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Photoelectron spectroscopy is our main tool to explore the electronic structure of novel 
material systems, the properties of which are often determined by an intricate interplay of 
competing interactions. Elucidating the role of this interactions requires studies over an 
extensive range of energy, momentum, length, and time scales. We show that immersion 
lens-based momentum microscopy with spin-resolution is able to combine these 
seemingly divergent requirements in a unifying experimental approach. We will discuss 
applications to different areas in information research, for example, resistive switching 
and spintronics. The analysis of resistive switching phenomena in oxides requires high 
lateral resolution and chemical selectivity, as the processes involve local redox processes 
and oxygen vacancy migration. In spintronics topological phenomena are currently a hot 
topic, which lead to complex band structures and spin textures in reciprocal space. 
Spin-resolved momentum microscopy is uniquely suited to address these aspects. 
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I. INTRODUCTION 
The physical properties of modern condensed matter 

systems are largely determined by the details of their 
electronic structure. This is true for both the ground and 
excited state. Phenomena such as magnetism or super-
conductivity are the result of a complex interplay of charge- 
and spin-dependent interactions in a many-electron system 
on different length scales and even time scales, if dynamic 
processes are considered. The overarching concepts of 
symmetry and topology govern the novel field of quantum 
materials and may result in complex spin behaviors in real 
and momentum space [1]. 

By now, we know a large suite of photon-in/electron-out 
techniques, which probe different aspects of the electronic 
structure and their connection to specific physical and 
chemical properties. In the past, two main methodological 
avenues have been followed rather independently. Photo-
electron spectroscopy is the method of choice if it comes to 
a detailed characterization of the electronic states in 
quantum materials [2]. Recent years have seen amazing 

developments in the technique of angle-resolved photo-
electron spectroscopy (ARPES) with respect to both spec-
trometers and light sources. With the help of narrow 
bandwidth lasers the energy resolution limit has been pushed 
to less than 1 meV [3]. Using focused high-brilliance syn-
chrotron radiation, a lateral resolution in the 100 nm range 
could be obtained in scanning ARPES (nanoARPES) 
systems [4, 5]. A lateral mapping in momentum (k) space 
became available by the recent introduction of scanning lens 
options.  

Understanding electronic states with respect to all 
quantum numbers requires the electron spin to be explicitly 
taken in to account. The use of spin-resolved ARPES was 
for a long time limited by the low efficiency of the various 
types of spin detection schemes which involved spin-orbit 
scattering [6]. A first improvement in single-channel spin- 
detection came finally with the low-energy iron detector 
based on exchange scattering [7]. We successfully imple-
mented single-channel spin detectors into hemispherical 
spectrometer systems [8], including the most efficient 
version of the iron detector [9]. This system was recently 
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upgraded by a scanning lens option and a 6 eV cw laser 
providing the means for high-resolution spin-polarization 
studies. An example is given Figure 1 showing the topologi-
cal surface state in Bi2Se3(0001) [10]. The ring-like Fermi 
surface of this Dirac cone in the (kx, ky) plane is mapped by 
scanning the electron trajectories in the entrance lens of the 
spectrometer and displays the characteristic spin texture due 
to spin-momentum locking. The difference in the spin data 
for s- and p-polarized light is caused by the linear dichroism 
in the photoelectron angular distribution related to the angle 
of light incidence [11]. 

A second independent development concerned photo-
emission microscopy (PEEM) and aimed at imaging surfaces 
with high spatial resolution. This was achieved by the 
immersion lens concept originally developed by Brüche [12]. 
Whereas early PEEM instruments did not discriminate the 
photoelectron energies, more advanced concepts imple-
mented energy-dispersive elements and added spectroscopic 
capabilities in the PEEM [13]. However, even without 
additional energy filters, using PEEM with synchrotron 
radiation in an X-ray absorption spectroscopy mode resulted 
in a very powerful methodology with widespread use in 
many scientific disciplines. An example from materials 
science for information technology is given in Figure 2 and 
studies the electronic changes related to resistive switching 
in oxides—in this case specifically the perovskite LSMO 
(La0.7Sr0.3MnO3) [14]. Resistive switching denotes reversi-
ble nonvolatile changes of the electrical conductivity of a 
material controlled by voltage or current pulses [15]. In 
oxides this effect is often caused by local redox reactions 
and the creation/motion of oxygen vacancies. The lateral 
resolution provided by PEEM enables spectromicroscopy on 
small sample areas. 

The changes between the high resistive (HRS) and low 
resistive states (LRS) are clearly visible at the Mn L-edge 
absorption spectra, which have been recorded from small 
areas, which were subjected to voltage pulses of different 
height. In particular, the L3 absorption line exhibits a clear 
fine structure, which reflects a change of the oxidation state 

from Mn3+ (LRS) to Mn2+ (HRS). Since the Mn ion is also 
responsible for the magnetization in LSMO, the resistive 
switching should also affect the magnetic moments. This can 
be explored by X-ray magnetic circular dichroism (XMCD), 
and indeed we find a significant change in the XMCD 
signature at the L2,3 edges. A quantitative interpretation of 
these spectral data will need further theoretical input. 

II. MOMENTUM MICROSCOPY 
The immersion lens column of a PEEM generates an im-

age of the lateral distribution of the emitted photoelectrons 
𝐼𝐼(𝑥𝑥,𝑦𝑦). By adding an additional lens, however, the spatial 
image can be Fourier transformed into an image of the pho-
toelectron emission angles. As the emission angle is directly 
related to the photoelectron momentum value in the surface 
plane 𝑘𝑘∥ = �𝑘𝑘𝑥𝑥, 𝑘𝑘𝑦𝑦�, the resulting image contains the mo-
mentum distribution of the photoelectrons with high angular 
resolution [16]. In “momentum microscopy” this image is 
energy-filtered to yield an energy- and momentum-resolved 
two-dimensional (2D) photoelectron intensity distribution 
𝐼𝐼�𝐸𝐸kin,𝑘𝑘𝑥𝑥, 𝑘𝑘𝑦𝑦�  for a fixed photoelectron kinetic energy. 
Conventional ARPES can only acquire small segments in 
reciprocal space even when a scanning lens option is used. 
The parallel acquisition approach of momentum microscopy 
enables a highly efficient mapping of entire Brillouin zone 
volumes 𝐵𝐵�𝐸𝐸B,𝑘𝑘𝑥𝑥, 𝑘𝑘𝑦𝑦� (EB; binding energy) by scanning 
the kinetic energy. Currently, with respect to the energy res-
olution two main development lines of momentum micro-
scopes are followed. The first line is based on conventional 
electrostatic energy filters and will be further discussed be-

 

Figure 1: High-resolution spin-resolved photoemission from the 
(0001) surface of the topological insulator Bi2Se3. Left: Dispersion 
of the topological surface state (TSS) close to the Fermi level. 
Right: Spin-polarization maps of the TSS at EF in the (kx, ky) plane. 

 
Figure 2: Top: X-ray absorption microspectra at the Mn L2,3 edges 
taken on resistively switched areas on LSMO. Inset: PEEM image 
showing the rectangular areas subjected to different voltage pulses, 
marking also the high resistive (HRS) and low resistive (LRS) 
states. Bottom: XMCD microspectra from the HRS and LRS re-
gions, which have been remanently magnetized. 
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low. The second line exploits the time-of-flight (ToF) prin-
ciple for the energy discrimination in combination with a 
pulsed light source. In this case the photoelectrons generated 
by the light pulse travel through a drift tube, before they hit 
a 2D delay line detector (DLD) [17]. Depending on their 
kinetic energy—or velocity—the electrons reach the DLD at 
different time t, yielding a data set 𝐼𝐼�𝑡𝑡, 𝑘𝑘𝑥𝑥, 𝑘𝑘𝑦𝑦�. The DLD is 
synchronized with the pulsed light source, which enables 
one to convert the data set into the energy- and momen-
tum-resolved photoelectron map 𝐼𝐼�𝐸𝐸kin,𝑘𝑘𝑥𝑥, 𝑘𝑘𝑦𝑦�. Given a 
pulsed light source the time-of-flight approach provides the 
means for a very efficient momentum microscopy at least 
with respect to intensity measurements, which has been 
demonstrated recently in Ref. 18.   

A spin-resolved version of the momentum microscopy 
poses a major challenge, as the conventional single-channel 
spin polarimeters are of very limited use. The necessary 
breakthrough in spin polarimetry had to wait for the devel-
opment of 2D spin analysis schemes, which became availa-
ble only recently [19, 20]. In this “imaging” approach a 2D 
quasi-monoenergetic electron distribution 𝐼𝐼�𝐸𝐸s, 𝑘𝑘𝑥𝑥, 𝑘𝑘𝑦𝑦�  is 
specularly scattered off the polarimetry target, which results 
in a spin polarization distribution 𝑃𝑃𝑛𝑛�𝑘𝑘𝑥𝑥,𝑘𝑘𝑦𝑦� (n: quantiza-
tion axis along which the spin polarization is determined). 
Combining an imaging spin detector with a momentum mi-
croscope not only marks the long-awaited breakthrough in 
spin-resolving ARPES experiments, as demonstrated in Ref. 
21. In fact, it also paves the way to an “All-in-One” photo-
emission experiment. With such an instrument, we may be 
able to investigate spin-dependent electronic states and pro-
cesses in real space (𝑟𝑟) and reciprocal space (𝑘𝑘�⃗ ) as a func-
tion of binding energy E. Using pulsed light sources and 
appropriate pump-probe schemes we may also add the pa-
rameter time t, eventually to time scales in the sub-pico-
second regime. This unique combination will provide a 
completely new tool set to investigate and disentangle the 
complex interplay of spin-dependent electronic interactions. 

III. EXPERIMENTAL REALIZATION 
A spin-resolved momentum microscope comprises three 

principal elements: (i) immersion lens optics, (ii) energy 
filter, and (iii) imaging spin detector (Figure 3). The immer-
sion lens optics is very similar to the columns used in pho-
toemission microscopy (PEEM) [13]. It generates a strong 
electrostatic field (up to 10 kV mm−1) between sample sur-
face and lens to collect all the photoelectrons emitted from 
the sample. For a subsequent spin polarization analysis, a 
purely electrostatic lens system is advantageous as it pre-
cludes spin precession which would otherwise occur in 
magnetic fields. It is important to note that the immersion 
lens system preserves both the spatial and angular infor-
mation of the electrons passing through it. Depending on the 
setting it can therefore generate a 2D image of the spatial or 
angular distribution of the photoelectrons at its output. The 
first one corresponds to the classical PEEM mode, whereas 
the second one is the basis for the momentum microscopy 

mode. 
The 2D electron distribution at the output of the immer-

sion lens imaging column is then fed into an energy filter, 
which in our case is a double-pass hemispherical deflection 
analyzer (HDA). A transfer lens system between the two 
HDAs permits us to choose between high energy resolution 
or high transmission modes, while preserving the 2D char-
acteristics of the photoelectron distribution [22]. Behind the 
output of the double-pass HDA a transfer lens system trans-
ports the electrons into a set of projection lenses, in order to 
form a magnified spin-integrated intensity image on a 2D 
detector in the straight direction [Figure 3(a)].  

For the spin polarization analysis, a scattering target, e.g., 
a W(001) or Ir(001) surface, is placed into the imaging 
column behind the HDAs. The detection principle involves a 
scattering geometry of 90° and requires a well-defined 
working point, i.e., scattering energy Es. The energy-filtered 
photoelectrons are quasi-monochromatic and are then accel-
erated/decelerated to the appropriate scattering energy. After 
the scattering the spin-filtered image is made visible on a 
two-dimensional detector. The contrast in this image reflects 
the spin polarization along the quantization axis defined by 
the spin polarimeter geometry, i.e., the spin polarization 
component perpendicular to the scattering plane.  

We are currently operating a spin-resolving momentum 
microscope at the synchrotron radiation source Elettra (Ita-
ly) [4, 23]. The undulator beamline covers the range from 50 
eV to 1200 eV and permits the selection of linearly and cir-
cularly polarized light. The imaging spin filter employs 
scattering from a W(001) surface. A second instrument is 
currently under construction, improving on the successful 
design originally developed at the MPI Halle (Germany) 
[21]. It will employ an Ir(001) imaging spin detector, which 
provides a high long-term stability of the spin-polarization 
analysis. The light source will a dedicated high harmonic 
generation (HHG) source driven by a pulsed laser system 
with a high repetition rate of up to 10 MHz and covering 
photon energies up to 100 eV [24]. This set-up will also in-

 
Figure 3: Principal layout of a momentum microscope in the in-
tensity (a) and spin-resolving mode (b), showing the various in-
formation channels in real space I (x, y) and reciprocal space I (kx, 
ky). 
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clude pump-probe capabilities for carrying out time-re-
solved studies of electron and spin dynamics. 

Given the similar electron-optical concepts for the mo-
mentum microscopes involving electrostatic energy filters 
and the ToF approach, we should also briefly comment on 
the combination of the imaging spin filter with the ToF 
scheme. This has already been demonstrated successfully in 
a study of surface states in W(110) [25]. However, the “pol-
yenergetic” nature of the electrons passing through the drift 
tube is incompatible with the need for a well-defined scat-
tering energy Es at the spin-filter target. This situation re-
quires a prefiltering of the electron energy, thereby reducing 
the efficiency of the original ToF approach for spin-resolved 
measurements. 

IV. APPLICATIONS 
An instrument like the one sketched above enables a mul-

titude of operation modes which brings it close to our de-
sired “All-in-One” spin-resolved photoelectron spectroscopy 
approach. In the following, we will discuss some of the im-
aging modes. 

A. Real space imaging 
Setting the immersion lens optics to image the lateral dis-

tribution of photoelectrons across the sample basically cor-
responds to the simple PEEM mode. The PEEM mode has 
been very successfully employed for the imaging of mag-
netic domains by exploiting the X-ray magnetic circular 
dichroism (XMCD) in X-ray absorption [26]. This XPEEM 

approach combines magnetic and element-selective infor-
mation in a unique manner, mostly probing the unoccupied 
density of states and measuring the total electron yield 
without energy filtering. This mode of operation usually 
provides a large signal and short measuring times. However, 
polarized synchrotron radiation is required, as the light has 
to be tuned to characteristic absorption edges in order to 
obtain a magnetic contrast.   

Using the imaging spin detector, such domain imaging 
experiments can be performed even in the laboratory by 
means of unpolarized light sources. This has been recently 
demonstrated on a magnetite sample Fe3O4(001) [27]. In 
contrast to XPEEM, the information stems from well-de-
fined spin-polarized valence electronic states in the band 
structure of magnetite, which are singled out by means of 
the energy filter. The surface sensitivity of the photoemis-
sion approach reveals a rearrangement of the magnetic sur-
face domains, when passing through the Verwey transition. 
The spin polarization of the valence electronic states, how-
ever, appeared to be the same above and below the Verwey 
temperature.  

We note that the spin-polarized imaging approach may 
also provide a higher lateral resolution than XPEEM, if a 
continuous wave laser source is used for illumination. In this 
case space charge problems can be avoided, which generally 
limit the lateral resolution in XPEEM due to the pulse nature 
of the synchrotron light [28]. The potential of this approach 
has been demonstrated already by exploiting the magnetic 
dichroism in valence band photoemission (MCD) by the 
excitation with 266 nm laser light [29]. As a certain compli-
cation the magnitude of the MCD signal depends very sensi-

 
Figure 4: Spin-resolved momentum maps from Co(001) of a momentum microscope taken at (a) hν = 85 eV, (b) 70 eV, and (c) 50 eV photon 
energies. (d) Position of the momentum maps in the bulk Brillouin zone and spin polarization color encoding. Left: Majority and minority spin 
Fermi surfaces of fcc cobalt. 
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tively on the details of the electronic band structure, the 
strength of the spin-orbit coupling and may vary strongly 
between elements. It represents a more indirect measure-
ment of the spin state. The photoelectron spin polarization 
instead yields a direct access to the spin states in the sample. 

B. Momentum space imaging 
Setting the immersion lens optics to image the angular 

distribution of photoelectrons from the sample gives direct 
access to the electronic states in the Fermi volume. This is 
demonstrated in the spin-resolved photoelectron distribu-
tions recorded from ultrathin epitaxial Cobalt films on 
Cu(001) [30]. The data reproduced in Figure 4 have been 
recorded with synchrotron radiation of different photon en-
ergies and map the states at the Fermi level EF. For compar-
ison, we also show calculated Fermi surfaces for the Cobalt 
majority and minority spin states. The spin polarization is 
color-coded and can be seen to vary significantly across 
each photoelectron map and with the photon energies hν = 
85 eV (a), 70 eV (b), and 50 eV (c). Each photoelectron map 
represents a cut through the Brillouin zone at a different 
position along the Γ−X direction [Figure 4(d)]. Because of 
momentum conservation in photoemission, these cuts lie on 
curved surfaces. 

While the geometry of the Fermi surface agrees usually 
well with theoretical predictions, many-body interactions 
which are only partially captured in an independent-particle 
picture lead to an energy renormalization and to a finite life-
time. As a quasi-particle spends only a limited time in one 
state before being scattered, it follows from Heisenberg's 
uncertainty principle that also its energy is not sharply de-
fined, resulting in strongly broadened states. In ferromagen-
tic materials, these electron many-body correlations become 
spin dependent [31]. 

C. Imaging spin-dependent correlations 
The data in Figure 4(a−c) only show the top slices of 

three-dimensional data sets which have been recorded as a 
function of binding energy. The high density of this data set 
permits access to minute details of the electronic structure 
and enabled a precise investigation of spin-dependent corre-
lation effects throughout the entire Brillouin zone [30]. The 
development of the spin-resolved spectral function for larger 
binding energies is shown in Figure 5. 

As a consequence of the pronounced spin-dependent elec-
tron correlations in cobalt, the well-defined contours of the 
majority and minority electron states observed in the Fermi 
surface get smeared out, particularly for the majority elec-
tron states, already a few 100 meV below the Fermi energy. 
In the measured spin-resolved momentum disks this is 
clearly observed as the red colored majority electron back-
ground that extends over the whole Brillouin zone. 

The right half of each panel in Figure 5 shows the result 
of theoretical photoemission calculations side-by-side with 
the experiment. We find a remarkably good agreement of all 

prominent features in the complete energy and momentum 
range. Particularly the onset of a strong lifetime broadening 
of majority electron states and the location of emission fea-
tures in the Brillouin zone is well reproduced. The quantita-
tive agreement with the experiment directly showed the im-
portance of including a spin-dependent non-local self-energy 
𝛴𝛴⇅�𝐸𝐸, 𝑘𝑘�⃗ � to properly describe the photoemission spectra at 
higher binding energies. 

D. Complex spin textures 
The geometry of the spin-dependent scattering in the im-

aging spin filter defines a quantization axis perpendicular to 
the scattering plane. As a consequence, the spin detector can 
only determine the component of the spin polarization vec-
tor 𝑃𝑃�⃗ = �𝑃𝑃𝑥𝑥,𝑃𝑃𝑦𝑦,𝑃𝑃𝑧𝑧� along this quantization axis. Due to the 
geometry of the momentum microscope, this spin polariza-
tion component translates back to spins being oriented 
within the sample surface, for instance, Px. Rotation of the 
sample by 90° will then give access to the component Py. 

However, quantum materials such as, for example, topo-
logical insulators and Dirac heavy metals may exhibit com-
plex spin structures in momentum space, which are caused 
by spin-momentum locking [32]. Figure 6 shows the spin 
texture on the (110) surface of the heavy metal tungsten. 
Spin-momentum locking here leads to highly polarized 
states in the Fermi surface contour, extending also to higher 

 
Figure 5: Spin-resolved momentum maps from Co(001) measured 
at hν = 70 eV (left half) and calculated photoemission maps (right 
half). A pronounced increase of majority background intensity is 
observed at binding energies between −0.2 eV and −0.4 eV (b−d), 
indicating the particularly short majority state lifetime few 100 
meV below EF (a). Position and broadening of majority and minor-
ity features are well reproduced in the calculation using a non-local 
self energy. 
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binding energies. Resembling the metal counterpart of an 
topological insulator, a non-trivial Dirac cone surface state 
exists around the Γ

_
 point in the surface Brillouin zone 

[Figure 6(b)], located in an spin-orbit induced bulk band gap 
[33]. The corresponding spin polarized Dirac cone states are 
clearly visible in the band cross section in Figure 6(a). In 
addition the W(110) surface hosts a second, tilted Dirac 
cone state along the Γ

_
−N

_
 direction [25], as well as several 

Rashba-type spin-orbit split states around the Γ
_

 and S
_

 points. 
Capturing such complex spin textures in detail requires a 

determination of the full spin polarization vector 𝑃𝑃�⃗ �𝐸𝐸B,𝑘𝑘�⃗ �. 
This can be achieved by installing a spin-rotator in front of 
the spin filter. Such spin-rotators have already been suc-
cessfully employed in spin-polarized low energy electron 
microscopy (SPLEEM) [13]. However, in a SPLEEM the 
spin rotator sits in the illumination column, whereas in the 
momentum microscope it has to be placed in the imaging 
column, i.e., while rotating the spin the device must preserve 
the image. 

E. High-energy momentum microscopy 
In our discussion of momentum microscopy up to now we 

have implicitly assumed the typical ARPES regime of pho-
ton energies, i.e., of the order of up to 150 eV. This type of 
experiment is very surface-sensitive, due to the small inelas-
tic mean free path of the photoelectrons. In order to increase 
the bulk sensitivity of the photoemission technique, one has 
to go to higher photon energies in the (hard) X-ray regime, 
i.e., of the order of several keV. This has established the 
field of hard X-ray photoelectron spectroscopy (HAXPES) 
[34]. The large information depth of the hard X-ray ap-
proach has also been successfully demonstrated in PEEM 
[35]. In an effort to enabling HAXPES studies with lateral 
resolution, we have established the first energy-filtered 

photoelectron microscope at the synchrotron facility PET-
RA-III (Hamburg) [36, 37]. The electron-optical layout of 
the instrument is similar to the system installed at Elettra, 
however, with the optics adapted to higher kinetic energies. 
The instrument is mainly used for material science studies in 
information and energy research and a recent example is 
given in Figure 7. It represents a spectromicroscopic study 
of the resistive switching in ZrOx [38]. The PEEM image 
[Figure 7(a)] has been recorded with Zr 3d photoemission at 
a photon energy of hν = 3 keV and shows a top view of the 
junction including the contact electrodes. The layer stack in 
the junction area (red square) contains as active resistive 
element a bilayer of ZrOx/Ta, with the electrical contacts 
provided by Pt electrodes. The Zr 3d core level HAXPES 
spectra acquired in a reference region next to the junction 
(green square) indicated a predominant Zr4+ valence state 
compatible with ZrO2. The resistive switching leads to the 
buildup of a Zr3+ component in the junction area (red 
square), indicating the formation of a suboxide. A similar 
behavior is observed in the Ta 4f HAXPES spectra from the 
junction area [Figure 7(b)]. A principal component analysis 
of the data yields several spectral contributions, resulting 
from tantalum oxides with approximate Ta valence states 
Ta5+ (Ta2O5), Ta4+ (TaO2−x), and Ta2+ (TaO1−x). This indicates 
that Tantalum strongly participates in the resistive switching 
and the associated redox and oxygen exchange processes.    

The spectra recorded for the HRS [Figure 7(c)] and LRS 
state [Figure 7(d)] exhibit subtle differences, which are re-
lated to the local redox reaction during the switching pro-
cesses. A careful analysis reveals that the changes are taking 
place mainly between the TaO2−x and TaO1−x suboxides. This 
example illustrates the power but also limits of the current 

 
Figure 6: Three-dimensional volume map (a) of the spin-resolved 
electron bands at the W(110) crystal surface. The measurement 
shows several highly spin-polarized surface states and surface 
resonances in the Fermi surface of W(110). The section along the 
S
_

−Γ
_

−S
_

 direction in the surface Brillouin zone (b) reveals a Dirac 
like topological surface state at the Γ

_
 point. The intensity and 

spin-polarization is simultaneously displayed using a 2D color 
code (c). The full three-dimensional data set was measured at the 
NanoEsca beamline [23] at the Elettra synchrotron (Trieste, Italy) 
within only 2 h acquisition time. 

 
Figure 7: HAXPES spectromicroscopy from ZrOx/TaOx switching 
contacts. (a) PEEM image recorded with the Zr 3d electrons at hν 
= 3 keV. Inset: cross section of the layer stack in the junction area 
(red square). (b) Ta 4f spectra in the HRS and LRS states, respec-
tively. (c) Spectral contributions of the various suboxides in the 
junction area extracted from a principal component analysis for the 
HRS configuration. (d) Same for LRS. Adapted from Ref. 38. 
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HAXPES spectromicroscopy. 
Using HAXPES to study band dispersions is complicated 

by the fact that phonon contributions and the finite photon 
momentum have to be taken into account [39]. However, if 
this is done properly, it is indeed possible to obtain momen-
tum-resolved maps of the bulk electronic states [40]. There-
fore, despite the low photoexcitation cross sections at high 
photon energies also momentum microscopy in the HAX-
PES regime should be feasible. This was demonstrated very 
recently using a time-of-flight spectrometer [41]. 

F. Imaging ultrafast dynamics 
Going beyond the imaging of static states and being able 

to address dynamic processes is one of the grand challenges 
in electron microscopy at large. Time-resolved imaging of 
magnetization dynamics was successfully performed in 
XPEEM addressing the 100-ps time scale [42]. A momen-
tum microscope images the electronic structure directly and 
should therefore be able to address electronic time scales of 
the order of 100 fs and less. This calls for pump-probe ex-
periments with ultrashort pulsed laser sources. A first ex-
periment with a ToF-based momentum microscope operated 
at the free electron laser source FLASH (Hamburg) without 
spin-resolution has already demonstrated the feasibility of 
this approach [43]. Time-and spin-resolved photoemission 
experiments of the ultrafast demagnetization in ferromagnets 
have recently revealed the spin dynamics at selected points 
in k-space [44]. These experiments used a pump-probe 
scheme with a hν = 1.6 eV pump pulse and a high-harmonic 
generation stage to generate 50 fs pulses with hν = 22.5 eV 
for the ARPES analysis. The question arises whether the 
response observed is representative for the dynamics in the 

entire Brillouin zone. In fact, theoretical work indicates that 
the dynamic response of the electron and spin system may 
vary strongly throughout the Brillouin zone [45]. In particu-
lar, the calculation predicts several “hot spots”, where the 
dynamic spin changes are much higher than in the rest of the 
Brillouin zone. This is the kind of situation where spin- and 
time-resolved momentum microscopy can unfold its full 
potential and we are currently realizing a set-up with a 
high-repetition high-harmonic source in our lab. 

V. CONCLUSIONS 
During recent years spin-resolved momentum microscopy 

has matured into a powerful tool for the detailed study of 
electronic structures. The capability to efficiently collect 
high-density data sets throughout the entire Brillouin zone 
enables unparalleled access to minute details of the elec-
tronic states and their spin character. An “All-in-One” ex-
periment as outlined in Figure 8 is already within reach, 
with two more capabilities to be added; (i) a determination 
of the full spin polarization vector 𝑃𝑃�⃗ , and (ii) a time-resolu- 
tion covering the typical time scales of the electron and spin 
subsystems. Respective development activities in our insti-
tute are under way. 
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Figure 8: The “All-in-One” photoemission experiment combines information on the surface geometry in real space, momentum resolved 
maps of the electron states and complete Fermi surfaces, complex spin textures as well as time dependent dynamics [11, 27, 30, 45] in the 
femtosecond regime. The momentum microscope [21] bridges all these dimensions in a single experiment, with the ultrafast timescale be-
coming available with the advent of ultrafast laser driven light sources and free-electron lasers. 
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