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Chapter 6

Atomic features of Auger
spectra

6.1 Introduction

In chapter 5, Auger spectra from collisions of He2+ on spin-polarized surfaces
were presented. The spin effects were observed via changes in the ratio of the
two prominent peaks in the Auger spectra. These peaks are due to AutoIo-
nization (AI) of doubly excited (2l2l′) states in neutral helium. In the following,
the two peaks will be referred to as ’peak 1’ (∼34.5 eV) and ’peak 2’ (∼36.0
eV). Each of these peaks may originate from two doubly excited states, i.e.
peak 1: (2s2) 1S and (2s2p) 3P, and peak 2: (2p2) 1D and (2s2p) 1P.

In early discussions of these atomic features the (2s2p) 3P and the (2s2p) 1P
states were neglected because of their much longer life times as compared to the
(2s2) 1S and (2p2) 1D states [85]. The fact that we seem to observe changes in
the ratio of peak 1 and peak 2, induced by spin polarization of surface electrons,
implies that the (2s2p) 3P triplet state cannot be neglected.

Although neutralization and decay of the projectiles is qualitatively under-
stood [86, 87, 65], we want to quantify which states contribute most strongly
to the atomic features in the Auger spectra, given a certain ion-surface system.
Specifically, we want to know how the populations of the states involved are
influenced by the projectile velocity, the surface density of states of the target,
and above all spin polarization effects.

First the electronic structure of helium is presented (section 6.2). The
discussion on the decay processes is started by the introduction of the ’free
atom model’ in section 6.3, which results are compared with experimental data
in section 6.4. In section 6.4 it is also made clear that Resonant Ionization
(RI) and the projectile’s parallel velocity (v‖) have to be included in order to
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68 CHAPTER 6. ATOMIC FEATURES OF AUGER SPECTRA

improve the description of the spectral features. At the end of this chapter the
discussion is extended to spin ordering effects.

6.2 Helium electronic structure

In an AI process, a doubly excited helium projectile decays to a lower lying
ionic state under the emission of an Auger electron into the vacuum. The rele-
vant doubly excited helium states are listed in table 6.1. Their corresponding
properties will be discussed below.

state −EB eV Ei eV Ek eV ΓAI ·1014 Hz gi

(2s2) 1S 21.13 7.53 33.29 2.10 1
(2s2p) 3P 20.69 7.09 33.73 0.23 9
(2p2) 3P 19.33 5.73 - 0 9
(2p2) 1D 19.12 5.52 35.30 1.10 5
(2s2p) 1P 18.88 5.28 35.54 0.64 3
(2p2) 1S 16.86 3.26 37.56 � 0.1 1

Table 6.1: He2∗(2l2l′) states, energies [59], AI rates [88] and statistical weights.

The kinetic energy Ek of the Auger electron is given by the difference in
binding energy EB between the initial He2∗(2l2l′) state and the final He+(1s)
state. Binding energies of the initial states are listed in table 6.1. The final
He+(1s) ionic ground state has a binding energy of −54.42 eV [59].

The ionization energies Ei of the doubly excited states are also listed in
table 6.1. The ionization energy Ei is given by the difference in binding energy
between the initial He2∗(2l2l′) state and the final He+(2l) state, which has a
binding energy of −13.60 eV [59].

The AI rates listed in table 6.1 belong to free atoms in the gas phase [88].
The AI rate for the (2p2) 3P state is zero because the decay is forbidden. Also
the rate for the (2p2) 1S state is very small. These states will therefore not
contribute to the atomic features in the Auger spectra. It can be seen that the
rates for the (2s2) 1S and (2p2) 1D states are high as compared to the (2s2p) 3P
state.

The last column in table 6.1 represents the statistical weight gi of the cor-
responding He2∗(2l2l′) state. The statistical weight is determined by the spin
Si and the orbital angular momentum Li, i.e. gi = (2Si + 1)(2Li + 1).
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6.3 The free atom model

The effects of the AI processes on the time-dependent population of the excited
states is best illustrated by a simple ’free atom model’. In this simple picture,
the (2l2l′) states are allowed to decay in time by AI just like excited free atoms.
Radiative decay can be neglected because these rates are much slower (chapter
2). It is assumed that the AI rates are not effected by the presence of the
surface and that there are no other loss rates.

In general, the population ni(t) of an initial state i with life time τi decays
exponentially [65]:

ni(t) = gie
−t/τi (6.1)

Where gi is the initial population of state i. If there are several decay channels
to different final states f , each with its own characteristic decay rate Γif , then
the life time of state i is given by

τi =


∑

f

Γif




−1

(6.2)

The fraction of the population ni(t) which has decayed in a specific transition
i → f within a time interval dt is given by

pif (t)dt = Γifni(t)dt (6.3)

Integration with respect to time then gives the fraction of the initial population
gi, which has decayed by AI in time T, i.e.

Iif (T ) = giΓifτi

[
1 − e−T/τi

]
(6.4)

Where Γifτi is the ’branching ratio’ for the specific i → f transition. The time
T is the ’observation time’, i.e. the time between neutralization and impact
on the surface. For infinite observation times the fraction Iif is proportional
to the branching ratio, i.e. Iif ∝ Γifτi. In case of very short observation
times (T � τi) the fraction is proportional to the AI rate and the time, i.e.
Iif ∝ ΓifT .

In figure 6.1 the decayed fractions Iif for AI processes of the four (2l2l′)
states of our interest are plotted as a function of the observation time T . Eve-
ry state i has only one decay channel so the branching ratio is 1. For easy
comparison all states are assumed to be initially equally populated, i.e. gi = 1
for all i. For our experiments, typical observation times vary roughly between
10 and 100 fs, as indicated by the grey area in figure 6.1. It is clear that the
values of the fractions differ considerably over this time window. While the 1S
and 1D fractions change only slightly between 10 and 100 fs, the 3P fraction
changes almost by a factor of 5.
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Figure 6.1: Decayed fractions for the four relevant
He2∗(2l2l′) states, plotted versus observation time.

Figure 6.2: Relative decayed fractions, normalized to
the 1S state, plotted versus observation time.

It is also illustrative to plot the relative decayed fractions versus time, as
shown in figure 6.2. All fractions are normalized to the 1S fraction, since this
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state decays fastest. Plotted this way, the relative intensities of the other three
fractions as compared to the 1S fraction can be demonstrated even better.

The observation time T (in fs) available for AI above the surface can be
estimated by [65]

T =
z0

v⊥
� 7.64 · z0√

E⊥
(6.5)

Here, z0 is the neutralization distance in a.u. and E⊥ is the perpendicular
kinetic energy E⊥ = Ekin sin2 (ψ) in eV. The distance z0 is determined by the
COB model (chapter 2) and generally depends on the electronic properties of
the target and the projectile as [89]

z0 �
√

8qε(7 + ε)
2φ(ε + 1)

(6.6)

Where φ and ε are the target work function and permittivity, respectively, and
q is the projectile charge state. Equation (6.6) ranges from z0 � √

2q/φ for a
perfect conductor (ε = ∞) to z0 � 2

√
q/φ for a perfect insulator (ε = 1). The

image charge energy Eim also contributes to E⊥ but is only about 3 eV for a
He2+ ion above a perfect conductor and even less above a perfect insulator.

Typical observation times T , as obtained from equation (6.5) with q = 1,
vary roughly between 10 and 100 fs. Unfortunately, these times were found to
be too short to explain the experimentally observed changes in Auger spectra
for He2+ on Si(100) ([65] and section 6.4). Schippers et al. [65] tried to over-
come this by assuming that decay processes are still observed after projectile
penetration into the solid, up to the escape depth for 30-40 eV electrons. For
35 eV electrons in Si this corresponds to a tripling of the observation time.
However, this implies that the projectiles penetrate the solid about 12 Å. This
is very unlikely for grazing-incidence projectiles with kinetic energies below a
few keV, since it is shown that they are reflected from the surface [85, 90].

6.4 Auger spectra: metal versus semiconductor

Our Auger spectra arising from He2+ collisions with two metals, Pt(110) and
Fe(110), are compared to Auger spectra from a semiconductor, Si(100) [65].
Three values for the perpendicular energy E⊥ were selected: 1, 15 and 35 eV.
The raw experimental data is shown in figure 6.3. Column 1 and 2 show the
Auger spectra taken from the two metals (Pt and Fe), column 3 shows those
from the semiconductor (Si). Already from the raw data shown in figure 6.3,
a striking difference between the Auger spectra from the two metals (Pt and
Fe) and those from the semiconductor (Si) can be seen. Whereas the Auger
spectra for the two metals show only small changes, the Auger spectra from
the semiconductor exhibit a strong dependence on E⊥.



72 CHAPTER 6. ATOMIC FEATURES OF AUGER SPECTRA

Figure 6.3: Raw helium Auger spectra from Pt(110),
Fe(110) and Si(100) plotted for three perpendicular ki-
netic energies (1, 15 and 35 eV). The estimated back-
ground contribution is indicated by the dashed lines.

This is seen even more clearly in figure 6.4, which shows the background
subtracted Fe and Si spectra from figure 6.3. For clarity, and because of its
strong resemblance with the Fe target, the Pt spectra are left out of this figure.
For a detailed analysis of the Auger spectra, the exact shape of the background
is of importance. This can clearly be seen in figure 6.3. The raw experimental
data show that the double peak structure sits on top of a rather large back-
ground. This background mainly stems from Auger neutralization (AN), Auger
de-excitation (AD) and (scattered) AI electrons [91, 92]. Unfortunately, the ex-
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Figure 6.4: Comparison between background sub-
tracted helium Auger spectra from Fe(110) and Si(100)
and theoretical results (th) from the free atom model.
The subtracted background is shown in fig. 6.3 (dashed
lines).

act shape of the background is very difficult to determine. However, the energy
window of relevance (32-38 eV) is very small as compared to the range of the
background (0-45 eV). Therefore, as a first approximation, a linear background
can be applied as is indicated by the dashed lines in figure 6.3.

The third column in figure 6.4 shows the results from the free atom model,
which are obtained as follows. From equations (6.5) and (6.6) the vertical
kinetic energy E⊥ is transformed into the observation time T . Then, the free
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atom model is used to calculate the decayed fractions at this time T . As a
first attempt, the initial populations gi of the four He2∗ states are assumed to
be determined solely by their corresponding statistical weights (see table 6.1).
The decayed fractions of the 1S and 3P states are added and convoluted with
a Gaussian (FWHM=1.2 eV) line profile to form ’peak 1’. Similarly, from the
decayed 1D and 1P fractions ’peak 2’ is constructed. For a perfect conductor
(ε = ∞) the E⊥ energies of 1, 15 and 35 eV correspond by equation (6.5) to
observation times T (for q = 1) of 60, 15 and 10 fs, respectively.

The free atom model predicts that for short T (high E⊥) the intensity of
peak 2 (1D+1P) is higher than the intensity of peak 1 (1S+3P). This is mainly
due to the low AI rate of the 3P state, as can be seen from figure 6.1 and 6.2.
If the projectile is given more time (lower E⊥), also a considerable fraction of
the 3P state population can decay and the intensity of peak 1 will increase. In
figure 6.4 (column 3) the theoretical results (th) of the free atom model clearly
show the (relative) increase of peak 1 with decreasing E⊥.

The Auger spectra from the semiconductor (Si), figure 6.4 column 2, seem
to follow the behavior predicted by the free atom model. For short observation
times (lower panel) the intensity of peak 2 is higher than that of peak 1. For
longer times (upper panel) the intensity of peak 1 even exceeds that of peak 2.
Apparently, the formation and decay of the He2∗ states, which is reflected by
the peak intensities, seems to change from a peak 2 configuration for short T to
a peak 1 configuration for long T . To get a one-to-one correspondence between
the Si data and the model, Schippers et al. [65] had to triple the observation
time. But as stated in section 6.3, there seems no direct justification for this.

The changes in the Auger spectra from the metal (Fe), figure 6.4 column 1,
are much smaller than predicted by the free atom model. The intensity of peak
1, as compared to the intensity of peak 2, increases only slightly upon increasing
observation time. For the metal it thus seems that, over the investigated range
of observation times, the relative dynamic formation and decay of the excited
He2∗ states is nearly constant.

The differences between the Auger spectra from the metal and the semicon-
ductor cannot be explained solely by target work function φ and/or permittivity
ε changes. The targets all have roughly the same work function of about 5 eV
[93]. For a perfect insulator the neutralization distance z0 is a factor

√
2 larger

than for a perfect conductor (section 6.3). The image charge acceleration Eim

above an insulator is also less than for a conductor. Although these effects lead
to somewhat longer observation times, the extra time available only has a 5-
10% effect on the Auger spectra. From figure 6.4 it is clear that the differences
are much larger.
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6.4.1 Target electronic structure

In figure 6.5 the electronic structure of a metal (bulk) is depicted. The electrons
in the metal are described as a free electron Fermi gas [94]. The maximum
kinetic energy of the electrons in the gas, at T = 0 K, is the Fermi energy EF .
The Density Of States (DOS) for a 3D gas is proportional to

√
E [94]. At zero

degrees K, up to EF all states are occupied and states above EF are empty, as
indicated by the grey area in figure 6.5. Temperature induced modifications of
the DOS only become of importance at ∼ 104 K and can therefore be neglected.

Figure 6.5: Schematic representation of the relevant
He2∗ energy levels (solid), the potential barrier (thick
dots) between ion and surface and metal DOS (grey
area). The arrows denote the RN and RI processes.

Also indicated in figure 6.5 are the modified projectile states (1S+3P) and
(1D+1P), which correspond to peak 1 and peak 2, respectively. Due to the
image charge interaction the binding energies EB of the He2∗ states are shifted
upwards by an amount ∆EB = 1/4z (for q = 0) [46].

The thick dotted line in figure 6.5 represents the saddle-point potential
Vs for q = 1, according to the COB model. As soon as Vs drops below the
work function φ, which is at the level crossing near 7 a.u., resonant transitions
between projectile and target can occur. In case of resonant neutralization
(RN), a metal electron is transferred over-the-barrier to an empty projectile
state. When a projectile state shifts above the Fermi level, resonant ionization
(RI) can occur, i.e. a projectile electron is transferred to an empty metal state.
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Figure 6.6: Relevant He2∗ energy levels and semicon-
ductor DOS. Note the change in RI due to the presence
of the band gap.

In figure 6.6 an analogous picture is sketched for the semiconductor DOS.
In a semiconductor the band gap Eg separates the valence band Ev from the
conduction band Ec and the Fermi level is located inside the band gap, for p-
type Si e.g. slightly above Ev. The difference between the Auger spectra from
the metal and the semiconductor may be caused by the presence of the band
gap. As can be seen from figures 6.5 and 6.6, after RN the projectile levels
shift further upwards as the projectile comes closer to the surface. In the case
of the metal, see figure 6.5, at energies above the Fermi level there are empty
metal states to which the electrons can be lost (RI). In the semiconductor this
decay channel (RI) is blocked by the band gap, as is indicated by the cross in
figure 6.6. Therefore the projectile effectively has more time to decay by AI,
which may (partly) explain the higher intensity of peak 1 for the semiconductor
as compared to the metal.

6.4.2 Resonant ionization

If the projectile levels can be depopulated by AI and RI processes, the RI
rate too has to be included in the free atom model. First it is assumed that
the RI rate is constant, i.e. it does not depend on the ion-surface distance z.
Inclusion of the RI rate changes the Auger branching ratio to ΓAI/(ΓAI +ΓRI)
and the life time τi of the state to 1/(ΓAI +ΓRI). The initial population of the
He2∗(2l2l′) states is, as a first approximation, given by the statistical weights.
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Figure 6.7: Theoretical Auger spectra from the free
atom model for a metal target, plotted for three RI
rates. The observation time is 60 fs. Also shown are
the decayed fractions (grey) of the He2∗ states.

The effect of variation of the RI rate on the decay of the excited helium
states is shown in figure 6.7. The upper panel represents a theoretical Auger
spectrum for an observation time of 60 fs, i.e. for rather low E⊥, and a RI rate
ΓRI of 0. The middle panel in figure 6.7 shows an Auger spectrum for ΓRI =
1014 Hz and the lower panel has ΓRI = 1015 Hz. The grey bars in figure 6.7
indicate the decayed fractions of the four relevant states and are labelled in the
upper panel. Going from the upper panel to the lower one, i.e. for increasing
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ΓRI , it can be seen that the extra decay channel (RI) clearly effects the Auger
spectra. Although all He2∗ states are effected by the RI rate, the effect is
most pronounced for the 3P state, which changes by more than a factor 2.
Furthermore, states with high AI rates (1S and 1D) are effected less by the RI
rate, and so they gain in relative intensity. This implies that for projectiles
with high perpendicular energies, the Auger spectra will be dominated by AI
from states with high AI rates. It also implies that for the slow AI decay of
the 3P state, E⊥ must be rather low in order to have enough time.

The absence or presence of the RI channel may explain the difference be-
tween the Auger spectra from the metal (Fe) and the semiconductor (Si). From
figure 6.4 (top row) it can be seen that for Fe peak 1 is suppressed as com-
pared to the free atom model result. A similar suppression of peak 1 is seen
in figure 6.7, which is due to resonant ionization. From a comparison between
theory (fig. 6.7) and experiment (fig. 6.4) it may then be concluded that the
RI rate must be of the order of 1015 Hz.

The resonant ionization rate ΓRI can also be estimated using classical ar-
guments. In the hydrogenic approximation, the classical orbiting time tn of an
electron in state n is given by

tn =
2πn3

Z2
eff

(6.7)

Where Zeff = Z−s is the effective charge of the helium core and s is the Slater
screening constant [95]. For an n = 2 electron in He2∗(2l2l′), we have s = 0.35
and Zeff = 1.65. Typical RI rates for n = 2 electrons, as obtained from
equation (6.7), are of the order of 1015 Hz. This result is in good agreement
with our earlier estimate of the RI rate.

For the observation of spin polarization effects, which were discussed in
chapter 5, the 3P state must be populated and allowed to decay by AI. Therefore
the perpendicular energy has to be low enough in order to gain time. The 3P
fraction is also strongly affected by the presence of the RI channel, as was
discussed above. The effect of variation of the RI rate can clearly be indicated
via the relative decayed fraction 3P/1S, as shown by figure 6.8. The strongest
changes again occur in the range of our observation times (10-100 fs). It can
be seen that only when the RI rate is not too high the projectile 3P state
has enough time to decay by AI. Otherwise the population of the 3P state is
effectively decreased by the fast RI channel. In the limit of long T , for high RI
rates the 3P/1S ratio becomes equal to ΓAI(3P)/ΓAI(1S), instead of equal to
1.

Now it is of note that the same value for the 3P/1S ratio is obtained in
the limit of extremely short observation times. Ergo, it seems that for high RI
rates the available observation time becomes less important and peak ratios
become nearly constant, in line with our experiments. This seems to lead to
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Figure 6.8: Relative decayed fraction 3P/1S plotted as
a function of time for four different RI rates.

the important conclusion that peak ratios are directly linked to the initial state
population, independent of observation time (projectile velocity).

6.4.3 State population

As a first attempt, it was assumed that the initial populations gi of the He2∗

states were given by the statistical weights. The reason for this assumption
is based on the resonant exchange of electrons between metal and projectile.
If all binding energies of the metal electrons are possible, and if the DOS is
constant, then the populations of the projectile states are likely to be statistical.
Ideally, the metal DOS varies as D(E) � √

E and is therefore approximately
constant over a small energy region near EF , see figure 6.5. Since most electrons
stem from a region near the Fermi level, it seems fair to assume a statistical
population.

However, as indicated in figure 6.5 (thin dots), over the relevant ion-surface
distances the Fermi level lies somewhere between the (1S+3P) and (1D+1P)
states. In an early stage of the interaction, around the point (7-8 a.u.) where
electrons can transit the barrier, the (1S+3P) states are still well below the
barrier. On the other hand, the (1D+1P) states already moved out of resonance
before any RN could take place. This scenario might question the validity of
assuming an initial state population which is determined by the statistical
weights. Furthermore, based on this scenario peak 2 should hardly or not be
visible in the Auger spectra.
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Because this is not what is experimentally observed, as can be seen in fig-
ure 6.3, an additional effect might play a role too. So far, only the perpendicular
velocity component v⊥ of the projectile was taken into account. However, as
was shown earlier, e.g. by Winter et al. [96] and Zimny et al. [97], also the
parallel velocity component v‖ has an influence on the neutralization and ion-
ization. In our experiments of He2+ on Pt(110), we also observed an influence
of v‖ on the Auger spectra.

6.4.4 Modified DOS

In the moving-ion frame of reference, the DOS of the metal electrons is different
from the DOS in the static laboratory reference frame. This effect is best
described from a momentum point of view, or in 
v-space. In figure 6.9 the
Fermi sphere of the metal electrons is represented by the filled circle with radius
vF . For example, for a Pt(110) surface we have EF = 7.50 eV and vF = 0.74
a.u. [98]. The directions v̂‖ and v̂⊥ indicate velocity components parallel and
perpendicular to the surface, respectively. The ion velocity is indicated by 
vi.
The light-grey ring represents the velocity of a n = 2 electron in a He2∗(2l2l′)
state. In the hydrogenic approximation the velocity is given by vn = Zeff/n.
For a n = 2 helium electron we have v2 = 1.65/2 = 0.83 a.u. and so v2 > vF .

Figure 6.9: Galilean transformation of the metal Fermi
sphere into the moving-ion reference frame.

In the ion’s frame, the ion is static and the metal electrons are moving with
velocity −
vi. For grazing incidence scattering the Fermi sphere shift due to
vi⊥ can be neglected, and we have vi ≈ vi‖. The influence of the ion velocity
can be included by a Galilean transformation [99, 100]. In the ion’s frame the
Fermi velocity is now described by 
v = 
vF − 
vi. Ergo, the Fermi sphere is
shifted by an amount 
vi, as can be seen in figure 6.9. The circle segment (thick
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line) indicates the resonance between 
v2 and 
v. For vi = 0 a.u. the frames are
concentric and no resonance occurs.

The energy E(
v) of the metal electrons is transformed according to

E(
v) =
1
2
v2 = EF − 
vF · 
vi +

1
2
v2

i (6.8)

As a result of the shift due to (parallel) ion velocity the energy of the Fermi
electrons now varies in the range [96] (see fig. 6.10)

1
2
(vF − vi)2 ≤ EF ≤ 1

2
(vF + vi)2 (6.9)

Figure 6.10: Galilean modified DOS for vi = 0 a.u.
(left) and vi = 0.20 a.u. (right). Note the work function
change (φ → φm).

The effect of the parallel velocity component on the shape of the DOS, in
the moving-ion frame of reference, is shown in figure 6.10. The normal DOS,
i.e. when vi = 0 a.u., for the Pt(110) surface (φ = 5.65 eV [101]) is shown on
the left side. The right side shows the metal DOS as seen by an ion moving
with a velocity vi = 0.20 a.u.. The DOS is already strongly modified although
the ion only has about 1/4-th of the Fermi velocity. Also note that the work
function φ is strongly modified to φm.
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It can be shown that the occupation probability g(E, vi) of metal states
with energy E for ion velocity vi, in the moving-ion reference frame, is given
by [97]

g(E, vi) = 1 0 ≤ ε ≤ (1 − ν)2

=
1
2

+
1 − ν2

4ν
ε−

1
2 − ε

1
2

4ν
(1 − ν)2 ≤ ε ≤ (1 + ν)2

= 0 ε ≥ (1 + ν)2 (6.10)

Here, ν = vi/vF and ε = E/EF are the relative velocity and energy, respec-
tively. The modified DOS is now given by g(E, vi)D(E), indicated on the right
in figure 6.10.

Figure 6.11: Relevant He2∗ energy levels and modified
metal DOS. Note the changes in the RT’s, as compared
to figure 6.5.

It is clear that a nonzero parallel velocity component of the ion leads to
an apparent population of metal electron states with energies above the Fermi
level. Therefore electrons can be captured (RN) at larger distances from the
surface, thereby extending the time available for AI. In figure 6.11 the He2∗

levels are depicted together with the modified metal DOS. Note that due to the
modified DOS, now all He2∗ states near the first neutralization distance (∼ 7
a.u.) are resonant with occupied metal states. This implies that initially all
states can be populated by RN. Furthermore, after the first neutralization step,
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RI and RN occur in alternating sequences until the states (finally) decay via
autoionization. This multiple electron exchange is likely to lead to a statistical
population of the projectile states. These arguments support the assumption of
an initial state population for all states which is determined by their statistical
weights.

Figure 6.12: Experimental background subtracted he-
lium Auger spectra (black) from Pt(110) for two values
of v‖. The corresponding theoretical Auger spectrum
(grey) is also shown. For clarity the spectra were given
a vertical offset.

6.4.5 Parallel velocity

To quantify the effect of the parallel velocity on the spectral features, we mea-
sured helium Auger spectra from a Pt(110) surface for v‖ ranging from 0.02
to 0.12 a.u. at constant vertical kinetic energy E⊥ � 1 eV. Figure 6.12 shows
the Auger spectra for the two extreme values (black), as well as the theoretical
Auger spectra (grey) for T = 60 fs and ΓRI = 1015 Hz. The spectra are nor-
malized on the intensity of peak 2 and plotted with a vertical offset of 0.5 for
clarity. Despite the considerable increase in the projectile’s parallel velocity,
the spectral features hardly changed. The relative intensity of peak 1 is only
slightly less for higher v‖ (upper spectrum). Apparently even a parallel velocity
of only 0.02 a.u., which corresponds to a work function change of about 0.5 eV,
is enough to modify the DOS such that all He2∗ states are populated.
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Like for the case of Fe, also for Pt the RI rate of 1015 Hz seems to describe
the (relative) intensities of the Auger peaks reasonably well. However, due to
this high RI rate the effect of longer observation times, due to capture at larger
distances from the surface, is washed-out.

From figure 6.12 it can also be seen that the energies of the AI electrons
are higher than those of the free atom. This is a manifestation of the image
charges: the initial He2∗ and final He+ levels have different shifts, thereby
effectively enlarging their energy difference and thus the kinetic energy of the
Auger electrons [86]. Also the contact potential between the target and the
detector, which can easily be of the order of a few tens of eV, might cause an
(additional) energy shift.

6.4.6 Spin ordering

Figure 6.13 shows the density of states for majority (N↓) and minority spins
(N↑) for a Ni target [102]. The difference between the DOS of both spin states
is largest near the Fermi level, i.e. in the region where RI and RN processes (de-
)populate the excited He2∗ states. Following a statistically determined state
population, the formation and decay of the He2∗ states should be sensitive to
the spin density of states. For example, if the DOS for spin-up electrons at the
Fermi level is much larger than that of spin-down electrons, the probability for
capture of parallel spins (triplet) should also be larger than that for anti-parallel
spins (singlet). Therefore changes in the spin density of states are expected to
be visible in the Auger spectra.

Figure 6.13: Density of states for majority and minority
spins for Ni, taken from ref. [102]. Note the difference
between the two spin states at the Fermi level.



6.4. AUGER SPECTRA: METAL VERSUS SEMICONDUCTOR 85

Figure 6.14: Experimental helium Auger spectra for a
Ni target below and above the Curie temperature. The
theoretical fractions (grey) indicate the corresponding
surface spin polarization.

In section 5.3, helium Auger spectra for a Ni(110) target below and above
the Curie temperature (TC = 354◦C) were presented. At room temperature
(T = 20◦C) the Ni target exhibits ferromagnetic ordering of electron spins.
Above the Curie temperature (T = 430◦C) the ferromagnetic state (spin or-
dering) is destroyed. Capture of parallel spins into the helium projectiles con-
tributes to the 3P triplet state population, anti-parallel spins are captured into
the three singlet states. At room temperature the Auger spectra should reflect
the ferromagnetic state and the 3P line is expected to be clearly present. Above
TC the probability for capture into the 3P state is expected to be reduced to
its statistical weight. In figure 6.14 the Ni Auger spectra (black) for 20◦C and
430◦C from section 5.3 are shown once more. The experimental data indicates
a change in the relative intensity of peak 1, induced by temperature, in line
with our expectation. The fact that the intensity of peak 1 for T = 20◦C is
higher than that for T = 430◦C, indicates the reduced spin ordering at the
surface for T > TC .
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For Ni, the DOS for minority spins (N↑) at the Fermi level is almost 6.5
times higher than that for the majority spins (N↓), as estimated from fig-
ure 6.13. The probability for capture of a spin-up electron, which is given by
P↑ = N↑/(N↑ + N↓), is 0.86 at the Fermi level. The probability for capture
of a spin-down electron P↓ is 0.14. The probability for capture of two spin-up
electrons is then given by P↑ · P↑ = 0.74, that for two spin-down electrons is
0.02. The probability for the mixed states (up and down) is P↑ · P↓ = 0.12.
Ergo, the total probability for capture of parallel spins (triplet) is 0.76 and that
for anti-parallel spins (singlet) is 0.24.

If the He2∗ state populations are weighted by their ’spin capture probabi-
lity’, the effect of the spin polarization can be made apparent in the theoretical
Auger spectra. This is indicated in figure 6.14, where the decayed fractions
(grey) are depicted within the experimental Auger spectra. The theoretical
fractions are calculated for T = 25 fs and ΓRI = 1015 Hz. Apparently the
calculated fractions describe the (relative) intensity change in peak 1 reasonably
well. The difference still existing may be due to the fact that electrons from a
certain energy window near the Fermi level contribute.

Conclusions

From the discussion above it can be concluded that inclusion of resonant ion-
ization pushes the simple free atom model into the right direction. The differ-
ences between the Auger spectra from the metal and the semiconductor could
be explained by an RI rate of about 1015 Hz. It was also shown that the par-
allel velocity of the projectile induces a kinematic shift and justifies an initial
state population which is described by the statistical weights. Furthermore,
it seems possible to measure and (roughly) estimate spin ordering effects for
spin-polarized targets. The description of the dynamics governing the forma-
tion and decay of excited helium projectiles above surfaces, as given here, is
kept relatively simple. However, despite its simplicity, this approach makes
it possible to better than before describe (changes in) the spectral features in
helium Auger spectra, arising from the ion-surface interaction.


