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ABSTRACT

Materials with unique quantum characteristics—quantum materials—have become of great importance for information technology. Among
others, their unique transport phenomena are in many cases closely connected to details of the electronic structure. Exploring the electronic
states and the interplay of the interactions in this material class down to the electron spin is, therefore, mandatory to understand and
further design their physical behavior. We discuss several quantum materials studied by an advanced photoelectron spectroscopy
approach—spin-resolved momentum microscopy with tunable synchrotron radiation—and illustrate the role of a progressive symmetry
reduction leading to particular features of their electronic structures observed in the experiment.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0002707

1. INTRODUCTION

With the breakdown of Moore’s law, the search for alternative
concepts to store and process data in information technology has
greatly intensified. This includes the exploration of new state vari-
ables beyond the electron charge, such as the electron spin, various
defects, collective states, correlations, etc.' The ongoing evolution
initiated several research fields to employ these state variables, such
as spintronics,” topotronics,” valleytronics," orbitronics,” and
others. Beyond the traditional digital computing approaches, there
are also several developments of these concepts into neuromorphic
computing” and quantum computing’ underway, provided their
quantum properties can be adequately exploited.

The broad-ranged evolution in information technology exten-
sively explores also novel material systems. This involves particu-
larly so-called quantum materials, which are considered a key
resource for the 21st century, taking us from the silicon age into
the “quantum age.” Quantum materials promise a wealth of novel
phenomena with respect to electrical transport, superconductivity,

magnetism, or multiferroicity. Often, their electronic properties are
linked to nongeneric quantum effects, which are caused by topol-
ogy or chirality.

One characteristic feature of emergent or quantum materials
is the competition of various spin-dependent interactions, such as
spin-orbit coupling and exchange interaction. The simplest
quantum material in this respect may be a classical ferromagnet,
i.e., Fe, Co, or Ni. Although in such a material, spin-orbit coupling
is usually considerably smaller than the exchange interaction, it
leads to distinct quantum phenomena, such as the magnetocrystal-
line anisotropy affecting the global spatial orientation of the mag-
netization, or hybridization and spin-mixing effects in the
electronic structure.” As we will see below, even such a system may
reveal topological properties under the right conditions.

In addition, depending on the material system, there may be a
breaking of inversion symmetry and/or time-reversal symmetry at
play. As a result, topological materials can range from metals to
insulators. In the vicinity of the Fermi level Ep, this situation leads
to peculiar relativisticlike linear dispersions of the electronic states.
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This is, in part, due to the relativistic nature of the spin-orbit inter-
action, which may also result in band inversion phenomena close
to Ep.9 In momentum space, we, therefore, observe cone-shaped
structures, such as the ones depicted in Fig. 1(a). In the simplest
case, these cone-shaped features are called Dirac cones. They
emerge from a Dirac point with the cone axis aligned with k, (e.g.,
rotational symmetry around k, in the case of graphene) and the
lower (upper) cone half corresponding to valence (conduction)
electron states. This “type-I” Dirac configuration may be changed
by anisotropies in the crystalline or electronic structure, which
usually tilt the cone axis away from k, [Fig. 1(a), center]. If the tilt
is high enough, in fact, electron and hole pockets are formed and
the resulting “type-II” Dirac node is located at their boundary
[Fig. 1(a), right]. These type-II Dirac semimetals still preserve
spatial and time reversal symmetries and are characterized by a
so-called topological quantum number'’ or charge C=0.
However, breaking one of them, the Dirac nodes split into two con-
stituent Weyl nodes, and the material becomes a Weyl semimetal
with a topological charge C =1 [Fig. 1(b)]. In addition, the two
Weyl nodes possess defined opposite chiralities and are connected

(a)
symmetry
energy reduction
electron
pocket
(b)
symmetry
=izl redugtion

FIG. 1. Development of Dirac (a) and Weyl cones (b). The cones may tilt in the
k-space, which is caused by, e.g., a lower crystal symmetry. For strong filting
(e.g., NiTep), the cones are intersecting the k—k, plane, causing the formation
of electron and hole pockets at the Fermi surface. The Weyl cones in (b)
emerge when spatial or time inversion is broken. They may be tilted as well
(e.g., MoTe;,), and the Weyl nodes are connected by Fermi arcs (green) on the
sample surface.
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by a Fermi arc presenting a surface projection of a two-dimensional
Fermi contour. In both Dirac and Weyl semimetals, the complex
interplay of symmetries and interactions impacts the electronic
structure by locking spin and momentum, which may cause
complex spin textures in momentum space.

For reasons of completeness, we note that such materials may
exhibit complex spin textures also in real space, resulting in the mag-
netic case in solitonic structures, such as skyrmions'' or hopfions.'”

Although this review focuses on static aspects, the application
regime of spin-resolved momentum microscopy may be much
wider. It can be easily extended into the time domain and may
even be pushed to ultrafast experiments. We recall that the material
generally involves distinct intrinsic time scales related to excitations
of the lattice, the spin system, or the electron system.'” Within
these time scales ranging from picoseconds (ps) down to a few fem-
toseconds (fs), we can excite equilibrium processes (adiabatic or
thermal changes) but also drive nonequilibrium processes. The
latter lead to transient spin or electron distributions usually

(a) real space imaging

(b) momentum space imaging

[001]
photoelectron

[100]

FIG. 2. Imaging modes in photoemission electron microscopy. (a) A real-space
image maps the topography, chemical distribution, or magnetic structure at the
surface. (b) A momentum-space image images the angular distribution of the
(energy-filtered) photoelectrons in reciprocal space, resulting in a cross section
through the Brillouin zone.
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decaying with characteristic ps or fs time constants. This also holds
for quantum materials,"* such as the ones discussed in this review.
Beyond transient states, the additional dimension granted by
the time domain offers the ability to engineer unconventional
quantum states: coherent coupling of light with materials can
create new photon-quasiparticle states and, thus, fundamentally
change their intrinsic properties.'” One of the most promising
examples are Floquet-Bloch states, where the coherent nature of
the driving electric field of a laser is imprinted onto the electronic
structure.'® It can be expected that these “dressed” states exhibit
topological properties that are fundamentally distinct from static
materials, such as proposed—but yet undiscovered—type-III Dirac
cones or Floquet-Weyl states in otherwise trivial materials.'”"®

II. EXPERIMENTAL ASPECTS
A. Instrumental details

In our studies on quantum materials, we employ several
advanced spin-resolved electron spectroscopies with different capa-
bilities.'>”” The most advanced—momentum microscopy—
employs an energy-filtered photoelectron emission microscope
(PEEM)*' and offers two imaging modes with a variety of contrast
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1stHDA q FIG. 4. lllustration of a measuring sequence in momentum microscopy for the
example of a NiTe, crystal. The bulk Brillouin zone (symmetry labels
Flettra Sinerofrone Trieste T, D, A, D) and the surface projection (symmetry labels T, M, K) are hexago-
nal. Each photon energy hv probes the electronic states along a spherical cap
FIG. 3. Layout of the momentum microscope operated at Elettra (ltaly) along segment (a). Momentum maps at the Fermi level (Eg = 0) are shown for
with the light incidence to the sample. photon energies hv = 67 eV (d), hv = 81 eV (c), and hv = 96 eV (b).
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FIG. 5. Sample adjustment for momentum microscopy. (a) Real-space image of a NiTe, crystal by a mercury discharge lamp. (b) Desired flat area for the momentum
microscopy measurements. (c) The same area illuminated by the synchrotron light shows the microfocus (dark) spot.

mechanisms. In the real-space mode [Fig. 2(a)], the spatial distribu-
tion of the photoelectrons forms a magnified image showing the
topography along the sample surface. If the sample is illuminated
by polarized synchrotron light, one can also map the lateral distri-
bution of chemical components or magnetic structures. In the
momentum or k-space mode [Fig. 2(b)], we exploit the energy-
filtering in a double-hemispherical analyzer (DHA) and directly
map the angular distribution of the photoelectrons. This is usually
achieved by an additional lens in the PEEM column, which per-
forms a Fourier transform of the real-space image. The momentum
image contrast results from the difference of the photoelectron flux
along all momentum vectors k in front of the sample for defined
kinetic energy Ei. In this mode, a cut through the Brillouin zone
maps the k-dispersion of the electronic bands.

The spin-resolved momentum microscope employed for our
studies is located as a permanent end station at the nanospectro-
scopy beamline of the storage ring Elettra (Trieste, Italy). The
general layout (Fig. 3) has been described recently.'” The beamline
delivers elliptically and linearly polarized light into a beam spot on
the sample with microfocus quality, i.e., only ~10 um. The system is
also equipped with a surface science chamber to prepare and charac-
terize clean surfaces. This also includes cleaving various types of
samples, including 2D transition metal dichalcogenides. The sample
stage in the microscope can be cooled down to about 100 K.

The instrument houses a two-dimensional spin filter unit,
employing spin-dependent scattering from a W(001) surface placed
under 45° at the exit of the DHA.”* The spin sensitivity axis is then
perpendicular to the scattering plane. As has already been demon-
strated, the spin-resolved operation works in both the real-space
mode, e.g., for the imaging of magnetic domains,”” and in the
momentum-space mapping of electronic states.”* A future upgrade
envisages the change to the Aw/Ir(100) spin detection scheme.””

The combination of the spin-resolved momentum microscope
and the nanospectroscopy beamline provides a unique approach to
all details of the electronic structure because the spin-resolved
studies can be conveniently complemented by measurements of
dichroic phenomena in the angular distribution of photoelectrons
by circularly or linearly polarized light.”°*" These may then be
sensitive to the orbital components of the wave functions.

B. Measurement procedure

The scheme of a momentum microscopy measurement is
illustrated in Fig. 4. The example chosen is that of a trigonal NiTe,
[2D transition metal dichalcogenide (TMDC)] crystal, which will
be discussed further in Sec. III. For a given photon energy hv, we
obtain a full three-dimensional data set {E, ki, k,} as a function of
binding energy Ep and in-plane momentum components k, and
k,. The photon energy defines a certain k.-range in the bulk
Brillouin zone. Due to the energy and momentum conservation in
the photoemission process, the accessible k-values lie on a curved
surface, the curvature of which depends on the photon energy as
indicated in the figure. In going from hv = 48 to hv = 132 eV, the
cuts (colored spherical cap segments) move through several
Brillouin zones along k,. Taking only the data at the Fermi level,
ie, Eg =0, results in momentum maps (b)-(d), where we also
include the size of the surface Brillouin zones probed with symme-
try points T, M, K. With increasing photon energy, different
momentum fields of view were chosen. Depending on the photon
energy, the images show three- or sixfold symmetry, whereas the
first one results from linear dichroism.”””

The same procedure is applied for spin-resolved momentum
maps, with the only difference being that the momentum map then
displays the information on the orientation and magnitude of the
spin vector component P(Ej, ki, k).

Our studies on quantum materials involved extended crystals,
but also small crystallites or small flakes, e.g., from 2D transition
metal dichalcogenides. The latter are often obtained by microme-
chanical cleavage or adhesive tape transfer onto a template, result-
ing only in submillimeter flat areas. In order to find these suitable
areas for momentum microscopy under such conditions, we use
the real-space imaging of the instrument for a search of the sample
surface. For this purpose, the sample is first illuminated by a
mercury discharge lamp to map the surface topography [Fig. 5(a)].
After finding a suitable flat area [Fig. 5(b)], it is placed at the posi-
tion of the synchrotron beam. For comparison, the size of the
microfocus synchrotron beam is shown on the same scale
[Fig. 5(c)]. Therefore, in the momentum mode, the photoelectrons
originate only from this illuminated ~10 um area.
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hv=56eV, p-pol.
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FIG. 7. Spin texture of the surface Dirac cone (circular mark) measured at
hv = 56 eV. Constant binding energy maps at (a) Eg = Er — 1.3eV and (b)
Eg = Er — 1.55eV showing the spin polarization distribution of the P, spin
component. Circular sections are magnifications of the center rings around T.
Lower inset: lllustration of the spin-momentum locking and the spin texture.

source. In the last decade, the development of femtosecond lasers
has made steep progress. There are, on the one hand, free-electron
lasers, which deliver fs-pulses over a wide range of photon ener-
gies.”” However, their limitation with respect to momentum
microscopy may be too high peak intensity, thus creating space
charge issues. On the other hand, there is a variety of commercial
Ti:Sapphire lasers, the light of which can be used to drive higher
harmonic generation (HHG) setups reaching photon energies up to
a few 100eV.” Such systems are already involved in spin-
resolved photoemission experiments, e.g., to explore the ultrafast
spin dynamics in the band structure of ferromagnets.”

Our group currently constructs and builds a dedicated HHG
source for a lab-based spin-resolved momentum microscope. The
driving laser operates at A = 1030 nm with a repetition frequency
of 10 MHz.”* The HHG process takes place in a high pressure Ar
chamber, the resulting HHG radiation being guided through a
beamline and a monochromator into the momentum microscope.
The entire setup is designed to limit the influence of space charge
effects, which otherwise may affect the energy and momentum res-
olution of the microscope.
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11l. RESULTS AND DISCUSSION

In our studies, we addressed a variety of two-dimensional

Intensity (arb. units)

Min Max material systems in order to detail the role of individual interac-

tions and explore the gradual influence of symmetry-breaking

FIG. 6. Momentum maps from NiTe, taken with linearly polarized light at mechanisms. This included several TMDCs, such as NiTe, (time
hv = 67 eV as a function of increasing binding energy Ep [panels (a)—(h)] start- reversal and inversion symmetry preserved) and MoTe, (inversion

ing from the Fermi energy Er [panel (a)]. Blue lines in panels (a) and (f) indi-

cate calculated bulk states. (Also marked as BD and B1) symmetry broken), but also “simple” ultrathin Fe films grown on

W(110) (time-reversal symmetry broken).

A. NiTe,
C. Toward time domain studies NiTe, is a so-called type-II Dirac semimetal; i.e., the Dirac
In order to enable ultrafast (i.e., fs-regime) experiments with a cones are strongly tilted with respect to the Fermi surface resulting
momentum microscope, we first need a suitable pulsed light in the formation of electron and hole pockets. The crystal still
J. Vac. Sci. Technol. B 41(4) Jul/Aug 2023; doi: 10.1116/6.0002707 41, 042201-5
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FIG. 8. Fermi-surface contour map of MoTe, obtained by p-polarized light of
hv = 52eV. (a) Geometrical orientation of one set of Weyl cones and Weyl
points. (b) Experimental geometry. (c) Contour map at Ef of the Weyl cones in
the ky, k, plane and a magnified image of the upper cone. The Weyl points are
connected by a Fermi arc (curved broken line).

maintains space-inversion symmetry, and its topological phase is
described by a topological charge C = 0. NiTe, is composed of a
stack of Te-Ni-Te layers, which are bonded by van der Waals inter-
actions. The resulting {100} surface exhibits a trigonal symmetry.
Measurements were done at T = 100 K.

The variation of the NiTe, momentum maps (at Eg) with
photon energy hv has already been shown in Fig. 4. In Fig. 6, we
display the momentum maps at hv = 67eV as a function of
binding energy Ep below Ep. This reveals a detailed view of the
electronic bulk and surface states in NiTe, and their dispersion.
The surface Brillouin zone with symmetry labels T, M, and K is
marked in red. The states marked in blue indicate a bulk state Bl
and a bulk Dirac cone BD. The triangle shape of the structures

ARTICLE avs.scitation.org/journal/jvb

reveals that the states have a threefold symmetry. Further away
from the Fermi level (Ez = Er — 0.7 V), we start to see a feature
with sixfold symmetry around the T-point, which stems from the
surface state S1. These findings and assignments are generally in
good agreement with band-structure calculations.™

We can learn more about the character of the surface SD and
the bulk Dirac cones BD from the photoelectron spin analysis. A
result for the surface Dirac cone is shown in Fig. 7, comparing the
spin-resolved photoemission intensities at a photon energy of
hv = 56 eV, where the surface Dirac cone is most pronounced.
When moving from binding energy Eg = Er — 1.3 eV [Fig. 7(a)] to
Ep = Er — 1.55 €V [Fig. 7(b)], we probe the cone above and below
the surface Dirac point. The spin polarization component P, along
the y direction is represented in a red/blue color code. For both
binding energies, we observe a small ringlike feature with sixfold
symmetry and a quasicontinuous change of the spin polarization
between red and blue (marked by small dotted rings around T'). We
note that spin polarization along these rings reverses from (a: 4k,
blue) to (b: +k, red) along the k,-line direction. This is a clear sig-
nature of spin-momentum locking in the cones similar to the one
found in PdTe,”” and depicted in the inset of Fig. 7.

Our recent studies showed that under certain conditions, also,
the bulk Dirac state may exhibit spin polarization in photoemission
experiments. This effect is the subject of a forthcoming paper.”’

B. MoTe,

In case we further break the symmetry in the crystal, we will
significantly change its topology. This can be achieved, i.e., by
breaking space-inversion symmetry. We will then end up with a
type-II Weyl semimetal, in which each Dirac cone splits up into
two so-called Weyl cones with topological charges C = +1.” Such
a situation is found for 1T; MoTe,, being a low-temperature
(T < 250K) topological phase of molybdenum ditelluride. Like in
the previous example of NiTe,, these Weyl cones are strongly tilted
in the E, k-space, thus leading to electron and hole pockets (cf. the
inset of Fig. 8). Measurements were done at T = 100K.

The momentum map at Er (Fermi-surface contour) depicts
signatures of these Weyl cones, which have been recorded by
p-polarized light (Fig. 8). The hole pocket is centered around the T
point, whereas two electron pockets are located above
(k, =+.3A1) and below (k, = —.3A"1) the Brillouin zone
center. The figure also contains the Fermi arc (a red broken line
guide to the eye), which connects two Weyl nodes. Further spectro-
scopic analysis shows the Weyl nodes to be located about +50 meV
above Er (thesis Hagiwara et al®).

A particular property of the Weyl cones is their intrinsic chi-
rality, which results in a pronounced interaction with circularly
polarized light. This feature is exploited in Fig. 9, which displays
the circular dichroism (CDAD)" appearing in the momentum
maps around T at and below Ep. A clear feature at E = Er is the
appearance of “X”-shaped crossings at k, = +0.2 A originating
from the boundary between the hole and electron pockets. Going
below the Fermi level, the crossings flatten out somewhat and are
surrounded by ringlike structures of dichroic nature. This is due to
the fact that we are probing more and more of the hole pockets as
is explained below.
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FIG. 9. Momentum distribution of the circular dichroism measured at a photon energy of hv = 60 eV. (a)—(d) Constant-energy maps at E = E¢ (a), Er — 0.1V (b),
ErF —0.25eV (c), and Er — 0.325eV (d). Plotted intensities indicate the difference of photoemission intensities for right- (o) and left- (o) circularly polarized light

according to the color code.

In Fig. 10, we give a schematic evolution of the corresponding
band features as a function of the binding energy, the colors (green,
orange) indicating the sign of the dichroism. We start with the situa-
tion above Ep where the electron pockets are located (left). Moving
down in energy toward Ep, the electron and hole pockets touch each
other, corresponding to the crossings observed in Fig. 9(a). Further
below Ep, the crossing point broadens and opens, the
constant-energy contour showing the hole pockets. The relative posi-
tion of the hole bands is changed with increasing binding energy, as
indicated by the circles around the former crossing points.

In addition to the chirality-induced effects observed in Fig. 9,
the spin-resolved momentum microscopy also yields information
on the spin texture at the crossing points. This is depicted in
Fig. 11 comparing the results with s- and p-polarized light. In the
case of s-polarized light (top panel), we see a similar “X”-shaped

Electron pocket o+ o-
N X s
Er

Hole pocket -

binding energy

FIG. 10. Schematic band-structure development as a function of binding
energy.

pattern in the spin texture as already observed in Fig. 9(a) in the
CDAD (reproduced on the right-hand side of the panel). The “X”
reflects a simple crossing of spin-up (red) and spin-down (blue)
states (polarization measured along the k, axis).

The situation with p-polarized light (bottom panel) appears to
be more complex. We recall that the spin-splitting of the Weyl cones
is a result of broken inversion symmetry in the presence of SOC. As
a consequence, a spin-degenerate Dirac cone splits into a pair of
spin-split Weyl cones with opposite chiral charges. Indeed,
p-polarized light reveals further details; i.e., the “X” contour is made
up of double lines with spin-down states (blue) shifted slightly left to
the spin-up states (red). A graphical sketch for the k, > 0 situation
is depicted on the right-hand side of the panel. Please note, however,
that the spin-splitting in the spin-resolved data is too small to be
resolved in spin-integrated CDAD experiments.

Why do we see different spin textures with light polarization?
This has to do with the fact that the spin texture reflects the chiral-
ity of the Weyl states, and the textures related to the spin angular
momentum and the orbital angular momentum (CDAD) appear
different due to optical dipole selection rules.
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C. Ultrathin Fe films on W(110)

Fe can be considered a “trivial” quantum material, in which
the bulk exhibits ferromagnetic spin ordering below the Curie tem-
perature T¢ and also has a small spin—orbit contribution, which is
responsible—among others—for the magnetocrystalline anisotropy.
In recent years, we have investigated Fe films mainly with respect
to the interplay of the two spin-dependent interactions on the elec-
tronic states. This situation results in a quite complex band
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FIG. 11. Spin texture of the Weyl cones. Spin-resolved Fermi-surface contours taken at hv = 52 eV with s- (a) and p-polarized light (b). Sketches (right-hand side) illus-
trate the observed Fermi-surface features in (ky, k). The sketch in panel (a) maps the observed CDAD texture from Fig. 10(a) using the same green and orange color
code. Sketch in panel (b) refers the situation in the upper half region (k, > 0). (c) Photoemission experimental geometry. The electric field vector (E) for p-polarized light
is marked by a purple arrow. Spin-resolved intensities are encoded with a 2D color code: red (spin-up) and blue intensities (spin-down photoelectrons) with a spin quantiza-
tion axis along k, .
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structure with distinct spin-dependent bandgaps and spin-mixing reduces T¢. Second, the films are usually grown on a substrate,
phenomena around the Fermi level. """ which means that we introduce an additional interface and via the

The situation changes drastically, however, if we consider Fe lattice mismatch also some strain. At the interface, one must con-
films in the monolayer limit. First, the reduced dimensionality sider electronic hybridization between electrons from the substrate

12 ML Fe 2 ML Fe
2» “\“"I""““_ [ L L L L L
a 1 increasing spin-orbit coupling
Ly ]
Lo A W 'y WS
alll 1« - =
g : S ¢ AN
'1_ 1 T—»kx
[ _ 1 b [ 1
E N S S U
k (A k (A7)

FIG. 12. Spin-resolved photoelectron momentum maps from Fe/W(110) at Er taken at hv = 50 eV. (a) 12 monolayer Fe and (c) 2 monolayer Fe films. Sample magnetiza-
tion along the —y-direction. Spin polarization color scale ranges from P = +0.7 (red) to P = —0.7 (blue). (b) Intermediate steps in the formation of Weyl points and
Fermi arcs at the surface, caused by increasing spin-orbit coupling as indicated.
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and film, which may lead to a change of the magnetic response
(magnetic moment, anisotropy) of the Fe film.

A vparticularly interesting situation is encountered when the
substrate has a strong spin-orbit coupling. This is the case, e.g.,
with tungsten. Even this material alone may already exhibit
Dirac-type band features and quantum spin mixing, as we have
shown for the W(110) surface.” The electrons in monolayer Fe
films grown on W(110) are thus subject to both large spin-orbit
(W) and large exchange interaction (Fe). Fe films can be epitaxially
grown with high quality on tungsten surfaces, and the (110) orien-
tation provides uniaxial in-plane anisotropy in the Fe films.
Ultrathin Fe/W(110) may, thus, be seen as a complex quantum
material system, which forces Fe to develop also topological proper-
ties via a “topological phase transition” as we will show below.
Measurements were done at T = 130 K.

In Fig. 12, we compare spin-resolved momentum maps for a
thicker Fe film (12 monolayers) and an ultrathin one (two mono-
layers). Both have been magnetized to a remanent state along the
—y-direction before the measurement. The data in Fig. 12(a) reflect
the twofold symmetry of the {110} surface and are quite consistent
with the bulk electronic structure of Fe at the Fermi level. We see
predominantly majority spin bands (red) crossing Er with distinct
minority spin bands (blue), e.g., close to the H points at
ke = +1.5A7! (marked by rectangular frames). We note that the
red and blue lines in these areas are crossing each other without
sizable hybridization effects. This is due to the small SOC in bulk
Fe and has been explored on the {100} surface recently.’11

This situation changes markedly on the two monolayers film
[Fig. 12(b)]. The spin-down contribution (blue) is now more pro-
nounced in several areas. Particularly in the rectangular frames, the
intersection of the states is strongly modified. The simple crossings
in Fig. 12(a) appear to be replaced by a more complex structure,
with an arclike feature connecting the previous crossing points,
which have now turned into Weyl points. In fact, this feature turns
out to be a “Fermi arc””” at the surface of the crystal. As we will
discuss in the following, this Fermi arc is a consequence of the
strong SOC in W(110) and the electronic interaction across the
interface.

Another ingredient in the system is not directly apparent in
the figures. In order for the Weyl points in the Fe layer to form, the
electronic bands in Fe need to be located in a bandgap of the W
crystal, i.e., at these points in k-space, there should be no electronic
interaction between Fe and W states. This is indeed the case, as the
strong SOC generates a projected partial bandgap along the H-T-H
line, resembling the relativistic fundamental gap in topological
insulators.**™**

The sketch in Fig. 12(c) illustrates the origin of this arc. We
start with small SOC on the left-hand side of the graph. As
observed in the thick Fe film, the different spin bands can cross
each other without sizable hybridization or spin-splitting. With
increasing SOC, the band crossings transform into Weyl points. At
the surface, the Weyl points will be connected by Fermi arcs, which
also exhibit spin-splitting (right-hand side).

In contrast to the unaltered Fermi arcs in typical Weyl semi-
metals with time-reversal symmetry, Fig. 13 shows magnetic
control of Fermi-arc states in 2MLs Fe/W(110). The Fermi arcs are
theoretically characterized as true surface states with no bulk
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FIG. 13. Switching of Fermi arcs controlled by magnetization reversal. (a)
Theoretical Fermi surface of two monolayers Fe/W(110) for in-plane magnetiza-
tion M_, (Colors: degree of states’ localization in Fe. Shaded regions: emer-
gent Fermi arcs). (b) Spin-resolved (spin polarization P,: red and blue colors,
color strength: intensity) and spin-integrated surface arc states measured in the
shaded regions for magnetization directions M, and M_, (along the y direc-
tion). Shape and spin polarization of the strongly asymmetric Fermi arcs on
opposite sides of the momentum map is interchange upon magnetization rever-
sal (black stars, squares).

correspondence [see Fig. 3(a)]. The spin-resolved momentum map
reveals that the shape and spin polarization of the strongly asym-
metric Fermi arcs on opposite sides of the momentum map are
interchanged upon magnetization reversal, as visualized by the
black star and square symbols in Fig. 13(b).

Due to the breaking of TR symmetry, not only the shape but
also the spin texture of the Fermi arcs is markedly asymmetric with
respect to the center of the surface Brillouin zone (Fig. 14).
Specifically, for the right pair of arcs, a sizable and pronounced var-
iation of spin polarization P, [the right panel of Fig. 14(a)] indi-
cates considerable noncollinearity of the spin texture along the arc.
This observation is consistent with the theoretical calculations pre-
sented in Fig. 14(b). The emergent monopoles in the mixed phase
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FIG. 14. Spin texture of the Fermi arcs in the 2D topological ferromagnet. (a)
Spin-resolved Fermi arcs in 2 MLs Fe/W(110) measured on the left and on the
right side of the momentum map (Colors: in-plane spin component along x,
orthogonal to M_y). Spin polarization Py encoded the same as in Fig. 13. (b)
Complete spin texture in momentum space (arrows: theory), revealing prominent
noncollinearity in the Fermi arcs (red) vs the interior states (gray).

space, located near the Fermi energy, are found at the termination
points where the surface arcs [red lines in Fig. 14(b)] and the inte-
rior states [gray lines in Fig. 14(b)] attach tangentially. As a result,
the exotic and intricate topology in the composite phase space is
the most crucial factor contributing to macroscopic effects associ-
ated with charge transport and orbital properties. This makes the
emergent Fermi arcs the key element in comprehending these phe-
nomena in 2D topological ferromagnets.

IV. CONCLUSIONS

In this contribution, we have experimentally followed the
influence of symmetry reduction in selected quantum materials
illustrating the changes in the electronic structures upon breaking
inversion or time-reversal symmetries. The advanced technique of
spin-resolved momentum microscopy is able to resolve many
details of the electronic structures and also of the respective Dirac
and Weyl cones forming due to symmetry reduction. The results
show that even a simple ferromagnet—iron—can exhibit topologi-
cal phenomena under certain conditions. These results mark a new
step into the in-depth characterization of quantum materials and
their related quantum phenomena.
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