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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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44 Auto-ionization in front of spin-polarized surfaces

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):



5.3 MECS with He2+ and N6+ on Ni(110) 49

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.




