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Since the original work by Mott, the low efficiency of electron spin polarimeters, remaining orders of

magnitude behind optical polarimeters, has prohibited many fundamental experiments. Here we report a

solution to this problem using a novel concept of multichannel spin-polarization analysis that provides a

stunning increase in efficiency by 4 orders of magnitude. This improvement was demonstrated in a setup

using a hemispherical electron energy analyzer. An imaging setup proved the principal capability of

resolving more than 105 data points in parallel.
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Spin-polarization measurements of free electrons re-
main challenging since their first realization by Mott. As
Heisenberg’s uncertainty principle forbids the Stern-
Gerlach experiment for free electrons, the determination
of spin polarization relies on spin-orbit or exchange inter-
action. Electrons are scattered at solid state targets which
reduces the efficiency by orders of magnitude compared to
polarization analyzers for visible light.

Many emerging research fields are inaccessible with
state-of-the-art spin detectors. Examples are single-shot
experiments with extreme ultraviolet (XUV) laser pulses
[1,2], nonrepetitive phenomena, fundamental spin interac-
tions, e.g., in topological insulators [3], and spin-resolved
hard-x-ray photoemission spectroscopy in the valence
band region [4] to name but a few.

Here we show that our novel approach of two-
dimensional multichannel spin detection overcomes this
drawback with a uniquely high efficiency that is about
4 orders of magnitude enlarged in comparison to the per-
formance of single-channel state-of-the-art electron spin
detectors.

The relevant quantity for the statistical performance
of a polarimeter is its figure of merit F ¼ S2I=I0 with S
being the asymmetry function (also termed Sherman
function [5,6]) and I=I0 the ratio of scattered versus in-
coming intensity. All present commercial spin-polarization
detectors [7–9] are based on single-channel electron
scattering and are characterized by a figure of merit of
typically 10�4 since the early 1980s, when two of the
authors employed Mott scattering in a gas-phase photo-
emission experiment [10] and introduced spin-polarized
low-energy electron scattering (SPLEED) as an ultra
high vacuum (UHV)-compatible method for spin polar-
imetry [11]. Typical widely used instruments are
described in Ref. [12] (120 keV Mott detector), in
Ref. [7,13] (SPLEED detector), and in Ref. [9] (mini-
Mott detector). Only in few cases, higher efficiencies
have been reported. One approach is the scattering from

clean [14] oroxygen-passivated thin Fe [15,16] or Co [17]
films, where 1–2 orders of magnitude can be gained.
However, the elaborate preparation of high-quality Fe
and Co films is a specialist’s method and is so far only
used by a few groups worldwide. As an alternative
approach, spin-dependent electron transmission through
ferromagnetic ultrathin films was proposed as a high-
efficiency spin filter [18]. Such devices, though principally
possible [19], pose the experimental problem to produce
large, freestanding few nanometer thick films of Fe or Co.
In spin-integral electron spectroscopy the situation de-

veloped completely different. With the advent of multi-
channel detection, the efficiency of electron spectrometers
increased strongly. Today, state-of-the-art electron energy
analyzers feature highly efficient multichannel detection
with more than 104 data points acquired simultaneously
[20]. When comparing spin-resolved with spin-integral
electron spectroscopy we thus face a difference in counting
efficiency of 8 orders of magnitude. In practice, spin-
resolved spectroscopy with sufficient count rates can often
only be performed with strongly reduced energy and an-
gular resolution.
The novel multichannel concept is based on the idea of

preserving a two-dimensional electron distribution in the
spin-polarized low-energy electron diffraction process.
The analyzer crystal is mounted in specular geometry
deflecting the electrons by 90�. The conservation of the
electron momentum component parallel to the crystal sur-
face, inherent to the (0,0) beam, guarantees a transfer of the
two-dimensional lateral image information that is encoded
in the scattering coordinates and angle.
Figure 1(a) shows a schematic view of the multichannel

spin polarimeter setup attached to a hemispherical electron
spectrometer. In its exit field the electron spectrometer
separates the electrons by their energy in the dispersive
direction. The nondispersive direction shows separated
emission angles in the case of a modern spectrometer.
We therefore name this the (reciprocal) angular direction.
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The electron-optical simulation shows four bundles of
trajectories calculated assuming perfect specular reflection
from the surface of the W(100) spin filter crystal. In this
geometry, the polarization component perpendicular to the

scattering plane (P"ð#Þ) is analyzed via diffraction at about
26 eV kinetic energy. The spin filtered image is recorded
by a delay line detector (DLD) [21] with a lateral resolu-
tion of about 50 �m and an active detection area of 40 mm
diam. detecting single-electron events. The electron signal
is intensified and the position is detected via runtime
differences in a 2D meander. The whole assembly is con-
tained in a magnetically shielded vacuum chamber.
The scattering process is sketched in Fig. 1(b) assuming

a parallel beam. The specular (0,0) beam is used for spin
filtering. Electrons penetrate �4 monolayers into the
crystal [22].
The momentum scheme is shown in Fig. 1(c), where we

have indicated the interference structure along k?.
Assuming an inner potential of 9 eV and accounting for a
compression of the top layer spacing by 6% [23] yields a
position of the first interference maximum at an impact
energy of 16 eV. This means that the observed maximum at
25 eV results from multiple scattering. Because of spin-
orbit coupling, the majority and minority electrons see
different potentials, leading to different scattering ampli-
tudes which govern the asymmetry function [5]. The figure
reveals that a variation of E at fixed � (dotted lines) leads
to a variation of the size of the Ewald sphere and hence, to a
modification of the interference condition (intensity and
asymmetry) as observed experimentally (see [24] for
Supplemental Material). An analogous argument holds
for a variation of the angle. The optimum working point
for W(100) is at a scattering energy E0 ¼ 26 eV. There,
we find a large reflectivity of 0.012 and an asymmetry of
S ¼ 0:43.
Figure 2 shows first experimental results of photoelec-

tron spectra recorded from a clean Fe (100) sample excited
by He I (h� ¼ 21:23 eV) radiation. Figure 2(a) shows the
lateral electron distribution pattern of photoelectrons emit-
ted from the Fe(100) surface after being dispersed by the
hemispherical energy analyzer and after scattering at the
spin filter crystal. The energy-dispersive and angular

FIG. 1 (color online). (a) Schematic view of the multichannel
spin polarimeter setup behind the exit field of a hemispherical
analyzer comprising a narrow entrance slit and a wide exit field.
Two of the trajectory bundles indicate electron paths separated
along the energy axis Ei. The other bundles correspond to
different emission angles separated along the �j axis on the

detector. (b) Geometry of the scattering process for simultaneous
acquisition of 16 data points for the idealized case of a parallel
beam and (c) corresponding momentum scheme (Ewald con-
struction) in the kinematic approximation for specular reflection
[(0,0) beam] for W(100) at 45� and 26 eV. A variation of E by
10% modifies the scattering condition (red).

FIG. 2 (color online). (a) Two-dimensional electron intensity distribution (false color map) in the exit field of the electron
spectrometer, imaged after reflection at the spin filter crystal. The spectrum corresponds to the 2D photoelectron distribution of an
iron film near the Fermi edge (h� ¼ 21:23 eV). (b) Corresponding asymmetry pattern calculated from two measurements with
opposite magnetization directions of the iron film, cf. Eq. (1). The background was corrected linearly, the intensity variation in the
dependence of � was not corrected. (c) Line scans of the asymmetry for different angular coordinates �j.
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resolving directions correspond to the axes Ei and �j in

Figs. 1(a) and 1(b), where indices i and j number the
resolvable data points. The DLD registers each counting
event with respect to its coordinate (Ei, �j) yielding the

accumulated count rate Iij. The intensity cutoff on the

right-hand side of Fig. 2(a) represents the Fermi edge
(marked by the vertical dotted line) which could be dis-
played sharply, validating that no significant distortion of
the ray bundles occurs during the diffraction process.

Figure 2(b) shows a typical asymmetry distribution pat-
tern of Fe(100). The asymmetry is negative at the Fermi
edge, turning to positive values at higher binding energies.
The horizontal stripe pattern originates from a fine stripe
mesh placed in the beam path of the analyzer optics. The
stripe pattern shows the largest contrast in Fig. 2(b) as the
shadow areas have zero asymmetry. We can resolve 16
bright and 16 dark (shadow) stripes with 2 image points
each, leading to a minimum number of 64 resolvable
angular intervals.

The width of the energy band across the exit field of the
spectrometer is approximately 3 eV. For our room tem-
perature measurements at 50 eV pass energy, we derive an
energy resolution of about 180 meV, including the thermal
broadening of 100 meV. This translates into a number
of 17 resolvable energy points. This yields a total of
64 angular points � 17 energy points ¼ 1044 data points
acquired simultaneously. In a different multichannel spin
filter experiment using the same scattering arrangement in
an emission electron microscope, approximately 3850 data
points could be resolved [25].

The 2D spin-asymmetry pattern Aij as shown in Fig. 2(b)

is determined via pixel-by-pixel processing of two electron
distribution patterns like Fig. 2(a), taken for opposite sam-
ple magnetizations. For each data point the spin polariza-
tion is determined as:

Pij ¼ Aij

1

Sij
¼ Iþij � I�ij

Iþij þ I�ij

1

Sij
(1)

where Iþð�Þ
ij denote the intensities in pixel (i, j) for sample

magnetization directions þ (�) and Sij is the asymmetry

function. For details on the energy dependent function Sij
see [24].

Figure 2(c) shows line profiles of the measured asym-
metry vs kinetic energy extracted from Fig. 2(b) at differ-
ent angles �j. With a modern hemispherical analyzer, the

�j axis corresponds to different emission angles, which

typically range from �7� to þ7� [20]. For the given
photon energy it is thus possible to investigate 30% of
the Brillouin zone of the iron sample with one image
[15 minutes acquisition time with the quality as in
Fig. 2(a)].

In order to compare the new multichannel spin polar-
imeter to state-of-the-art single-channel spin detectors for
electron spectroscopy, we define the ‘‘two-dimensional

figure of merit’’ (F 2D) as the product of the single-channel
F single averaged over the energy interval acquired simul-

taneously multiplied by the number of resolved data
points N, i.e.,

F 2D ¼ NhF singlei ¼ N

�
S2ij

Iij
Iij;0

�
: (2)

For an energy interval of 3 eV we found a value of
F 2D ¼ 1044� 1:7� 10�3 ’ 1:8 with hSiji ¼ 0:38 and

the averaged effective intensity response hIij=Iij;0i ¼
1:2%. This value is the highest found so far for electron
spin polarimeters. It means that the multichannel detector
is 104 times more efficient than a single-channel detector
with a F single in the range of 10�4 at the same resolution.

When selecting a smaller energy interval of only 1 eV, hSiji
increases to 0.41 which corresponds to a F 2D ¼ 2:1
(see [24]).
A typical set of spin-resolved spectra for the Fe(100)

surface is shown in Fig. 3. The partial intensities for
majority and minority electrons at the angular coordinate
�0 were determined via

I"ð#Þi;0 ¼ ð1� Pi;0ÞItot;i;0 (3)

where Itot;i;0 is the spin-integrated count rate (Iþi;0 þ I�i;0)
at the energy Ei;0 and Pi;0 is the polarization as given in

Eq. (1).
The Fe spectra in Fig. 3 are characterized by a highly

positive spin polarization of the prominent emission fea-
ture at a binding energy of 0.7 eV and a steep drop of the
spin polarization to large negative values when approach-
ing the Fermi energy due to a surface state in the minority
electron band. These spectra agree perfectly well with
spin-resolved He I spectra from the literature [26] for
thin Fe films. This proof-of-principle shows that the spin
filter works properly.
The present study was performed using a hemispherical

analyzer that is not optimized for multichannel operation.
Using state-of-the-art spectrometers the performance can

FIG. 3 (color online). Spin-resolved spectra (h� ¼ 21:23 eV)
near the Fermi edge of a clean Fe(100) surface. The up (down)
arrow denotes majority (minority) partial spectra.
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be improved considerably. The number of resolvable
points is limited by the transfer width of the setup, the
electron-optical aberrations, and by the mosaic spread of
the tungsten single crystal. Because of the mosaic spread,
an ideal parallel incident electron beam will be diffracted
into a cone with an angle of 0.1�, using a typical value for a
W(100) single crystal, translating to a spatial deviation of
0.16 mm in the image plane. This limits the number of
resolvable image points to approximately 15 000, leading
to a theoretical two-dimensional figure of merit of 19.
Modern electron spectrometers provide 140 angular points
and 200 energy points simultaneously [20]. Thus, for an
optimized design we may expect a total gain (F and N) of
more than 5 orders of magnitude compared to conventional
spin detectors. W(100) with its optimum working point
(26 eV scattering energy, S ¼ 0:43, I=I0 ¼ 1:2%) was
chosen due to its ease of preparation. Other materials might
offer higher F s. For example, the problem of the mosaic
spread could be avoided by epitaxial films on high-quality
single crystal substrates.

As for all spin polarimeters it is advantageous to reverse
the asymmetry. In the present work, the magnetization
direction was reversed. Alternatively, the spin filter crys-
tal–DLD assembly could be pivoted about the beam axis
by 0� j 180� or þ90� j �90� to detect both transversal
polarization components. Other spin-rotator assemblies
were already successfully incorporated in spin-polarized
low-energy electron microscopes [27].

For single-shot experiments that require a fully parallel
image acquisition of a large electron flux arriving simul-
taneously at the detector, the DLD can be replaced by a
multisegment detector or by an optical detector with CCD
camera coupled to a fluorescent screen. In pulsed experi-
ments, an additional condition can be set that eliminates all
scattered electrons.

Besides the use for electron spectrometry the new multi-
channel approach can be used for momentum microscopy
[28] and for spin-resolved imaging of Fermi surfaces.

In summary, we have developed a new type of multi-
channel spin polarimeter that shows an efficiency improved
by about 4 orders of magnitude in comparison to state-of-
the-art single-channel spin detectors. One order is gained by
the high asymmetry function of S ¼ 43% and the high
reflectivity and 3 orders are gained by the multichannel
approach. The figure of merit (1.7 reached, 19 expected
for an optimized design) exceeds that of a ‘‘perfect’’ (Stern-
Gerlach-type) single-channel spin filter (F ¼ 1). This gain
in measuring efficiency paves the way to new experiments
in various fields of current and future interest.
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