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Kagome materials, characterized by their unique lattice structure and electronic properties such as Dirac
cones, flat bands, van Hove singularities, and topologically nontrivial surface states, have become a focal
point in solid state chemistry and condensed matter physics. The combination of spin—orbit coupling
(SOC) and magnetism in these materials leads to several notable phenomena, such as the large anoma-
lous Hall effect and anomalous Nernst effect observed in noncollinear antiferromagnets like Mn3Sn and
MnzGe and Weyl semimetal behaviour in CoszSn,S,. The interplay between charge order, superconduc-
tivity, and symmetry breaking in materials like AV3Sbs, LaRusSi,, and CeRu, unveils a rich landscape of
emergent quantum phenomena, in addition to the distorted Kagome lattice in HoAgGe, along with the
flat band, saddle point, and Dirac cones in YMngSng. Topological skyrmions in FeGe and the quantum
Chern insulating phase in ToMngSng further underscore the rich physics of these materials. Therefore,
Kagome materials are uniquely suited to study the interaction between topology, magnetism, and
electron correlation. This review comprehensively covers the progress in topological Kagome magnets,
the fundamental concepts, and the connections between their exotic properties and the Kagome lattice
structure. In conclusion, several open questions and future research directions are highlighted, providing
valuable insights for researchers aiming to advance this integrated field. This review serves as a reference
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for understanding the potential of Kagome materials and their future advancements, fostering further

rsc.li/materials-horizons exploration of their complex and promising properties.

Wider impact

In this review, we provide a comprehensive overview of magnetic Kagome materials, highlighting a selection of representative systems. Magnetic Kagome
materials are at the forefront of quantum materials research, offering transformative insights for materials scientists, solid-state chemists, and physicists alike.
Their unique lattice geometry gives rise to intriguing electronic properties, such as Dirac-like band structures, flat bands, and topologically nontrivial states,
which can be further tuned through the interplay of magnetism and electron correlation effects. This makes them ideal platforms for investigating exotic
quantum phenomena, including the anomalous Hall and Nernst effects, chiral spin textures, and magnetic Weyl semimetals. In addition to summarizing key
advancements, we address open questions and future research directions, offering a roadmap for interdisciplinary collaboration. We believe that this review
will serve as a foundational resource, inspiring researchers across disciplines to further unlock the potential of magnetic Kagome materials and drive
innovation in energy, quantum computation, and spintronics applications.

1. Introduction

Beyond the familiar Bravais lattice, four remarkable two-dimensional
lattices with high symmetry stand out: square, triangular, honey-
comb, and Kagome lattices." These structures are defined by the
unique equivalence of their vertices, where each vertex is con-
nected to four, six, three, and four nearest neighbours, respec-
tively. These elegant geometric configurations not only embody
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fundamental principles of symmetry but also unlock insights
into cutting-edge physical phenomena.>* Their simplicity and
versatility make them indispensable in advancing transformative
technologies from spintronics and quantum computing to ther-
moelectrics. The Kagome lattice, first conceptualized by Syozi in
1951, is inspired by the intricate design of traditional bamboo
baskets commonly found in Japan (Fig. 1).* This lattice, with its
distinctive interlocking geometry, carries a deeper meaning in
Japanese folklore, where it symbolizes protection and contain-
ment, reflecting the strength and harmony of its woven structure.
The Kagome lattice is composed of a network of corner-sharing
triangles, creating a repeating star-like pattern. It can be visualized

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Timeline of recent developments in the field of topological Kagome magnets.

as a honeycomb lattice with additional diagonal connections
across the hexagonal cells. This arrangement results in a series
of interwoven triangles, forming a periodic lattice with high
symmetry. The unit cell of a Kagome lattice consists of three
lattice points, which distinguishes it from simpler lattice types
such as triangular or square lattices.
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The triangular arrangement leads to frustration, where hopping
electrons encounter interference paths that cancel each other out.
This leads to a complete localization of electronic states at certain
energies. These states do not disperse, regardless of the momen-
tum, resulting in a flat band (FB) in the energy spectrum.>® As per
the tight-binding model of the Kagome lattice, a flat band emerges
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(a) Schematic representation of the Kagome lattice with a flat band (FB), a Dirac point (DP) and van Hove singularities (vHSs) near the Fermi level

(Ef). Crystal structures of (b) Mn3zSn, (c) CozSn,S,, (d) FesSn,, (e) FeGe and (f) YMngSne.

alongside a pair of symmetry-protected Dirac bands and van-Hove
singularities (vHSs)® (Fig. 2a). When spin-orbit coupling (SOC)
is introduced, the linear band crossing at the K point and the
quadratic band touching at the I" point become gapped.” This
inclusion of SOC transforms both the Dirac and FBs into
topologically nontrivial states, unlocking new realms of exotic
quantum behaviour. The Kagome lattice has attracted consider-
able attention in quantum materials research due to its remark-
able quantum properties.” Interest surged after the theoretical
prediction by Wen and co-workers in 2011, which suggested the
potential realization of fractional quantum Hall states at high
temperatures.® This groundbreaking insight has positioned the
Kagome lattice as a promising platform for exploring various
quantum phenomena.

FBs in momentum space arise from pronounced electron
localization in real space and serve as fertile ground for exploring
nontrivial topological phenomena, especially in strongly correlated
systems.> These FBs, together with vHSs in Kagome lattices,
dramatically enhance the density of states (DOS), potentially
triggering robust electron correlation effects.’ In particular, vHSs
mark critical points in the electronic band structure where the
DOS diverges, paving the way for rich and tunable ground states.
In van Hove filling, the interplay between these singularities and
varying Coulomb interactions can give rise to emergent electronic
phases such as superconductivity or spin/charge density waves
(CDWs)."*™* These effects highlight the versatility of the Kagome
lattice as a platform for exploring the delicate balance between
geometry, topology, and strong electron correlations.

Breaking the time-reversal symmetry, as in ferromagnetic (FM)
ordering, splits the spin-degenerate bands and opens exciting
possibilities for electronic behaviour. The inclusion of SOC further
enriches this scenario, enabling the emergence of various gapped

4512 | Mater. Horiz., 2025, 12, 4510-4544

phases. These gaps can host massive Dirac or Weyl fermions,
imprinting unique characteristics on the band structure.”® Sym-
metry breaking in Kagome systems modulates their distinctive
bands, unlocking pathways to novel topological phenomena.
These include a pronounced intrinsic anomalous Hall effect
(AHE) and an anomalous Nernst effect (ANE), both stemming
from the Berry curvature intrinsic to the broken time-reversal
symmetry."*™® Such effects underscore Kagome materials as an
ideal platform to explore the intricate interplay between magnetism,
topology, and strong electron correlations, offering fertile ground for
uncovering fundamentally new quantum states.

This review delves into the remarkable advances in magnetic
Kagome materials, offering a comprehensive exploration of their
diverse families and fascinating properties. We begin with noncol-
linear antiferromagnets such as MnzSn and Mn;Ge and then
progress to FM systems like CosSn,S, and Fe;Sn, and traverse
through the quantum Chern insulator REMngSne. The journey
continues through topological skyrmions in FeGe, the LnTi;Bi,
family, charge order and superconductivity in AV;Sbs, LaRu;Si,,
and CeRu, and culminates in the distorted Kagome lattice in
HoAgGe (Fig. 1). For each class, we provide a detailed analysis of
its crystal and electronic structures, magnetic properties and
anomalous transport phenomena. The final sections highlight
the transformative potential of magnetic Kagome materials for
cutting-edge applications, including racetrack memory and quan-
tum information technologies. We also address the challenges that
lie ahead, charting a path towards the realization of novel topolo-
gical quantum states that have so far eluded discovery. By integrat-
ing fundamental insights with forward-looking perspectives, this
review serves as a roadmap for navigating the vibrant landscape of
magnetic Kagome materials, from their intricate properties to their
immense potential in shaping future quantum technologies.

This journal is © The Royal Society of Chemistry 2025
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2. Crystal structure

The individual crystal structure of several Kagome magnets is
discussed in this section.

2.1. MnzX (X = Sn, Ge)

Mn;X exhibits a hexagonal chiral antiferromagnetic (AFM)
structure (space group P6s/mmc) composed of Kagome layers
of Mn atoms in the ab-plane."”" These layers form a breathing-
type arrangement and are stacked along the c-axis®° (Fig. 2b).

2.2. CozSn,S,

The compound Co;Sn,S, was first synthesized in the late 20th
century. In 1978 and 1988, Zebel et al and Natarajan et al
prepared Co;Sn,S, crystals, respectively.>"** Their work focused
primarily on understanding the crystal structure of Co;Sn,S, and
its relationship with bulk transport properties, laying the founda-
tion for future studies. A significant theoretical milestone occurred
in 2011, when Wan et al. and Xu et al. predicted magnetic Weyl
fermions in materials such as HgCr,Se, and Y,Ir,0,.>*** Despite
the theoretical promise, the experimental realization of magnetic
Weyl semimetals remained elusive for years.

In 2018, groundbreaking work conducted by Wang et al. and
Liu et al. independently identified CozSn,S, as a magnetic Weyl
semimetal.'**> This half-metallic ferromagnet exhibited the
long-sought magnetic Weyl fermion behaviour. Subsequent
studies confirmed the existence of bulk Weyl nodes, surface
Fermi arcs, and other unique features of the magnetic Weyl
semimetal phase in Cos;Sn,S,, sparking intense interest in its
topological and magnetic properties.">>® These discoveries
have positioned Cos;Sn,S, at the forefront of quantum materials
research, bridging the fields of magnetism and topology with
profound implications for condensed matter physics.

The compound CosSn,S, belongs to the shandite family and
crystallizes in a rhombohedral lattice with the space group R3m.”
Its crystal structure consists of CoSn,S, octahedral blocks stacked
in a hexagonal close-packed sequence along the c-axis. Each cobalt
atom is coordinated by four tin atoms and two sulphur atoms to
form a distorted octahedron. Within the structure, the Co and S
atoms occupy the Wyckoff positions 9e and 6¢, respectively.”’

Table 1 Structural and magnetic properties of REMngSng

View Article Online
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The CoSn,S, octahedra are interconnected in two ways: by face-
sharing along the ab-plane and corner-sharing along the c-axis.
Furthermore, in the Co-Sn layers, the Co atoms form a perfect
Kagome lattice, characterized by corner-sharing triangles of Co
atoms (Fig. 2c). There are two distinct Sn sites in the structure.'®
One set of Sn atoms, designated as Sn (2), are located at the
centres of the Kagome hexagons and occupy the Wyckoff posi-
tion 3a. The other set, designated as Sn (1), is located between
the Co-Sn bilayers, connecting adjacent Co-Sn (2) layers, and
occupies the Wyckoff position 3b. In addition, the S atoms are
located above and below the Co-Sn (2) layers, completing the
structural arrangement.

2.3. Fe3Sn,

The crystal structure of Fe;Sn, consists of alternating Fe-Sn bilayers
and Sn layers stacked along the c-axis."* Within each Fe-Sn bilayer,
the iron atoms are arranged in two Kagome layers characterized by
two types of equilateral triangles that differ in their Fe-Fe bond
lengths: 0.2732 nm for the larger triangles and 0.2582 nm for the
smaller ones.”® The tin atoms are located at the centres of the
hexagons formed by the Kagome layers (Fig. 2d). In addition, the
smaller triangles of Fe atoms in the two Kagome layers align to form
interconnected octahedral structures composed of iron atoms.
Separating successive Fe-Sn bilayers is a distinct Sn layer in
which the tin atoms form a two-dimensional network. This
network features six-membered rings that share edges, similar
to the structural arrangement found in graphene. This unique
combination of Kagome bilayers and Sn layers contributes to
the distinctive electronic and magnetic properties of Fe;Sn,.

2.4. REMgX,

The REM¢X, family of compounds (where RE represents a rare
earth element, M is a transition metal, and X is a group IV
element) are characterized by a unique double Kagome lattice
of M atoms. Structurally, these compounds can be viewed as
modified versions of the centrosymmetric CoSn-type structure
(Table 1).° In the CoSn-type arrangement, alternating layers of
Sn-centred Co Kagome lattices and Sn honeycomb lattices
generate large hexagonal voids that can accommodate cationic

Lattice parameter (A)

Composition Space group Structure type a b c Magnetism Tn/Te (K) Ref.
ScMngSng P6/mmm HfFesGe, 5.474 5.474 8.973 AFM 384 40 and 45
YMngSng P6/mmm HfFesGes 5.512 5.512 8.984 AFM 335 40 and 46
PrMngSng Immm HoFegSng 9.075 28.976 5.577 FIM 340 42
NdMngSng Immm HoFe4Sn, 9.066 28.924 5.566 FIM 340 42
SmMn,Sne (phase 1) Immm HoFegSng 9.077 28.825 5.547 FIM 380 42
SmMnSne (phase 2) P6/mmm YCosGeg 5.552 5.552 4.526 40
GdMn,Sng P6/mmm HfFe,Geg 5.521 5.521 9.007 FIM 449 40
TbMngSng P6/mmm HfFesGeg 5.519 5.519 9.004 FIM 425 40
DyMngSng P6/mmm HfFeGeg 5.515 5.515 8.996 FIM 405 40
HoMneSng P6/mmm HfFesGeg 5.508 5.508 8.993 FIM 391 40
ErMngSng P6/mmm HfFesGeg 5.509 5.509 8.992 AFM 337 40
TmMneSng P6/mmm HfFesGe, 5.506 5.506 8.988 AFM 337 40
YbMn4Sng P6/mmm HfFe,Geg 5.553 5.553 9.043 FIM 300 37
LuMn,Sng P6/mmm HfFeGeg 5.496 5.496 8.985 AFM 345 40

This journal is © The Royal Society of Chemistry 2025
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atoms. When rare earth (RE) atoms occupy these voids, the Sn
atoms in the Kagome layers are displaced from the centres of
the Co-Kagome lattices, resulting in a doubling of the unit cell
along the c-axis and making adjacent voids inaccessible. The
placement of RE atoms at either 0 or 1/2 along the z-axis
introduces various ordering patterns, contributing to the struc-
tural diversity of 166 compounds. The combination of these
structural features allows for a multitude of possible configura-
tions, making this family a “compound generating machine.”

While there are excellent reviews of the entire REMgXg
family,>*”" in this review article we will focus specifically on
the REMneSng series and explore its unique structural, mag-
netic and physical properties.

Kagome lattice structures of rare earth metals have gained
considerable attention because of their intriguing electronic
and magnetic properties. One series of such interesting materi-
als is REMn¢Sne. Most of the REMneSns compounds crystallize
in a centrosymmetric structure.*>** Kagome planes consist of
Mn;Sn units sandwiched between two distinct layers of Sn; and
Sn,RE (Fig. 2e). This sequence, [Mn;Sn] [Sn;] [Mn;Sn] [Sn,RE],
results in the Sn honeycombs occupied by RE atoms being
relatively anionic, while the other honeycombs are more catio-
nic. This charge difference promotes coherent electron transfer
between the two types of honeycombs, thereby electrostatically
stabilizing the RE cations.?? As a result, REMn,Sn, compounds
form pristine Mn Kagome layers.?*3>%°

REMngSng (RE = Sc, Y, Gd, Lu) compounds have a hexagonal
HfFesGes-type structure (space group P6/mmm), while only
SmMneSne is isotypical with the YCosGes structure (space
group P6/mmm), a disordered variant of HfFe,Geg.>03%3%37740
Apart from HfFesGe; and YCosGeg structures, some REMngSng
(RE = Pr, Nd, Sm) compounds also crystallize in lower symmetry
orthorhombic close packing, isostructural with HoFesSng
(space group Immm), which is a stacking variant composed of
slabs of the HfFesGes type and of the YCoeGes type.**17*3
Depending on the synthesis conditions, SmMn¢Sne can adopt
different crystal structures. At the lower annealing temperature
of 723 K, it crystallizes in the orthorhombic HoFesGes type
structure.** On the other hand, the symmetry increases to the
hexagonal YCosGes type when the annealing temperature is
increased to 973 K.**

2.5. FeGe

FeGe crystallizes in a hexagonal structure with the space group
P6/mmm in which the magnetic Fe atoms form Kagome planes
separated by nonmagnetic Ge honeycomb layers*® (Fig. 2f). This
unique structural arrangement gives rise to intriguing magnetic
properties.

2.6. LnTizBi,

The Ti-based Kagome lattice, LnTi;Bi, (Ln representing the rare
earth elements), has recently attracted considerable interest
owing to its wide range of magnetic properties and remarkable
chemical versatility (Table 2).*”>°

The LnTizBi, compound differs significantly from the
Kagome prototypes AV;Sbs (A = K, Rb, Cs) and REM¢Xe due to

4514 | Mater. Horiz., 2025, 12, 4510-4544
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Table 2 Structural and magnetic properties of LnTizBiy4
Properties

In a(®) b@A) c¢@A) Magnetism Ty/Tc (K) M, (us) Ref.
La 5.95 10.35 25.11 NM — — 47
Ce 5.91 10.32 24.99 AFM 3 1.5 47
Pr 5.90 10.32 2493 — 9 2.3 47
Nd 5.89 10.32 2491 FM 9 2.5 47
Sm 5.87 10.31 24.79 FM 23 0.4 47
Eu 5.97 10.38 25.37 FM 11 7.9 47
Gd 5.86 10.30 24.73 AFM 13 7.5 47
Yb 5.91 10.36 24.87 NM — — 47
Tb 5.84 10.30 24.65 AFM 24 9.3 48

its more intricate crystal structure.’” LnTizBis has a layered
crystal structure with the orthorhombic space group Fmmm.
Notably, the LnTi;Bi, family incorporates structural elements
from the REM¢Xs Kagome prototypes. Viewed along the c-axis,
the LnTi;Bi, structure is composed of alternating layers in the
sequence  X;—-M;3-AX,-[AX,~M;3-X;-M;3-AX, |-AX,-AX,~-M;3-Xy,
with the bracketed segment resembling the motif observed in
the HfFesGes structure (Fig. 3). Unlike AV;Sbs or ATi;Bis,
LnTizBi, has double Kagome layers in its unit cell.

Within the unit cell of LnTi;Bi,, five distinct sublattices can
be identified: (1) the Kagome lattice formed by Ti atoms,
(2) Ln-based zigzag chains, (3) two Bi honeycomb-like arrange-
ments, (4) a Bi triangular lattice, and (5) a triangular lattice
of Ln atoms (Fig. 9). The Kagome layers in this structure
experience additional anisotropic distortions that lower the
symmetry from hexagonal to orthorhombic. This contrasts with
the D¢, symmetry typically seen in Kagome systems like AV;Sbs.
The Ln zigzag chains, aligned along the g-axis, impose quasi-one-
dimensional properties on the LnBi, layers, further reducing the
crystalline symmetry to D,;,.>° This symmetry reduction, driven by
lattice distortions, has significant implications for the electronic
structure of the Kagome lattice, influencing features such as Dirac
cones and FBs.

Interestingly, the Ti Kagome lattice and the Bi triangular
lattice in LnTi;Bi, exhibit bond equivalencies and deviate from
the bc plane, as shown in Fig. 3. This results in a distortion of
the TiBi layer, which manifests itself as both in-plane and out-
of-plane displacements. These structural complexities underline
the distinctiveness of LnTi;Bi, and its properties. Fig. 9d also
highlights the Ln zigzag chains, which run parallel to the g-axis
and feature nearest neighbour Ln-Ln intrachain distances
of approximately 4 A. The Ln atoms are nine-coordinate, with
Ln-Bi bond lengths ranging from 3.3 to 3.6 A.*” The Bi honey-
comb and Ti Kagome lattices are anticipated to exhibit fascinating
topological features, while the Ln triangular lattice introduces
geometric frustration. Each of these structural motifs contributes
to the potential for exploring magnetism and topological prop-
erties in LnTi;Bi,, establishing it as a compelling candidate for
the study of unique material behaviours.

2.7. Distorted Kagome

Most of the intensive research efforts mentioned above have
focused on the ideal Kagome lattice. However, a promising next

This journal is © The Royal Society of Chemistry 2025
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(a) Crystal structure of Ln(RE)TisBi4. (b) Kagome network of Ti (Ly), triangular lattice of RE (L,), honeycomb (Lz) and triangular lattice of Bi (Ly).

(c) The coordination environment of RE and Ti. (d) The REBi bilayer and Ln—-Ln zigzag chains.

step in this field is to explore distortions of the Kagome lattice,
which, despite their realization in certain magnetic com-
pounds, remain experimentally unexplored. In contrast to the
standard Kagome lattice, distorted variants could accommo-
date a much richer range of physical phenomena.

For instance, when the two distinct types of triangles in a
typical Kagome lattice are rotated in opposite directions, the
resulting structure breaks inversion symmetry, giving rise to a
non-centrosymmetric lattice. This structural change causes the
doubly degenerate Dirac cone characteristic of the pristine
Kagome lattice to split into a pair of Weyl points, potentially
opening exotic physics and new avenues for experimental
investigation.

HoAgGe is a member of the RAgGe series (R = Tb-Lu) and
adopts a hexagonal ZrNiAl-type structure (space group P62m) in
which the Ho atoms are arranged in triangular coordination with
an interatomic distance of 3.686 A.”** The Ho atoms form a
distorted Kagome lattice in the ab-plane. The lattice distortion
arises from the substructure, which consists of two distinct types
of triangles that rotate by the same angle (~15.58°) but in
opposite directions around the c-axis. This rotation breaks the
inversion symmetry, resulting in a non-centrosymmetric struc-
ture. Despite breaking the spatial inversion symmetry of an
individual Kagome layer, the overall space group of the three-
dimensional crystal remains unchanged. Considering only the
Ho®" ions, this distortion reduces the Dg, symmetry of the
Kagome lattice to Dsj, while preserving the local easy axes of
the Ho>" moments. The combination of strong local easy-axis
anisotropy and FM nearest neighbour (NN) interactions between
the Ho®" moments gives rise to “1-in-2-out” or “2-in-1-out” ice
rules on the distorted Kagome lattice.>®

Recently, Schoop and co-workers successfully synthesized
orthorhombic Cs,Ni;S, (space group Fmmm) by soft chemical

This journal is © The Royal Society of Chemistry 2025

processing, stabilizing a layered structure with two-dimensional
Kagome-like nickel networks in the ab-plane. Unlike an ideal
Kagome lattice, the corner-sharing Ni triangles in Cs,Ni3S,
exhibit a slight distortion, with two sides measuring 2.913 A,
while the third side is slightly longer at 2.963 A, making the
triangles isosceles instead of equilateral. The structure consists of
stacked S-Ni-S layers along the c-axis, with Cs atoms occupying
the interlayer spaces. Within these layers, Ni atoms adopt a
square-planar coordination with sulphur, which contributes to
the structural stability and electronic properties of the material.>*

3. Electronic band structure

The individual crystal structure of several Kagome magnets is
discussed in this section.

3.1. Mn;Sn

Nakatsuji and co-workers investigated the electronic structure
of Mn;Sn using angle-resolved photoemission spectroscopy
(ARPES) and density functional theory (DFT) calculations to
reveal the presence of magnetic Weyl fermions, characterized
by Weyl nodes near the Fermi energy (E) resulting from the non-
collinear magnetic order and the time-reversal symmetry
breaking®® (Fig. 4a—c). The SOC plays a pivotal role by lifting
degeneracies along nodal rings, leaving intact Weyl nodes with
opposite chiralities, which are distributed over high-symmetry
points in momentum space. The ARPES data, supported by DFT
calculations, show significant band renormalization and damp-
ing effects due to strong electron correlations in the Mn 3d
orbitals, with a bandwidth reduction by a factor of five. The band
structure analysis identifies nodal rings without SOC, which
evolve into Weyl nodes when SOC is introduced, preserving band
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Fig. 4 (a) Calculated band structure of MnzSn around M and M’ points.>® (b) ARPES intensity plot near the Fermi level.>® (c) The band dispersion along the
line of high symmetry for different hv values from 50 to 170 eV and the corresponding energy distribution curves (EDCs).>® (d) Hall conductivity as a
function of field at 300 K in MnsSn.Y” (e) Hall conductivity as a function of temperature at zero magnetic field.?” (f) Nernst signal and magnetization as a

function of field at 300 K in Mnz0sSNno.o4.°® (g) Nernst signal as a function of temperature at 300 K in Mnsz 0gSno o4.

56 (a)=(c) Are reproduced with

permission from ref. 55. (d) and (e) Are reproduced with permission from ref. 17. (f) and (g) Are reproduced with permission from ref. 56.

crossings in certain directions. These Weyl points arise along
highly symmetric lines, such as K-M-K, where the intersection of
electron and hole bands creates type-Il Weyl fermions. The experi-
mental ARPES intensity maps align well with theoretical predictions,
confirming the existence of flat electron and hole bands that
facilitate high intensity near the Weyl points.>> The magnetic texture
in Mn;Sn strongly influences the electronic structure, leading to
orthorhombic features even within the hexagonal symmetry.

The tunability of Weyl node positions by small magnetic fields
provides direct control of the Berry curvature, opening avenues for
manipulation of topological properties. These findings are com-
plemented by magnetotransport measurements that confirm the
chiral anomaly as a bulk signature of Weyl physics, as evidenced
by a positive longitudinal magnetoconductance (LMC) and nega-
tive transverse magnetoconductance (TMC) under parallel electric
and magnetic fields.”> Together, the ARPES and electronic struc-
ture results underscore the unique ability of Mn;Sn to host
magnetic Weyl fermions, driven by the intricate interplay of
geometric frustration, SOC, and correlation effects, marking a
significant advance in the understanding of topological excitations
in correlated electron systems.

3.2. Co3Sn,S,

Magnetic Weyl semimetals (WSMs), which break time reversal
symmetry, offer a rich platform for studying the interplay
between magnetism, electron correlations, and topological
orders. The interplay of crystal field, SOC, and ferromagnetism
lifts the band degeneracy, creating three pairs of Weyl points
per Brillouin zone, as confirmed by ARPES and theoretical
calculations'® (Fig. 5a and b). Scanning tunnelling microscopy
(STM) studies revealed chiral edge states localized to step edges
on Kagome terraces and quantum well-like states confined to

4516 | Mater. Horiz., 2025, 12, 4510-4544

narrow terraces (Fig. 5¢), showing linear energy dispersion with
velocities around 5 x 10* m s>’ These findings align with
theoretical models of WSMs as layered stacks of Chern insula-
tors coupled by interlayer interactions. Numerical simulations
confirmed that these edge states emerge as hybridized modes
localized at exposed terraces or steps and decay into the bulk,
consistent with the observed spatial confinement of 1.5 nm.>®
Experimental and simulated data agree on the dependence of
chiral edge states on terrace geometry, terrace width, and
interlayer coupling strength. The identified surface states
merge into bulk features at Weyl points, providing a deeper
understanding of TRS-breaking WSMs (Fig. 5d).

These Fermi arcs, which connect Weyl nodes of opposite
chirality in momentum space, provide a signature of the bulk
topology. While the existence of Fermi arcs is topologically
protected, their specific connectivity and spatial properties can
vary depending on the details of the surface termination. Morali
et al. have investigated how three distinct terminations of the
Co3Sn,S,(001) surface - tin (Sn), cobalt (Co) and sulphur (S) -
affect the Fermi arc structure and connectivity, shedding light
on the interplay between bulk topology and surface potentials
(Fig. 5€).”° Using scanning tunnelling microscopy and spectro-
scopy (STM/STS) alongside ab initio calculations, the study
reveals that the surface potential imposed by different termina-
tions profoundly affects the Fermi arc behaviour. On the Sn-
terminated surface, Fermi arcs exhibit intra-Brillouin zone
connectivity, connecting Weyl nodes within the same Brillouin
zone, while on the Co-terminated surface, they connect Weyl
nodes across adjacent Brillouin zones through hybridization
with non-topological surface bands, forming a unique inter-
Brillouin zone connectivity. The S-terminated surface presents a
different scenario, where Fermi arcs overlap extensively with

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Calculated band structure of CosSn,S, with and without SOC.™ (b) Plot of the second derivative of the intensity from ARPES data with the
corresponding bulk calculations.?® (c) Scanning tunneling microscopy and spectroscopy (STM/S) data at 4 K showing the edge state on the CozSn
plane.®® (d) Dispersions between (i) the theoretically computed topological surface states (TSS) along the I' — K’ — T path and [(ii)—(vi)] the experimentally
observed TSSs.'® (e) Connectivity of intra-Brillouin zone (BZ) Fermi arcs and the breaking of time-reversal symmetry at the Sn-terminated surface in
Co35N,55,.28 (a) Is reproduced with permission from ref. 14. (b) Is reproduced with permission from ref. 25. (c) Is reproduced with permission from ref. 58.
Creative Commons license: https://creativecommons.org/licenses/by/4.0/. (d) Is reproduced with permission from ref. 15. (e) Is reproduced with

permission from ref. 26.

bulk states, reducing their topological protection and making
them difficult to observe directly.

Optical spectroscopy and theoretical calculations show that
the electronic kinetic energy derived from experiments is signifi-
cantly reduced compared to single-particle ab initio predictions.>”
This discrepancy arises due to many-body interactions, indicating
band narrowing and a flattened electronic band near the Fermi
energy. The Coulomb interaction strength is estimated to be U =~
4 eV, which is confirmed by DFT plus dynamical mean-field
theory (DFT+DMFT). Despite the electronic correlations,
CosSn,S, retains its Weyl semimetallic state, characterized by
Weyl cones and surface Fermi arcs. Furthermore, the electronic
correlations induce a FB connecting the Weyl cones, which is
evidenced by specific optical conductivity features.

Recently, Beidenkopf and co-workers identified a triangular
distortion on the Kagome surface of Co3Sn,S, that flattens the

This journal is © The Royal Society of Chemistry 2025

band dispersion near the saddle points to form a higher order
van Hove singularity (HOvHS) with an algebraically divergent
DOS.”® This emergent singularity is pinned at the Fermi energy
and causes a Pomeranchuk instability, leading to the formation
of nematic electronic states. These states spontaneously break
the rotational symmetry of the Kagome lattice while preserving
the translational symmetry, manifesting in distinct wavefunc-
tion redistributions across the Fermi surface. By linking HOVHS
formation to nematicity, the research unveils new pathways for
engineering exotic quantum states in correlated materials,
suggesting that Kagome metals such as Cos;Sn,S, are fertile
ground for exploring symmetry-breaking instabilities and
unconventional electronic phases. This study uncovers a novel
mechanism for generating HOvHS in Kagome materials, high-
lighting the transformative role of lattice distortions in shaping
electronic properties.
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3.3. Fe3Sn,

Theoretical predictions suggest that in materials with broken
time-reversal symmetry, such as FM systems, Kagome lattices
can support Dirac electronic states with Berry curvature-
induced phenomena.®® Fe;Sn,, a bilayer Kagome compound
with FM order, offers a platform to study these properties.

In Fe,;Sn,, the Kagome planes are stacked in a bilayer fashion,
with interlayer coupling adding complexity to the electronic struc-
ture. Breaking the time-reversal symmetry by FM order splits the
spin-degenerate Dirac bands, while spin-orbit coupling induces a
mass gap of about 30 meV at the Dirac points, transforming the
electronic states into massive Dirac fermions."® These massive
Dirac fermions are crucial for generating the Berry curvature of the
material, which drives phenomena such as the anomalous Hall
effect (AHE).

ARPES is used to map experimentally the band structure of
Fe;Sn, with high resolution in momentum and energy. Low
temperature measurements (~ 20 K) reveal two Dirac cones at
the K and K’ points of the Brillouin zone, in agreement with
theoretical predictions'® (Fig. 6b). The ARPES spectra confirm
the presence of a 30 meV energy gap at the Dirac points. The
massive Dirac fermions in Fe;Sn, give rise to a significant Berry
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curvature, which is concentrated around the gapped Dirac
points. This curvature dominates the intrinsic anomalous Hall
conductivity (AHC) of the material, which has been experimen-
tally observed to persist up to 300 K.

Furthermore, ARPES measurements reveal a nearly disper-
sionless FB about 0.2 eV below the Fermi level, extending over
significant parts of the Brillouin zone along the I'-K and I'-M
directions.®® These flat bands originate primarily from Fe-Sn
layers, as confirmed by band calculations. DFT analysis showed
that Fe;Sn, has several nearly flat bands associated with Fe d-
orbitals. These bands dominate the density of states (DOS) near
the Fermi level, enabling high temperature ferromagnetism.
The calculated magnetic moment of 2.04up per Fe atom is in
good agreement with experimental measurements, validating
the model.

Ye et al. studied the de Haas-van Alphen (dHvA) effect in
Fe;Sn,, uncovering quasi two-dimensional (2D) massive Dirac
states and their modulation by the orientation of the FM
moment® (Fig. 6¢). The dHvA effect reveals Fermi surface
pockets corresponding to bulk Dirac states with effective
masses and band areas that vary systematically with the
direction of the magnetic moment. The study identifies two
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Fig. 6 (a) Magnetic force microscopic images of first-order spin-reorientation phase transition in FezSn,.%! (b) ARPES data measured in FesSn,, showing
two Dirac points, Dirac circle and two electron pockets.’® (c) The de Haas—van Alphen effect in FesSn, as a massive Dirac model.®? (a) Is reproduced with
permission from ref. 61. (b) Is reproduced with permission from ref. 13. (c) Is reproduced with permission from ref. 62. Creative Commons license:

https://creativecommons.org/licenses/by/4.0/.
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quasi-2D Dirac bands whose behaviour is consistent with a
massive Dirac model incorporating a Kane-Mele type SOC. The
effective masses of the Dirac fermions were determined from
the temperature dependence of the dHvA oscillation ampli-
tudes. The a; and o, pockets have effective masses of 0.59m,
and 2.5m, respectively, where m. is the electron mass. These
values are consistent with a massive Dirac model and suggest a
highly anisotropic Fermi surface, in agreement with previous
spectroscopic observations.

Recently, Yao et al. identified Weyl nodes in Fe;Sn,.** Unlike
many other materials where Weyl nodes exist above or below the
Fermi level, in Fe;Sn, their proximity provides an opportunity to
directly influence transport phenomena. The study revealed that
Fe;Sn, hosts Weyl nodes at or near the Fermi level. These nodes
arise from the crossing of majority and minority spin bands and
are highly sensitive to the direction of the magnetization. Eight
pairs of Weyl nodes were identified for magnetization along the
y-axis, while ten and six pairs were observed for magnetization
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along the x- and z-axes, respectively. Fe;Sn, preserves inversion
symmetry but breaks time-reversal symmetry due to its FM nature.
Magnetization along different axes introduces different levels of
symmetry, affecting the band structure and the presence of Weyl
nodes. For example, y-axis magnetization preserves mirror sym-
metry, resulting in specific nodal line structures. In contrast,
x- and z-axis magnetization breaks certain symmetries, leading
to more complex distributions of Weyl points.

3.4. REMngSng

REMneSng exhibits complex band structure characterized by
topological FBs, vHSs and Dirac points. These features are
influenced by the magnetic interactions within the Kagome
lattice, which introduce novel topological states and quantum
phases (Fig. 7).>”?" REMn¢Sne hosts a variety of magnetic
orders that significantly affect the electronic bands near the
Fermi level. For example, YMngSne has in-plane FM ordering of
the Mn layer combined with helical AFM ordering along the
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Fig. 7 (a) Fitting of the Landau fan data with the spin polarised and the Chern gapped Dirac dispersions.®” (b) Experimental band dispersions of TbMngSng
using STM and ARPES.®” (c) Dirac gap size and out-of-plane magnetization as a function of the magnetic field.®” (d) Upper panel: photoemission intensity
plots along the '-M-K-TI" path and the corresponding second derivative plots of YMngSne. Lower panel: theoretical ARPES spectra in the ferromagnetic
state with spin—orbit coupling, highlighting the presence of Dirac points, a saddle point, and a flat band.*® (e) Magnetic phase diagram of TbMngSng along
the B//c-axis.®® (f) The variation of Hall resistivity and magnetization for YMngSne with the magnetic field at 245 K.%® (g) Schematic representation of
different magnetic structures with the applied field in YMngSne.®® (a)—(c) Are reproduced with permission from ref. 67. (d) Is reproduced from ref. 46.
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c-axis.®® This results in a non-degenerate magnetic state due to
the FM state with large SOC leading to the emergence of spin
polarized Dirac bands. These bands along with FBs and vHSs
contribute to the distinct electronic properties of YMngSng.*®°
DFT and dynamical mean field theory (DMFT) calculations by
Li et al reveal the existence of FBs throughout the entire
Brillouin zone touching a quadratic band at the I'’ point, which
emerges from a Dirac band at the K point and forms a saddle
point at M*® (Fig. 7d).

One of the key features of REMn¢Sns is the presence of
Chern gapped Dirac fermions®***>®” (Fig. 7a and e). Their existence
has been studied by transport measurements of quantum oscilla-
tions with a non-trivial Berry phase as well as a large intrinsic AHE.
The first experimental evidence for these gapped Dirac fermions in
TbMn,Sn, was provided by STM® (Fig. 7b). The Dirac cone energy
and gap size decrease as one moves from Gd to Er, highlighting the
tunability of these topological features through magnetic exchange
coupling between rare earth 4f and transition metal 3d electrons.*®
In ErMngSng, ARPES measurements by Dhakal et al. indicate the
presence of Dirac-like states both above and below the Fermi level,
with a FB located approximately 400 meV above the Fermi level.>!
The presence of Dirac cones at the K point with SOC opens the gap
at this point, contributing to the AHE.

For TbMn¢Sns, a linear band crossing at the K point with a
15 meV gap was observed above the Fermi level at 215 meV,
considering SOC.**> TbMngSng is metallic and shows the AHE.
Yin et al. initially associated it with a 2D like SOC gapped Dirac
cone near the Fermi level at the K point®” (Fig. 7c). However,
Jones et al. calculated the Berry curvature and found that the
AHE originates from other regions of the Brillouin zone.®®
Later, Lee et al. analysed the band structures of REMngSng
and discovered that the quasi 2D Dirac cone lies over 0.7 eV
above the Fermi level, higher than that reported by Yin et al.,
and computationally demonstrated that the observed AHE in
REMn¢Sng has a 3D character, not related to the quasi 2D Dirac

cone.®”%°

3.5. LnTi3Bi4

The LnTizBi, family of Kagome metals, characterized by dis-
torted bilayer Kagome lattices, exhibit a unique electronic
structure defined by twofold rotational symmetries (C,, and
C»,).>° These symmetries arise from lattice distortions that break
the sixfold rotational symmetry (C,) while preserving the twofold
symmetry (C,,). Several bands cross the Fermi level (Eg), which is
consistent with the metallic nature of LnTi;Bi,. The defining
features of the valence electronic structure of LnTi;Bi, are:
(i) linear Dirac-like states, (ii) multiple vHSs, and (iii) double
FBs'°%7%7! (Fig. 8a and b). These FBs arise due to destructive
wavefunction interference within the Ti-Kagome lattice, with
interlayer coupling contributing to bonding-antibonding split-
ting. The electronic structure of LnTi;Bi,, particularly in com-
pounds such as NdTi;Bi, and YbTi;Bi,, displays pronounced
anisotropy’®”? (Fig. 8c-f). This anisotropy is evident when
comparing band dispersions along high-symmetry cuts, such
as I'-M-K'-T" and I'-M’-K-T", where the I'-M and I'-K direc-
tions serve as twofold rotation axes.”” The DOS near EF is

4520 | Mater. Horiz., 2025, 12, 4510-4544
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dominated by Ti and Bi orbitals, with distinct Fermi surface
pockets, including a circular pocket at I', hexagonal symmetry
pockets along I'-M, and triangular and circular pockets near the
K point. Orbital projected DFT calculations attribute the FBs
primarily to the Ti d,, and Ti d,._y. orbitals.

In YbTi;Bi,, the VHS near Ey includes one at ~150 meV
above Ey and two at ~250 meV below Ep, associated with Ti d,y,
dy2_y2, and dp orbitals.”* While vHSs in other Kagome metals
(e.g., AVsSbs) are associated with charge ordering and super-
conductivity, the vHSs in YbTi;Bi, are further from Ey, possibly
explaining the absence of such phenomena. In EuTi;Bi,, how-
ever, the vHS bands exhibit opposite concavities along ortho-
gonal directions, manifesting as hole-like along I'-M (M’) and
electron-like along K-M (M’). The anisotropic vHS distribution
inhibits Fermi surface nesting, which explains the absence of
charge density wave phenomena.””

High-resolution ARPES and theoretical calculations revealed
robust surface states (SS1 and SS2) connecting different bulk
vHS bands in EuTizBi,. These states persist across magnetic
transitions and exhibit resilience to time-reversal symmetry
breaking due to effective symmetries introduced by the crystal
structure. In particular, SS2 results from SOC induced band
inversion and shows nontrivial topological features.””

At low temperatures, ARPES measurements revealed unu-
sual band splitting below the magnetic ordering temperature,
highlighting the interplay between magnetism and the electro-
nic structure. This magnetic coupling introduces novel phe-
nomena that further enrich the potential of LnTi;Bi,.

The electronic complexity of LnTi;Bi,, driven by its bilayer
Kagome lattice, anisotropic vHS, and robust topological surface
states, makes it a fertile platform for exploring emergent phases
of matter. Its unique interplay of anisotropy, strong correlation
effects, and magnetism positions it as a promising material for
advancing our understanding of quantum phenomena.

3.6. Distorted Kagome

In contrast to conventional Kagome materials, which exhibit
dispersionless flat bands resulting from purely geometric frus-
tration, Cs,NizS, exhibits low dispersion bands near the Fermi
level. The flat bands in Cs,NizS, originate from the Ni-based
Kagome lattice, with primary contributions from the Ni d,, and S
Px«/py orbitals. These bands have a very low bandwidth (~0.4 V),
similar to quasi-flat bands found in other Kagome materials. A
tight-binding model considering only Ni d,, orbitals reproduces
the expected Kagome band structure, including a characteristic
Kagome flat band. However, hybridization with S p,/p, orbitals
reduces the bandwidth of the entire Kagome-derived band mani-
fold to ~ 0.3 eV, further flattening the band structure. In contrast
to purely localised Kagome-flat bands, the bands in Cs,Ni3S,
exhibit an extended quantum metric, suggesting potential rele-
vance for correlated electron phenomena. The weak dispersion of
these bands is due to the formation of molecular orbitals
between Ni d and S p states. Consequently, doping or oxidation
can shift the Fermi level into these flat bands, potentially indu-
cing strong electron correlation effects.>

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Orbital resolved electronic band structures of (a) NdTizBi4 and (b) YbTisBis. Experimental band dispersions of (c) NdTizBi, and (e) YbTizBis. DFT

calculated band structure of (d) NdTizBis and (f) YbTisBi,.>°

4. Magnetic properties
4.1. MngX (X = Sn, Ge)

Mn;X exhibits a hexagonal chiral antiferromagnetic (AFM)
structure (space group P63/mmc) composed of Kagome layers
of Mn atoms in the ab-plane with an ordering temperature of
430 K and 365 K for MnzSn and Mn,Ge, respectively.’”' These
layers form a breathing-type arrangement and are stacked
along the c-axis® (Fig. 2b). Neutron diffraction reveals that
the magnetic moments of Mn atoms form an inverse triangular
spin configuration with a 120° in-plane alignment.”*””® This
spin arrangement leads to a small net FM moment due to slight
canting, reducing the crystal symmetry to orthorhombic. The
weak FM moment is approximately 0.003up per Mn and 0.007 g
per Mn for Mn;Sn and Mn;Ge, respectively.”” This magnetic

This journal is © The Royal Society of Chemistry 2025

configuration influences the transport properties of the materi-
als and is crucial for studying their topological features.

4.2. Co3Sn,S,

Co3Sn,S, is a FM half-metal that exhibits long-range FM order-
ing below its Curie temperature of about 175 K.">'®?>2° The
magnetism arises primarily from the Co atoms, which exhibit a
spin polarization leading to a magnetic moment of approxi-
mately 0.33up per Co atom along the crystallographic c-axis.
X-ray magnetic circular dichroism (XMCD) studies have shown
that this magnetic moment is predominantly spin derived, with
negligible contribution from the orbital moment.”®
Isothermal magnetization (M-H) measurements along the
H]|c orientation at low temperatures reveals a distinct hysteresis
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with significant coercivity, confirming the hard magnetic nature
of Co3Sn,S,."* This behaviour is further enhanced by the
magneto-crystalline anisotropy of the material, which strongly
favours the c-axis as the magnetic easy axis, ensuring robust
magnetic properties.

Interestingly, spatially resolved angle resolved photoemission
spectroscopy (L-ARPES) combined with DFT calculations has
unveiled the presence of an in-plane AFM minority phase
embedded in the predominantly FM matrix.”® This interplay of
FM and AFM phases adds complexity to the magnetic behaviour of
the material and provides deeper insights into its electronic struc-
ture. The combination of strong magnetism, anisotropy and unique
magnetic phases makes Co,;Sn,S, a compelling material for both
fundamental research and advanced spintronic applications.

4.3. Fe;Sn,

Fe;Sn, is characterized by a high Curie temperature (7. ~ 640 K)
and an exceptionally large orbital magnetic moment relative to the
spin magnetic moment (Mo/Mgpin ~ 0.22), which is approxi-
mately five times larger than that observed in elemental iron.”
This enhancement is attributed to significant SOC effects. The
Kagome bilayer geometry of Fe;Sn, contributes to a strong bilayer
coupling (Jyi & —37.5 meV), which dominates over the in-plane
nearest neighbour exchange interactions (/; & —25 meV). This
coupling results in distinct acoustic and optical spin-wave modes,
whose intensities and dispersions are influenced by the out-of-
plane momentum component.”

Spin waves in Fe;Sn, exhibit substantial damping, a phe-
nomenon attributed to interactions with electron-hole pairs and
the redistribution of Weyl fermions near the Fermi level. These
interactions highlight a strong coupling between the spin and
charge degrees of freedom of the material. Advanced techniques,
including resonant inelastic X-ray scattering (RIXS), X-ray absorp-
tion spectroscopy (XAS), and magnetic circular dichroism (MCD),
were used to investigate these properties. Zhang et al. revealed
that the unique magnetic properties of Fe;Sn, arise from its AB-
stacked bilayer Kagome structure and robust SOC.”®

The damping of spin waves, which is particularly pronounced
at higher momenta, highlights the significant electron-magnon
coupling in this material. This behaviour emphasises the hybri-
dized nature of the electronic and magnetic excitations and
demonstrates the interplay between the Kagome bilayer structure
and the intrinsic SOC effects of the material.

4.4. REMngSng

REMneSns compounds have diverse magnetic properties due to the
presence of magnetic Mn and RE elements and their different types
of magnetic coupling, mainly inter- or intra-layer exchange inter-
action between the RE elements and the Mn Kagome lattice and
long-range magnetic interaction (RKKY-type) between RE-RE
layered structures.’**' In all Mn planes, the crystallographically
equivalent Mn-Mn nearest neighbours are ferromagnetically
coupled within the plane, with this coupling occurring across the
Sn; layers.>*>>*>%%8%81 However, along the c-axis, distinct interpla-
nar Mn-Mn bonds display AFM interactions across the [Sn,RE]
layers. Consequently, the magnetic properties of REMngSns are
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highly sensitive to the specific RE element chosen, as it plays
a crucial role in modulating the balance between FM and AFM
exchange interactions.

For nonmagnetic RE elements (Sc, Y, and Lu), the absence of
transferred FM interaction between Mn layers across [Sn,RE]
layers makes the Mn Kagome sublattice magnetically more
frustrated, leading to a complex AFM spiral structure.’™>*°%%
The interlayer magnetic interaction between nearest and sec-
ond nearest neighbour Mn Kagome lattices exhibits a transi-
tion to incommensurate AFM ordering. Below this transition,
in the absence of magnetic field, the in-plane Mn layer moment
changes its orientation with respect to each other, resulting in
spiral structure along the c-axis. The spiral structures of
ScMngSng, YMneSng and LuMngSng were reported with transi-
tion temperatures 300 K, 333 K and 208 K respectively.***"8
Ghimire et al. reported that in YMneSng, the in-plane magnetic
field along the Kagome layer can distort the magnetic state to a
transverse conical spiral phase (TCS), fan like state and a forced
FM state with increasing magnetic field.®

For magnetic RE elements, the magnetic order and anisotropy
are mainly dependent on the Mn-RE interaction.***® From an
orbital perspective, the hybridization between Mn-3d and RE-5d
orbitals always favours antiparallel coupling, leading to parallel
coupling with RE-4f spin in REMn4Sne. For heavy RE elements,
according to Hund’s rule, the overall coupling is negative and RE
moment order antiparallel with respect to Mn leads to ferrimag-
netic (FIM) ordering.*" However, the interaction of RE (Er and Tm)
is too weak leading to independent ordering of Mn and Er/Tm
sublattices in an AFM manner.***"* The helical AFM structures
have been reported for ErMngSn, (above 75 K) and TmMngSNg
(below 324 K).*® In addition, the magnetic ordering of Er and Tm
sublattices in ErMngSne and TmMngSn, introduces a second
transition with FIM (~75 K) and AFM ordering (~58 K)
respectively.*

For REMneSne (RE = Pr, Nd, Sm) all compounds are ferri-
magnetically ordered with a Curie temperature (7.) slightly
above room temperature.*”> Weitzer et al. reported a significant
contribution of the magnetic moment coming from the Mn
atoms to the total magnetization, which is below the expected
magnetization for full FM alignment, suggesting the presence
of AFM interactions or a more complex structure.*>

For heavy RE (= Gd-Ho), REMn¢Sns compounds have FM
layers of both RE and Mn atoms, featuring FM Mn-Mn inter-
sublattice exchange and strong AFM Mn-RE inter-sublattice
coupling.*****° This results in a collinear FIM behaviour below
the Curie transition temperature (376 K to 435 K). Magnetic
order is in-plane for RE = Gd, while additional spin reorienta-
tion occurs for RE = Tb, Dy, and Ho. In TbMngSn, the magnetic
order aligns along the c-axis at low temperatures but deviates at
room temperature. For RE = Ho and Dy, a conical magnetic
structure forms with the order tilted 45°-50° from the c-axis
below 180 K-240 K.*° For YbMn¢Sne, the FM transition occurs
around 300 K and a FIM transition at 30 K.>” The ordered Yb
atoms at low temperatures can induce Yb magnetic ordering
and the AFM coupling of Yb and Mn moments can give rise to a
FIM state.

This journal is © The Royal Society of Chemistry 2025
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4.5. LnTi;Bi,

The evolution of magnetism in the titanium-based Kagome
metals LnTi;Bi, progresses through distinct magnetic states
depending on the choice of the lanthanide ion (Ln), ranging
from nonmagnetic to AFM and FM behaviour.*” This variation
arises from the interplay between the Kagome lattice, quasi-1D
Ln zigzag chains, and the magnetic properties of the lanthanide
ion. The Kagome lattice introduces electronic features such as
Dirac points, FBs, and vHSs, while the Ln chains dictate the
magnetic interactions. This combination results in a rich mag-
netic landscape, providing a platform to study anisotropic mag-
netism and emergent phenomena.

4.5.1. Nonmagnetic behaviour. The nonmagnetic beha-
viour of LnTi;Bi, is observed where nonmagnetic ions, such
as La®", occupy the Ln site. LaTi;Bi, serves as a nonmagnetic
reference compound for the LnTi;Bi, family, providing insight
into the intrinsic electronic structure of the Kagome lattice.*”

In LaTi;Bi,4, the Kagome-derived electronic features dominate.
Dirac-like band crossings near the Fermi level and FBs slightly
below it characterizes the electronic structure. The absence of
magnetic moments in the Ln site ensures no magnetic ordering,
simplifying the system to a purely electronic Kagome lattice with
negligible magnetic contributions. This makes LaTi;Bi, an ideal
material for isolating the effects of lattice distortion and electronic
topology without the interference of magnetism.

In YbTi;Bi,, ytterbium adopts the nonmagnetic divalent
state (Yb*"), characterized by a fully filled f-shell configuration.
The material exhibits an exceptionally low saturation magneti-
zation of approximately 0.01up per Yb**, which is consistent
with contributions from a small fraction of magnetic impurity
spins or a minor presence of trivalent Yb** ions.*”

Temperature-dependent magnetization measurements reveal
exceedingly weak responses, reflecting the absence of intrinsic
magnetic ordering in YbTi;Bi,. Similarly, LaTi;Bi, displays an even
lower saturation magnetization of about 0.0055 per La®" under an
applied field of 7 T.

4.5.2. Antiferromagnetism. The introduction of magnetic Ln
ions, such as Ce**, Tb*" or Gd** adds magnetic degrees of freedom
to LnTi;Bi,. This leads to AFM ordering, where magnetic moments
on adjacent Ln sites align in opposite directions.

4.5.2.1. CeTizBi, CeTisBi, exhibits a relatively simple AFM
ground state. Magnetic measurements show a metamagnetic
transition around 1 T, indicating a spin flip process from an
AFM to a field polarized state. At low fields, a plateau in the
magnetization emerges around 2 K."”**

The saturation magnetization is approximately 1.5ug, 70%
of the expected value for Ce*". This discrepancy could be due to
strong crystal field effects or incomplete spin polarization.
Curie-Weiss analysis confirms the magnetic moment of Ce*",
yielding an effective moment of 2.7ug, close to the theoretical
value of 2.53up. Heat capacity measurements display a sharp
lambda anomaly at 3 K, consistent with the AFM transition.

4.5.2.2. GdTi3Bi, GdTizBi,, a newly discovered member of
the LnTi;Bi, family, exhibits a much more complex magnetic

This journal is © The Royal Society of Chemistry 2025
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behaviour. At zero field, GdTi;Bi, adopts an AFM ground state
with a Néel temperature (Ty) of about 13 K.*”"%

Magnetization measurements reveal multiple metamagnetic
transitions: at H||[100], transitions occur at critical fields Hg; ~
2T, Hg, ~ 3T,and Hgz =~ 3.5 T. At H||[001], similar transitions
are observed, with Ho; ~ 1.5 T, He, ~ 3.5 T, and Hgz ~ 4.5 T.
These transitions correspond to successive spin-flop processes,
where the AFM order partially aligns with the applied field. At
higher fields, the magnetic moments eventually become fully
aligned, resulting in a field-polarized state. The saturation
magnetization (~7.5u5) agrees well with the Gd*" magnetic
moment (g; = 7ug).

Heat capacity measurements reveal a double peak near Ty,
attributed to competing magnetic interactions. This behaviour
mirrors similar phenomena in other Gd-based intermetallics,
such as Gd;Ru,Al;,, where sinusoidal magnetic order transi-
tions into three-dimensional helical order.®* The complex AFM
phase diagram of GdTi;Bi, makes it a promising candidate for
the study of exotic spin textures, such as skyrmions.

4.5.2.3 TbTizBi,. Two distinct magnetic transitions occur,
with a Néel temperature (Ty;) at 20.4 K and a lower transition
(Tn2) at 3 K. These transitions correspond to changes in the
AFM ordering of Tb spins, as confirmed by magnetization and
specific heat measurements.*”*88

For magnetic fields applied along different crystallographic
axes, distinct magnetic anisotropies emerge. Along the g-axis,
the magnetization shows hysteresis and features a prominent
1/3 magnetization plateau, indicating spin frustration and
noncollinear magnetic textures within the Tb zigzag chains. A
weaker 2/3 magnetization plateau also appears, suggesting
complex spin interactions. Along the b and ¢ axes, the magne-
tization is linear, highlighting the quasi-1D Ising-like nature of
Tb spins constrained by crystal electric fields.

Magnetic interactions in TbTizBi, combine FM coupling
along the zigzag chains (g-axis) with AFM interactions between
the chains. This results in a highly anisotropic magnetic
behaviour, with strong quantum fluctuations contributing to
the observed frustration. These characteristics make TbTi;Biy
an excellent candidate for investigating exotic magnetic tex-
tures and their interplay with electronic properties, including
potential skyrmion phases in finite fields.

4.5.3. Ferromagnetism. Ferromagnetism in LnTi;Bi, arises
when Ln ions such as Eu®', Nd*" or Sm®" possess strong
magnetic moments that align parallel to each other under
low external fields.

4.5.3.1. EuTi;Bi, EuTizBi,, with Eu®*" (S = 7/2), exhibits
robust FM behaviour. Unlike the AFM compounds, EuTi;Bi,
has an out-of-plane [001] magnetic easy axis, distinguishing it
as the sole LnTi;Bi, member with this anisotropy.*””*

Magnetic measurements reveal a transition at ~11 K, character-
ized by a sharp rise in magnetization. The saturation magnetization
reaches 7z, consistent with the spin-only moment of Eu**. Curie-
Weiss analysis confirms this, with an effective paramagnetic
moment of 7.9ug, close to the theoretical value of 7.93 .
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Specific heat measurements reveal a lambda anomaly at
the magnetic transition, with an entropy recovery consistent with
the expected RIn(8) for Eu®". The magnetization anisotropy is
significant, with an order of magnitude difference between the in-
plane and out-of-plane responses. Curiously, the in-plane magne-
tization shows an unusual peak, suggesting complex spin
arrangements.

4.5.3.2. SmTi3Bi,. SmTi;Bi,, another FM compound, exhi-
bits strong in-plane anisotropy. The magnetic easy axis is
aligned with the [010] direction. Magnetic measurements reveal
a transition at ~23 K, with a saturation magnetization consis-
tent with the Sm*" moment. Importantly, SmTi;Bi, is a hard
magnet in this series, as indicated by isothermal magnetization
measurements.*”’%

Rotation dependence studies show a rapid decrease in
magnetization for directions deviating from [010]. The strong
in-plane anisotropy and higher transition temperature distin-
guish SmTi;Bi, from EuTi;Bi,.

Throughout the LnTi;Bi, series, magnetic anisotropy plays a
pivotal role, driven by the quasi-1D Ln zigzag chains. These
chains induce anisotropic magnetic interactions, with the
direction of the easy axis varying depending on the Ln ion.
In AFM compounds, the anisotropy is manifested in the direc-
tion dependent critical fields for metamagnetic transitions. In
FM systems, anisotropy determines the direction of sponta-
neous magnetization and affects the magnetic transition
temperature.

The Kagome lattice contributes indirectly by influencing the
electronic structure that mediates magnetic interactions. The
slight distortion of the Kagome lattice and its impact on the
DOS near the Fermi level can affect the exchange interactions,
further complicating the magnetic behaviour. Future studies
could further explore doping, substitution, and pressure effects
to tune the magnetic and electronic properties of these intri-
guing materials.

4.5.4. HoAgGe. Two distinct magnetic transitions occur,
with a Néel temperature (Ty;) at ~11 K and a lower transition
(Tnz) at ~7 K.>>®7%8 These transitions correspond to changes
in the AFM ordering of the Ho spins, as confirmed by magne-
tization and specific heat measurements. Magnetic entropy
confirms the Kagome spin-ice rule through short-range correla-
tions persisting above the ordering temperatures. The magnetic
structure is dictated by Ising-like Ho>" moments confined to
the ab-plane. Previous neutron studies on single crystals of
HoAgGe by Gegenwart and co-workers revealed the observation
of a partially ordered state at 10 K in which Ho moments form
clockwise or counterclockwise hexagons around triangles in the
Kagome lattice, with one-third of the moments remaining
disordered.” This partially ordered state obeys the Kagome
spin-ice rule, with two spins pointing in and one pointing out
(or vice versa) for each triangle. At lower temperatures (T < 7 K),
all Ho moments align into a long-range ordered state with
alternating clockwise and counterclockwise hexagons, forming
a /3 x /3 ground state, i.e. a fully ordered state below 7 K is
observed.
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Under applied magnetic fields, HoAgGe undergoes meta-
magnetic transitions, characterized by discrete spin flips that
preserve the ice rule. These transitions lead to the formation of
distinct magnetization plateaus at fractional values of the
saturation magnetization, such as 1/3, 1/6, 2/3, and 5/6. These
plateaus correspond to field-induced shifts between different
spin configurations, which reflect changes in the magnetic
structure as a function of the applied field.***”*% The occur-
rence of these transitions is driven by the interplay between
magnetic dipolar interactions, crystal electric fields (CEF), and
the external magnetic field.

The discovery of Kagome spin-ice behaviour in HoAgGe
establishes it as the first metallic system to exhibit such a
state.>® The metallic nature introduces unique opportunities to
study interactions between conduction electrons and frustrated
magnetism, potentially leading to exotic phenomena like AHEs
and magnetoelectric coupling.

5. Key physical properties

5.1. Anomalous Hall effect

The anomalous Hall effect (AHE) is a bulk property that arises
from the Berry curvature of all occupied electronic states and
requires comprehensive calculations over the entire Brillouin
zone rather than focusing on a single point.**°' This effect is
particularly significant in topological magnetic materials where
the Hall resistivity can be decomposed into three components:
normal Hall resistivity (p™), anomalous Hall resistivity (p*) and
topological Hall resistivity (p").%"

p=p™ + pt + pT = RoH + RednM + p*

where Ro is the normal Hall resistivity coefficient, which
is defined by the number of carriers, and R is the anomalous
Hall resistivity coefficient. The third term results from a
nontrivial spin texture with non-zero chirality and Berry
phase, which generates the topological Hall effect (THE). In
the high field saturation region, the THE vanishes and
the AHE dominates, simplifying the above equation to
p™ = RoH + RgATIM.

5.1.1. AHEs in antiferromagnets: Mn;X systems. The AHE
typically arises in FM systems due to their finite net magnetization.
However, Mn;X, a hexagonal antiferromagnet with a non-collinear
spin structure, defies this convention by exhibiting a significant
AHE even at room temperature.'”®* This antiferromagnet has a
120° inverse triangular spin configuration within a Kagome lattice
framework, which generates a very weak net magnetization per Mn
atom. This unique configuration enables Mn;X to exhibit an AHE
comparable to FM metals, which is driven by its intrinsic Berry
curvature rather than magnetization.

The AHE in Mn;Sn was characterized by measuring the Hall
resistivity (py;) and Hall conductivity (o) at various magnetic
field orientations and temperatures.'” Notably, Mn,Sn exhib-
ited a hysteretic Hall resistivity at 300 K, with a pronounced
jump in py of approximately 6 uQ cm in response to small
magnetic fields (~300 Oe) (Fig. 4d). This large, field-tunable
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AHE was observed over a broad temperature range from 100 K
to 400 K (Fig. 4e), indicating its stability under technologically
relevant conditions. The Hall conductivity reached values of
~20 Q' em ™' at 300 K and nearly 100 Q' em ' at 100 K,
which is extraordinary for an antiferromagnet.'” Temperature
dependent studies of gy highlighted the robustness of the AHE
in Mn;Sn. However, below 50 K, additional contributions to the
AHE (100 Q" ecm " at 5 K) emerged due to spin canting along
the c-axis in the low temperature phase. This transition
enhanced the Hall response, possibly incorporating a THE
component associated with spin chirality.

Similarly, Nayak et al. obtained a large AHC of ~500 Q' cm™
at 2 K and ~50 Q' em™! at room temperature in Mn;Ge, with
significant anisotropy across different crystallographic planes; the
xz-plane shows the largest anomalous Hall conductivity (AHC),
while the xy-plane shows negligible values due to symmetry con-
straints (Table 3).”> Moreover, Mn;Ge exhibits a large spin Hall
effect (~1100 h e * Q! em™ "), comparable to platinum, originat-
ing from the Berry curvature mechanism.

The origin of the AHE lies in the chiral nature of the spin
structure in Mn;X. The inverse triangular configuration breaks
the in-plane hexagonal symmetry, enabling the generation of
the Berry curvature in momentum space. This curvature con-
tributes to a fictitious magnetic field that governs the Hall
response. In addition, the weak FM component of Mn;X allows
for the easy manipulation of the spin texture using small
magnetic fields, facilitating the reversal of the sign of the Hall
effect.

1

Table 3 Physical properties of Kagome materials
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5.1.2. Co03Sn,S,: a Kagome Weyl semimetal with a giant
AHE. Co3Sn,S,, with its quasi-2D Kagome lattice and strong
out-of-plane magnetization, emerges as a prime candidate for
realizing a large intrinsic AHE. The AHC in Co3Sn,S, reaches
1130 Q' em ! at 2 K, significantly higher than typical FM
materials (Table 3)."* The anomalous Hall angle (AHA) reaches
a huge value of 20%. Theoretical calculations suggest that these
values stem from Berry curvature hotspots near Weyl nodes and
gapped nodal lines.

Thakur et al. investigated the preservation of topological
properties in CozSn,S, upon Ni substitution, highlighting the
robustness of such properties to lattice distortions and chemical
changes, a key aspect of topological materials.”* The saturation
magnetization and Curie temperature decrease with increasing
Ni content due to (i) increased Co-Co distances in the Kagome
lattice weakening the magnetic coupling, (ii) the nonmagnetic
nature of Ni atoms disrupting magnetic interactions between Co
atoms, and (iii) a reduction in exchange splitting due to Ni
substitution, yet the AHC remains largely intrinsic and in
agreement with theoretical predictions.

Co3Sn,S, is notable for its robust AHE properties, which are
attributed to Weyl nodes located near the Fermi level acting as
sources of strong Berry curvature. While the intrinsic AHE is
significant, the extrinsic contributions from impurity scattering
can also enhance the total AHE. Liu and co-workers have
investigated how Fe doping at cobalt sites can tune both intrinsic
and extrinsic contributions to achieve record-breaking AHC and
AHA values.”® Fe atoms replace Co atoms in the Kagome lattice,

Materials Transition temperature Topological phenomena Properties Ref.
Mn;Sn Noncollinear AFM (~430 K) Weyl semimetal AHC (~100 Q" em ™" at 100 K), ANE 17 and 56
(~0.6 pv K™ * at 200 K)
Mn;Ge Noncollinear AFM (~ 365 K) Weyl semimetal AHC (500 Q" em ™" at 2 K) 93
Co3Sn,S, FM (~175 K) Weyl semimetal AHC (~1130 Q" cm™ " at 2 K), ANE 14, 18 and
(~3-5 pv K at 80 K) 105
FesSn, Noncollinear FM (~ 640 K) Massive Dirac point, AHC (~400 Q" ecm ™" at 5 K), spin 97, 100,
skyrmion reorientation, magneto-nonlinear Hall 106 and 107
effect, spin wave propagation and quantum
information application
AV;Sbs SC (~0.9-2.5 K) Dirac semimetal CDW, PDW, nematic order, symmetry breaking 9, 30, 108
(A=K, Cs, Rb) and 109
LaRuj;Si, SC (~7K) Unconventional Nodeless Kagome superconductor 110-113
superconductor
CeRu, SC (~6 K) with magnetic order ~ Unconventional Strong electronic correlations, nodeless 114-117
(T ~40 K) superconductor superconductivity
REMn,Sng FM: RE = Yb Chern gapped Dirac AHC (~100-300 Q' cm ™) 30, 31, 118
AFM: RE = Sc, Y, Tm, Lu, Er fermions, FBs near ANE (~2-2.4 pv K1) and 119
FIM: Gd, Tb, Dy, Ho, Pr, Nd, Sm  Fermi level
FeGe Collinear AFM (~400 K) Magnetic skyrmions CDW, spin reorientation, Racetrack memory 49 and
applications 120-122
LnTi;Biy FM: Ln = Eu, Nd, Sm Linear Dirac-like state, AHC: ~6.2 x 10°Q 'ecm 'at2KforLn=Tb 85
AFM: Ln = Ce, Tb, Gd multiple vHSs, double FBs
NM: Ln = La, Yb
HoAgGe Noncollinear AFM (~11 K) Time reversal like Distorted Kagome lattice, spin ice, plateaus in 87, 88
degeneracy, Weyl magnetization, MR and AHE, THE and 104
semimetal
Cs,NizS, Nonmagnetic Flat band Correlated insulating state 54

FM: ferromagnetic; AFM: antiferromagnetic; SC: superconductor; AHC: anomalous Hall conductivity; ANE: anomalous Nernst effect; CDW: charge
density wave; PDW: pair density wave; AHE: anomalous Hall effect; THE: topological Hall effect; vHS: van Hove singularity; FB: flat band; FIM:

ferrimagnetic.

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 (a) Negative magnetoresistance induced by a chiral anomaly.X* (b) AHC as a function of Fe concentration in Coz_.Fe,Sn»5,.%> Anomalous Hall
resistivity as a function of magnetic field in (c) pristine and (d) Cl doped CozSn,S; single crystals.?® (e) Anomalous Hall resistivity of both crystals as a
function of temperature.®® (f) Anomalous Hall conductivity (AHC) of both crystals as a function of temperature.®® (a) Is reproduced with permission from

ref. 14. (b) Is reproduced with permission from ref. 95.

introducing asymmetric scattering that enhances the extrinsic
component of the AHE. Fe has one less valence electron than Co,
which slightly shifts the Fermi energy without significantly alter-
ing the intrinsic Berry curvature contributions. This approach
preserves the intrinsic AHC while leveraging extrinsic effects for
additional enhancement. As a result, Fe doping increases the
AHC to 1850 Q' ecm ™" and AHA to a record 33%, surpassing

4526 | Mater. Horiz., 2025, 12, 4510-4544

values reported for other AHE materials®® (Fig. 9b). These
improvements are due to the synergistic contributions of intrin-
sic and extrinsic mechanisms, separated by the Tian-Ye-Jin (TY])
scaling model.

Pristine CozSn,S,, characterized by Weyl nodes approxi-
mately 60 meV above the Fermi energy, offers limited electrical
mobility and magnetoresistance (MR) due to the substantial
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energy difference between the Weyl points and the Fermi level
(Fig. 9a). Chlorine doping, targeting the sulphur sites, shifts the
Fermi energy by 15 meV closer to the Weyl points without
altering the magnetic structure, as verified by ARPES and DFT
calculations.’® The resistivity drops fivefold in the FM phase,
and the MR increases from 17% in undoped samples to 155%
in doped ones at 9 T, accompanied by an electron mobility of
4000 cm? V! 57! - twice that of pristine Co;Sn,S,. Electrical
transport measurements show that chlorine doping enhances
both electron and hole mobilities, aligning the electronic
carrier concentration closer to theoretical predictions for Weyl
semimetals. Magnetotransport studies highlight a temperature
dependent AHE with notable enhancements in the AHC
(Fig. 9c—f). At 40 K, the AHC peaks at 1680 Q' cm ™", approxi-
mately 30% higher than that in undoped samples, which is
attributed to the proximity of the Fermi level to the Weyl points.
The enhanced AHC arises from a mixed contribution of intrin-
sic and extrinsic mechanisms, analysed using scaling laws that
separate skew scattering and side-jump effects. Chlorine dop-
ing reduces resistivity and enhances carrier lifetimes, leading to
pronounced skew scattering contributions below 60 K, while
intrinsic effects dominate at higher temperatures.

Compared to other AHE materials, such as FM transition
metals and Heusler compounds, Co;Sn,S, stands out due to its
large intrinsic AHC and AHA. This distinction underscores the
advantages of Weyl semimetals with topologically nontrivial
band structures for achieving a giant AHE.

5.1.3. FezSn,: nonlinear AHE and skyrmion correlations.
The AHC (o%,) of Fe;Sn, reaches ~400 Q' em ™' at 5 K and is
linked to topologically enhanced Berry curvature near small gap
regions and avoided band crossings near the Fermi level
(Table 3).”” A sudden increase in d%, at ~100 K corresponds to a
spin reorientation transition, where the magnetization shifts from
the c-axis to the ab-plane, causing significant Fermi surface mod-
ifications that amplify the Berry curvature. This behaviour contrasts
with polycrystalline Fe;Sn,, where grain boundary scattering intro-
duces inhomogeneity, resulting in a different scaling index.”®

Wang et al. observed a giant THE of ~2.01 uQ c¢cm at 300 K
and 0.76 T in Fe;Sn,, highlighting its correlation with skyrmion
states and non-collinear spin textures driven by magnetic
frustration.”® This giant THE occurs at low magnetic fields
(<1.3 T) and disappears when the field aligns the Fe moments,
confirming its origin in real-space topological spin textures.

Recently, Wu and co-workers investigated a novel nonlinear
Hall effect governed by quantum geometric properties of Bloch
electrons in the Kagome magnet Fe;Sn,.'°° They experimentally
observed and theoretically explained the magneto-nonlinear
Hall effect (nNLHE), where the Hall response is nonlinear in
both electric and magnetic fields, unlike conventional Hall
effects. This discovery links the response to the Berry curvature,
an intrinsic geometric property of the electronic band structure,
and highlights its dominant orbital origin, termed anomalous
orbital polarizability (AOP). Theoretical models identify Weyl
nodes within 10 meV of the Fermi level as hotspots for large
AOP values, linking the nonlinear response to topological
features of the band structure.

This journal is © The Royal Society of Chemistry 2025
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5.1.4. AHEs in REMneSns compounds. Recent studies have
reported the observation of AHEs in REMngSns compounds
(Table 3).*>*' The AHC and its angular dependence have been
found to be strongly correlated with the magnetic structure and
electronic topology in these materials.*> For AFM REMngSng
compounds, the zero-field AHE is not explicitly observed in their
Hall resistivity. The THE has been detected in AFM REMn¢Sn,
which is attributed to the frustrated interlayer exchange inter-
actions leading to strong magnetic fluctuations.’® The THE
appears only in the transverse conical spiral (TCS) magnetic
phase at elevated temperatures® (Fig. 7f). However, in the
polarized FM state at high fields (B > Bs,), the topologically
non-trivial spin structure cannot be maintained, and the topo-
logical contribution to the Hall effect disappears, leaving the
AHE as the dominant contribution. YMngSne exhibits metallic
behaviour with weak anisotropy. A relatively large intrinsic AHE
was observed in YMngSng, with AHC reaching 45 Q' cm™" in
one direction and 300 Q" cm™" in another, comparable to the
FIM TbMneSns. TmMneSns has a more complex magnetic
structure due to its double magnetic sublattices and possesses
a non-collinear magnetic structure with a transition tempera-
ture of 350 K.'”' The THE was also observed by Liu et al. in
TmMngSng, like the case of YMngSng, which is attributed to the
presence of the TCS magnetic structure and non-zero chirality.

ErMngSn, exhibits complex magnetic behaviour, lying between
the FIM and AFM states.*® Below 100 K, a small magnetic field
triggers a metamagnetic transition, causing a sharp jump in the
magnetization. At low temperatures, the p™ shows a slight linear
increase with the field, without saturation, up to 9 T for both H| ab
plane and H/||c axis configurations (Fig. 7f). However, between 200
and 300 K, p™ increases rapidly with the field for Hc, surpassing
the critical field for the metamagnetic transition. A narrow
hysteresis in p" is observed in the AFM phase when the field
is applied along the ab-plane, but not for the c-axis. The ordinary
Hall coefficient (Ry) is negative for H| ab and positive for H| ¢ at
200 K, possibly due to changes in the electronic structure. THE
contribution is minimal compared to AHE contribution in both
configurations.*"**>

FIM REMnSns compounds exhibit a tunable electronic and
magnetic state, making them ideal for exploring large AHEs. Nota-
bly, GdMneSns shows a significant intrinsic contribution to Hall
conductivity, supported by Fermi surface calculations and resistivity
anisotropy, indicating a 3D electronic structure.'® HoMngSng shows
a remarkable AHE due to Berry curvature, with a spin reorientation
transition at lower temperatures. The AHE is primarily driven by an
intrinsic mechanism, although the extrinsic sidejump mechanism
becomes significant near the spin reorientation transition.**
GdMngSng shows an intrinsic AHC of 223 Q' em ™!, comparable
to that of Fe;Sn,, attributed to reduced dimensionality, while
HoMn,Sns and YbMngSn, exhibit AHCs of 120 Q' ecm™" and
32 Q' em ™, respectively. NdMngSns and SmMngSng also exhibit
large intrinsic AHCs (~100-200 Q' cm ™) below room tempera-
ture, highlighting the tunability of the Berry curvature over different
rare earth elements. Overall, the intrinsic AHC in Kagome magnets
such as REMngSng remains robust to temperature, demonstrating
the stability of the Berry curvature in the occupied state.
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5.1.5. GdTi;Bi, and TbTi;Bi,s: AHEs in zig-zag chain magnets.
The AHE in GdTi;Bi, arises from its intricate magnetic textures
and electronic structure.®® This material features one-dimensional
zigzag Gd spin chains within a Kagome lattice framework, which
introduces unique magnetic and transport phenomena. At low
temperatures, GdTi;Bi, exhibits two successive metamagnetic
transitions under an external magnetic field, accompanied by
distinct anomalies in Hall resistivity and magnetization.

The zigzag Gd chains result in an orthorhombic crystal struc-
ture with reduced symmetry, contributing to the emergence of
complex spin textures. At the first metamagnetic transition, the
formation of striped domain walls with reversed magnetic chirality
is observed. These domain walls are associated with abrupt jumps
in the Hall resistivity, indicating a significant contribution of
domain wall skew scattering to the AHE.

In the intermediate magnetic field regime, corresponding to
a one-third magnetization plateau, the material exhibits homo-
geneous magnetic textures, potentially indicative of a skyrmion
phase. This phase is characterized by chiral spin arrangements
and could explain the observed AHE even in the absence of
domain walls. Such behaviour aligns with theoretical predic-
tions and experimental findings in other skyrmion-hosting
systems, underscoring the topological origin of the AHE in this
field range.

TbTi;Bi, demonstrates an exceptionally large AHE, with an
AHC reaching a record high value of 6.2 x 10° Q' em " at 2 K,
among the highest reported for any magnetic material
(Table 3).* The AHE originates from the coupling between
the Tb spin textures and the electronic bands of the Kagome
lattice, with contributions from noncollinear spin configura-
tions and spin chirality.

The anomalous Hall resistivity displays a pronounced hysteresis
consistent with the metamagnetic transitions, highlighting the
influence of magnetic phase boundaries on transport properties.
With decreasing temperature, the AHE becomes more prominent,
peaking in the magnetic plateau regime associated with the 1/3
magnetization plateau. The strong AHE in this regime suggests a
chiral magnetic texture, possibly skyrmions, stabilized by the
frustrated zigzag chains.

Angle-dependent Hall resistivity measurements reveal additional
complexity, with distinct hysteresis loops evolving as the magnetic
field orientation changes. This behaviour reflects the interplay
between the quasi-1D zigzag chain magnetism and quasi-2D elec-
tronic structure of the Kagome lattice. The AHC and AHA reach
maximum values of 4.3 x 10° Q" em™" and 79%, respectively,
surpassing known skyrmion-hosting materials.

These results emphasise the crucial role of mixed dimen-
sionality in TbTi;Bi,, where the interplay between quasi-1D and
quasi-2D structures regulates the coupling between magnetism
and electronic band topology, providing a platform for future
spintronic applications.

5.1.6. AHE in a distorted Kagome lattice, HoAgGe. The
study of the electrical resistivity of HoAgGe single crystals
provides critical insight into the electronic transport properties
of the material, especially in relation to their magnetic transi-
tions and spin configurations.
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The temperature dependent resistivity, measured along the
c-axis in zero magnetic field, shows typical metallic behaviour
at high temperatures. At low temperatures, two distinct anoma-
lies emerge: (i) a sharp peak in the resistivity is observed at this
temperature, associated with the onset of AFM ordering. This
behaviour arises due to the suppression of spin disorder
scattering as the Ho®" spins align into an ordered state. (ii) A
subtle shoulder-like feature in the resistivity indicates a spin
reorientation transition. This shift in the spin configuration
slightly perturbs the electronic scattering mechanisms and
marks a second magnetic phase transition.®”%

The magnetic field dependent resistivity of HoAgGe has been
measured with magnetic fields applied along both the a/b and
¢ axes. The results reveal distinct differences in the transverse
(Blla/b) and longitudinal (B|c) MR and AHE.?”%

5.1.7. Transverse configuration (B| a/b). At low temperatures
(T < 1.95 K) the resistivity increases significantly, reaching up to
100% of its zero-field value at 14 T.%® This large positive MR cannot
be attributed solely to the ordinary Lorentz force and indicates
complex electron scattering mechanisms influenced by spin con-
figurations and magnetic transitions. Furthermore, the MR shows
a jump at the metamagnetic transitions between the 1/3 and 2/3
plateaus and between the 2/3 plateau and the saturated state. In
the middle of the 1/3 and 2/3 plateaus, the MR hysteresis persists,
reflecting a uniform magnetic order within each plateau but
different transport properties for the near-degenerate states'®*
(Fig. 10a). Similarly, the AHE shows a clear hysteresis as a function
of the magnetic field (Fig. 10b, Table 3). A significant feature is the
contrasting behaviour between increasing and decreasing field
sweeps, with the AHE plateau values differing depending on the
direction of the sweep. Within each plateau, the hysteresis
indicates the existence of near-degenerate states with identical
net magnetization but different Berry curvatures, leading to
variations in the intrinsic contribution to the AHE.'* At higher
temperatures or weaker fields, thermal activation overcomes the
kinetic barriers and suppresses the hysteresis. The disappear-
ance of hysteresis above 5-7 K reflects the reduced stability of
discrete plateaus and the merging of near-degenerate states.

The hysteretic behaviour of the AHE and MR in HoAgGe
reveals a complex interplay of symmetry, spin configurations,
and transport phenomena.'® These findings highlight the role
of Berry curvature and kinetic barriers in shaping transport
properties and provide insights into the exotic physics of
Kagome spin ices and frustrated systems more broadly.

In addition, the transverse MR follows a field dependence
between B> and linear behaviour, deviating from conventional
metallic systems. This unusual dependence is likely due to the
coexistence of uncompensated electron and hole carriers, as
well as spin scattering effects.®®

Below the Néel temperature (Ty ~ 11 K), HoAgGe exhibits an
AFM spin-ice configuration with noncoplanar spins that create
scalar spin chirality, leading to a large intrinsic AHE character-
ized by an AHC of 700 Q' em ™' at 2 K, one of the highest
reported for AFM systems®’ (Fig. 10c). This large AHC arises
from the Berry curvature generated by Weyl points near the
Fermi level due to SOC and time-reversal symmetry breaking.

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 (a) Schematic representation of the emergent time-reversal-like degenerate states, resulting in finite field hysteresis of the anomalous Hall

resistivity in the distorted Kagome lattice of HoAgGe.1* (b) Observation of finite hysteresis in the field-dependent AHE, while the hysteresis in the field
dependence of the magnetization vanishes at 2 K.1°% (c) Temperature variation of the AHC below and above the Néel temperature.®” (a) and (b) Are

reproduced with permission from ref. 104.

Surprisingly, the AHC remains significant at temperatures up to
45 K, with a maximum value of 2800 Q" cm™" driven by spin-
cluster induced skew scattering. This extrinsic contribution
arises from noncoplanar spin fluctuations enhanced by the
distorted Kagome lattice geometry. The topological Hall resis-
tivity reaches ~1.6 pQ cm at 2 K and 3 T, highlighting the
contribution of real-space Berry curvature from noncoplanar
spin structures. The THE disappears at high fields, where the
spins align and noncoplanar textures disappear. The THE is
most pronounced at low temperatures and decreases as thermal
fluctuations disrupt spin chirality.

The findings demonstrate that structural distortions in
Kagome lattices can enhance topological transport phenomena,
such as the AHE and THE, by tuning Berry curvature and spin
textures. HoAgGe serves as a model system for studying the
interplay between magnetism, lattice geometry, and topology,
offering insights into the design of materials with robust topolo-
gical responses for spintronic and quantum applications.

5.2. Anomalous Nernst effect

The anomalous Nernst effect (ANE) is the thermoelectric coun-
terpart of the AHE, both of which are directly influenced by the
Berry curvature of a material’s electronic structure. The ANE,
characterized by the generation of a transverse voltage in
response to a temperature gradient, is conventionally associated

This journal is © The Royal Society of Chemistry 2025

with magnetization in FM materials."® In magnetic Weyl semi-
metals, the ANE and AHE are topologically driven, making them
essential tools for probing the nature of charge carriers and
intrinsic magnetic properties.

Interestingly, Ikhlas et al. observed a significant ANE in
Mn;Sn despite its negligible net magnetization (~0.002up per
Mn). A transverse thermopower of ~0.35 uV K~ " was observed at
room temperature (Fig. 4f), peaking at ~0.6 pV K~ " around 200 K
(Fig. 42).>° The ANE in Mn;Sn exhibits hysteresis with field sweeps,
indicating its robustness and independence from conventional
magnetization scaling laws. Combined first-principles calculations
and experimental observations confirmed that the Kagome lattice
structure of Mn;Sn induces a chiral magnetic order, locally break-
ing time-reversal symmetry and reducing crystal symmetry from
sixfold to twofold. This structure induces a significant Berry
curvature at the Fermi energy (Er), which governs the ANE.

CosSn,S, is particularly interesting because its Weyl points
are close to the Fermi level, and its magnetic Kagome lattice
promotes strong SOC, which enhances Berry curvature effects.'®
The Nernst effect has been less studied compared to the Seebeck
effect, mainly because most devices require an external magnetic
field. This dependence is a practical challenge for thermoelectric
applications. Materials with intrinsic magnetization, particularly
hard magnetic materials, offer a promising avenue for realizing
zero-field Nernst devices.
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Co5Sn,S, is identified as a hard magnetic material with a
Curie temperature of ~177 K and significant coercivity at low
temperatures. The anomalous Nernst thermopower (S%,) of
CosSn,S, was measured as a function of temperature at the
zero magnetic field."® A peak 5%, of about 3 vV K" was observed
at 80 K. In contrast to the AHE, which is determined by the
Berry curvature of all occupied bands, the Nernst effect is
sensitive to the Berry curvature near Er. The band structure
influenced by SOC showed the presence of Weyl points and
nodal lines. The Berry curvature, associated with these features,
was identified as a key factor contributing to the transverse
thermoelectric response.

Recently, Yang et al. studied the ANE of Bridgman-grown
C035n,S,.'%° Below T¢, the ANE exhibits a strong temperature
dependence, with Sﬁy reaching a maximum of ~5 pv K ' at
70 K, a value significantly larger than that observed in conven-
tional FM metals. The corresponding anomalous transverse
thermoelectric conductivity (o%,) peaks at ~10 A K ' m™ ',
surpassing other magnetic semimetals by one to two orders
of magnitude. The findings highlight the role of the Berry
curvature near the Weyl points in enhancing the ANE.

Furthermore, YMneSne exhibits a high Néel temperature
(~340 K), making it an exceptional candidate for room tempera-
ture applications.®® Its electronic structure with Dirac points and
FBs near the Fermi level gives rise to a significant Berry curvature,
which drives the large ANE. At 300 K, the ANE reaches approxi-
mately 2 pv K '."*® Notably, the ANE mechanism in YMngSng
diverges from the magnetization-dependent linear scaling
observed in conventional ferromagnets, emphasizing the role of
the intrinsic Berry curvature rather than the magnetic moment
magnitude. Magnetization studies reveal complex spin struc-
tures, including distorted spiral (DS), TCS, and fan-like (FL)
states, each corresponding to distinct magnetic transitions that
are influenced by applied magnetic fields (Fig. 7g). These mag-
netic transitions are reflected in the magneto-Seebeck and Nernst
thermopower measurements, which demonstrate a strong field
dependence, especially around the transition points. The entropy
changes associated with these transitions highlight the coupling
between magnetic and charge dynamics, further enhancing the
thermoelectric performance of the material. DFT calculations
confirm the presence of an intrinsic Berry curvature near the
Fermi level and accurately reproduce the experimental AHC and
ANE results, reinforcing the topological nature of the material.

Recently, Madhogaria et al. also investigated the thermal
and thermoelectric transport properties of ScMngSne.'*° Ther-
mal Hall effect, ANE and thermal conductivity measurements
revealed the role of Berry curvature in both momentum and real
space topologies. ScMngSne exhibits multiple magnetic phases
like YMneSng, with the TCS phase playing a pivotal role in the
observed phenomena. The anomalous signals, including a
large Nernst coefficient of ~2.21 pv K~ ' at room temperature,
are attributed to the interplay between the unique spin textures
of the material and its electronic band structure characterized
by Dirac points, vHSs, and FBs. Unlike skyrmion systems,
ScMneSng exhibits topological Nernst and thermal Hall effects
due to the spin chirality of the TCS phase, confirming its
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potential as a non-skyrmion topological material. In addition,
the Seebeck coefficient, thermal conductivity, and magnetiza-
tion measurements underline a strong coupling between mag-
netic transitions and transport properties, which is further
supported by DFT calculations.

5.3. Spin reorientations in Fe;Sn,

Wu et al. identified a low-temperature spin reorientation transition
at about 80 K through magnetization and AC susceptibility mea-
surements, which was attributed to changes in magnetic aniso-
tropy rather than spin glass behaviour, as confirmed by neutron
powder diffraction (NPD) data.'®® This transition is closely related
to the material’s “breathing”-like Kagome lattice structure, char-
acterized by two distinct Fe-Fe bond lengths that evolve with
temperature, leading to a symmetric, ideal Kagome lattice at
higher temperatures. The lattice constant ratio c/a decreases
monotonically with temperature, correlating with changes in
anisotropy that drive the spin reorientation. Thermal properties
reveal significant anharmonic lattice vibrations above 280 K, as
observed by heat capacity measurements and Raman spectro-
scopy, suggesting that anharmonicity plays a crucial role in the
non-monotonic thermal conductivity and high temperature lattice
behaviour of the material. Phonon dispersion analysis highlights
distinct contributions from Fe and Sn atoms, with evidence of
strong anharmonicity affecting thermal and magnetic properties.
The heat capacity of the material exceeds the Dulong-Petit limit at
high temperatures, implicating contributions from intrinsic anhar-
monicity, electronic, and thermal expansion effects, while pho-
non-phonon scattering dominates the observed phonon softening
in Raman spectra. The study resolves prior debates on the nature
of the low temperature magnetic state, emphasizing that the spin
reorientation, rather than a structural transition, underpins the
magnetic anomalies.

Using temperature- and frequency-dependent infrared
spectroscopy, Biswas et al. investigated how spin reorientation
at low temperatures influences the electronic structure of the
material, revealing optical fingerprints of Dirac fermions, FBs
and spin-induced phenomena."”® Previous studies have shown
that spins reorient with temperature even in the absence of
external fields, but the implication for the electronic structure
remains unclear. They have addressed this gap using advanced
optical measurements.'>***® The optical conductivity reveals
two-step absorption features characteristic of Dirac fermions.
These correspond to two distinct Dirac cones below the Fermi
energy. Temperature dependent measurements show that these
features are largely unaffected by spin reorientation, confirm-
ing the robustness of Dirac nodes buried in the electronic
structure.

Low energy optical absorption peaks correlate with FBs and
their associated vHSs. A strong low-energy absorption feature
(~100 cm ™) evolves significantly with temperature and saturates
below 150 K."** Magnetic susceptibility measurements confirm spin
reorientation in this region, with spins aligning in the Kagome
plane. This reorientation opens a gap (~ 12 meV) at specific Weyl
nodes, in agreement with theoretical predictions. The experimental
observation of a spin reorientation induced band gap at Weyl nodes

This journal is © The Royal Society of Chemistry 2025
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provides crucial insights into the dynamic control of topological
states by magnetic manipulation.

Recently, Soh and co-workers have shown that spin reorien-
tation transition in Fe;Sn, is first order in nature, analogous to
liquid-gas transitions, with a critical endpoint in the field-
temperature phase space, using techniques such as magnetome-
try and variable temperature magnetic force microscopy (MFM)**
(Fig. 6a). The transition involves abrupt changes in the magnetic
easy axis, with spins realigning from the c-axis to the Kagome
plane as the temperature decreases. Nucleation and growth
processes during the transition have been imaged and show that
new magnetic phases form at the domain walls of the high
temperature phase and later migrate to the domain centres.
The coexistence of phases and dense domain patterns contri-
butes to an inhomogeneous electronic structure, which affects
the electrical conductivity of the material. The study provides a
direct visualization of the transition, resolving ambiguities in
prior reports about the order of the spin reorientation. The
nucleation and self-organization observed in Fe;Sn, are influ-
enced by disorder and structural imperfections. Additionally, the
thermal hysteresis observed between cooling and warming cycles
confirms the first order nature of the transition. The complex
domain evolution and its dependence on the thermal history
suggest a significant coupling between magnetic and electronic
properties, potentially influencing magnetotransport in Fe;Sn,.
Small-angle neutron scattering (SANS) data show that the mag-
netic scattering is nearly isotropic in the low temperature (LT)
phase, whereas it becomes anisotropic in the high temperature
(HT) phase, reflecting the presence of mesoscopic stripe-like
magnetic domains.®

As discussed above, the material exhibits spin reorientation
with decreasing temperature, with the magnetic easy axis gradually
tilting from the c-axis to the ab-plane. The uniaxial magnetic
anisotropy (UMA) varies with temperature and influences the
evolution of the magnetic domain structures. Using Lorentz
transmission electron microscopy (LTEM), Zhang and co-workers
observed the evolution of magnetic domains over a wide tempera-
ture range (130-300 K)."*” In the zero magnetic field, Fe;Sn, forms
stripe-like domains with out-of-plane magnetization. Upon cool-
ing, these stripes transform into vortex-like domains as the spin
texture changes. Micromagnetic simulations confirm that these
transformations are governed by the UMA and exchange interac-
tions. Applying an external magnetic field perpendicular to the
Kagome plane induces a progression from stripe domains to
isolated skyrmionic bubbles. The transformation involves inter-
mediate states, such as dumbbell-shaped domains, before stabiliz-
ing as skyrmionic bubbles at higher fields (~800 mT). These
bubbles exhibit variable spin textures, characterized by Bloch lines
and topological spin structures. The use of transport of intensity
equation (TIE) analysis reveals helicity and vorticity variations
within these bubbles, demonstrating their adaptability under
external stimuli. The skyrmionic bubbles observed in Fe;Sn,
include both trivial and topologically nontrivial configurations.

MR measurements reveal peaks corresponding to transitions
from stripe domains to skyrmionic bubbles and from bubbles to
saturation states. The critical fields shift with temperature,
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enabling the construction of a magnetic phase diagram that
maps the skyrmion formation region. The skyrmionic states
persist up to 400 K, suggesting potential applicability at even
higher temperatures.

5.4. Magnetism and charge density waves in FeGe

At room temperature, FeGe exhibits an A-type collinear AFM
order with a Néel temperature (Ty) of approximately 400 K. In
this state, the Fe spins within each Kagome layer are ferromag-
netically aligned, but the layers themselves are antiferromag-
netically coupled along the crystallographic c-axis. As the
temperature decreases, the magnetic structure undergoes sig-
nificant changes. Below ~60 K, the Fe spins reorient into a
double-cone configuration, introducing a canted AFM order.*°
This spin reorientation indicates a complex interplay of mag-
netic anisotropies. At 30 K, FeGe experiences an additional
magnetic phase transition that further modifies its magnetic
structure.”®®'?° When a magnetic field is applied along the c-
axis, FeGe undergoes a spin-flop transition at a critical field of
about 7 T at low temperatures. Beyond this field, the Fe spins
predominantly align in the Kagome plane, highlighting the
tunable magnetic behaviour of the material. This combination
of structural and magnetic features makes FeGe a compelling
system for studying the interplay between Kagome lattice
geometries and complex magnetic phases.

In 2022, Teng et al. demonstrated the emergence of a short-
range charge density wave (CDW) below Tgpw & 100 K in FeGe
where it coexists with the AFM order of the material.** Unlike
copper oxides and nickelates, where the CDW typically precedes
or parallels the magnetic order, the CDW in FeGe enhances the
AFM moment and induces an AHE, suggesting a coupling
mechanism distinct from previously studied systems. ARPES
experiments highlight vHSs near the Fermi level at specific
high-symmetry points of the Brillouin zone, such as the M
and L points (Fig. 11a). Two vHSs (VHS1 and vHS2) have been
identified at the M point: vHS1 is slightly above the Fermi level,
while vHS2 is located below it. A third vHS (vHS3) is found at the
L point, also above the Fermi level (Fig. 11b). These vHSs and
the quasi-straight sections of the Fermi surface provide evidence
for nesting-driven instabilities that are likely to contribute to the
formation of the CDW. Yi and co-workers identified a dispersion
kink (Fig. 11e) in the ARPES data near 30 meV, attributed to
electron-phonon interactions, which was further confirmed by
inelastic neutron scattering (INS) measurements."*°

Using advanced X-ray scattering techniques and theoretical
calculations, the study identifies a unique 2 x 2 x 2 superstructure
in the A-type antiferromagnetic (A-AFM) phase of FeGe, character-
ized by charge superlattice peaks along the c-axis and phonon
anomalies distinct from conventional electron-phonon
coupling."*® Magnetic exchange interactions in FeGe modulate
the band structure, bringing the vHSs close to Er and enabling
nesting conditions conducive to CDW formation. The CDW order,
in turn, enhances the magnetic moment in the AFM phase,
indicating a strong coupling between these orders. Furthermore,
X-ray diffraction and diffuse scattering (DS) experiments revealed
the presence of a multi-g CDW phase with propagation vectors
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Fig. 11 (a) ARPES data showing the experimental observation of VHSs in FeGe.*® (b) Schematic of the locations of VHSs in the electronic structure.*®

(c) Experimental observation of interband transfers below 100 K.**! (d) Low energy spin structure and excitations as a function of temperature and fiel

d 132

(e) Experimental observation of a dispersion kink and a bosonic mode at 30 meV.>*° (a) and (b) Are reproduced with permission from ref. 49.
(c) Is reproduced with permission from ref. 131. (d) Is reproduced with permission from ref. 132. (e) Is reproduced with permission from ref. 130.

associated with the nesting of vHSs and magnetic symmetry
points."** A precursor phase with quasi-long-range bond orien-
tation order is identified above the CDW transition temperature,
characterized by anisotropic diffuse scattering and structural
dimerization of Ge atoms. The observed CDW is found to
emerge from a topological melting process mediated by defect
unbinding, resembling a Kosterlitz-Thouless-like transition.
Subires et al. proposed that the CDW transition is an order-
disorder phenomenon influenced by lattice frustration and
spin-phonon coupling.'**

Utilizing infrared spectroscopy supported by DFT calcula-
tions revealed that the 100 K structural phase transition,
previously associated with CDW instability, instead results in

4532 | Mater. Horiz., 2025, 12, 4510-4544

a distinct band reconstruction without a conventional CDW gap
opening.”** This transition manifests as temperature-dependent
spectral weight redistribution in the low-energy optical conductiv-
ity, showing new interband transitions below 100 K rather than the
high-energy shifts typical of CDW materials (Fig. 11c). Despite
structural distortions like trihexagonal rearrangements and partial
dimerization of Ge atoms, no clear gap signature is observed,
challenging the conventional understanding of CDWs in Kagome
systems. This identifies strong electronic correlations as a key
factor differentiating FeGe from other Kagome systems such as
AV;Sbs and ScVeSng, where distinct CDW gaps are observed.'*> 3%

The absence of a CDW gap is also observed in the optical
spectra, suggesting a unique mechanism that differs from

This journal is © The Royal Society of Chemistry 2025
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conventional CDW materials. This study identifies low energy
spectral weight shifts driven by a trihexagonal distortion of the
Fe-Kagome planes and partial dimerization of in-plane Gel
atoms (Fig. 11d). This transition induces band splitting rather
than gap opening, which is confirmed by shifts in interband
optical conductivity and Fano resonance broadening, indicat-
ing strong electron-phonon coupling.™*°

At temperatures below 60 K, the system enters an incom-
mensurate magnetic phase characterized by a double-cone AFM
structure along the caxis and gapless incommensurate spin
excitations."®” These excitations persist at higher temperatures,
suggesting the dominant role of itinerant electrons and Fermi
surface nesting rather than local exchange interactions in driving
the incommensurate order. Furthermore, single-crystal X-ray dif-
fraction and scanning tunnelling microscopy (STM) experiments
revealed a unique 2 x 2 CDW in FeGe, which persists below the
spin canting transition temperature (~ 60 K) without a corres-
ponding long-range structural modulation. The authors attri-
bute this phenomenon to a competition between the CDW and
the canted AFM order, which dynamically influences the under-
lying crystal structure.'*”

Using de Haas-van Alphen (dHvA) quantum oscillation mea-
surements and first-principles calculations, the study reveals key
insights into the Fermi surface (FS) topology of this material."*’
Measurements under high magnetic fields (up to 45.2 T) uncover
four distinct cyclotron orbits, including one associated with the
2 x 2 folded Brillouin zone, with light cyclotron masses indicating
weak electron correlation effects. The angular dependence of the
dHvVA frequencies further demonstrates the three-dimensionality
of the FS. Notably, experimental observations and DFT calculations
confirm that the FS largely retains its unreconstructed character
despite the presence of CDWs, suggesting a limited influence of
short-range CDW on FS morphology.

Recently, Santi and co-workers have investigated the effect of
pressure on the charge density wave states in the Kagome metal
FeGe.""! Using high-pressure X-ray diffraction and DFT, they
showed that the system transitions from a 2 x 2 CDW phase at
low pressures to a quasi-long range /3 x /3 CDW order at
higher pressures above 15 GPa. This evolution is characterized
by changes in the propagation vectors and structural modula-
tion within the lattice, with the \/3 x /3 phase becoming the
stable ground state at high pressure.

This establishes FeGe as a rare platform where strong
electron correlations, magnetic order, and topology converge,
opening new avenues for exploring emergent quantum states in
Kagome lattice systems.

6. Superconductivity in
Kagome-lattice systems
6.1. AV,Sbs

The Kagome superconductors AV;Sbs (A = K, Rb, Cs) exhibit an
intricate interplay between charge density waves (CDWs), super-
conductivity, and symmetry breaking, making them an ideal
platform for studying correlated electron phenomena,®3% %109

This journal is © The Royal Society of Chemistry 2025

View Article Online

Materials Horizons

These compounds crystallize in a P6/mmm space group,
featuring a Kagome lattice of vanadium atoms.**> Within this
structure, Sb1 atoms occupy the centers of the V hexagons,
while Sb2 atoms form antimony layers that are sandwiched
between the V Kagome layers and A-site cation layers (Fig. 12a).
Despite minor differences across the series, their band struc-
tures remain qualitatively similar, with the Fermi level primar-
ily dominated by the d-orbitals of vanadium atoms in the
Kagome net (Fig. 12b and c).'*®'** These multiorbital materials
host a range of van Hove singularities (vHSs) at the M-points of
the Brillouin zone, originating from d,,, d,,, and d,, orbitals,
with both m-type and p-type vHSs lying close to the Fermi
energy (Ep).""'** Additionally, a Dirac crossing at the K-point is
observed below Ep.'*?

A prominent feature of AV;Sbs is the presence of a CDW
transition at Tcpw & 80-110 K, wherea (2 x 2 x 20r2 x 2 x 4)
superlattice modulation forms, significantly reconstructing the
Fermi surface and affecting superconductivity (Fig. 12d and
e).14>1477133 ynlike conventional CDWs, which are primarily
driven by electron-phonon interactions, the CDW state in
AV;Sbs appears to be electronic in origin, with experimental
evidence suggesting the importance of Fermi surface nesting,
van Hove singularities, and strong electronic correlations in
stabilizing this ordered phase. A striking characteristic of the
CDW state in AV;Sbs is the breaking of time-reversal symmetry
(TRS), as revealed by zero-field muon spin relaxation (uSR)
experiments, which detect spontaneous internal magnetic
fields below Tcpw.'*>">*">® This result suggests the formation
of a chiral flux phase, where loop currents circulate within the
Kagome lattice, producing local magnetic fields without net
magnetization.>**° The emergence of such a time-reversal
symmetry breaking (TRSB) state is highly unusual in a non-
magnetic material and points to a possible orbital current-
driven charge order, making AV,;Sbs; fundamentally different
from conventional CDW systems. This chiral charge order also
has significant implications for superconductivity, as the exis-
tence of spontaneous currents could induce an unconventional
pairing mechanism, potentially leading to topological super-
conductivity. Beyond TRSB, the CDW phase in AV;Sbs also
breaks inversion and rotational symmetry (C¢ — C,), as demon-
strated by STM and X-ray diffraction experiments, which reveal
a bond order pattern that modifies the electronic structure and
introduces anisotropic transport properties.'®°™'%

The interplay between CDW order and superconductivity in
AV;Sbs is another crucial aspect of its phase diagram, as pressure-
dependent studies have shown that suppressing the CDW state
enhances superconductivity, suggesting a competition between
these two orders (Fig. 12f).!413%1%371%% Thig behavior is evident in
resistivity and magnetotransport measurements, where the super-
conducting transition temperature (7 ~ 2-3 K) increases under
pressure as the CDW state weakens. Despite this apparent competi-
tion, the coexistence of CDW order and superconductivity raises
intriguing questions, particularly since TRSB is observed in both the
charge-ordered and superconducting states, implying that super-
conductivity in AV;Sbs may also be unconventional.'>**>*%¢71% The
presence of van Hove singularities near the Fermi level in AV,Sbs
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(b) Is reproduced with permission from ref. 11. (c) Is reproduced with

permission from ref. 143. (d) and (e) Are reproduced with permission from ref. 145. (f) Is reproduced with permission from ref. 146.

further enhances the CDW instability, as density functional theory
(DFT) calculations and angle-resolved photoemission spectroscopy
(ARPES) confirm that flat bands and Dirac points contribute to the
electronic reconstruction at Topw.**7%"* The exact nature of the
CDW phase remains a topic of debate, as different experimental
techniques have provided evidence for both unidirectional and
chiral charge orders, suggesting the possibility of multiple compet-
ing CDW phases.'”>” Additionally, optical and Raman spectro-
scopy studies indicate that electron-phonon coupling alone cannot
account for the observed CDW transition, reinforcing the argument
that electronic interactions and momentum-space instabilities drive
the charge ordering in AV,Sbs.'**"® The observation of TRSB,
inversion symmetry breaking, and rotational symmetry breaking
makes AV;Sb; unique among Kagome superconductors, as it hosts
an intricate electronic order that strongly influences its supercon-
ducting properties. The competition between charge order and
superconductivity, coupled with the presence of spontaneous cur-
rents and broken symmetries, provides strong evidence that AV,Sbs
may host topological superconductivity and exotic quantum phases.
These findings place AV;Sbs at the forefront of modern condensed
matter research, offering a rich playground for exploring unconven-
tional superconductivity, correlated electronic states, and sponta-
neous symmetry-breaking phenomena in Kagome lattice systems.

6.2. LaRu;Si,

In addition to the well-studied AV;Sbs series, LaRu;Si, stands
out as a layered Kagome lattice superconductor with the
highest known T, (~7 K) among the Kagome systems.'**"?
Muon spin rotation (uSR) measurements reveal a single s-wave
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superconducting gap, confirming that the superconducting
state is fully gapped without nodes and remains robust under
hydrostatic pressures up to 2 GPa, indicating stability against
external perturbations."”® The band structure calculations
highlight the electronic features of the Kagome lattice, includ-
ing flat bands, Dirac points, and van Hove singularities near the
Fermi level, which are key to enhancing electronic correlations
and superconductivity. A crucial finding is that electron-pho-
non interactions alone cannot fully account for the observed T,
as theoretical calculations predict a much lower T, (~1.2 K)
than the experimentally observed value, suggesting that addi-
tional electronic interactions derived from the Kagome lattice
play a dominant role. Notably, LaRu;Si, does not exhibit a
charge density wave (CDW) state, which distinguishes it from
the well-known AV,;Sbs Kagome superconductors that display
strong CDW ordering. The absence of a competing CDW phase
allows superconductivity in LaRu;Si, to develop without sup-
pression, contributing to its robust superfluid density and
stable superconducting gap under pressure.

Furthermore, the study finds that LaRu;Si, has a high DOS
at the Fermi level, largely due to the narrow Kagome bands and the
proximity of van Hove singularities, which may enhance pairing
interactions beyond conventional Bardeen-Cooper-Schrieffer (BCS)
mechanisms.'® A comparative analysis of the T, to superfluid
density ratio (T//.r 2) places LaRu,Si, closer to unconventional
superconductors, rather than to conventional phonon-mediated
BCS superconductors. This suggests that additional electronic
interactions, possibly from Kagome flat bands or van Hove singula-
rities, contribute to the superconductivity enhancement. Guguchia
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and co-workers also found that under pressure, neither the 7. nor
the superfluid density changes significantly under pressure, suggest-
ing that LaRu;Si, is already in an optimal superconducting state at
ambient pressure.'*® The findings collectively establish LaRu;Si, as
a moderately coupled, nodeless Kagome superconductor, where
superconductivity is likely enhanced by electronic correlations
originating from the Kagome lattice rather than conventional
phonon interactions.

6.3. CeRu,

CeRu, is a rare system in which superconductivity (7. =~ 6 K)
coexists with magnetic order (T & 40 K)."'**"'*"™° Density functional
theory (DFT) calculations show that Ru atoms form a Kagome lattice
in the [111] direction and host flat bands near the Fermi surface,
indicating strong electronic correlations and possible flat-band
magnetism.’® C. Mielke III et al presented a detailed study
focusing on its superconducting gap structure and magnetic
behavior using muon spin rotation (uSR) spectroscopy.’’” The
superconducting order parameter follows an anisotropic s-wave
gap symmetry, confirming nodeless superconductivity. The
superfluid density (2~%) and the T./A~> ratio show that CeRu,
behaves more like an unconventional superconductor than a
conventional BCS superconductor. In addition to superconduc-
tivity, the puSR experiments identify three distinct magnetic
anomalies at T} =~ 110K, T, = 65 K, and T; ~ 40 K, suggesting
complex magnetic interactions."”” Notably, these magnetic
features are enhanced under an applied magnetic field, reinfor-
cing the magnetic origin of these transitions.

By systematically varying the Ru content (CeRu,_,, with x =
0.10, 0.24), L. Z. Deng et al. found that the superconducting
critical temperature (T.) and upper critical field (H,,) can be
tuned, establishing a link between Ru stoichiometry and super-
conducting properties."'” High pressure experiments reveal an
unusual phase diagram, where superconductivity initially weak-
ens with increasing pressure up to ~28 GPa, but then resurges
beyond this threshold, accompanied by the emergence of a
secondary superconducting transition. Above 75 GPa, both T.
and the magnetic transition temperature decrease, indicating
competition between magnetism and superconductivity. Inter-
estingly, at extreme pressures (~141 GPa), T. saturates, hinting
at a pressure-driven stabilization of the superconducting state.

CeRu, is unique due to the coexistence of superconducting
and magnetic states, as compared to other Kagome super-
conductors such as AV;Sbs and LaRu;Si,. The findings suggest
that charge order, magnetism, and topology play a crucial role
in the superconducting state, providing a foundation for
exploring exotic pairing mechanisms and correlated electron
phenomena in Kagome superconductors.

6.4. Others

Resistivity, magnetization, specific heat, and muon spin rotation
(uSR) spectroscopy establish that Re,Zr is a moderately coupled,
type-Il superconductor with T¢ ~ 6.65 K.'®> Crystal structure
analysis reveals that Re atoms form a distorted Kagome lattice,
which is known to host exotic electronic states, including flat
bands and Dirac cones. Zero-field pSR measurements detect
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spontaneous internal magnetic fields below Tc, providing
strong evidence for broken time-reversal symmetry in the super-
conducting state, suggesting the presence of an unconventional
superconducting order parameter.

Recently, Cava and co-workers discovered superconductivity
in Lalr;Ga,, a novel Kagome lattice superconductor with T¢ =
5.2 K.'*® Unlike previously studied Kagome superconductors
such as LaRu;Si,, which exhibits a distorted Kagome lattice,
Lalr;Ga, features a perfectly ordered Kagome lattice composed
of 5d Ir atoms, known for strong SOC. Structural characteriza-
tion by single crystal X-ray diffraction confirms that Lalr;Ga,
adopts a CeCozB,-type structure (space group P6/mmm), with
Kagome layers of Ir atoms sandwiched between La and Ga
layers.'®” Magnetization, resistivity, and heat capacity measure-
ments confirm bulk superconductivity, with an upper critical
field ~4.71 T and a lower critical field ~7.1 mT, classifying it
as a type-II superconductor. Heat capacity analysis suggests
weakly coupled BCS superconductivity with a Sommerfeld
coefficient y &~ 15 mJ mol ' K2, indicating moderate electron
correlations.'®® Electronic structure calculations reveal Dirac
points, flat bands, and spin-orbit induced band splitting near
the Fermi level, confirming the dominant role of Ir 5d states.
The presence of SOC-driven electronic states makes Lalr;Ga, a
promising platform for exploring topological superconductivity
and exotic quantum phases in Kagome materials.

7. Applications of Kagome magnets

7.1. Racetrack memory

Hard disk drives have achieved remarkable data storage densities,
but their dependence on intricate and fragile mechanical compo-
nents highlights the need for solid-state alternatives that can offer
equivalent or even greater storage capacities. Racetrack memotry is
an emerging candidate in this domain, encoding information in a
magnetic nanoribbon where data are stored as a sequence of
magnetic domains, either up or down, separated by domain walls
(DWs)."®8'39 These domain walls can be electrically manipulated
via spin torque, enabling efficient reading and writing of data.
However, to realize its full potential as a competitive technology,
racetrack memory faces critical challenges. These include reducing
the critical currents required for domain wall motion, ensuring
high operational velocities, and mitigating the adverse effects of
material defects. Skyrmions, nanoscale magnetic vortices with
topological protection, have emerged as a promising solution to
these challenges, offering robust, energy-efficient, and high-
density data storage options for racetrack memory systems.

A recent study conducted by Yu et al demonstrated the
stabilization of skyrmion crystals (SkX) in FeGe films across a
broad range of temperatures and magnetic fields, particularly
when the film thickness is reduced below the skyrmion lattice
constant (Fig. 13a and b)."*® This achievement is crucial for
enabling room temperature operation of skyrmion-based race-
track memory devices. Skyrmions, being significantly smaller
than conventional domain walls, allow for increased storage
densities while maintaining high energy efficiency due to their
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(a) and (b) Are reproduced with permission from ref. 120.

low depinning currents."**"®* This facilitates smooth and
reliable motion of skyrmions along racetracks driven by spin
transfer torque (STT).'®* Furthermore, the study emphasises
the importance of film thickness in skyrmion stabilization,
showing that thinner films expand the SkX phase diagram,
whereas thicker films limit its stability. FeGe, with its high
helical transition temperature (280 K) and strong Dzyaloshins-
kii-Moriya interaction (DMI), proves to be an excellent material
for stabilizing skyrmions at low magnetic fields (~0.1 T) and
near room temperature, making it suitable for integration into
standard operating environments.

A further advance in skyrmion research has been the ability
to control the helicity, or the in-plane swirling direction of
magnetization, of skyrmion bubbles. A recent study conducted
by Wang and co-workers demonstrated that helicity reversal can
be achieved using current pulses with densities ranging from
10° to 10'® A m™? and pulse widths between 100 ns and 1 ps.'*!
Unlike conventional DMI-stabilized skyrmions with fixed heli-
city, skyrmionic bubbles possess helicity as a binary degree of
freedom, enabling energy efficient current induced switching.
This feature was experimentally validated using in situ Lorentz
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transmission electron microscopy (LTEM) and computational
simulations. The helicity reversal is driven by local pinning
effects and dipole-dipole interactions with transient distortions
and reformation of spin textures during the switching process.
The nanotrack devices have been designed to isolate topologi-
cally stable skyrmionic bubbles, ensuring reliable helicity con-
trol under controlled conditions.

By leveraging geometrically confined systems, it has also
been demonstrated that skyrmions can be stabilized over a wide
temperature range (100-630 K), further enhancing their applic-
ability in practical racetrack memory devices."** The findings
provide valuable insights into optimizing skyrmion dynamics by
tailoring pinning centres and current parameters, addressing
challenges such as the skyrmion Hall effect and ensuring precise
control of skyrmion motion. These advances pave the way for the
integration of skyrmion-based elements into racetrack memories,
enabling robust, low-energy manipulation of topological spin
textures. Due to their high density, energy efficiency, and opera-
tional stability, skyrmions have the potential to revolutionize data
storage and processing technologies, making racetrack memory a
viable solid-state alternative to traditional storage systems.

This journal is © The Royal Society of Chemistry 2025
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7.2. Spin wave propagation and quantum information
application

Spin waves, which are collective oscillations of electron spins,
are increasingly seen as a promising means to transport spin-
based quantum information over macroscopic distances.'*®

Recently, Orenstein and co-workers explored the propagation
of spin wavepackets in the Kagome ferromagnet Fe;Sn,, empha-
sizing its potential for advancing spin-based quantum informa-
tion transport (Fig. 13¢).'®” Time-resolved magneto-optic Kerr
effect (TR-MOKE) microscopy is a powerful technique used to
excite and detect spin wavepackets with high spatial and
temporal resolution. TR-MOKE microscopy uncovers the phe-
nomenon of spin wave ‘precursors,” where magnetization
signals propagate over 20 um in less than 100 ps - far exceeding
the expected time based on the group velocity.'®® These pre-
cursors arise from the interplay between long-range magnetic
dipole interactions and the unique biaxial magnetic anisotropy
of Fe;Sn,, which produces a saddle-point magnetostatic spin-
wave (MSW) dispersion relation distinct from uniaxial systems.
This dispersion leads to anisotropic propagation, with forward
modes along certain directions and backward modes in others,
governed by the alignment of wavevectors relative to the magnetiza-
tion. The observed dynamics reveal a transition from Gaussian to
non-Gaussian wavepacket profiles at larger separations, highlight-
ing contributions from both propagating and non-propagating
modes. Unlike conventional spin waves dominated by short-
range exchange interactions, the behaviour here is dictated by
magnetostatic interactions, showcasing a novel regime of spin
transport. Additionally, the study demonstrates how optical
excitation launches coherent wavepackets with spatially and
temporally resolved properties, offering insights into spin
dynamics in low-dimensional magnetic systems. These findings
underscore the promise of Fe;Sn, for spintronic applications,
particularly in enabling ultrafast, long-range transmission of
spin information in FM systems. By bridging the gap between
experimental observations and theoretical modelling, the
research contributes to a deeper understanding of magneto-
static wave behaviour in Kagome lattices and paves the way for
the exploration of similar effects in other quasi-2D magnetic
materials, reinforcing the role of Fe;Sn, as a model system for
ultrafast spin transport in quantum technologies.

Spin information in FezSn, travels over distances of more
than 20 um in less than 100 ps, with effective velocities far
exceeding those inferred from neutron scattering experiments.
This ultrafast transport is attributed to magnetostatic interac-
tions, which dominate over short-range exchange effects. The
findings highlight the potential of Fe;Sn, for enabling high-
speed spintronic applications.

The ability to rapidly and efficiently transmit spin information
over macroscopic distances positions Fe;Sn, as a promising
material for spintronic applications. Lee et al. demonstrated
the feasibility of utilizing magnetostatic waves for long-range
quantum information transport in FM systems. The findings also
provide insights into the design of materials and devices that
exploit the interplay between magnetic anisotropy and spin wave
dispersion.

This journal is © The Royal Society of Chemistry 2025
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8. Future outlook

Topological Kagome magnets have recently emerged as a
fascinating class of quantum materials, offering fertile ground
for exploring the interplay between magnetism, topology, and
electronic correlations. The unique lattice geometry of Kagome
structures—characterized by corner-sharing triangles-enables
these materials to host fascinating phenomena, including flat
electronic bands, Dirac fermions, vHSs and robust spin-polarized
states. This has spurred extensive research into their fundamental
properties and potential technological applications. Here, we
summarize the research progress on a few representative topolo-
gical Kagome materials and their use in cutting-edge applications,
including racetrack memory and quantum information technolo-
gies. Despite significant progress in understanding and harnessing
their properties, many challenges and opportunities lie ahead.

Recent research has predominantly centred on properties
such as AHC and the THE in three-dimensional bulk Kagome
materials, primarily due to the strong interlayer interactions in
these systems. However, materials within the LnTi;Bi, family
present a unique opportunity as they can be readily exfoliated
down to a few layers or even a monolayer. This characteristic makes
them particularly intriguing for investigating topological properties
in the two-dimensional limit, potentially uncovering novel physical
phenomena. To advance this field, high-throughput computational
screening combined with machine learning offers a powerful
approach for systematically discovering new Kagome magnets.
Machine learning algorithms can also aid in predicting optimal
synthesis conditions, thereby minimizing the reliance on tradi-
tional trial-and-error experimentation. Recent high-throughput
first-principles calculations and machine learning approaches have
led to the prediction of several novel Kagome materials with
intriguing superconducting, charge density wave, and magnetic
properties.

Wang and co-workers predicted that Kagome materials adopt-
ing the AV;Sbs-type prototype, specifically CsM;Tes (M = Ti, Zr, Hf),
exhibit superconducting critical temperatures ranging from 3.5 K
to 8 K. Calculated formation energy and phonon dispersion
confirm the thermodynamic and dynamic stability of these com-
pounds, indicating their feasibility for experimental synthesis."”

Beyond superconductivity, new materials such as NaZr;Ass,
MgNisGes, HfNigIng and ScNbgSne have been predicted to be
dynamically stable and potentially host charge density wave
(CDW) phases, adding to the growing list of exotic electronic
materials in the Kagome family."*%"°

In the realm of magnetic Kagome materials, high-throughput
density functional theory combined with atomistic spin dynamics
simulations has led to the discovery of stable CozPb,S, and
Co3TL,S,, which are predicted to exhibit ferromagnetic order with
Curie temperatures of about 329 K and 266 K, respectively —
significantly higher than that of Co;Sn,S, (~170 K), making them
promising candidates for room temperature applications.>*°

Theoretical approaches play a crucial role in predicting the
magnetic ground states and calculating the magnetic moments of
atoms within the Kagome sublattice across various compounds.”**
Recently, Jovanovic and Schoop demonstrated the effectiveness of
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combining chemical heuristics, local symmetry analysis, and
density functional theory (DFT) based calculations to predict band
structures in Kagome materials, offering deeper insights into their
distinctive magnetic properties.**> While computational methods
provide rapid predictions of material structures and characteris-
tics, experimental validation remains essential to accurately assess
the true potential of these materials. The synergy between theory
and experiment is essential for refining structure-property rela-
tionships, ensuring that computational predictions align with real-
world observations.

Despite the rapid advancement of computational techni-
ques, relatively few studies have experimentally validated or
refuted theoretical predictions.>**°> While theoretical tools
accelerate discoveries, they must be closely integrated with
experimental methodologies to enhance predictive accuracy.
Experimental validation involves a systematic approach, begin-
ning with solid-state synthesis using techniques such as arc
melting, solid-state reaction, and high-temperature annealing.
High quality single crystals are grown using flux methods,
Bridgman, or chemical vapor transport methods, allowing for
precise structural and physical property investigations. X-ray
diffraction (XRD) and single crystal XRD confirm phase purity
and structural integrity.

To explore superconducting behavior, low temperature elec-
trical resistivity, magnetic susceptibility, and specific heat
measurements are performed using instruments such as a
Physical Property Measurement System (PPMS) and a SQUID
magnetometer, as exemplified by the experimental verification
of superconductivity in AV;Sbs compounds. CDW phenomena
are examined through heat capacity, temperature-dependent
XRD, Raman spectroscopy, and ARPES, which reveal structural
distortions and electronic band modifications.

For magnetic Kagome materials, magnetization and transport
experiments are crucial for characterizing magnetic transitions
and topological properties. Techniques such as AHE measure-
ments, neutron diffraction, and muon spin relaxation (uSR) are
utilized to probe magnetic ordering and Berry curvature effects.
The integration of material synthesis, structural characterization,
transport measurements, and advanced spectroscopic techniques
provides a comprehensive framework for the experimental realiza-
tion and understanding of novel Kagome materials, ultimately
bridging the gap between theoretical predictions and practical
applications.

Achieving the quantum Hall effect (QHE) at high tempera-
tures in Kagome magnets represents a pivotal challenge and
opportunity in the field. The QHE, typically observed at cryo-
genic temperatures, arises from topologically protected edge
states and strong magnetic interactions. To achieve this phe-
nomenon at high temperatures, advances in material design,
strain engineering, and electronic structure tuning are essen-
tial. Realizing the QHE at high temperatures will enable trans-
formative applications in quantum technologies, including
fault-tolerant quantum computing and ultra-sensitive magnetic
sensors, unlocking the full potential of Kagome magnets.

Theoretically, it has been proposed that a two-dimensional
Kagome lattice, when time-reversal symmetry is broken due to
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magnetic ordering, could host a quantum anomalous Hall
effect (QAHE) if the electron filling lies within an energy
gap.”®® Despite these insights, experimental efforts to isolate
a magnetic 2D Kagome layer and achieve quantized AHC have
not yet been successful. Moving forward, the identification of
suitable 2D magnetic Kagome materials is key to realizing this
theoretical scenario, opening the door to groundbreaking
advances in the study of topological quantum phenomena.

The Kagome lattice has attracted considerable attention in
quantum materials research after the theoretical prediction by
Wen and co-workers in 2011 about the potential realization of
fractional quantum Hall states at high temperatures. However,
the experimental realization is still in its infancy state. The
discovery of cleaner flat-band Kagome magnets is crucial for
the realization of the fractional quantum Hall effect (FQHE), as
these systems enhance electron interactions due to their high
DOS. The recent discovery of a charge density wave in FeGe is a
promising development in the quest to uncover charge order-
ing in other topological Kagome magnets.

The exploration of moiré superlattices in twisted two-
dimensional (2D) materials has paved the way for the discovery
of exotic correlated and topological states. While much of the
focus has been on nonmagnetic systems like twisted bilayer
graphene, where moiré patterns result in flat electronic bands
and a variety of correlated phases, recent developments have
extended these ideas to Kagome materials, revealing intriguing
phenomena. For instance, a twisted bilayer of Kagome lattices can
produce emergent FBs akin to those seen in magic-angle twisted
bilayer graphene. The potential for groundbreaking discoveries is
further heightened with the study of twisted magnetic Kagome
lattices, as they introduce the interplay between magnetization
textures and topological surface states.>®” Experimental investiga-
tions in this area could significantly advance our understanding
of correlated and topological phases in moiré systems, offering
unprecedented opportunities for innovation.

Achieving magnetic topological superconductivity in Kagome
magnets involves harnessing their unique lattice geometry,
intrinsic magnetism, and topological properties. One key strategy
is to induce superconductivity via the proximity effect by coupling
Kagome magnets to conventional superconductors while preser-
ving their magnetic and topological characteristics. Alternatively,
intrinsic superconductivity can be realized by leveraging FBs,
which enhance electron correlations, and by doping or applying
pressure to tune the electronic filling and magnetic interactions.
The natural breaking of time-reversal symmetry in these materi-
als, due to their magnetic ordering, can further enable chiral
superconducting states. These approaches provide a promising
pathway for engineering magnetic topological superconductivity
for quantum applications.

Topological Kagome magnets represent a rapidly evolving
frontier in condensed matter physics and materials science.
While significant challenges remain in synthesis, understand-
ing of correlated phenomena, and device integration, the future
holds immense promise. Advances in synthesis techniques,
computational tools, and interdisciplinary collaboration will
pave the way for realizing robust topological and magnetic

This journal is © The Royal Society of Chemistry 2025
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properties under ambient conditions. Moreover, the unique
features of Kagome magnets-from FBs and Dirac points to novel
quantum states-make them ideal candidates for transformative
applications in spintronics, quantum computing, and beyond.
Addressing these challenges and capitalizing on the emerging
opportunities will unlock the full potential of Kagome magnets
in the coming decades.
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