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TOPICAL REVIEW — Recent progress on kagome metals and superconductors
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The kagome lattice has garnered significant attention due to its ability to host quantum spin Fermi liquid states.
Recently, the combination of unique lattice geometry, electron—electron correlations, and adjustable magnetism in solid
kagome materials has led to the discovery of numerous fascinating quantum properties. These include unconventional
superconductivity, charge and spin density waves (CDW/SDW), pair density waves (PDW), and Chern insulator phases.
These emergent states are closely associated with the distinctive characteristics of the kagome lattice’s electronic structure,
such as van Hove singularities, Dirac fermions, and flat bands, which can exhibit exotic quasi-particle excitations under
different symmetries and magnetic conditions. Recently, various quantum kagome materials have been developed, typically
consisting of kagome layers stacked along the z-axis with atoms either filling the geometric centers of the kagome lattice or
embedded between the layers. In this topical review, we begin by introducing the fundamental properties of several kagome
materials. To gain an in-depth understanding of the relationship between topology and correlation, we then discuss the
complex phenomena observed in these systems. These include the simplest kagome metal 73X, kagome intercalation metal
TX, and the ternary compounds ATy X and RT3X5 (A = Li, Mg, Ca, or rare earth; T =V, Cr, Mn, Fe, Co, Ni; X = Sn, Ge;
R =K, Rb, Cs). Finally, we provide a perspective on future experimental work in this field.

Keywords: kagome lattice, quasi-particle excitation, electronic correlation, magnetism

PACS: 71.20.-b, 79.60.—
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1. Introduction

The kagome lattice typically consists of a honeycomb
border shared triangular lattice, thus the kagome physics
inherits the honeycomb’s Dirac and Van Hove singularity
(VHS) features.!!! Considering the influence of spin—orbit
coupling (SOC), the ideal kagome lattice is expected to
yield an almost dispersionless, phase-destructive flat band
(FB), exhibit markedly enhanced Coulomb interaction, and
potentially manifest phenomena such as high-temperature
ferromagnetism, >3! Wigner crystal,!*>! and the long-pursued
high-temperature quantum anomalous Hall effect.!%”! There-
fore, the exploration of a clean and ideal two-dimensional (2D)
kagome material has received extensive attention in condensed
matter physics in recent years.

An ideal bulk kagome material consisting solely of
kagome lattices does not exist. In practice, most of the topo-
logical kagome materials contain an additional atom in the
center of the kagome lattice (Fig. 1(a)), which could lead to
additional hopping that modifies the ideal kagome band struc-
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ture. Additionally, kagome solid materials can be constructed
by selecting the category, method, and sequence of insertion
layers between the kagome layers, ¥ where a pristine kagome
layer can be achieved. Studying the clean kagome layer in
this manner is primarily suited for surface-sensitive detection
methods, such as angle-resolved photoemission spectroscopy
(ARPES) and scanning tunneling microscopy/spectroscopy
(STM/STS).

By incorporating extra atomic layers between the kagome
interlayers, the material’s overall properties become more in-
tricate, potentially giving rise to more complex strongly cor-
related phases. Unlike the topological systems based on s or
p orbitals near the non-interacting limit, in these intermetal-
lic materials, the kagome lattice filled with the low-energy 3d
electrons of transition metals could provide diverse magnetic,

-1 In light of this, lever-

orbital, and electronic properties.
aging diverse symmetries, magnetism, and electronic corre-
lation characteristics could offer a promising avenue for in-

vestigating the interplay between topological and strong cor-
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relation effects in bulk kagome materials, for example, the  ferromagnetism,!”! and the strongly entangled CDW and su-

kagome magnetic Weyl fermions resulting from breaking the = perconducting phases associated with the correlation effects

time-reversal symmetry,[>!3] the Chern phase manifesting in
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of the vHSs!!*-11 and/or the FBs,[!7-18 as seen in Fig. 1(b).
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Fig. 1. Crystal structure and electronic structure of typical kagome metals. (a) Top view of the kagome plane with space-filling atoms (X:
Ge, In, Sn, Sb) at the center of the hexagon. The in-plane unit cell is marked with the parallelogram. (b) Tight-binding band structure of the
kagome lattice exhibiting a Dirac band at the K point, two van Hove singularities at the M point, and a flat band across the whole BZ. The
illustrations represent the geometric phase-destructive flat band, saddle band, and the Dirac cone-derived Weyl/Dirac. (c) Stacking sequences
of the kagome metal series 73X, TX, ATsXe, and RT3 X5, respectively.

Table 1. Magnetic properties, band topology, and intrinsic AHE of various categories within the kagome family.

Material Low-temperature magnetic order THE and intrinsic AHE Band features
Mn3Sn/Ge chiral AFM[20251 THE/AHE26:38] Weyl semimetal, flat band[20:4!]
Fe;Ge planar FM 143] THE Dirac cone, flat band and vHS[?3
FesSny non-collinear FM [0 THE/AHEP?1] massive Dirac and flat band 523
FeSn AFM 4] not reported Dirac cone, flat band!3-5¢!
FeGe AFMUB7 AHED7 Dirac cone, vHS and CDW [49:571
CoSn PMB8! not reported Dirac cone and flat band[2%3%-6]
AMngSng FM: A = Li, Mg, Ca, Nd, Sm THE in A =Y, Er, Sc and Dirac cone and flat band in
and Yb:[19-61-65] Tm; [67-69.76.81] A=Y, Gd, Tb, Dy;84-86]
(helical) AFM: A = Sc, Y, Lu;06-70] AHE except for vHS in YMngSng; 34!
FIM: A = Tb, Dy, Ho, Er, Tm LuMngSng [19:62:63.67.68.70,71,74,76,82.83] Chern Dirac in TbMngSng 87}
and Gd!71-80!
AVgSng PM: A =Y, Lu;[8889 AHE reported in ScVgSng %4 Dirac cone and vHS in A = Gd,
no magnetic ordering in A = Er, Tm Ho, Tb and Sc;[95-981
and Sm at low temperature; (83201 flat band in Gd and Tb;[®3-%]
weak magnetism in A = Gd, Tb, Dy mostly Z» surface state; 8895981
and Ho[8991-931 CDW in ScV4Sng !
RV3Sbs no long-range order: AHE[02.103] Dirac cone and vHS;[104-100]

R =K, Rb and Cs!100:101]

CDW, PDW, nematic/stripe orders
and superconducting!%107]

(Rb/Cs)VgSby,  PMI108109] not reported Dirac nodal line;[!10]
VHS[110.111]
(Rb/Cs)VSb6 ~ PMI108109] not reported Dirac nodal line and pressure-induced
superconductivity 1]
Co3Sny S, FMI113] AHE!2 Wely semimetal!'?! and flat band!?!]
Ni3zIn, S, pMm (14 not reported Dirac nodal line!!!4!
Ni3In,Se, AFM[113] not reported Dirac nodal line!'!¢]
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Recently, numerous transition metal kagome materials
across various families have emerged, leading to extensive
studies and fruitful results. In general, compounds within
the same family display homologous properties due to their
shared structure and similar magnetism, while those belong-
ing to different series possess distinct structures, resulting in
divergent properties. For example, emergent superconductiv-
ity, CDW/SDW/PDW phases, nematic and stripe orders are
observed in the topological kagome metals RV3Sbs (R = K,
Rb, Cs) family.”! The intrinsic anomalous Hall effect (AHE)
and nontrivial topological band structure are shown in most of

(191 and the Z, topologi-

[10

the AMngSng family of compounds,
cal state presents in the AVSng family.l'”) Meanwhile, sim-
ilar properties are also shared among different kagome fam-
ilies, implying a common physical origin and/or quasiparti-
cle excitation. Examples include the magnetic Weyl states in
Mn3Sn/Mn3Ge and CozSn;S, deriving from the Dirac cone

(13201 the negative orbital magnetism

of the kagome lattice,
in Co3SnyS,; and CoSn compounds deriving from the FB
of the kagome lattice,?"?>) and the CDW states in RV3Sbs
and FeGe compounds deriving from the vHSs of the kagome
lattice.!!%! Thus, performing comparative analyses of kagome
compounds across different family systems to discern simi-
larities and differences in physical properties will deepen our
understanding of the topology and electron correlation effects
within the kagome platform.

In this review, we will focus on the recent advance-
ments in understanding the electronic structure, magnetism,
CDW instabilities, and superconductivity in several prototyp-
ical kagome materials. We start with the 73X family of com-
pounds in Section 2, where we emphatically review the tun-
ability of the kagome band structure via spin reorientation in
ferromagnetic Fe3Ge. Next, we review the 7X kagome family
represented by FeSn, CoSn, and FeGe compounds, discussing
their diverse magnetic and band features in Section 3. Then
we examine the electron correlations and topological prop-
erties in ATgSng in Section 4. In Section 5, we explore the
underlying origins of different exotic phases, such as CDW,
SDW, PDW, and unconventional superconductivity, as well as
their potential entanglement in the RV3Sbs family. Finally, we
conclude the review by providing a future perspective on the
research field of kagome lattices. The detailed properties of
these kagome materials are summarized in Table 1.

2. The simplest kagome lattice in 73X family

The T3X (T = Mn, Fe, Ni; X = Ge, Sn, In) family hosts
the simplest kagome structure, characterized by a lattice that
is stacked exclusively along the z-axis, with the Sn/Ge/In atom
filling the center of the hexagon. Despite the strong inter-
layer interaction between the kagome layers, the properties of
these solid materials are predominantly influenced by kagome

features. These features include a Dirac-like band connected
to the saddle point, capped by a FB. The Dirac states in the
kagome lattice can split into two Weyl points with opposite
chirality upon the breaking of time-reversal symmetry. This
results in the formation of Weyl semimetals, whose surface
states are characterized by Fermi arcs that connect the two
Weyl points.

Mn3Sn and Mn3Ge exhibit a non-collinear antiferromag-
netic (AFM) order transition at approximately 7 = 420 K
(Fig. 2(a)). Upon cooling below this temperature, the Mn mag-
netic moments form an inverse triangular spin configuration,
resulting in a nonzero Berry curvature and producing a weak
net magnetization with small magnetic anisotropy within the
kagome plane.?%-?#23] Meanwhile, the chiral antiferromag-
nets Mn3Sn and Mn3Ge have been found to exhibit a surpris-
ingly large room temperature AHE. 6!

Recent theoretical and experimental advances have
demonstrated that the intrinsic AHE in Mn3Sn and Mn3Ge
is driven not by magnetism but by the Berry curvature of the
nontrivial topological Weyl states.>”! Benefiting from ARPES
measurements and theoretical efforts, the AFM kagome com-
pounds Mn3Sn and Mn3Ge have been shown to host time-
reversal symmetry-broken Weyl fermions, as illustrated in
Figs. 2(c) and 2(d).[?0-28]

These Weyl states with diverging Berry curvatures sup-
port distinct anomalous transport phenomena, including the
chiral anomaly effect, nonlocal transport, Weyl orbit transport,
negative longitudinal magnetoresistance, anomalous Nernst
effect, thermal Hall effect, magneto-optical Kerr effect, and
both topological and planar Hall effects. 29!

Furthermore, measurements of the scanning tunneling
spectroscopy (STS) in Mn3Sn reveal a many-body resonance
akin to the Kondo effect, stemming from the robust Coulomb
interaction between the phase-destructive FB and the itinerant
conduction band near Er. These results suggest that Mn3Sn
is a correlated topological kagome metal with a flat band
state. [41]

Given that Mn3Sn samples can possess different magnetic
structures depending on their chemical compositions and/or
growth conditions, an external magnetic field can effectively
adjust the intrinsic AHE and the electronic band structure.
Mnj3Sn thus provides a promising platform for establishing the
correlations between space—time spin texture, AHE, and band
topology. [4243]

Another compound, Fe;Ge, is isostructural to Mn3Sn
and Mn3Ge, crystallizing in a hexagonal structure with the
P63 /mmc (No. 194) space group and belonging to the kagome
lattice binary 73X series. In contrast to the antiferromagnet
Mn3Sn and Mn3Ge, the kagome ferromagnet Fe;Ge does not
exhibit Weyl states but demonstrates rich characteristics in the
temperature evolution of spin texture and topology.[>344-46]
Due to the strong interplane coupling in the 73X series, ob-
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taining atomically flat surfaces by cleaving the single crystals
for surface-sensitive experiments is almost unfeasible. It is
usually necessary to polish the (001) surfaces and then sputter
and anneal the polished surfaces in a vacuum.

As depicted in Fig. 2(e), it was reported that the Fe mo-
ments align along the z-axis at high temperatures and then start
to cant away from the z-axis towards the xy-plane at a lower

temperature (7 ~ 380 K), finally forming a planar ferromag-
netic (FM) ground state at 7 < 170 K.[%3] With increasing
temperature in Fe3Ge, spins tend to align with the easy axis,
which facilitates the formation of a non-coplanar spin texture
under an external magnetic field, leading to the emergence of

a time—space topological Hall effect (THE) resembling that of
Mn;3Sn. [38:46]

K M K
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Fig. 2. Lattice structure and electronic band structure of 73X. (a) Magnetic texture of MnzSn with a 120° structure of Mn moments lying in each
x—y kagome plane. (b) 3D and projected BZs of 73X with marked high-symmetry points. (c) Distribution of the Weyl points in the bands on the
kx—ky plane at k; = 0 near Er for the magnetic texture shown in panel (a). (d) DFT calculated band structure of the Weyl point along the high-
symmetry line K—M—K in Mn3Sn (panels (a), (c) and (d) adapted from Ref. [20]). (e) A summary of the magnetic phase transitions as a function
of temperature in FezGe. (f), (g), (h) DFT calculated band structures of Fe3Ge in the FM phase for the Fe moments (ug. ~ 2.2 up) aligned along
the x, y, and z axes, respectively. (i) FS mapping of Fe3Ge taken by the 125-eV photons (k; = 0 plane) with linear horizontal (LH) polarization
and DFT calculated bulk FSs in the &k, = O plane with an FM moment aligned along the y-axis. (j) ARPES intensity plots measured along the
H-L-H directions with photon energies of 116 eV and 135 eV respectively (LH polarization). The red dashed lines are guides to the eyes for the
Dirac cone structure of the DP2 at the H point and its connection to the vHS2 at the L point. (k) Second derivative intensity plots taken along the
K-I'-K and M-I"-M directions with LH and LV polarizations, respectively. The less-dispersive DP1 at the K point, the vHS1 at the M point, and
the FB regions are marked out. (1) Second derivative intensity plots of FezGe along the I'-M—K-I" lines with hv = 125 eV and T = 16 K (upper
panel). Comparison between the calculated bands near Er of FM Fe3Ge with the Fe moments (Uge ~ 2.2 ug) along the y and z axes (lower panel).
(m) Temperature-dependent EDCs taken at K and M points with LH and LV polarizations as indicated in panel (1), respectively./?3]
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Fe3;Ge exhibits complex magnetic phase transitions, thus
providing a good platform for studying the correspondence be-
tween the intricate effects of magnetic spin configurations and
electronic structure. In Figs. 2(f)-2(g), the overall bulk band
structure in the FM state is calculated from density functional
theory (DFT), with the preferred spin direction along the x,
v, and z axes, respectively. It exhibits an in-plane ferromag-
netic state at low temperatures and shows minimal discrep-
ancy in the electronic structure when the Fe moment’s easy
plane aligns along the x or y-axis, suggesting that they are both
ground states in calculations.

Meanwhile, as the Fe moments cant from the z-axis into
the xy-plane upon cooling, the two types of kagome-derived
Dirac fermions respond differently. The Dirac point (DP1)
with less dispersive bands in the k, ~ O plane, containing the
3d > orbitals, evolves from gapped to nearly gapless. In con-
trast, the other Dirac point (DP2) with linear dispersions in the
k; ~ 7 plane, which embraces the 3d,,/3d,, components, re-
mains intact, indicating that the effect of spin reorientation on
the Dirac fermions is orbital selective.!?] Comparing the DFT
calculations with ARPES, the experimental data and theoreti-
cal calculations exhibit excellent consistency in Figs. 2(i)-2(1).

As shown in Fig. 2(m), the temperature evolution of en-
ergy distribution curves (EDCs) taken at the K and M points
demonstrates that the gapless DP1 at the K point in the pla-
nar FM state becomes gapped as the spin cants towards the z-
axis, while the vHS at the M point remains almost unchanged.
This remarkable change in the DP1 gap, primarily involving
the 3d_> orbitals, resembles that of the Kane-Mele type SOC
gap,'#’! which is negligible under in-plane magnetic order but
strongly enhanced under out-of-plane magnetic order.?3! Tt is
thus expected that the spontaneous magnetization of Fe;Ge
could induce a Chern Dirac state at high temperatures. This
behavior also mirrors the strong coupling of Dirac fermions
with the z-axis vector field observed in Fe3Sn,.[8]

Moreover, comparative studies between the non-charge-
ordered Fe3Ge and its sibling compound charge-ordered FeGe
strongly support that the orbital-selective VHSs (3dy./3d,.)
near the Fermi level play an indispensable role in driving
the novel charge order on a magnetic kagome lattice, as in
FeGe.!*"! These unambiguous observations provide a feasible
route to design and manipulate the mass of Dirac fermions and
the vHSs for realizing exotic quantum phases in the kagome
magnet Fe;Ge and its siblings.

3. Diversified properties in kagome metals 7X
system

In 73X serial compounds, such as Mn3Sn and Fe3;Ge,
strong three-dimensional properties and small momentum-
size flat bands are revealed. These features primarily

originate from the strong interlayer coupling between the

kagome layers.[?>*!] The strategic construction of low-
dimensional electronic structures involves intercalating atomic
layers, which can reduce the coupling interactions between
the kagome layers. This may result in more quasi-two-
dimensional kagome properties, larger momentum scales, and
flat bands with finite bandwidth. For example, quasi-two-
dimensional Dirac-like band structures have been observed in
kagome lattice Fe3Sn, (denoted as the “32” system),[>%!17]
which can be viewed as inserting a layer of Sn atoms be-
tween two neighboring FezSn kagome layers. FezSn; features
a non-collinear ferromagnetic configuration, with competing
magnetic interactions and magnetic anisotropy that preserve a
robust THE.B! The intrinsic AHE signals topologically non-
trivial properties,®”! and the massive Dirac gap can be fur-
ther tuned by the applied magnetic field, offering a model
system for exploring topological phases related to the Kane—
Mele term.!8] The phase-destructive FB has also been re-
ported in Fe3Sn,.[%3 The “32” system, serving as an interme-
diate structure between the 73X and TX systems, can be con-
verted into the 7X system by inserting Sn/Ge atoms between
each nearest-neighboring double kagome layers.

In the TX system, a chemical stoichiometry ratio of 1:1
is achieved by inserting a hexagonal layer of Sn atoms into the
153X basic framework. Furthermore, compared to the 73X se-
rial compounds, the structural characteristics of TX typically
lead to two possible surface terminations when cleaved in situ:
the kagome (73X) termination and the Sn/Ge termination, as
illustrated in Fig. 1(c). In this section, we mainly introduce
three compounds of the TX series: FeSn, FeGe, and CoSn.

FeSn exhibits magnetic ordering, with ferromagnetically
aligned Fe moments within each kagome plane that are anti-
ferromagnetically coupled along the z-axis. 2361181191 Thig
configuration breaks both P and 7 symmetries individually
while preserving the combined PT symmetry. When com-
bined with the nonsymmorphic symmetry Sy,, it provides an
ideal platform to realize the symmetry protection of massless
Dirac fermions even in the presence of SOC. %]

Furthermore, it has been demonstrated that the spin de-
gree of freedom in the current AFM kagome system can ef-
fectively serve as a mechanism to tune topological behaviors
via doping and temperature, enabling the realization of mas-
sive/massless Weyl or Dirac states.%120-122] The breaking of
the combined PT symmetry on the surface results in a massive
surface Weyl band. [12%]

The tunable symmetry-breaking magnetic moment, S,
allows for the manipulation of the bulk Dirac gap and
energy shift through doping and temperature adjustments.
This tunability has been confirmed in cobalt-doped FeSn
(Fe;_,Co,Sn).[120-1221 Figure 3(a) represents the DFT-
calculated bulk bands integrated along k, revealing a distinct
FB at about 0.5 eV above Ef and a gapless bulk Dirac Fermion
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at the K point.

ARPES measurements yielded two distinct terminations,
namely, the kagome and the Sn honeycomb, respectively. In
the former case, experimental observations revealed a bulk
Dirac state at the K point formed by the unique geometric
structure of kagome. In the latter scenario, not only was a
kagome-derived bulk Dirac state measured, but also a surface
Dirac state, as a surface resonant state of bulk Dirac, formed
by the topmost ferromagnetic kagome layer under the surface
potential, as shown in Fig. 3(b).1>!

Orbital analysis reveals that the surface and bulk Dirac
states both have an identical orbital character, d, + dxzfyz.
Photon energy-dependent ARPES measurements further re-
veal that all Dirac states reflect the 2D nature in FeSn. Ad-
ditionally, the kagome-derived FB has also been detected by
linear vertical (LV) polarization, as shown in Fig. 3(c). The
spectral weight is uniformly distributed across almost the en-
tire 2D Brillouin zone (BZ), except around the K points.>>]

Based on the discussion, FeSn might be an ideal system
where the Dirac Fermion and FB from in-plane d orbitals are
invulnerable to inter-layer interactions and retain their disper-
sionless character in momentum space. Intercalated atomic
layers can reduce the coupling interaction between the kagome
Thus, the

Fe;_,Co,Sn system provides an ideal opportunity to tune the

layers to form an ideal 2D kagome structure.

magnetic state while observing the interplay between mag-
netism and topologically protected electronic states.

FeGe, a kagome magnet with a CDW, is a sibling com-
pound of FeSn and has recently attracted significant attention.
The kagome lattice in FeGe exhibits collinear A-type AFM or-
der with FM moments in each layer parallel to the z-axis below
Tn ~ 410 K. It transitions to a z-axis canted AFM structure
below T = 60 K, while an exotic short-range CDW emerges
within the AFM phase below 7' = 100 K.37-123.1241 The CDW
in FeGe enhances the moment of the collinear AFM order and
induces an AHE with a magnitude similar to that found in
RV3Sbs, 1021251 potentially consistent with a chiral flux phase
of circulating currents. 7]

In FeGe, electronic correlations within the kagome-
derived FB near the Fermi level in the paramagnetic state
could drive the system into antiferromagnetically coupled FM
planes.>71261 Within each FM layer, magnetic order breaks
the degeneracy of electronic bands, splitting the spin-majority
and spin-minority electron bands. One proposed origin of the
2x2 CDW order in FeGe is the nesting of van Hove singu-
larities (VHSs) near Ef in the spin-polarized electronic bands
below Ty.[”) In this scenario, the variation of the energy gap
with temperature for vHSs at the M point urgently needs to be
detected.

Distinct from the electronically driven mechanism from
vHSs nesting, another proposed origin of the CDW order is
dominated by Ge z-axis dimerization without a Kohn anomaly

in electron—phonon coupling but with spin—charge-lattice
coupling. 1261391 The chirality of charge order anisotropy is
correlated with antiferromagnetism, indicating a strong mag-
netic coupling of the charge order with magnetism.[4>-13!] The
CDW can also be tuned. 1301321

Theories propose that the charge order driven by
induce a nontrivial

kagome VvHSs can Berry phase

and various Berry phase-related quantum effects, in-
cluding orbital currents/magnetism and bulk—boundary
correspondence. 1311331341 Meanwhile, STM studies of the
Fe3;Ge kagome layer in FeGe present three pairs of 2x2 vec-
tor peaks with different intensities, leading to orbital currents
and weak orbital magnetization with a nontrivial Berry phase,
resembling the chiral charge order reported in AV3Sbs.[131]

Topological charge order in FeGe can also feature bulk—
boundary correspondence with edge states inside the bulk
gap, confirming the nontrivial bulk gap with gapless bound-
ary states.!!3! Thus, experimental observations of the kagome
material FeGe provide a rare type of AFM-CDW phase to ex-
plore the origin of the CDW order and the relationships be-
tween lattice, spin, orbital, topology, and electronic correla-
tion.

In paramagnetic CoSn of the TX family, the character-
istic clean kagome bands, DP and FB, with degeneracy near
the Fermi level, typically emerge in materials due to the rela-
tively isolated paramagnetic kagome lattices, contrasting with
the kagome magnet 73X, as illustrated in Fig. 3(d). The
ARPES study reported that in CoSn, there are three sets of
kagome bands in the 3d orbitals of Co, dyy / dxz_yz, dy;/ dy,, and
d_2, while the different orbital components of the Dirac cone
and FB exhibit distinct orbital-selective responses in polarized
measurements due to the matrix element effect. Considering
SOC, the DPs of various orbital components will result in dis-
tinct gap sizes, with significantly stronger SOC in the in-plane
orbitals compared to the out-of-plane ones. This discrepancy
is also a consequence of orbital selection. ]

The photon-energy-dependent ARPES measurement also
presents the FB near Ef across the whole BZ with negligible
dispersion along the out-of-plane momentum k..[®"1 To assess
the degree of correlation in the CoSn system, a renormaliza-
tion factor of ~ 1.5 was applied, which matched well with
the main ARPES features in Fig. 3(f), indicating intermediate
electron correlation effects in CoSn.>”)

Calculations of spin Hall conductivity in CoSn show a
nontrivial topology with a nonzero Z, invariant, which is con-
centrated near the spin—orbit coupling gap between the FB and
quadratic band at I" and the massive Dirac points at K.
STM reported a pronounced double kink feature in the kagome
layer of CoSn, different from the dispersion calculated by first
principles. This feature is identified as a fingerprint of Bosonic
mode, proving the existence of many-body interactions be-

tween the dispersive band and the flat-band phonon. 133
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Fig. 3. Crystal structure and electronic structure of 7X. (a) Energy-momentum dispersion of FeSn integrated along the k, direction. (b) Energy-
momentum dispersion of FeSn across the K point on Sn termination. DC1 and DC2 indicate the positions of Dirac points. (c) Experimental band
structure of FeSn along the I'-K—M high-symmetry direction measured with LV polarization on kagome termination. The red box highlights the
nearly flat band with a binding energy of ~ 0.23 eV (panels (a)—(c) adapted from Ref. [55]). (d) DFT calculated bands of CoSn along high-symmetry
directions with SOC. Orbital characters are indicated by the different colors. Flat bands, Dirac points, and band gaps induced by SOC at the Dirac points
are indicated. (e) Scanning tunneling spectra taken on the Co3Sn surface (red) and the Sn surface (yellow) (V =1V, I = 100 pA). (f) Intensity plots and
corresponding second derivative plots along the I'-K and I'-M directions in ¢ geometry, respectively. Flat bands are indicated by the red dashed lines
(left panel). The red lines on the corresponding second derivative plots are DFT-calculated bands renormalized by a factor of 1.5.0) (g) Highly resolved
ARPES results along the L-H-A directions with photon energies of 45 eV, showing a flat band with a high density of states around Er. (h) Calculated
orbital moment of the flat band along the L-H-L direction, with red arrows indicating the direction and magnitude of the magnetic moment (left).
Schematic diagram of the magnetic-field-induced diamagnetism in the kagome lattice (right) (panels (g)—(i) adapted from Ref. [22]).

In transport measurements, the resistivity within the
kagome plane is more than one order of magnitude larger than
the z-axis resistivity, which is in sharp contrast with conven-
tional 2D layered materials. Moreover, the magnetic suscep-
tibility under an out-of-plane magnetic field is found to be
much smaller compared to the in-plane case.??! These anoma-
lous and giant anisotropies can be reasonably attributed to the
unique properties of flat-band electrons with the closest Ef
along the L-H-A line and could contribute to the negative or-
bital diamagnetism illustrated in Fig. 3(h).[??!

Considering the proximity of the Er to the FB at H in
CoSn, once the FB is precisely tuned to Ef, the significant
DOS within the FB will precipitate the emergence of corre-
lated phases. For paramagnetic CoSn, partially substituting tin
with nonmagnetic indium (CoSnj_,In,) tunes the Fermi en-
ergy into the FB region and induces magnetic instability, lead-
ing to an itinerant A-type AFM order with small moments ly-
ing within the kagome planes.!!3%! The observation of a topo-
logical FB in the kagome lattice CoSn opens up a new av-
enue to study correlation-driven emergent electronic phenom-

ena against the backdrop of topological nontriviality.

4. Rich magnetism and topology in double-
layered kagome magnet AT¢X¢

Another kagome metal family, ATgXg (A = Li, Mg, Ca, or
rare earth; T =V, Cr, Mn, Fe, Co, Ni; X = Sn, Ge), known
as the ‘166’ family, has attracted substantial attention due to
its prevalent magnetic properties and large chemical diversity.
Here, we mainly focus on two series: the V-166 (AVSng) sys-
tem and the Mn-166 (AMngSng) system.

The ATsSng compound is composed of A-Sn3, T-Snl,
and Sn2 layers stacked along the z-axis, comprising two
kagome layers per unit cell. The interval between kagome lay-
ers is greater than that in 73X family but slightly smaller than
that in 7X family, suggesting a quasi-two-dimensional charac-
teristic and allowing a direct study of the electronic structure
of the kagome layer in the 166 system. However, complex
interlayer and intralayer interactions occur within the kagome
lattices and sublattices of other elements, implying that the 166
system will manifest exotic quantum phases and could intro-
duce tunable magnetism.

In AVgSng, non-magnetic or weakly magnetic proper-
ties typically serve as a good platform for tuning nontriv-
ial band topology associated with the non-magnetic transi-
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tion metal V kagome, with anisotropic magnetic properties
arising solely from the rare earth triangular lattice of the A-
site. The magnetic ordering temperature of AVSng is Ty =
48K, 43K, 29K, and 2.3 K for R = Gd, Tb, Dy, and Ho,

89.91.921 The compounds YVsSng and LuVeSng

respectively.!
exhibit typical characteristics of paramagnetic metals, and no
magnetic ordering is observed down to low temperatures for
ErVeSng, TmVeSne, and SmVeSng. 88201

Meanwhile, in the AVgSng system, the Fermi level is
mainly contributed by V-3d electrons, typically exhibiting
FB, vHS, and DP near Ef in calculations or experiments,
e.g.,in A=Y, Gd, Ho, Sm. 88,90,92,95,97] Recently, theoreti-
cal predictions suggest the existence of Z, topological non-
trivial states with Dirac surface states in most paramagnetic
AVgSng, and this has been partially confirmed in experi-
ments, such as in GdV¢Sng, YVeSng, HoVeSng, and ScVgSng
systems. (889397981 The AV¢Sng system also offers an intrigu-
ing platform for manipulating Dirac surface states and vHSs
through potassium dosing, which is essential for tailoring
topological characteristics and investigating potential spin-
tronic applications.®”!

A newly discovered kagome metal, ScVgSng, reveals a
first-order phase transition around 7 = 92 K and exhibits
V3 x /3 x 3 CDW orders.[”! Additionally, a theoretical study
proposed a large lattice instability with abundant CDW orders
in ScV4Sng due to the small atomic radius of Sc.![!37! X-ray ex-
periments have detected a dynamic short-range v/3 x v/3 x 2
CDW order above 92 K, which competes with the V3x/3x3
CDW order.[!38] It is further suggested that both physical and
chemical pressures can quench this effect.[!3]

In the ScVgSng, the electronic structure shows the exis-
tence of multiple saddle points near the Er contributed by the
V-kagome layer, as well as Dirac points at the K point. A large
electron pocket centered at the I point is mainly contributed

98,1401 Tracking the tem-

by Sn atoms near the kagome layer. !
perature evolution of the band structure across the charge order
transition reveals that the Sn band at I" develops a charge order
gap and reconstructs the Fermi surface, while the V kagome
bands remain unaltered, elucidating the significant role of Sc
atoms in the formation of the CDW.!4%!

The incorporation of Cr, Sc(V1_,Cry)eSng, results in the
Fermi level shifting, causing the vHSs to move away from the
Er. Meanwhile, the CDW order remains stable over a wide
doping range, affirming the marginal role of vHSs at the M
point.[14%1 Phonon calculations for ScVSng display a contin-
uum of unstable phonon modes centered at H. Associated with
structural distortions involving the planar Sn and Sc sites, the
contribution from the V kagome layer is negligible.[?%140]

Raman measurements reveal a two-phonon mode in the
normal state and new emergent phonon modes with high

frequency in the CDW phase, indicating a strong electron—

phonon coupling.”®131 The /3 x /3 x 3 CDW order in
ScVeSng is also observed to be sensitive to both physical and
chemical pressures, disappearing around P = 2.4 GPa without
the concurrent emergence of superconductivity.! 14!

Recently, a newly discovered kagome metal, YbV¢Sng,
shows typical heavy-fermion properties due to the Kondo ef-
fect on the Kramers doublet of Yb?t ions above T = 2 K, with
a remarkable magnetic ordering occurring at Ty = 0.40 K.
This provides a rare example of heavy-fermion kagome com-
pounds hosting diverse FBs derived from the 4f-orbital of the
Yb Kondo lattice or the 3d-orbital of the V kagome lattice.[14?]
To confirm the FB characteristics near the Ef in the YbVeSng
system, future electronic structure measurements are urgently
needed.

Contrasting with the V-166 based kagome lattice materi-
als with a non-magnetic V kagome layer, the magnetic proper-
ties of the magnetic AMngSng family change dramatically and
behave sensitively to the rare-earth metal A sublattice mag-
netic coupling with each FM kagome layer. In the Mn-166
compound, complex magnetic textures originating from the
A-site magnetism and Mn-based FM kagome layers generally
appear, exhibiting diverse long-range magnetic orders includ-
ing ferromagnetism (A = Li, Mg, Ca, Nd, Sm, Yb),[19’61‘65]
ferrimagnetism (A = Tb, Dy, Ho, Er, Tm, Gd),["1-8%1 and an-
tiferromagnetism or helical antiferromagnetism (A = Sc, Y,
Lu).[6-701 Figure 4(a) displays a sketch of the bilayer kagome
structure of AMngSng and the magnetic state of the A atom
(green arrow) and Mn (yellow arrow) in different AMngSng
compounds.

Recently, novel electromagnetic properties have been
revealed in the AMngSng system.  For instance, most
AMngSng kagome magnets exhibit an intrinsic anoma-
lous Hall effect derived from the nontrivial Berry curva-
ture, except for TmMngSng and LuMngSng where non-
trivial massive Dirac fermions generally exist in those

[19,62,63,67,68,70,71,74,76,82,83] The remarkable

kagome lattices.
THE has also been detected in some AMngSng kagome mag-
nets, originating from the field-induced non-zero chiral spin
texture, [97-6%76.811 35 shown in Fig. 4(d).

The linear band crossing at K and the quadratic band
touching degeneracy at I', considering SOC, can be a singu-
lar source of Berry curvature and nontrivial topology. (71431
In particular, a near-ideal quantum-limit magnet with Chern-
gapped massive Dirac fermions with out-of-plane ferrimag-
netic (FIM) in TbMngSng has been identified using STM and
quantum oscillations, which exhibits a non-trivial in-gap edge
state, as shown in Fig. 4(b).">%7] The Chern Dirac fermion
generally exists in the Mn-based kagome lattices with a net
magnetic moment in AMngSng for A = Gd-Er, whose Berry
curvature field generates a large intrinsic anomalous Hall

effect.[70]
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Fig. 4. Crystal structure and electronic structure of AMngSng. (a) Two kagome layers are connected by an A atom layer in AMngSng, where
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TbMneSng, where the spin-polarized Dirac bands open a Chern gap with an edge mode arising in the gap (adapted from Ref. [87]). (c) The
systematic evolution of Dirac cone energy Ep and gap size A follows v/dG and dG, respectively (adapted from Ref. [70]). (d) A schematic of
a nanoscale skyrmion lattice with a field applied perpendicular to the kagome lattice plane, showing the nonzero scalar spin chirality y with
three non-coplanar spins S;, S;, and Sy (adapted from Ref. [68]). (e) Schematic of different field-induced magnetic structures in YMngSng
(adapted from Ref. [69]). (f) Phase diagram of YMneSne for B || [100] with a contour plot of pyTz(T,B)A M (B) data points are in white with
colored outlines, and neutron data points are in color with white outlines. The H-AFM, DFC, and PFM indicate the helical AFM structure,
double-fan phase with a z-axis component, and polarized ferromagnetic structure, respectively (adapted from Ref. [68]). (g) Illustration of the
photoemission intensity plots, second derivative plots, and DFT + DMFT calculated ARPES in the FM state with SOC of YMngSng along
—M-K-T in the k, ~ 0 plane, respectively. (h) Same as (g), but in the 2nd BZ.[84]

Figure 4(c) shows the systematic evolution of the derived
Dirac cone energy Ep and gap size A following v/dG and dG,
respectively, where the de Gennes factor dG = (g; — 1)2J(J +
1), gs is the Lande factor, and J is the total angular momentum
of the R>* ion Hund’s rule ground state.[”"!

Among the rare-earth metal alloys AMngSng, the
YMngSng stands out due to its complex magnetic structure,
which features a double magnetic sublattice. It undergoes
a paramagnetism—antiferromagnetism phase transition at the
Néel temperature Ty = 359 K, transitioning from AFM order
along the z-axis to a helical AFM order with in-plane FM order
below T = 326 K.[68:6%]

In YMneSne, with increasing magnetic field (B||[100]),
the magnetic state transitions from a distorted spiral (DS) state
to a transverse conical spiral (TCS) phase, a fan-like state
(a quadrupled structure along the z-axis with spins deviating
from the in-plane magnetic field direction), and finally to a
forced ferromagnetic (FF) state, as shown in Fig. 4(e).[%°! Fig-
ure 4(f) presents a complex phase diagram of YMngSng for
B||[100], illustrating the helical AFM (H-AFM), double-fan
phase with a z-axis (DFC), and polarized FM (PFM) states cor-
responding to the DS state, TCS state, and FF state in Fig. 4(e),
respectively.[®8] The area denoted as “?” in Fig. 4(f) was re-
vealed to be a FL state by Siegfried et al.l!*4!

Particularly, the THE in YMn¢gSng is proposed to orig-
inate from dynamic chiral fluctuation-driven non-zero spin
chirality in the DFC phase, rather than from a field-driven
skyrmion lattice.[®®) ARPES measurements reveal that the
band structure of magnetic kagome YMngSng exhibits the
complete characteristics of the kagome lattice near EF, includ-
ing DP, vHS, and FB. Spin-polarized DFT + DMFT calcula-
tions indicate that the flat band (FB2, Fig. 4(h)) with a high
density of states around Ef is from the majority-spin state,
while the Dirac point (DP2) is from the minority-spin state,
indicating its single-spin degenerate origin.3%

The massive Dirac point (DP2) and flat band (FB2) near
EF, arising from the spin-polarized band with SOC, exhibit in-
trinsic Berry curvature that may explain the anomalous Hall
effect observed in transport measurements.®#! Theoretically,
the non-trivial Berry curvature associated with spin-polarized
massive Dirac fermions typically generates an orbital mag-
netic moment. STM measurements confirm the presence
of large orbital magnetic moments and reveal a momentum-
dependent effective g-factor associated with a nontrivial mas-
sive Dirac band in a kagome magnet.!'*> Since the magnetic
order at the surface of YMngSng breaks time-reversal sym-
metry, the gapped Dirac band should carry a non-zero Chern
number, indicating that YMngSng is a topological kagome lat-
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tice Chern magnet.!143)

Although AMngSng compounds exhibit various complex
magnetic behaviors, such as z-axis FIM in TbMngSng, canted
z-axis FIM in DyMngSng, in-plane FIM in GdMngSng, and
in-plane helical antiferromagnetism in YMngSng, they all dis-
play robust band structures (DP and FB near Ef), suggesting
that magnetic order plays a secondary role in influencing the
band structure, 843!

Moreover, unlike most AMngSng compounds which ex-
hibit intrinsic AHE with a net magnetic moment, some com-
pounds like LuMngSng without intrinsic AHE allow trivial
Dirac dispersion. Future experiments probing the electronic
structure of trivial 166-Mn kagome magnets may provide fur-
ther insights necessary to disentangle the connection between
magnetism and topological properties.

5. Rich correlations and topology in kagome
metal RV;Sbs

The RV3Sbs (R = K, Rb, Cs) is another representative
kagome family, which has aroused much concern due to rich
physical states, such as CDW, superconductivity, nematic and
stripe order, PDW phase, Z, topological state, large AHE, and
chirality under magnetic field, etc. These complex, symmetry-
breaking ordered states compete or intertwine, echoing high-
temperature superconductors, yet their correlation remains
enigmatic. The early works on RV3Sbs were introduced in
some reviews. [10:107]

As shown in Fig. 5(a), the crystal structure of RV3Sbs
crystallizes in a hexagonal structure with the P6/mmm
(No. 191) space group.!'#®! There are V-Sb slabs consisting
of V kagome nets and interspersing Sb atoms, which are sep-
arated by R ions along the z axis. There are two kinds of Sb
sites: the Sb! site at the centers of V kagome hexagons, and
the Sb? site below and above the centers of V triangles forming
graphene-like hexagon layers.

In RV;Sbs, only CDW but also
superconductivity.! I For example, the full tempera-
ture ranges for the electrical resistivity of CsV3Sbs in Fig. 5(b)

there is not
104,147-151

indicate the presence of an anomaly at 7 = 94 K (Tcpw) sus-
pected to be an electronic instability (e.g., charge ordering),
and field-dependent measurements at low temperatures in
Fig. 5(c) show that superconductivity occurs at approximately
T, = 2.5 K.['%4 Unlike well-known CDW materials, 132138
CDW in RV3Sbs fails to induce acoustic phonon anomalies
near the CDW wave vector, indicating a strong commensura-
bility effect. (149159

The RV3Sbs shows abundant structures of the CDW
phase, for example, unidirectional CDW,!10-162] 3 three-
dimensional CDW with a 2 x 2 x 2 superstructure!'%3] or a
2x2x4 superstructure,[m” a chiral CDW,[100-164] and a CDW
that breaks the six-fold rotational symmetry of the kagome
lattice.[19%15] Correspondingly, two-fold rotational symme-
try that persists into the superconducting phase was found in

magnetoresistance measurements. 1%-166:167] Starting at a high
temperature, temperature-dependent STM of such a system
was carried out.['%?! As shown in the upper panel of Fig. 5(d),
STM topographs at T = 60 K exhibit a 2 x 2 superstructure,
which breaks the translational symmetry of the lattice. As
the system is cooled down further, the electronic structure of
CsV3Sbs begins to display a pronounced unidirectional char-
acter. As shown in the lower panel of Fig. 5(d), another pe-
riodic modulation with a 4ay wavelength at approximately
T = 50 K propagates along only one lattice direction and
emerges in STM topographs. At 7 = 300 mK, the magnitude
of the drift-corrected, two-fold symmetrized Fourier transform
in Fig. 5(e) reveals wave vectors Q3524 = %QBragg for2 x 2
CDW, Q1444 = %QBragg for 4ay unidirectional charge order,
and Q3,_4/3, for new 3Q PDW modulations.!'%! RV3Sbs also
shows a magnetic response of the chiral charge order, suggest-
ing a time-reversal symmetry breaking of the CDW order.[1%8]

A rich interplay between CDW and superconduc-
tivity is observed in RV3Sbs under external hydrostatic
pressure,[147:148.169-1711 " and CDW is monotonically sup-
pressed with increasing pressure. Such competition between
the CDW state and superconductivity is usual since the gap
opening at the CDW state would dramatically reduce the den-
sity of states at Fermi surfaces, leading to the suppression of
superconductivity within the Bardeen—Cooper—Schrieffer sce-
nario. By comparing phase diagrams derived from uniax-
ial strain measurements and past hydrostatic pressure exper-
iments, researchers discovered that the increase in 7. under
pressure or tensile g-axis strain occurs because the competing
CDW order is suppressed by changes in the z-axis lattice pa-
rameter. Both T and Tcpw are dominated by changes in the z-
axis lattice parameter, regardless of whether they are promoted
by hydrostatic pressure or uniaxial strain. Therefore, this com-
parison further suggests that the effect of the broken rotational
symmetry induced by the uniaxial strain on the CDW and SC
states is weak.[!7?]

The entire RV3Sbs system exhibits a uniform band struc-
ture, exemplified by the calculated band structure of CsV3Sbs,
as depicted in Fig. 5(f). Dirac linear dispersion is found at
the K point, while a saddle point can be seen at the M point.
Competing density wave instabilities may also arise, and, in
the present case, scattering wave vectors would connect an en-
hanced density of states at saddle points near the Fermi energy
at the M points. Nesting across a 2D Fermi surface with an
underlying hexagonal motif is also thought to promote the for-

[104

mation of a superconducting state.!%4! Theoretically, topolog-

ically nontrivial surface states close to Er and the continuous
direct gap throughout the Brillouin zone allow the identifica-
tion of the normal state as a Z, topological metal.!!73-174] Ex-
perimentally, the intercept on the Landau level index in the
Landau level fan diagram of quantum transport experiments

confirms the nontrivial topological property of CsV3Sbs.[173]
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temperatures for the electrical resistivity of CsV3Sbs (adapted from Ref. [104]). (d) Atomically resolved STM topographs, taken over the Sb-terminated
surface (adapted from Ref. [162]). (¢) Fourier transform of d//dV map of CsV3Sbs (adapted from Ref. [160]). (f) Calculated band structure of CsV3Sbs.
Shaded areas show continuous direct gaps (adapted from Ref. [104]). () Fermi surface of ARPES intensity map of CsV3Sbs.[1%! (h) ARPES intensity
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induced a weak first-order phase transition (adapted from Ref. [159]).

From the perspective of band structure, two kinds of sad-
dle points correspond to vHS (including m-type vHS and p-
type vHS) have been observed by ARPES. [105106.176-178] Hjop
quality ARPES map of CsV3Sbs in Fig. 5(g)!!% shows a high
intensity around the M points, suggesting the singularities or
the surface states at the proximity of Er. Figure 5(h) shows the
temperature evolution of the bands along the K-M direction.
The bands near the M point are remarkably renormalized by
the CDW, while at 7 = 140 K, x’ band crosses Er. With the

decreasing temperature, k' band shifts down. And at approx-
imately T = 50-70 K, the ¥’ band centered at M is flattened
and sinks below Ef, forming an M-shaped band with the tips
of band (singularities) at about 60 meV below Eg. The sym-
metrized EDCs in Fig. 5(i) show that both k’ and y bands along

11051 The electronic instabil-

K-M further open the energy gap.
ity via Fermi surface nesting could play a role in determining
these CDW-related features. Above Tcpw, nearly perfect nest-

ings can be seen in the left panel of Fig. 5(j). Once upon en-
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tering the CDW phase, as shown in the right panel of Fig. 5(j),
the interactions involved in nested bands and overlaps could
result in gap opening and FS reconstructions in the CDW BZ.
The finite density of states at Er in the CDW phase is most
likely in favor of the emergence of multiband superconductiv-
ity, particularly the enhanced density of states associated with
the CDW-induced flat features just below Eg.[10¢]

Based on the tight-binding model of the kagome lattice,
Hy=Y%, c}:chk, there are possible charge-order states pre-
dicted for the RV3Sbs family in Table 2.9 The vector CDW
can be obtained if the charge density for each sublattice is
considered. Furthermore, the hopping bonds inside each unit
cell are considered. If the hopping bond order parameters
are real, one can get a charge bond order. If the hopping

bond order parameters are imaginary, one can get a chiral

flux phase, which breaks time-reversal symmetry. There are
also star of David (SD) and inverse star of David (ISD).[1%
As shown in the left panel of Fig. 5(k), DFT calculations
show that the ideal kagome lattice is stable and corresponds
to the free-energy minimum at high temperature. However,
as shown in the right panel of Fig. 5(k), the lattice energy is
asymmetric with respect to the lattice distortion at zero tem-
perature: the SD is a local energy minimum, while the ISD
is the global minimum. Since CDW always couples with lat-
tice distortions through finite electron—phonon coupling, the
asymmetric lattice-distortion free energy adds a cubic term
in the CDW free energy through electron—phonon coupling
near Tcpw, which consequently drives the CDW transition to

a weak first-order transition. !>

Table 2. Possible charge-order states, based on the tight binding model of kagome Hy = Y C}:chk' 1ol

Possible charge orders Hamiltonian Order parameter

Vector CDW (vCDW) Hy—Yr A,cpw - ﬁ(R) AvCDW(R) = ﬁ(R) = (ﬁA,ﬁB,ﬁc)
A(cos(Qq- R),cos(Qp- R),cos(Q.- R))

Charge bond order (CBO) H() - ZR ACBO . ’fL(R) ACBO(R) = AVCDW(R) O(R) = (CLL’B s C]J;C(;.,CEL‘A)

Chiral flux phase (CFP) Ho—Yr Acrp - n(R) Acrp(R) =i1Aycpw(R) O(R) = (CLL’B,C];C'C,L'ECA)

Not long after the discovery of RV3Sbs, two new mem-
bers of V-based kagome metals, CsVgSbi, and CsV¢Sbg, were
reported.[19%1091 By inserting alternative building blocks or
changing the stacking sequences, the initial Cg symmetry in
RV;3Sbs decreases to C, in RVgSbys and Cz in RV4Sbg.[108!
However, CsVgSbi; and CsVSbg are distinctly different from
RV3Sbs because the CDW and superconducting transitions
are absent in both CsVgSb, and CsVSbg down to about
T =2 K.U08191 There are two types of saddle points (VHSs)
in CsVgSby,.l'""1 One VHS at M originates from the kagome
lattice and is located at high binding energy. Compared to
CsV3Sbs, 100 the saddle point of the V-based kagome in
CsVgSby; is located further away from Eg. The absence of
vHSs near Er could be the reason for the disappearance of
CDW and superconductivity in CsVgSby,. Another vHS at
T arises from the V,Sb, layer and is situated near Er. The
saddle point around I" close to Er enhances the density of
states near Eg. However, being the only hot spot at the cen-
ter of the BZ, the saddle point at I" does not contribute to
the intra-Fermi surface scattering. High-pressure and low-
temperature measurements do not show any sign of supercon-
ductivity down to 7 = 0.3 K in CsVgSb.[191 However, su-
perconductivity was found in RV¢Sbg upon applying quasi-
hydrostatic pressures.!!!?) The high-pressure phase diagram
suggests a complex interplay of the pressure-dependent den-
sity of states and structural instabilities. Such modification
stems from a structural phase transition that occurs above
P ~ 20 GPa, where the structure changes from rhombohedral
to monoclinic. It is most likely that the monoclinic phase hosts

superconductivity.[!1?]

Besides the aforementioned kagome systems, the
“322” kagome family, including Co3Sn;S,, NisIn;S,, and
NizIn,Se;p, is also attracting considerable attention. The
kagome ferromagnet Co3Sn, S, with large intrinsic AHE is be-
lieved to host magnetic Weyl semimetal states.[!>!13] Given
a well-defined electronic band structure with reduced correla-
tion effects, such magnetic Weyl semimetal states in Co3Sn;S»
have been demonstrated to host superior electronic coherence
compared to Mn3Sn.['329 Direct experimental observations
have confirmed the presence of both bulk Weyl fermions and
surface Fermi arcs in Co3Sn;S,, validating the existence of
magnetic Weyl semimetal states.!!3!7°l Additionally, the op-
timal 2D high-temperature quantum anomalous Hall states
(Chern insulator states) with 1D chiral edge states are expected
to be realized in monolayer Co3Sn,S,, which, due to its lay-
ered structure, can be achieved through mechanical exfolia-
tion of the bulk crystals or the film growth.!'80:1811 This pro-
vides precious opportunities for exploring more exotic topo-
logical phenomena in the layered ferromagnetic kagome ma-
terials. For the kagome metals Ni3In,S, and NizIn,Se;, the
high carrier mobility and substantial unsaturated magnetore-
sistance have been observed in the transport measurements,
which can be attributed to the underlying Dirac nodal line
semimetal states, as suggested by both the experiments and

theory, [114116.182]
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6. Conclusion and outlook

In this topical review, we present an overview of recent
studies on kagome materials with different kinds of structures,
including 73X, TX, ATsXs, and RT3Xs5 families. In kagome
metals, the introduction of atomic layers provides a new path-
way for tuning the system’s magnetism and correlations, lead-
ing to rich long-range magnetic orders, nontrivial topologi-
cal properties, and diverse correlation-related states such as
CDW, superconductivity, fractional quantum Hall effect, in-
trinsic topological superconductivity, and so on. One may also
expect the further manipulation of these states by external fac-
tors, such as chemical or electrical doping, strain, and pres-
sure, which could lead to more exotic quantum phenomena.

One can see that the kagome materials involved in our re-
view exhibit at least one of the kagome band characteristics
(Dirac cone, FB, and vHS), which are derived from the frus-
trated lattice geometry of the kagome lattice. Combining this
unique lattice geometry with electron correlations and mag-
netism, novel quantum states can be induced. For example,
the Dirac cone together with the z-axis net magnetic moment
results in the Chern magnet; 1/3 or 2/3 filling of the FB can
give rise to a high-temperature fractional quantum Hall state;
the nesting of vHSs near Ef could trigger CDW instabilities.
These studies pave the way for exploring novel electronic and
magnetic behaviors in condensed matter physics. The intri-
cate interplay between geometry and electron interactions in
kagome lattices offers a rich playground for future theoretical
and experimental investigations.

Looking ahead, further studies can delve deeper into the
understanding and manipulation of these emergent phenomena
towards potential applications in quantum computing, spin-
tronics, and beyond. Further efforts to synthesize and charac-
terize new kagome materials are crucial not only for advanc-
ing the knowledge of the community but also for realizing the
technological potentials of kagome materials. Moreover, the
exploration of ideal 2D kagome materials through mechanical
exfoliation, MBE growth, and intercalation will probably real-
ize even more pristine FBs and cleaner 2D Dirac fermions. In
this context, it might also be reasonable to expect the construc-
tion of kagome-based moiré superlattices in the near future.
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