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We calculate the spin-polarization of electrons emitted in the neutralization of He+ ions interacting with
metals. All stages of the emission process are included: the spin-dependent perturbation induced by the pro-
jectile, the excitation of electrons in Auger neutralization processes, the creation of a cascade of secondaries,
and the escape of the electrons through the surface potential barrier. The model allows us to explain in
quantitative terms the measured spin-polarization of the yield in the interaction of spin-polarized He+ ions with
paramagnetic surfaces, and to disentangle the role played by each of the involved mechanisms. We show that
electron-electron scattering processes at the surface determine the spin-polarization of the total yield. High
energy emitted electrons are the ones providing direct information on the He+ ion neutralization process and on
the electronic properties of the surface.
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In recent years, a large amount of experimental work has
been devoted to study spin effects in the interaction of
atomic particles with metal surfaces �1–13�. Low velocity
spin-polarized He+ ions and He* metastable atoms are espe-
cially appealing as projectiles, due to the absence of resonant
electron capture processes from the valence band of the
metal to the 1s bound state of the incident particle
�1–4,9–13�. In their interaction with the target, He projectiles
are neutralized or deexcited via Auger processes that involve
excitation and emission of electrons from the surface. Analy-
sis of the emitted electrons provides information on the elec-
tronic properties of the surface, as well as on the local mag-
netization induced in the target by the spin-polarized
projectile. The singularity of this technique relies on its ex-
treme surface sensitivity. For instance, it allows one to probe
surface magnetism in ferromagnetic targets �1,3,4,10,11,13�.
Modification of the magnetic properties of surfaces as a
function of the number of deposited adlayers can also be
investigated �1,3,4,13�.

In spite of the large amount of knowledge already ac-
quired from this technique, its development has been some-
how limited by the lack of theoretical support for some of the
measured key quantities, such as the spin-polarization of the
electrons ejected as a result of the Auger process �2,3,9,12�.
For paramagnetic surfaces, the energy-dependent spin-
polarization of the emitted electrons has been recently mea-
sured for 10–500 eV He+ projectiles on Al �001�, Au �001�,
and Cu �001� �9,12�. For all these paramagnetic surfaces, a
similar average polarization of emitted electrons of around a
30% was found, always parallel to the spin-orientation of the
electron bound to the incoming He+ ion. Larger values of the
polarization are measured at higher emission energies. The
similar behavior of the spin-polarization for all these differ-
ent surfaces is not fully understood yet.

From a general point of view, no theoretical model has yet
given a reliable estimation of the spin polarization of emitted
electrons. The aim of this paper is to present such a model
for paramagnetic targets, and to show that it is able to ex-
plain the measurements quantitatively. We consider all stages
in the emission process and analyze separately their contri-
bution to the spin-polarization of the electron spectra. We
present specific calculations for the neutralization of He+

ions inside a paramagnetic metal. First, the spin dependent
perturbation represented by the ion embedded in the system
is modelled using density functional theory �DFT�. As a sec-
ond step, the Auger neutralization rates are obtained, distin-
guishing the spin orientation of the electrons excited in the
process. Next, a transport calculation is performed in order to
obtain the cascade of secondary electrons created by the ini-
tially excited electrons. Finally, the escape of the electrons
through the surface potential barrier is calculated in order to
obtain the final spin-polarization of the ejected electrons. Our
most important result is that the spin orientation of the emit-
ted electrons is governed by a highly spin-dependent Auger
neutralization process, but also strongly modulated by the
creation of a cascade of unpolarized secondary electrons.

The screening of the spin-polarized He+ ion and the Auger
capture rates are calculated as explained in Ref. �14�. A
charged impurity in a metal induces a strong rearrangement
of the electrons in its vicinity, providing total screening of
the charge. Since the He+ ion constitutes a spin polarized
object, the induced screening cloud is spin unbalanced even
in a paramagnetic metal. We use the Kohn-Sham �KS�
scheme of DFT, within the local spin density approximation,
to obtain the spin-dependent electron density around the ion
embedded in a three-dimensional free electron gas. The latter
is described by an electron density n0=3/ �4�rs

3�. The He+

ion is modeled by populating just one of the KS 1s wave
functions of the system �there is one for each spin orienta-
tion�. As a convention, in the following, the spin orientation
of the electron bound to the He+ ion will be spin up. Our*Email address: wapalocm@sq.ehu.es
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results show that the screening provided by the electron gas
is preferably due to spin-up electrons, as exchange effects
favor spin alignment for electronic levels well separated in
energy and space.

Next, we calculate the Auger capture �AC� rate, i.e., the
probability of filling the unoccupied 1s spin-down state. The
Auger process is due to the Coulomb interaction between
two continuum electrons. One electron decays to the empty
bound state of the He+ ion, whereas the second electron is
promoted to an excited state. Although the spin of the decay-
ing electron is fixed �spin-down�, both spin orientations are
allowed for the one that is excited. Therefore, two different
channels contribute to the total AC probability �=�↑+�↓:
that associated to the excitation of a spin-up electron �↑ and
that associated to the excitation of a spin-down electron �↓.
The AC probabilities are calculated in first order perturbation
theory. In the excitation of a spin-down electron, the two
electrons participating in the process have the same spin and
are indistinguishable. As a consequence, a destructive inter-
ference term appears in the calculation of �↓. This term can
also be understood from the reduced probability of finding
two electrons with the same spin close to each other in the
conduction band of the metal.

The difference between �↑ and �↓ rules the spin-
polarization of the excited electrons in the AC process. This
difference is the result of two joint effects: the spin-
dependent screening and the interference term. Both favor
the excitation of spin-up electrons. As a result, the spin-
polarization of the excited electrons is very large �70–90% in
the range rs=2–5 a.u.�. The interference term plays the
dominant role in this strong spin dependence. In this respect,
a surface calculation presented in Ref. �9� underestimates the
polarization of the excitation due to the neglect of this inter-
ference term. The large spin polarization of the Auger rates is
not related to the bulk nature of the model. Surface calcula-
tions of the Auger rates including the spin-dependent pertur-
bation induced by the ion �15� and without including it �16�
showed similar high values of the spin polarization.

Although the calculated spin orientation of the excited
electrons is consistent with that measured in the experiments
of Refs. �9,12�, the measured value is much lower. Only at
high emission energies, calculated and measured values of
the polarization roughly coincide. Therefore, the lower mea-
sured spin polarization must be related to different mecha-
nisms not related to the Auger process itself. Next, we show
that a cascade of secondary electrons is the main responsible
for the drop of spin polarization in the yield.

We use the theoretical model of Ref. �17� to calculate the
transport of electrons in bulk from the energy distributions of
the initially excited Auger electrons for each spin direction
�, S��E�=d�� /dE. The final distribution of inner-excited
electrons N��E� is different from S��E� due to electron-
electron scattering events. We neglect any spin dependence
in the electron-electron scattering potential. In a single scat-
tering of an excited electron with energy E and spin � with
the target electrons there are two ways in which an electron
with energy E� may appear. First, the electron �E ,�� may
loss the amount of energy E−E�, decaying to the state
�E� ,�� with probability Wsc�E� ,E�. Second, the electron
�E ,�� decays and may excite an electron from the conduc-

tion band of the target to the state E�, with probability
Wxc�E� ,E�. In this second case, the electron with energy E�
can have any spin orientation with equal probability.
Wsc�E� ,E� and Wxc�E� ,E� are calculated using the Lindhard
dielectric function of the medium. The distribution N��E� is
finally calculated using the Boltzmann transport equation
formalism. In our case, this involves to solve self-
consistently the following set of equations:

v�E�
l�E�

N��E� = S��E� + �
E

Emax

dE��Wsc�E,E��

+
1

2
Wxc�E,E���N��E��

+
1

2
�

E

Emax

dE�Wxc�E,E��N−��E��, � = ↑,↓ ,

�1�
where Emax is the maximum energy of initially excited Auger
electrons, and l�E� and v�E� are the inelastic mean free path
and the velocity of the electron, respectively. These equa-
tions are solved iteratively so that we can also obtain the
energy distribution of excited electrons after a fixed number
of scattering events.

Finally, the escape process is described using the standard
model of a planar surface barrier �17�. The surface barrier
height W=EF+� is defined by the Fermi energy EF and the
work function �. The final energy distribution of electrons
emitted after crossing the surface barrier is denoted by I��E�,
with E referred to the vacuum level.

Figure 1 shows the results of our complete calculation for
the distribution I��E� of electrons emitted when a spin polar-
ized He+ ion is neutralized. The value of the work function
used is �=4.25 eV. Different values of the embedding-
medium electronic density are considered. Results obtained
after one and two scattering events, and also from the self-
consistent solutions of Eqs. �1� are presented. Additionally,
we provide also results for the directly emitted electrons
�Wsc�E ,E��=Wxc�E ,E��=0 in Eqs. �1��. The inclusion of
transport has very different consequences in the spectra de-
pending on the energy range considered. At low energies, the
number of spin-up and spin-down electrons increases with
the number of considered scattering events. Information on
the neutralization process is therefore masked by the cascade
of secondary electrons excited in electron-electron scattering
processes. At high emission energies the number of emitted
spin-up and spin-down electrons hardly changes with the
transport process. High energy electrons are directly emitted
after excitation without suffering further scattering events
and they provide direct information on the ion neutralization
process.

The change in the spin-polarization of the emitted elec-
trons due to the transport process can be further analyzed by
means of the quantity

P�E� =

�
E

Emax

dE��I↑�E�� − I↓�E���

�
E

Emax

dE��I↑�E�� + I↓�E���
, �2�
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shown in Fig. 2. P�E� is the polarization of the electrons
emitted with energy higher than E. In the high energy range,
for which the transport plays a negligible role, the polariza-
tion is high reflecting the high efficiency of the Auger pro-
cess for exciting spin-up electrons. For E=0, P�E=0� is the
total polarization of the electron yield. Due to the transport
process, P�0� is much reduced as compared to the polariza-
tion of the initially excited electrons. For the sake of com-
parison, we show in Fig. 2 the experimental data of Ref. �12�
obtained for Al �001�. The agreement between our results
and the experimental data is remarkable, showing that the
theoretical model captures well the main features of the
problem.

The surface of a metal consists in a region of varying
electronic density whereas in a bulk calculation like ours the
background electronic density is uniform. Reasons for which
such a theoretical approach is valid and accurately repro-
duces the experimental data follow. In the experiments of
Refs. �9,12� the perpendicular energy of the projectile is high
enough so that the ion probes a region very close to the
topmost layer. Based on different calculations for the dis-
tance dependent Auger neutralization rates for this system
�18–20�, it was estimated that neutralization should typically
occur at 2–3 a.u. from the topmost atomic layer. This is very
close to the jellium edge. At these distances, the relative
electronic density variations are small, and a local model
based on a uniform density background is reasonable.

An additional point is that, since the distance from the
surface at which the ions are neutralized may vary, there

exists some uncertainty about the value of the rs parameter to
be used. An important outcome of our calculation is that the
spin-polarization of emitted electrons does not depend sig-
nificantly on the choice of rs. This is shown in Fig. 2, in
which we observe that a similar good agreement with the
experimental data can be obtained for different values of rs.
Therefore, we conclude that the knowledge of the exact neu-
tralization distance and of the corresponding electronic den-
sity probed by the projectile is not so important in order to
explain the measured spin-polarization, provided that the Au-
ger neutralization takes place at short distances from the sur-
face and that the surface electronic density is not too low.
One may even invoke a better agreement with the data for Al
�001� using rs=3, which is a reasonable value for the elec-
tronic density in the surface region.

The weak dependence of the electron-yield spin polariza-
tion on the electronic density explains as well the similar
experimental results obtained for different surfaces such as
Al �001�, Au �001� and Cu �001� �12�. The measured polar-
ization of the yield is of the order of 30% in all three cases.
In Fig. 3 we show the calculated total polarization of the
yield �P�E=0� in Eq. �2�� for several values of the density
parameter rs. Experimental uncertainty for this quantity is
shown as well. Our calculations give values of the polariza-
tion consistent with the experiment in the range rs=1–4. If
the transport process were neglected, the value of the calcu-
lated spin polarization would be much larger in general. Fi-
nally, we remark the similar results obtained for the spin-
polarization of the emission when considering two scattering
events or all orders of scattering in the transport calculation

FIG. 1. �Color online� Energy distribution of
emitted electrons in the neutralization of a spin
polarized He+ ion embedded in a free electron
gas with electronic density: �a� rs=2 and �b� rs

=3. Electron energy is measured from the
vacuum level. Thick blue �thin green� lines cor-
respond to electrons with spin parallel �antiparal-
lel� to that of the electron bound to the He+ ion.
Dotted lines correspond to the distributions of di-
rectly emitted electrons, dashed lines to a single-
scattering approach, dash-dotted lines to the two-
fold scattering approximation, and solid lines to
the complete self-consistent transport calculation.

FIG. 2. �Color online� Polarization of the
electrons emitted with energy larger than E as
defined by Eq. �2�. The electron density of the
embedding medium is �a� rs=2 and �b� rs=3. Re-
sults obtained for directly emitted electrons �cyan
dotted lines�, for a single-scattering approach
�blue dashed lines�, for a twofold scattering ap-
proach �green dash-dotted lines�, and for the
complete self-consistent transport calculation �red
solid lines� are shown. Experimental data of Ref.
�12� for the polarization of the electrons emitted
in the neutralization of 15 eV �black circles� and
500 eV �white circles� He+ ions incident on Al
�100� are shown in both panels.
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�see Figs. 2 and 3�. Electrons excited in the surface region
may undergo a limited number of scattering events before
being emitted, though it is not completely clear the exact
number of scattering events one should consider. The simi-
larity of our results taking either two orders or all orders of
scattering allows us to overcome this uncertainty when inter-
preting experimental spectra.

In summary, we have analyzed all different mechanisms

involved in the emission of electrons after neutralization of
spin-polarized He+ ions in paramagnetic metals. This study
has allowed us to characterize unambiguously the sources of
spin-polarization of the emission and its energy dependence.
We have shown that the transport process is responsible of
reducing the average spin-polarization to values of around
30%. This result depends weakly on the target electronic
density, and it is expected to be valid for those paramagnetic
metal surfaces with typical electronic densities rs�4, pro-
vided the Auger process takes place close enough to the sur-
face. Additionally, the strong spin-dependence of the Auger
process is reflected in that of the electrons emitted at high
energies. Finally, let us mention that the transport may play a
different role in ferromagnetic surfaces, in which the excita-
tion depends as well on the spin-orientation of the incoming
projectile relative to that of the target. Nevertheless, elec-
trons emitted at high energies are expected to enclose infor-
mation on the spin-dependent properties of the ion/surface
interaction in the same way they do in paramagnetic sur-
faces.
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