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ABSTRACT

The discovery of topological states of matter has led to a revolution in condensed-matter science. While a non-trivial band topology in a
material is often associated with intriguing transport properties, much less attention has been given to the impact on spin dynamics and
non-equilibrium magnetization states. Here, we provide evidence that a chiral asymmetric magnon dispersion in the two-dimensional Weyl
magnet Fe/W(110) is related to the presence of Weyl fermions close to the Fermi energy and surface Fermi arcs. We find that the large anom-
alous Hall conductivity and the Dzyaloshinskii-Moriya interaction are attributed to the non-trivial band topology in the composite
momentum-magnetization space. Our results show the direct impact of Weyl fermions on both the charge and spin dynamics in a two-
dimensional magnet. Unveiling these principles can promote innovative technologies in magnonics by utilizing topological materials, where
magnons and non-trivial topological electronic states can be manipulated through magnetization.

© 2024 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/10.1063/5.0195222

The electron spin, a fundamental quantum mechanical property,
is pivotal in determining the electronic and magnetic properties as well
as the dynamics of matter.' ~ In magnetic materials, magnons describe
the elementary excitation of a macroscopically ordered ground-state
spin configuration, and their excitation allows the transfer of spin
angular momentum without involving charge transport. The funda-
mental understanding of magnons, thus, holds significant importance
for both fundamental science and modern applications, particularly in
the emerging field of magnonics.” * Magnonic devices for data proc-
essing and computation have the potential to operate with minimal
charge-related  dissipation.”” Notably, magnons dominated by
exchange interaction, with nanometer wavelengths reaching into the
THz frequency range, address key demands in modern computing,
such as downsizing, ultrafast operation, and energy-efficient data proc-
essing at room temperature.4’9

A basic description of magnons and their energy dispersion as a
function of the wave vector is based on the spin Hamiltonian,

incorporating a Heisenberg spin model and the Dzyaloshinskii-Moriya
(DM) interaction. While these models indirectly account for local mag-
netic exchange and spin-orbit interaction, their applicability is limited
to some extent when dealing with itinerant magnetic materials. In such
cases, the microscopic magnetic parameters are governed by the under-
lying electronic structures.” '* Examples are spin-dependent electron
correlations in the electronic structure of itinerant ferromagnets that
alter the magnon dispersion but also defeat the general picture of a rigid
exchange splitting of the electronic states.”” Recently, the role of a non-
trivial band topology came into focus for explaining spin-dependent
non-equilibrium properties, such as the anomalous Hall conductivity
(AHC), and magnon spectra in topological magnetic materials.” '* For
instance, an anomalous temperature dependence of the magnon gap in
the topological magnetic material SrRuQO;, together with a large AHC,
has been attributed to the appearance of Weyl fermions."*'®

In ultrathin iron films on W(110), an asymmetric magnon dis-
persion has been observed and attributed to the presence of the DM
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interaction.'””” Remarkably, in the same system, the presence of topo-
logical Weyl fermions and Fermi arcs has been recently reported.’
Such Weyl fermions display a monopole-like distribution of the Berry
curvature, representing a fictitious magnetic field in momentum-space
and inducing an anomalous velocity in the motion of electrons in real
space. As a result, it is expected that Weyl monopoles will possess
strong impact on charge transport, such as the anomalous Hall
effect.”"* While the intrinsic mechanism of chiral asymmetric mag-
non spectra has been interpreted by the notions of DM interaction,
their microscopic origin and the role of Weyl fermions have remained
elusive.

In this Letter, we unveil an important imprint of Weyl fermions
on both magnetic dynamics and transport properties. We focus on the
two-dimensional (2D) Weyl ferromagnet that consists of two mono-
layers (MLs) of Fe with in-plane magnetization, grown epitaxially on a
W(110) substrate. Fermi arc states that emerge from the Weyl fer-
mions along the I' — H direction in the surface Brillouin zone act as
sources of both a large AHC and DM interaction. The region of such
non-trivial states corresponds to the maximum difference in magnon
energies in momentum space and intersect with the magnon propaga-
tion direction. Our results show that the presence of Weyl fermions
and surface Fermi arcs plays a crucial role on the magnon excitations
and AHC.

To investigate magnon dispersions in thin magnetic films, we
employ spin-polarized high-resolution electron energy-loss spectros-
copy (SPEELS). This technique allows for the measurement of mag-
netic excitations, providing spin, energy, and momentum resolution
across the whole surface Brillouin zone of low-dimensional mag-
nets.””" A schematic representation of the scattering geometry is given
in Fig. 1(a). In the SPEELS experiments, the intensity of the inelasti-
cally scattered electrons is recorded for incident electrons of opposite
spin polarization, denoted as Igown and I, spectra. Filgure 1(c) shows
typical SPEELS spectra measured at AK, = 0.7A . Ijown and Iy,
spectra are referred to the measured intensities of scattered electrons
when the spin polarization vector of the incoming electron beam is
parallel and antiparallel to the I' — N direction (the magnetic easy axis
of the Fe film), respectively. All the information regarding the energies
of the magnons is obtained by analyzing the difference spectra
Tjown — Iup, shown as green circles in Fig. 1(c). The dispersion relation
is constructed by plotting the magnon energy vs AK,.””*"**

The measurements were performed for the magnetization parallel
and antiparallel to the I’ — N direction, denoted by M., and M_,,
and are summarized in Fig. 1(d). As shown in Fig. 1(d), the magnon
dispersion relation is split into two branches for a magnetization along
two opposite directions, meaning that the magnon energies with wave
vectors of equal magnitude and opposite directions are no longer
degenerate. The angular momentum of a given magnon mode can be
associated with its handedness. Theory recently predicts that the chiral
degeneracy of magnons in ultrathin magnetic films can be lifted, due
to the presence of the DM interaction.'”** >’

In order to investigate the electronic origin of the asymmetric
magnon dispersion, we performed momentum microscopy experi-
ments on two MLs of Fe on W(110) for both magnetization orienta-
tions, parallel and anti-parallel to the I' — N(y) direction as denoted
by M, and M_,, respectively. Figure 2(a) presents the principal
layout of the experimental geometry for our spin-resolved photoemis-
sion study. The momentum microscope simultaneously collects
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FIG. 1. Measured chiral asymmetric magnon dispersion in a two MLs of Fe on W
(110). (a) Schematic representation of the SPEELS experiment. Magnons are
excited by incidence of electrons of minority character. K and K’ are the momenta
of electrons before and after the scattering process, respectively. ¢ = AK is the
momentum of excited magnons. (b) Sketch of the surface Brillouin zone of a bec
(110) plane. The high symmetry points of the surface Brillouin zone are labeled. (c)
Typical spin polarized electron energy loss spectra rec10rded on two MLs of Fe on
W(110) at a wave-vector transfer of AK, = 0.7A . The difference spectrum
(Ioit. = lsown — lup) is shown as green circles. (d) Measured magnon dispersion
relation on a two MLs of Fe on W(110) for the magnetization parallel and antiparallel
to the I” — N direction, as denoted by M., and M_,. The arrow marks the posi-
tion of the surface Fermi arcs.

photoelectrons over the full solid angle above the sample, such that
spin- and momentum-resolved photoemission experiments over the
whole Brillouin zone can be performed.”***® Combined with the
recent groundbreaking invention of imaging spin detection,””* this
approach offers full access to detailed spin-resolved Fermi surfaces
that were previously inaccessible by conventional photoelectron
spectroscopy.””’
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FIG. 2. (a) Experimental geometry for the spin- and momentum-resolved photoelec-
tron study of the Fermi surface. The magnetization M and the spin polarization P,
are oriented in-plane along the y axis, i.e., the crystallographic bce [110] direction.
(b) and (c) Spin-resolved photoemission momentum maps at the Fermi energy Er
for two MLs of Fe films grown on W(110), measured with a photon energy of
hv=50¢eV for a sample magnetization pointing into +y (b) —y (c) direction. The
shape and the spin polarization of the strongly asymmetric Fermi arcs on opposite
sides of the momentum map is interchanged if the magnetization direction is
reversed. The spin polarization P, is indicated by red and blue colors, and the color
strength encodes the intensity.

Figure 2(b) and 2(c) show the spin-resolved momentum map
that we obtain at the Fermi energy, revealing the appearance of promi-
nent surface states in the highlighted regions on both sides of the
momentum map. These open arcs with a crescent-moon shape exhibit
a high spin polarization. The sign of their spin polarization P, changes
upon magnetization reversal as the surface arc topology is inter-
changed between the two sides of the momentum map. Among all
states at the Fermi surface, the open arcs show the most striking asym-
metry of the photoemission intensity and the shape between the left
and right side of the momentum map. Such magnetization-dependent
asymmetries require the presence of spin-orbit coupling, mediated
through hybridization with substrate states in the regions of the Fermi
arcs. The pronounced k-dependent relativistic splitting is promoted by
both, the broken TR symmetry and missing spatial inversion symme-
try at the interface. This mechanism is reminiscent of the physical pro-
cess that gives rise to the interfacial DMI, as evidenced by previous
findings of an asymmetric magnon dispersion in this system,'*******

The measured band dispersions with degeneracy points appear at
a slightly lower binding energy of 200meV below the Fermi level,
which are associated with Weyl fermions in a composite phase space
(kx, ky, ), where i denotes the magnetization direction of the film.
The Fermi arcs, that are observed in the k, — k, plane, connect the
projection of the mixed Weyl fermions’ and are expected to signifi-
cantly contribute to magneto-transport properties such as the anoma-
lous Hall conductivity (AHC) of the film.'>"*

ARTICLE pubs.aip.org/aip/apl

To better understand how the emergence of band crossings (or
monopoles) in the electronic structure relates to spin dynamics and
magneto-transport properties in a two-dimensional magnet, we per-
form advanced first-principles calculations to evaluate the AHC and
DM interaction in the composite phase space of crystal momentum
and magnetization direction, based on a higher-dimensional Wannier
interpolation.' "

Figure 3(b) presents the resulting momentum-resolved distribu-
tion of the microscopic origin of DM interaction, summed over all
occupied bands in the highlighted regions of (a), considering the differ-
ences in magnetization between M_,, and M_,. While many regions in
the DM interaction exhibit inversion at opposite crystal momenta,
leading to a cancelation and, consequently, a negligible net effect, it is
important to note that the mixed Weyl fermions at the end points of
the Fermi arcs (marked by the yellow and green circles) play a substan-
tial role in contributing to the total DM interaction and thus chiral
asymmetric magnons.

Unveiling the response of the electronic structure to the spin
dynamics holds bright promises for understanding various magneto-
transport phenomena such as the anomalous Hall conductivity. It has
been observed that the mixed Weyl fermions near the end points of
the Fermi arcs induce hot-spots in the Berry curvature.’ Recent studies
indicate that the strength of AHC is closely related to the Berry curva-
ture of the occupied electronic Bloch states." Figure 3(a) shows that
the emergent Weyl fermions and surface Fermi arcs contribute

(a)

3

-resolved AHC (a

(b)

FIG. 3. Momentum distribution of (a) theoretical anomalous Hall conductivity (AHC)
and (b) Dzyaloshinskii-Moriya (DM) interaction of all occupied bands throughout the
whole surface Brillouin zone for the differences in magnetization between M., and
M_,. The calculated electronic states around the Fermi energy are represented by
gray lines. The yellow and green circles in (b) highlight the magnified role of mixed
Weyl fermions in the DM interaction.
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significantly to the total of AHC in the system. The intrinsic anoma-
lous Hall effect describes the linear response to an applied electric field
in terms of an induced current J] = ¢E that roots purely in the geomet-
rical properties of the d-dimensional phase space as encoded in the
Berry curvature Qi(k). The total of the AHC is given by

ajj :%jz;’“ Qg(k) (Si];”' The emergence of the anomalous Hall

effect can be understood as a direct consequence of the magnetic
monopoles acting as sources of the Berry curvature in momentum
space, which is visible in the momentum-space distributions of the
AHC. We note that the maximum difference in magnon energies

between M, and M_,, occurs at about AK, = 1.0 A [see arrows in
Fig. 1(d)]. This region corresponds to the location of magnetic monop-
oles and surface Fermi arcs in the 2D photoemission momentum map.

To conclude, we have studied a full picture of magnon dispersion,
spin-resolved Fermi surface, anomalous Hall effect, and Dzyaloshinskii-
Moriya interaction in a two-dimensional magnetic Weyl material. The
magnon modes exhibit chiral asymmetric dispersions, such that the
energies of magnons with opposite wave vectors are no longer degener-
ate. This finding can be explained by the presence of emergent monop-
oles in the composite momentum-magnetization space (ki, k,, ),
so-called mixed Weyl nodes, close to the Fermi energy. Such Weyl nodes
possess a significant impact on the anomalous Hall effect and DM inter-
action. The latter leads to the origin of a chiral symmetric magnon dis-
persion in a two-dimensional magnet. Our results show that the
presence of Weyl nodes close to the Fermi energy plays a crucial role on
the magnon excitation and AHC. Uncovering these principles can pro-
mote innovative technologies based on magnonics in topological materi-
als, where magnons and non-trivial topological states are controlled on
demand through magnetization.
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