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TOPICAL REVIEW — Recent progress on kagome metals and superconductors
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Angle-resolved photoemission spectroscopy (ARPES) has become a cornerstone technique for elucidating the elec-
tronic structures of emergent quantum materials. Among these, kagome materials — distinguished by their two-dimensional
lattice of corner-sharing triangles — provide a fertile ground for investigating exotic quantum phenomena, driven by ge-
ometric frustration, electronic correlation, and topology. In this review, we present an overview of recent ARPES studies
on transition-metal kagome materials. We first outline the fundamental features of their electronic structures, including van
Hove singularities, Dirac points, and flat bands, and discuss the novel quantum states that arise from many-body interactions
within the kagome lattice. We then highlight key ARPES investigations into these unique electronic structures, detailing
their manifestation and associated quantum states in representative kagome materials. Finally, we offer a forward-looking
perspective on the potential of ARPES to uncover new quantum phenomena and its broader implications for the study of

underlying physics in kagome materials.

Keywords: kagome materials, angle-resolved photoemission spectroscopy, electron correlation, electronic

topology
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1. Introduction

In condensed matter systems, the macroscopic proper-
ties of materials are governed by the microscopic dynamics
of various degrees of freedom under the principles of quan-
tum mechanics. Many physical states and phases, including
metallic and insulating behaviors, as well as conventional su-
perconductivity, can be understood within the framework of
nearly free electrons and the Landau paradigm. However,
it was later realized that strong correlation effects and elec-
tronic topology must also be considered to fully capture the
rich diversity of exotic quantum states and phases in con-
densed matter systems. Recently, the investigation of emer-
gent quantum states intertwined with electron correlation and
electronic topology has become a forefront topic in condensed
matter physics. Transition-metal kagome materials, in partic-
ular, offer a fertile ground for exploring novel quantum states
and have thus attracted significant research interest in recent
years.!!?] Early studies on these materials focused on quan-
tum spin liquid, exploiting the geometric frustration inherent
to the kagome lattice.[>*! More recently, from an electronic
perspective, it has been recognized that the kagome lattice also
provides an ideal platform for exploring exotic topological and
correlated electronic phases, which arise from the interplay be-
tween the geometrically frustrated lattice and the charge de-
grees of freedom>~! [Figs. 1(a)-1(j)].
fCorresponding author. E-mail: LZhao@iphy.ac.cn
fCorresponding author. E-mail: XJZhou@iphy.ac.cn

CSTR: 32038.14.CPB.adb689

Angle-resolved photoemission spectroscopy (ARPES)
plays a pivotal role in investigating the electronic structure of
materials in condensed matter physics.!'”! By directly map-
ping the electronic structure in momentum space, ARPES of-
fers unprecedented insight into the fundamental properties of
materials. Thanks to advances in electron optics, laser tech-
nology, and cryogenics, ARPES is now capable of revealing
the electronic structure with spin, spatial, and temporal reso-
lution under extreme conditions such as strain, low tempera-

U1 In this review, we present recent

tures, and magnetic fields.
progress in ARPES studies of various kagome systems. We
begin by introducing the basic physical principles of kagome
electrons and providing an overview of the different classes of
kagome materials and their associated physical properties. We
then examine the fascinating phenomena associated with the
van Hove singularity (vHS)-induced topological charge order
in kagome materials. Next, we discuss the emergence of Dirac
points and related topological states under spin—orbit coupling,
with a focus on kagome Chern magnets and kagome Weyl
semimetals. We also address the strongly correlated states
driven by flat bands, topological flat bands in the kagome lat-
tice and three-dimensional flat bands in the pyrochlore lattice.
Finally, we offer perspectives on future directions for research

in kagome materials.
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Fig. 1. Characteristic electronic structure and exotic quantum states in kagome lattice. (a) Schematic illustration of tight-binding model in
kagome lattice with three inequivalent sites (A, B and C) in the unit cell. The nearest-neighbor hopping ¢ is marked by the arrow. (b) Band
structure of kagome tight-binding model. (c) Chern insulator in kagome lattice, the black arrow represents the topological edge state. (d)
Weyl fermions in the momentum space. The arrows represent the direction of Berry curvature. (e) Charge density wave (CDW), spin density
wave (SDW) and pairing density wave (PDW) in kagome lattice. (f) Exotic quantum phenomena and underlying physics in kagome materials.
(g) Topological superconductivity (SC) in kagome lattice. The edge state (red arrow) will emerge at the boundaries of magnetic vortex. (h)
Ilustration of fractional Chern insulator or fractional quantum Hall effect in kagome lattice. (i) Kondo lattice derived from flat band in kagome
lattice. Flat band originated from the localized state in the central hexagon of kagome lattice participates in the formation of Kondo singlet or

RKKY interaction. (j) Quantum spin liquid phase in kagome lattice.

2. Physical concept in kagome lattice

The electronic characteristics of a kagome lattice can be
well understood with a spinless tight-binding model. There
are three sites from inequivalent sublattices, namely, A, B and
C in the unit cell of the kagome lattice as shown in Fig. 1(a).
Taking into account only the nearest-neighbor (NN) hopping
and one isotropic s-orbital, the tight-binding Hamiltonian can
be written as

H= —thlTacjﬁ +H.c.,
i

where ¢ represents the nearest-neighbor hopping parameter, o
and [ represent the sublattice indexes. After Fourier transfor-

mation, we can write the Hamiltonian in the momentum space

as H = LW H,, W with W, = (cak, B, ccr) | and

0 2rcos(kar) 2tcos(k;2“2)
Hy = 2tcos(l%) 0 ZICOS(M) ,
2tc0s(k'7“2) ZICOS(M) 0

where t, aj, a; and k represent the NN hopping parameter,
lattice vectors and wave vector of reciprocal space, respec-
tively. This 3 x 3 matrix has three eigenstates which rep-
resent three different bands in momentum space including

one non-dispersive band E; = —2¢ and two dispersive bands
Eyz=t[l+ \/4(cos2(l%1-) +cos2(X82) 4 (cos? (H4Lt2))] as

plotted in Fig. 1(b). Therefore, the basic kagome electronic
structures consist of a flat band originating from destructive in-
terference effect in line graph lattice,'>~!4! a Dirac point and a
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pair of vHSs [Fig. 1(b)]. Although the above analysis is based
on an isotropic s orbital, this can be easily generalized to other
orbitals. 1]

When considering the interactions and couplings between

various degrees of freedom, these electronic features provide

a fertile ground for the emergence of multiple exotic quantum

states [Fig. 1(f)]. Upon including spin—orbit coupling as

_ 7 At A
Hsoc =iA Zdij “OaBCiolip>
ij

Table 1. Category of transition-metal kagome materials.

Materials Energy of typical electronic features Physical property
Flat band vHS Dirac point Magnetism il‘fé:;c;ni Correlation Topology Ordering
VIty
F _0.9: [116] 0. [116] AFM Mass Charge
eSn 0236V 08¢V (Ty = 365 K)[ln] enhancement!118! order!!19
CoSn —0.27eV115:85) —0.57 eV115:89] PMM | sG
(Fe-doped)!20]
1 [, [56.60] _ /
FeGe Er? 0 ;)O\fcvd T Azilt)l K/ Mass CDW (Teqy =
—0.2eV an ~ . "
0.6 eV/[56: 60] (T ) ~60 K)P9 enhancement!!*! 100K) ¢!
—0. Canting ¥
—0.2evi22 —0.076V and ) Strange TAHENS),
Fe3Sn, ) FMLel metal k3]
—0.12¢eV16 behaviour!6? skyrmion
MnS slightly above AFM (Ty =420 IAHE,
nzSn the Eyl24 K25 24 WSM23. 241
. Strange
NizIn ~Egl0] metal
behaviour?
—0.4eV and —0.04eV —0.05eV FM (R = Tb, Dy, IAHE, Chern
RMngSng ~Ep (R=Y, (R=Y, (R=Y, Ho, Er, Li, Mg, phase
Ca); AFM (R =Y, (R=Gd—Ho,
Lu)[66, 124] Lu)66 124] Lau)[66 124] Sc, Lu, Tm, Er)l125-120] Li)[05.120.130]
> Lu, s
FM (R=Nd, Sm)
RMngGeg AFM (R=Dy—Yb,
Sc, Y, Lu, Gd)tt- 132
RFegSn AFM (R=Y, Gd,
o Tb, Dy, Ho, Er, Tm)[l'”]
AFM (R =Sc, Lu,
RFeGeg
oo Ti, Zr, Hf and Nb)[132 134
RVSng 1 — Qe-
(R= édAhHoA —1eVI92135,136] 92135136 _ 4 gy 192135,136] PM CDW (R =Sc;
Sc) (R= SC)[L}:. 138] T = 92 K)[L;&]
AV3Sby TCO & CDWBL,
(A= f( ﬁb —1.1eV[139] [ [45,46,52,53,140-142] —0.25 sC . TAHE(31:44,143] PDWB2
= . F SV145,46,52,53,140-142] (T,: 0.9—3 K)I43I i ’ ’
Cs) TSCE2728 nematicity!®?
ATisBi, above the SC (A =Cs;
(A :CK), Rb, |—0.24¢VI88:9001) ] —0.26V188: 91 T ~a8 K)F Nematicity!s?
s
AFM SDW at
ACr,Sb, NEF[“H“] ambient SC under CDW,
Y pressurell48] pressure!148] SDWIs]
AVSbg NEFW] DSMI149]
y . Kondo
) ~F138] [38] .
ACrgShg Ep AFM physics!]
AFM (B =Ce, Gd),
—0.4~—-0.8 0~—0.5 FM (R=Nd, Sm, [150,152,153)
R 150,152 DSMUEPOLo2503,
RTi;Bi, Sy1150,151] Gy1150,152,153] ~Eplto01o) Eu), NM (R=La, Trl153] '
Yb), SG
(R = Pr)[105, 154
SC in LaRusSi,
(T, ~7.8 K),
Lalr;Ga,
RT,X, T i 232 “;é) CDW in
(T'=Ru,Ir,Rh; (YRugSiQ La(Ru,_,
X =B,8i,Ga) (T.~3 K), Fe,)5S1,*")
LaRhyB,
(T ~2.6 K)[lUU»IIJQ,lSS.ISb]
a2
5 slightly above FM Mass
Co4Sn,S. ~ERl157] s 1[22,68,69,159]
s ¥ Epl68 69 (T, ~ 175 K)[22 enhancement158! WSM
Nb; X 0.5~ —1 ayBnTLT8 PM to NM ( Mott -
(X=0Cl, Br, I) transition!™ ™ insulator!35:76]
Muti-sets magnetic SC (T.~6 K)
CeRu, —0.5eV1 —1.7eV% transition/160: 161] order[c”’”* 161]
CaXzR(‘j =NiL| g _0.5ev07 176Vl SC (X = Ru)l"
Strange
CuV,S, ~EghT) metal CDWE
behaviourl®”

vHS, van Hove singularity; AFM, antiferromagnetism; FM, ferromagnetism; PM, paramagnetism; NM, nonmagnetism; SG, spin glass; SC, superconductivity;

CDW, charge density wave; PDW, pair density wave; IAHE, intrinsic anomalous Hall effect; TSC, topological superconductivity; TCO, topological charge
order; DSM, Dirac semimetal; WSM, Weyl semimetal; TI, topological insulator.

047101-3



Chin. Phys. B 34, 047101 (2025)

where A is the spin—orbit coupling strength, d;; is the unit vec-
tor depending on the type of SOC, and o is the Pauli matri-
ces vector. The inclusion of spin—orbit coupling opens spin-
Chern gaps at the Dirac point as well as at the intersection
of the flat band and the quadratic band. At these momen-
tum points, strong spin Berry curvature is generated, driv-
ing the system into a Z, topological phase with robust edge
states.®! Introducing magnetization breaks time-reversal sym-
metry, lifting the Kramers degeneracy. In this case, the gap
transforms into a Chern gap, inducing large Berry curvature
and driving the system into a Chern insulator with chiral edge
states. Tuning the chemical potential near the gap can induce
the anomalous Hall effect,'® the quantum anomalous Hall
effect [Fig. 1(c)],l'’~"1 and potentially the fractional quan-
tum anomalous Hall state [Fig. 1(1)].1629) In a stacked mag-
netic kagome lattice with strong interlayer coupling, the Chern
gap closes at specific momentum points along k,, appearing
in pairs, and giving rise to the formation of Weyl fermions
[Fig. 1(d)].[>1-24]

The vHS and flat band fillings are favorable for elec-
tron correlation, dominating the ground state in the kagome

7.8,25.261 When considering Hubbard-like interaction

Z NicNj o',

i,j,0,0’

lattice.

Hi=UY nini +V
i

where the first term is the local Hubbard interaction scaled by
U while the second term is the long-range Hubbard interac-
tion scaled by V. With the van Hove filling, a large density

@ rransition metals: Ti, V, Cr, Mn, Fe, Co, Ni, Nb, Mo, Ru, Rh, Ir ...
© B.Ga, In, Si, Ge, Sn, Pb, As, Sb, Bi ...

@ Rarc-carth & Alkaline-earth metal: Ca, Mg, La, Tb, Ho, Y, Sc ...
@ Alkali metal: Na, K, Rb, Cs ...

@ Chalcogens: s, Se

TX Isolated Kagome
P8 /mmm

TsX  Bilayer Kagome
PB3/mmm

CoSn, FeSn, FeGe,

MnsSn, MnsGe, Nisln ...
MnGe ...

ATsXs  Bilayer Kagome
R3m

ATsXs Isolated Kagome
P8/mmm

KVsSbs, CsTisBis,

- CsVeShs, CsCrsShbs
CsCrsShs ...

FesSn: ...

LaTith, SmTisBis,
YbViSbu ...

of states (DOS) can lead to strong Fermi surface nesting ef-
fects. It is important to note, however, that the local Hub-
bard interaction U is diagonal in the sublattice space, which
introduces a sublattice interference effect that can modify the
nesting vector.!”l In contrast, long-range interactions V are
not diagonal in the sublattice space, and depending on orbital
fillings and Fermi surface topologies, these interactions give
rise to a variety of exotic Fermi surface instabilities, including
unconventional superconductivity (USC),[?"-?8! charge den-
sity wave (CDW) [Fig. 1(e)],?°*!) pair density wave (PDW)
[Fig. 1(e)],**! and electronic nematicity.*’) These unconven-
tional phases, driven by the condensation of particle—hole or
particle—particle pairs, can exhibit nonzero orbital angular mo-
mentum and even chirality, resulting in a topologically non-
trivial order parameter [Fig. 1(g)] and the breaking of time-
reversal symmetry.[28-30-341 With the flat-band filling, strongly
correlated phases such as Mott insulators, Kondo lattice states
[Fig. 1(i)] and non-Fermi liquid behavior may emerge. 338!
Unlike the strong electron correlation arising from localized
orbital wave functions, the correlation induced by geomet-
ric frustration carries nontrivial electronic geometry, providing
a platform for the interplay between electron correlation and
electronic topology.*”!

In real materials, thousands of known compounds fea-
ture a kagome lattice structure. However, those in which
the kagome network is formed by transition metal atoms are

of particular interest due to the interplay between topology

TsX:  Bilayer Kagome
R3m

TsX:Ch Stacked Kagome
R3m
RTsXs Bilayer Kagome
P8 /mmm

TbMneSns, ScFesGes,

HoViSne, YC06Ges ... Co03Sn:S:z, Nisln:S:...

RTsXs Bilayer Kagome
Fmmm

RT: Pyrochlore

RT:X: Isolated Kagome =
Fd3m

P8/mmm

LaRusSiz, Lalrs-
Ga:z, LaRusB: ...

CaNiz, CaRu:,
CeRuz: ...

Fig. 2. Crystal structures and chemical compositions of various classic transition metal kagome materials.

047101-4



Chin. Phys. B 34, 047101 (2025)

and electron correlations. Despite the fascinating physics dis-
cussed above, it should be noted that the typical kagome band
structures are often distorted or even destroyed by strong inter-
layer interactions and orbital hybridization.*’ Some general
principles have been summarized for identifying ideal kagome
compounds based on their chemical composition.[*?) These
rules help narrow down the search for ideal kagome com-
pounds. We believe that an overview of these typical ideal
kagome compounds is essential for guiding future research.
As shown in Fig. 2, we summarize several prominent transi-
tion metal kagome families and list their corresponding elec-
tronic structures and related quantum states in Table 1.

3. Angle-resolved photoemission spectroscopy

ARPES is a powerful experimental technique for study-
ing the electronic structure of materials. By irradiating a sam-
ple with high-energy photons, typically from a synchrotron or
laser source, ARPES measures the kinetic energy and emis-
sion angles of the ejected electrons. This information provides
direct insight into the material’s band structure, including the
energy—momentum dispersion relations, Fermi surface topol-
ogy, and many-body interactions. Based on the energy conser-
vation law in the photoemission process, the kinetic energy of
photoemission Ey;, can be expressed as

Exin=hv—¢ — Eg,

where hv is the energy of the incident photon, ¢ is the work
function of the material and Ep is the binding energy of the
electron in the material. Considering momentum conservation
in the parallel direction of the surface, the parallel momentum
k| can be expressed as

k” =1/ ZmeEkin/flz sin 9,

where m. is the mass of the electron and 6 is the emission an-
gle of the ejected electrons. The perpendicular momentum k |
is not conserved. However, it can be estimated by considering
the inner potential Vj

k,=n"! \/Zme (Exincos? 0 +Vp).

The inner potential Vjy is entirely material-dependent, which
implies that by varying the photon energy hv, different k; of
the material can be probed.

ARPES measures the distribution of spectral intensity as a
function of electron momentum and energy. It is proportional
to several factors

I(k,®) < |My|*-A(k,®) - f(o,T).

Among them, M} is the matrix elements dependent on the ini-
tial and final states of the photoelectron, the photon energy,

and the polarization of the incident light. Utilizing the ma-
trix element effects can elucidate the orbital characters of the
bands.[*! A(k, ®) is the one-particle spectral function. The
energy bands can be visually observed from it and quantitative
dispersions can be obtained by data fitting. In general, a flat
band shows a quite weak dispersion, Dirac cone shows the in-
tersection of two linear energy bands and crosses a van Hove
singularity, the curvature of the band is opposite in sign on ei-
ther side. A comparison between the experimental bands and
the band calculation is sometimes necessary to further iden-
tify the band feature. An in-depth analysis of it can extract the
electron self-energy, thereby providing detailed information
on the many-body interaction within the material.[*! f(®,T)
is the Fermi-Dirac distribution which describes the thermal
occupation of electronic states. It limits the ability of ARPES
to measure unoccupied states.

In practical research utilizing ARPES on kagome mate-
rials, one often encounters numerous intricate issues. Firstly,
ARPES is a surface-sensitive detection method, particularly
when photons with energies in the range of 10-100 eV are
employed. This means that the electronic structure detected
typically originates from the sample’s surface, necessitating
attention to the effects of different cleaved surfaces. For some
kagome materials, the electronic structure stemming from
the kagome lattice can only be observed within the kagome
cleaved surface, which also imposes requirements on the spot
size of the beam. Secondly, many kagome materials may ex-
hibit strong interlayer coupling, leading to significant disper-
sion along the k, direction. This can result in spectral broad-
ening due to the limitations of k,-resolution and underscores
the need for photon energy-dependent measurements. When
studying magnetic kagome materials, photoemission obtained
from low-energy photons is often susceptible to the sample’s
magnetic properties, causing spectral broadening, which is an-
other issue to be mindful of. Currently discovered kagome su-
perconductors typically have superconducting transition tem-
peratures of only a few Kelvins, making the study of their su-
perconducting properties with ARPES challenging. This often
requires ultra-high energy resolution and advanced cryogenic
techniques.

4. The van Hove singularity and Fermi surface
instability

The Fermi surface instability induced by the filling of
vHSs leads to the emergence of various quantum ordered

states.[7:8:25:26

| Meanwhile, the interplay of these quantum or-
dered phases results in a series of complex yet rich physical
phenomena in kagome materials. The emergent quantum state
driven by vHSs has been extensively investigated in kagome

materials AV3Sbs (A = K, Rb and Cs) and FeGe recently. In
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this section, we will discuss how ARPES helps us understand
the underlying physical mechanisms in these materials.

4.1. Topological kagome superconductor AV;Sbs

The AV3Sbs family was first synthesized in 2019, 4! and
was later found to host coexistence of superconductivity and
CDW transition.[*3] The subsequent experiments revealed that
an intrinsic anomalous Hall effect is accompanied with the

[44

charge order in these systems.!* Other symmetry breaking

orders including PDW and electronic nematicity were also ob-

m.3233 These complex orders coexisted

served in this syste
with superconductivity are reminiscent of the case in cuprate
As shown in Fig. 3(a), AV3Sbs crystal-

lizes in the hexagonal structure with space group P6/mmm

superconductors.

featuring a perfect V-atoms-constructed kagome lattice. A
charge order transition and also the superconductivity were
observed in transport measurement [Fig. 3(b)].1*3) ARPES re-
vealed four Fermi surface sheets labeled with ¢, 8, ¥ and &
[Fig. 3(c)] which are consistent with band structure calcula-
tion [Fig. 3(d)].1*) The & band is derived from Sb-5p orbitals
while the 3, y and 6 bands are dominated by V-3d orbitals.
Two sets of V-orbital derived vHSs were found close to the
Fermi level [Figs. 3(e) and 3(f)].14] These vHSs result in large
density of state at the Fermi level and nesting vector (7,0) con-
necting different vHSs in momentum space [Fig. 4(a)], proba-
bly leading to the charge order transition. X-ray scattering and
STM study revealed that there is a 2 x 2 inverse star-of-David
charge order below T, = 78-102 K[?*3%47] with rotation-
symmetry breaking. >’ Muon spin relaxation revealed that not
only translational symmetry but also time reversal symmetry

are broken in the charge order state!*!1 with a large anomalous
Hall effect observed under the transition.**! All these results
imply an unconventional CDW instead of a traditional Peierls
instability in AV3Sbs. A nontrivial chiral flux phase was put
forth to understand these phenomena,>*484°1 which is remi-
niscent of the loop-current model for the pseudogap phase in
cuprates™°! and the Haldane model in graphene.3!]

As shown in Figs. 4(b) and 4(c), temperature dependent
ARPES measurement revealed a strong CDW-induced band
renormalization at low temperature in CsV3Sbs>?! and also
in RbV3Sbs 23! and KV3Sbs.[*3] These band renormalizations
gap the electronic state at the Fermi level. Based on high-
resolution ARPES, an anisotropic CDW gap was captured
[Fig. 4(f)]. The Sb-5p orbital derived o band is gapless over
the whole Fermi surface while V-orbital derived 8, v and &
bands are gapped with nodes along I'-K direction.*> The un-
derlying mechanisms of the CDW order in AV3Sbs are under
debate. Besides the unconventional nature of CDW order, the
superconductivity order and the role of phonon excitation re-
main elusive but intriguing. Previous laser-ARPES study re-
vealed that there is intermediate electron—phonon coupling in
CsV3Sbs which is able to pair the electrons for superconduc-
tivity condensation with a T of several Kelvins [Figs. 4(d) and
4(e)].5% An isotropic superconducting gap was also observed
in doped CsV3Sbs based on ultrahigh-resolution-laser ARPES
[Figs. 4(2)].°%! The nodeless electron pairing implies a trivial
s-wave pairing which is at odds with other experiments.>>!
However, it has to be noted that this result can not rule out
some nontrivial nodeless gap symmetry such as d 4 id pairing
due to the lack of phase information in APRES measurement.
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KV3Sbs. (e) Experimental band structure along the high symmetry direction of CsV3Sbs. (f) Calculated band structure along the high symmetry
direction of CsV3Sbs. Panel (a) adapted from Ref. [2]. Panel (b) adapted from Ref. [43]. Panels (c) and (d) adapted from Ref. [45]. Panels (e)
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4.2. Kagome antiferromagnet FeGe canted structure at lower temperatures.>®! More recently, a

combination of susceptibility, transport, scattering, scanning

Magnetic kagome lattices provide an excellent platform tunneling microscopy (STM), and ARPES has confirmed the

for investigating the interplay between magnetic correlations antiferromagnetic transition at Ty ~ 410 K, the spin-canted

[22,23,56] i . . :
and topology. Among these systems, the kagome anti antiferromagnetic structure below Tianing =~ 60 K, and an in-

ferromagnet FeGe, featuring a Fe-constructed kagome lattice triguing 2 x 2 x 2 CDW transition at Tepw ~ 110 K, accom-
[Fig. 5(a)], has attracted significant attention due to the coex-  papjed by an enhancement of the antiferromagnetic moment
istence of charge order and magnetism. FeGe, a hexagonal [Fig. 5(b)].1%%! Furthermore, STM studies have revealed the

compound, was first synthesized in 1963 and confirmed as an  presence of a CDW gap and edge states within the gap, point-

antiferromagnet with a Néel temperature of Ty ~ 410 K.’”1ing to the nontrivial nature of the charge order, similar to the
Later, magnetic susceptibility measurements revealed a spin-  case of AV3Sbs.[>]
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Fig. 5. Crystal structure, electronic structure and phase diagram of FeGe. (a) Schematic illustration of crystal and magnetic structures of FeGe in
paramagnetic (PM) phase, antiferromagnetic (AFM) phase and AFM + CDW phase. Enhanced antiferromagnetic moments are shown due to the
formation of the CDW state. (b) Temperature—field phase diagram of FeGe. (c) Electronic and magnetic transition and the schematic illustration
of AFM-induced band splitting plotted in FeGe, this band splitting shifts the vHS to the Fermi level and helps in the emergence of CDW order.
(d) Fermi surface measured at AFM state above the CDW transition. Two vHSs are marked by green and blue lines. (e) Fermi surface measured
at low temperature where canted AFM and CDW coexist. (f) Measured band structure along high symmetry direction showing the vHSs and
Dirac points near the Fermi level. (g) Observation of the CDW-induced vHS renormalization. (h) Observation of CDW gap extracted from EDC
taken at VHS points. (i) Evidence of EPC in FeGe. Panels (a) and (b) adapted from Ref. [56]. Panels (c)—(i) adapted from Ref. [60].
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As summarized in Fig. 5(c), the kagome antiferromag-
net FeGe hosts a flat band at the Fermi level in the absence
of magnetism. Below the Néel transition at Ty ~ 410 K, the
band splits into two branches due to the onset of antiferromag-
netic (AFM) order, causing the vHS to shift to the Fermi level.
The CDW order begins to emerge below Tcpw = 110 K. This
scenario is supported by temperature-dependent ARPES mea-
surements [Fig. 5(g)]. Figures 5(d) and 5(e) show the Fermi
surface at 140 K (above the CDW transition) and 13 K (be-
low the transition), respectively, highlighting the renormaliza-
tion of the fermiology and band structure at the transition.
The two vHSs are dominated by different Fe-3d orbitals, in-
dicating an orbital-selective nature [Fig. 5(f)]. In Fig. 5(h),
temperature-dependent energy distribution curves (EDCs) at
the vHSs show a significant suppression of spectral weight at
the Fermi level, confirming the formation of the CDW gap in
FeGe. Additionally, evidence for electron—phonon coupling
is provided by high-resolution ARPES [Fig. 5()].1°l These
similarities between FeGe and AV3Sbs suggest a universality
in their underlying CDW mechanism. However, it should be
noted that in AV3Sbs, electron correlations are expected to be
weaker than in FeGe, as evidenced by the band renormaliza-
tion observed in ARPES measurements compared to density

(52,601 Therefore, a key

functional theory (DFT) calculations.
question remains as to what extent do electron correlations
and magnetism contribute to the emergence of charge order

in FeGe.[01]

5. Dirac fermions and electronic topology

Inherited from the hexagonal lattice, the kagome lattice
features the Dirac points at the Brillouin zone corners. The
interplay between these Dirac points and the material’s sym-
metry and interactions often serves as a precursor to the emer-
gence of topological states. For instance, the Dirac points may
split or shift in response to interactions like magnetic ordering
or spin—orbit coupling, creating exotic topological phases such
as topological insulator, ! Weyl semimetal>!! and anomalous
quantum Hall effect.!!7-18 In this section, we firstly discuss the
ARPES studies on the Chern physics found in kagome magnet
Fe3Sny and RTgXg (R = rare-earth elements, T = Mn, Fe, Co;
X = Sn, Ge). Then we discuss the Weyl physics in kagome
magnet Co3Sn,S; revealed by ARPES.

5.1. Kagome Chern magnet

Although extensive theoretical studies have provided a
broad understanding of the topology in magnetic kagome
models, the realization of these non-trivial band structures in
specific kagome materials has been slow. In 2011, the kagome
magnet Fe3Sny was discovered to exhibit a large intrinsic
anomalous Hall effect, suggesting non-trivial Berry curvature
and possible Chern topology in this material.[®?] Fe3Sn, pos-
sesses an out-of-plane ferromagnetic order with a high Curie
temperature (7¢ ~ 640 K). ARPES studies have revealed two
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Fig. 6. Massive Dirac fermions and anomalous Hall effect in kagome magnet Fe3Sn;. (a) Observation of two massive Dirac fermions in Fe3Sn;
by ARPES. (b) EDC stack of (a) showing the gap at the Dirac points. (¢c) Summary of the correspondence of anomalous Hall conductivity oy
(black line) as a function of Fermi energy Ef (black solid curve; see text) and the energy position of massive Dirac fermions (blue and red dashed
lines). When the Fermi level is set in the gap, the quantum Hall conductance can be observed. (d) Measured anomalous Hall conductivities G}‘fy‘.

(red, left axis), Gz’} (black, left axis), longitudinal conductivity oy, (blue, right axis) and estimated intrinsic Hall conductivity Gxi;‘,‘ (orange, left

axis). All the panels adapted from Ref. [16].
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Fig. 7. Massive Dirac fermions in kagome magnet TbMneSng and YMngSne. (a) Observation of massive Dirac fermion in TbMngSng by
ARPES. (b) Measured band structure along high symmetry direction of YMngSng. (c) Corresponding second derivative plots of (b). A Dirac
point and vHSs are close to the Fermi level. (d) DFT + DMFT calculation of band structure along high symmetry direction considering SOC.

Panel (a) adapted from Ref. [65]. Panels (b)—(d) adapted from Ref. [66].

Dirac points near the Fermi level, originating from its bilayer
kagome lattice structure! 1] [Figs. 6(a) and 6(b)]. The spin—
orbit coupling transforms these into a pair of massive Dirac
fermions. Considering the ferromagnetic nature of Fe3Snj,
the intrinsic anomalous Hall effect is believed to arise from the
large Berry curvature near the gap. This can be intuitively un-
derstood through simple model calculations [Fig. 6(c)], where
the magnitude of the anomalous Hall effect depends on the
position of the massive Dirac fermions relative to the Fermi
level. This intrinsic anomalous Hall conductivity was con-
firmed by transport measurements [Fig. 6(d)]. It is important
to note that FezSn; exhibits a complex magnetic structure at
low temperatures, and its ground state may involve the for-
mation of an in-plane antiferromagnetic structure.!'®! This an-
tiferromagnetic interaction could disrupt the Chern gap, and
as such, there remains ongoing debate regarding its Chern
physics. Recently, high-resolution laser-based ARPES stud-
ies have revealed strong correlation effects in Fe3Sn,, such as
non-Fermi liquid behavior, and the emergence of a quasiparti-
cle band due to electron correlations at low temperatures. (%3]
Additionally, scanning tunneling spectroscopy (STS) studies
have detected elusive electron nematicity.**) These findings
suggest that Fe;Sn, is an excellent platform for studying the
interplay between Chern topology and electron correlation.
Recently, another family of intermetallic kagome com-
pounds, R7Xg (R = rare earth elements, T = Mn, Fe, Co; X =

Sn, Ge), known as the “166” family, has attracted attention in
the search for potential kagome Chern magnets. In TbMngSng,
a spin-polarized Dirac cone was observed just above the Fermi
level through a combination of ARPES and scanning tunneling
microscopy [Fig. 7(a)].1%! Under an applied magnetic field, a
large Chern gap opened, and a topological edge state was dis-
covered at the domain boundary.!%>! Transport measurements
further confirmed the presence of a significant anomalous Hall
effect in the system. %! These findings suggest that TbMngSng
resides in the Chern insulator phase.!%! Additionally, in an-
other kagome antiferromagnet, YMngSng, ARPES studies re-
vealed a pair of spin-polarized massive Dirac fermions near
the Fermi level [Figs. 7(b)-7(d)], providing another promising

candidate for a Chern insulator. [00]

5.2. Kagome Weyl semimetal

The kagome lattice provides an excellent platform for
studying topological insulators and associated Chern physics.
Studies have demonstrated that stacking two-dimensional
Chern insulators with strong interlayer coupling can lead to

(211 This insight has mo-

the realization of Weyl semimetals.
tivated the search for such exotic topological states in three-
dimensional kagome magnets with strong interlayer coupling.
Co3Sn, S, has emerged as a promising candidate [Figs. 8(a)—

8(2)]-

Co3Sn, S, crystallizes in a rhombohedral structure, with
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CosSn layers sandwiched between sulfur atoms [Fig. 8(a)].
The magnetic cobalt atoms form an out-of-plane ferromag-
netic kagome lattice, where strong S’ ionic bonds fa-
cilitate interlayer coupling [Fig. 8(a)]. This material ex-
hibits chiral-anomaly-induced negative magnetoresistance and
a giant anomalous Hall effect, both resulting from the en-
hanced Berry curvature near Weyl points.[??! The Brillouin
zone contains six Weyl rings protected by lattice symme-
try [Fig. 8(b)].

cluded, the topologically protected Weyl nodes persist on

When spin—orbit coupling (SOC) is in-

these rings, possessing opposite topological charges that gen-
These Weyl
nodes, located approximately 60 meV above the Fermi level

erate significant Berry curvature [Fig. 8(c)].
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as predicted by theoretical calculations,®”) were directly ob-
served via ARPES using in-situ electron doping with potas-
sium [Figs. 8(f) and 8(g)].[%®

ically protected surface Fermi arcs connecting two Weyl

Experimentally, the topolog-

points were also observed [Fig. 8(d)],%%°! and photon-
energy-dependent ARPES measurements confirmed their two-
dimensional nature [Fig. 8(e)].[®®] Additionally, temperature-
dependent ARPES measurements revealed the annihilation of
Weyl fermions during the transition from a ferromagnetic to
a paramagnetic state, demonstrating the potential for mag-
netic manipulation of these topological states for functional

applications.[6%-70]
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Fig. 8. Weyl fermions and topological surface Fermi arcs in CozSn,S,. (a) Crystal and magnetic structures of Co3Sn,S,. The Co-atoms (red ball)
form kagome nets with in-plane ferromagnetism. (b) Nodal rings and the topologically protected Weyl points in the Brillouin zone. (c) Calculated
Berry curvature distribution along the nodal ring. (d) Observation of topological surface Fermi arcs. (e) Photon energy dependent ARPES spectral
intensity map of the topological surface state. (f) and (g) Observation of Weyl point (WP) after in-situ surface doping. Panels (a)—(c) adapted

from Ref. [22]. Panels (d)-(g) adapted from Ref. [68].

6. Flat band physics

The electron flat bands stemming from the unique struc-
ture of the kagome lattice favor strong electron correlations
in the material’s physical properties. Similar to the strong
electron correlations caused by the localization of electronic
wave functions, the kagome flat band also gives rise to a se-
ries of strong electron correlation states, including Mott insu-
lators, heavy fermion behavior, unconventional superconduc-
tivity, quantum spin liquids, and so on. What’s even more
exciting is that this quantum destructive interference induced
electronic flat bands also host potential electronic topology,
thereby giving rise to the concept of topological flat bands and
providing an ideal platform for studying correlated topologi-
cal states of matters.!”! In this section, we discuss the ARPES
studies on several kagome flat band families and related exotic
physical properties.

6.1. Strongly correlated state with flat band filling

Mott insulator, as a classical manifestation of strongly
correlated electrons, successfully explains the abnormal insu-
lating behavior observed in transition metal oxides.!”?! Dop-
ing a Mott insulator is also regarded as a crucial approach
for understanding high-temperature superconductivity.!’3! Re-
cently, this strongly correlated electronic state has been pro-
posed in the kagome material family Nbs3Xg (X = CI, Br,
I) [Figs. 9(a)-9(h)].13>7477] These compounds crystallize in
a van der Waals-like structure [Fig. 9(a)] with a breathing
kagome net formed by Nb atoms [Figs. 9(b) and 9(c)].
low temperatures, bulk NbsXg exhibits a non-magnetic f3-
phase. As the temperature increases, these materials undergo
a first-order phase transition, from the low-temperature non-
magnetic B-phase to the high-temperature paramagnetic o-
phase.”87°1 Transport measurements show that Nb3Xg ex-
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hibits strong insulating behavior, which contradicts the metal-  physics*®7677] [Fig. 9(f)]. A partially filled flat band favors
lic behavior predicted by first-principles calculations,?>8%1  Mott insulating behavior, and its hybridization with other itin-
suggesting the presence of electron correlation. erant bands can also give rise to a range of strongly corre-

ARPES studies of Nb3Clg!374 [Fig. 9(d)], NbsIg!”!  lated phenomena. One such example is Kondo physics, which
[Fig. 9(g)], and Nb3Brg!” have revealed the existence of  has been extensively studied in f-electron materials in terms of
electronic flat bands and energy gaps near the Fermi level.  quantum criticality, heavy fermions, strange metallicity, and
These experimental observations align with theoretical calcu-  magnetism.3?! Recently, possible Kondo physics has been dis-
lations that incorporate strong Hubbard interactions [Figs. 9(e) ~ covered in several kagome compounds, where the kagome flat
and 9(h)]. From this perspective, the insulating behavior  band is thought to play the role of localized magnetic moments
of Nb3Xg can be understood within the framework of Mott  instead of f-electrons.
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Fig. 9. Mottness in kagome van der Waals Nb3Xg (X = CI, Br and I). (a) Crystal structure of NbsIg. The structures of Nb3Clg and Nb3Brg
are the same with NbzIg where the I atoms are replaced by Cl or Br. (b) Nb atoms forming a breathing kagome lattice as schematically
illustrated in panel (c). (d) Measured band structure along high symmetry direction of Nb3Clg. (e) Calculated band structure of Nb3Clg along
high symmetry direction when considering the on-site Coulomb interaction. The result perfectly reproduces the ARPES data in panel (d). (f)
Schematic illustration of Mott insulator state of Nb3Clg. (g) Measured band structure along high symmetry direction of NbslIg. (h) Calculated
band structure of NbsIg along high symmetry direction when considering the on-site Coulomb interaction which perfectly reproduces the ARPES
data in panel (g). Panels (a)-(c) adapted from Ref. [75]. Panels (d)—(e) adapted from Ref. [35]. Panels (g) and (h) adapted from Ref. [75].
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Fig. 10. Manifestation of Kondo physics in kagome materials CsCrgSbg. (a) Temperature-dependent resistance of CsCrgSbg. Two resistivity
anomalies are observed (Tx and 7). Inset shows the measured carrier density. (b) Temperature-dependent magnetic susceptibility y of CsCrSbg
along and perpendicular to the c-axis. Inset is the dy/dT curve. (c)-(e) Measured band structure along the high symmetry direction of CsCrgSbg.
A flat band is observed to be located at the Fermi level. (f) Calculated band structure of CsCrgSbg by density functional theory (DFT). Color
represents the spectral weight percentage of Cr relative to the summation of Cr and Sb content. (g) Calculated band structure of CsCrgSbg by
dynamical mean field theory (DMFT) considering U = 1.8 eV. All the panels adapted from Ref. [38].
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In the van der Waals kagome antiferromagnet CsCrgSbg,
manifestation of Kondo physics has been observed.!38]
CsCrgSbg crystallizes in the hexagonal space group R-3m,
consisting of a double-layer Cr-kagome network [Fig. 2].
Transport measurements [Fig. 10(a)] of bulk CsCrgSbg reveal
metallic behavior at high temperatures, with a significant up-
turn below T =~ 72 K, where canonical —In7 Kondo scat-
tering like behavior begins to emerge. As the temperature
continues to decrease, the resistivity deviates from the —InT
dependence and saturates at Tk, representing the formation
of Kondo singlet. Susceptibility measurements [Fig. 10(b)]
show a magnetic transition around 7r ~ 72 K, which has
been attributed to a magnetic interaction with frustration in
the kagome lattice.[*®! Heavy fermion behavior was also cap-
tured by the heat capacity measurement in CsCrgSbg. 81 A
prominent flat band at the Fermi level, spanning the entire
Brillouin zone, was observed through ARPES measurement
[Figs. 10(c)-10(e)].1*®! This flat band is believed to arise from
the destructive interference of Cr-3d orbitals in the kagome
geometry with strong electron correlation [Figs. 10(f)-10(g)].
Thanks to the van der Waals nature, CsCrgSbg shows a strong
dimensional tunability of Kondo physics and serves as an ex-
cellent platform for studying Kondo physics and related quan-
tum criticality in frustrated lattices, without the involvement of
localized f-orbitals.[3®! Furthermore, in another kagome metal,
Nisln, 136] Kondo-induced heavy fermion behavior was also re-
ported.

6.2. Topological flat band

In heavy fermion systems, strongly localized f-orbitals
contribute to dispersionless flat bands in momentum space, ac-
companied by strong electron correlations. These flat bands,
however, do not exhibit any topological characteristics. In
contrast, kagome lattices give rise to flat bands that result from
destructive interference and can exhibit non-trivial topology,
known as topological flat bands. Similar to Dirac points, spin—
orbit coupling (SOC) plays a crucial role in these topological
flat bands, opening a gap between the dispersionless and dis-
persive branches [Fig. 11(a)]. In the absence of magnetism,
SOC induces a spin Chern gap, with divergent spin Berry cur-
vature [Fig. 11(a)]. Out-of-plane ferromagnetism can further
enhance this gap, transforming it into a Chern gap. The partial
filling of such topological flat bands can facilitate the emer-
gence of fractional topological excitations. [*-33]

While transport measurements can provide insight into
the topological properties of materials, they are generally lim-
ited to states near the Fermi level. In contrast, ARPES can
directly probe all occupied states below the Fermi level. More-
over, utilizing circular dichroism (CD), ARPES, and spin-
resolved ARPES can allow for the direct characterization of
the Berry curvature and spin Berry curvature of quantum mate-

rials, providing a powerful tool to unravel the non-trivial quan-
tum geometry of these systems.’!:84]

In kagome materials, flat bands arise from the unique de-
structive interference mechanism inherent in their lattice ge-
ometry. However, in real materials, strong interlayer cou-
pling and hybridization between kagome orbitals and other
atomic orbitals can disrupt the formation of these dispersion-
less bands. As a result, real systems exhibiting both flat bands
and non-trivial topologies induced by strong SOC are rare. In
the kagome metal CoSn, two topologically protected flat bands
originating from Co-3d orbitals were identified near the Fermi
level through synchrotron-based ARPES.!3#3 One of these
bands, dominated by in-plane orbitals, lies at the Fermi level,
while the other, dominated by out-of-plane orbitals, is located
approximately 0.27 eV below the Fermi level [Figs. 11(b) and
11(c)]. Spin—orbit coupling opens a substantial gap of 80 meV
between the flat and dispersive bands. Since CoSn is a non-
magnetic metal, this flat band is classified as exhibiting a Z;
topology.!'>! Anisotropic resistivity and magnetic susceptibil-
ity measurements in CoSn suggest orbital magnetism arising
from the non-trivial Berry curvature associated with the topo-
logical flat band at the Fermi level. (8]

In addition to CoSn, another Ti-based kagome material,
ATisBis (A = K, Rb, Cs), has been shown to host topological
flat bands.!®”! ATi3Bis shares a similar crystal structure with
the well-known kagome compound AV3Sbs, but the replace-
ment of V atoms by Ti atoms shifts the chemical potential from
the van Hove singularities (vHSs) to a position closer to the
flat band.!®® While no charge density wave (CDW) has been
observed in ATi3Bis, spectroscopic studies have suggested the

87891 potentially driven

presence of electronic nematic orders,|
by strong inter-orbital coupling.””! This rotation-symmetry-
breaking order may share origins with the electron nematic-
ity found in AV3Sbs.[331 Additionally, ARPES has revealed
a topological flat band at approximately 0.25 eV below the
Fermi level [Figs. 11(d) and 11(e)], coexisting with multiple
non-trivial Dirac fermions. 8811

In another class of kagome materials, the ‘166’ type
RVgSng (R = Tb, Ho, Sc), topological flat bands have been
observed through CD-ARPES."”?! By using circularly polar-
ized light, the local orbital magnetic moment induced by
the Berry curvature of the flat band can be detected. As
shown in Fig. 11(f), a dispersionless electronic state aris-
ing from the kagome lattice is located about 1 eV below the
Spin-resolved CD-ARPES [Figs. 11(g)-11(3)]

further confirms the presence of spin Berry curvature asso-

Fermi level.

ciated with the topological flat band, consistent with first-
principles predictions.??!

6.3. Three-dimensional flat band in pyrochlore lattice

The rich nature in the kagome lattice is predominantly

confined to the two-dimensional systems. In contrast, the
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in CoSn. (c) DFT calculated band structure along the same direction with (b) when considering SOC. The topological flat bands are marked
by the colored lines. (d) Observation of SOC-induced topological flat band (marked by the red dashed line) in CsTi3Bis. (e) DFT calculated
band structure along the same direction of (d) considering SOC. (f) Observation of SOC-induced topological flat band in TbVSne. (g) Circular
right (CR) spin-ARPES energy distribution curves (EDC) extracted from the BZ center to prevent geometrical dichroism effect. (h) Same as (g)
but under the circular left (CL) polarization. (i) Spin-resolved circular dichroism intensity from (g) and (h). Panel (a) adapted from Ref. [15].
Panels (b) and (c) adapted from Ref. [15]. Panels (d) and (e) adapted from Ref. [88]. Panels (f)—(i) adapted from Ref. [92].
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Fig. 12. Three-dimensional flat band in pyrochlore metal CaNi, and CuV;S4. (a) Schematic illustration showing the pyrochlore lattice consists of
ABC stacking kagome lattice along the 111 direction as illustrated in panel (b). (c) Crystal structure of CaNi, with the pyrochlore lattice formed
by Ni atoms. (d) Crystal structure of CuV,S4 with the pyrochlore lattice formed by V atoms. (e) Schematic illustration of three-dimensional
Brillouin zones of CaNi;. Colored dashed lines mark the momentum directions of the ARPES data in panel (f). (f) Measured band structures
along the high symmetry direction of CaNi,. The flat bands expand across the whole three-dimensional Brillouin zone as marked by the arrows.
(g) ARPES mapping at —0.6 eV measured for different photon energies with respect to the (001) surface of CuV,S4. (h) Observation of flat
band expanding over the whole three-dimensional Brillouin zone at the Fermi level of CuV;S4. Panels (a)—(c) adapted from Ref. [97]. Panel (d)
adapted from Ref. [37]. Panels (e) and (f) adapted from Ref. [97]. Panels (g) and (h) adapted from Ref. [37].
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pyrochlore lattice — a three-dimensional frustrated network
composed of corner-sharing tetrahedra — provides a nat-
ural extension of these unique electronic states into three-
dimensional materials [Figs. 12(a)-12(h)]. This lattice can
be conceptualized as a stack of 2D kagome lattices aligned
along the four diagonal directions [Figs. 12(a) and 12(b)]. Like
kagome materials, pyrochlore materials are also poised to re-
alize a range of novel physical phenomena, generating signifi-
cant interest in the scientific community.!®3-%%

Recent ARPES studies on several pyrochlore materi-
als have identified kagome-like electronic states extending
throughout three-dimensional momentum space. For exam-
ple, in CaNi, [Fig. 12(c)], ARPES data obtained at varying
photon energies revealed multiple flat bands across the en-
tire 3D Brillouin zone [Figs. 12(e) and 12(f)].

ically doping the material to align these flat bands with

By chem-

the Fermi level, electron correlation is enhanced, triggering
superconductivity.””! This finding has spurred further explo-
ration of pyrochlore materials with similar electronic charac-
teristics. In the case of CuV,Sy [Fig. 12(d)], ARPES mea-
surements also captured three-dimensional flat bands near the
Fermi level, alongside non-Fermi-liquid behavior and emerg-
ing charge order [Figs. 12(g) and 12(h)].137 Similarly, in the
pyrochlore superconductor CeRuy, 3D flat bands and Dirac
cones were observed.[®8! Collectively, these results offer a
promising avenue to extend kagome-inspired physics into
higher-dimensional systems.

7. Outlook

In recent years, the growing interest in kagome materi-
als has highlighted their pivotal role in the realm of quantum
materials, acting as a bridge between the study of correlated
physics and topological phases. Several comprehensive re-
views have already summarized the current state and future
prospects of kagome quantum materials.!"-?! In this paper, we
focus on the future research directions of kagome materials,
with a particular emphasis on the application of ARPES in ad-
vancing our understanding of these systems.

Despite significant progress, the exploration of kagome
materials is still in its early stages, with many potential
kagome compounds and their applications yet to be uncov-
ered. This underscores the need for further efforts in mate-
rial synthesis to discover new candidates. Concurrently, de-
tailed spectroscopic investigations are crucial to unravel the
complex and rich physics of the intriguing kagome materials
that have already been identified. For instance, the classical
kagome superconducting family R73X, (R = rare earth, T =
transition metal, X = Si, Ga, B) exhibits superconductivity
with unconventional characteristics in the strong correlation
regime, warranting deeper spectroscopic studies.[**-10?1 Ad-
ditionally, the recently discovered 134-type distorted kagome

magnets have garnered significant attention due to their in-
triguing properties. [103-10]

Moreover, many of the kagome materials discovered to
date exhibit remarkable tunability of their exotic quantum
states. This tunability can be achieved using conventional
methods such as chemical doping or electrostatic gating to ad-
just the Fermi level, as well as by applying strain, magnetic
fields, or altering dimensionality. These approaches allow for
the manipulation of various quantum phases, facilitating the
exploration of novel physics and potential device applications.
When combined with ARPES, these tuning techniques enable
real-time, in-situ observations of the evolution of electronic

108] This integrated ap-

states under external perturbations. 100
proach provides a powerful framework for investigating the
rich many-body physics inherent in kagome materials.

Recently, with advancements in ultrafast laser technol-
ogy, time-resolved ARPES has become a powerful tool in the
study of quantum materials.!'%! Time-resolved ARPES en-
ables the investigation of complex dynamics in kagome mate-
rials on ultrafast timescales, providing insights into their tem-
poral evolution.[!'%! The introduction of strong-field lasers fur-
ther opens up new avenues for controlling a variety of quantum
states within these systems.

The realization of kagome-like electronic structures in ar-
tificial systems has emerged as a key research frontier. Ar-
tificial materials, engineered through molecular design and
nanotechnology, present a promising platform for realizing
nontrivial quantum states akin to those found in kagome

(111-113] Similarly, moiré engineering, which manip-

lattices.
ulates the alignment of two-dimensional materials to gener-
ate moiré patterns, offers exciting possibilities for the emer-
gence of kagome-like electronic behaviors.!' 41151 At present,

tunneling spectroscopy techniques!!!1-113]

are predominantly
used to probe these artificial kagome states. However, with the
development of nano-ARPES,['! future advancements will
enable direct momentum-space observations of these artificial

kagome electronic states.
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