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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.






