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As Stern–Gerlach type spin filters do not work with electrons, spin analysis of electron beams is
accomplished by spin-dependent scattering processes based on spin–orbit or exchange interaction.
Existing polarimeters are single-channel devices characterized by an inherently low figure of merit (FoM)
of typically 10−4–10−3. This single-channel approach is not compatible with parallel imaging microscopes
and also not with modern electron spectrometers that acquire a certain energy and angular interval
simultaneously. We present a novel type of polarimeter that can transport a full image by making use of
k-parallel conservation in low-energy electron diffraction. We studied specular reflection from Ir (001)
because this spin-filter crystal provides a high analyzing power combined with a “lifetime” in UHV of a
full day. One good working point is centered at 39 eV scattering energy with a broad maximum of 5 eV
usable width. A second one at about 10 eV shows a narrower profile but much higher FoM. A relativistic
layer-KKR SPLEED calculation shows good agreement with measurements.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Stern–Gerlach-type spin filters for electrons are impossible
because of the interplay between Lorentz force and Heisenberg
uncertainty relation. Spin analysis of electron beams is accom-
plished by spin dependent scattering processes that are based on
spin–orbit or exchange interaction. In the high energy range Mott-
scattering at high-Z targets or Moller scattering at ferromagnetic
targets are exploited. In the energy range below 100 eV spin
polarized low energy electron diffraction (SPLEED) at high-Z single
crystals or at ferromagnetic surfaces can be utilized (for details,
see textbooks [1–3]). All of these are inherently single-channel
methods. The spin-detection efficiency is given by the figure of
merit (definition see Eq. (1)). Mostly used spin polarimeters of the
present generation (Mott detector [4] or SPLEED detector [5,6]
utilizing the (2,0)-reflexes from a W (001) surface) are character-
ized by a low figure of merit of about 10−4. Two orders of
magnitude can be gained via exchange scattering from an Fe
surface [7–10]. Lateral resolution can only be achieved by scanning
ll rights reserved.
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the electron beam across a sample like in scanning electron
microscopy with polarization analysis (SEMPA).

A strong discrepancy is visible when comparing spin detector
development with the development of electron spectrometers.
The advent of multichannel detection increased detection effi-
ciency by orders of magnitude. A modern hemispherical analyzer
acquires a certain energy and angular interval simultaneously,
detecting up to 104 data points in parallel. Comparing a hemi-
spherical energy analyzer with multichannel intensity detection
and a spectrometer with state-of-the-art single channel spin
polarimeter, we are facing a total loss in detection efficiency by
6–7 orders of magnitude!

Our basic idea for a substantial improvement of the perfor-
mance of spin detectors was to conserve the lateral distribution of
the electrons in a beam during the scattering process. In photo-
emission electron microscopy (PEEM) it requires to implement a
reflection-type spin filter into the column of the microscope. In
electron spectrometer applications, it means to adopt the multi-
channel detection concept that was so effective in intensity
spectroscopy. The new approach exploits that an electron-
diffraction process can transmit lateral image information. Owing
to k

!
jj momentum conservation, the specular beam in low-energy

electron diffraction (LEED) behaves like a photon beam reflected at
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Fig. 1. Functioning scheme of the imaging spin filter in real (left) and reciprocal space (right). The size of the Ewald sphere is determined by the scattering energy, here
scaled for the case of Ir (001) and 39 eV (full circle) and 10 eV scattering energy (dashed circle). ki and kf denote the wave vectors of incoming and outgoing beams.
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an optical mirror. The idea to exploit k
!

jj-conservation in a SPLEED
setup brought up the concept of 2D electron spin filtering of PEEM
images [11,12]. Moreover, it opened the door to a substantial
improvement of spin detection efficiency in spectroscopic applica-
tions, e.g. behind a hemispherical electron spectrometer [13–15] and
in the future spin filtering of momentum distributions.

The functioning principle is the same for all these applications.
It is illustrated in Fig. 1 for the idealized case of a perfectly parallel
beam specularly diffracted at a single-crystal surface. In this case
the image information is “encoded” in the lateral coordinate on
the spin-filter crystal. Alternatively, a crossover could be focused
on the spin filter. In that case the image information would be
encoded in the scattering angle. The Ewald construction in
reciprocal space (right figure) corresponds to specular reflection
from Ir (001) at 451 impact angle. The full and dashed circles
denote the Ewald sphere for the high- and low-energy working
points (see below), i.e. 39 and 10 eV scattering energy, respec-
tively. Note that for the latter case the Ewald sphere is so small
that no other reflex besides the specular (0,0)-reflex exists.

Optimum working points are defined by the extrema in the
(single-channel) figure of merit, given by

FoMsingle ¼ S2I=I0; ð1Þ
depending on the square of the spin sensitivity S (also termed
Sherman function [1]) and reflectivity I/I0. In addition, the number
of simultaneously acquired data points must be large. The relevant
statistical quantity for obtaining spin-filtered 2D images is the
two-dimensional figure of merit

FoM2D ¼NoFoMsingle4 ; ð2Þ
where N is the number of data points taken simultaneously and
oFoMsingle4 is the single-channel figure of merit averaged over
the utilized energy and angle interval [11,13]. We will see in the
next section that reflectivity and spin asymmetry vary strongly
with scattering energy and angle.

Up to now, most experiments were done using specular
diffraction from W (001) under 451 angle of incidence. At a
scattering energy of 27 eV the asymmetry function reaches its
maximum of S¼0.42 at a reflectivity of I/I0¼1.3%, yielding
FoMsingle¼2�10−3. In the imaging spin filter behind a PEEM
parallel detection of N¼3800 data points was achieved, leading
to a corresponding figure of merit of FoM2D¼8 [11]. Behind a
hemispherical energy analyzer about 1000 data points could be
acquired simultaneously; this corresponds to a FoM2D¼1.7 [13].
These values are about four orders of magnitude higher than
the FoMsingle value of the classical Mott-detector or SPLEED
detector.

The advantage of the multichannel approach has recently been
demonstrated in the study of highly reactive surfaces [15] and the
extension to spin-resolved photoemission in the hard X-ray range
is on its way (Spin-HAXPES was demonstrated with a single-
channel spin detector [16]). Due to the low cross sections in the
HAXPES regime, this technique is characterized by notoriously low
count rates, demanding for multichannel detection.

It is well known from early SPLEED studies that two classes of
single-crystal surfaces can show high spin asymmetries in the
specular beam at certain energies. For high-Z targets the spin
asymmetry is induced by spin–orbit interaction during the scat-
tering process at the heavy atoms of the crystal as demonstrated
for the “classical” system W (001) [5] and several others (Au, Pd,
Pt). For ferromagnets the relevant mechanism is the exchange
interaction [7–10].

As the SPLEED process is highly surface sensitive, the spinfilter
crystal must be frequently cleaned. For the W (001)-detectors the
initial preparation consists of oxidation cycles at 1300 K followed
by short high temperature flashes to desorb the oxide. During
operation, short flashes are necessary in order to desorb adsor-
bates like CO [6]. In order to reduce the delay time due to these
flashes, we searched for a high-Z material with a much higher
lifetime. Due to its low reactivity, we have chosen the Ir (001)
surface for the present study. This surface is much less reactive
than W (001) and should allow for longer lifetimes in UHV. The
purpose of this paper is to present the spin-filter performance of Ir
(001) and to show some examples of its application. A SPLEED-
calculation in relativistic layer-KKR code was performed serving as
valuable guideline in search for optimum working points.
2. Theory

Parallel to the experiments we explored, for the Ir (001)−1�1
surface, the “landscape” of the figure of merit as function of
scattering energy E and scattering angle θ (impact angle with respect
to the surface normal). According to an earlier LEED structure
analysis [17] the topmost atomic layer of Ir (001)−1�1 is relaxed
inward by about 2%. For this geometry, we computed ab initio the
electronic structure of the ground state of an eleven-layer thin film
within density functional theory by means of the Full-potential
Linearized Augmented Plane Wave (FLAPW) computer code FLEUR
[18] using a local density approximation for the exchange-
correlation energy. The thus obtained real one-electron potential
was augmented by a complex self-energy correction to yield the
quasi-particle potential appropriate for SPLEED. The imaginary part
of this self-energy correction, which accounts for the influence of
inelastic scattering, was chosen as Vi(E)¼0.1(E+Φ)0.83 eV [19], where
E is the kinetic energy of the diffracted electron and Φ¼5.91 eV the
work function of the sample as obtained by our ground state
calculation. The real part of the self-energy correction is essentially
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two-fold: firstly, the ground state real inner potential (V0¼15.76 eV)
is reduced with increasing kinetic energy E; secondly, the surface
potential barrier moves closer to the topmost internuclear plane.
Since these two corrections are not quantitatively known a priori,
but would have to be determined by comparing calculated with
experimental SPLEED spectra, we firstly used the ground state inner
potential. For the surface barrier, we employed a smooth form with
image asymptotics [19] and performed SPLEED calculations with
parameters appropriate for the ground state as well as with values
yielding an inward-displaced barrier.

Using the above quasiparticle potential, SPLEED calculations
were performed by means of a relativistic layer-Korringa–Kohn–
Rostoker (KKR) code [3]. The resulting E–θ landscapes for the
specular beam from the Ir (001)−1�1 surface are shown in Fig. 2
(a–c). The energy E is the kinetic energy of the SPLEED electrons
relative to the vacuum level of a semi-infinite Ir (001) crystal. The
scattering plane was chosen to intersect the surface along the
(010) direction. Since it is a mirror plane of the semi-infinite
crystal, the 00 beam spin polarization vector obtained in the case
of an unpolarized primary beam is perpendicular to the scattering
plane and equal to the spin asymmetry vector in the case of spin-
polarized primary beams, cf. [2,3]. Complete information is
Fig. 2. E−θ landscape of reflectivity (a), spin asymmetry (b) and single-channel
figure of merit (c) for unreconstructed Ir (001), calculated by the relativistic layer-
KKR SPLEED code. The false color scales denote absolute spin-averaged reflectivity
(a), spin asymmetry according to Eq. (3) in % (b) and absolute FoMsingle according to
Eq. (1) (c). The scattering plane intersects the surface along the (010) direction.
therefore contained in the spin-averaged reflectivity I/I0 and in
the spin asymmetry

A¼ ðI↑–I↓Þ=ðI↑þ I↓Þ: ð3Þ

With I↑ and I↓ denoting the specular beam intensities for a
completely polarized primary beam with polarization vector
perpendicular (up and down) to the scattering plane.

Since the contour plots in Fig. 2(a–c) are quite self-explanatory,
it may suffice to draw attention to some salient FoM features in
Fig. 2(c). Below 6 eV, a ridge with FoM values up to 0.015 extends
over a wide angular range, from θ¼61 to θ¼651. These values are
similar to the peak values obtained in a recent SPLEED study on Au
(111) [20], which was, however, restricted to energies below 20 eV
and to angles below 401. For our present spin-filter purpose,
angles between 401 and 501 are more suitable. In this angular
range, the FoM in Fig. 2(c) exhibits, in addition to the already
mentioned ridge, two regions with quite sizeable values, one
between 7 and 14 eV, the other between 30 and 40 eV. At higher
energies, there is only a smaller FoM mountain around 52 eV.
3. Experimental set up

For initial preparation and characterization of spin-integral
reflectivity the Ir (001) crystal was studied by LEED/Auger and
recipes for a “blind” preparation in the spin polarimeter were
tested out. In order to investigate the reflectivity and spin asym-
metry as function of scattering energy, the novel imaging spin filter
was adapted to a hemispherical electron energy analyzer [21]. As
compared to our first design [13], the lens diameters have been
scaled up by a factor of 1.5 to account for the larger exit field of this
analyzer. For adjustment purposes a real exit slit could be used,
whereas for multichannel operation the full exit field of the
spectrometer was focused in a demagnified spot onto the spin
filter crystal and subsequently focused onto the 2D electron
detector in a magnified image using the projective optics. The Ir
crystal was mounted under a fixed polar scattering angle of 451.
The azimuthal angle could be varied by means of a high-precision
rotary motion feedthrough. Azimuthal angle adjustment turned
out to be crucial for optimization of the scattering asymmetry. It is
known from previous measurements on W (001) [2] that the
azimuthal dependence of scattering asymmetry in so-called rota-
tion diagrams can be very pronounced and can even show sign
reversals (that in principle could be utilized for elimination of
apparatus-related spurious asymmetries).
Fig. 3. Electron-optical layout of the imaging spin polarimeter in the dispersive
plane (schematic: lenses omitted and scattering plane rotated by 901 with respect
to the drawing plane). The spinfilter crystal is rotatable about its surface normal in
order to vary the azimuthal scattering angle φ at fixed polar angle θ. Image series:
Snapshots of the secondary-electron distribution taken behind the spinfilter crystal
during an energy sweep. Note how intensity maximum and sharp low-energy cut
off shift in the field of view; sweep voltages are given.
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A schematic sketch of the setup is shown in Fig. 3; for sake of
simplicity, all lens elements have been omitted. For all results
shown below the spectrometer was operated at a pass energy of
80 eV. In this case a wide energy band can be accumulated
simultaneously. The dispersion of the spectrometer at 80 eV is
0.265 eV per mm, meaning that an interval of 5.3 eV fits into an
exit field of 20 mm width. In the multichannel acquisition mode
the whole field of view is analyzed simultaneously. If now the
kinetic energy is scanned (in the standard operation mode of the
spectrometer) the whole spectrum shifts across the field of view as
visible in the image series in Fig. 3. During the energy sweep, the
intensities measured at a given point in the exit field are a function
of the coordinate in the exit field and of the present sweep voltage.
When summing up the data in the multichannel mode this
relation of sweep voltage and coordinate is taken into account. A
line scan across the cutoff edge in the series shown in Fig. 3 yields
a resolution of 160 meV FWHM at these settings. Thus, about 33
energy points can be resolved simultaneously. In non-dispersive
direction a grid could be inserted in front of the entrance lens of
the spectrometer. In the low-angular-dispersion mode an interval
from −71 to +71 polar emission angle from the sample can be
accepted. From a linescan across this grid pattern we can conclude
that more than 30 angular intervals can be acquired simulta-
neously. Hence, N in Eq. (2) is almost 1000.

The electron image could either be accumulated using the
common multichannelplate – screen – CCD camera imaging unit
that is normally used directly behind the electron analyzer.
Alternatively we used a single-electron counting delayline detec-
tor [23], which can be moved into the beam path using a linear
motion feedthrough. The delayline detector is characterized by a
large dynamic range of more than 5 orders of magnitude. It has an
active diameter of 40 mm, a spatial resolution of about 50 μm and
a maximum count rate of 107 counts per second. An isolation valve
of ultra-flat design (thickness of shutter plate only 2 mm) was
integrated into the transfer optics between spectrometer and spin
detector, in order to shut off the spin detector from the main
vacuum system during preparation of the spin-filter crystal or the
sample in the main chamber.
Fig. 4. Results for reflectivity (a–c), spin asymmetry (d–f) and figure of merit (g–i)
for elastic specular scattering from Ir (001) at θ¼451. Note that the measurement
was taken for the 5�1 reconstructed surface (c, f, i), whereas the calculations
assumed a non-reconstructed surface (b, e, h). The false-color plots represent
details of Fig. 2 in the angular range of 30–601.
4. Experimental results

The Ir (001) crystal was prepared at a base pressure of
7�10−11 mbar following the guidelines of [24]. For hot oxygen
treatment it was heated up to 1100–1150 K under O2 partial
pressure of 8�10−8 mbar during 5–10 cycles for 5 min. Subse-
quently a short (∼20 s) high temperature (∼1600 K) oxide-flash
was carried out at 3�10−10 mbar. After this procedure the surface
always showed the well-known 5�1 reconstruction [25].

Theory predicts several regions of high FoM at angles of
incidence between θ¼401 and 501. A scattering geometry around
θ¼451 is very convenient for a practical design of the spin filter.
Therefore, we have studied this scattering region in detail using
the set-up sketched in Fig. 3. As polarized source we used the
secondary electrons from an epitaxial Fe film on W (011), provid-
ing a spin polarization of 30% in the intense peak of the secondary-
electron cascade [22,26].

The experimental data have been taken for freshly-deposited Fe
films magnetized by an in-vacuum coil along the two directions
perpendicular to the scattering plane. At each energy the spin
asymmetry A was determined according to Eq. (3) from the
intensity distributions I↑ and I↓ for opposite magnetization direc-
tions. The denominator of Eq. (3) is proportional to the spin-
integral intensity. The results are summarized in Fig. 4(a–i)
together with line scans in the theoretical E−θ landscape along
θ¼451. In addition, sections of the false-color plots of reflectivity,
asymmetry and FoM between 301 and 601 are included on the
same energy scale in order to illustrate the angular dependence
around 451.
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The figure reveals rather good overall agreement between
theory and experiment, despite the fact that the calculation and
measurement were made for the unreconstructed and 5�1
reconstructed surface, respectively. Many details (G–M) of the
pronounced structure of the measured spin asymmetry (spectrum
f) agree well with theory (spectrum e). For the reflectivity the
agreement is obviously worse, both concerning signal positions (e.
g. B and C) and intensity (e.g. deep minimum in experimental
spectrum (c) between signals D and E). The measured figure of
merit (spectrum i) reveals two prominent working points in this
energy range below 50 eV, as predicted by theory (spectrum h).
Again, significant deviations are obvious. In the following, we will
discuss these results in detail.

The experimental and theoretical energy scales have been
adjusted at the pronounced negative peak G in the asymmetry curve
at low energies. Best agreement was achieved by a small shift of the
experimental curve (by 1 eV) to higher energy. The energy scale of
the experiment is derived from the potential difference (including
the workfunction difference) between the electron source (in this
case the secondary electron signal of the iron film with the kinetic
energy being selected by the spectrometer) and the spin filter crystal.
The theoretical energy scale from Figs. 2(a–c) and 4(a–i) is the kinetic
energy of the diffracted electrons with respect to the vacuum level
above a semi-infinite iridium crystal. The diffraction energy inside of
the material depends on the quasi-particle inner potential, which is
not known quantitatively. For the results shown in Fig. 2(a–c) we had
taken the ground state inner potential V0¼15.76 eV. In a future
experiment we will determine the true scattering energy using a
time-of-flight technique and thence also the quasi-particle inner
potential.

The low energy working point at about 10 eV scattering energy
is characterized by a high peak in the figure of merit (theoretical
value 1�10−2) but relatively narrow usable energy band of about
1 eV FWHM. This is a favorable working point for high-resolution
applications. The measured spectral variation of the spin asym-
metry (f) agrees in many details with the theory curve (e). The
asymmetry values of the experiment are consistently smaller,
similar as found for the Au(111) case [20]. For the shown
measurement sequence an experimental asymmetry maximum
of 11% at the given primary polarization of 30% [22,26] we derive a
maximum asymmetry function S of 37% in peak G. This value is
about a factor of two smaller than the theoretical prediction. In
later measurements after many more preparation cycles the
asymmetry extremum value increased to about 70%, still some-
what smaller than the theoretical value of 95%. We conclude that
there are contributions to the scattering process that are not
included or not treated properly in the theoretical code. An
intrinsic contribution may be incoherent (elastic) scattering, an
indication being that the intensity minima in Figs. 4 and 5(c) are
not as deep as their theoretical counterparts. As possible extrinsic
reasons we can name the limited energy and angular resolution of
the electron beam at the spin filter crystal. The theoretical profile
shows wings at both sides of the sharp maximum, the measure-
ment (spectrum i) reveals a wing only on the high-energy side.

The dashed lines and labels G–M denote characteristic features
that agree quite well. Polarization feature F is not visible in
experiment, most likely due to strong quenching of such low
kinetic energies as 5 eV by spurious magnetic fields. Theoretical
features N and O are also not visible. Possibly they are smeared out
and merge into the broad experimental peak M.

The sections of the E−θ landscape indicate the angular variation
of the features. We see that the negative asymmetry extremum G
is centered at about θ¼451, see dark blue feature in (d). Above 521
and below 351 it is accompanied by regions of reverse asymmetry
as visible in the red regions in (d). We will see below that these in
fact occur in the scattering patterns.
The high-energy working point is characterized by a broad
maximum of positive asymmetry M centered at about 39 eV. The
FoM curve shows a FWHM of 5 eV, meaning that this working
point is well suited for cases where a large energy band is
analyzed simultaneously.

It lies on the high-energy side of the intensity feature E.
Experimentally, the intensity feature is broadened and does not
show a splitting into several maxima as predicted by theory. The
theoretical maximum N is merged into the broad peak M and the
sharp double peak O is missing in the measured asymmetry curve.
In the asymmetry landscape (d) the maximum shows up at
significantly larger angles of incidence of almost 501 (dark red
feature in d). This is different from the low-energy point, where
both extrema intersect the 451 line. An interesting feature is visible
around 33 eV scattering energy, i.e. in the wing of the intensity
maximum. We observe a clear negative asymmetry feature L (in
theory only a small dip reaching zero asymmetry). This negative
extremum offers the possibility of asymmetry reversal for zero
calibration by taking electron distributions in the 39 and 33 eV
extrema.

In search for the origin of the discrepancies between experi-
ment and theory we found that they cannot be removed by
physically reasonable changes of the input parameters to our
SPLEED calculations for the unreconstructed surface, in particular
not by displacements of the surface potential barrier. This leaves
us with ascribing them to genuine differences of the SPLEED
spectra for the 1�1 and the 5�1 surface geometry.

It is clear from Fig. 3 that the scattering energy varies along the
lateral coordinate in the drawing plane, also called dispersive plane
because electrons with different energies are dispersed in this plane.
In the non-dispersive plane perpendicular to the drawing plane
different angles are “sorted”, up to an interval of +151 emission angle
from the sample. The electron optics can be adjusted in such a way
that the variation of the emission angle at the sample shows up in
terms of a variation of the scattering angle at the spin filter crystal.
Under such conditions, the lateral coordinates in the observed pattern
correspond to scattering energy and angle and one can directly
observe a small section of the 2D landscape like the inset (d) in
Fig. 4. Such measurements are performed in a spectral region where
the spin polarization of the source signal is constant. An example of
this kind of measurement is shown in Fig. 5. A comparison of theory
(panel a) and experiment (panel b) reveals in both cases a character-
istic bipolar asymmetry feature in the low-energy region between 10
and 15 eV scattering energy and 301 and 501 scattering angle. The
asymmetry maximum of 20% corresponds to a spin sensitivity (Sher-
man function) of about 70%. The wavy structure in the image results
from a grid that can be shifted into the electron optical path for
optimizing the angular resolution in test experiments. For real spectro-
scopic measurements the grid is retracted. Systematic measurements
of this kind will allow mapping out the full 2D asymmetry landscape.
For normal measurements the electron optics is adjusted such that the
asymmetry function varies only little across the field of view. Such a
case is shown in Fig. 5(c). In this working point the asymmetry is
practically homogeneous and the vertical scale directly represents the
emission angle from the sample, as denoted by the right ordinate.
Here, the angular grid was retracted. In general, the variation of the
asymmetry function across the field of view must be taken into
account via the image acquisition software (see also paper by Tusche
et al., this issue [12]).

Typical spectra taken with this set up are shown in Fig. 6. The
left panel (a) shows a spin-resolved spectrum of the secondary
electrons, after excitation with 10 keV electrons. The spectrum
agrees fairly well with literature data. The feature above 12 eV was
also observed in previous work [22,26] and is presumably a final-
state feature. The right panel (b) shows a spin-resolved photo-
electron spectrum taken with a Helium lamp. The spectrum shows



Fig. 5. Theoretical asymmetry pattern around the low-energy working point. Detail of Fig. 2(b) is given in (a). Asymmetry pattern observed in the exit plane of the analyzer
in this energy vs. scattering angle region (b). The wavy structure originates from a grid inserted into the electron optical path to mark the angles. Pattern obtained at a
different setting with homogeneous asymmetry function in the oval field of view (c).

Fig. 6. Intensity and spin polarization spectra of the secondary electrons from an Fe(110) thin film induced by electron bombardment (a) and spin-resolved ARUPS spectrum
of the same sample taken with He radiation (b).

D. Kutnyakhov et al. / Ultramicroscopy 130 (2013) 63–6968
the characteristic rapid drop of the spin polarization from positive
values below the Fermi energy to negative values at the Fermi
energy. These spectra have been taken in multichannel mode at a
pass energy of 80 eV, with the exit field of the analyzer fully open,
as explained in Fig. 3. For the spectrum in Fig. 6b the angular range
was 771 at an angular resolution of 0.51. The energy resolution
was about 400meV and the spectrum was acquired in 0.5 h. Both
spectra are displayed after integration over the angular coordinate.
More details of the multichannel acquisition mode can be found
in [13].
5. Summary and conclusion

Since the pioneering work of Kirschner and Feder in 1979 spin
detectors based on spin polarized low-energy electron diffraction
(SPLEED) are widely used as polarimeters in spectroscopy, for
generation of magnetic images in SEMPA and, more recently, for
parallel-imaging spin filters. The prototype high-Z material for
SPLEED detectors is still W (001) since it is best understood and its
preparation is comparably easy. The present paper is the result of
the quest to find a novel material with much larger lifetime in
UHV, thus avoiding the frequent flashes required for tungsten. We
found that the Ir (001) surface is a very good alternative to W
(001). Its spin analyzing power is very high, the Sherman function
reaches values up to 70%, it shows very good imaging properties in
the spin filter application and typical lifetimes of the freshly
prepared surface were about one day. As a guideline for the search
for extrema in the figure of merit we calculated the reflectivity and
spin asymmetry in the 2D E−θ landscape (scattering energy vs.
angle of incidence) using a relativistic layer-KKR SPLEED code.

Ir (001) was first studied using LEED/Auger with emphasis
placed on a reproducible preparation of the surface, being man-
datory for the application as imaging spin filter. We found that the
clean 5�1 reconstructed surface could be prepared reliably,
whereas recipes removing the reconstruction often left residues
of reconstructed regions on the surface. Thus, all measurements
have been performed for the clean, reconstructed surface. First
results for ultrathin layers of Au on Ir (001) suggest that this
system exhibits a non-reconstructed surface and offers the chance
for a further substantial improvement of the lifetime of the surface
in UHV.

Central result is the survey study of spin asymmetry and
reflectivity for the 5�1 surface in the energy region up to 50 eV
at an angle of incidence of 451 in specular geometry. Two
attractive working points were found in this region: At 10 eV we
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find the total maximum in figure of merit in a rather narrow peak
of about 1 eV width; at 39 eV scattering energy we observed a
broad maximum characterized by a usable energy interval of 5 eV.

Despite of the fact that the experiment was performed for the
5�1 reconstructed surface, and theory studied the non-
reconstructed surface, the overall agreement of experimental and
theoretical spin asymmetry curves is rather good. We can con-
clude that relativistic layer-KKR SPLEED calculations provide a
valuable guideline in the search for other high-Z spin filters.
Generally, the agreement is significantly better for the asymmetry
than for the reflectivity. In the asymmetry (Eq. (3)) many second-
ary influences like transport losses etc. cancel out, because they act
in the same way on I↑ and I↓. However, such effects alter the
reflectivity.

The agreement between theory and experiment is apparently
better in the low energy region. This may be due to the larger
probing depth owing to the increasing inelastic mean free path at
low energies. Thus, the relative contribution from the recon-
structed surface is smaller in relation to the contribution from
deeper-lying layers. In search for the origin of the discrepancies
we found that they cannot be removed by physically reasonable
changes of the input parameters to our SPLEED calculations for the
unreconstructed surface, in particular not by displacements of the
surface potential barrier. This leaves us with ascribing them to
genuine differences of the SPLEED spectra for the 1�1 and the
5�1 surface geometry.

The results confirm that an angle of incidence of 451 is a good
choice in the total E−θ landscape. The other regions with large
FoM (at 61 and 18–28 eV or the low energy region above 701) are
attractive as well, but geometrically less favorable for the present
experiment.

The limits of the imaging spin filter with respect to aberrations
are very different for different applications. Behind the exit of a
hemispherical analyzer we encounter a very large field of view
(width 20 mm or more) and also a large angular divergence of
about 41 (characteristic for hemispherical analyzers). Furthermore,
the kinetic energy varies by 5–10% of the pass energy across the
field of view. This leads to electron-optical aberrations that set a
limit to the number of simultaneously resolvable data points.
Simulations reveal that more than 40 energy intervals and 40
angular intervals (i.e. 41600 data points) can be resolved in this
mode. This value is dictated by electron-optical aberrations.
Experiments to explore the limit are under way. In a photoemission
microscope (or momentum microscope) the field of view is small
and beam divergence can be reduced to 0.5–11 at the position of
the spin filter. Tusche et al. [11,12] demonstrated that 4000 data
points can be resolved in spin-filtered PEEM using a W (001)
crystal. Unlike the first case, here the limit is set by the diffraction
process, in particular the angular spread of the diffracted beam
and the mosaic pattern of the spinfilter crystal. A thorough
discussion of these influences and the procedure for quantitative
measurements in the microscopy application is given in [12]. In a
third application the imaging spin filter is combined with time-of-
flight photoelectron spectromicroscopy. In this case, the chromatic
aberration due to the energy spectrum acquired simultaneously
and the width of the usable asymmetry features of the spinfilter
crystal set additional requirements. For this application the 5 eV
wide asymmetry profile at the high energy working point (cf.
Fig. 4f) is advantageous.
The superior performance of multichannel spin detection
provides a novel method for magnetic domain imaging with an
efficiency higher than exploiting MCD [11]. The parallel image
acquisition further paves the way to single-shot experiments at
ultra-bright fs-sources like FELs. Combined with a hemispherical
electron spectrometer, the spin filter improves spin detection
efficiency by orders of magnitude and thus facilitates experiments
on highly reactive surfaces like in-situ prepared Heusler films,
radiation-sensitive organic layers or in low-intensity spectroscopy
like Spin-HAXPES.
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