5 we show that KLL Auger electron emission from neutralized
slow, multiply charged ions can be used as a probe of surface spin polariza-
tion [9], an effect at the basis of Multiple Electron Capture Spectroscopy (MECS).
Hyperthermal He2+ and N6+ ions impinging on a Ni(110) surface were used. In
order to observe the evolution of the peak intensities in the KLL Auger spectra
as function of the spin polarization of the surface, temperature-dependent spec-
tral series were recorded. For a ferromagnet, the magnetic ordering is reduced
with increasing temperature and destroyed above the Curie temperature of the
material. For He2+ ions, resonant electron capture from the Fermi level in the L
shell takes place, allowing for a direct access of the spin polarization of electrons
at the Fermi edge. The intensity peak ratio corresponding to triplet and singlet
states changes dramatically with temperature, consistent with the high spin po-
larization of Ni(110) at the Fermi level. For N6+ a similar effect was observed,
but of smaller magnitude. The reduction of the observed effect is due to the fact
that for N6+, the L shell is populated by auto-ionization cascades from higher
shells; also, for closer ion-surface distances, capture of electrons sitting deeper
in the conduction band becomes possible, reducing the high polarization of the
Fermi electrons. For both He2+ and N6+, no changes were observed in the spec-
tral peak intensities for temperatures above the bulk Curie temperature of Ni,
TC = 627 K. From this we conclude that the surface Curie temperature coincides
with the bulk one.

In order to quantitatively link the changes in the peak intensity ratio to the
surface spin polarization, an atomic model was developed for the case of KLL
Auger emission from doubly excited He atoms [10]. Using concepts from the
COB model [16] and including a spin polarization-dependent capture probabil-
ity into triplet or singlet states in He∗∗, auto-ionization spectra could be sim-
ulated. Including also effects due to the dynamic response of the metal [38],
very good agreement was found between the calculated and the measured spec-
tra. Using this so-called ’free-atom model’, the temperature dependence of the
Ni(110) surface spin polarization was extracted from the changes in the KLL
Auger peak ratios. The spin polarization of Ni(110) was found to follow an de-
crease with temperature specific for ferromagnetic surfaces [96–98].

By varying the incidence angle of the He2+ ions, a dependence was found
between the observed polarization and the distance along the surface that the
projectile travels between the first and the second electron capture. Strikingly,
the observed spin polarization drops to zero for grazing incidence, indicating
that MECS can provide information on local magnetic properties like the spin
correlation length. A comparison of the total intensity changes in the measured
Auger spectra with the model calculations indicates directions to be followed
for extending the free-atom model: for example, inclusion of ion-surface dis-
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tance dependent auto-ionization decay rates, and of the capture anisotropy into
different L-terms.

In chapter 7 we illustrated how MECS was applied to study the Fe(110) and
half-metallic Fe3O4(111) surfaces. For Fe(110), a spin polarization value of almost
40% was found, in line with previous measurements [7,75,76]; therefore, we find
no support for a predicted small negative polarization in the above-surface re-
gion [74]. The temperature dependence of the spin polarization of the Fe(110)
surface follows, like for Ni(110), the expected behaviour for ferromagnetic sur-
faces.

Half-metallic magnetite, Fe3O4, is interesting to study due to its high pre-
dicted spin polarization, of −100% [107]. This high value makes magnetite a
very good candidate for use in spintronics applications as spin valve. The pre-
dicted high spin polarization has only been recently confirmed. Values up to
−85% have been measured [5, 6, 108–110]. The main difficulty in finding a high
spin polarization proved to be the quality of the films [111, 112]. For the results
presented in chapter 7, Fe3O4(111) films were grown by oxidizing a Fe(110) sin-
gle crystal. The good quality of the films was confirmed by STM measurements.
Using MECS, a high value of almost −90% was found at room temperature. The
sign of the polarization was determined using ECS. The decrease of the spin po-
larization of the Fe3O4(111) surface with increasing temperature is slower than
expected for a ferromagnetic surface. Whether this behaviour is due to the pe-
culiar electronic structure of magnetite, the small thickness of the film or other
reasons is still an open question.

The challenge of obtaining stoichiometric magnetite films has also been ad-
dressed. Smentkowski et al. [117] observed that magnetite films grown on Fe
single crystals undergo a structural phase transition to FeO at elevated tempera-
tures, due to Fe diffusion from the substrate. We could monitor this phase tran-
sition with MECS, as it is accompanied by a magnetic phase transition from fer-
rimagnetic Fe3O4 to paramagnetic FeO. We found that the starting temperature
for this phase transition is ∼ 650 K and observed a small non-vanishing spin po-
larization for the FeO film, a result which confirms very recent observations by
Busch et al. [125].

The results presented in this thesis show that slow, multiply charged ion
beams can be used as a probe of local magnetic properties of surfaces. The ’free-
atom model’ used to extract the spin polarization from the KLL Auger spectra
proved to be quite robust, in spite of its simplicity. Nevertheless, an extension
of the model including more detailed information on the dynamics of the charge
exchange processes, like e.g. distance-dependent decay rates and anisotropy in
the electron density, would allow for a deeper understanding of effects like sen-
sitivity of MECS to local electronic correlations.

Due to the fact that the interaction of these ions with the surface takes place
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over an area comparable with atomic length scales, the technique of Multiple
Electron Capture Spectroscopy could prove a valuable complementary tool to,
e.g., spin polarized STM, which provides site-specific information as well. After
benchmarking MECS on well-studied surfaces of Ni(110) and Fe(110), the next
step would be to fully exploit its extreme surface and nanoscale sensitivity for in-
vestigating magnetic phenomena of reduced dimensionality on sub-nanometer
length scales in magnetic nanostructures and ultra-thin magnetic films.





APPENDIX

A

Atomic units

The atomic units (a.u.) originate from the typical dimensions of the hydrogen
atom. The length is the classical Bohr radius of the ground state electron, the
velocity is the classical velocity of the electron in the ground state of hydrogen,
and the time is the ratio of the length and velocity. The charge in atomic units
is the charge of the electron, the mass is the mass of the electron and the energy
is the sum of the kinetic and the potential energy of the hydrogen 1s electron,
2 × 13.6 eV.

Table A.1: Atomic units

length Bohr radius a0 5.29 · 10−11 m

velocity αc 2.18 · 106 m/s

time a0/αc 2.41 · 10−17 s

charge e 1.60 · 10−19 C

mass me 9.10 · 10−31 kg

energy E0 = m(αc)2 4.36 · 10−18 J

angular momentum h̄ 1.05 · 10−34 J s
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Samenvatting

In dit proefschrift wordt onderzocht hoe langzame ionen gebruikt kunnen wor-
den om oppervlakte- en 2D-magnetisme te bestuderen. Hiertoe is een nieuwe
techniek ontwikkeld, genaamd Multiple Electron Capture Spectroscopy, waarbij
gekeken wordt naar de Auger-emissie volgend op de interactie tussen langzame,
meervoudig geladen ionen en magnetische oppervlakken. Deze techniek maakt
het mogelijk magnetisme op een nanoschaal te onderzoeken. De ontwikkeling
van spin-gepolariseerde spectroscopische technieken heeft geleid tot een voort-
schrijdend begrip van magnetische processen aan oppervlakken. Door de ont-
dekking van steeds weer nieuwe verschijnselen in magnetische systemen staat
het onderzoek hiernaar sterk in de belangstelling, zowel vanuit een fundamen-
teel wetenschappelijk als vanuit een meer toegepast perspectief (bijvoorbeeld
magnetisch-geheugensystemen).

Volume magnetisme is lang bestudeerd als een driedimensionaal verschijn-
sel. Door de vooruitgang in productie en karakterisering van ultra-dunne lagen
is onderzoek naar oppervlakte- en grenslaagmagnetisme wereldwijd onderwerp
van onderzoek geworden. Interessante vragen zijn wat er gebeurt aan het op-
pervlak van magnetische materialen en of ultra-dunne lagen gebruikt kunnen
worden als prototypes voor tweedimensionale magnetische systemen en hoe de
overgang van twee- naar driedimensionaal gedrag verloopt wanneer de dikte
van de laag toeneemt. Vanwege hun gevoeligheid voor eigenschappen van op-
pervlakken op een nanometerschaal zijn technieken die gebruik maken van laag-
energetische ionenbundels bij uitstek geschikt om deze vraagstukken te beant-
woorden.

Om routinematig onderzoek te kunnen doen met een methode gebaseerd
op langzame ionenbundels is een goed begrip van de ladingsoverdracht tus-
sen het ion en het oppervlak onontbeerlijk. Meervoudig geladen ionen worden
geneutraliseerd middels quasi-resonante elektroneninvangst van het oppervlak
in aangeslagen atomaire toestanden. Dit wordt beschreven door het ’Classical
over-the-Barrier’ model [16]. Het atoom dat gevormd wordt door deze neutrali-
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satie wordt een ’hol atoom’ genoemd omdat de elektronen in hoog-aangeslagen
toestanden terechtkomen, waardoor de binnenschillen leeg blijven. Het verval
van deze exotische atomen gebeurt middels fotonen- en elektronenemissie, of
door terugval van het elektron naar het oppervlak [15–20, 34]. Wanneer het op-
pervlak spingepolariseerd is, is het te verwachten dat de waarschijnlijkheid van
invangst in de verschillende spintoestanden verandert met de spinpolarisatie
van het oppervlak. De verdeling over de spintoestanden zal dan ook zeker an-
ders zijn dan in het geval van een niet-gepolariseerd oppervlak. Om precies te
zijn, als het oppervlak spingepolariseerd is, is het waarschijnlijker dat hoge spin-
toestanden bevolkt worden, terwijl de bevolking van toestanden met een lagere
spin afneemt vergeleken met elektroneninvangst van een niet-gepolariseerd op-
pervlak. Eén van de deëxcitatiemechanismen van het projectiel is auto-ionisatie,
waarbij een elektron van een hooggelegen schil een gat in de binnenschil opvult,
terwijl een tweede elektron het vacuüm ingezonden wordt. Pieken in een auto-
ionisatiespectrum komen overeen met overgangen tussen specifieke toestanden
in het projectiel. De piek intensiteiten hangen van de oorspronkelijke verdeling
over de kwantumtoestanden af. Deze spectra kunnen middels Multiple Elec-
tron Capture Spectroscopy (MECS) gerelateerd worden aan de spinpolarisatie
van het oppervlak (hoofdstukken 5-7). Naast MECS wordt de Electron Capture
Spectroscopy (ECS) methode gebruikt. Deze methode biedt de mogelijkheid de
macroscopische magnetisatie van het doelwit te bepalen.

In hoofdstuk 4 worden Fe(110)- en Ni(110)- oppervlakken onderzocht met de
ECS-methode onder gebruikmaking van keV He+- en He2+-ionen. Deze metho-
de is gebaseerd op de relatie tussen de circulaire polarisatie van het licht uitge-
zonden door de verstrooide He-atomen en de oppervlaktemagnetisatie [1, 25–
28]. De spin van het weggevangen elektron koppelt aan het totale baanimpuls-
moment, waardoor de verdeling over de verschillende magnetische subtoestan-
den verandert. Door de verandering van de graad van circulaire polarisatie te
meten als functie van de magnetisatie van het oppervlak kan bepaald worden
of er voornamelijk meerderheids- of minderheidselektronen weggevangen wor-
den van het oppervlak. In het geval van Fe(110) is de spinpolarisatie van inge-
vangen elektronen positief (meerderheidselektronen), in het geval van Ni(110)
is deze negatief (minderheidselektronen). Helaas is een kwantitatieve bepaling
van de spinpolarisatie van de oppervlakken middels ECS nog niet mogelijk door
de complexe kinematische effecten die plaatsvinden [1, 27]. Om de overdracht
van spinpolarisatie in ion-oppervlakteverstrooiing kwantitatief te kunnen inter-
preteren, is een beter theoretisch begrip van de energie- en impulsopgeloste toe-
standsdichtheid aan het oppervlak nodig.

In hoofdstuk 5 wordt gedemonstreerd hoe de emissie van KLL Auger-elektro-
nen door geneutraliseerde, langzame, meervoudiggeladen ionen gebruikt kan
worden als een sonde om oppervlaktemagnetisme te onderzoeken [9]. Hiertoe
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zijn hyperthermische He2+- en N6+-ionen gebruikt om een Ni(110) oppervlak te
bombarderen. Om de verandering van de intensiteitsmaxima in het KLL Auger-
spectra als functie van de spinpolarisatie van het oppervlak te kunnen volgen, is
een serie temperatuurafhankelijke spectra gemeten. Bij een ferromagneet neemt
de magnetische ordening af met toenemende temperatuur, en verdwijnt geheel
boven de Curie-temperatuur. In het geval van He2+-ionen worden de elektro-
nen resonant weggevangen vanuit het Fermi-niveau in de L-schil, waarmee de
spinpolarisatie van de elektronen nabij de Fermi-kant direct toegankelijk wordt.
De verhouding tussen de intensiteiten van triplet- en singletpieken hangt sterk
af van de temperatuur, hetgeen consistent is met de hoge spinpolarisatie van
Ni(110) aan de Fermi-kant. Met N6+ is een vergelijkbaar effect waargenomen, zij
het kleiner. Deze afname wordt veroorzaakt doordat in het geval van N6+, de
L-schil bevolkt wordt door auto-ionisatielawines vanuit hoger gelegen toestan-
den. Daarnaast speelt mee dat op kleinere ion-oppervlakte afstanden invangst
van dieper gelegen elektronen uit de geleidingsband mogelijk wordt, waardoor
de polarisatiegraad vermindert. Noch voor He2+, noch voor N6+ zijn er boven
de volume-Curie temperatuur van nikkel (TC = 627 K) veranderingen waar-
genomen in de piekintensteiten in de spectra. Gebaseerd hierop, concluderen
wij dat de Curie-temperatuur van het oppervlak overeenkomt met de Curie-
temperatuur van het gehele materiaal.

Om een kwantitatief verband te kunnen leggen tussen de veranderingen in
de verhouding tussen de piekintensiteiten en de spinpolarisatie van het opper-
vlak, hebben we een atoomfysisch model ontwikkeld dat KLL Auger-emissie
vanuit dubbel-aangeslagen heliumatomen beschrijft en waarmee auto-ionisatie-
spectra konden worden gesimuleerd [10]. Dit model is gebaseerd op het COB-
model [16] en is uitgebreid met spinpolarisatie afhankelijke waarschijnlijkheden
voor invangst in He∗∗ singlet-/triplettoestanden. Door ook rekening te hou-
den met de dynamische respons van metalen [38] is een zeer goede overeen-
komst tussen model en experiment bereikt. Met behulp van dit ’free atom’-
model is het mogelijk gebleken de temperatuursafhankelijkheid van de spin-
polarisatie van het Ni(110)-oppervlak af te leiden uit de veranderingen in de
Auger-piekverhoudingen. Het bleek dat de spinpolarisatie van Ni(110) als func-
tie van temperatuur overeenstemt met de verwachtingen voor ferromagnetische
oppervlakken. [96–98].

Door de invalshoek aan He2+-ionen te variëren, is er een relatie gevonden
tussen de waargenomen polarisatie en de afstand langs het oppervlak die het
projectiel aflegt tussen de eerste en de tweede elektroninvangst. Verbazingwek-
kend genoeg verdween de waargenomen spinpolarisatie geheel voor scherende
inval, waarmee duidelijk werd dat MECS ook gebruikt kan worden om kennis te
verkrijgen over lokale magnetische eigenschappen, zoals de spin-correlatielengte.
Uit een vergelijking tussen de gemeten veranderingen in de totale intensiteit in
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de Auger-spectra en de simulaties komen mogelijke uitbreidingen voor het ’free
atom’-model naar voren, zoals bijvoorbeeld de toevoeging van auto-ionisatiever-
valsnelheden die afhankelijk zijn van de afstand tussen ion en oppervlak, en van
vangstanisotropie in verschillende L-toestanden.

In hoofdstuk 7 wordt MECS gebruikt om oppervlakken van Fe(110) en half-
metallisch Fe3O4(111) te bestuderen. Voor Fe(110) vinden we een spinpolarisatie
van 40%, overeenkomstig met eerdere metingen [7, 75, 76]. Wij vinden dan ook
geen bewijs voor een kleine, negatieve polarisatie net boven het oppervlak, zoals
voorspeld door Wu en Freeman [74]. Net als in het geval van Ni(110) gedraagt
de temperatuursafhankelijkheid zich in het geval van Fe(110) als verwacht voor
een ferromagnetisch oppervlak. Half-metallisch magnetiet, Fe3O4, is bijzonder
interessant vanwege de hoge voorspelde spinpolarisatie van -100% [107]. Door
deze hoge waarde kan magnetiet wellicht gebruikt worden als spinklep in sp-
intronica. Pas recentelijk is de voorspelde hoge spinpolarisatie experimenteel
bevestigd en zijn waarden tot -85% gemeten [5,6,108–110]. De voornaamste hor-
de bleek de kwaliteit van de lagen te zijn [111,112]. De resultaten in hoofdstuk 7
zijn bereikt met Fe3O4(111)-lagen die geproduceerd zijn door oxidatie van een
puur Fe(110) kristal. De kwaliteit van deze films is geverifieërd met een Scan-
ning Tunneling Microscope. Met behulp van de MECS-techniek hebben we een
hoge waarde van -90% gemeten. Het teken van de polarisatie is gemeten met
ECS. De afname van de spinpolarisatie van het Fe3O4(111)-oppervlak met het
toenemen van de temperatuur verloopt langzamer dan verwacht voor een fer-
romagnetisch oppervlak. Of dit gedrag veroorzaakt wordt door de bijzondere
elektronische structuur van magnetiet, de beperkte dikte van de laag of een an-
dere reden is nog een open vraag.

Uit de literatuur is bekend dat magnetietlagen die op puur Fe-kristallen ge-
groeid zijn, bij een hoge temperatuur de faseovergang naar FeO maken door de
diffusie van Fe-atomen vanuit het substraat. Deze faseovergang kon ook waar-
genomen worden met MECS doordat zij gepaard gaat met een magnetische fase-
overgang: van ferromagnetisch Fe3O4 naar paramagnetisch FeO. Uit onze resul-
taten bleek dat de begintemperatuur voor deze faseovergang rond de 650 K ligt.
Ook werd bij de FeO-laag een kleine rest spinpolarisatie waargenomen, overeen-
komstig de zeer recente metingen van Busch et al. [125].

De resultaten die in dit proefschrift gepresenteerd worden, laten zien dat
langzame, meervoudig geladen ionen gebruikt kunnen worden om te meten aan
lokale magnetische eigenschappen van oppervlakken. Het ’free atom’-model,
dat hier geïntroduceerd is om de spinpolarisatie uit KLL Auger-spectra te ex-
traheren is behoorlijk robuust gebleken, ondanks het simpele karakter van het
model. Desalniettemin zou een uitbreiding van het model, zoals de toevoeging
van een meer gedetailleerde beschrijving van de dynamica van het ladingsover-
drachtsproces (zoals afstandsafhankelijke vervalsnelheden en onregelmatighe-
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den in de elektronenverdeling) een verdergaand begrip mogelijk maken van ef-
fecten zoals de gevoeligheid van MECS voor lokale elektronencorrelaties.

Doordat de lengte waarover de interactie tussen deze ionen en het oppervlak
plaatsvindt vergelijkbaar is met typische atomaire afmetingen, kan de Multiple
Electron Capture Spectroscopy-techniek een waardevolle aanvulling vormen op
spingepolariseerde STM, waarmee ook topologische kennis verkregen kan wor-
den. Met het toetsen van MECS op veel en goed bestudeerde oppervlakken als
Ni(110) en Fe(110) hebben we laten zien dat deze nieuwe, door ons ontwikkelde
techniek toegepast kan worden om magnetische verschijnselen op vaste opper-
vlakken en ultra-dunne magnetische lagen te bestuderen.
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Szili, Dan, Alex, Csaba, Magda, Adi, Ramona, Oana M., Marius, Cristina, Robert,
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Stellingen
behorende bij het proefschrift

Multiple Electron Capture Spectroscopy

A novel probe for surface magnetism

van

Mirko Unipan

1. The robustness of the ’free-atom model’ supports the assumption of a statistical
population of (2l2l′) states in He∗∗.

this thesis

2. The increased low-frequency spectral weight in superconducting Bi2Sr2CaCu2O8

implies that the electronic kinetic energy decreases in the superconducting state,
opposite to the Bardeen-Cooper-Schrieffer theory of superconductivity. The de-
crease in the low-frequency spectral weight below Tc observed in other high-Tc

superconductors does not necessarily contradict the above scenario.

H.J.A. Molegraaf et al., Science 295, 2239 (2002).
A.V. Boris et al., Science 304, 708 (2004).

3. By observing the characteristic X-ray emission of hollow atoms they may be
used to probe surfaces of astrophysical objects such as asteroids or dust grains.

N. Djurić et al., Astrophysical Journal 635, 718 (2005).

4. The truism that correlation does not imply causality is too often not taken as
such in medicine.

J. Brent, Clinical Toxicology 43, 881 (2005).

F.J. Flier and P.F. De Vries Robbé, Theoretical Medicine and Bioethics 20, 577
(1999).

5. Scientific thought is the only truly free and flexible aspect of academic life; in
almost all other aspects, academia is a quite rigid environment.

6. The Dutch language courses offered to foreign Ph.D. students are inefficient
because ’on the workfloor’ there are no incentives for practicing.



7. The generally good health of the Dutch indicates that the chemicals in the dish-
washing detergent sold in the Netherlands are safe to ingest, albeit in small
doses.

8. Communism makes sure that the people speak the right words; capitalism makes
sure that the people think the right thoughts. This could be one of the reasons
why people are happier living in capitalism.

9. The concept of ’schijf van vijf’ is well-established as a nutrition guide. In par-
ticular, in many Dutch canteens the recommended consumption of fats and oils
(group 4 of the ’schijf van vijf’) is almost religiously observed.

http://nl.wikipedia.org/wiki/Schijf_van_vijf
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