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ABSTRACT

Momentum microscopy (MM) is a novel way of performing angle-resolved photoelectron spectroscopy (ARPES). Combined with time-of-
flight (ToF) energy recording, its high degree of parallelization is advantageous for photon-hungry experiments like ARPES at x-ray ener-
gies, spin-resolved and time-resolved ARPES. This article introduces the technique of ToF-MM and illustrates its performance by selected
examples obtained in different spectral ranges. In a multidimensional view of the photoemission process, spectral density function p(k,Eg),
spin polarization P(k,Eg), and related quantities of circular dichroism in the angular distribution (CDAD) are part of the “complete experi-
ment,” a concept adopted from atomic photoemission. We show examples of spin-resolved valence-band mapping in the UV and VUV, and
the soft- and hard-x-ray range. Spin mapping of the Heusler compounds such as Co,MnGa and Co,Fe, 4Mn,Si at hv =6 eV proves that
the second compound is a half-metallic ferromagnet. Analysis of the Tamm state on Re(0001) using VUV-excitation reveals a Rashba-type
spin texture. Bulk band structure including Fermi surface, Fermi-velocity distribution vg(k,Eg), full CDAD texture, and spin signature of W
(110) have been derived via tomographic mapping with soft x-rays. Hard x rays enable accessing large kj-regions so that the final-state
sphere crosses many Brillouin zones in k-space with different k,’s. At hv=5.3 keV, this fast 4D mapping mode (at a fixed hv) revealed the
temperature dependence of the Fermi surface of the Kondo system YbRh,Si,. Probing the true bulk spin polarization of Fe;O,4 at hv =5 keV
proved its half-metallic nature. The emerging method of ToF-MM with fs x-ray pulses from free-electron lasers enables simultaneous
valence, core-level, and photoelectron diffraction measurements in the ultrafast regime.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001500

I. INTRODUCTION

Momentum microscopy (MM) is a new and powerful way of
performing angle-resolved photoelectron spectroscopy (ARPES)
and x-ray photoelectron diffraction (XPD). ARPES, in general, and
its soft- and hard-x-ray variants (SXARPES and HARPES) are
the methods of choice for electronic structure analysis. Their
importance and impact are steadily growing, being fueled by
the discovery of topological states and exciting electronic properties
of quantum materials, > for which high spatial resolution
(NanoARPES)" becomes increasingly crucial. Accessing the spectral
function of in operando devices can reveal changes in a materials’
electronic structure by field-effect gating or current passage.’
In situ and operando methods are important for understanding
interface creation and interface evolution in different environ-
ments.” Related to this new class of ARPES experiments is the

electronic response on mechanical strain as visible in the stunning
changes of the electronic structure in twisted graphene.”

Observation of XPD dates back to the pioneering work of
Siegbahn et al® and Fadley and co-workers.”'’ Later, several
groups developed XPD as an avenue toward fast and effective
recording of structural information.''~'* Strongholds of XPD are its
capabilities to analyze adsorbate geometries,'” its close relation to
photoelectron holography'®™'? and even a spin-polarized version
has been developed by the Fadley group.””*' Its element specificity
and, hence, high site specificity can be exploited as an unique fin-
gerprint of atomic sites in compounds.”” By combining ARPES and
XPD in a single experiment, electronic and structural information
can be obtained quasi-simultaneously and at identical conditions
(kinetic energy of the photoelectrons, size and position of the
probing spot, and probing depth).”’
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The last decades have seen dramatic advances in the technical
performance of photoemission experiments, both on the source
and detector sides. Storage rings for synchrotron radiation reach
physical limits of emittance and brightness. Beamlines with a high
resolving power toward 10> are available at many storage rings,
especially in the soft- and hard-x-ray ranges. Free-electron lasers
(FELs) and laboratory-based higher-harmonic-generation (HHG)
sources provide fs pulses for time-resolved photoemission experi-
ments in the ultrafast regime.

On the detector side, hemispherical analyzers (HSAs) are the
working horses of photoelectron spectroscopy. Today, HSAs have
reached excellent performance with high energy resolution (down to
<ImeV)**™ and high angular resolution (equivalent to a momen-
tum resolution of 0.003 A™").”* In the classical mode of operation
[(Exin,0)-mode] the exit plane of a HSA hosts a 2D detector, which
can record an energy interval of typically 10% of the pass energy and
an angular interval of £7° in the high-angular-resolution mode.
Larger angular ranges can be recorded using wide-angle lenses or
sequentially via sample rotation.

The MM family comprises several types of instruments, the
energy-dispersive type using either a tandem arrangement of two
hemispherical analyzers””™" or a single hemispherical analyzer.’*"’
The key feature of all MMs is their large solid-angle acceptance,
exploiting the full-field-imaging properties of a cathode lens.
Combination of the MM concept with time-of-flight detection has
led to the ToF-MM.™* More recently, a hybrid instrument of single
hemisphere plus ToF section has been developed.”>” The func-
tioning scheme of a MM exploits a basic principle of optics,
namely the fact that the backfocal plane of an objective lens hosts a
reciprocal image (in mathematical language, also called Fourier
image). In charged-particle optics this reciprocal image is nothing
else than the lateral momentum distribution, briefly termed
k-image. MMs record huge intervals in (Ejy,,k) parameter space
without sample rotation or angular scanning.

ToF-MM is the youngest member in the family of photoemis-
sion instruments. This development is based on the time-resolving
imaging technique originally developed for the ToF-PEEM.”™"
Naturally, time-of-flight energy recording needs pulsed photon
sources. Thanks to their perfectly periodic time structure, synchro-
tron radiation, pulsed lasers, HHG sources, and fs-pulsed sources
like FELs*®** or the upcoming attosecond facilities’”"" fit to the
(Ekin,kx,ky) recording scheme of a ToF-MM. A natural expansion
of the technique is a time-resolved variant of ToF-MM, utilizing
fs-pulsed infrared/optical pump and x-ray probe pulses to track the
time-evolution of the state as it evolves following optical excitation.
The method was recently established at the FEL FLASH at DESY,
Hamburg."”™** Further ToF-MM projects are just being launched
at the European XFEL" in Schenefeld and LCLS-II"® in Stanford.

In this article, we present the status and future potential of
time- and spin-resolved ToF-MM and the related phenomena of
circular (and linear) dichroism in the angular distribution (CDAD,
LDAD). The experiments are discussed in terms of a multidimen-
sional description of the photoemission process and the concept of
the “complete experiment” (adopted from atomic and molecular
photoemission), comprising intensity, dichroism, and spin mea-
surements. After introducing the experimental technique, examples
are presented for various spectral ranges. The 4th harmonic of a Ti:

REVIEW avs.scitation.org/journall/jva

sapphire laser oscillator (hv =6.05¢eV, 100 fs pulses) was used for
spin-resolved band mapping of two ferromagnetic Heusler com-
pounds. The high pulse rate of the laser (80 MHz) yielded count
rates of almost 1 MHz in the spin detector. A spin-resolved band
mapping in the full 2r solid angle (8 = 0-90°, azimuth ¢ =0-360°)
and 1.5 eV energy interval below Ep could be completed in about Y2
hour after in situ film growth. Spin measurements using synchro-
tron radiation in the vacuum ultraviolet (VUV) at BESSY II are
exemplified by the Tamm surface state of Re(0001), showing
Rashba signature (ground-state spin polarization). Optical spin ori-
entation Pg,,, induced by circularly polarized soft x-rays and the
spin component perpendicular to the reaction plane Py also
arising from spin-orbit interaction, have been studied at beamline
P04 (hv=300-1700eV) at PETRA-IIL. The first spin-resolved
ToF-MM measurements in the hard x-ray range (hv=5 keV) at
beamline P22 probed the bulk spin polarization of magnetite,
addressing the question whether Fe;O, is indeed a half-metallic fer-
romagnet. Tomographic-like k-space mapping using soft x rays
with variable polarization is shown to capture Fermi-surface,
Fermi-velocity, band dispersions, dichroism, and spin. For the
Kondo system YbRh,Si, k-space tomography at hv=5.3 keV in a
novel, 4D recording scheme revealed a change of the Fermi surface
and band dispersions when varying the temperature. As an
outlook, we briefly address the emerging method of fs time-
resolved photoemission using FEL excitation, showing an example
recorded with the high-energy x-ray ToF (HEXTOF) at FLASH
(DESY, Hamburg).

Il. EXPERIMENTAL CONCEPT

A. Multi-dimensional description of the photoemission
process: Complete experiment, orbital mapping,
and wavefunction reconstruction

Before discussing the ToF-MM technique, it is worthwhile to
consider the “multi-dimensionality” aspect of the photoemission
process and its implications for the recording technique. The
power of photoemission is that it “probes the electronic structure of
a sample/material.” The central quantity is the spin-dependent spec-
tral density function py; (Ep.k), defined in an energy-momentum
space. For a static system, the parameter space is 4-dimensional
with the exception of strictly 2D systems like surface states, adsor-
bates, or some layered materials. The spin information is essential
for magnetic materials (examples in Secs. III A and III E). In mate-
rials showing phase transitions, the (lattice) temperature T) is an
important parameter influencing the spectral density. As an
example, we will show the Tj-dependence of the Fermi surface in
the Kondo system YbRh,Si, (Sec. III D).

The rapidly growing field of time-resolved experiments
addresses another important parameter, the intrinsic time scale t of
a dynamic process or a transient electronic state (example in
Sec. III F). In pump-probe experiments, we encounter a complex
scenario, depending on pump fluence, light polarization, and pump
photon energy. In the perturbative limit, the pump pulses generate
single-electron excitations, decaying with characteristic lifetimes in
the sub-ps range. In the high-fluence regime, the large amount of
energy deposited by an intense fs pump pulse leads to highly non-
equilibrium states with increased temperatures of the electron and
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spin system along with transient changes of the band structure.
Here, we adopt the simplified description of nonequilibrium, assum-
ing that individual subsystems can be described by (transient) tem-
peratures, e.g., electronic and spin subsystems being described by
Te(t) and Ty(t), respectively. Such multi-temperature models, while
not without flaws,”’ ™ are still commonly used to interpret time-
resolved data. Tracking the time-evolution of the electronic structure
allows one to disentangle different relaxation pathways like energy
transfer from the hot electrons to the optical and acoustic phonon
system and the spin system, all happening on different time scales.
By such an approach, interaction mechanisms and coupling strengths
between different degrees of freedom can be determined. Hence, for
the description of a pump-pulse-driven phase transition in a time-
resolved photoemission experiment, we have to consider the
response of the spectral density in a multidimensional parameter
space py(Ep.k, T, T}, T 1), where 1; denote the intrinsic time scales of
several relaxation channels. Using ToF-MMs, such experiments have
become feasible at FELs**~** and HHG sources.”’ The parameters T,
T, T) (when discussing the time evolution of phonons, one often dis-
tinguishes between temperatures of weakly coupled acoustic modes
and strongly coupled optical phonon branches) and 7; are interlinked
in a complex way, since charge, spin, and lattice are not in thermal
equilibrium and thermalization between different subsystems pro-
ceeds on different time scales.”' ™" Moreover, all of the parameters
T, T), T, 7; in general, depend on the absorbed energy density, as do
the electronic bands, energy isosurfaces, etc., This multi-dimensional
aspect, going beyond multi-temperature models is an inherent prop-
erty of the electronic system, independent of the spectroscopic
technique.

When claiming that photoemission probes the electronic
structure, we have to keep in mind that the photoelectron signal
does not reflect the spectral function p itself but results from the
interaction operator and the Green function in the one-step
description of angle-resolved photoemission.” According to
Fermi’s golden rule, the observed signal at a certain (Ep,k) is pro-
portional to the squared transition matrix element of the photon
operator between the initial- and final-state wavefunctions.”®”’
Symmetry selection rules in this matrix element can lead to the dis-
appearance of signals from bands with a certain symmetry for a
given photon polarization. Such effects are accessible via variation
of the photon polarization.”® These symmetry selection rules lay
the cornerstone of a family of experiments probing circular or
linear dichroism, CDAD” or LDAD.” They are no ground-state
properties, the dichroism asymmetries Acpapipap (Epk) are
defined in the same parameter space as the spectral density
(example in Sec. III C). New discoveries like the time-reversal
dichroism (TRDAD)®' and a new appearance of an intrinsic linear
dichroism (iLDAD)®” in layered materials indicate a large future
potential of dichroism measurements.

A serious aspect of the matrix-element effects concerns the
extracted spin information. Only in special cases like ferromagnets
with negligible spin-orbit interaction can photoemission measure
the true ground-state spin polarization. Such a favorable example is
spin-resolved hard-x-ray photoemission from magnetite, discussed
in Sec. III E. In the general case, the photoemission process itself
alters or even generates spin polarization. A prominent example of
the latter is the optical spin orientation (Fano effect)’’ by circularly

REVIEW avs.scitation.org/journall/jva

polarized light, first verified for a solid (GaAs) in a pioneering
experiment by Pierce and Meier.”* Later, it has been shown that
even unpolarized or linearly polarized light can yield highly spin-
polarized electrons from unpolarized atoms®>*° and nonmagnetic
solids.”” This spin-polarization component arises due to spin-orbit
interaction and resembles the polarization in Mott scattering.”® In
Sec. III C, we show examples for the Fano and Mott spin compo-
nents in photoemission from W(110). A previously overlooked rela-
tion between these spin components and the CDAD is discussed in
Ref. 69. The (vector) quantity P (Ep,k) observable in photoemis-
sion, in general, carries a superposition of several signatures: A pos-
sible ground-state contribution (in magnetic and Rashba systems)
is altered by “intrinsic” processes caused by the transition matrix
element’’”"* and by “extrinsic” processes like the spin-dependent
transmission and rotation of the spin vector during transport
through a magnetic material”” or the matching of the spinor func-
tions at the solid-vacuum interface’* or a possible depolarization
through spin-flip scattering at defects or surface contaminations.

Let us look into the quantitative details of a “complete” experi-
ment in the sense as introduced by Kessler’” and Cherepkov’® for
gas-phase photoemission. Recording all experimentally accessible
quantities: photoelectron intensity, angular distribution, and three
components of the spin vector can yield the full quantum-
mechanical information on the photoemission dynamics of an
atom. We can transfer this model to solid-state photoemission,
keeping in mind that the numbers of partial waves in the initial
and final states can be very large. Unlike for a free atom, we do not
have the means to derive a full set of matrix elements and phases
purely from the experiment. Exceptions are cases like the n-band of
graphite, where the pure Y,° symmetry leads to a restricted set of
final-state partial waves;’ for further discussion of this aspect, see
Ref. 78. On the other hand, the full band structure, various forms
of dichroism (CDAD, LDAD, and TRDAD) and three spin compo-
nents, each defined in 5- or 6-dimensional parameter space contain
a plethora of information. Here, the question arises whether such a
“complete” experiment will be feasible at all or remains a theoreti-
cal concept. At the end of this article, a tentative answer will be
given on the basis of a quantitative estimate of required signal
strength, detector performance, and acquisition time. We will con-
sider the acquisition time needed for an experiment recording the
full band structure and texture of dichroism and spin with their
time dependences in an ultrafast process like a pump-pulse driven
phase transition.

The concept of the “complete” photoemission experiment,
introduced four decades ago,”” aims at the determination of a full set
of quantum-mechanical parameters, which govern the photoemis-
sion process of free atoms of molecules. These are the transition
matrix elements and phases of outgoing partial waves. Since then,
our understanding of gas-phase photoionization has dramatically
improved. By recording photoions in coincidence, the CDAD can be
measured in a fourfold-differential manner.”” These developments,
mostly using COLTRIMS technology,”’ are beyond the scope of this
Review. Recently, several groups pursued a related approach in
condensed matter photoemission: Momentum-, energy- and time-
resolved ToF-MM data are used to reconstruct the molecular
orbitals® ™ or the Bloch wavefunction itself."”™"" Full-field k-
recording is ideally suited for this goal, because the real-space image
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I(ry1y) is recovered via a 2D Fourier transform of the k-resolved pho-
toemission intensity I(kyky). Since this is one of the most exciting
future aspects of ToF-MM, we will briefly address these first results
in Sec. IIT F. Although exemplified for excitonic wave functions in
organic films and few prototypical layered semiconductors, the
approach is very general and will provide insights into the Bloch
wavefunctions of many relevant crystalline solids.

B. Time-of-flight momentum microscope with
imaging spin filters

MMs belong to the family of cathode-lens type electron micro-
scopes, like the well-known photoemission electron microscope
(PEEM). The lens system of an MM is optimized for best resolution
in k-space, unlike a PEEM, which aims at optimum real-space
imaging. Tusche et al.”’ showed a resolution of 0.004 A™", hence MMs

Scheme of 3D ToF spin filtering

Spin-filter
crystal

REVIEW avs.scitation.org/journall/jva

can compete with the best values of angular/k resolution of ARPES
hemispherical analyzers (HSAs).” The key advantage of MMs is
that there is no restriction of the range of emission angles 6, up to
kinetic energies of 70 eV. In an MM, © translates into a simultane-
ously observable kj-range, according to kjjmax = 0.5128i00,1451/Exin
(with kjjmax in A™!, B, in eV). Since the momentum pattern
exhibits a linear and largely achromatic kj-scale, an MM can be
considered as a magnifying glass in k-space. Further electron lenses
in the microscope project an energy-filtered momentum image with
a variable magnification to the detector plane. The energy filter is a
key element; it can be either energy dispersive (hemispherical ana-
lyzers) or time-of-flight dispersive.
A ToF-MM detects the photo-emitted electron intensity I
(Ep-kyky) as a function of parallel momentum k, and k, and
binding energy Ep’* Figure 1 illustrates the functioning principle.

DLD 2 (e)

Spin texture
Co,MnGa

(d)

Intensity

, Er

(aV]
S$3
= = = ~ 35
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FIG. 1. lllustration of the functional principle of a spin-filtered time-of-flight momentum microscope. (a) Schematic overview of the electron-optical setup, comprising a lens
system with an objective lens and two-stage zoom optics with a movable aperture in the first Gaussian (real space) image plane, selecting the region of interest (ROI). The
insets describe (b) the formation of a momentum image in the backfocal plane (BFP) and (c) the scheme of ToF spin filtering. The spin quantization direction is perpendicular
to the scattering plane (drawing plane), as indicated by the vector P. For the study of ferromagnetic spin textures, the magnetization vector M of the sample is parallel to P and
can be reversed by a magnetic field. The (x,y,t)-resolving delay-line detectors in the spin-integral (DLD 1) and spin-resolving branches (DLD 2) capture the 3D data arrays of
intensity and spin in a large solid-angle interval above the sample, without any scanning or sample rotation. Typical experimental data arrays of intensity / (Eg,kyky) and spin
polarization P (Eg,ky.k,) are shown in (d) and (e), respectively. The 3D color code in (e) denotes majority (red), minority (blue) as well as unpolarized (gray) partial intensities
(see online version for color code). The data array forms a paraboloid, confined by the photoemission horizon, corresponding to an emission angle of 90° and by the cutoff at
the Fermi energy. Diameter and depth of the paraboloid are defined by the kinetic-energy range and imaged k-interval. The examples (d) and (e) correspond to the excitation
of the Heusler compound Co,MnGa with hv = 6.05 eV photons; the depth of the paraboloid is 1.9 eV and its diameter at £ is 1.4 A~" (own figure).
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The first imaging element (objective lens) of the zoom optics
behind the sample is a so-called cathode lens, of which the sample
itself is an integral element. This lens forms an achromatic momen-
tum image in its backfocal plane (BFP), see inset (b). This image is
magnified to the desired size by a two-stage zoom optic comprising
several lens groups (not shown). The photoelectron distribution is
dispersed in time-of-flight by a field-free low energy ToF drift
section and recorded in an (kyky.t)-resolving delay-line detector”’
(DLD 1). A movable and size-selectable field aperture in the first
Gaussian image plane allows a precise definition of the analyzed
region-of-interest (ROI) down to the sub-micrometer range
(see Fig. 6 in Ref. 35). By switching lenses to the real-space imaging
mode (PEEM mode), this aperture and its position on the sample
surface can be viewed on the detector. The sample is mounted on a
He-cooled hexapod manipulator for precise six-coordinate adjust-
ment (x,3,2,0,,0,,d).

The efficiency of the three-dimensional recording architecture
of ToE-MMs (and angle-resolving ToF spectrometers’ " is defined
by the time-resolving image detector. Delay-line detectors’”” or
the upcoming solid-state pixel-array detectors’’” are characterized
by time resolutions in the 50-200 ps range. Hence, for ToF-based
experiments, not only the pulse length but also the pulse period of
the photon source is crucial because the ratio between duration and
period determines, how many time slices can be resolved in the
time gap between adjacent photon pulses. In Sec. III, we show
examples using a UV-laser with 12.5 ns period (80 MHz pulse rate),
synchrotron radiation with 800ns period (BESSY II in a single-
bunch mode), and with 192 ns period (PETRA III in a 40-bunch
mode), as well as FEL radiation with 1us pulse period, but only
5000 pulses per second (FLASH). The resulting numbers of resolv-
able time slices will be stated and briefly discussed for each of the
cases.

Imaging spin filters act like spin-selective electron mirrors and
can analyze many points of a 2D electron distribution simultane-
ously. The spin selectivity results from spin-orbit (or exchange)
interaction in low-energy electron scattering. The spin asymmetry
is quantified by the Sherman function §=(I;=I))/(I; +1;) with
I; and I denoting the scattered intensities for an incoming beam,
completely polarized parallel and antiparallel to the spin-
quantization axis. The efficiency of a single-channel spin detector
is given by its figure-of-merit FoMngle = $?I/1, (with I/I, denoting
the reflectivity). Multichannel spin detection was pioneered by
Kolbe et al., who captured the (E;,,0) spin pattern behind the exit
of a conventional hemispherical analyzer,98 and Tusche et al., who
analyzed ferromagnetic domain patterns in real-space images”” and
later the spin texture in k-images.”’

The effective figure-of-merit increases with the number N of
resolved points in the spin-filtered image FoMg= N X FoMinge.
With an imaging electron optics, N = 10°~10* “points” on the spin-
filter surface can be analyzed simultaneously. A third “coordinate”
is added by parallel energy recording via capturing the time-of-
flight © using a delay-line detector. The imaging spin filter in a
ToF-MM thus yields 3D data arrays P(Exnkwky), as sketched in
Fig. 1(c). The (kyky)-region represents a sectional plane through
the BZ. The width of the usable Ey;, interval can comprise up to
several eV, depending on the type of spin filter. Suga and Tusche
discuss many types of spin detectors and compare values for
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FoM.g (see Fig. 28 in Ref. 100). The 2D filters reach almost
FoM.g =100 and the 3D filters can yield 1-2 orders of magnitude
higher FoMg values, all referenced to an “ideal” single-channel
detector with FoM = 1.

The spin filter integrated into a ToF-MM consists of the
second ToF branch (90°-branch, DLD 2) and the retractable spin-
filter crystal. Several types of spin-filter crystals have been charac-
terized and used,'”'~'”” more are proposed.'’>'”” A spin- and
angle-resolved (spin-ARPES) spectrometer with a Co film as a spin
filter coupled with a laboratory-based UV laser has been developed
by the Berkeley group.'”” Many experiments use Ir(100) with a
pseudomorphic monolayer of Au, because of its almost infinite
lifetime in UHV.'”” The measurements shown in Fig. 1(e) and
Sec. IIT A were done with the “classical” surface W(100), which is
characterized by a broad spin-asymmetry profile of >2 eV, a very
high reflectivity up to several % and the complete absence of any
visible mosaicity or poly-crystallinity (as observed for other spin-
filter materials). This spin filter is operated at a 45° scattering angle
and 27 eV scattering energy; the plane of incidence is (010). Its cor-
responding FoMgjngie = 5 X 10> (definition, see Ref. 108). Inserting
the resolution values of 0.03 A™' and 20 meV from Ref. 109 one
can estimate FoM.g for the example shown in Sec. III A. The
momentum disk at Ep comprises N~ 1700 resolved (kyk)-pixels.
Thanks to parallel energy recording in the ToF mode, this yields
N>10° resolved (Epsky-ky)-voxels. We thus arrive at FoMg = 400,
referenced to the energy and k-space interval of Fig. 2 (being rela-
tively small because of the small photon energy, hv=6eV). The
spin quantization axis of the measurement [component P perpen-
dicular to the drawing plane of Fig. 1(a)] points along the easy
magnetization axis M of the sample. Reversal of M was done
in situ by approaching strong permanent magnets to the thin-film
samples.

The spin-texture patterns were determined for each
(Epoky-ky)-voxel from two measurements with reversed spin polari-
zation or asymmetry. There are several ways of facilitating this
reversal, which are exemplified in Sec. III. For ferromagnetic
samples, the magnetization is reversed; examples in Figs. 1(e) and
2 and 6. For excitation with circularly polarized photons, the optical
spin orientation (Fano component) is reversed by switching the
photon helicity; example in Fig. 4(1). If the initial spin polarization
cannot be reversed (e.g., in Rashba systems), the sign of the asym-
metry function needs to be switched; example in Fig. 3. This can be
done by changing the scattering energy between two working points
with extremal positive and negative asymmetry. Both reflectivity
and spin asymmetry depend on scattering angle and energy.
Hence, the algorithm retrieving the P (Eg,k,.k,)-arrays must con-
sider this dependence. For further details on the evaluation proce-
dure for spin-texture arrays in imaging spin filters, see Ref. 110. A
second way of reversing the scattering asymmetry utilizes exchange
scattering at ferromagnetic films.'">'"° Here, the magnetization of
the ferromagnetic film in the spin filter is reversed. In favorable
cases, the symmetry properties of the spin polarization texture can
be exploited for deriving the spin asymmetry.”®

The local pressure in the spin filter region determines the lifetime
of the surface; the W crystal used in Fig. 2 required a cleaning flash
once per hour. The quality of the spin filter surface is monitored by
the signal-to-background ratio of the observed momentum image.
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FIG. 2. Momentum distribution and

spintexture  for in  situ-deposited
Co,MnGa [(a)—(e)] and Co,Mng gFeq 4Si
[(f)(j)], recorded with a ToF-MM using
UV excitation (hv =6.05 €V, s-polarized)
in comparison with theory. (a) and
(b) I(kxky) and P(kyk,) for CMG at the
Fermi energy; (f) and (g) same for
CMFS at Eg=0.5€V. (c)—(e) Band dis-
persions and spin texture shown as sec-
tions Eg-vs-ky (c) and (d) and Eg-vs-k,
(e); (h)~(j) same for CMFS. The sec-
tions show the spin-asymmetry distribu-

tion of the topmost minority bands A,
B, C and majority bands D and E [color

scale as in Fig. 1(e), band labels like in
theory (m) and (n)]. (k) Large unit cell of
CMG and CMFS and (I) corresponding
bulk and surface Brillouin zones with
high-symmetry points and directions.
The high-symmetry points are_at dis-
tances I'X =I~M=11A" and
F—X =08A . (m) Majority and
(n) minority band structure for CMG cal-
culated in the DFT-LSDA code; energy
scales have been adjusted with experi-
ments. Data [(a)—(j)] from Ref. 109 and

[(m) and (n)] from Ref. 121. Reprinted
with permission from Chernov et al.,

Phys. Rev. B 103, 054407 (2021); copy-
right 2021, American Physical Society.
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Immediately before data recording, the spin-filter crystal is flashed.
The fast 3D-recording ensured that a complete spin-texture map is
finished without visible degradation of the spin-filter surface.

In the measurements shown in Fig. 1(e) and Sec. III A, the high
pulse rate (80 MHz) of the Ti:sapphire laser yields count rates in the
spin-filter branch up to 8 x 10°> counts per second (cps), depending

M
A
X

on the photon polarization. Thus, a typical spin-resolved measure-
ment [like the 3D data array in the inset of Fig. 1(e)] requires only
~30 min of acquisition time. Owing to the high repetition rate of the
laser, the average photoemission yield stayed well below one photo-
electron per pulse, avoiding the serious space-charge problem of
low-repetition-rate systems.''''* The detection efficiency in the
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straight branch (spin-integrated data, DLD 1) is only limited by the
maximum count rate of ~5 Mcps of the DLD.

At this point, it is worthwhile considering the general situation
at synchrotron-radiation sources. The vast majority of experiments
requires a high photon flux and do not need time structure. Hence,
most synchrotron run time provides maximum bunch filling with
100 or 500 MHz, with limited time dedicated to “few-bunch” modes
for experiments that exploit the pulsed nature of the light.
Corresponding periods of 2-10 ns are too short for high-resolution
ToF electron spectroscopy with a sufficient number of resolved time
slices. There are two loopholes out of this dilemma: Either the
period of the pulses can be increased by electron-optical or even
mechanical pulse picking, meaning that only a subperiod of electron
bunches is selected by a fast beam blanker. Or the energy interval is
reduced by a bandpass prefilter, inserting a dispersive element into
the microscope. This approach retains the full period of the photon
source. Both strategies have been proven successful as discussed
in Ref. 35.

The repetition rate of FELs is sufficiently low to allow for ToF
analysis. The 1 MHz operation mode at LCLS-II*° will provide
excellent conditions for ToF k-microscopy. Conventional HHG
sources also have pulse rates up to the 1MHz range.
The cavity-enhanced HHG sources''>''* have pulse rates in the
60-80 MHz range, defined by the optical path length. For such
sources, a bandpass prefilter or high-pass filter is required. It is
worth mentioning that HHG sources can provide circularly polar-
ized VUV radiation, either in generation''” or using reflective
“waveplates.”' '

lll. SELECTED EXAMPLES

A. UV-Laser ARPES with spin-resolution: Spin-texture
mapping of Heusler compounds

As an example for the application of spin-resolved ToF-MM
in the UV spectral range, Fig. 2 shows recent results for two
ferromagnetic ~ Heusler =~ compounds  [Co,MnGa(100) and
Co,Mng gFe 45i(100), briefly CMG and CMFS]. This pair is partic-
ularly interesting because it shows similar electronic band struc-
tures but different band filling. A comparative study'”’ together
with the parent compound Co,MnSi, CMS, was focused on the
question how band positions and dispersion depend on the differ-
ent band filling, i.e., different number of valence electrons Ny in
these three isostructural compounds. For this experiment, the 4th
harmonic of a Ti-sapphire laser provided fs UV pulses with a
photon energy of 6.05 eV. Binding energies of up to Eg=1.9 eV are
accessible with a one-photon photoemission process and the visible
field-of-view in k-space at Eg is Kjpmayx = 0.7 A .

According to the universal curve of the inelastic mean-free
path (IMFP),'"” such low kinetic energies are characterized by a
large information depth, thus giving access to bulk bands. Yet, for
many cases the strongly confined photoemission horizon at low
excitation energies poses a fundamental limitation on the suitability
of low-energy photons for valence-band mapping. The large unit
cell of Heusler compounds [Fig. 2(k)] corresponds to a small
Brillouin zone (BZ) and thus represents a favorable case for low
photon energies. On the polar angular scale, the present
momentum-range corresponds to the full 2m solid angle and
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represents 63% of the surface BZ along the main axes k and k,.
The photo-transition at hv=6.05eV leads to the center of the
second bulk BZ. Hence, the experiment probes the I'-X and I'-K
high-symmetry directions, defined in Fig. 2(1).

The epitaxial Heusler films were grown on MgO(100) sub-
strates at room temperature using rf-magnetron sputtering in an Ar
atmosphere at a pressure of 0.1 mbar and subsequent annealing
in UHV at a temperature of 550 °C. X-ray diffraction and energy
dispersive x-ray spectroscopy (both ex situ) were employed for
the analysis of the film quality confirming the L2, crystal structure;
for details, see Ref. 118. After finishing deposition, the samples
have been transferred within a few minutes under UHV conditions
into the sample stage of the microscope (base pressure is
2 x 107" mbar). Then, the spin mapping is immediately started so
that the acquisition is finished within typically half an hour after
film deposition. The CMFS film degraded visibly after a few hours,
whereas for the CMG-films, we found a remarkably long “lifetime,”
with the spin-polarized bands still being visible after several weeks.

The incident photon beam is perpendicular to the y axis and
at 22° to the x axis of the chosen coordinate system. The samples
were oriented with [011] and [0-11] crystallographic directions
along the x and y axes. The photon polarization is varied using
quarter- and half-wave plates, resulting in s- and p-polarization or
left (LCP) and right (RCP) circular polarization. Exploiting the
polarization dependence of the photoemission intensity patterns,
the symmetry groups of the observed bands can be probed.'"”
These symmetry selection rules allow the separation of overlapping
bands with different spin signature.

Figure 2(a) shows the intensity pattern for CMG at the Fermi
energy. The (k,ky)-cut clearly shows several band features crossing
Er. The spin texture (b) uncovers that most bands have majority
character (red) but two pronounced blue features along the
[011]-direction (=k,), about 0.25 A™! from the I'-point, stem from
a minority band. The Eg-vs-k, sections of intensity (c) and spin (d)
reveal the dispersion of this band toward larger kj with increasing
Ep. This minority band (actually a group of three bands A-C)
crossing Er clearly rules out that CMG could be a half-metallic fer-
romagnet. In the perpendicular azimuth [0-11] section (e), we rec-
ognize a flat majority feature (bands D, E) crossing Er. at almost the
same kjj-value. This example demonstrates how the matrix-element
effect can be exploited for the identification of the double-group
symmetries of bands in a ferromagnet. The electric field vector of
the photon beam was set to s-polarization (pointing along k), thus
lifting the degeneracy of the [011] and [0-11]-directions being
equivalent in the bulk crystal.

For CMFS, we encounter a different situation: Here, the
(kysky)-cut at Ep exhibits a structure-less intensity pattern with uni-
formly red spin texture. Only at Eg = 0.5 eV, the first band features
with minority character (blue) occur, Figs. 2(f) and 2(g). Note the
similarity of spin patterns (b) and (g) differing in energy by 0.5 eV.
The Eg-vs-kj cuts [(h)-(j)] show a strongly dispersing minority
band with maximum well below Eg. The uniformly red spin charac-
ter at and below Ep is the signature of a half-metallic ferromagnet
with a minority spin gap of 0.35 eV with respect to Er. Figure 2(j)
shows a faint residue of a surface resonance (SR) as discussed'*’
for the parent compound CMS. Lower-lying bands are hardly dis-
cernible in the intensity pattern (h) but show up more clearly in
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the spin patterns (i,j). The dashed horizontal lines in (j) mark an
exchange-split band pair, allowing a precise experimental determi-
nation of the exchange splitting in CMFS (AE, =0.72 +0.07 eV);
for CMG and CMS the values are 0.48+0.07¢V and
0.55 £ 0.10 eV, respectively.

A comparison of the measured results (and those for CMS)
with various calculations (LSDA + U, LSDA + GW, and DMFT) is
given in Ref. 109. Figures 2(m) and 2(n) show the majority and
minority band structure of CMG calculated by DFT-LSDA from
the comprehensive comparative study of many Heusler compounds
by Ma et al'”" A close inspection reveals that all observed band
features and their polarization signature are clearly related to the
calculated valence bands and band groups (labelled A-M) of bulk
Co,MnGa. The absolute energy positions of individual band
groups have been adjusted to the experimental results at the
I'-point. The minority valence-band maximum for CMG lies only
0.15eV above Ep, ie., this compound is much closer to being a
half-metallic ferromagnet than predicted by ab initio theory.

Adjusting calculated bands to the experimental positions
requires different shifts for majority and minority bands (in some
cases even shifts in opposite directions). This finding is at variance
with the anticipated behavior based on the rigid-band description,
where just the band filling determines the position of Eg. The dis-
persion of majority and minority electrons allows one to link
exchange splitting and band filling to the number of valence elec-
trons Ny. We find that CMS and CMFS exhibit minority bandgaps
of 0.5 and 0.35 eV, opposite to the expectation from the rigid-band
model. All these deviations are signatures of many-body electron
correlations, which influence the size of the minority gap and the
band positions. Our results indicate that current theoretical models
qualitatively explain the experimental observations but show sub-
stantial quantitative differences. In view of this, it is remarkable
that the magnetic moments are predicted in almost perfect agree-
ment with the experimental values. The half-metallic Heusler com-
pounds are promising candidates for spintronics and sensors and
their minority spin gap is relevant for macroscopic properties,
among all for the transport properties.

B. VUV ARPES: Complete analysis of Re(0001)
photoemission

The broken inversion symmetry at surfaces causes a strong elec-
tric field perpendicular to the surface. This electric field provokes a
lifting of the spin-degeneracy known as the Rashba-effect.”*'**™'**
The spin direction will then be locked perpendicularly to the
momentum. Model systems, for which the Rashba-effect has been
directly shown by photoemission experiments include the Shockley
surface state on Au(111)"*>'**'**!?” and the surface resonance on
W(110)."*7"** As a second example for the efficient spin-resolved
detection scheme of time-of-flight momentum microscopy, we
discuss here the Rashba-split Tamm surface state on Re(0001)""” in
more detail. The Rashba splitting of this surface state has been pre-
dicted by density functional theory'*® and quantum interference pat-
terns revealed its pronounced surface localization."*”

The spin-resolved photoemission experiment has been per-
formed at beamline U125/2 (BESSY) in the single-bunch mode
(repetition rate is 1.25 MHz)."*® In this mode, the total available
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VUV intensity is a factor of twenty smaller than in the normal
multibunch mode. On the other hand, the ToF detection efficiency
is two orders of magnitude higher compared to a two-dimensional
detection mode.

Spin-integrated photoemission spectroscopy at different
photon energies in a range from hv=7-35eV verifies the surface
or bulk character of electronic states. As depicted in Fig. 3, the
surface state, marked as SS, shows a constant parallel momentum
independent on photon energy. A second fingerprint is the attenu-
ation of its intensity with increasing photon energy, which con-
trasts with the surface resonances (SR). At a photon energy of
13.5 eV one observes a bulk state (B) at the Fermi level that strongly
disperses with the photon energy.

To obtain the spin-resolved information, an Au/Ir(001) spin-
filter crystal is inserted in the electron optical column (Fig. 1 and
Ref. 30). The spin dependent reflectivity of low-energy electrons at
this surface, caused by spin-orbit interaction, allows to evaluate the
spin-polarization from two datasets measured at scattering energies
of 10.75 and 12.5¢V, in the following denoted by the subscripts
I'and h (for low and high), respectively. The spin quantization axis
perpendicular to the scattering plane is adjusted along the I'-K
direction, denoted as the y-direction in Fig. 3. The Au/Ir(100) spin
filter crystal offers a Sherman function of +0.7 at these two scat-
tering energies.’” The spin polarization at each image point is
determined by Py = (1 — py)/(pyS; — Si), where w = I/I; is the
ratio of measured intensities at each image point and p = Ri/Ry,
denotes the ratio of the energy-dependent spin-integrated reflec-
tivity R, and R; at both scattering energies. The energy depen-
dence of §; can be assumed to be constant in the small energy
interval evaluated here.

The constant-energy maps of the spin texture [Figs. 3(f)-3(k)]
reveal an outer and inner SS Rashba ring manifesting the lifting of
the degeneracy of spin-up and spin-down band. The blue/red color
code indicates the spin component along the y-direction. As the
spin direction is perpendicular to the parallel momentum, the mea-
sured spin polarization component P, vanishes along the k-axis
and obeys the relation Py (—k,) = —P,(k,). The maximum observed
spin polarization of the Rashba split surface state amounts to
P=07.

The spin-resolved band dispersion depicted in Fig. 3(1) reveals
the dispersion of the surface state SS near the I" point. The group
velocity near the Fermi level amounts to —(4.8 +0.7) eVA indepen-
dent of the parallel momentum direction. The Rashba spin texture
causes the opposite sign for negative and positive parallel momen-
tum. For this photon energy, the spin-resolved Rashba-split surface
state can be observed up to a binding energy of 0.7 eV.

The M-point surface resonance (SR2) has a weak positive spin
polarization for k>0, corresponding to a clockwise spin direction
around the M point. The bulk character of the state indicated by B
has been deduced from the pronounced k,-dispersion. The spin polar-
ization of bulk state B vanishes at the Fermi level as expected but also
develops a Rashba-like spin splitting at larger binding energy.

To conclude, VUV radiation leads to an extreme surface sensi-
tivity of photo-emitted electrons. The surface sensitivity imposes a
challenge for spin- and angle-resolved photoemission spectroscopy
due to the notoriously low efficiency of spin detectors and neces-
sarily long acquisition times. Spin-resolved ToF-MM circumvents
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FIG. 3. (a)-(e) Constant-energy maps I(Eg = 0,k,.k,) for excitation with different photon energies as indicated. The photon energy hv = 18.5 eV corresponds to k, = 2Gggoq
for normal emission, i.e., at T', in the free electron model. Features varying with photon energy indicate surface resonances (SR) or bulk states (B). The intensity of the
surface state (SS) monotonously decreases with increasing photon energy indicating the pronounced localized character of the features emitted close to the surface
normal. (f) Constant energy map I(Eg = 0,ky.k,) measured for hv = 13.5 eV after reflection at the spin-filter crystal. (g) Constant-energy spin polarization maps Psy(Eg Ky,
ky). Color code for intensity and spin polarization indicated in (m). (h)—(k) Corresponding data for Eg =200 meV and 400 meV. (I) Cut 3-dimensional representation of the
Psur(Es.Kxky) data array. Adapted with permission from Elmers et al., Phys. Rev. Res. 2, 013296 (2020) under a Creative Commons License.

this challenge because of its significantly increased detection effi-
ciency based on three-dimensional P(Eg,ky.ky) spin recording. The
example of the Tamm surface state of Re(0001) shown in Fig. 3
demonstrates this capability, revealing the Rashba-split spin texture
of this state. Additional photoemission measurements in the soft
x-ray regime'” confirmed that this surface state resides within a
projected bulk bandgap. The state with smaller parallel momentum
(inner Rashba state) is fully separated from bulk states, whereas the
Rashba branch with larger momentum hybridizes with bulk states,
leading to a partial suppression of spin-momentum locking.

C. Soft x-ray ARPES: Mapping Fermi surface and
velocity, circular dichroism, and spin

In the classical ARPES range (VUV), the inelastic mean free
path (IMFP) of the photoelectrons is < 0.5 nm, hence VUV-ARPES
is ideally suited for the study of surface states and adsorbates. With
increase of photoelectron kinetic energy toward the soft-x-ray
range, the IMFP increases from 0.5nm at 200eV to 2.5nm at
2000 eV."*” This implies that soft-x-ray ARPES gives access to
deeper-lying layers of the solid. In turn, it is possible to probe the
bulk electronic structure, which is of interest, e.g., in the context of
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transport properties. The most important aspect of SX-ARPES is
its capability of enabling a tomographic-like mapping of the elec-
tronic band structure. Here, we discuss how full-field imaging
ToF-MM is used for a rapid mapping of electronic bands in the 4D
(Ep,k) parameter space including the circular dichroism in the
angular distribution (CDAD).

Soft-x-ray ARPES poses technical obstacles concerning both
excitation and detection. The required energy resolution (10 meV
range) and momentum resolution (~1% of the size of the BZ)
challenge the performance of the beamline (resolving power is
E/AE~10%) and the angular resolution of the electron detector
(<0.1°). Advances of the brilliance of synchrotron sources show up
in a number of soft-x-ray beamlines with high resolving powers
(several 10, e.g., P04'" (PETRA IIT), ADDRESS'"' (Swiss Light
Source), TEMPO'** (SOLEIL), BL17SU, BL23SU, BL25SU'**~'*°
(SPring8), 109'*° (DIAMOND) and VERITAS'Y (MAX IV).
The photoemission cross sections decrease with increasing energy
in the soft (and hard) X-ray regime,'** demanding high recording
efficiency. The 3D recording scheme of the ToF-MM effectively
counteracts the decreasing signal intensity with increasing photon
energy.

The ToF-MM directly images the (k,,k,) momentum distribu-
tion in a large k-range of up to 7 A™' diameter (up to 20 A™" for
the high-energy optics'*’ and an energy range of several eV.
Capturing energy and the two transversal momentum components
simultaneously in the relevant parameter range (full BZ, entire
d-band complex), the question arises how to get access to the per-
pendicular momentum component k,. The answer becomes
obvious when considering the photo-transition in the periodic
zone scheme of the bulk band structure [(Ep,k)-space]. As an
example, the center panel of Fig. 4 illustrates direct transitions in
tungsten in the range between hv =306 and 1293 eV. The quantita-
tive scheme reveals that this photon-energy range corresponds to
final states in the 3rd to 7th repeated BZ along k..

Energy conservation is accounted for analogously to the Ewald
sphere in a diffraction experiment. For a given photon energy hv
and binding energy Ej , the final states of the photo-transition are
located on a spherical shell with radius (for units A" and V)

ki ~0.5124/hv — E5+ V; x (mmff) )

Vo* is the inner potential referenced to the Fermi energy. The
workfunction does not enter because the scheme describes a transi-
tion in the bulk. m.s and m are the effective mass of the electron in
the final state inside the solid and the free-electron mass, respec-
tively. The role of k, becomes immediately clear from this scheme:
it is the perpendicular component ka‘ of the final momentum
vector k. The electronic states in a periodic solid exhibit a strict
periodicity in a k-space. Hence, the band structure is identical in all
the repeated BZs and—except for different matrix elements—it
is irrelevant whether the 4th or 20th repeated BZ is mapped.
Only the radial integrals change when varying the period of the
rapidly oscillating final-state wave function.

Momentum conservation is less straightforward due to two
effects, the contribution of the photon momentum ky,, and the fact
that the final state in a photo-transition is a “time-reversed LEED
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state.” The vector ijl is conserved, when the electrons leave the
sample. The photon (energy and momentum) enters into the
inter-band transition and kj, is completely transferred to the elec-
tron wave vector of the final state. The transfer of photon momen-
tum to the photoelectron happens in the transition itself and
leads to a rigid (vectorial) displacement of the final-state in
k-space (see Ref. 150 and references therein). In a momentum
microscope, this effect is directly observable as a shift of the
momentum pattern (example Fig. 3 in Ref. 34). Given the photon
impact angle of 22°, the displacement of the final-state sphere
along k, and k, is

Ak, = (27v/c) sin 22° Ak, = (27v/c) cos 22°. )

For the highest photon energy used at beamline P04
(hv =1293 eV), ky, shows up in substantial shifts of Ak,=0.635A""
and Ak,=0237 A7,

The second effect is described by Pendry’s model of the
“multiple-scattering” photoemission final state.”'~'”* When we
translate Bragg’s law to k-space, we find constructive interference,
e.g., in normal-emission, whenever an integer-multiple of the
photoelectron wavelength A, coincides with the spacing of
the atom planes d,. With the reciprocal-lattice vector perpendicu-
lar to the surface |G,| = 2n/d, and the final-state electron momen-
tum |k¢ = 27/, we obtain the constructive-interference condition
for forward scattering as

kf = Tle. (3)

The generalization in the 3D k-space is the Laue equation,
describing an Umklapp-process involving an arbitrary reciprocal
lattice vector G,

ky =k — G. (4)

Pendry’s multiple-scattering final state can be accounted for in
a graphical scheme like Fig. 4(a) by including Umklapp processes
on the final-state energy isosphere in k-space. This extension
explains the observed XPD modulations and their extremely rapid
variation with energy and momentum; for details, see Ref. 155.

Figures 4(b)-4(g) show I(kyk,) sections at Ep and a binding
energy Ep >0 for three selected photon energies. It is convenient to
quantify the perpendicular component k, = k¢* in multiples of the
reciprocal lattice vector along the (110) direction, Gy, =2.812 A7".
The momentum patterns at different photon energies are entirely
different and show a strong dependence on binding energy, both
being fingerprints of the 4D nature of (Eg,k)-space tomography.
The k,-resolution is obviously sufficient to separate band features
that appear only when the spherical final-state shell intersects
with the “objects” in the BZ (i.e., constant-energy sheets, one of
them being the Fermi-surface with electron or hole pockets).
From the shape of the band pattern in Fig. 4(b), this section can
be clearly identified as running through the center (I'-point) of a
repeated BZ. Other patterns allow identifying further high-
symmetry planes like the NHP mirror plane marked in Fig. 4(a)
and mapped in Fig. 4(d). Calibrated at high-symmetry points, this
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FIG. 4. Transition scheme for soft-x-ray
photoemission from W(110) in a range
of photon energies from 306 to
1293 eV and experimental results for
intensity, circular dichroism, and spin
polarization. (a) Quantitative k-space
description of transitions with final-
state momentum vectors k; between
3.32 Gy19 and 6.75 Gyyo; the photon
momentum k, is transferred to the
photoelectron. T, H, N, P: high-symmetry
points. (b)~(q) kck, sections measured
at different positions in a k-space as
marked in the transition scheme.
Binding energies stated in the panels,
A-D mark different electron and hole
pockets. (h) Eg-kx section showing the
band dispersions. (i) Fermi surface
extracted from a 4D array |(Eg,k), con-
catenated from many 3D arrays. The
colors show the Fermi-velocity distribu-
tion v(Egk), see color bar (negative
values denote hole conductivity). (j)
Fermi surface with overlaid circular
dichroism asymmetry Acpap; red and
blue mark positive and negative Acpap
(see online version for color code). (k)
Same, but for the energy isosurface at
Eg=1.5¢eV. () and (m) Spin compo-
nents PFano(EFkx1ky) and PMott(Ekaxuky)1

()

measured at hv=460eV; (n) color
code for (j)—(m). All data recorded at
beamline P04, PETRA Il (DESY,
Hamburg). (b)-(i) Reprinted with per-
mission from Medjanik et al., Nat.
Mater. 16, 615 (2017). Copyright
2017 Springer Nature. (j) and (k)
Reprinted  with  permission ~ from

(h)

EieV)

Fedchenko et al., New J. Phys. 21,
013017 (2019), under a Creative
Commons License. (I) and (m)
Reprinted  with  permission ~ from
Vasilyev et al., J. Phys. Condens.
Matter 32, 135501 (2019). Copyright
2019, IOP Publishing.

soft-x-ray based tomographic-like approach provides an absolute
“k-space ruler.”

The 4th repeated BZ in Fig. 4(a) has been mapped in detail by
recording ~20 individual 3D data sets with small increments of hv
(ie., different values of k,).”>'°° These sets are concatenated
forming the array I(Egk), which contains the full information on
the electronic structure accessible by photoemission [“removal
part” of the spectral function p(Egk)]. From this array one can

extract all band dispersions [example in Fig. 4(h)], all energy isosur-
faces like the Fermi surface I(Epk) with color-coded Fermi velocity
vp [Fig. 4(1)] and all other group velocities of the electrons v(Ep,k).
The slopes of the bands have been extracted from many plots like
Fig. 4(h) by numerical differentiation.

Such 4D k-space patterns I(Eg,k) can be measured with hemi-
spherical analyzers as well, either scanning the polar emission
angle,'”” or using a deflector in the entrance lens.”® Specific
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features of the ToF-MM are the high acquisition speed, the linear
k-scale and the large data arrays, comprising more than a full BZ
and the entire d-band complex. Quantitative estimates of acquisi-
tion times will be given in the outlook in Sec. IV.

Measurements with circularly polarized x-rays at beamline P04
gave access to further quantities: Figs. 4(j) and 4(k) Circular dichroism
asymmetry Acpap(Epk) and Figs. 4(1) and 4(m) spin components
Prano(Epkwky) and Py (Epkyoky). The spin quantities have been mea-
sured at hv =460 eV using the upper ToF drift section in Fig. 1. Note
the different symmetry properties of Pg,,, and Pypoy. Detailed analysis
of CDAD and spin components using Feynman graphs revealed a pre-
viously overlooked relation between these three quantities. The optical
spin-orientation Pp,,, originates from the interaction with circularly
polarized light (Fano effect) and the spin polarization component
Ppor is induced by spin-orbit scattering (Mott scattering). The latter
component is proportional to the product of the polarization stemming
from the Fano effect and the CDAD asymmetry. Because both asym-
metries can simultaneously change sign with the photon polarization, a
finite spin polarization remains present even for excitation with linearly
polarized light; for details, see Ref. 159.

All group velocities of the band electrons v(Eg,k) (oriented
perpendicular to the corresponding isosurface) can be determined
from the distance of adjacent constant-energy surfaces (e.g., Er and
Ep-dE) using the gradient in k-space,

140

(k) = 3 VB, 5)

For tungsten, vy varies from 10° to 10°m/s and —10° to
—2.5x10° m/s for electron and hole pockets, respectively.

The spin-integral measurements yielding Fermi surface, Fermi
velocity and CDAD (via two measurements reversing the photon
helicity for each photon energy) in Figs. 4(b)-4(k) have been cap-
tured within ~5 h at beamline P04 of the storage ring PETRA III at
DESY in Hamburg. The 40-bunch mode of PETRA III corresponds
to a pulse period of 192ns that perfectly matches the count-rate
capability (5Mcps) of the delay-line detector (DLD). The spin
measurements Figs. 4(1) and 4(m) required a total acquisition time
of approx. 12 h.

D. Hard x-ray ARPES: Temperature-dependent Fermi
surface of the Kondo system YbRh,Si,, 3D bulk band
mapping and hXPD

The experimental results described below have been measured
at beamline P22'°" of the storage ring PETRA III. The photon
band width at 5keV using the Si(331) monochromator crystal is
155meV, determining the energy resolution. The time-of-flight
momentum microscope used for this experiment has been
described in Ref. 149.

While offering the highest energy resolution, VUV excitation
results in a pronounced surface sensitivity, where electronic proper-
ties could be altered by the broken symmetry at the surface.
Therefore, bulk sensitive photoemission measurements using hard
x-ray excitation provide an important complementary approach for
understanding electronic properties of complex materials and buried
interfaces.'®""'°> ARPES with hard x-ray excitation (HARPES) is

REVIEW avs.scitation.org/journall/jva

challenging, because of the dropping cross sections and the increas-
ing amount of photoelectrons that are scattered at phonons. The fol-
lowing example (from Ref. 163) shows that despite the scattering
background, ToF momentum microscopy enables a determination of
the band dispersion for complex compounds. The results are
obtained for the model Kondo-Lattice system YbRh,Si,. Previous
photoemission experiments on this material have focused on ARPES
in the VUV regime, leaving open questions on the temperature
dependence of bulk electronic states.

Before discussing the example, we address several peculiarities
of HARPES: the role of the photon momentum, the recoil effect,
and the nature of Laue and Kikuchi diffraction, all being negligible
at small energies but substantial for hard x-ray photoemission. The
first effect is related to the high photon momentum. Using Eq. (2),
we derive transversal and perpendicular components of the photon
momentum as Ak,=3.6A"" and Ak,=1.3A7" for the highest
photon energy used at P22 (hv=7.3 keV). This means that the
final-state energy isosphere in k-space is shifted laterally by more
than one Brillouin zone. In the momentum image, the I" point of
the valence band pattern [corresponding to the initial state with
k =(0,0,0)] is shifted away from the normal emission direction. The
z-component of the shift (pointing towards the surface) must be
accounted for in the tomographic-like k-space mapping as
described in Fig. 4. Ak, shifts the isosphere to lower k, so that a dif-
ferent plane in the periodic BZs is mapped.

The recoil effect is related to the photoelectron momentum. In
the HAXPES regime, the photoelectron momentum is an order of
magnitude larger than the photon momentum; at Eg,, =7.3 keV
the momentum at the Fermi energy is |kgna| =43.8 A™'. In order
to fulfil the total momentum balance in the photoemission process,
this electron momentum is causing a recoil momentum transferred
to the emitter atom. For HAXPES photoelectrons, the recoil
momentum imparted to the atoms is no longer negligible. For light
atoms, it can be observed as a shift to a lower kinetic energy in the
10 meV range. Since this shift depends on the atomic mass, recoil
spectroscopy can yield information on the local environments of
the emitter atoms in a material (for details, see Ref. 164). There are
still open questions regarding the recoil effect for photoemission
from itinerant band states, possibly resulting in recoil-free photo-
electron emission. *>'%°

Laue-type diffraction of photoelectrons can be described in
terms of Umklapp processes on the final-state energy isosphere in
k-space. This effect is validated by many experimental examples
and can be visualized in a graphical model.'” Energy conservation
demands that the final state stays on the isosphere (which is shifted
by the photon momentum). The Umklapp changes the momentum
by a reciprocal lattice vector G (Laue eq. Ak = G). This diffraction
process retains the coherence and the entirety of all possible
Umklapp processes constitutes the Pendry multiple-scattering final
state of the outgoing photoelectron wave. The transfer of photon
momentum, the recoil effect, and Laue-type diffraction are intrinsic
in the photoemission process.

The mechanism leading to Kikuchi diffraction is extrinsic, i.e.,
it does not happen at the emitter site. When traveling through the
solid, the photoelectron can be scattered quasi-elastically at another
atom. The scattering event destroys the coherence and extinguishes
the initial momentum information. This incoherent contribution
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increases with increasing kinetic energy of the photoelectrons and
increasing thermal disorder, i.e., with increasing temperature (gov-
erned by the Debye-Waller factor). This is the classical Kikuchi
effect,’®” except that the initial state is the photoelectron wave and
not the primary electron beam of an SEM or TEM.'*® Kikuchi dif-
fraction imprints a pronounced structure on this background,
which can be eliminated by a multiplicative correction.'®”

At energies of several keV, the effective scattering volume
comprises several 10°atoms (in typical probe volumes of several
10’ nm®). In this regime, the diffraction process is well described by
Bragg reflection at lattice planes,'’’ being operative at Kikuchi band
edges. The widths of the bands are given by multiples of reciprocal-
space vectors. The center lines of the bands represent projections of
lattice planes (hkl) and the crossing points of Kikuchi bands corre-
spond to projections of crystallographic directions [uvw]. Hence,
Kikuchi patterns, on the one hand, provide a metric of k-space
and, on the other hand, show the sample orientation. For strong
core-level signals, such patterns are visible in real time with a frame
rate of 1 Hz. Examples are shown in Figs. 5(a) and 6(a).

When the electron drops out of the “Pendry wave field,” its
energy is almost retained except for the small atomic recoil energy.
The classical elastic-scattering picture of a fast electron at an atom
corresponds quantum-mechanically to a coherent multi-phonon
excitation in a lattice.'”"'”” The initial displacement of the scatter-
ing atom can be described as a local coherent phonon superposi-
tion, which stores the recoil energy. Elastic forces pull the displaced
atom back towards its equilibrium position. Finally, the local lattice
displacement evolves with time into a delocalized thermal excita-
tion, characterized by the vibrations of the neighbouring atoms. In
this way, the recoil energy ends up as thermal energy of the lattice.
Calculations by Wang reveal that the cross sections for elastic scat-
tering (diffraction) and inelastic scattering (also termed “thermal
diffuse scattering”) are strongly different. Diffraction is peaked in
the forward direction (favouring small Bragg angles) and drops by
orders of magnitude toward larger scattering angles. The phonon-
mediated cross section varies only weakly with scattering angle,
i.e., the inelastic channel appears rather isotropic (see Fig. 3 in
Ref. 173; note the log scale). In the wave picture, the scattered
electrons form a spherical wave centered at the scattering site.
This wave is diffracted at the lattice as discussed in the early work
of Kikuchi'®” and later Laue.'”*

The heavy-fermion behavior in intermetallic compounds is
characterized by a drastic increase of the effective mass of conduc-
tion electrons.'”” In YbRh,Si,, this behavior is caused by interac-
tions between the strongly localized 4f electrons and itinerant
electrons.”’° One expects that interactions between the local
moments and the itinerant electrons leads to a transition from a
small Fermi surface in a non-coherent regime at high temperatures
to a large Fermi surface below a critical temperature.'””>'”® Thus,
the formation of correlated states changes the momentum depen-
dence of the electronic band structure. In a simple picture, the
localized 4f-electrons involved in the hybridization are included in
the Fermi surface encompassing all occupied states. If the magnetic
moments related to the 4f electrons become unscreened, which
may be provoked by lifting the coupling of conduction electrons
with the local moments above a critical temperature, the underlying
4f-electrons become localized again and are thus excluded from the
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Fermi surface. The size of the Fermi surface is, therefore, increased
in the Kondo lattice state in comparison to the uncorrelated state.

An interesting question is at which temperature the change
of the band dispersion occurs. The periodic Anderson model pre-
dicts the loss of coherence near the Kondo temperature
Tx=25K."””” In contrast, dynamical mean field theory calcula-
tions result in a continuous change of the Fermi surface far above
T.'*® VUV-ARPES'®"'®* results in a temperature-independent
Fermi surface between 1 and 100K.'*»'"* The formation of a
4f-derived flat band has been observed above 120 K by scanning
tunneling spectroscopy'*” and ARPES.'*

A particularly intriguing advantage of momentum microscopy
with a large k-field-of-view is the combination of valence-band
mapping with high-resolution hard x-ray photoelectron diffraction
(hXPD). hXPD is sensitive on the geometric structure. In the
hard-x-ray regime, the short photoelectron wavelength reveals tiny
phase differences and turns hXPD into a very sensitive structural
tool.”” Calculations reveal detectable changes of the lattice constant
in the 1% range by evaluating the fine structure near the zone axis.””
This suggests possible applications of hXPD for element-resolved
strain analysis in materials.'*”'*® Valence-band patterns are recorded
at identical settings of the microscope. This allows the direct compar-
ison of changes in the geometric and electronic structures. Static and
dynamic strain manipulation emerges as a new avenue to tune and
shape a material’s electronic properties.'*>'”

Figure 5(a) depicts the hXPD pattern obtained at the Yb 4f
core level. Prominent features are the two diagonal (110)-type
Kikuchi bands, one being marked by lines on both sides. Their
widths are determined by the reciprocal lattice vectors Gi;o and
G_1o (marked width is 3.1 A™"). The rich structure of the pattern
is caused by the position of the Yb atoms within the crystal struc-
ture. Details of this structure are revealed by comparison with
simulated patterns.

A practical aspect is the possibility to determine the orienta-
tion of the sample using pronounced Kikuchi bands. Thanks to the
high intensity of the core-level signals, such hXPD-patterns are
visible with good contrast in real-time with frame rates of 1Hz.
The straight lines can then be used to adjust the electron optics
avoiding image-field distortions at large k-field diameters. The size
of the projected BZ is immediately visible in the Kikuchi patterns,
providing a metric in a k-space.

The large momentum field of view of 12 A™" allows the simul-
taneous acquisition of five adjacent Brillouin zones. This large field
of view can be exploited to measure the dispersion of valence
bands in three-dimensional k-space without changing the photon
energy. As sketched in Fig. 5(c), the perpendicular momentum
component along k, for the probed intensity decreases with
increasing parallel momentum due to the energy conservation law,
forcing all final states on an energy isosphere with radius k¢ [see
Eq. (1)]. This fact allows simultaneous data acquisition as a func-
tion of perpendicular momentum k,, covering a range of Ak, =0.5
Goo1 in one experimental run.

The photon energy set to hv=5297eV results in k,=29
Goor'® As discussed above, the substantial shift by the photon
momentum needs to be taken into account. Adding the correspond-
ing reciprocal lattice vector, data processing transforms the measured
three-dimensional array I(Epkyk,) into the four-dimensional data
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FIG. 5. (a) Hard-x-ray photoelectron d|ffract|on (hXPD) pattern of the Yb 4f level inYbRh,Si, at a photon energy of 5300 eV. The width of the prominent Kikuchi band
[double arrow in ()] is glven by G110=3.1A~". (b) and (c) Momentum-space description of a photo-transition from the valence band. (k,,k)-scheme describing direct inter-
band transitions into a quasi-free-electron-like final state band at a photon energy of 5297 eV. The horizontal axis corresponds to the ZX direction. The plots are to scale
for the YbRh,Si, structure. The final-state momentum k; (radius of the final-state sphere) is approximately independent on Ejg (for high photon energy). The center of the
sphere is displaced from the origin k=(0,0,0) by the vector of the photon momentum k. Brillouin zones (BZ) are depicted in the periodic zone scheme.
(d) Three-dimensional representation of the measured spectral density of states of YbRh,Si, at four indicated binding energies, measured at a photon energy of 5297 eV at
a temperature of 20 K. (e)-(g) Constant-energy maps at the indicated binding energies of the spectral density of electronic states in the Z-Y-X plane measured at 20 K. (h)
Energy dispersion along Z-X (dark: lowest and yellow: highest intensity). (i)—(I) Analogous data measured at 300 K. Blue and red lines in (h) and (I) indicate the different
band dispersion of band D. (m) Temperature dependence of the radius of band D along the Z- direction at a binding energy of 0.4 eV. The solid red line marks the Z-%
distance. The insets show constant energy maps for the corresponding temperatures (white means high intensity) (see online version for colors). [(b)-(m) Adapted and

reprinted with permission from Agustsson et al., J. Phys. Condens. Matter 33, 205601 (2021); copyright 2021, Institute of Physics (UK)].

array I(Eg,kykyk,). To visualize the data, surfaces of constant energy
in three-dimensional k-space result from cuts of the four-
dimensional array as shown in Fig. 5(d) for four different binding
energies. For Ep =0, the doughnut (D) is centered at the Z point.
The matrix-element-induced intensity variations fractionate the
jungle gym (J) surface centered at the I' point. Figures 5(e)-5(g)
depict the constant-energy surfaces at the indicated binding energies.
Due to the hole-like dispersion of bands D and J, the spectral
densities retract toward the Brillouin zone edges. Lower-lying
bands appear at higher binding energies near the Z and X points
[Fig. 5(g)].

The dispersion of band D (doughnut) at low temperatures
shown in Figs. 5(e)-5(g) reveals significant differences as com-
pared to corresponding data measured at room temperature
[Figs. 5(i)-5(k)]. This difference also shows up in the cuts

revealing the energy dispersions Eg(k) along the Z-X high symme-
try direction [Figs. 5(h) and 5(1)]. Note that for this representa-
tion, the intensity for each binding energy has been normalized to
the Brillouin-zone averaged intensity to suppress the high
momentum-independent intensity of the 4f states. The normaliza-
tion emphasizes the dispersion of electronic bands on the expense
of suppressing the signal from the non-dispersive part of the
localized 4f-states. The solid blue line in Fig. 5(h) indicates the
position and dispersion of band D at 20 K. The corresponding
band dispersion measured at 300 K shown in Fig. 5(1) (red line)
shows that band D is shifted to higher binding energies. The
energy shift amounts to 100 meV.

Similar data sets have been measured for several temperatures
between 20 and 300K [Fig. 5(m)]. The distance K75 in a k-space
from the Z point to the position of band D along ZX illustrates the
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temperature dependence of the band shift. At 20 K, this distance is
significantly larger than at 300 K. The change occurs between
100 K and 200 K. The characteristic temperature T* for the change
of the electronic structure is thus considerably larger than the
Kondo temperature of this compound, i.e., T* > 4Tx.

While this observation is inconsistent with the prediction of the
periodic Anderson model, it confirms previously observed changes
in core level spectra, resonant x-ray electron scattering'®* and scan-
ning tunneling spectroscopy.'™ The temperature-dependent changes
of the optical conductivity spectra'”’ also indicate changes of elec-
tronic states at much higher temperatures than Tx. The results also
agree with recent time-resolved ARPES experiments, indicating a
decrease of the f—d hybridization with increasing electron tempera-
ture around 250 K.'”?

This example demonstrates the applicability of angle-resolved
photoemission spectroscopy in the hard x-ray regime (HARPES)
for complex materials in a larger temperature regime. Despite the
large background due to thermal diffuse scattering of photoelec-
trons with a high kinetic energy, the high efficiency of data record-
ing using ToF-MM enables the extraction of detailed bulk
information. A few hours of data acquisition reduce the statistical
noise to such a level that background subtraction reveals the infor-
mation encoded in the small part of photoelectrons that are not
scattered. Further examples show that it is possible to determine
the band dispersion through capped surfaces. This is an important
advantage because it eases sample handling and allows sample
preparation techniques such as application of large magnetic
fields'” and lithography techniques that otherwise are prohibitive
for photoemission spectroscopy.

E. Spin-resolved HAXPES: Is magnetite indeed a
half-metallic ferromagnet?

As has been discussed in the previous chapter, hard x-rays
enable a new avenue toward band mapping of capped complex bulk
materials, buried layers or interfaces in thin-film architectures, as
well as in in situ and in-operando devices. Spin-resolved HAXPES
substantially broadens the knowledge revealed by photo-emitted elec-
trons. For example, one may envision measuring the spin polariza-
tion at buried interface states'”* and even for in-operando devices,
where external electrical fields modulate spin-momentum locked
states by spin-orbit enhanced interactions.'”>'”

The scattering of photoelectrons with phonons may pose an
obstacle for spin-resolved HAXPES. The scattering event of the
photoelectron may not only alter its momentum but the spin orien-
tation, too. The fraction of photoelectrons without scattering,
described by the Debye-Waller factor, exponentially decreases with
increasing kinetic energy. This is in particular serious for ferromag-
netic materials typically consisting of light elements and having a
low Debye temperature. For materials with heavy elements addi-
tional effects have to be considered. As has been discussed for the
case of soft x-ray photoelectron spectroscopy, spin—orbit interaction
in the final state contributes to the spin-polarization of photoelec-
trons [Figs. 4(1) and 4(m) and Ref. 159].

The investigation of ferromagnetic samples provides a
straightforward approach to test the applicability of spin-resolved
HAXPES."””'”® Here, the spin polarization of photo-emitted
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electrons is determined from measurements of two remnant mag-
netization states with opposite directions. This procedure allows to
eliminate spin-orbit induced additional spin-polarization effects.'”
The question whether phonon scattering reduces the observable
polarization remains. To answer this question, we discuss in the
following spin-resolved HAXPES data obtained for the case of
magnetite,””” a material with predicted half-metallic properties.

Ferrimagnetic magnetite (co-Fe;O,), historically the oldest fer-
romagnetic material applied in technology, is still interesting for
modern research because of potential applications in spintronics.”"’
Magnetite has a high Curie temperature of 858 K°°' and according
to a simple model,””* the itinerant conduction states are pure
uncompensated minority states. Magnetite is thus a candidate
material for a half-metallic ferromagnet. Density functional theory
has confirmed this simple model.””*"* In contrast, a single ion
model considering the localized character of electronic states in
oxides concludes that the spin polarization has a considerably
lower value of P = —2/3.”"" Experimental values from spin-resolved
photoemission studies obtained with excitation energies between
10 eV and several 100 eV range from P = + 0.3 to —0.8.”0>*09721°

This discrepancy may be explained by the low probing depth
of a few atomic layers. The inverse-spinel structure of magnetite is
vulnerable at the surface because all surface planes are charged.”'”
To avoid a large polarization the crystal surface tends to
reconstructions.”'"">*" Moreover, the preparation of clean magne-
tite surfaces appears to be difficult to achieve.”'® Spin-resolved
HAXPES is attractive for solving the question of bulk spin polariza-
tion because its large probing depth promises true bulk information
and thus a better reproducibility of the results.

The spin-resolved HAXPES results that we exemplarily discuss
in the following used the high-energy version'*’ of the setup
described in Fig. 1 that operates in the hard x-ray regime and that
was installed at beamline P22'°° at PETRA III (Desy, Hamburg).
The instrument allows for simultaneous energy-, spin- and
momentum-resolved mapping of the photoelectrons with unprece-
dented efficiency. The sample is an epitaxial a-Fe;O0,4(111) film of
30nm thickness grown on ZnO(0001) by molecular beam
epitaxy.””' Hard x-ray photoelectron diffraction (hXPD) patterns
[Fig. 6(a)] measured in the same run confirm the structural quality
of the investigated film. hXPD gives detailed information about the
geometric structure in the identical sample volume probed for the
spin-polarization.”** Figure 6(a) displays the measured hXPD pat-
terns for the Fe 3p and O 2p core levels in comparison to simulated
patterns based on the many-beam dynamical theory of electron dif-
fraction.””” The good agreement of theory and experiment confirms
the good structural quality of the sample and supports the bulk
sensitivity of the photoemission measurement at Ey;, = 5.15 keV.

The valence band was measured with an excitation energy of
5.0 keV, leading to a photoelectron inelastic mean free path of 70
A** and an energy resolution of 620 meV using a Si(111) mono-
chromator crystal pair for maximum photon flux. Due to the weak
dispersion of the Fe 3d bands, their momentum dependence cannot
be resolved.””” Therefore, the spin-resolved data are integrated over
an area corresponding to more than a full Brillouin zone. To retrieve
the spin information, photoelectron spectra are recorded for two
opposite magnetization directions after reflection at the spin-filter
crystal as shown in Fig. 6(b). The spin-dependent reflectivity at the

J. Vac. Sci. Technol. A 40(2) Mar/Apr 2022; doi: 10.1116/6.0001500
Published under an exclusive license by the AVS

40, 020802-15


https://avs.scitation.org/journal/jva

JVST A

Journal of Vacuum Science & Technology A

Simulation

(a)

Fe 3p

Experiment

O 2p

(b)

[y

109 8 7 6 5 4 3 2 10

Intensity (arb. units)

o
-
T

A,
A A v v

Asymmetry
o
(=]

.

o

-
T

o
N

[\
A

4.0 3.0 2.0 1
binding energy (eV)

o
o

0

polarization (%)
N
o O,
>

REVIEW avs.scitation.org/journalljva

-50F
-75F
-80%
'100-‘-IA|II.I.I.I-I.l-l.l.l.-
12 10 08 06 04 02 00
binding energy (eV)

o

spin-DOS (arb. units)

12 08 04 00  040200-02
binding energy (eV) binding energy (eV)
A NTExp b4 NlExp
b= NTDFT = NlDFT
= N'oer -~ N'per

Gauss broadened Gauss broadened

FIG. 6. (a) hXPD patterns of the Fe 3p (Exi, = 5150 eV) and O 2p (Exin =4993 eV) core levels in magnetite: experimental data on the left and calculated diffraction patterns
on the right are in good agreement. The hXPD patterns cover an angular range of +9° from the surface normal. (b) Valence band spectra measured with a photon energy
of 5.0 keV and at 30 K for two opposite in-plane magnetizations denoted by I” and I~. (c) Energy dependent asymmetry A, calculated from the data shown in (b). (d) Spin
polarization as calculated from (c) using the calibrated energy-dependent Sherman function S(Eg). The spin-polarization is negative at Er=0eV with a value of —0.8. (e)
and (f) Majority and minority spin-DOS (red (up) and blue (down) triangles, respectively), calculated from the results shown in (b) and (c). Results from DFT calculations
(solid lines, Ref. 226) are shown for comparison considering the instrumental energy resolution (dashed lines). Reprinted with permission from Schmitt et al., Phys. Rev. B

104, 045129 (2021); copyright 2021, American Physical Society.

surface of an iridium single crystal at kinetic energies near 12.5eV'"’

is exploited to calculate the asymmetry from the two spectra
[Fig. 6(c)]. The Sherman function S determining the spin sensitivity
has been calibrated prior to the experiment. Near 12.5 eV the
maximum of S is approximately 0.22. The spin-polarization deter-
mined from the asymmetry by dividing A by S [Fig. 6(d)] shows a
maximum negative value at the Fermi level of —80%. Because of the
monotonously decreasing spin polarization with increasing binding

energy followed by a sign change at Eg=0.6eV, the Fermi level
value represents a lower boundary of the true bulk spin polarization.
A Dbetter energy resolution would lead to an even higher (negative)
value closer to —1. Thus, the experimental result is consistent with
half-metallic ferromagnetic behavior.

Assuming a constant value for the photoemission matrix ele-
ments, majority and minority spin-densities are calculated from
intensity and spin-polarization [see Figs. 6(¢) and 6(f)]. The spin-
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resolved density-of-states provides a good starting point for the
comparison with theory. The DFT calculations™* are shown with
and without considering the experimental broadening. The experi-
mental spin-densities overall resemble the theoretical ones.
Remaining differences are attributed to electron correlations of the
itinerant valence states and to their coupling to the lattice degrees
of freedom.

This example shows that the new generation of spin-resolved
time-of-flight photoemission spectrometers enable the determina-
tion of the bulk spin polarization of magnetite by strongly enhanc-
ing the probing depth with hard x-ray excitation. With such a
setup, it has become possible to overcome the notorious problem
of in situ surface preparation and often ill-defined surfaces.
Furthermore, the large value of the spin-polarization reported here
confirms that phonon scattering processes of photo-emitted elec-
trons do not significantly decrease their spin polarization.

F. Free-electron-laser and HHG ARPES: Femtosecond
dynamics of valence and core electrons

Time-resolved photoemission is the youngest member of the
large photoemission family, closely connected to the development
of fs-pulsed photon sources. While an increasing number of
laboratory-based HHG sources for photoemission are available or
being built, the FEL-based photoemission is gaining visibility, too.
Here, we will have a short view on the present status and future
potential of the ToF-MM technique in the field of fs pump-probe
experiments.

The discussed experiments using FEL radiation have been
performed using the HEXTOF (ToF-MM with low-energy optics)
at FLASH in cooperation of the FLASH team with several user
groups. The energy range of the PG2 beamline (25-830eV) pro-
vides access to both the valence band as well as core levels.
Figures 7(a)-7(d) show measurements on WSe, recorded using
the HEXTOF (adapted from Refs. 42 and 43). The wide-range
ToF spectrum (a) shows the valence band (VB) and the outermost
core levels (W 4f and Se 3d, at Eg =33 and 55 eV, respectively),
whose responses to the photoexcitation have been studied for
hvpump = 1.6 €V and hvpone = 36.5 eV for the valence range and
hvprobe = 109.5eV (3rd harmonic) for the core levels. hvpupy, is
resonant with the A-exciton transition in WSe,, i.e., the pump
photons populate the K and K’ valleys of the conduction band.
Figures 7(b) and 7(c) show two snapshots from the I (Egnapkxkys
1) data array, (b) before the pump pulse (“probe only”) and (c)
after the pump pulse (t>0). The population of the K and K’
valleys is clearly visible in (c). Tracking the temporal evolution of
the population reveals a fast-decay component with a time cons-
tant of ~80 fs. From K and K', the electrons are rapidly scattered
into the lower-energy X and X’ valleys, where the population
reaches its maximum with a delay of ~60fs compared to the
K-valley signal. The /X’ population shows a multi-exponential
relaxation dynamics with a time constant of ~160 fs (for details,
see Fig. 5 in Ref. 42).

A special advantage of the HEXTOF instrument is its capabil-
ity of recording valence-band and core-level dynamics with identi-
cal settings; only the probe photon energy and the sample-bias
voltage are changed. Thus, the dynamics of valence electrons could
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be directly compared with the concurrent changes induced in the
spectral function of the core level. Figure 7(d) shows a k-integral
representation of the W 4fs/, core-level signal as function of delay
time 7 between —0.5 and +2.4 ps. Here, the energy scale is refer-
enced to the binding energy of W 4f;;, in the unpumped case
(t<0). Upon arrival of the pump pulse at =0 the linewidth and
position change. Close inspection of the relative dynamics of the
conduction-band signal [(c) and its temporal evolution] and core
level signals [(d) and the equivalent for Se 3d* clearly show a
delayed core-hole renormalization due to screening by excited
quasi-free carriers resulting from an excitonic Mott transition.
These findings establish time-resolved core-level photoelectron
spectroscopy as a sensitive probe of subtle electronic many-body
interactions and ultrafast electronic phase transitions. Dendzik
et al”’ created the term “core-cum-conduction” photoemission
spectroscopy for this kind of experiment.

Time-resolved ToF-MM at HHG sources is facing exciting
prospects for the near future. On the experimental side, HHG
sources with advanced performance are coming up, offering pulse
rates toward 1 MHz or more and photon energies beyond 100 eV.
A particularly exciting development is the possibility to work in a
regime without significant space-charge effects using an intra-
cavity-enhanced HHG source, running at 60-80 MHz pulse rate.”*’
The extremely high count rates (comparable to the conditions dis-
cussed in Sec. III A) allow exploiting the small-area mode of the
ToF-MM. Regions of interest down to the sub-micrometer
range’ """ can be defined by a small field aperture in the first
Gaussian image [Fig. 1(a)]. In the PEEM-imaging mode, this aper-
ture allows precise positioning of the analyzed area on heteroge-
neous samples, independent on the size of the photon footprint
[(e.g., Fig. 1(c) in Refs. 89 and 90]. The Stony Brook instrument
(ToF-MM at a 61 MHz intra-cavity-enhanced HHG source,””" pro-
viding tunable fs radiation in the range of hv = 10-40 eV) is setting
a new benchmark of performance in ultrafast visible-to-near-IR
pump / HHG-probe experiments. First experiments, tracking the
hot-electron relaxation dynamics in HOPG™’ and excited-state
dynamics in the bulk conduction band of the prototypical transi-
tion metal dichalcogenide WS, provide a flavor of the data
quality that resembles previous static experiments. A stronghold of
this approach is the perturbative limit, where space-charge effects
are largely negligible and the observed dynamics is dominated by
the intrinsic quasiparticle behavior.

A similar leap in ToF-MM performance is expected with the
advent of “quasi-continuous” FEL radiation. LCLS-II, for instance,
will deliver pulse rates of up to 1 MHz," as opposed to 5000 pulses
per second, presently possible at FLASH (e.g., experiment in
Fig. 7). The data-acquisition rate will be further enhanced by new
generations of detectors with high multi-hit capability.”*~"”

Given such an advanced technological basis, numerous excit-
ing science cases can be tackled. A prominent example is the
detailed analysis of the full wealth of momentum- and energy-
dependent population dynamics accessible by tr-MM (as for
tr-ARPES, in general). The role of the electron-phonon interaction
is very complex as discussed in detail by Sentef, Devereaux
et al.”>”’ In many systems, the hot electrons initially lose energy
via transfer to strongly coupled optical phonons. Only when the
optical phonon bath has reached the hot-electron temperature,
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acoustic phonons are created, which happens on a longer intrinsic
time scale. Yet, e-e energy dissipation channels can also be signifi-
cant. Confirming a decades-old prediction, Curcio et al”' found
that ultrafast line-width broadening in the C 1s core level of gra-
phene is caused by an exchange of energy and momentum between
the photo-emitted core electron and the hot-electron system, rather
than by vibrational excitations. A line-shape analysis accounting
for the presence of the hot-electrons bath directly yields the transi-
ent electronic temperature of the system. Such experiments will be
complemented by tr-XPD, providing valuable structural informa-
tion, simultaneously to electronic structure mapping via tr-ARPES.
A first pilot experiment using ToF-MM recently succeeded in
observing coherent phonon excitation in Bi,Ses.”””

We come back to the recent achievements of wavefunction
retrieval and dynamic orbital tomography as mentioned at the end
of Sec. IT A, Multidimensional MM data alongside with progress in
theoretical understanding widen the information content toward
what we termed “complete experiment.” The Bloch wavefunctions
themselves can be reconstructed,”” "> including fundamental
properties like exciton binding energy and exciton-lattice coupling.
Beyond that, polarization-modulated photoemission® and the
phase-sensitivity of CDAD”™* enable tracking the energy- and
momentum-resolved amplitude and phase of the photoelectron
wave. fs time resolution gives access to the dynamics on its intrinsic
time scale. Probing the early-stage exciton dynamics in WS,
revealed the formation of a momentum-forbidden dark KX-exciton
a few tens of femtoseconds after optical excitation.””

For a bilayer pentacene film on Ag(110), optical-laser-pump
and FEL-probe experiments using ToF-MM established time-

(a) _c8B (b) (c)
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FIG. 7. Pump-and-probe time-resolved
photoemission  results for  WSe,,
recorded at the PG2 beamline of the
free-electron laser FLASH at DESY
(Hamburg). (a) Time-of-flight spectrum
showing the valence range and W 4f/
Se 3d core levels. (b) and (c) 3D repre-
sentations of the measured / (kgky
EfinaiT) data arrays of the valence-band
range recorded with hvyepe =36.5€V
(b) without pump pulse and (c) after a
pump pulse (hvpump =166V, s-
polarized), populating the K and K’
valleys of the conduction band. (d) k-
integral measurement of the W 4fy,
core-level signal as a function of delay
time 7. Intensity scales, see color bars
in (c) and (d). Data from Ref. 42 (a)-
(c) and Ref. 43 (d). (a)~(c) Reprinted
with permission from Rev. Sci. Instrum.
91, 013109 (2020); Copyright 2020
American Institute of Physics; (d)
Reprinted  with  permission  from
Dendzik et al., Phys. Rev. Lett. 125,
096401 (2020), under a Creative
Commons License.
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resolved molecular orbital mapping. It gives access to fundamental
processes of excited wave packets and charge-transfer dynamics on
femtosecond time scales. Time-dependent k-maps of the molecular
valence states can be directly related to their molecular initial
states. A change of the molecular orbital shape is identified as a
structural and position rearrangement of molecules bound to the
substrate during interfacial charge transfer.”"** For perylene-
tetracarboxylic-dianhydride (PTCDA) on oxidized Cu, the full
k-space distribution of transiently excited electrons connects their
excited-state dynamics to real-space excitation pathways.”’ In mole-
cules, this distribution is closely linked to orbital shapes; hence,
such experiments will offer the observation of ultrafast electron
motion in time and space. For the copper(Il) phthalocyanine
(CuPc)-1T-TiSe, interface, the spectral evolution of the core levels
yields important insight into the many-body response that follows
the hot-carrier transfer in the valence region. The momentum dis-
tribution of the core electrons reveals a structural rearrangement as
a result of interfacial hot-carrier transfer between valence orbitals
and substrate bands.”"** These examples shine first light on the
potential of quasi-simultaneous valence and core level k-microscopy
combined with photoelectron diffraction, made feasible by the high
photon energy of the FEL probe.

Concluding this section, we note that this Review summarizes
only experiments using the ToF-MM technique. Orbital tomogra-
phy as well as photoelectron diffraction data can be recorded with
excellent quality using hemispherical analyzers.””>**° The future
will show whether parallel 3D data acquisition in ToF-MMs can
develop its full potential in time-resolved measurements. For the
highly ambitious fs tr-ARPES experiments, it is worthwhile
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elucidating strengths and weaknesses of different methods in detail.
The space-charge suppression mode with retarding front lens is not
yet fully explored. The proof-of-principle experiment''” and first
application”* employed a standard ToF-MM with nonoptimized
front lens. A key component of such experiments is the detector,
since nonoptimized detector configurations (like the missing high-
pass filter in the MM-experiment discussed in Ref. 237) can
strongly reduce the overall performance.

IV. CONCLUSIONS AND OUTLOOK

Looking back on a century of exciting photoemission experi-
ments, launched by the earliest work on XPS,”* we are presently
facing a quantum leap in advancement, largely driven by the
advent of photon sources with ultimate performance. Synchrotron
sources reach physical limits of emittance and brightness.
Free-electron lasers and the upcoming attosecond few-cycle light
sources can provide extreme single-pulse energies. Space-charge
effects pose a limit to the number of usable photoelectrons per
photon pulse. High-repetition-rate FELs like FLASH at DESY
(Hamburg) or LCLS-II (Stanford) are thus of utmost importance
for tr-ARPES and tr-XPD experiments.

This progress on the source side comes along with progress on
the detector side. All high-performance photon sources have well-
defined time structure, hence ToF techniques are rapidly gaining
importance. Here, we discussed the ToF-MM concept, combining
parallel recording of many kinetic energies (encoded in the
time-of-flight) with full-field (k.k,) momentum imaging. The
potential of the new method in a wide range of excitation energies
from the UV to hard x-rays is illustrated by a number of examples.
The examples demonstrate the benefit of highly-efficient 3D
recording to spin- and time-resolved measurements and experi-
ments using hard x-rays. Such experiments suffer from the low
detection efficiency of spin filters, low repetition rates of present
FELs, and low photoemission cross sections alongside with strong
phonon scattering in the HAXPES range.

Multichannel spin filters act like spin-selective mirrors for full
k images with large effective figure-of-merit. In a ToF-MM, full-
field k imaging and parallel energy recording are retained in the
spin-resolving ToF branch. Hence, spin-filtered 3D data arrays P
(Exinskx-ky) are captured simultaneously. Suga and Tusche show a
comparison of many types of spin detectors (see Fig. 28 in
Ref. 100) and estimate effective figures-of-merit FoMc in the range
10%-10* for such 3D spin filters. For the example in Sec. 11l A. we
derive FoMeg =~ 400. This high FoMg directly shows up in the
count rates.

Employing the 4th harmonic of a Tissapphire oscillator
(hv=6¢€V; pulse rate 80 MHz), count rates of almost 10° counts
per second have been achieved in the spin-detector branch of the
ToF-MM (Fig. 1). Such count rates facilitated rapid mapping of the
full spin-resolved band structure of several reactive Heusler com-
pounds (Sec. III A). First spin-ToF-MM experiments have been
successful in the soft- and hard-x-ray range at the storage ring
PETRA III (Hamburg). The large information depth for hard
x-rays (hv=>5 keV) has been exploited for capturing the true bulk
spin polarization in magnetite ( Sec. III E), proving the half-
metallic ferromagnetic nature of Fe;0,.
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The high-energy ToF-MM can detect kinetic energies up to
>7 keV and record k-field diameters up to >20 A™". It thus captures
an area in k-space an order of magnitude larger than the low-energy
variant. This large k-acceptance efficiently counteracts the drop in
cross sections in the HAXPES range. Beyond this intensity aspect, it
opens new opportunities for new types of experiments. For such large
k-fields-of-view, the curved final-state energy isosphere intersects adja-
cent BZs at different k,. This fact can be exploited for mapping the
full 4D spectral function p (Egk) without the need to vary the photon
energy. This ultrafast recording scheme allowed us to observe the tem-
perature dependence of the Fermi surface and band dispersion for the
Kondo system YbRh,Si, (Sec. III D).

The large k-field also enables a new, highly effective approach
to x-ray photoelectron diffraction (XPD). Full-field-imaging of dif-
fractograms reveals a complex pattern of intersecting Kikuchi
bands. High angular resolution (typically 0.03°) combined with
good energy resolution (given by the photon bandwidth) exploit
the capabilities of the ToF-MM in an ideal way. Imaging XPD is
particularly effective in the hard-x-ray range, where several
10°atoms contribute to the multiple-scattering final state. In all
cases studied so far (graphite, Si, Ge, Re, Mo, W, GaMnAs, TiTe,,
MoTe,, NbSe,, Fes0y, SrTiOs;, YbRh,Si,, EuPd,Si,) hXPD captured
patterns with unprecedented richness in details; an overview is
given in Ref. 239 Next to a detailed structural analysis, such diffrac-
tograms have practical aspects: They provide a metric in k-space
and show distinguished directions in real space. The widths of
Kikuchi bands correspond to multiples of reciprocal lattice vectors.
The center lines and crossing points of bands correspond to pro-
jected lattice planes and high-symmetry directions of the crystal.
For intense core levels, diffractograms can be observed in real time
with a frame rate of 1 Hz, enabling rapid alignment of sample and
microscope settings, despite the small cross sections in the
hard-x-ray range. Combining XPD and valence-band mapping in a
single experiment gives access to the interplay of geometric and
electronic structure;” examples are shown in Figs. 5(a) and 6(a).

As an outlook, we will give a tentative answer to the question
posed at the end of Sec. IT A, whether the concept of a “complete”
experiment as introduced for free atoms and molecules’’® can be
transferred to solid-state photoemission. The estimation considers
the full analysis (intensity, dichroism and spin) of a pump-pulse-
induced phase transition probed with fs x-ray pulses. In the general
case, it is not a priori known, where in parameter space the inter-
esting physics is going to happen. Section III D shows an example,
where the formation of the many-body state in a Kondo system
comes with significant changes of the dispersion of certain bands
and shape of the Fermi surface in a static experiment [(Epk,T))
parameter space].

Experimental Fermi surfaces [like those in Figs. 4(i) and 5(d)]
are projected from 4D arrays covering a bit more than a full BZ in
k-space. The k,-dependence is tracked by recording typically 20
(Ep,kx.ky) stacks with >10* pixels in each of the ~100 energy slices.
Concatenation yields an array with about 107 4D voxels for the
static intensity. Dynamic measurements track typical time intervals
of several ps with probe pulses in the 50-150 fs range, resolving
~100 delay-time values. The final 5D (Ep,k,t) array thus consists of
~10° voxels. Reasonable information requires on average at least 10
counts per voxel, ie, a total number of 10'°counts. High-
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repetition-rate fs laboratory sources can deliver pulse rates in the
1 MHz region™***" (intra-cavity enhanced HHG sources even
much more’””*** and future FELs will also reach pulse rates of a
MHz.*® In the present experiments at FLASH, the number of
photon pulses per second is small (up to 5000); hence these experi-
ments have to improve counting statistics via data binning at the
expense of k-resolution. A count rate of 10°cps (in the energy
range of interest, confined by a dispersive pre-filter) is realistic for
future experiments at high-performance fs sources. Under such
conditions the intensity array needs an acquisition time of
10*s=2.8h. The dichroism asymmetries need pairs of such
arrays with orthogonal photon polarizations. Two arrays (I%, )
acquired with right- and left-circular polarization yield the
Acpap = (F=I"/(IR+ 1) and the intensity I= (R+1Y as dis-
cussed in detail by Fedchenko et al.'”® The LDAD and TRDAD
asymmetry can be extracted from a single measurement without
the need to rearrange the sample geometry or switch the
photon-polarization state.”*”

In favorable cases like the example in Sec. III A, the count rate
in the spin detector can also be of the order of 10° cps. Assuming an
average count rate of 10° cps in the spin detector, a “complete” data
set can be captured in the full 3D BZ and 4-6 eV energy interval in
about one day. It consists of intensity I, Acpap, ALpap> (Atrpap if
applicable) and the spin-polarization, all recorded within a delay-
time interval of several ps (time resolution defined by the source).

A full mapping of the spin-polarization vector P is still a big
challenge due to the figure-of-merit of spin filters and space-charge
effects, which set a practical limit to the effective count rates in the
spin filter. A few laboratories (among them again the HEXTOF at
FLASH) are starting to work with imaging spin filters in ToF-MMs
at fs sources, but there is no systematics yet. The vector P can be
composed by its Cartesian components Py, or alternatively
parametrized by the underlying mechanisms as Py (in ferromag-
nets), Pranos PMotv Prashba OF Piong (longitudinal spin component
appearing for Rashba systems with high Z), depending on the prop-
erties of the electronic system. Vectorial measurements can be imple-
mented exploiting symmetry properties of the spinfilter material'*”
or by spin rotators.”*’ More details on the structure of P and the
relation between atomic and solid-state photoemission are discussed
in the review by Heinzmann and Dil.>* Recently, first spin-resolved
measurements with fs time resolution were successful.”*>**°

Time-resolved ToF-MM has already reached good visibility in
the young and dynamic field of fs-photoemission. Ground-breaking
achievements dealt with various aspects in the dynamics of phase
transitions (Sec. III F), ultrafast mapping of molecular orbitals, track-
ing of the intrinsic excitonic wavefunctions, and the electromagnetic
dressing of bands.”"” Important future aspects will be the exploitation
of various appearances of dichroism (TRDAD, iLDAD)""*>*** in
time-resolved experiments. The higher photon energy at FELs allows
time-resolved XPD accessing lattice dynamics, e.g., by selective stimu-
lation of phonon modes. First experiments were successful using the
HEXTOE,"***%* opening the route to quasi-simultaneous probing
of electron and lattice dynamics with fs time resolution.

The restrictions by the space charge of photo-emitted
electrons can be pushed to a higher limit using special electron
optics (retarding front lens) especially for the soft- and hard x-ray
regime.''""""” In contrast, if the limitation is the maximum possible
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count rate of the detector for those cases where the incident
photon flux sets no limit, it will be equivalent whether the huge
data array is filled sequentially or by parallel recording of a
momentum and energy interval. Detector schemes with high
degree of parallelization based on the delay-line principle’*” or
pixelated solid-state detectors’”” will push the count-rate limit, so
that the detector will not be the bottleneck of the total recording
efficiency.

Undesired background signals caused by higher-order contri-
butions from undulators and monochromators or the intense low-
energy background of secondary and pump-induced electrons can
be suppressed by bandpass pre-filters. A k-imaging hemispherical
analyzer can select any desired bandpass for the electrons entering
the ToF section.” Alternatively, it can even provide a resolution
down to few meV when operated as single-hemisphere MM
without ToF recording.”” As a promising alternative for a much
simpler type of bandpass pre-filter, we are testing aberration-
reducing multipole deflectors like the asymmetric dodecapole.”**
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