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Three important driving forces for creating qualitatively new phases in quantum materials are the
topology of the materials’ electronic band structures, frustration in the electrons’ motion or magnetic
interactions, and strong correlations between their charge, spin, and orbital degrees of freedom. In few
material systems do all of these aspects come together to contribute on an equal footing to stabilize
new electronic states with unprecedented properties; however, the search for such systems can be
guided by models of configurational motifs or key sublattices that can host such physics. One of the
most fascinating structural motifs for realizing this rich interplay of frustration, electronic topology,
and electron correlation effects is the kagome lattice. This review provides an overview of the
theoretical underpinnings driving the physics of kagome lattices and a subsequent discussion on
experimental progress in realizing novel states enabled by kagome networks in crystalline materials.
Different material classes are discussed, with an emphasis on the phenomenologies of their electronic
states and how they map to interactions arising from their kagome lattices.
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I. INTRODUCTION

The kagome lattice is recognized as being composed of a
corner-sharing network of the iconic elementary motive of
frustration, the triangle. This insight was translated into the
physics of crystalline materials in two waves: The first focus
was on magnetic insulating compounds, such as herbertsmi-
thite, that are derived from strongly correlated oxides and
exhibit local magnetic S ¼ 1=2 moments of Cu kagome nets
(Mendels and Bert, 2010; Norman, 2016). As the Coulomb
interactions emanating from the Cu d orbitals are strong, these
systems are placed deep in the Mott limit where the kinetic
electronic degrees of freedom are frozen out. Herbertsmithite,
and polymorphs thereof, thus provided an excellent setting for
geometrically frustrated quantum magnetism and topologi-
cally ordered spin liquids (Lacroix, Mendels, and Mila, 2011;
Iqbal et al., 2013; Bauer et al., 2014; He et al., 2017).
The second focus was on kagome metals. Preceded by

binary kagome metals tailored toward supporting Dirac and
flat-band electronic states (Ye et al., 2018), the field of many-
body electronic order in kagome metals was ignited by the
synthesis of layered AV3Sb5 (A ¼ K, Cs, or Rb) crystals
(Ortiz et al., 2019) or the “135” family of kagome compounds.
The V3þ constituents in this family form a kagome lattice, i.e.,
a non-Bravais lattice of corner-sharing triangles. Kagome
metals, harboring an unprecedentedly rich phenomenology
offering itinerant magnetism, charge order, electronic top-
ology, and superconductivity (SC) in a variety of compounds,
have initiated a new era of kagome quantum materials
(Neupert et al., 2022). Theoretical studies proposed the
emergence ofZ2 topological insulators via spin-orbit coupling
(SOC) (Guo and Franz, 2009) and quantum anomalous Hall
insulators through magnetism and SOC (Xu, Lian, and Zhang,
2015; Guterding, Jeschke, and Valentí, 2016), highlighting the
potential for the kagome lattice to host phenomena at the

nexus of topology and magnetism. The first experimental
confirmation of topological (massive) Dirac fermions in a
kagome material was achieved in the ferromagnetic binary
kagome compound Fe3Sn2 (Ye et al., 2018; Yin et al., 2018),
soon followed by the direct observation of the characteristic
kagome flat band in the same material (Lin et al., 2018).
Explicitly topological flat bands possessing a Z2 invariant

due to SOC were experimentally verified in the kagome metal
CoSn (Kang et al., 2020a). The first explorations of the 135
family of ternary kagome compounds AV3Sb5 led to the
discovery of a high-temperature charge ordering transition and
SC at ambient pressure (Ortiz et al., 2020; H. Chen et al.,
2021; Ortiz, Sarte et al., 2021; Kang et al., 2023). The
evidence for high-temperature electronic charge order alone,
however, which was previously witnessed in other materials
such as NbSe2 (Ugeda et al., 2016), would not provide a
sufficient basis for the tremendous excitement surrounding
kagome metals, and kagome materials in general. Rather, the
excitement, as evident from the growing trend of publications
and citations in Fig. 1 in the past few years, is fueled by
various factors.
To begin, the unconventional nature of charge order with

respect to time-reversal symmetry (TRS) breaking or nem-
aticity, as well as the possible appearance of pair density wave
(PDW) SC, provides a strong hint that electronic correlations
are vital to the formation of quantum many-body phases in
kagome metals, which are further enhanced through the
presence of Van Hove singularities (VHSs) near the Fermi
level (K. Chen et al., 2021; Jiang et al., 2021; Tan et al., 2021;
Guo et al., 2022; Mielke et al., 2022; Li et al., 2023b; Guo
et al., 2025). The possibility of orbital currents further
suggests a largely unexplored facet of correlated electron
systems, i.e., a TRS-breaking mechanism descending not from
local spins but from orbital moments. Surprisingly, within a
relatively short time span, a proliferation of new discoveries
and kagome material classes suggests that kagome matter is a

FIG. 1. Number of publications per year, and relative citations,
from 2000 to 2025 in which the word kagome is mentioned. Data
have been retrieved from the Web of Science platform while
searching within all fields. The dashed red lines are a guide for
the eye to emphasize the surge of interest by the scientific
community around 2019, which we ascribe to the experimental
discovery of binary and ternary kagome metals. From Ye et al.,
2018, and Ortiz et al., 2019.
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uniquely diverse host for exotic electronic order. As an added
example, FeGe features an itinerant magnetic phase at high
temperatures before it develops an onset charge density wave
(CDW), as well as the possibility of a spin density wave
(SDW), yielding an interesting intertwining of charge and spin
fluctuations to be explored further (Teng et al., 2022, 2023;
Yin et al., 2022; Lebing Chen et al., 2024; Klemm et al., 2025;
Oh et al., 2025).
Parallel to this development on symmetry-broken phases

has been the exploration of the prototypical noninteracting
kagome band structure features and their fate in real materials.
A central line of this research is the flat electronic band, which
has been long expected from destructive interference on the
hexagonal plaquette of the kagome network (Bergman, Wu,
and Balents, 2008). Previously explored in the context of
metalizing insulating kagome materials (Mazin et al., 2014;
Kelly, Gallagher, and McQueen, 2016), significant progress
has been made recently in kagome metals, including spectro-
scopic identification of these flat bands and observation of
interaction effects arising therefrom (Kang et al., 2020a,
2020b; Liu et al., 2020; Gim et al., 2023; Ye et al., 2024;
Xie et al., 2025).
At this time, the field keeps expanding into novel kagome

material classes with entirely different ordering phenomena
such as the 134 family (Eu and Yb) V3Sb4 (Ortiz et al.,
2023b); the 166 family, like ScV6Sn6 (Pokharel et al., 2021;
Hu, Wu et al., 2022); and new material classes with varied
kagome-site character such as Ti-based and Cr-based kagome
metals (B. Liu et al., 2023; Y. Liu et al., 2024). In addition,
with the advent of twisted hexagonal moiré systems (Cao
et al., 2018; Andrei and MacDonald, 2020; Andrei et al.,
2021; Devakul et al., 2021; Kennes et al., 2021; Bernevig and
Efetov, 2024) and advances in quantum material heterostruc-
ture modeling by design, the possibility of emergent kagome
lattices is arising (Claassen et al., 2022). While this branch of
kagome matter is still in its early stages, the prospects of such
pursuits are promising for reaching the strong-coupling
regime of kagome electron systems where topological order
and itinerant quasiparticle excitations face off. This would
allow access to uncharted territory of strongly correlated
electron systems.
A key motivation behind the recent surge of interest in

twisted hexagonal moiré systems and heterostructure model-
ing is the pursuit of truly two-dimensional kagome lattices.
Within many bulk kagome materials realized to date, out-of-
plane electron hopping can disrupt the flat bands and electron
localization essential for many-body correlated and topologi-
cal phenomena. To address this challenge, several comple-
mentary approaches have been actively explored. First, van
der Waals kagome metals provide an opportunity to realize
atomically thin layers preserving the intrinsic kagome geom-
etry (Park et al., 2020; Yan et al., 2022; Y. Fang et al., 2023;
Regmi et al., 2023; Mantravadi et al., 2024; Yun et al., 2025).
Second, thin-film growth and surface-engineering techniques
enable the fabrication of ultrathin or artificially constructed
kagome lattices, thereby allowing precise control over dimen-
sionality and electronic structure (Cheng et al., 2022, 2023;
Mihalyuk et al., 2022; Kim and Liu, 2023; J. H. Lee et al.,
2024; Ren et al., 2024; Vekovshinin et al., 2024). Together,
these strategies aim to create kagome systems where low

dimensionality enhances electron correlation effects and
topological features, providing a promising avenue for future
research in the field.
As much as the experimental side of the field has flourished

with new discoveries, kagome metals have also pushed the
frontiers of theoretical understanding. In particular, the micro-
scopic description and conceptualization of kagome metals
has posed a new level of intricacy in correlated electron
systems for three main reasons.

(1) The kagome lattice exhibits three sublattices and,
combined with the relevance of multiple orbitals in
all kagome metals known to date, enforces a compli-
cated kinetic electronic model even in its most reduced
effective form (Kiesel and Thomale, 2012). This
presents a fundamental challenge to a large fraction
of contemporary many-body methods beyond mean
field that are typically constrained to simpler kinetic
models.

(2) Coulomb interactions have likewise already been
unveiled as a necessary ingredient in V-based kagome
metals dominated by vanadium d orbitals (Di Sante,
Kim et al., 2023), an ingredient that is likely to be
strengthened in future Cr-based (Sangiovanni, 2024)
or even Cu-based (Wenger et al., 2024) kagome metals
with an increasingly filled d-shell valence. This
implies that a many-body electronic ansatz for kagome
metals will be largely indispensable.

(3) Phonons have also been shown to be a necessary
component of any microscopic kagome modeling, as
suggested by large electron-phonon coupling and
charge orderings commensurate with dominant pho-
non modes (T. Hu et al., 2023; Tuniz et al., 2023,
2025). This suggests that any all-electronic modeling
of kagome matter will miss out on essential aspects
and that phonons have to be considered at all levels of
effective kagome metal modeling.

As a consequence, the actual theoretical perspective on
kagome metals turned out to be highly fragmented, as most
approaches cannot treat the impact of all relevant degrees of
freedom on equal footing. As experimental evidence suggests,
however, this is needed to account for the astounding richness
of electronic orders in kagome matter. The same holds for the
typical experimental observables provided by bulk measure-
ments, surface probes, transport signatures, and spectroscopic
evidence, where a quantitative correspondence is enabled only
by starting with a complex material modeling.
This has put kagome metals at a new level of complexity

compared to previous paradigms of correlated electron sys-
tems such as high-temperature cuprates. There, as intricate as
the nature of the cuprate phase diagram may be and as many
questions as it may currently pose, the single band Hubbard
model provides an extremely powerful effective description.
Such a simple yet universal effective model does not exist for
kagome materials. Instead, understanding kagome matter at a
deeper level has necessitated methods and models with a more
inclusive ansatz with respect to different low-energy degrees
of freedom.
Within such a diversified and complex landscape of

theoretical and experimental efforts, the goal of this review
is to provide a comprehensive overview of kagome metals,
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beginning with an analysis of their single-particle electronic
and phonon properties in Sec. II, including the electronic
structure of spinless electron models in Sec. II.A, spin-orbit
interactions in Sec. II.B, and lattice vibrations in Sec. II.C. We
then explore in Sec. III many-body phenomena such as CDWs
in Sec. III.A, SC in Sec. III.B, PDWs in Sec. III.C, electron-
phonon interactions in Sec. III.D, and the role of correlations
and fluctuating local moments in Sec. III.E. A detailed
discussion on the various materials classes follows in
Sec. IV, encompassing binary and ternary kagome compounds
in Secs. IV.A and IV.B, respectively, with representative
examples across different elemental compositions. Finally,
in Sec. V we summarize key insights and outline future
research directions in the study of kagome metals.

II. SINGLE-PARTICLE ELECTRONIC AND PHONON
PROPERTIES

The kagome lattice geometrically consists of a two-dimen-
sional network of corner-sharing triangles, as shown in Fig. 2
(a). The unit cell includes three sublattice sites, conventionally
called the A, B, and C sites. These sites result in a high degree
of geometrical frustration for the hopping of electrons
between the different atoms. In the following, in Secs. II.A
and II.B, we discuss the properties of several single-particle
models on the kagome lattice without accounting for any
many-body contribution that could potentially arise from
electron-electron and electron-phonon interactions. These
properties are reviewed in Sec. III.

A. Electronic structure of spinless electrons

At the single-particle level, the first important differentia-
tion is the number of orbital degrees of freedom per site. This
influences the size of the associated Hilbert space and the
number of electronic states. We start in Sec. II.A.1 by revising
the well-known and widely used model of a single orbital per
site and, more specifically, simple isotropic s-orbital-like
electrons, and in Secs. II.A.2 and II.A.3, we extend it by
the inclusion of two or more orbitals. This extension and
increase in the complexity of the model turns out to be
crucial for its expressivity in relation to real-world kagome
materials.

1. One orbital per site

The simplest kagome lattice model is constructed by
assuming a single orbital per lattice site, most commonly
of s-like character (such as s, pz, or dz2) because of their trivial
transformation under the action of point group symmetry
operations. This simplification, long adopted in theoretical
studies, captures the essential lattice connectivity responsible
for the characteristic kagome band structure. In real materials,
however, the spatial orientation and nature of the relevant
orbitals with respect to the underlying lattice play a crucial
role in realizing the kagome electronic bands; we return to this
point in later sections.
The starting point is then the tight-binding (TB) model of

spinless s-orbital electrons hopping on the lattice given by the
single-particle Hamiltonian

H0 ¼ −t
X

hði;sÞðj;lÞi
c†i;scj;l; ð1Þ

where t is the hopping amplitude, c†i;s (ci;s) creates (destroys)
an electron in the unit cell i and sublattice site s of the kagome
lattice, and hði; sÞðj; lÞi denotes all pairs of nearest-neighbor
sites. Transforming Eq. (1) in momentum space, it becomes
H0 ¼

P
kΨ

†
kH

0
kΨk, with Ψ†

k ¼ ðc†k;1; c†k;2; c†k;3Þ and

H0
k ¼

2
64

0 cosk · a1 cosk · a2
cosk · a1 0 cosk · a3
cosk · a2 cosk · a3 0

3
75: ð2Þ

The index s ¼ 1, 2, or 3 in c†k;s refers to any of the three basis
sites A, B, and C in the triangular unit cell, whereas a1 ¼ ax̂,
a2 ¼ aðx̂þ ffiffiffi

3
p

ŷÞ=2, and a3 ¼ a2 − a1 identify the three
nearest-neighbor vectors, with a the lattice parameter.
The eigenvalue spectrum ofH0

k, shown in Fig. 2(b) with the
corresponding DOS, consists of two dispersive bands,

Eð1;2Þ
k ¼ −t½1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Ak − 3

p
�; ð3Þ

with Ak ¼ cos2 k · a1 þ cos2 k · a2 þ cos2 k · a3, and one flat

band at energy Eð3Þ
k ¼ 2t. The dispersive bands Eð1;2Þ touch at

the corner of the Brillouin zone (BZ) K ¼ ð2π=3a; 0Þ and
K0 ¼ ð−2π=3a; 0Þ, in proximity of which they exhibit a linear
energy-momentum dispersion relationship analogous to the
case of the honeycomb lattice. In fact, by linearizing H0

k near
K and K0 and subsequently projecting onto the subspace
spanned by the bands Eð1;2Þ, one obtains the Dirac
Hamiltonian hk ¼ vFðτ3kx þ τ1kyÞ, where vF ¼ ffiffiffi

3
p

t is the
Fermi velocity and τi are Pauli matrices (Guo and
Franz, 2009).
In addition to the dispersive bands, a flat band Eð3Þ

independent of the electron wave vector k exists. This flat
band is degenerate with one of the two dispersive bands at the
center of the BZ Γ, where the band touching is quadratic in
momentum. The presence of a flat band can be understood
from a mechanism relying on the destructive quantum phase
interference of fermion hopping paths in certain two-dimen-
sional networks. Besides the kagome lattice, these also include
the dice (Sutherland, 1986), Lieb (Lieb, 1989), and decorated
square lattices (Tasaki, 1992). With a specific focus on the
nearest-neighbor electronic hopping model of Eq. (1), one can
in fact build the real-space eigenfunction Ψ with alternating
phases at neighboring corners of the hexagon shown in
Fig. 2(c). Such an electronic state is geometrically confined
within a single hexagon because any hopping to neighboring
cells is canceled out by destructive phase interference. This
real-space electronic localization translates into flat momen-
tum-space eigenfunctions with no energy dispersion.
We emphasize that this mechanism relies strictly on the

nearest-neighbor hopping approximation; further-neighbor
terms generally introduce a finite dispersion into the nomi-
nally flat band. Moreover, the formation of perfectly flat bands
in real kagome materials is nontrivial because the relevant p
and d orbitals have distinct symmetry properties compared to
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idealized s-like orbitals. Achieving an ideal kagome band
structure thus requires the orbital character to be properly
aligned with the lattice geometry, a condition recently clarified
by Kim and Liu (2023), who showed that only certain orbital
configurations (for example, dz2 ) or rotated orbital bases under
large crystal-field splitting can host true flat bands.
A second instructive way to understand the appearance of a

flat band on the kagome lattice takes root in the theory of
graphs (Mielke, 1991a, 1991b; Roychowdhury et al., 2024).
This method also explains why the dispersion of bands Eð1;2Þ

resembles that of nearest-neighbor hopping models on the
honeycomb lattice. If A is a generic matrix of arbitrary
dimensions, then the two matrices AA† and A†A are
isospectral, except for zero modes that result from a potential
dimension mismatch between the kernel of A and A† if A is
not a square matrix. Identifying AA† as the adjacency matrix
of the honeycomb lattice graph, A†A turns out to be the
adjacency matrix of its incident or line graph, i.e., the graph
originating from the promotion of edges to vertices.
For the honeycomb lattice, the incidence graph is the

kagome lattice (Roychowdhury et al., 2024). The adjacency
matrix can be thought of as a hopping-1 nearest-neighbor
Hamiltonian similar to Eq. (1). The adjacency matrix of a line
graph can also be shown to have a zero mode as its lowest
eigenvalue (Cvetkovic, Rowlinson, and Simic, 2004; Chiu
et al., 2022). The flat band, or zero mode, in the kagome
spectrum can then be traced back to the difference in the
dimensions of the two graph adjacency matrices, which is
simply the difference in the number of sites (three) in the
kagome lattice unit cell versus the two sites of the honeycomb
lattice unit cell. This analysis explains why, besides the flat

band, the two lattices are identical from a spectral point of
view, with both featuring Dirac-like linear dispersions at the K
and K0 valleys and VHSs at the M points.
However, unlike the honeycomb lattice, the lack of particle-

hole symmetry in the kagome spectrum emerges prominently
when one looks at the redistribution of the real-space A, B,
and C sublattice characters in the momentum-dependent wave
function. In fact, the transition from real space to momentum
space upon Fourier transform reads

c†i;s ¼
X
k

c†k;s exp ½−ikðRi þ rsÞ�

¼
X
k;n

u�s;nðkÞc†k;n exp ½−ikðRi þ rsÞ�; ð4Þ

where Ri denotes the unit-cell location and rs represents the
sublattice location within the unit cell. The core information is
encoded in the transformation coefficients us;nðkÞ, namely,
the eigenvectors of H0

k in Eq. (2), which are known as
sublattice weights (Kiesel and Thomale, 2012). For a given
band n that identifies any of the Eð1;2;3Þ and momentum point
k in the BZ, the coefficients obey

P
sjus;nðkÞj2 ¼ 1.

Noteworthy is the distribution of the sublattice weights at
the VHS. At variance with the bipartite honeycomb lattice, the
kagome bands host two different types of VHSs that are
commonly labeled as sublattice mixed (m type) and sublattice
pure (p type), characterized by odd and even parities at the M
point, respectively (Kiesel and Thomale, 2012; Kiesel, Platt,
and Thomale, 2013; Wang et al., 2013; Kang et al., 2022;
Profe et al., 2024). Figure 2(d) shows the evolution of

FIG. 2. (a) Structure of the ideal kagome lattice. A, B, and C are the three sites in the unit cell. The blue triangles highlight the corner-
sharing configuration. (b) Band structure and corresponding density of states (DOS) in units of the hopping integral t resulting from the
three-sublattice structure of the kagome lattice shown in (a). The electron fillings n ¼ 3=12 and n ¼ 5=12 (horizontal gray plane) are
located at VHSs, as visible in the density of state plot from the two divergences symmetric to the location of the Dirac point.
(c) Confinement of the electron wave functionΨ. The plus and minus signs indicate the phases of the flat-band eigenstate at neighboring
sublattices. Any hoppings outside the hexagon (arrows) are canceled by destructive quantum interference, resulting in the perfect
localization of the electron in the blue hexagon. (d) Fermi-surface distribution of the sublattice weight for the pure-type VHSs at filling
n ¼ 5=12. The Fermi surface touches theM point of the hexagonal BZ where the DOS diverges, as shown in (b). Its topology allows for
three nesting vectors connecting parallel opposite sides of the Fermi surface, one of which is Q3 ¼ ð−π=2; ffiffiffi

3
p

π=2Þ. The colors red,
blue, and green label the major sublattice occupation of the Fermi-surface states, in agreement with the sublattice coloring scheme of (a).
Q̃�

3 originate from opposite shifts of Q3 and link states of similar sublattice weights. The labels I–VI are guides for the eye to help
reading off the modulation of sublattice occupation weights encoded in jus;n¼2ðkÞj2 for band Eð2Þ and momenta k along the Fermi
surface. (c) Adapted from Kang et al., 2020a. (d) Adapted from Kiesel and Thomale, 2012.
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jus;n¼2ðkÞj2 on the Fermi surface at the p-type VHS, where
the eigenstates near the three M points are localized on
mutually different sublattices. By contrast, the lower VHS
has mixed sublattice character, with the eigenstates equally
distributed over mutually different sets of two sublattices for
each M point.
Regardless of the sublattice decoration, the Fermi-surface

topologies at both VHSs suggest Q1 ¼ ð−π=2;− ffiffiffi
3

p
π=2Þ,

Q2 ¼ ðπ; 0Þ, and Q3 ¼ ð−π=2; ffiffiffi
3

p
π=2Þ as nesting vectors.

However, for the p-type VHS, the different sublattice char-
acter of states at the three distinct M points reduces the
effectiveness of the nesting vectors in the particle-hole
fluctuation channels compared to a Fermi surface with
identical topology and constant orbital makeup. In fact,
because of sublattice interference (Kiesel and Thomale,
2012; Kiesel, Platt, and Thomale, 2013), the particle-hole
fluctuation channels split into six different nesting vectors that
connect Fermi-surface regions of equal sublattice weights. For
instance, for the case of Q3, this amounts to a shift to
Q̃�

3 ¼ Q3 � ðπ=4; π=4 ffiffiffi
3

p Þ, as shown in Fig. 2(d).
The distributions of sublattice characters of VHSs in

kagome systems are important for possible Fermi-surface
instabilities, which are modulated by the matrix-element
effects of the sublattice textures. Indeed, the noninteracting
two-particle susceptibility in momentum-frequency space is
defined as

χ0s1s2s3s4ðq;ωÞ¼−Ω
Z

dk
4π2

×
X
n;m

us4;nðkÞu�s2;nðkÞus1;mðkþqÞu�s3;mðkþqÞ

×
nF½EðnÞ

k �−nF½EðmÞ
kþq�

ωþ iδþEðnÞ
k −EðmÞ

kþq

; ð5Þ

where Ω is the unit-cell volume, n=m are the band indices,
nFðEÞ is the Fermi-Dirac distribution, δ is an infinitesimally
small broadening, and the integral is carried out over the
entire BZ.
It is clear how the presence of the weighting coefficients

us;nðkÞ has a sizable influence on the particle-hole fluctua-
tions. The physical susceptibility is given by the susceptibility
matrix elements χ0s1s1s3s3ðq;ωÞ, whereas the Lindhard function
neglects the contribution from the coefficients us;n in Eq. (5).
Figure 3(a) displays the sublattice-resolved eigenvalues of the
static physical bare susceptibility χ0s1s1s3s3ðq;ω ¼ 0Þ (the solid
colored points) and the Lindhard function (the dashed gray
line) along a high-symmetry path at the p-type VHS. The
former does not reveal any peak around the M ¼ Q3 point,
and the eigenvector of the largest eigenvalue is attributed
mainly to the B and C sublattices, as the nesting vector Q3

connects parts of the Fermi surface that are dominated by
those sublattices; see Fig. 2(d).
As a result, the susceptibility along the line Γ–M is almost

constant because the opposite edges of the hexagonal Fermi
surface connected by Q3 are likewise dominated entirely by
the B and C sublattices. However, the Lindhard function that
discards the orbital makeup displays a pronounced peak at the

M point as a consequence of the Fermi-surface nesting.
Alternatively, at the m-type VHS [Fig. 3(b)], the physical
susceptibility shows a noticeable peak at the M point
attributed to the A sublattice, which is the common sublattice
shared by the Fermi-surface segments connected by the Q3

nesting vector. The Lindhard function exhibits a similarly
pronounced feature. A comparison of Figs. 3(a) and 3(b)
demonstrates the clear effect of the sublattice interference that
originates from the modulation of sublattice weights on the
Fermi surfaces at the VHS (Kiesel and Thomale, 2012; Kiesel,
Platt, and Thomale, 2013).

2. Two and three orbitals per site

The description in terms of itinerant electrons as given by
the one s-like orbital per site model can be adopted as a basis
to study the phenomenology of some realistic kagome systems
that are located at intermediate coupling and not in the Mott-
type local spin regime. Herbertsmithites (Norman, 2016) like
ZnCu3ðOHÞ6Cl2 are notable candidates in the latter regime
(Mazin et al., 2014; Di Sante et al., 2020). Promising

(a)

(b)

p-type

m-type

FIG. 3. (a) Eigenvalues of the static noninteracting susceptibility
χ0s1s1s3s3ðq;ω ¼ 0Þ along a high-symmetry path of the kagome BZ
for the chemical potential set at the p-type VHS. The colors refer
to the sublattice contributions in the susceptibility eigenvectors
and follow the color scheme given in Fig. 2(a) for the A, B, and C
sublattices. The dashed gray line, whose y axis is on the right,
reports the Lindhard function. (b) Same as (a) but for the
chemical potential set at the m-type VHS.
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alternative platforms have also been proposed, such as optical
kagome lattices of ultracold fermionic atomic gases, including
isotopes like 6Li and 40K (Jo et al., 2012).
In the weaker coupling, itinerant regime, the discovery of

AV3Sb5 kagome metal compounds (Ortiz et al., 2019) with
their large number of contributing orbitals from both Vand Sb
near the Fermi level, have required the development of more
sophisticated multiorbital effective models as a prerequisite to
any analysis of many-body instabilities. We use this material
as one concrete example to illustrate the complexity that arises
in this regime. In this context X. Wu et al. (2021) started with
the assumption that the ab initio band structure of AV3Sb5
closely matches angle-resolved photoemission spectroscopy
(ARPES) measurements taken below the CDW transition
temperature, despite the density functional theory (DFT)
calculations being done without considering the Star-of-
David-type structural distortion (Ortiz et al., 2020; Tan
et al., 2021).
The layered structure of AV3Sb5, combined with the large

anisotropy in the resistivity ρc=ρab [≈600 for CsV3Sb5 (Ortiz
et al., 2020)] motivated X. Wu et al. (2021) to constrain
themselves to the two-dimensional V-Sb kagome plane. When
one sets kz ¼ 0, DFT predicts three distinct Fermi surfaces in
AV3Sb5: (i) a pocket formed by vanadium dxy, dx2−y2 , and dz2
orbitals near a p-type VHSs, (ii) two additional pockets
created by vanadium dxz and dyz orbitals close to another
p-type VHSs below the Fermi level and anm-type VHS above
it, and (iii) a circular pocket around Γ comprising antimony pz
orbitals. Owing to opposite mirror Mz eigenvalues, electronic
states in pockets (i) and (ii) do not hybridize, while the
allowed hybridization terms between pockets (ii) and (iii)
are small.
For their two orbitals per site effective model, X. Wu et al.

(2021) considered only the Fermi pockets (ii) because they
carry the dominant DOS at the Fermi levels and preserve the
complexity of multiple VHSs of both p-type and m-type
character. More importantly, the effective model captures all
irreducible band representations at the high-symmetry points
in the BZ. The orbitals dxz and dyz that constitute the Fermi
pockets (ii) transform, respectively, under the B2g and B3g

irreducible representations of the site symmetry group D2h for
the 3f atomic Wyckoff positions (shown in Fig. 4). As such,
they form two sets of three bands with opposite mirror
eigenvalues and a mirror-symmetry-protected Dirac cone
along the Γ–M line, hence giving rise to an upper and lower
Van Hove filling (indicated by the red box in Fig. 4) with
opposite sublattice parity. The proposed effective TB
Hamiltonian reads (X. Wu et al., 2021)

H0 ¼
X
ksα

ϵαc
†
k;s;αck;s;α −

X
kslα

tαΦslðkÞc†k;s;αck;l;α

− t0
X
ksl

ΦslðkÞνslðc†k;l;xzck;s;yz − c†k;l;yzck;s;xzÞ; ð6Þ

with s; l ¼ A, B, and C and α ¼ xz and yz. In Eq. (6) ϵα
denotes the crystal-field splitting and the operator c†k;s;α
(ck;s;α) creates (annihilates) an electron on orbital α on
sublattice site s with momentum k. Further, ΦslðkÞ ¼
1þ e−2ik·dsl are the lattice structure factors, with dsl the

sublattice-connecting vectors. They obey ΦslðkÞ ¼
ð1 − δslÞΦ�

lsðkÞ. The transformation of the B2g and B3g

orbitals under the site symmetry group demands that the sign
structure of the third term in Eq. (6) is ensured by νAC ¼
νCB ¼ −νAB ¼ 1 and νsl ¼ −νls. Figure 4 shows that the
model is capable of faithfully capturing the electronic behav-
ior of AV3Sb5 kagome metals in the energy region around the
chemical potential, reproducing the nature and dispersion of
the two VHSs at the M point as well as the mirror symmetry-
protected Dirac crossing along the Γ–M line.
This model has been used as the noninteracting platform for

refined random phase approximation (RPA) analysis of super-
conducting instabilities (see Sec. III.C for details), to interpret
ARPES experiments on the twofold nature of VHSs (Kang
et al., 2022) and to predict the existence of possible chiral
excitonic order (Scammell et al., 2023). An extension of the
model to include the electron pocket at the Γ point that derives
from the central Sb pz orbital and is clearly detected in
photoemission measurements (Ortiz et al., 2020; Kang et al.,
2022) has also been proposed (X. Wu et al., 2021). However,
numerical calculations suggest that its contribution to the
superconducting properties of AV3Sb5 kagome metals is
marginal, while measurements under nonhydrostatic pressure
point toward a strong correlation between a monoclinic struc-
tural transition, the termination of the second high-pressure
superconducting dome and the removal of the Sb pz electron
pocket from the Fermi surface (Tsirlin et al., 2023).
An extension of the aforementioned model includes an

additional V dxy orbital represented by a Wannier state in
the Ag irreducible representation of D2h formed by a linear

Sb pz Sb p

FIG. 4. Eigenvalues of the two orbitals per site model of Eq. (6)
(blue lines) overlaying the band structure as obtained from the
first-principles calculations in the absence of SOC (gray lines) for
KV3Sb5. The red box highlights the energy-momentum region
where the multiple VHSs of both p-type and m-type character
emerge below and above the Fermi level, respectively. Inset: real-
space structure of the kagome V plane where the sign structure
(blue or red lobes) and spatial orientation of the B2g and B3g

orbitals is shown on the different lattice sites. Around the Γ point,
the arrows identify the electron pocket originating from the pz
orbital of the Sb atom located at the center of the hexagon of the
kagome lattice. Inset adapted from X. Wu et al., 2021.
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combination of dxy, dx2−y2 , and dz2 orbitals (Denner, Thomale,
andNeupert, 2021). Figure 5 shows the band dispersion of such
a model, and crossings between the dxy (blue) bands and the
dxz=dyz (red) bands are protected by mirror symmetry. The
coexistence of two p-type and onem-type VHS near the Fermi
level has been confirmed by recent ARPES measurements of
the CsV3Sb5 kagome metal (Kang et al., 2022). The three
bands forming these states at theM point have been namedK1,
K2, and K20, and their location in the proximity of the Fermi
level could set the stage for electronic symmetry breaking
(Denner, Thomale, and Neupert, 2021; Kang et al., 2022).
One further model for the AV3Sb5 kagome metals worth

mentioning was proposed by Deng, Zhang et al. (2023) and
based on the identification of elementary band representations
(EBRs) (Bradlyn et al., 2017; Cano et al., 2018; Elcoro et al.,
2021). This model is built considering an orbital with Ag

symmetry on each kagome site, i.e., V dx2−y2, and an orbital
with A00

2 symmetry, i.e., pz, on all Sb atoms on the hexagonal
“graphenelike” sublattice. This model, called two-EBR gra-
phene-kagome model, captures the dispersion of the two low-
energy VHSs and correctly describes the overall nontrivial
band topology of AV3Sb5 materials.

3. Extended models

The electronic structures of realistic kagome materials are
complicated and involve many orbitals and bands at the Fermi
level. Strongly simplified models, such as those described in

Secs. II.A.1 and II.A.2, while capable of describing general
band structure features in a qualitative way, fail to give
quantitative descriptions. To overcome this drawback and
to bring the faithfulness of TB approaches closer to that of
first-principles calculations, more realistic models have been
developed where not only the multiorbital nature of kagome-
like atoms but also the atomic environment are accounted for.
In fact, the importance of interorbital hybridization and of
grouping the dx2−y2=dxy, dxz=dyz, and dz2 orbitals was rec-
ognized in earlier studies of kagome metals (Kang et al.,
2020a; Okamoto et al., 2022; Kim and Liu, 2023) that
highlighted how orbital symmetry and hybridization strongly
influence the emergence of flat bands and VHSs.
As another material specific example, a comprehensive

understanding of the complicated electronic properties of the
XY family of kagome metals (discussed in Sec. IV.A), where
X is a 3d transition metal such as Fe and Co and Y is a main
group element such as Sn or Ge, was proposed by Jiang et al.
(2025) on a strategy based upon band decomposition and
orbital grouping. Each of the three groups is formed by
separating the d orbitals of X in combination with specific
orbitals of Y based on chemical and symmetry analyses.
Within each group an analytical understanding of the band
structures can be obtained. The resulting three decoupled
effective TB models quantitatively reproduce the quasiflat
bands, VHSs, and Dirac points of XY kagome metals (Kang
et al., 2020a, 2020b).
More specifically, Jiang et al. (2025) split the five kagome

X d orbitals into the three groups ðdxy; dx2−y2Þ, ðdxz; dyzÞ, and
dz2 because the Mz mirror symmetry prevents any planar
hybridization between the orbitals of the first two groups,
whereas the hopping terms between the ðdxy; dx2−y2Þ and dz2
orbitals, although allowed by symmetry, can be neglected.
These three groups are then combined with specific orbitals of
Y atoms, as depicted in the insets of Fig. 6. Indeed, first-
principles calculations confirm (1) large overlap and σ-like
bonding between the X ðdxy; dx2−y2Þ and trigonal Y ðpx; pyÞ
orbitals [Fig. 6(a)], (2) large overlap and π-like bonding
between the X ðdxz; dyzÞ and trigonal as well as hexagonal Y
pz orbitals [Fig. 6(b)], and (3) sizable overlap between the X
dz2 orbitals and the sp2 bonding state of honeycomb Y atoms
[Fig. 6(c)].
In matrix form the total TB Hamiltonian becomes (Jiang

et al., 2025)

H0
k ¼ Hdz2

ðkÞ

⊕

2
6664
Hpt

xy
ðkÞ Spt

xy; dxyðkÞ Spt
xy;dx2−y2

ðkÞ
HdxyðkÞ Sdxy; dx2−y2

ðkÞ
H:c: Hdx2−y2

ðkÞ þHð2Þ
dx2−y2 ; ph

z
ðkÞ

3
7775

⊕

2
6664
Hph

z
ðkÞ þHð2Þ

ph
z ;dx2−y2

ðkÞ 0 Sph
z ;dyzðkÞ

HdxzðkÞ þHð2Þ
dxz;pt

z
ðkÞ Sdxz;dyzðkÞ

H:c: HdyzðkÞ

3
7775; ð7Þ

FIG. 5. Band structure induced by dxy (blue lines) and dxz=dyz
(red lines) orbitals on the kagome lattice (see the inset) and the
corresponding pure and mixed nature of the VHSs. Adapted from
Denner, Thomale, and Neupert, 2021.
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where the blocksHiðkÞ along the diagonals derive from short-
range hopping contributions of the corresponding orbital i (pt���
and ph��� refer to orbitals on the trigonal and honeycomb Y
atoms, respectively), while the off-diagonal blocks Si;jðkÞ
account for hybridization terms between different orbitals.

The blocks Hð2Þ
i;j ðkÞ arise as corrections from second-order

perturbation theory and are required to keep the Hilbert space
of the model still manageable and to write Eq. (7) as the direct
sum ⊕ of three independent terms. Their eigenvalues, shown
in Fig. 6 as dashed blue lines overlaid to the ab initio band
structures for the specific case of paramagnetic FeGe, quan-
titatively reproduce the quasiflat bands, VHSs, and Dirac
points close to the Fermi level. Disagreements between the TB
model and bands from first-principles calculations appear at
high energies, putting forward Eq. (7) as a useful quantitative
model to study low-energy physics in kagome metals.
The model in Eq. (7) for the XY kagome metals can be

considered a Lego-like building block for the large family of
RX6Y6 or “166” kagome materials in the paramagnetic phase,
such as RðMn;VÞ6Sn6 (Peng et al., 2021; Pokharel et al.,
2021; Arachchige et al., 2022). The Hamiltonian of these 166
members can be obtained by doubling and perturbing the
model in Eq. (7) because the 166 class materials RX6Y6 can be
seen as a doubled X3Y3 material with an R atom inserted as a
spacer in the middle honeycomb layer.
In addition to binary kagome metals, simplified models of

ternary compounds such as AV3Sb5 also struggle to quantita-
tively capture several key aspects revealed by first-principles
calculations and ARPES (Kang et al., 2022). These include the
sublattice character of the two VHSs close to the Fermi energy,
the correct Fermi-surface orientation, and the multiorbital
nature of the low-energy bands. To address these shortcomings,
an extended Slater-Koster multiorbital formalism was devel-
oped by Zeng et al. (2025). This approach systematically
incorporates the crystal-field environment of Sb atoms, employs
a symmetry-adapted C3-respecting orbital basis, and allows
hybridization between orbitals of the same symmetry.
The Slater-Koster framework is based on six independent

hopping parameters, effectively renormalizing the influence of

the surrounding crystal environment while preserving orbital
symmetries. A central advance of the Slater-Koster method
over the simplified models of Secs. II.A.1 and II.A.2 is the
explicit treatment of interorbital hopping, particularly between
mirror-even and mirror-odd d orbitals. This mechanism
explains the emergence of “mirror interorbital flat bands”
(Zeng and Wang, 2024) and accounts for the anomalous
double p-type VHSs observed in AV3Sb5. When intraorbital
hoppings are included, these interorbital flat bands evolve
into dispersive kagomelike bands that remain consistent
with the double p-VHS scenario. The resulting Slater-
Koster multiorbital models achieve excellent agreement
with DFT and ARPES by reproducing the correct Fermi-
surface shapes and orientations, the sublattice and orbital
character of the VHSs, the multiorbital composition of the
low-energy dispersions across the BZ, and higher-order VHS
dispersions that are consistent with experimental fits (Zeng
et al., 2025).

B. Effect of spin-orbit interaction

To study the physics of kagome lattices in the presence of
SOC, one needs to expand the spinless basis of the model in
Eq. (1) to Ψ†

kσ ¼ ðc†k;1; c†k;2; c†k;3Þ ⊗ ð↑;↓Þ to include the spin
degree of freedom. In the absence of SOC, at 1=3 filling the

lowest band Eð1Þ
k in Fig. 2(b) is filled and the low-energy

electronic excitations of H0 resemble those of graphene.
A perturbation term bilinear in the fermionic operators that
breaks the SUð2Þ spin symmetry while preserving both the
translational symmetry and the TRS of H0 is the spin-orbit
interaction that induces hopping between next-nearest-
neighbor (NNN) sites (Guo and Franz, 2009). It takes
the form

HSO ¼ {̇
2λNNNffiffiffi

3
p

×
X

⟪ði;sÞðj;lÞ⟫σσ0
ðd1

ij × d2
ijÞ · c†i;s;σσσσ0cj;l;σ0 ; ð8Þ

FIG. 6. Band structures of first-principles calculations (solid lines) and of the TB model in Eq. (7) (dashed blue lines) for the specific
case of FeGe. The ab initio band structure has been computed in the paramagnetic phase of FeGe. (a)–(c) The three groups of Fe
ðdxy; dx2−y2Þ, ðdxz; dyzÞ, and dz2 orbitals, respectively. The darker the color of the bands, the stronger the character of the respective set of
orbitals shown in the insets. Adapted from Jiang et al., 2025.
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where λNNN is the NNN SOC strength, c†i;s;σ (ci;s;σ) creates
(annihilates) an electron in the unit cell i, the sublattice site s,
and the spin σ and ⟪ði; sÞðj; lÞ⟫ denotes all next-nearest
neighbors. d1;2

ij are nearest-neighbor vectors traversed between
NNN pairs ði; sÞ and ðj; lÞ, and σ is the vector of Pauli spin
matrices. Because the vectors d1;2

ij all lie within the x-y plane,
only the σz Pauli matrix appears in Eq. (8), and the spin-orbit
HamiltonianHSO decouples for the two spin projections along
the z axis. As such, the motif of NNN hoppings that are
induced by the SOC [Fig. 7(a)] resembles that of the Haldane
or Kane and Mele models of graphene (Haldane, 1988; Kane
and Mele, 2005a, 2005b).
Transforming Eq. (8) in momentum space, the spin-orbit

Hamiltonian reads

HSO
k ¼ �{̇2λNNN

×

2
64
0 cosk · ða2 þ a3Þ − cosk · ða3 − a1Þ

0 cosk · ða1 þ a2Þ
0

3
75; ð9Þ

where the plus (minus) sign refers to spin-up (spin-down)
electrons. As shown in Fig. 7(b), the SOC opens up a gap at the
Dirac point. Themagnitude of such a gap scales linearlywith the
strength of the SOC, amounting toΔSO ¼ 4

ffiffiffi
3

p jλNNNj.HSO also
opens up a gap at the touching point between the flat band Eð3Þ

and the dispersing band Eð2Þ coming up from the Dirac point;
see Fig. 7(b).
The Hamiltonian that governs the low-energy excitation in

the vicinity of the K point acquires a mass term m� ¼
�2

ffiffiffi
3

p
λNNN taking the form hk� ¼ vFðτ3kx þ τ1kyÞ þ τ2m�.

Furthermore, performing a numerical diagonalization of the
latticeHamiltonianH0

k þHSO
k in a strip geometry, one obtains a

spectrum that is characterized by the presence of spin-filtered
gapless states associatedwith each edge, as reported in Fig. 7(c).
These states traverse bulkgaps that both have beenopenedupby
the SOC and are hallmarks of a topologically nontrivial ground
state at both 1=3 and 2=3 filling. In this respect, with SOC the
electronic structure cannot be smoothly deformed into that of a
trivial insulator, and explicit calculations show that it possesses

FIG. 7. (a) In the presence of SOC, spin-up electrons hopping between next-nearest-neighbor sites with amplitude iλNNN when moving
in accordance to the dashed arrows and −iλNNN when moving against. For spin-down electrons, the arrows are reversed. (b) SOC
opening a gap at the Dirac cone and at the touching point between the dispersing and flat bands. Concomitantly, a finite spin-Berry
curvature ΩSz

z arises at those gaps. (c) Band structure of the kagome model in open boundary conditions featuring the appearance of
topological edge states at both gaps. (d) First-principles band structure of TbV6Sn6 kagome metal without (solid black line) and with
(dashed gray line) SOC. Red and blue highlightΩSz

z as in (b). Right panel: close-up view of the Dirac cone region. (e) Circular right (CR)
and circular left (CL) spin-resolved ARPES energy distribution curves (EDCs) measured for the spin-up (Sz > 0; red curves) and spin-
down (Sz < 0; blue curves) channels in TbV6Sn6. The EDCs were acquired at the center of the BZ, with the incident light confined
entirely to the sample’s mirror plane. Under these conditions geometric contributions to the circular dichroism can be reliably ruled out.
(a),(c) Adapted from Guo and Franz, 2009. (e) Adapted from Di Sante et al., 2023.
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a nontrivialZ2 invariant (Kane andMele, 2005a; Fu, Kane, and
Mele, 2007; Guo and Franz, 2009).
The block diagonal form of the spin-orbit Hamiltonian in

Eq. (8), as far as the spin projection along the z component is
concerned, allows one to compute the Z2 invariant as the
parity of the spin Chern number Cs of the bands of interest

Cs ¼
C↑ − C↓

2
¼ 1

2π

Z
BZ

dkΩSz
z ðkÞ; ð10Þ

where Cσ; σ ¼ ↑;↓ is the Chern number for the specific spin
block of Eq. (8) and ΩSz

z ðkÞ is the spin-Berry curvature (SBC)
(Xiao, Chang, and Niu, 2010). Figure 7(b) demonstrates how
the momentum-space regions in proximity of the gaps opened
up by SOC are characterized by a sizable SBC. Numerical
integration ofΩSz

z ðkÞ as in Eq. (10) givesCs ¼ 1; 0, and −1 for
bands Eð1Þ, Eð2Þ, and Eð3Þ, respectively. This analysis proves
the topological nature of the ground state at 1=3 and 2=3
filling.
Beyond the simplified model, the preceding argument is

also valid for realistic kagome metals. For example, Fig. 7(d)
reports the first-principles band structure of TbV6Sn6, a
member of the 166 family (Peng et al., 2021; Rosenberg
et al., 2022). SOC opens up several gaps throughout the entire
spectrum and, as relevant to our discussion, specifically in the
regions of the flat band at the Γ point and Dirac cones at the K
point. The bands in the vicinity of those gaps feature a
pronounced spin-Berry curvature ΩSz

z ðkÞ, even if the under-
lying electronic description is more complicated than that
provided by the simple TB model of Eqs. (1) and (8).
Recently, the fingerprints of a finite spin-Berry curvature in
TbV6Sn6 kagome metals were experimentally addressed by
looking at spin-resolved circular dichroism in the wide energy
region of the occupied flat band, about 1 eV below the
chemical potential (Di Sante et al., 2023). The spin asymmetry
in both right- and left-polarized dichroic signals, shown in
Fig. 7(e), can be taken as an indication of a finite spin-Berry
curvature (Schüler et al., 2020). As for the Dirac cone region,
a spin-dependent orbital Zeeman shift of bands observed in
quasiparticle interference (QPI) scanning tunneling micros-
copy (STM) was also attributed to a nonvanishing ΩSz

z (Li
et al., 2024).
Unlike the lattice model on the hexagonal lattice, electrons

on the kagome lattice can also experience a first nearest-
neighbor (NN) spin-orbit interaction (Tang, Mei, and Wen,
2011; Ma et al., 2020). The reason is that the electric field
from neighboring ions felt during the nearest-neighbor hop-
ping on the kagome lattice is no longer perfectly compensated.
Nevertheless, its presence does not qualitatively change the
previously addressed physical picture. Both NN and NNN
SOC terms open up a gap at the Dirac point as well as in the
flat-band region, giving rise to a finite spin-Berry curvature.
The main quantitative difference between the two types of

spin-orbit interactions appears when one looks at the sym-
metries of Bloch states at the high-symmetry points for the flat
band, as dictated by its topological quantum chemistry
(Bradlyn et al., 2017; Cano et al., 2018). They are
fΓ̄7; M̄6; K̄9g and fΓ̄8; M̄6; K̄9g, depending on whether NN
or NNN SOC is considered (Ma et al., 2020). However, in

both cases the symmetry-data vectors cannot be decomposed
into a linear combination of EBRs that, as it is topologically
equivalent to atomic orbitals, is topologically trivial. In this
respect both forms of spin-orbit interaction lead to topological
flat bands characterized by a nontrivial Z2 invariant. The
coexistence of these topological flat bands and Dirac bands
elevates the kagome lattice to one of the most interesting
forums in the study of certain fundamental physical phenom-
ena, such as high-Tc SC (H. Chen et al., 2021; Zhao, Li et al.,
2021) and the fractional quantum Hall effect (Neupert et al.,
2011; Sun et al., 2011; Tang, Mei, and Wen, 2011).

C. Phonons in the kagome lattice

The fundamental equations that govern the physics of
periodic lattices, whether they describe electronic, phononic,
or photonic degrees of freedom, show striking similarities,
hinting at the possibility of a correspondence between
phenomena occurring on a given lattice across different
classes of systems ranging from ionic crystals to metamate-
rials (Kane and Lubensky, 2014; Lu, Joannopoulos, and
Soljačić, 2014; Yang et al., 2015; Huber, 2016; Xue, Yang,
and Zhang, 2022). To cite a few specific examples, the
analogy between the TB Hamiltonians of electrons in a
crystal, such as those introduced in Sec. II.A, and the stiffness
(or dynamical) matrix of lattice vibrations has led to the
observation of mechanical topological helical states at the
edge of a large lattice of coupled pendula (Süsstrunk and
Huber, 2015). The analogy between the electron Hamiltonian
and the Laplacian of an electric circuit has fostered the
prediction and discovery of topoelectrical circuits (Imhof
et al., 2018; Lee et al., 2018). In this framework, as with
their electronic counterparts, mechanical vibrations of atoms
or phonons in the kagome lattice feature rich physics. For
instance, spring-mass models consisting of a periodic arrange-
ment of springs and point masses serve as a simple platform to
realize phenomena of topological nature governed by
Newtonian equations of motion (Kane and Lubensky, 2014).
Within this description the motion of point masses is

described by the dynamics of a variable u⃗i;s, which identifies
the displacement of the mass in unit cell i and sublattice s ¼ 1,
2, and 3. Indeed, the notation used here is equivalent to that of
TB Hamiltonians in Eqs. (1) and (8). For simplicity, assuming
that all atoms in the lattice have the same unitary mass, the
Lagrangian that governs the motion of point masses is that of
coupled harmonic oscillators. It reads

L ¼ 1
2

X
i;s;μ

ðu̇μi;sÞ2

− 1
2

X
hði;sÞðj;lÞi

X
μ;ν

ðuμi;s − uμj;lÞKμν
is;jlðuνi;s − uνj;lÞ; ð11Þ

where, as usual, hði; sÞðj; lÞi refers to the pairs of first-nearest
neighbors and μ; ν ¼ x, y are Cartesian coordinates in a two-
dimensional space. Kμν

is;jl is the spring-constant matrix and
encodes the geometry of the lattice. The Euler-Lagrange
equations for uμi;s, i.e., d=dtð∂L=∂u̇μi;sÞ − ∂L=∂uμi;s ¼ 0, give
the equation of motion
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̈u⃗þDu⃗ ¼ 0; ð12Þ

where u⃗ is the column vector formed by u⃗i;s and D is the real-
space dynamical matrix

Dμν
is;jl ¼ −Kμν

is;jl þ
X

hði;sÞðk;oÞi
Kμν

is;koδijδsl; ð13Þ

which is proportional to the spring-constant matrix and where
the second term, clearly diagonal in the sublattice index, is
needed to enforce the acoustic sum rule (Grosso and
Parravicini, 2013). D is a real and symmetric matrix. If we
assume that each mass point oscillates at frequency ω, i.e.,
uμi;s ¼ eiωtϵμi;s, Eq. (12) reads

−ω2ϵ⃗þDϵ⃗ ¼ 0; ð14Þ

giving a real-space eigenvalue problem for the matrix D,
whose eigenbasis is ϵ⃗ and whose eigenvalues are ω2. Further
imposing translational invariance, ϵμi;s ¼ 1=Nq

P
qe

iq·Riϵμq;s,
where q belongs to the first BZ, Eq. (14) becomes

−ω2
qϵ

μ
q;s þ

X
l

Γμν
sl ðqÞϵνq;l ¼ 0; ð15Þ

whose solution gives the phonon dispersion relation ωq and
the phonon vibrational modes ϵ⃗q;s. The matrix Γ is named the
momentum-space dynamical matrix and appears as the lattice
Fourier transform of D,

Γμν
sl ðqÞ ¼

X
j

Dμν
0s;jle

iq·Rj ; ð16Þ

whose matrix dimension depends only on the number of
atoms in the unit cell and its independent Cartesian
coordinates.

For the explicit case of interest here, i.e., the spring-mass
model on the nearest-neighbor kagome lattice depicted in
Fig. 8(a), the momentum-space dynamical matrix is a 6 × 6
matrix, owing to the three sublattices and the two spatial
coordinates x and y. The complete form of Γ is

Γμν
sl ðqÞ ¼

2
64
D1 −γ12ðqÞ −γ13ðqÞ

D2 −γ23ðqÞ
D3

3
75; ð17Þ

with

γ12ðqÞ ¼ Q

�
1 0

0 0

�
ð1þ e−iq·a1Þ

γ13ðqÞ ¼ Q

"
1
4

ffiffi
3

p
4ffiffi

3
p
4

1
4

#
ð1þ e−iq·ða1þa2ÞÞ

γ23ðqÞ ¼ Q

"
1
4

−
ffiffi
3

p
4

−
ffiffi
3

p
4

1
4

#
ð1þ e−iq·a2Þ:

Denoting the aforementioned 2 × 2 matrices in γijðqÞ as A, B,
and C, respectively, the diagonal blocks of Γ read
D1 ¼ 2QðAþ BÞ, D2 ¼ 2QðBþ CÞ, and D3 ¼ 2QðAþ CÞ
in order to enforce the acoustic sum rules. The entries in A, B,
and C originate from the projections of the Cartesian atomic
displacements along the nearest-neighbor bonds of the
kagome lattice. The parameter Q determines the strength of
the spring constant, as in Fig. 8(a), and sets the overall energy
scale (of lattice vibrations) in complete analogy to the hopping
parameter t in the electronic Hamiltonian of Eq. (1). The
resulting phonon band structure is shown in Fig. 8(b). It
features a Dirac-like dispersion at the K point and VHS at the
M point.
Despite its simplicity, this simple model of lattice vibrations

on the kagome geometry can account for interesting nontrivial

FIG. 8. (a)Nearest-neighbor spring-massmodel in the kagome lattice. The red lines identify the kagome unit cell with the three-sublattice
sites. Q and Q0 set the strengths of the spring constant. (b) Phonon band dispersion in the PT -symmetric Q ¼ Q0 limit, featuring Dirac
cones between the first and second bands, as well as between the fifth and sixth bands. The simplified nearest-neighbormodel also features
a flat band along the Γ–M direction. (c) Enlargement showing the phonon dispersion when inversion symmetry P is broken by
differentiating the intra-unit-cellQ and inter-unit-cellQ0 spring constants. In this specific case,Q0=Q ¼ 0.8. The dashed black line refers to
theP-symmetric caseQ0=Q ¼ 1, as in (b). (d) Top panel: phonon eigenmode ϵ⃗K;s at theK point for each of the three sublattice sites s ¼ 1,
2, and 3 for the first phonon branch, highlighting the chiral nature of the atomic displacements. Bottom panel: calculated phonon Berry
curvature in momentum space for the same phonon branch. (c),(d) Adapted from Chen et al., 2019.
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topological effects when specific symmetry-breaking terms
are included. For instance, when one differentiates between
intra-unit-cell (Q) and inter-unit-cell (Q0) spring constants, the
model breaks inversion symmetry P while maintaining the
overall C3 rotational symmetry. This has noticeable effects on
the topological properties of the model. In fact, the Berry
curvature is even under the action of P, while it is odd under
TRS T .
When both P and T are present, the Berry curvature

vanishes. Breaking P via Q ≠ Q0, a consequence of a weak
trimerization seen in some kagome metals (Nakatsuji,
Kiyohara, and Higo, 2015; Huimin Zhang et al., 2023),
results in a gap opening of the Dirac cones at the K valleys
shown by the red box in Fig. 8(c). The vibration eigenmodes
describe chiral phonons [top panel in Fig. 8(d)] (Chen et al.,
2019), a concept theoretically predicted in the graphene-type
honeycomb lattice (Zhang and Niu, 2015) and experimentally
verified in a monolayer of the transition-metal dichalcogenide
WSe2 (Zhu et al., 2018), where the phonon eigenmodes at the
Brillouin zone corner have a well-defined sense of chirality
and quantized phonon pseudoangular momentum.
In contrast to the honeycomb lattice, however, chiral

phonons on the kagome lattice include motion of all three
sublattices with the same chirality, and the vibration orbit can
take an elliptical shape. Moreover, these chiral phonons
possess a valley-contrasting Berry curvature that is sharply
peaked at the K and K0 points, as depicted in the bottom panel
of Fig. 8(d). This is the basis of the topological phonon Hall
effect (Strohm, Rikken, and Wyder, 2005; Sheng, Sheng, and
Ting, 2006; Kagan and Maksimov, 2008; Wang and Zhang,
2009; Zhang et al., 2010), i.e., the phonon analogue to the
anomalous Hall effect (AHE) in electron systems. Besides
chiral phonons, variants of the simple nearest-neighbor
spring-mass model can also support mechanical analogues
to the quantum spin Hall effect (Chen et al., 2018) and higher-
order topological phases (Wakao et al., 2020).

When it comes to the study of phonon dispersions in actual
kagome materials, quantum mechanical first-principles meth-
ods are preferred to simplified spring-mass models. To
substantiate this, we now discuss two notable cases of
AV3Sb5 and ScV6Sn6 kagome metals for which an extensive
ab initio investigation was performed to unveil the origin of
their CDW instabilities.
In the first example, an in-plane lattice distortion of the

kagome lattice is often energetically favorable and charac-
terized via a multi-q distortion at inequivalent M points.
Interactions between the lattice planes are possible in three-
dimensional compounds, leading to a rich spectrum of
possible distortion modes. As reviewed in more detail in
Sec. IV.B.2, AV3Sb5 kagome compounds exhibit such a CDW
instability (Ortiz et al., 2020; H. Li et al., 2021; Ortiz, Teicher
et al., 2021), embodied by these energetically favored breath-
ing modes in the kagome plane (Tan et al., 2021; Consiglio
et al., 2022). The in-plane distortion is identified by a
breathing mode into a star-of-David (SoD) or trihexagonal
(TrH) modulation. Ab initio phonon modeling fully captures
both the SoD and TrH patterns, as shown in Fig. 9(a), with the
preferred distortion modes including in-planeM-point modes,
along with L-point modes that add an out-of-plane modulation
to the CDW structure (Christensen et al., 2021; Tan
et al., 2021).
The energy differences between various distortion types are

small, with the predicted distortion mode being the staggered
TrH arrangement, which involves the combination of the three
q vector ðM;L;LÞ modes for ðK;RbÞV3Sb5, and an alter-
nating SoD and TrH arrangement that comprises ðL;L;LÞ þ
ðM; M;MÞ modes for CsV3Sb5 (Kang et al., 2023); see the
inset of Fig. 9(a). First-principles calculations of the phonon
dispersion of AV3Sb5 kagome metals under external pressure
(Zhang, Liu, and Lu, 2021; Consiglio et al., 2022) were also
able to faithfully reproduce the observed reduction of the
CDW distortion (K. Chen et al., 2021; Du et al., 2021;

FIG. 9. (a) Ab initio phonon band dispersion of CsV3Sb5, characterized by imaginary phonon frequencies at the M and L points. The
crystal structures show the expected in-plane modulation of vanadium atoms for ðK;RbÞV3Sb3 (staggered TrH) and CsV3Sb3
(alternating SoD and TrH). (b) Ab initio phonon band structure of ScV6Sn6, characterized by a flat imaginary phonon band whose
eigenmode primarily affects the out-of-plane vibration of Sn and Sc atoms. Adapted from Kang et al., 2023, and Hu et al., 2025.
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N. N. Wang et al., 2021; Yu, Ma et al., 2021), diagnosed in the
calculation by a decrease—and an eventual disappearance—
of the imaginary phonon softening at the M and L points.
As a second example, another common distortion type is an

out-of-plane chain instability that can couple to the kagome
plane in a secondary manner. Discussed in greater depth in
Sec. IV.B.3, ScV6Sn6 is an experimental realization of this
distortion type (Arachchige et al., 2022). Here, in contrast to
the previous example of AV3Sb5, the distortion of ScV6Sn6
distortion is characterized primarily by a displacement of out-
of-plane Sc and Sn atoms accompanied by a weak modulation
of the kagome-network V atoms. This is driven by the
electron-phonon interaction and the softening of a flat phonon
mode related to an out-of-plane vibration of Sn atoms (Cao
et al., 2023; Korshunov et al., 2023; Tuniz et al., 2023; Hu
et al., 2024; S. Lee et al., 2024). As shown in Fig. 9(b), the
first-principles calculation of the phonon spectrum of
ScV6Sn6 agrees well with the experimental observations,
predicting the presence of an unusually flat imaginary phonon
band whose eigenmode weight comprises the out-of-plane
vibration of Sn and Sc atoms (Tuniz et al., 2023, 2025; Hu
et al., 2025).

III. MANY-BODY PHENOMENA

The kagome lattice, with its inherent geometric frustration
and intriguing electronic structure, provides an exceptional
setting for many-body interactions that give rise to a diverse
landscape of emergent quantum phenomena. Beyond the
previously explored single-particle band structure features,
kagome metals exhibit rich physics driven by electron-
electron and electron-lattice interactions. These many-body
effects can not only modify the electronic states but also
stabilize novel ordered phases that are highly sensitive to
doping, temperature, and external perturbations.
Here we discuss the theoretical aspects behind key many-

body phenomena observed in kagome metals. We begin with a
discussion in Sec. III.A on CDWs, which often emerge in
response to Fermi-surface nesting and lattice instabilities,
manifesting as periodic modulations in the electronic density.
Then, in Sec. III.B we delve into SC, a central theme in the
study of kagome systems, particularly in compounds like
AV3Sb5, where unconventional pairing mechanisms and
nontrivial topology are believed to play a role.
In Sec. III.C we then examine the more exotic concept of a

PDW, wherein the superconducting order parameter itself
exhibits spatial modulation, an intriguing possibility in sys-
tems with competing orders and strong correlations. The role
of electron-phonon interactions is also scrutinized in
Sec. III.D, especially given their relevance to both CDW
formation and SC. Finally, in Sec. III.E we consider electronic
correlations and fluctuating local moments, which underpin
much of the emergent behavior in kagome systems, contrib-
uting to magnetic fluctuations and possible non-Fermi liquid
behavior.

A. Charge orders

We start with an imperative comment on the terminology of
different orders. The systems of interest are often multiband

(with electron and hole bands), multiorbital, and moderately
spin-orbit coupled. Therefore, CDWs and SDWs, flux orders,
and even exciton condensates are not sharply differentiated
concepts. We therefore use the umbrella term charge orders
here. All of them are electron-hole condensates, i.e., the order
parameter takes the general form

Δα;β;qðkÞ ∼ hc†kþq;αck;βi; ð18Þ

where α and β are compound indices including spin, orbital,
and sublattice degrees of freedom. The center of mass
momentum q is set as a subscript to indicate that the order
parameter is typically nonzero only for a small set of discrete
q, while it has a continuous dependence on the relative
momentum k (Nayak, 2000).
In general, charge orders can also appear at q ¼ 0, as long

as they break other symmetries besides translation (for
example, in nematic phases if the flux order in the Haldane
model is spontaneously generated).1 The k dependence, if
breaking lattice symmetries by itself, would justify calling the
charge order unconventional and may be categorized by a
finite angular momentum that it carries (which is meaningful
only modulo the rotation symmetry of the crystal). A non-
trivial k dependence is typically associated with an order
parameter that renormalizes—in a TB picture—the hopping
integrals rather than only on-site terms and is therefore also
referred to as a bond order.
Another important symmetry distinction is whether the

order breaks TRS. Time-reversal symmetry breaking through
complex hopping amplitudes will induce spontaneous ring
currents and is therefore also called the flux phase. Such
orbital magnetism would generally, because of SOC, also
induce spin magnetism, and therefore a spin density wave.
Whether a phase should be termed flux order or spin density
wave depends on the primary driver for the time-reversal
breaking order, but this is not always a well-defined question.
Among the charge ordering phenomena, those occurring in

the AV3Sb5 family are the most studied and perhaps the most
puzzling (Christensen et al., 2021, 2022; Tan et al., 2021;
Ritz, Fernandes, and Birol, 2023; Enzner et al., 2025; Holbæk
and Fischer, 2025). We therefore focus our description
primarily on effective theories applying to the situation found
there, namely, two-dimensional orders on the kagome lattice
with a 2 × 2 enlarged unit cell (Grandi et al., 2023; Wagner
et al., 2023). Building on these theories, we can comment on
how these orders couple into three-dimensional structures.
Such a symmetry-based description can be connected to
microscopic models (Christensen et al., 2022).
We restrict our discussion to the spinless case, focusing on

the point group C6v instead of the double groups. We focus on
ordering momenta q∈ fM1;M2;M3g corresponding to the
three M points. This enlarges the point group by four

1This distinction of q ¼ 0 and finiteq phases is morewidespread in
SC, where a finite q order is a Fulde-Ferrell-Larkin-Ovchinnikov
phase (Fulde and Ferrell, 1964; Larkin and Ovchinnikov, 1964) or a
PDW(Agterberg et al., 2020), while ak dependence that breaks lattice
symmetries is often referred to as an unconventional superconductor
with nonzero angular momentum (p wave, d wave, etc.).
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translations acting within the enlarged unit cell. We denote the
new group by C000

6v; its character table is listed in Table I. Any
spinless charge order with translation symmetry breaking
according to a 2 × 2 period in the two-dimensional plane will
fall into one of the irreducible representations Fi; i ¼ 1, 2, 3,
and 4, which are all of dimension 3. We further denote by
F0
i; i ¼ 1, 2, 3, and 4 TRS-breaking cousins of these orders.

Determining which of Fi or F0
i is realized in a given system is

thus the primary goal in understanding it.
Group-theory analysis (Venderbos, 2016; Wagner et al.,

2023) shows that on-site density orders on the kagome lattice
sites can realize the irreducible representations F1, F3, and F4,
while bond orders on the nearest-neighbor kagome bonds can
realize any Fi with i ¼ 1, 2, 3, or 4. Finally, flux orders on the
plaquettes outlined by the nearest-neighbor kagome bonds can
realize F0

2 and F0
4. See Fig. 10 for pictorial representations of

these orders.

The effective free energy governing these orders has two
notable features. First, it may contain third-order terms in the
order parameters. This is enabled by the fact that the three
momenta corresponding to the three components of the
irreducible representations Fð0Þ

i , with i ¼ 1, 2, 3, and 4, add
up to 0 ¼ M1 þM2 þM3, allowing for terms that transform
trivially under translation. Considering the other symmetry
constraints, such third-order terms exist only for F1 individu-
ally, reading

Δ1Δ2Δ3; ð19Þ

where ðΔ1;Δ2;Δ3Þ is the three-dimensional vector order
parameter associated with the three-dimensional irreducible
representation F1. The three components carry momenta M1,
M2, and M3, respectively. The term in Eq. (19) in the free
energy renders the transition of first order, regardless of
whether the microscopic origin of the order is phononic or
electronic. In addition, the following coupling terms between
F1 order and F0

2 or F0
4 are allowed:

Δ1Δ0
2Δ0

3 þ Δ0
1Δ2Δ0

3 þ Δ0
1Δ0

2Δ3; ð20Þ

where ðΔ0
1;Δ0

2;Δ0
3Þ is the three-dimensional order parameter

of either F0
2 or F0

4. Consider a scenario where the F1 bond
order is the primary instability and F0

2 or F0
4 have a

comparably lower transition temperature. The effect of
Eq. (20) in the free energy is to renormalize the transition
temperature to higher values—the bond order thus promotes a
secondary flux order. This is not the case for bond orders F2,
F3, and F4.
Some general conclusions can be drawn for the coupling of

these orders to magnetic fields and in-plane strain. The lowest-
order coupling term between an out-of-plane magnetic field B
and the mentioned bond and flux orders is one that mixes a
bond and a flux order, namely,

BðΔ1Δ0
1 þ Δ2Δ0

2 þ Δ3Δ0
3Þ: ð21Þ

It is symmetry allowed only for the combination of orders
ðF1; F0

2Þ and ðF3; F0
4Þ. If we again consider the situation of a

well-established F1 order, the effect of Eq. (21) for B ≠ 0 is to
admix the F0

2 flux order, even though this might not have an
instability by itself (since it effectively acts as a first-order
term for F0

2). This creates the intriguing phenomenology that a
homogeneous magnetic field can be used to induce a
staggered flux order, and reversal of the field orientation
reverses the sign of the staggered flux. This is enabled by the
presence of the F1 order, which, owing to its symmetry
breaking, renders the combination of F1 and F0

2 not perfectly
antiferromagnetic, or free of net magnetization, but induces a
finite magnetic moment in F0

2 to which B can couple.
A second feature of a phase with coexisting F1 and F0

2 orders
is that it becomes anisotropic (in the kagome plane). This is
true for both a mixed phase due to the coupling in Eq. (20) and
one brought about by a magnetic field via Eq. (21). The latter
scenario leads to a counterintuitive response: one starts with
an isotropic F1 order and applies a magnetic field that also has

TABLE I. Character table of the group C000
6v (Venderbos, 2016). The

one- and two-dimensional irreducible representations preserve the
translation symmetry of the original kagome lattice, while the three-
dimensional irreducible representations lead to a 2 × 2 increase in the
unit cell.

I ti C2 tiC2 C3 C6 σv tiσv σd tiσd

jCj 1 3 1 3 8 8 6 6 6 6
A1 1 1 1 1 1 1 1 1 1 1
A2 1 1 1 1 1 1 −1 −1 −1 −1
B1 1 1 −1 −1 1 −1 1 1 −1 −1
B2 1 1 −1 −1 1 −1 −1 −1 1 1
E1 2 2 −2 −2 −1 1 0 0 0 0
E2 2 2 2 2 −1 −1 0 0 0 0

F1 3 −1 3 −1 0 0 1 −1 1 −1
F2 3 −1 3 −1 0 0 −1 1 −1 1
F3 3 −1 −3 1 0 0 1 −1 −1 1
F4 3 −1 −3 1 0 0 −1 1 1 −1

FIG. 10. Examples of orders with a 2 × 2 enlarged unit cell. Left
sketch: bond order pattern in the irreducible representation F1.
Straight and dotted lines represent strong and weak bonds,
respectively. The three colors represent different amplitudes of
the bond modulations that together represent the three-dimen-
sional order parameter of F1. If all amplitudes are chosen to be
equal, one obtains the TrH and SoD orders for positive and
negative values of the order parameter, respectively. Right
sketch: flux order pattern in irreducible representation F0

2, where
α, β, γ, and δ represent fluxes subject to the constraint
αþ β þ γ þ δ ¼ 0. With this they represent the three-dimen-
sional order parameter space of F0

2. Note that even though the
magnetic flux through the 2 × 2 unit cell vanishes, this does not
imply that the orbital magnetic moment of the state vanishes.
[Awell-known example where this is not the case is the Haldane
model (Haldane, 1988).]
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the full rotation symmetry of the kagome lattice (and more).
Yet, the resulting state is anisotropic.
In-plane strain explicitly breaks the rotation symmetry

(down to twofold). However, the impact that this explicit
symmetry breaking has on the electronic response of the
system depends on the susceptibility of the system toward
such an isotropy-breaking deformation. Since anisotropy
arises from a combination of F1 and F0

2 orders, as previously
explained, an enhanced strain response of the system appears
if it is near a phase where the F1 and F0

2 orders coexist.
In this way responses of the system to external perturba-

tions can be used to systematically argue about the irreducible
representation(s) that its symmetry-breaking pattern realizes.
They are independent of whether phonons or electronic
interactions are the main driver of the instability. In this
discussion we ignored the three-dimensional nature of the
charge order for simplicity. Considering orders with non-
vanishing momentum (translation symmetry breaking)
perpendicular to the kagome planes will induce further
constraints on possible terms in the free energy. For instance,
if one only considers order parameters with π momentum in
this direction (and the same in-plane momenta, i.e., L-point
orders), one obtains no third-order terms in the free energy, as
they would violate momentum conservation. The unusual

coupling of bond and flux orders to the magnetic field
remains, however.
For instance, in the AV3Sb5 family of compounds, exper-

imental observations place clear constraints on the order that is
realized. By perturbing CsV3Sb5 in a controlled way by strain
and magnetic field, C. Guo et al. (2024) argued that the
material is close to a phase where F1 and F0

2 orders coexist
but, in its pristine form, realizes pure F1 order. Xing et al.
(2024) argued that RbV3Sb5 has a coexisting F1 and F0

2 order,
and the specific configuration of the respective three-dimen-
sional order parameters has been determined.

B. Superconductivity

In the same way that the community has tried to reconcile
high-Tc cuprates from the perspective of doping a magneti-
cally ordered Mott insulator (Lee, Nagaosa, and Wen, 2006),
kagome metals suggest a scenario where a high-temperature
itinerant charge order may seed superconducting order
(Neupert et al., 2022). A rather low Tc has recently been
recorded for kagome metals at ambient pressure (Ortiz et al.,
2020; Ortiz, Sarte et al., 2021; H. Yang et al., 2024), ranging
between 0.8–4 K, depending on the specific compound and
the sample quality; see Fig. 11(a). This explains why a

FIG. 11. SC in kagome metals. (a) Original resistivity and specific heat data obtained for KV3Sb5 featuring Tc ¼ 0.94 K.
(b) Theoretical predictions for an f wave and a chiral d wave for an all-electronic mechanism of SC in kagome metals. (c) Top
panel: μSR scattering rates and penetration depth measurements for CsV3Sb5. Bottom panel: Uemura plot in comparison to other
hexagonal superconductors, cuprate bounds (hole doping, straight black line; electron doping, dashed black line), and traditional
Bardeen-Cooper-Schrieffer (BCS) superconductors. Adapted from Ortiz, Sarte et al., 2021, X. Wu et al., 2021, and Mielke et al., 2022.
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majority of experimental activity has focused thus far on
exploring the nature of the high-temperature charge order
rather than such low-Tc phases that evade certain spectro-
scopic methods. Furthermore, the intricacy of charge ordering
cascades as a function of temperature renders it difficult to
isolate an effective electronic model that SC originates from.
In the absence of strong magnetic fluctuations such as those

observed in the majority of kagome metal compounds with
local magnetic moments, phonon-mediated SC is a common
suspect and cannot be excluded even though the electron-
phonon coupling is estimated to be too small for the observed
Tc in the 135 kagome metals (Tan et al., 2021). From an
electronically mediated microscopic mechanism of SC,
kagome metals present themselves as weakly to intermedi-
ately correlated electron systems and suggest a high relevance
of the VHS near the Fermi level (X. Wu et al., 2021; Rømer
et al., 2022), combined with sublattice interference (Kiesel
and Thomale, 2012), to explain the nature of superconducting
pairing; see Fig. 11(b). Either way, the complicated nature of
charge order and its concomitant Fermi-surface reconstruction
has rendered it a difficult task to accomplish studies of
superconducting order starting from a microscopically accu-
rate charge-ordered itinerant parent state. From an Uemura
plot of Tc versus penetration depth, muon spin relaxation
(μSR) locates this kagome metal in the domain of unconven-
tional SC; see Fig. 11(c).
From a synoptic viewpoint, the nature of SC in kagome

metals appears to be strongly compound and family dependent
and appears to navigate between an all-phononic and an all-
electronic pairing mechanism. It is likely that SC can be
quantitatively accounted for only through taking into account
phonons and electronic correlations on a similar footing (Q.-
G. Yang et al., 2024).

C. Pair density wave

A PDW is a SC condensate that also breaks translation
symmetry besides particle conservation. The principle found
its original conception in the cuprates (Agterberg et al., 2020).
One can differentiate between a strict and a more inclusive
definition of a PDW. In the strict reading, one would require
the translation symmetry to be restored at temperatures
right above the SC transition, while in the more inclusive
picture, SC appearing within a translation-breaking-ordered
phase (such as charge order) is also termed PDW if a
noticeable modulation of the SC order parameter is imprinted
from the higher-temperature order. While PDWs had
evaded unambiguous observation for a significant amount
of time, recent discoveries in cuprates (Du et al., 2020),
UTe2 (Q. Gu et al., 2023), transition-metal dichalcogenides
such as NbSe2 (Liu et al., 2021), and, in particular, the
kagome metal CsV3Sb5 (H. Chen et al., 2021; Deng et al.,
2024b) have significantly broadened the empirical basis for
alleged PDWs.
A prototypical signature of a PDW results from the STM

analysis of the pairing function above and below Tc, where the
intertwined onset of SC and translation symmetry breaking
would show up through additional Fourier moments at Tc. For
CsV3Sb5, Fig. 12(a) depicts a comparison between the
Fourier-transformed STM topography (top panel) versus the

Fourier-transformed dI=dV map at 300 mK (bottom panel),
i.e., deep in the superconducting regime of H. Chen et al.
(2021). The additional purple peaks represent the additional
translational symmetry breaking at Q3q−4a=3 assigned to the
superconducting condensate. From theory, sublattice interfer-
ence (Kiesel and Thomale, 2012) has been claimed to be
pivotal in explaining the system’s propensity for the formation
of PDW SC (Wu, Thomale, and Raghu, 2023), while other
mechanisms ascribe pivotal relevance to the tentative for-
mation of loop current order (Zhou and Wang, 2022).
Presently, a key challenge in the unambiguous experimental

identification of a PDW—in the strict previously mentioned
sense—is the exclusion of a possible preceding reconstruction
with the same ascribed Fourier moment above Tc. Ideally,
Fourier data would be necessary as a function of temperature,
scanned from above all the way to below Tc, and suggest the
need for future additional exploration. In kagome metals the
charge-ordered parent state within which the PDW appears is
particularly intricate and exhibits a cascade of translation
symmetry breaking through charge order. Notably, the recon-
structed charge-ordered Fermi pockets trigger a Fourier
moment similar to what has been ascribed to the PDW; see
Fig. 12(b) from Li et al., 2023(b).
Instilled by the nontrivial unit cell of the kagome lattice,

alternative proposals such as sublattice-modulated supercon-
ducting pairing have been proliferating (Schwemmer et al.,
2024). There the superconducting order experiences modu-
lations within the unit cell; they accordingly do not break
translation symmetry but still yield a site-modulated profile
similar to a PDW breaking other crystalline symmetries.

D. Electron-phonon interaction

In this section we provide a discussion of the impact of
phonons on many-body states in kagome metals, with AV3Sb5
compounds used as an experimental touchstone. Although
various superconducting pairing symmetries have been pro-
posed, recent ARPES experiments have revealed distinct
evidence of nodeless superconducting gaps in AV3Sb5 com-
pounds (Zhong et al., 2023b), placing significant constraints
on the nature of the pairing mechanism. In addition, multi-
boson kinks in photoemission spectra were observed in both
CsV3Sb5 and KV3Sb5 systems (H. Luo et al., 2022; Luo et al.,
2023; Wu et al., 2023; Zhong et al., 2023a), showing
contrasting behaviors across different electron bands, with
some predominantly exhibiting a single kink and others
displaying double kinks. These low-energy excitations are
often attributed to strong electron-phonon (e-ph) coupling
(Engelsberg and Schrieffer, 1963; Hengsberger et al., 1999),
although the connection between photoemission kinks and
emergent electronic orders is not always straightforward.
A well-known example is provided by copper oxide super-
conductors, where the e-ph interaction accounts for the
∼70 meV photoemission kinks but is generally regarded as
too weak to explain the high Tc and inconsistent with the
nodal d-wave pairing symmetry (Z. Li et al., 2021).
Initial first-principles calculations using DFT indicated a

weak to moderate overall e-ph coupling λ ≈ 0.25 in CsV3Sb5
at both ambient and elevated pressures (Tan et al., 2021;
Zhang, Liu, and Lu, 2021; Wang, Jia et al., 2023), which fails
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to support the superconducting transition temperature
Tc ≈ 2.6 K and hinting at an unconventional electron-electron
pairing mechanism for SC. Nevertheless, recent low-energy
laser-based ARPES measurements reported evidence of
anomalies (kinks) in the intensity and dispersion of the spectra
for the Sb 5p and V 3delectronic bands near a binding energy
of ≈32 meV.
Figure 13(a) (center panel) shows the ARPES intensity

plots for the so-called α (Sb 5p-derived) and β (V 3d-
derived) bands, where e-ph coupling-induced kinks are
clearly visible. While the kink around ≈32 meV is evident
on both α and β bands, an additional kink appears at a lower
binding energy of ≈12 meV only on the β band. State-of-
the-art GW-based many-body perturbation calculations
demonstrated that e-ph coupling is the universal origin of
those multiboson photoemission kinks (You et al., 2025).
The simulated spectral functions shown in Fig. 13(a) (left
and right panels) reproduce the salient features of the
experimental data with clear signatures of phonon-induced
electron self-energy effects in the form of dispersion kinks
(highlighted by the red arrows) and spectral width broad-
ening. In fact, the α band displays a single kink around
−32 meV, whereas the β band shows double kinks at −12
and −30 meV, respectively, which agrees well with the
experimental measurements. The calculated atom-vibration-
resolved real and imaginary parts of the e-ph self-energy
attribute the kinks at ≈ − 30 meV and −12 meV primarily to
V and Sb atom vibrations.

Ultrahigh-resolution, low-temperature ARPES experiments
have also directly observed a nodeless, nearly isotropic,
and orbital-independent superconducting gap in momentum
space for two representative CsV3Sb5-derived kagome super-
conductors: CsðV0.93Nb0.07Þ3Sb5 and CsðV0.86Ta0.14Þ3Sb5
(Zhong et al., 2023b). Figure 13(b) gives a schematic
momentum dependence of the superconducting gap ampli-
tude. Notably, this gap structure remains unaffected by the
presence or absence of charge order in the normal state (Zhong
et al., 2023b). In agreement with the observed band dispersion
kinks, the robust isotropic superconducting gaps with small
2Δ=kBTc in the presence or absence of the CDW seem to be
consistent with a conventional s-wave-driven and e-ph-cou-
pling-driven pairing. This interpretation is further reinforced
by the GW-based calculations reported in Fig. 13(c) (You
et al., 2025), which, within the framework of anisotropic
Eliashberg theory, predict an almost isotropic angular distri-
bution of gap functions that is consistent with experimental
observations. Overall, ARPES experiments and state-of-the-
art calculations support a conventional e-ph scenario of SC.
That said, in spite of supporting a fully gapped super-

conducting state, recent STM and μSR results provide
evidence for TRS-breaking SC in CsðV;TaÞ3Sb5 and magnet-
ism-induced modulation of Cooper pairs (Deng et al., 2024a).
It is, however, important to point out that the e-ph-driven SC is
not incompatible with the recently observed PDWs in both
CsV3Sb5 (H. Chen et al., 2021) and TRS-breaking orders
(Mielke et al., 2022). Indeed, PDWs have been also observed

FIG. 12. Pair density wave order in kagome metals. (a) Original observation of onset ordering vectorsQ3q−4a=3 in the superconducting
phase of CsV3Sb5. Adapted from H. Chen et al., 2021. (b) Fermi pocket reconstruction from charge order. The nesting features suggest
similarities to the observed onset order below Tc. Adapted from Li et al., 2023b. (c) Josephson tunneling spectroscopy along a clean Sb-
terminated KV3Sb5 crystal, where the spatial modulation of the SC pairing function becomes visible. Adapted from Deng et al., 2024b.
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in the conventional superconductor NbSe2, where the pair
density modulation is due to the real-space charge density
modulation (Liu et al., 2021).
Besides SC, strong e-ph coupling is potentially responsible

for the appearance of a CDW order, specifically, when it is
momentum dependent (Varma and Simons, 1983). Several
experimental and theoretical studies support this scenario as a
mechanism for the formation of the various charge orders in
the AV3Sb5 family. In fact, although bulk sensitive hard-x-ray
and neutron scattering showed the absence of soft phonons (H.
Li et al., 2021; Xie et al., 2022), i.e., phonon modes whose
frequency softens upon cooling toward a phase transition,
Raman scattering measurements on CsV3Sb5 reported high-
frequency amplitude modes that hybridize significantly with
other lattice modes, thus indicating strong e-ph coupling
within the CDW state (G. Liu et al., 2022). To reconcile the
experimental evidence with the potential lack of phonon
softening, it was suggested that the CDW transition in the
AV3Sb5 family is a weakly first-order transition without a
continuous change of the lattice dynamics (Miao et al., 2021).
At the theoretical level, DFT calculations revealed unstable

phonon modes at theM and L points of the hexagonal BZ, with
the softening of thesemodes proposed as the drivingmechanism

for the CDW formation (Christensen et al., 2021; Tan et al.,
2021; Consiglio et al., 2022), as shown in Fig. 9(a). Moreover,
variational Monte Carlo simulations for the Hubbard model on
the kagome lattice pointed to the pivotal role that electron-
phonon coupling plays to stabilize the experimentally observed
CDW phases in AV3Sb5 (Ferrari, Becca, and Valentí, 2022).

E. Correlations and fluctuating local moments

This section discusses the degree of electronic correlation in
kagome metals, especially that of the 135 family. An unbiased
approach to quantify the strength of the electron-electron
interaction is to calculate the Coulomb tensor from first
principles. Operatively, this can be done by defining a localized
model spanning a given energy window of the band structure
around the Fermi level and performing a constrained random
phase approximation (cRPA) calculation. This excludes the
screening effects within the so-called target manifold when the
polarization of the system is calculated andyields the interaction
parameters specific to that low-energy model. [For an overview
of cRPA, see Aryasetiawan (2011).]
cRPA results for kagome metals have been reported for

KV3Sb5 (Di Sante, Kim et al., 2023) and CsV3Sb5 (Jeong

FIG. 13. (a) Left and right panels: momentum distribution cut-derived dispersion relation between experiments (open circles) and GW
theory (red lines) for the α and β bands, respectively. The red arrows highlight the positions of the kinks in the photoemission data.
Center panel: ARPES intensity plot. (b) Schematic momentum dependence of the superconducting gap amplitude of the
CsðV0.86Ta0.14Þ3Sb5 sample. (c) Calculated and experimental angle distribution of the rescaled superconducting gaps 2Δ=kBTc on
multiple Fermi-surface sheets of CsV3Sb5-derived compounds within the kz ¼ 0 plane. Adapted from Zhong et al., 2023a, 2023b, and
You et al., 2025.
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et al., 2022). In both cases the average values for the
Kanamori-type intraorbital repulsion U and Hund’s exchange
JHund are approximately 6.1 and 0.5 eV, respectively, when
screening is removed over the entire V 3d and Sb 5p
manifolds. These values are significantly reduced to about
1.6 and 0.4 eV, respectively, when the target space is restricted
to the V 3d orbitals only. Compared to oxides such as SrVO3

and LaVO3, the d bandwidth in the 135 kagome is larger and
the energy distance to the p bands is a factor of 3 to 4 smaller,
resulting in a much more pronounced covalency. Taking other
kagome materials such as Ni3In, FeSn, and Co3Sn2S2 as a
reference, the interaction values for KV3Sb5 are roughly a
factor of 2 smaller. This all indicates a weak degree of
correlation in the V compounds of the 135 family.
Di Sante, Kim et al. (2023) compared the decay of the

Coulomb repulsion with the interatomic distance for the two
different target spaces to other classes of materials. The results
shown in Fig. 14 indicate a good degree of universality,
despite the different absolute values of the interaction
strengths.
In addition to cRPA calculations, one can estimate the

degree of correlation from a comparison of experimentally
measured quantities and theoretical calculations. Possibilities
are offered by optical measurements, tunneling, or photo-
emission spectroscopies, which can be compared to corre-
sponding first-principles calculations. In the cases where the
experimental spectrum displays a gap that is not predicted by
DFT or GW (and if long-range order can be ruled out at the
temperatures of the measurements), the material qualifies as a
candidate for a strongly correlated Mott insulator (Imada,
Fujimori, and Tokura, 1998). According to this criterion, for
instance, high-temperature superconducting cuprates are clas-
sified as Mott systems, as the pseudogap extends to zero
doping and persists above the Néel temperature. Such a
strong-coupling scenario can be immediately ruled out for
both V-based 135 and V-based 166 kagome materials that
display metallic bands in photoemission and well-defined
Fermi surfaces. Using the ratio of the kinetic energy obtained
from optics experiments and the kinetic energy from band
theory as a proxy to the degree of correlation also puts the V-
based 135 compounds in the same category as other weakly
correlated itinerant systems (Zhou et al., 2023).

Therefore, more than one criterion points to a small degree
of correlation in the V-based 135 compounds. Yet, because of
their multiorbital nature, one could still ask whether the V-
based kagome metals could be classified as “Hund’s metals”
(Georges and Kotliar, 2024), extending the definition given to
iron-based superconductors and some transition-metal oxides.
Hund’s metals are also characterized by metallic single-
particle spectra. Yet, their spin-spin correlation function
reveals sizable instantaneous local magnetic moments that
are long lived (Haule and Kotliar, 2009; Aichhorn et al., 2010;
Yin, Haule, and Kotliar, 2011; Dai, Hu, and Dagotto, 2012; Si,
Yu, and Abrahams, 2016) and fluctuate in a way characteristic
of systems close to a Mott transition (Hansmann et al., 2010;
Watzenböck et al., 2020). Moreover, they display strong
differentiation of the band renormalizations due to the orbital
decoupling induced by the presence of JHund (de’ Medici,
Mravlje, and Georges, 2011; Georges, de’ Medici, and
Mravlje, 2013).
In analogy with many prototypical Hund’s metals, the

majority of the kagome materials discussed here constitute
transition-metal elements of the fourth period (principal
quantum number n ¼ 3), and, as discussed in Sec. III, the
kagome bands close to the Fermi level involve partially filled
atomic shells with angular momentum l ¼ 2. In general, this
situation promotes the formation of large local magnetic
moments. From an atomic point of view, electrons are indeed
significantly confined because of the nodeless radial wave
function with l ¼ n − 1 (Georges, 2004).
However, when screening effects in the solid are included

via cRPA, the intraorbital repulsion gets fairly suppressed, at
least for V-based 135 materials. Yet, apart from the absolute
value of the U parameter, we can sketch the main physical
ingredients of a 135 kagome metal using the language of a
microscopic Hubbard-like model, as in Fig. 15. This neglects

FIG. 15. Sketch of a kagome plane of Cr atoms (small gray
sphere). The larger green and purple balls represent Cs and Sb,
respectively, to portray the CsCr3Sb5 compound. On randomly
selected kagome sites, some of the Cr 3dorbitals are drawn. Spin-
up and spin-down electrons hop through the lattice, and when two
of them occupy the same site, they pay an energy cost. Its value
depends on whether they sit on the same or different orbitals.
Exemplified is the case in which they occupy the same orbital,
which means that they have opposite spins and repulsion U. This
demotes electron’s delocalization through the lattice and favors
the formation of fluctuating local moments. Adapted from
Sangiovanni, 2024.

kagome TMO

FIG. 14. Decay with the interatomic distance of the intraorbital
Coulomb repulsion U normalized to the on-site strength and
compared for two different choices for the target subspaces in
cRPA calculations. The representative of the transition-metal-
oxide (TMO) family are LaVO3, LaTiO3, and LaCrO3, while
KV3Sb5, Ni3In, FeSn, and Co3Sn2S2 are considered for the
kagome class. From Di Sante, Kim et al., 2023.
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for simplicity nonlocal interactions (see Fig. 14) and also
assumes no long-range magnetic order.
The illustration in Fig. 15 highlights the specificity of the

kagome lattice, which plays a role in determining the degree
of correlation in these materials. As extensively discussed in
Secs. II.A.1 and III, the geometric frustration of single-particle
wave functions influences the electrons’ localization on the
kagome lattice. The resulting flat band with the associated
singular DOS increases the impact of correlations. In fact,
because the band velocity is proportional to the first derivative
of the energy Ek with respect to momentum k, bands that are
flat host Bloch electrons that are enormously slowed down,
even without consideration of the kinetic energy reduction
effect driven by U (Vonsovskii, Katsnelson, and Trefilov,
1993; Mravlje et al., 2011; Hausoel et al., 2017).
One can therefore view the kagome lattice as a platform in

which the level of itinerancy can be suppressed by one- and
two-particle processes synergistically. The former can be
roughly thought to be set by the ratio between U and the
bandwidth W of the electronic manifold, or by better indica-
tors sensitive to the presence of flat bands in the DOS—such
as the second moment of the DOS (Bulla and Potthoff, 2000).
Instead, at the two-particle level, the strength of the interaction
matters in general, but the associated vertex corrections are
crucially dependent on the filling of the correlated bands. This
indeed determines the size of the phase space for the relevant
many-body processes directly influencing the behavior of
charge and spin fluctuations: the closer the localized orbitals
are to half filling, the stronger the effective correlation.
Borrowing jargon from meteorology, the filling has a role
similar to humidity for the perceived temperature; i.e., it can
enhance or reduce the effects of correlation (Crispino
et al., 2025).
There is a simple consequence to this: if it is possible

to increase the number of d electrons with respect to
known metals like V-based 135 and 166 compounds, there
is a chance to reach a higher level of correlation. One way is to
substitute Cr for V in the 135 compounds. This increases
the nominal d occupation by 3 per formula unit, though the
cRPA estimates would be influenced as well. At the present
stage, the first indications indeed point to more relevant many-
body correlations. For the recently synthesized CsCr3Sb5, Y.
Liu et al. (2024) reported signatures of localmagneticmoments
and sizable spin fluctuations. Using a parton approach based on
subsidiary spins, Xie et al. (2025) stressed the tendency toward
orbital selectivity in which the dxz orbital is the most correlated
one and reaches quasiparticle renormalizations of between 2
and 10, depending on the interaction used.
This is in striking contrast to the V compounds for

which both experiments (Kenney et al., 2021) and theory
(Zhao, Wu et al., 2021) have reported no local moments. The
latter DFT calculations with dynamical mean-field theory
(DFTþ DMFT) calculations for V-based 135, which are in
agreement with those of Liu, Wang, and Zhou (2022), also
indicate a weak electronic mass renormalization (smaller than
2) for KV3Sb5. This is true even if one focuses only on the dxz
orbital, which is the one that responds most sensitively to the
electron-electron interaction in the V compounds. DFTþ
DMFT also indicates vanishing local moments and small mass

renormalizations in the related ScV6Sn6 kagome metal (Yu
et al., 2024).

IV. MATERIALS CLASSES

In this section we provide an overview of the properties of
key members of some of the more common classes of kagome
metals. The phenomenology associated with each kagome
compound is governed by the corresponding lattice frame-
works, the nature of the atoms composing the kagome
sublattice, the electron filling of the kagome bands, and the
presence of other instabilities (native to other sublattices) that
couple to the kagome framework. This results in a rich
spectrum of phase behaviors across numerous classes of
kagome metals.
We discuss key kagome metal classes by breaking them

down via their chemical complexities, which govern the
phenomena and tunability possible in each. As two elements
are required to drive the formation of a kagome plane via
distortions in close-packed hexagonal layers of single-element
compositions (Kolli, Natarajan, and Van der Ven, 2021), the
simplest class of kagome metals is binary compounds.
Although this phase space is seemingly simple, binary
kagome networks harbor an impressive range of complexity.
This is governed by a combination of a stacking degree of
freedom between kagome and nonkagome layers, which, in
principle, can tune the dimensionality and the filling of the
kagome network. The character of the kagome ion can further
tune magnetism within the kagome network and gapping
within the electronic band structure.
Additional elements introduced within the crystal network,

for example, in ternary compounds, allow for new structural
motifs that support interactions between the kagome network
and other cation sublattices. Examples include added mag-
netic layers distinct from the kagome network that can couple
to carriers and break symmetries within the kagome planes.
Other examples include structural subunits that host bond
order or steric instabilities that couple to and distort the
kagome networks. Some of the more common ternary kagome
compounds hosting some of these features are discussed in the
second part of this section.

A. Binary structures

The binary kagome metal series TmXn (T ¼ 3d transition
metal; X ¼ Sn, In, or Ge) has been instrumental in the early
exploration of the physics of kagome metals. This family of
compounds offers a versatile platform to study the interplay
between the unique electronic structure of the kagome lattice
and magnetism. A key feature of these materials is the
presence of a structural layer hosting a kagome sublattice
that is occupied by 3d transition-metal elements. The stacking
arrangements of these kagome layers, interspersed with
spacer layers (S) of X atoms, can be varied depending on
the specific composition (the m∶n ratio in TmXn). This
structural flexibility allows the tuning of interlayer inter-
actions and the effective dimensionality of the electronic
structure; see Fig. 16.
For instance, in the 3∶1 structure (T3X), the kagome layers

exhibit an AB-type stacking where each layer is shifted
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laterally with respect to the neighboring one by half of a unit
cell; see Fig. 16(b). Such a configuration, where downward-
pointing triangles face upward-pointing triangles, naturally
leads to strong interlayer interactions and a three-dimensional
(3D) electronic structure. Consequently, some of the charac-
teristic electronic features of an ideal 2D kagome lattice, such
as Dirac fermions, are typically not observed in these
materials. However, flat bands can partially survive in these
structures even when interlayer hopping is allowed. In
addition, some compounds from the 3∶1 family defy conven-
tional understanding by demonstrating a large intrinsic AHE
without net magnetization arising from a noncollinear anti-
ferromagnetic spin structure (Nakatsuji, Kiyohara, and
Higo, 2015).
In the 3∶2 structure (T3X2), interlayer interactions are

partially reduced, allowing some characteristics of the 2D
kagome electronic structure to emerge; see Fig. 16(c). In this
stacking motif, kagome-bilayer units are stacked between the
spacer layers, with a stacking sequence A-B-S-B-C-S-C-A-S.
Fe3Sn2 is a prime example, as it was the first material where
kagome-derived Dirac fermions were experimentally realized
(Ye et al., 2018; Yin et al., 2018). The material also exhibits
other interesting properties, such as room-temperature sky-
rmion bubbles and a topological Hall effect (Hou et al., 2017).
Last, the 1∶1 structure (TX) represents a configuration

where kagome layers are most strongly decoupled, offering
the closest environment to realize the prototypical electronic
structure of a 2D kagome lattice; see Fig. 16(d). CoSn, a
nonmagnetic kagome metal, displays ideal kagome flat bands
with suppressed dispersion in all momentum directions (Kang
et al., 2020a). The intrinsic SOC lifts the degeneracy between
the flat and Dirac bands, leading to topologically nontrivial
flat bands. In contrast, the antiferromagnetic kagome metal

FeSn displays a richer electronic structure with coexisting
surface and bulk Dirac fermions alongside a magnetic flat
band. The interplay between Dirac fermions and the unique
magnetic structure in FeSn leads to symmetry-protected Dirac
nodes that are robust against SOC (Kang et al., 2020b). FeGe,
which is closely related to FeSn, exhibits a different magnetic
structure and features a 2 × 2 charge order coexisting with
antiferromagnetism (AFM) (Teng et al., 2022).
In summary, the binary kagome series TmXn has been an

ideal playground to initiate and deepen the exploration of
kagome metals. The diverse stacking configurations and the
intrinsic properties of 3d transition metals allow for the
realization of a broad array of electronic and magnetic
phenomena, providing a fertile ground for further exploration
of topological and correlated phases in kagome lattices.

1. Fe-based compounds: FeSn, Fe3Sn2, and FeGe

a. Fe3Sn2 compounds

The first kagome metal to have its electronic band structure
extensively studied was Fe3Sn2. This material has attracted
significant interest owing to its intriguing electronic, mag-
netic, and transport properties, all stemming from its geo-
metrically frustrated kagome lattice. Crystals are typically
prepared via chemical vapor transport methods (Malaman
et al., 1976).
Establishing the groundwork for understanding the mag-

netic properties of Fe3Sn2 (Malaman, Fruchart, and Le Caer,
1978), neutron diffraction, and magnetization measurements
identified the compounds as ferromagnetic, with a notable
spin rotation between 250 and 60 K. The magnetic properties
of Fe3Sn2 were later investigated using Mössbauer spectros-
copy, revealing spin direction changes across a wide
temperature range (Le Caer, Malaman, and Roques, 1978;

FIG. 16. (a) Top view of the kagome layer in the TmXn series. Stacking sequences of the TmXn series with (b) m∶n ¼ 3∶1, (c) 3∶2, and
(d) 1∶1 (d). The kagome layers (A, B, and C) exhibit different in-plane lattice offsets. The spacing layers S consist of X atoms. The
dimensionality increases with the X∶T ratio. In the 1∶1 structure (d), kagome layers are separated by the S layers, while in the 3∶1
structure (b), neighboring kagome layers are stacked on top of each other. The 3∶2 structure (c) exhibits a mixture of the two stacking
types. Adapted from Kang et al., 2020b.
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Le Caer et al., 1979). Subsequent explorations of the non-
collinear static spin structures and reentrant spin glass
behavior were crucial for understanding the role of spin
chirality in the AHE (Fenner, Dee, and Wills, 2009). This
giant AHE was later attributed to the material’s unique
frustrated kagome-bilayer structure, while an unconventional
scaling law in Hall resistivity was also discovered, pointing to
intrinsic mechanisms over extrinsic phenomena (Kida
et al., 2011).
Exploration of the electronic structure generated the dis-

covery of massive Dirac fermions near the Fermi level using
ARPES [Figs. 17(a)–17(c)] and STM [Figs. 17(d)–17(f)] (Ye
et al., 2018; Yin et al., 2018). These studies highlighted the
rich electronic structure of Fe3Sn2 and its potential for
topological phenomena. A subsequent STM study provided
spectroscopic evidence of the presence of flat bands and
explored their connection to electron correlation and magnetic
ordering (Lin et al., 2018). Early theoretical works using DFT
calculations predicted Weyl nodes and topological transitions,
significantly advancing the theoretical framework surrounding
Fe3Sn2 (Yao et al., 2018; Biswas et al., 2020). More recent
work reported a new type of electron band formation at low

temperatures derived from Sn p orbitals and possibly due to
electron fractionalization (Ekahana et al., 2024). These studies
firmly established the material as a fertile ground for exploring
topological quantum states.
Additional research has focused on more exotic magnetic

properties of Fe3Sn2. Magnetic skyrmions were observed,
highlighting potential spintronics applications due to their
room-temperature stability and contributions to the topologi-
cal Hall effect (Hou et al., 2017; P. Wu et al., 2021). Progress
in thin-film synthesis has opened further new avenues for
exploration.The synthesis of Fe3Sn2 thin films was reported
using sputter deposition (Khan et al., 2022) and molecular
beam epitaxy (Cheng et al., 2022; Ren et al., 2022). This
development has enabled further investigation of magneto-
transport properties and device integration, paving the way for
practical applications in nanostructured devices. The interplay
between the topological effects and the AHEs was inves-
tigated in epitaxial films and revealed a rich interplay between
electronic topology and magnetic ordering (Du et al., 2022;
Zhang, Hou, and Mi, 2022). Research, exemplified by Li,
Ding et al. (2023) and Zhu et al. (2024), continues to explore
and harness the unique properties of Fe3Sn2, thereby driving
advancements in spintronics and quantum materials.

b. FeSn compounds

The kagome metal FeSn, with its unique lattice structure,
exhibits an interesting interplay of electronic and magnetic
phenomena. Bulk single crystals can be grown via crucible-
based Sn-flux methods (Häggström et al., 1975). Early
investigations focused primarily on FeSn’s magnetic behavior
where neutron diffraction studies revealed antiferromagnetic
ordering below 365 K (Yamaguchi and Watanabe, 1967).
Concurrently, Mössbauer spectroscopy provided insights
into hyperfine interactions and magnetic configurations
(Yamamoto, 1966; Ligenza, 1971, 1972; Kulshreshtha and
Raj, 1981). These foundational works established FeSn as a
compelling kagome antiferromagnet.
Characterization of FeSn’s electronic and band structure

properties was performed by measuring its magnetic, elec-
tronic and thermal transport, and thermodynamic properties
(Sales et al., 2019; Kang et al., 2020b). DFT calculations were
used to unveil a three-dimensional electronic structure with
Dirac nodal lines, highlighting the potential for topological
phases intertwined with magnetic order (Sales et al., 2019).
ARPES experiments provide evidence for the presence of
Dirac fermions in FeSn [Figs. 18(a)–17(b)], solidifying its
status as a platform for studying topological phenomena
(Kang et al., 2020b). Additional studies further elucidated
the properties of these Dirac states, demonstrating their bulk
nature and connection to two-dimensional surface Weyl
fermions (Lin et al., 2020).
There is renewed interest in the magnetic properties and

spin dynamics of FeSn. Ab initio studies employed linear spin
wave theory and density functional perturbation theory to
analyze spin fluctuations, revealing Landau damping effects
on magnons (Y.-F. Zhang et al., 2022). Further neutron
scattering work demonstrated the potential for manipulating
magnetic states in FeSn to unlock exotic excitations like Dirac
magnons (Do et al., 2022).

FIG. 17. (a) Anomalous Hall transport in kagome ferromagnet
Fe3Sn2. (b),(c) Pair of massive Dirac fermions at the K point.
(d) Magnetization-dependent energy shift of the Dirac fermions.
(e) Quasiparticle interference pattern as a function of magneti-
zation direction. (f) Magnetization-controlled mass gap at the
Dirac point. Adapted from Ye et al., 2018, and Yin et al., 2018.
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Investigations into the transport properties of FeSn have
yielded intriguing results. Contrary to expectations for quasi-
2D systems, the material exhibits significant anisotropic
conductivity. This anisotropy, observed in early studies on
bulk (Sales et al., 2019) and epitaxial thin-film samples (Inoue
et al., 2019), challenges conventional interpretations of Hall
effects linked to Berry curvature. An additional study quanti-
fied higher-order nonlinear AHEs, connecting their response
to the quantum geometry of this system (Sankar et al., 2024).
Further optical spectroscopy work emphasized the role of Sn
layers in contributing to the optical anisotropy of FeSn,
challenging simple 2D models (Ebad-Allah et al., 2024).
This study, along with investigations of magnetoelastic
couplings and lattice constants (Tao et al., 2023), underscores
the intricate interplay of correlation effects in FeSn.
STM experiments have explored FeSn in both single crystal

(Li, Zhao, Yin et al., 2022; Multer et al., 2023) and thin-film
forms (Li, Zhao, Yin et al., 2022; Huimin Zhang et al., 2023;
Pham et al., 2024); see Figs. 18(c)–18(e). Spin-polarized STM
imaging visualized layered antiferromagnetic ordering at the
surface of FeSn (Li, Zhao, Yin et al., 2022). An external
magnetic field was found to further modify electronic proper-
ties of individual defects (Li, Zhao, Yin et al., 2022) and tune
local directionality of the electronic structure (Multer et al.,
2023; Huimin Zhang et al., 2023). Spectroscopic signatures of
electronic bands were detected as peaks in STM differential

conductance dI=dV spectra (Multer et al., 2023; Huimin
Zhang et al., 2023).

c. FeGe compounds

FeGe is a kagome lattice metal exhibiting A-type AFM
(Watanabe and Kunitomi, 1966), and single crystals can be
grown via halogen vapor transport methods (Richardson,
1967; Forsyth, Wilkinson, and Gardner, 1978). It has become
a key system for investigating the interplay of CDWs,
electronic correlations, and magnetism within kagome topo-
logical systems. Its unique features, such as Dirac cones,
VHSs, and flat electronic bands, create a complex landscape
of quantum phases influenced by lattice geometry, spin-
phonon coupling, and nontrivial band topology. FeGe there-
fore stands out as an important platform for studying strongly
correlated topological systems.
Specifically, FeGe is host to a diverse array of phenomena

including high-temperature magnetic order, unconventional
CDW states, and strong electronic correlations, an interplay
that is not readily found in most other kagome materials (Setty
et al., 2022; Teng et al., 2022,2023; Yin et al., 2022; Yi et al.,
2025). The interest in FeGe stems from its distinct A-type
antiferromagnetic order (TN ≈ 410 K), coupled with an
unconventional CDW phase (TCDW ≈ 100–110 K), spin-cant-
ing transitions, and topological electronic behavior dominated
by VHSs (Teng et al., 2022; Wang, 2023; Zhao et al., 2025);
see Figs. 19(a)–19(f).
FeGe possesses electronic bands that are characteristic of

the kagome lattice, namely, Dirac cones, flat bands, and VHSs
(Setty et al., 2022; Teng et al., 2023); see Figs. 19(g)–19(i).
These features are prominent near the Fermi level, where
electronic correlation effects amplify their topological and
transport signatures. ARPES has revealed key intricacies of
the band structure of FeGe, notably spin-split VHSs below TN,
arising from magnetic exchange interactions (Teng et al.,
2022, 2023). DFTþ DMFT emphasizes the importance of
SOC and Hund’s coupling in modulating these topological
features (Setty et al., 2022; Wang, 2023). The coexistence of
flat bands and Dirac cones in FeGe enables Berry curvature
effects, driving topological phenomena like the AHE (Yin
et al., 2022; Miao et al., 2023). Spectral weight redistribution
due to spin and charge ordering underscores the vital role of
these kagome-derived features in shaping the electronic
properties of FeGe.
The Fermi level’s proximity to the VHS makes FeGe

highly sensitive to external conditions like pressure, strain,
and doping (Wen et al., 2024). Studies under high pressure
show that TCDW increases rather than decreases, in contrast
to conventional CDW materials, suggesting a unique corre-
lation-driven origin for CDWs in FeGe (Korshunov et al.,
2024; Wen et al., 2024). Annealing and doping studies (such
as FeGe1−xSbx) have demonstrated that modifications to
lattice symmetry and bonding distances significantly influ-
ence band topology and CDW stability (J. Huang et al., 2023;
Klemm et al., 2025).
CDWs in FeGe have unconventional origins driven by

electronic correlations and accompanied by structural modu-
lation involving Ge dimerization (Wang, 2023; Shi et al.,
2024; Zhao et al., 2025). Unlike conventional CDWs

FIG. 18. (a) Flat band and (b) Dirac fermions in FeSn. (c) Topo-
graphic STM image of the kagome termination of FeSn.
(d) Tunneling conductance spectra from three representative sites
A, B, and C. (e) Energy-dependent differential conductance
maps. Adapted from Kang et al., 2020b, and Huimin Zhang
et al., 2023.
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triggered by Fermi-surface nesting, FeGe CDWs emerge from
mechanisms like spin-phonon coupling and localized distor-
tions in its kagome lattice geometry (Shao et al., 2023;
Wang, 2023).
The antiferromagnetic ground state of FeGe is intricately

linked to its CDW behavior. Below TCDW, Ge dimerization
acts as an order parameter, enhancing ferromagnetic align-
ment within the kagome planes and indirectly influencing
electronic transport phenomena like the AHE (Yin et al.,
2022; Miao et al., 2023; Wang, 2023; B. Zhang et al., 2023).
Theoretical models suggest that spin-phonon coupling mech-
anisms amplify CDW instability through magnetically
enhanced spectral weight redistribution near VHSs (Miao
et al., 2023; Wang, 2023).
Tuning CDW properties through external parameters such

as pressure, annealing, and disorder has emerged as a powerful
route to explore emergent CDW phases in FeGe. High-
pressure experiments reveal the stabilization of quasi-long-
range CDW order with superlattice shifts from 2 × 2 × 2 toffiffiffi
3

p
×

ffiffiffi
3

p
× 6 (Korshunov et al., 2024; Wen et al., 2024),

while annealing-induced Ge-site disorder disrupts long-range
CDWs but enables flexible control of magnetic coupling (Shi
et al., 2024; X. Wu et al., 2024; Tan and Yan, 2025).
Diffraction studies further point to dimerization-driven
bond-orientation order as a precursor to CDW formation
(Subires et al., 2025). More broadly, defect engineering
through Ge-site vacancy disorder or Sb doping modulates
resistivity and suppresses magnetic ordering, offering a handle

to tune correlation effects in FeGe kagome lattices (J. Huang
et al., 2023; Klemm et al., 2025; Tan and Yan, 2025).
Below ≈60 K spin canting induces transitions to a double-

cone magnetic structure accompanied by complex spin
excitations (Teng et al., 2022, 2023; Lebing Chen et al.,
2024). The nature of this transition is, however, under debate,
with recent inelastic neutron scattering measurements sug-
gesting that the incommensurate magnetic structure below
≈60 K could arise from Fermi-surface nesting and takes the
form of an itinerant SDW (Lebing Chen et al., 2024; Klemm
et al., 2025; Oh et al., 2025). Regardless of the origin, the
antiferromagnetic phase introduces magnetic exchange split-
tings, thus directly influencing the band structure and enabling
temperature-dependent modulation of electronic properties
(Miao et al., 2023; Teng et al., 2023). Magnetic interactions
further stabilize CDWs, with spectral signatures evident in
spin-polarized ARPES and scattering studies (Wang, 2023; Z.
Chen et al., 2024). Magnetic anisotropies studied via neutron
scattering reveal strong interactions between itinerant and
localized magnetic moments (Lebing Chen et al., 2024).
Electronic transport in FeGe is highly sensitive to the

interplay of CDWs, magnetism, and electronic correlations.
Quantum oscillations detected via the de Haas–van Alphen
effect reveal reconstructed Fermi surfaces in the CDW phase,
suggesting new transport channels mediated by the kagome
lattice symmetry (Tang et al., 2024). Anomalous Hall con-
ductivities are frequently reported below TN and arise from
enhanced Berry curvature near the Dirac points and flat bands
(Yin et al., 2022; Zhao et al., 2025).
FeGe is a rare example where symmetry-ascending struc-

tural transitions are reported at temperatures below the onset
of CDWs (S. Wu et al., 2024). This unusual tendency can
manifest itself as long as an extremely weak structural
instability coexists and competes with the CDWand magnetic
orders, rendering FeGe a highly relevant platform for the study
of intertwined orders. Its distinct interplay of magnetism,
electronic correlations, and topological excitations sets FeGe
apart as a paradigmatic material for studying multi-degrees-of-
freedom coupling in kagome systems (Setty et al., 2022;
Teng et al., 2022), and outstanding questions include deter-
mining the precise origin of CDW states under extreme
conditions (pressure and doping) and the role of Hund’s
coupling in driving non-Fermi-liquid behavior. Recent func-
tional renormalization group analyses also hinted at potential
SC in FeGe under engineered conditions, opening an avenue
for exploring quantum criticality in kagome magnets (Bonetti
et al., 2024).

d. Fe3Sn compounds

Here we discuss the relatively less explored binary Fe3Sn
compound, which, despite its collinear magnetic order,
also exhibits a large anomalous Nernst effect (ANE) (T.
Chen et al., 2022). This phenomenon parallels the ANE seen
in the noncollinear antiferromagnet Mn3Sn (discussed in
Sec. IV.A.3). The large ANE in Fe3Sn is attributed to a nodal
plane that creates a flat, hexagonal-shaped electronic band
structure with enhanced Berry curvature near the Fermi
energy, as clarified via theoretical analysis. The observed
ANE reaches up to 3 μVK−1 above room temperature,

FIG. 19. (a–c) Symmetry-breaking sequence in FeGe. (d) Sche-
matic of the in-plane flux phase. (e) Temperature-field phase
diagram of FeGe. (f) Momentum scan across the CDW peak and
temperature dependence of the magnetic Bragg peak. (g) Temper-
ature-dependent VHSs from ARPES data. (h) Ordered magnetic
moment measured by neutron scattering. (i) Temperature depend-
ence of the VHS binding energy. Adapted from Teng et al.,
2022, 2023.
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making this material a candidate for developing flexible film
thermopiles and heat current sensors. A numerical study of the
properties of these 3∶1 kagome compounds underscores the
potential for high-throughput screening methods to explore a
broader range of complex magnetic materials, including both
collinear and noncollinear systems (Bouaziz, Nomoto, and
Arita, 2025).

2. Co-based compounds: CoSn

CoSn is a key material for studying flat-band physics, Dirac
fermions, symmetry breaking, and unique transport properties
(Kang et al., 2020a; Liu et al., 2020). Its nonmagnetic kagome
lattice and simple Fermi surface make it ideal for under-
standing intrinsic electronic band properties of the 2D kagome
lattice without the complexities of lattice stacking or spin
physics. Bulk crystals can be grown via crucible-based Sn-
flux methods (Larsson et al., 1996), and CoSn crystallizes in a
hexagonal structure (space group P6=mmm), with cobalt
atoms forming kagome layers interspersed with tin layers.
Its electronic structure displays key kagome physics features:
flat bands near the Fermi level (confirmed by ARPES)
(Kang et al., 2020a; Liu et al., 2020) [see Figs. 20(a)
and 20(b)], Dirac dispersions at BZ corners with SOC-induced
gaps leading to massive Dirac fermions (Kang et al., 2020a;
Liu et al., 2020), and orbital-selective features (dxy and dz2
hybridization) revealed by DFT and TB models (Liu et al.,
2020; Wan, Lu, and Huang, 2022). The flat bands in CoSn
arise from different orbital manifolds and could be directly
linked to the compact localized states predicted in 2D kagome
toy models (Kang et al., 2020a); see Fig. 20(c).
These flat bands are highly tunable. Strain or doping with

Fe, In, or Ni shifts their position relative to the Fermi level. Fe
and In doping bring flat bands closer to the Fermi energy,
promoting magnetic responses and instabilities, while Ni
doping suppresses these effects (Sales et al., 2021, 2022;
Cheng et al., 2023). Theoretical models suggest strain could
induce transitions to topologically nontrivial states with Weyl
fermions or enhanced correlation phenomena (Kang et al.,
2020a; Cheng et al., 2023; Mojarro and Ulloa, 2024).
Recent studies show rotational symmetry breaking

(nematicity) in CoSn at 225 K driven by flat-band thermal
excitations (Drucker et al., 2024). This is unique, as it occurs
without magnetic order, suggesting that the flat bands in CoSn
cause electronic instabilities leading to nematic transitions.
While intrinsic CoSn is nonmagnetic, doping introduces
localized magnetic states and creates a rich magnetic phase
diagram (Meier et al., 2019); see Fig. 20(d). Fe doping
induces a spin glass state and ferromagnetic fluctuations
linked to flat bands near the Fermi level (Sales et al.,
2021, 2022; Vijay et al., 2023). For instance, Co1−xFexSn
displays tunable magnetoresistance due to band realignment
and localized flat states (Vijay et al., 2023). Theoretical work
has proposed CoSn as a platform for interaction-driven
quantum order, including CDWs (potentially induced by
correlations near VHSs and flat bands under strain or pressure)
(Mojarro and Ulloa, 2024) and unconventional SC (suggested
by weak correlation effects and kagome physics) (Liu
et al., 2020).

CoSn also exhibits significant transport anisotropy, with in-
plane resistivity much higher than that of the out-of-plane due
to flat-band localization and large effective masses (J. Zhang
et al., 2021; Huang et al., 2022). These differences are tied to
kagome geometry, particularly flat-band dispersion and scat-
tering near VHSs. Despite being nonmagnetic, CoSn shows
flat-band-driven negative magnetoresistance in external fields
that is attributed to enhanced scattering and ferromagnetic
correlations (J. Zhang et al., 2021). Temperature-dependent
transport and spectroscopy studies further reveal strong
phonon-electron interactions near flat bands that affect quasi-
particle velocities, scattering rates, and resistivity (Yin et al.,
2020a; Huang et al., 2022).

FIG. 20. (a),(b) ARPES data (left panels) and DFT calculations
(right) of the electronic bands in CoSn, showing evidence for the
presence of a double flat band. (c) Real-space wave functions
underlying the flat bands derived from out-of-plane (left panel)
and in-plane (right panel) orbitals. (d) Magnetic phase diagram of
the mixed-composition kagome compound ðFe1−xCoxÞSn.
Adapted from Meier et al., 2019, and Kang et al., 2020a.
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STM has visualized the localized real-space kagome flat-
band states in CoSn (C. Chen et al., 2023), serving as a
fingerprint of ideal kagome physics and a path to exploring
strongly correlated phases. While CoSn is topologically
trivial, small SOC gaps suggest the proximity to a topological
phase. Strain or doping could potentially realize Weyl or Dirac
semimetal phases, as suggested theoretically (Kang et al.,
2020a; Sales et al., 2021; Cheng et al., 2023).
The development of thin films of CoSn offers added control

over its properties, where, for instance, ARPES studies reveal
enhanced SOC effects and sharper flat bands than in bulk
samples (Cheng et al., 2023). In addition, strain engineering
can shift energy levels, modulate Fermi-surface topology, and
explore emergent phases (Cheng et al., 2023; Mojarro and
Ulloa, 2024).
Compared to magnetic kagome metals like FeSn, CoSn

lacks intrinsic magnetism, which simplifies its electronic
structure (Kang et al., 2020a; Liu et al., 2020). Unlike
superconducting AV3Sb5 materials, CoSn displays weaker
correlations and no ambient CDWs or superconducting phases
(Mojarro and Ulloa, 2024). Its simplicity makes CoSn a
benchmark for kagome physics, highlighting the interplay
among flat bands, orbital differentiation, and Dirac features.
Despite substantial progress, the following questions

remain: How can CoSn be tuned into a robust topological
regime? What mechanisms underlie the reported nematic
order, and how is it connected to flat-band physics?
Addressing these requires systematic doping experiments,
thin-film engineering, and advanced spectroscopies. Further
research on tunability and correlated phases holds the poten-
tial to unlock more exotic properties of this kagome system.

3. Mn-based compounds: Mn3Sn and Mn3Ge

The Mn-based family of binary kagome compounds sup-
ports unusual magnetically ordered states. Both Mn3Sn and
Mn3Ge crystallize in the Ni3Sn-type structure with hexagonal
space group P63=mmc [see Fig. 21(a)], and crystals can be
grown via Bridgman techniques (Krén et al., 1975;
Tomiyoshi, 1982). It is known that these structures are
stabilized by excess Mn, which randomly occupies the Sn
or Ge sites (Krén et al., 1975; Yamada et al., 1988). Both
systems realize an exotic antiferromagnetic state that exhibits

an antichiral spin texture (Nagamiya, Tomiyoshi, and
Yamaguchi, 1982; Tomiyoshi, 1982); see Fig. 21(b). For
Mn3Sn this state occurs at TN ≈ 430 K, while for Mn3Ge it is
at TN ≈ 380 K. The latter retains this magnetic structure to the
lowest temperatures, whereas the former has a transition to a
noncoplanar magnetic phase below approximately 50 K
(Nakatsuji, Kiyohara, and Higo, 2015; Kiyohara, Tomita,
and Nakatsuji, 2016; Nayak et al., 2016). The Mn atoms host
a total moment of approximately 3μB; however, a small tilting
of the in-plane moments results in a net ferromagnetic moment
of order 0.001μB.
A striking property of these systems is a large anomalous

Hall response observed for magnetic fields in the kagome
plane [see Fig. 21(c)], despite the system having only a weak
ferromagnetic component in its magnetic order (Nakatsuji,
Kiyohara, and Higo, 2015; Kiyohara, Tomita, and Nakatsuji,
2016; Nayak et al., 2016). This is captured by calculations of
Berry curvature contributions to the anomalous Hall response
(Kübler and Felser, 2014). The presence of Weyl nodes in
these materials has been investigated theoretically (Yang et al.,
2017) and experimentally (Kuroda et al., 2017).
Several extensions have followed the aforementioned dis-

coveries, including the observation of large responses in other
anomalous transport responses, such as large Nernst (Ikhlas
et al., 2017) and thermal Hall effects (Li et al., 2017). Given
its large anomalous Hall response but weak stray and
demagnetizing field owing to its largely antiferromagnetic
nature (as well as TN above room temperature), these systems
have attracted significant attention for their possible utility in
spintronics. Some of these properties can be rationalized from
their connection to antiferromagentic Weyl systems (Liu and
Balents, 2017).
These compounds have been studied in a number of

spintronic device geometries, and an early study confirmed

FIG. 21. (a) Crystal structure of Mn3Ge, which is isostructural
to Mn3Sn. From Kiyohara, Tomita, and Nakatsuji, 2016. (b) Mag-
netic ordering in the kagome plane for Mn3Sn. (c) Anomalous
Hall response. From Nakatsuji, Kiyohara, and Higo, 2015.

FIG. 22. (a) TMR device geometry and (b) response for Mn3Sn.
(a),(b) From Xianzhe Chen et al., 2023. (c) Kagome/heavy metal
heterostructure and (d) spin-orbit torque switching forMn3Sn,with
the initializing field shown in the upper inset and bipolar switching
shown in the lower inset. (c),(d) From Takeuchi et al., 2021.
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the presence of spin Hall effects using NiFe electrodes
(Kimata et al., 2019). More recently, tunneling magnetoresist-
ance (TMR) device structures using MgO barriers [see
Fig. 22(a)] demonstrated a tunneling resistance response at
room temperature [see Fig. 22(b)] (Xianzhe Chen et al.,
2023). In addition, spin-orbit torques have been demonstrated
using conventional heterostructures of Mn3Sn and heavy
element metals (Takeuchi et al., 2021; Higo et al., 2022); see
Figs. 22(c) and 22(d). This was extended in recent work on
Si=SiO2=Mn3Sn=AlOx structures using all-electrical inputs
(Deng, Liu et al., 2023). The development of thin films of
these materials has played a crucial role in these efforts (Higo
and Nakatsuji, 2022), and further development of spintronic
devices based on these and related materials is a primary area
of research.

4. Ni-based compounds: Ni3In

The binary Ni-based kagome metal Ni3In has been shown
to support correlated electronic states. The system crystallizes
in the Ni3Sn-type structure with hexagonal space group
P63=mmc [see Fig. 23(a)] (Baranova and Pinsker, 1966),
and crystals can be grown via a halogen catalyzed reaction and
chemical vapor transport (Ye et al., 2024). Recent studies of
bulk single crystals (Gim et al., 2023;Ye et al., 2024), thin films
(Han et al., 2024), and polycrystalline materials (Garmroudi
et al., 2024) have been reported. Of central interest in this
system is the expectation fromDFT that (before interactions are
considered) a partially flat band associated with the Ni ions
appears at the Fermi level; see Fig. 23(b).
This electronic configuration appears to give rise to corre-

lated electron phenomena reminiscent of heavy electron
systems, including f-electron Kondo systems (Checkelsky
et al., 2024). Studies of Raman scattering exhibit a low-
temperature renormalization of frequency and line shape that
recalls that of the onset of Kondo screening (Gim et al., 2023);
see Fig. 23(c). Electrical transport reveals a T-linear behavior
below 100 K and points to a strongly correlated Fermi liquid
below 2K (Han et al., 2024; Ye et al., 2024); see Fig. 23(d). By

applying amagnetic field and pressure, this can be changed to a
more conventional transport response (Ye et al., 2024).
Moreover, conventional metalicity is observed for the isostruc-
tural system Ni3Sn, where the Fermi level is shifted away from
the bands with quenched kinetic energy, suggesting the role of
the flat band in generating strong electronic correlations. The
consequences of correlation effects for band topology in these
systems is a subject of ongoing study.
These band features have been identified as a possible

source of a large power factor (PF) with potential relevance for
metallic thermoelectrics (Garmroudi et al., 2023). As shown
in Fig. 23(e), studies of alloys of Ni3In and Ni3Sn reveal a
maximum in PF that is consistent with the role of asymmetric
scattering across the Fermi level between the flat-band states
and the highly dispersive bands (Garmroudi et al., 2024). The
design of such metallic thermoelectrics in kagome and other
flat-band metals [for example, pyrochlore metals (Wakefield
et al., 2023)] is an emerging field of study.

5. Nb-based compounds: Nb3X8

The Nb3X8 family (X ¼ Cl, Br, or I) comprises layered 2D
materials, with each unit consisting of two Nb3X8 monolayers
stacked along the c axis through weak van der Waals inter-
actions. Crystals can be produced via high-temperature sinter-
ing (Miller, 1995) or halide liquid flux techniques (Haraguchi
et al., 2017), and within each monolayer, a breathing kagome
lattice of Nb3 trimers forms where the intracluster Nb-Nb
distance is significantly shorter than the intercluster distance.
Strong metal-metal bonding within each trimer results in a
localized spin S ¼ 1=2 that primarily occupies the Nb 2a1
orbital (Pasco et al., 2019; S. Gao et al., 2023;Wang,Wu et al.,
2023). DFT calculations predict a metallic state; however,
transport and ARPES measurements consistently indicate that
Nb3X8 is an insulator (Yoon et al., 2020; Sun et al., 2022; S.
Gao et al., 2023). This discrepancy can be attributed to strong
electron correlations, suggesting that Nb3Cl8 and Nb3Br8 are
Mott insulators rather than conventional band insulators, with
the Fermi level within the Mott gap (S. Gao et al., 2023; Y.
Zhang et al., 2023; Grytsiuk et al., 2024; Aretz et al., 2025).
Magnetic susceptibility measurements reveal a first-order

phase transition in both Nb3Cl8 and Nb3Br8 progressing from
high-temperature paramagnetic (α phase) to low-temperature
nonmagnetic (β phase), accompanied by a structural transi-
tion. The transition temperature is ≈90 K for Nb3Cl8 and
≈380 K for Nb3Br8 (Pasco et al., 2019). At high temper-
atures, both adopt the P3m̄1 space group in the α phase. In the
β phase, Nb3Br8 has a well-established R3m̄ symmetry (Pasco
et al., 2019), while recent evidence increasingly supports a
similar assignment for Nb3Cl8 (Jeff et al., 2023; Kim, Lee
et al., 2023). The structural transition is attributed to a
mechanical shift of layers that alters the stacking order while
retaining the same monolayer structure in both phases.
Weak magnetic interactions between trimer clusters are

strongly affected by charge fluctuations within Nb–Nb and
Nb–Cl bonds, thus reflecting the interplay between structural
and electronic degrees of freedom (Nakamura et al., 2024).
The nonmagnetic ground state has been proposed to arise
from a spin-singlet configuration with a thermal gap to an
excited triplet state rather than charge disproportionation

FIG. 23. (a) Crystal structure of Ni3In. From Han et al., 2024.
(b) DFT electronic structure of Ni3In. From Ye et al., 2024.
(c) Temperature dependence of Raman response as a function of
temperature in single crystals of Ni3In. From Gim et al., 2023.
(d) Electrical transport of Ni3In and Ni3Sn bulk single crystals.
From Ye et al., 2024. (e) Concentration dependence of the
calculated and observed power factors in polycrystalline
Ni3ðIn; SnÞ alloys. From Garmroudi et al., 2024.
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(½Nb3�7þ-½Nb3�9þ), as the core-level spectra indicate equiv-
alent Nb valence states (S. Gao et al., 2023). In addition,
anomalous magnetic susceptibility enhancements of around
1020 K have been observed in specific samples, likely due to
defect-induced spins or residual high-temperature phases
retained during synthesis (Pasco et al., 2019). These sam-
ple-specific effects suggest an extrinsic rather than intrinsic
origin. Notably, pressure-induced metallization in Nb3Cl8 is
coupled with a structural phase transition and pronounced
changes in its band structure (Shan et al., 2023).
While flat bands have been identified in several kagome

metals, the lack of exfoliatable and semiconducting kagome
materials significantly limits their integration into device
applications. In a breathing kagome lattice, the absence of
inversion symmetry opens a gap in the Dirac cone, resulting
in a semiconducting ground state, while flat bands persist
owing to the protection of mirror reflection symmetry (Sun
et al., 2022). Unlike flat bands in an ideal kagome lattice,
those in the trigonally distorted lattice of Nb3X8 are highly
isolated. Recent ARPES experiments have observed flat bands
across various breathing kagome systems, including Nb3Cl8,
Nb3Br8, Nb3I8, and Nb3TeCl7 (Regmi et al., 2022, 2023; Sun
et al., 2022; S. Gao et al., 2023; Hongrun Zhang et al., 2023).
These observations align well with theoretical band calcu-
lations, confirming that the flat bands originate from the
breathing kagome lattice of niobium atoms predominantly
involving niobium d-orbital character. Furthermore, energy
splitting in the lower Hubbard band of bilayer β-Nb3Cl8 has
been attributed to enhanced interlayer hybridization, resulting
in the formation of bonding-antibonding states in the β phase,
which further underscores the role of Mott physics in breath-
ing kagome systems (Pasco et al., 2019; Y. Zhang et al., 2023;
Grytsiuk et al., 2024).
The magnetic order in the Nb3X8 family is predicted to

depend on the number of layers in thin-film samples, with
unique phenomena emerging as the system approaches the 2D
limit (Conte, Ninno, and Cantele, 2020). The van der Waals
nature of Nb3X8 enables easy exfoliation into monolayers,
providing a rare opportunity to explore its magnetic properties,
which include monolayer ferromagnetism, all-in antiferromag-
netic spin structures, and quantum spin-liquid states (Peng

et al., 2020; Wang, Wu et al., 2023). More importantly, the
intrinsic breaking of both time-reversal and inversion sym-
metries positions Nb3I8 as a noteworthy 2D anomalous valley
Hall material capable of exhibiting spontaneous valley polari-
zation without the need for external tuning (Peng et al., 2020).
In ferroelectric bilayer Nb3I8 with A-type antiferromagnetic
coupling, the coupling of electric polarization to spin, valley,
and layer degrees of freedom enables the realization of a spin-
valley-layer-polarized AHE (Feng, Chen, and Qi, 2023).
Furthermore, mechanical exfoliation experiments on Nb3Cl8
have successfully yielded few- and single-layer samples with
excellent ambient stability and enhanced conductivity (Yoon
et al., 2020; Regmi et al., 2023). These exceptional properties,
along with the novel low-dimensional magnetic behaviors,
establish the Nb3X8 family as a versatile platform for exploring
fundamental physics and advancing device applications.

B. Ternary structures

The incorporation of a third element into the crystal
structures of kagome metals affords an additional degree of
tunability and chemical diversity not achievable in simpler
binary compounds. Layered kagome planes can be better
isolated via layers of interleaving ions, rendering reduced out-
of-plane hopping and more two-dimensional electronic prop-
erties, and additional modes of symmetry breaking can be
interfaced with the kagome network. Key examples are
illustrated in Fig. 24. For instance, magnetic layers can be
brought into proximity with kagome planes or alternate units
that undergo bond or charge order coupled to the kagome
network, all within the same structural unit. There is a broad
phase space of ternary structure types that host kagome
networks and allow for this tunability, much of it unexplored.
In this section we highlight some of the most commonly
studied variants to date.

1. M3A2X2 compounds

The M3A2X2 or shandite crystal structure consists of
kagome planes of M-site transition-metal ions coordinated
with main group A-site ions and X-site chalcogens; see
Fig. 25(a). Bulk crystals can be grown typically via

FIG. 24. Crystal structures of common ternary families possessing isolated kagome networks. Kagome networks and the constituent
atoms are shown as red spheres connected with red bonds. The out-of-plane bonds highlighted in the bilayer AM6X6 structure illustrate
the atoms driving the chain instability underlying the CDW-like state in select variants. Blue spheres and bonds shown in the AM3X4

structure illustrate the zigzag network of interleaving A-site ions. The dashed lines in the ternary C15 Laves AM3X structure show the
native pyrochlore network broken up by the ordered incorporation of X-site ions.
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Bridgman techniques (Holder et al., 2009) or sintering tech-
niques with mineralizers (Li et al., 2019). The kagome layers
are stacked in anABC sequence and the triangles of the kagome
network alternately have oneX-site ion above and below them.
There are two unique A-site positions in the cell and one rests
within the kagome planes. The most widely studied material in
this class in terms of its electronic properties is the half metal
ferromagnet Co3Sn2S2. Initial work (Vaqueiro and Sobany,
2009) reported ferromagnetic order at a Curie temperature
TC ≈ 180 K and metallic behavior, with magnetic moments
localized within the Co kagome lattice.
Work exploring the electronic structure of Co3Sn2S2

identified the compound as an intrinsic magnetic Weyl
semimetal. Liu et al. observed a giant AHE [Fig. 25(b)]
attributed to Berry curvature concentrated around Weyl points
near the Fermi energy [Fig. 25(c)]. DFT calculations predicted
six Weyl points within 60 meV of the Fermi level, and
experiments confirmed a large anomalous Hall conductivity
(σxy up to 1100 Ω−1 cm−1) (Liu et al., 2018), with a
modulation of the anomalous Hall angle up to a magnitude
of 25° (J. Yang et al., 2025). Wang et al. (2018) further
confirmed the presence of intrinsic ferromagnetism (moment
≈ 0.3μB per Co atom) and Weyl points near the Fermi energy
using ARPES and DFT. Wang et al. provided direct evidence
of band crossings and highlighted the connection between
topology and magnetism as the source of the exceptional
transport properties. Moreover, Yang et al. (2020) reported a
giant ANE with a significant Nernst conductivity up to
10 μV=K at low temperatures, further emphasizing the role
of Berry curvature in anomalous transverse thermoelectric
responses.
Focusing on the surface, Morali et al. (2019) used ARPES

and STM to observe diverse surface terminations and confirm
the connectivity of bulk Weyl cones via Fermi arcs, while Xu
et al. (2018) resolved topological surface states linked to Weyl
nodes and SOC. The character of the states at the Fermi level,

however, varies depending on the surface termination probed,
leading to discrepancies in the literature (Mazzola et al.,
2023). Liu et al. (2019) mapped the bulk band structure and
topology in the magnetic Weyl semimetal phase, linking the
giant AHE and anomalous Hall angle to Berry curvature
contributions from Weyl nodes; see Fig. 25(d).
Yin et al. (2019) discovered negative-flat-band magnetism,

with a negative effective g factor driven by the kagome lattice
and dominated by SOC effects. This study proposed that SOC
lifts degeneracies in flat bands, creating an orbital moment that
suppresses ferromagnetism. The magnetoresistance (MR) and
the planar Hall effect (PHE) were connected to topological
Berry curvature in Weyl nodes linking PHE anomalies to
magnetic field rotation (Shama and Singh, 2020). Howlader
et al. (2021) visualized temperature-dependent domain struc-
tures using magnetic force microscopy, in the process dem-
onstrating strong pinning of domain walls below 130 K.
Additional studies focusing on correlations between mag-

netic phases, doping, and Berry-phase physics brought
advances in understanding the magnetic and electronic proper-
ties of Co3Sn2S2. A neutron diffraction and DFT investigation
detailed the magnetic exchange couplings and predicted a
Weyl-dominated intermediate temperature regime with 120
antiferromagnetic orders (Q. Zhang et al., 2021). Other
neutron and magnetization studies instead identified an
intermediate crossover driven by domain wall nucleation
(Soh et al., 2022). Yanagi et al. (2021) explored hole- and
electron-doped variants, revealing that doping induces band
parity inversions and enhances anomalous Nernst conduc-
tivity. Shen et al. (2020) reported extrinsic AHE enhancement
via Fe and Ni doping while introducing Berry curvature hot
spots (Thakur et al., 2020).
Other researchers have emphasized experimental tunability.

Schilberth et al. (2024) showed how magnetization reorien-
tation can generate new Weyl nodes or nodal lines by
modulating Berry curvature response. Karmakar et al.
(2022) found that uniaxial strain enhances thermal Hall and
Hall conductivity by realigning band topology. Tanaka et al.
(2020) demonstrated fabrication of Co3Sn2S2 thin films using
chemical vapor transport synthesis, achieving quantum-limit
mobility, and H.-J. Gao et al. (2023) synthesized ultrapure
crystals with record-setting 10 490 cm2=ðV sÞ mobility and
2500% MR. Recently, in fact, there have also been observa-
tions of chiral phonons (see Sec. II.C) rising from the coupling
between the electronic topology and the magnetic order (Che
et al., 2025; R. Yang et al., 2025).
Other than Co3Sn2S2, a number of related shandite kagome

systems have been explored. Substituting In for Sn and Ni for
Co provides access to nonmagnetic counterparts such as
Ni3In2S2 (H. Fang et al., 2023), which was recently shown
to host Dirac nodal lines (T. Zhang et al., 2022). Intermediate
substitution in Co3Sn2−xInxS2 tunes the magnetic order and
electronic structure, while Co3In2S2 itself shows a field-
induced butterflylike anisotropic MR (Weihrich et al.,
2004; Pielnhofer et al., 2014; Corps et al., 2015; Lv et al.,
2025). Beyond Co- and Ni-based shandites, compounds
incorporating Rh or Pd have also been investigated from
first-principles methods, although their properties continue to
be far less explored (Buiarelli et al., 2025). These materials

FIG. 25. (a) Crystal structure of layered kagome metal
Co3Sn2S2. (b) Giant anomalous Hall conductivity. (c) Low-
energy electronic structure featuring a pair of Weyl points.
(d) Fermi-surface and low-energy bands showing a Weyl point
right above EF. Adapted from Liu et al., 2018, 2019.

Domenico Di Sante et al.: Kagome metals

Rev. Mod. Phys., Vol. 98, No. 1, January–March 2026 015002-30



enlarge the accessible parameter space of the kagome shandite
family, spanning from magnetic Weyl semimetals to non-
magnetic nodal-line systems, and suggest that further inves-
tigation of the less studied members may reveal yet
unexplored topological and correlated phases.

2. AM3X5 compounds

AM3X5 compounds crystallize in a layered structure with
kagome nets formed via theM-site (M ¼ V, Ti, or Cr) ion that
are octahedrally coordinated via the X site (X ¼ Sb or Bi).
M3X5 blocks are separated by triangular lattice layers of A-site
(A ¼ K, Rb, or Cs) ions, forming a chemically and electroni-
cally two-dimensional structure. X-site ions occupy two sites
in the lattice. The first is in the kagome plane within the voids
of the hexagons of theM-site kagome network, and the second
is within a honeycomb network above and below the kagome
planes. While the interlayer bonding is ionic, the lattice
remains highly exfoliable, and layers as thin as two unit cells
have been achieved (Song et al., 2023), as has some degree of
gate tunability (Zheng et al., 2023).

a. AV3Sb5 compounds

AV3Sb5 (A ¼ K, Rb, or Cs) compounds were reported as a
new structure type featuring a V-based kagome sublattice with
kagome-derived saddle points close to EF (Ortiz et al., 2019).
Bulk crystals can be grown via crucible-based self-flux
techniques (Ortiz et al., 2020), where a high-temperature
CDW transition was observed in electrical transport, heat
capacity, and magnetic susceptibility followed by a low-
temperature transition into a superconducting state (Ortiz
et al., 2020; Ortiz, Sarte et al., 2021; Q. Yin et al., 2021),

as shown in Fig. 26. Between the onsets of the high-temper-
ature CDW transition and the low-temperature SC state, a host
of unconventional phenomena have been reported in V-based
135 materials; more extensive, focused reviews were given by
K. Jiang et al. (2023) and Wilson and Ortiz (2024). In the
following sections, we highlight some of the key phenom-
enology reported to date.
Charge-density-wave state. The CDW order that forms is

three dimensional in nature (H. Li et al., 2021; Liang et al.,
2021; Ortiz, Teicher et al., 2021; C. Li et al., 2022; Zhu et al.,
2023) and forms a staggered trihexagonal (inverse-Star-of-
David) pattern of order that is shifted by half a unit cell from
layer to layer along the c axis (Tan et al., 2021), as shown in
Fig. 27. The distortion and variants of it can be parametrized
by three modes along high-symmetry directions in the BZ
(Christensen et al., 2021).
The importance of the e-ph interaction in forming the CDW

state is suggested by a number of experimental results. High-
resolution ARPES on KV3Sb5 observed a CDW-induced
Fermi-surface reconstruction, associated band folding, and
gap opening at the boundary of both pristine and reconstructed
BZs, with typical reported signatures of e-ph coupling such as
kinks (H. Luo et al., 2022). Broadband optical spectroscopy
observed phonon anomalies above and below the CDW
transition in KV3Sb5, indicating a strong coupling of phonons
to the underlying electronic structure (Uykur et al., 2022).
Neutron scattering experiments also reveal that the CDWorder
in CsV3Sb5 is linked to a static lattice distortion and a sudden
hardening of the B3u longitudinal optical phonon mode at the
BZ boundary, further highlighting the significant role of a
wave-vector-dependent e-ph coupling (Xie et al., 2022).
One notable exception to the standard 2 × 2 × 2 enlarge-

ment of the unit cell is the presence of a coexisting 2 × 2 × 4
CDW order in CsV3Sb5 that seemingly also possesses an
interleaved Star-of-David character distortion (Stahl et al.,
2022; Kautzsch, Ortiz et al., 2023; Xiao et al., 2023; Ning
et al., 2024). Regardless of this detail, all three V-based 135
variants show broken rotational symmetry in the CDW state,

FIG. 26. (a) Resistivity data showing the superconducting
transitions for AV3Sb5 compounds. (b) Magnetization data
showing the CDW transitions for AV3Sb5 compounds. (c) Mag-
netotransport data showing the onset of the AHE below the CDW
transition for CsV3Sb5. From Yu, Wu et al., 2021. (d) ANE data
suggesting the onset of broken TRS below 30 K. From D. Chen
et al., 2022.

FIG. 27. (a) Staggered trihexagonal structure that comprises the
2 × 2 × 2 reconstructed cells in the CDW states of RbV3Sb5 and
KV3Sb5. (b) Average structure of the 2 × 2 × 4 reconstructed cell
in the CDW state of CsV3Sb5. (c) The Star-of-David pattern of
distortion for a single kagome layer. (d) The trihexagonal pattern
of distortion for a single kagome layer. (e) Real-space mapping of
the 2 × 2 × 2 and 2 × 2 × 4 cells in a CsV3Sb5 crystal, showing
phase separation and competition between the two states. Data
from Plumb et al., 2024.
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as the crystal symmetry is lower from hexagonal to ortho-
rhombic, though this symmetry breaking is largely driven by
shifts in the interlayer phasing of breathing modes between
kagome planes versus broken rotational symmetry in any one
kagome layer, which is seemingly preserved.
As discussed in Sec. III.A, the possibility of flux order on the

kagome lattice is a major route of inquiry regarding whether
TRS is broken in the CDW state (Fernandes et al., 2025). This
can occur because of the presence of p-type VHS at EF, and
theoretical models utilizing this fact have been put forward (Lin
and Nandkishore, 2021; Zhou and Wang, 2022; Li, Kim, and
Kee, 2024). Electrical and thermal magnetotransport studies
identified the onset of anAHE (Yang et al., 2020; Yu,Wu et al.,
2021; L. Wang et al., 2023) and an ANE (D. Chen et al., 2022;
Zhou et al., 2022) below the CDW transitions of the V-based
135 compounds. There is, however, no spontaneous (zero-
field) component to the AHE; instead, at low fields, a strong
nonlinear Hall response is observed. The origin of this is under
debate. It can potentially arise, for instance, because of TRS-
breaking, Berry curvature effects from partial gapping of
topological electronic bands (Liang et al., 2018) or from sharp
velocity changes along Fermi contours in the CDW-recon-
structed band structure (Koshelev et al., 2024).
Further magnetotransport data identified the onset of a

chiral transport term at low temperatures (within the CDW
state), implying either a field-tunable structural chirality or the
presence of a TRS-breaking order parameter (Guo et al.,
2022). Coincident with the onset of the CDW, μSR studies
report the onset of an unusual source of depolarization that is
suggestive of the appearance of a weak magnetic moment
(Khasanov et al., 2022; Mielke et al., 2022; Guguchia et al.,
2023b). Supporting this suggestion, tuning fork resonator
measurements have reported the formation of a magnetic state
below 30 K within the CDW state of CsV3Sb5 (Gui et al.,
2025), and a superconducting diode effect has been observed
in the absence of an external magnetic field (Le et al., 2024).
Similarly, STM measurements have reported a field-tuned
pattern of CDW order (Jiang et al., 2021), which is discussed
at greater length later in this section.
Optical measurements have also extensively characterized

the CDW transition. Frequency-dependent optical conduc-
tivity measurements have quantified the band gap and para-
metrized the relative role of electronic correlations across the
135 family (Uykur et al., 2021, 2022; Wenzel et al., 2022),
and coherent phonon and Raman spectroscopy identified the
evolution of lattice modes through the CDW transition
(Ratcliff et al., 2021; Z. X. Wang et al., 2021; Wu et al.,
2022; Wulferding et al., 2022). Optical studies resolved the
onset of circular dichroism and a subdomain structure in the
CDW state that is consistent with the appearance of magnetic
domains (Y. Xu et al., 2022). This result is, however, under
debate. It is seemingly at odds with polar Kerr measurements
using Sagnac interferometry that fail to resolve signs of
q ¼ 0 magnetic order (Saykin et al., 2023; Wang, Farhang
et al., 2024).
Magnetic torque measurements also seemingly report the

onset of TRS breaking, though at temperatures slightly above
the onset of the CDW transition (Asaba et al., 2024), thus
inviting further studies exploring fluctuation phenomena
above the CDW transition. Select x-ray studies have identified

short-range order or fluctuations in this regime (Q. Chen et al.,
2022; Subires et al., 2023), though the transition itself is
weakly first order. However, Scheurer and Scammell (2025)
recently argued that the torque response above the CDW
temperature cannot be explained in terms of conventional
CDW fluctuations or intraband magnetic order. Instead, an
interband ordering mechanism enabled by symmetry-allowed
interband SOC could naturally account for the observed odd-
parity TRS-breaking nematic torque signal and associated
hysteresis. In this picture the experimental observation is
interpreted as a crossover rather than a true phase transition,
which challenges the view that nematic or fluctuation-driven
physics alone underlies the torque response.
Electronic structure. As discussed in an example in

Sec. II.A.2, the electronic structure of V-based 135 com-
pounds contains a multiorbital mixture of V d states and Sb p
states crossing EF. The key features are generally believed to
be the p-type VHSs (derived from the V d states) that are close
to or cross the Fermi level and an electronlike pocket at the Γ
point derived from the Sb pz states. Bulk quantum oscillation
measurements identify several orbits with a nontrivial Berry
phase in the CDW state (Fu et al., 2021; Shrestha et al., 2022),
and analysis of the band structure classifies these materials as
Z2 topological metals with a protected surface state (Ortiz
et al., 2020; Tan et al., 2021).
ARPES studies, in particular, have been instrumental in

establishing the electronic band structure of AV3Sb5 kagome
metals and its role within the rich landscape of symmetry-
broken phases. Reviews by Hu, Wu et al. (2023) and Zhong,
Yin, and Nakayama (2024) compiled the growing evidence of
multiphase coexistence and ARPES-based spectral features
relevant to kagome SC, and here we highlight a few key
points. Early ARPES studies reported a momentum-
dependent CDW gap, showing that the electronic states near
theM points were particularly affected, whereas those near the
Γ point remained gapless (Cho et al., 2021; Nakayama et al.,
2021; Zhengguo Wang et al., 2021). Subsequent works
focused on the mapping of low-energy band features, uncov-
ering multiple VHSs near the Fermi level and identifying m-
type (saddle point) and p-type (symmetric) VHSs (Hu et al.,
2022b; Kang et al., 2022).
Using angle- and photon-energy-dependent ARPES, it was

further shown that CsV3Sb5 exhibits kz-dependent VHS,
indicating a 3D nature of the electronic structure. These
studies shed initial light on the link between VHS and
CDW formation by demonstrating Fermi-surface nesting, a
hallmark of electronic instability. However, a study of KV3Sb5
further revealed energy gaps due to CDW-induced band
folding and proposed electron-phonon coupling as a primary
driver of CDW transitions (H. Luo et al., 2022). The growing
focus on electronic reconstruction led to a study of the CDW-
induced peak-dip-hump structures in CsV3Sb5 (Lou et al.,
2022). ARPES data in this work indicated that the CDW phase
strongly modulated the low-energy excitations, which is
reminiscent of physics seen in strongly correlated super-
conductors. Collectively, these studies established that
CDWordering reorganizes the electronic structure of kagome
metals at the Fermi surface, modifying both the DOS and the
Fermi-surface topology.
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Scanning tunneling microscopy. A great deal of electronic
complexity has been revealed by STM measurements of 135
compounds. A variety of surface terminations and reconstruc-
tions contribute to this complexity (H. Chen et al., 2021;
Liang et al., 2021; Qi Wang et al., 2021; Xu et al., 2021; Zhao,
Li et al., 2021; Li, Zhao, Ortiz et al., 2022) with a large
number of possibilities born from the mobile alkali atoms on
the surface (Zhao, Li et al., 2021; Nie et al., 2022; Yu et al.,
2022; Han et al., 2023; Meng et al., 2023). In general, STM
experiments have focused primarily on studying the Sb
surface termination after sweeping away these mobile A-site
ions.
The 2 × 2 CDW order in the kagome plane is detectable in

STM images on both A (Liang et al., 2021; Li, Zhao, Ortiz
et al., 2022; Nie et al., 2022) and Sb surfaces (Jiang et al.,
2021; Liang et al., 2021; Zhao, Li et al., 2021). While the
CDW state clearly breaks the translation symmetry of the
lattice, which rotation symmetries are broken by this order are
under debate. The results can be broadly categorized into two
pictures. The first involves breaking of all reflection sym-
metries in the kagome plane, resulting in an inequivalence of
the three CDW peaks in STM data and giving rise to a chiral
CDW state (Jiang et al., 2021; Shumiya et al., 2021). The
second CDW picture instead maintains a single in-plane
reflection symmetry, while the other two are still broken
(Li, Zhao, Ortiz et al., 2022; Nie et al., 2022). Experimentally,
the distinction is whether two of the three inequivalent
M-point peaks in the Fourier transform of the CDW pattern
are identical or all three are distinct. It is under debate whether
the apparent inequivalence of all three CDW peaks can be
explained by STM tip anisotropy (Li, Zhao, Ortiz et al., 2022)
or strain can locally modulate the intensity of CDW peaks
(Xing et al., 2024; Y. Wang et al., 2025). Temperature-
dependent STM measurements have revealed that the sym-
metry-breaking signal persists up to at least 60 K (Li, Zhao
et al., 2023), and three 120°-rotated domains are imaged (Li,
Zhao, Ortiz et al., 2022; Nie et al., 2022). This is consistent
with the orthorhombic twinning and microsized domain
formation imaged by optical birefringence measurements
(Y. Xu et al., 2022).
Signatures of broken TRS within the 2 × 2 CDW phase

were first reported in STM measurements. Evidence here
comes from examining the M-point intensities in Fourier-
transformed STM data as a function of magnetic field, where
B is applied and then reversed along the interlayer c axis. The
reversal of the magnetic field is reported to change the relative
intensities of the CDW peaks in some experiments, resulting
in an apparent switch in the chirality of the CDWorder (Jiang
et al., 2021; Xing et al., 2024). Equivalent experiments
performed by other groups, however, have reported no
field-induced change to the CDW signal (Li, Zhao, Ortiz
et al., 2022; Li, Wan et al., 2022; Candelora et al., 2024).
Discrepancies between the measurements potentially arise
from one of two origins. The first is that the apparent change
in the CDW intensities under different magnetic fields results
from an experimental artifact from unconsidered, microscopic
changes of the STM tip probe (i.e., reconfiguration of the
atoms at the tip apex) between the datasets (Li, Zhao, Ortiz
et al., 2022; Candelora and Zeljkovic, 2025). The second
potential origin is that small amounts of strain may locally

suppress the TRS, and spatially inhomogeneous strain fields
may generate the differing behaviors seen between STM
measurements. Resolving this discrepancy via future STM
experiments on strain-free samples attached without epoxy
(Guo et al., 2022) and with a meticulous examination of
experimental artifacts (Candelora et al., 2024; Candelora and
Zeljkovic, 2025) is highly desirable.
STM measurements have also played a key role in

identifying charge correlations that form beyond the 2 × 2
in-plane CDW order; see Fig. 28. Upon cooling in the CDW
state, experiments reveal a unidirectional 4a0 charge order that
forms on the Sb surface termination of CsV3Sb5 (below about
60 K) (Qi Wang et al., 2021; Zhiwei Wang et al., 2021; Zhao,
Li et al., 2021; Li, Wan et al., 2022) and also in RbV3Sb5
(Shumiya et al., 2021); however, it is notably absent, or
relatively rare, on the equivalent Sb surface of KV3Sb5 (Jiang
et al., 2021; Li, Zhao, Ortiz et al., 2022; Li et al., 2023b).
One hypothesis is that this stripe order stems from a set of
small Fermi pockets, arising because of electronic band
reconstruction upon entering the 2 × 2 CDW state (Zhou
andWang, 2022; Li et al., 2023b). While the 4a0 charge-stripe
order is absent as a static order parameter in scattering
experiments (H. Li et al., 2022), its well-defined onset below
60 K (Zhao, Li et al., 2021) coincides with the temperature
scale of lattice anomalies observed in bulk single crystals of
CsV3Sb5. These include Raman spectroscopy (Wu et al.,
2022; Wulferding et al., 2022) and time-resolved optical

FIG. 28. (a) STM topograph of KV3Sb5 showing a 2 × 2 CDW.
From Jiang et al., 2021. (b) STM topograph of CV3Sb5 at 4.5 K
showing additional 4 × 1 charge modulations. From Zhao, Li
et al., 2021. (c) Fourier transform of STM dI=dV map of
CsV3Sb5 showing C2-symmetric QPI from V bands, marked
with q2 and q02. From Zhao, Li et al., 2021. (d) Angular
dependence of c-axis resistivity in CsV3Sb5 measured at different
in-plane magnetic fields. From Xiang et al., 2021. (e) Spatial
mapping of a polarization angle at 6 K in a RbV3Sb5 sample
showing three types of equivalent domains rotated with respect to
one another. From Y. Xu et al., 2022.
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reflectivity (Ratcliff et al., 2021), suggesting that it is a
manifestation of an energy scale present in the bulk.
Complementing ARPES measurements on 135 com-

pounds, spectroscopic-imaging STM (SISTM) was used to
measure electronic band structure at the nanoscale. SISTM
mapping detected features associated with both the Sb-derived
bands and the V-derived bands (H. Chen et al., 2021; Zhao, Li
et al., 2021; Li et al., 2023b; Li, Zhao et al., 2023; Wu et al.,
2023); this finding is largely consistent with DFT calculations
and ARPES measurements (Ortiz et al., 2019, 2020). The
signal from the V-derived bands shows pronounced unidirec-
tional features, while the Sb-derived signal remains rotation-
ally symmetric (Zhao, Li et al., 2021; Li et al., 2023b; Li,
Zhao et al., 2023; Wu et al., 2023). Electron-phonon coupling
is reported to renormalize the Fermi velocity of the in-plane
vanadium bands, but preferentially along the symmetry-
breaking direction, making the low-energy dispersion highly
nonequivalent along the three lattice directions (Wu
et al., 2023).
SISTM measurements of CsV3Sb5 and KV3Sb5 reveal an

emergence of quantum interference of quasiparticles below
≈35 K, a key signature for the formation of a coherent
electronic state (Li, Zhao et al., 2023). These quasiparticles,
associated with V-derived kagome bands, display a pro-
nounced unidirectional feature in reciprocal space that
strengthens as the superconducting state is approached.
This temperature is substantially below the formation of the
4a0 stripes (Zhao, Li et al., 2021) or the 2 × 2 CDW phase
(Ortiz et al., 2020). This additional temperature scale was
confirmed in subsequent STM experiments (Wu et al., 2023;
Q. Zhang et al., 2024), as well as by multiple other probes
reviwewed by Wilson and Ortiz (2024) such as nuclear
magnetic resonance (NMR) measurements (J. Luo et al.,
2022; Song et al., 2022), suggesting the formation of
electronic coherence correlated with a structural crossover
in the system.
Superconducting state. Turning now to the SC state, SC in

AV3Sb5 compounds has been studied by a large number of
probes, including tunnel diode oscillators (Duan et al., 2021),
scanning superconducting quantum interference devices
(Kaczmarek et al., 2024), ARPES (Zhong et al., 2023b),
heat capacity and thermal transport (Hossain et al., 2025),
point-contact tunneling (L. Yin et al., 2021), irradiation
studies (Roppongi et al., 2023; W. Zhang et al., 2023),
μSR (Gupta et al., 2022; Guguchia et al., 2023b), and
NMR (Mu et al., 2021). These compounds host highly
anisotropic quasi-two-dimensional SC states in the clean limit
(Duan et al., 2021). Broadly, the picture is one of a nodeless,
multigap, singlet SC state whose smaller gap is anisotropic
and whose larger gap is isotropic (Roppongi et al., 2023;
Grant et al., 2025). STM experiments generally show a V-
shaped superconducting gap, with nonzero conductance at
zero energy, which is suggestive of a residual ungapped Fermi
surface (H. Chen et al., 2021; Liang et al., 2021; Xu et al.,
2021). Some STM experiments also resolve multiple super-
conducting gaps in differential conductance spectra (Xu et al.,
2021). μSR measurements in select compounds claim to
resolve a nodal gap (Guguchia et al., 2023b); however, this
differs from conclusions of tunnel diode oscillator

measurements. Mine et al. (2024) recently reported ultra-
high-resolution laser-based ARPES to directly probe the
anisotropic superconducting gap in CsV3Sb5. Strong orbital
selectivity was observed in the gap structure: V-based 3d
orbitals exhibited an 80% gap anisotropy, whereas Sb-derived
bands retained an isotropic gap. This provides strong evidence
that SC is intertwined with CDW-driven Fermi-surface
reconstruction, possibly pointing to an unconventional pairing
mechanism.
Constraining interpretations of these combined data, theo-

retical treatment of a kagome metal with p-type VHS at EF
(Holbæk et al., 2023; Dai, Kreisel, and Andersen, 2024)
showed that traditional BCS-like metrics of a Hebel-Slichter
peak in NMR (Mu et al., 2021) and resilience to nonmagnetic
disorder upon irradiation (Roppongi et al., 2023) fail to
exclude sign-changing, singlet SC order parameters. This
aggregate picture suggests the pairing symmetry to be sþþ,
sþ−, or dþ id, with dþ id favored if TRS is broken in the SC
state. Curiously, the signature of TRS reported by μSR
measurements below the CDW transition reappears below
the SC transition once long-range CDW order is suppressed
via hydrostatic pressure (Guguchia et al., 2023b). One addi-
tional aspect of research into the SC state of AV3Sb5 is the
presence of unconventional phenomena in the fluctuation
regime of the SC state, such as an unusual extended vortex
regime (X. Zhang et al., 2024) and the proposal of a composite
6e-pairing condensate (Varma and Wang, 2023; Ge
et al., 2024).
Studies of the surface-dependent electronic structure

include a report of topological surface states and flat bands
in CsV3Sb5 (Hu et al., 2022a) that is germane to connate
models of topological superconductivity (Fu and Kane, 2008).
In addition, similar work shows that SC emerges within the
CDW-modified structure, with partial CDW gap suppression
and enhanced low-energy spectral weight (Kato et al., 2023).
Different surface terminations drastically affect the electronic
structure, with some terminations suppressing CDW order
locally (Huai et al., 2022; Kato, Li et al., 2022). A recent STM
study has shown that manipulation of surface alkali ions can
locally fault the CDW stacking and suppress the CDW gap,
resulting in a higher Tc surface SC state that potentially
couples to the Z2 topological surface state (Han et al., 2025b).
Impact of pressure and strain. A number of studies have

also explored the impact of hydrostatic pressure and strain on
the electronic properties of V-based 135 compounds.
Hydrostatic pressure has been shown to rapidly suppress
the CDW transition while enhancing the SC transition, which
eventually forms a domelike feature (K. Chen et al., 2021; Du
et al., 2021). At even higher pressures (beyond the initial
suppression of SC), SC eventually reappears. The disappear-
ance and reemergence of SC correlates to the presence of Sb
states at the EF and suggests their importance for both SC and
the CDWorder (Jeong et al., 2022; Ritz, Fernandes, and Birol,
2023; Tsirlin et al., 2023).
CsV3Sb5, unlike its Rb- and K-based cousins, shows the

formation of a “double-dome” SC state in the low-pressure
regime (K. Chen et al., 2021; Yu, Ma et al., 2021). This has
been linked to the presence of a distinct CDW phase for
CsV3Sb5 (discussed earlier) and an evolution into a competing
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CDW phase (Stier et al., 2024). Externally applied in-plane
strain induces a modest suppression of the CDW state and a
slight enhancement of Tc (Qian et al., 2021). STM experi-
ments reveal an unusually high decoupling rate between the
direction of electronic unidirectionality and anisotropic strain,
revealing weak smectoelastic coupling in the 2 × 2 CDW
phase of kagome superconductors (Y. Wang et al., 2025). The
4a0 charge-stripe order appears to be easily suppressed by
strain induced by buckling in the sample (Y. Wang et al.,
2025). Both the impact of in-plane uniaxial strain and
nominally hydrostatic pressure are driven largely by changes
in the c axis, either via the Poisson ratio or via anisotropic
compressibility of the lattice.
Related to strain, one line of inquiry is the potential impact

of extrinsic strain (for example, due to differential cooling
between a crystal and its sample mount) on the measured
properties of AV3Sb5 compounds. Small amounts of strain at
the order of 0.1% can suppress the TRS-breaking or chiral
signal in transport experiments of nearly strain-free samples
(Guo et al., 2022). Experiments have further reported that an
applied out-of-plane magnetic field (C. Guo et al., 2024; Xing
et al., 2024) or light pulse with an in-plane polarization in
select directions can drive an in-plane transport anisotropy or
modulate the in-plane propagation vectors of the CDW state
(Xing et al., 2024), as shown in Fig. 29. These measurements
suggest the presence of an intrinsic piezomagnetic order
parameter and a TRS-broken CDW state in AV3Sb5, one
whose signatures in optics, magnetotransport, and STM
measurements would be highly sensitive to the presence of
extrinsic global or local strain fields imposed within the
crystal under study. The magnetic-field-induced structural

and electronic response in STM measurements, however,
has subsequently been questioned and alternatively attributed
to experimental artifacts (Candelora and Zeljkovic, 2025).
Chemical doping. A tremendous amount of studies explor-

ing the impact of tuning EF in AV3Sb5 via chemical
substitution or doping have been performed. Hole-doping
(Sn or Ti) (Oey et al., 2022; Y. Liu et al., 2023) and electron-
doping (Te or Cr) studies (Ding et al., 2022; Capa Salinas
et al., 2023) reveal a CDW order parameter that is rapidly
suppressed upon tuning the proximity of the VHS relative to
the Fermi level. ARPES studies directly reveal that doping the
vanadium site shifts the VHS positions, affecting the CDW
stability and enhancing SC (Kato et al., 2022). Compared to
the known evolution of the CDW upon doping, the micro-
scopic nature of the CDW state and its relationship to the
electronic structure and band folding can be resolved (Kang
et al., 2023). The impact of carrier doping is largely orbitally
selective, with a large change in the Sb pz pocket’s filling
(LaBollita and Botana, 2021), and, as in pressure studies, SC
seemingly vanishes coincident with the disappearance of this
pocket. Paralleling the phenomenology of pressure studies,
CsV3Sb5 uniquely develops a double-dome SC feature (Oey
et al., 2022) with signatures of a nearby competing pattern of
charge correlations (Kautzsch et al., 2023). A nematic
quantum critical point has been proposed to account for this
unusual evolution of Tc across the phase diagram (Sur et al.,
2023). Isoelectronic substitution on the V site similarly has a
strong impact on the CDW and SC transitions (Y. Li et al.,
2022; M. Liu et al., 2022), while isoelectronic substitution on
the alkali site largely interpolates CDW and SC behaviors
among the 135 end members (Ortiz, Capa Salinas
et al., 2023).
Nematicity and PDW order. Moving beyond conventional

CDW descriptions, electronic nematicity in KV3Sb5 was
identified using ARPES, demonstrating that the CDW phase
breaks C3 symmetry by forming a unidirectional electronic
modulation (Z. Jiang et al., 2023b). Similarly, Li et al. (2023b)
found that the Fermi surface exhibits small reconstructed
pockets corresponding to an intertwined charge-stripe order in
AV3Sb5 compounds. They suggested that, beyond a simple
CDW, the fermiology of AV3Sb5 might support additional
orders, including a potential PDW coexisting with SC. At low
temperatures STM studies report the observation of an addi-
tional 3q CDW-like wave vector linked to the local modu-
lation of the superfluid density, suggesting a PDW instability
(H. Chen et al., 2021; Deng et al., 2024b).
A host of experimental studies have revealed a rich land-

scape of competing and cooperating phases in AV3Sb5
materials, but fundamental questions remain unanswered.
Chief among them is the potential presence and precise role
of TRS breaking in both the CDW and SC states and the
underlying SC pairing mechanism. The relative role of
electron-phonon coupling versus Fermi-surface nesting
effects in driving both CDW and SC order remain under
debate (Ritz et al., 2023). Electron-phonon coupling, initially
thought to be small (Tan et al., 2021), was later shown to be
appreciable, and nonequilibrium studies have shown that
lattice vibrations couple kagome band features (Zhong
et al., 2024). The role of extrinsic strain in many of the

FIG. 29. (a),(b) CsV3Sb5 crystal fabricated into a device for
mitigating strain and measuring in-plane transport anisotropy and
the corresponding measurement geometry. (c) Resulting transport
anisotropy measured with and without extrinsic strain showing
negligible in-plane anisotropy when strain is largely suppressed.
An out-of-plane magnetic field drives the reappearance of in-
plane anisotropy in strain-free crystals. From C. Guo et al., 2024.
(d) Measurement geometry for STM measurements conducted
under optical illumination. From Xing Xing et al., 2024. (e),
(f) Change in intensities of the Fourier-transformed pattern of
CDW peaks driven via the alignment of an in-plane optical
polarization, signifying a shift in the pattern of CDW order.
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discrepancies reported between experimental studies using the
same technique and different experimental probes (each
reporting the existence or absence of TRS) is a key issue that
must be resolved. In situ strain-tuning techniques as well as
careful strain mapping measurements carried out in combina-
tion with optical, STM, magnetotransport, and x-ray scattering
measurements will be crucial for solving this issue.

b. CsCr3Sb5 compounds

CsCr3Sb5 is an isostructural cousin of CsV3Sb5 (Y. Liu
et al., 2024) with a kagome net composed of Cr atoms. This
metastable phase can be grown in bulk crystal form via a high-
temperature, crucible-based self-flux growth method (Y. Liu
et al., 2024). Unlike members of the AV3Sb5 family, it
exhibits an electronic flat band that is favorably placed near
Fermi level (Y. Guo et al., 2024; Y. Liu et al., 2024; Peng
et al., 2024; Li et al., 2025; Xie et al., 2025; Z. Wang et al.,
2025), and it is also believed to be magnetic and more strongly
correlated (Sangiovanni, 2024; Crispino et al., 2025;
Chatzieleftheriou et al., 2026). At ambient conditions it
undergoes a 4a0 structural transition at 55 K observed by
XRD measurements that was also reported to be accompanied
by a magnetic transition (Y. Liu et al., 2024). Under pressure
this phase transition evolves into two separate transitions at
different temperatures that are interpreted as spin density
waves or CDWs. Both of these density wave transitions are
gradually suppressed as SC ultimately emerges above
3.65 GPa, peaking at Tc ≈ 6.4 K (Y. Liu et al., 2024).
Note that at intermediate pressures, both SC and magnetism
are believed to coexist (Y. Liu et al., 2024). The nature of
emergent SC, however, remains to be determined. Recent
STM experiments image a similar 4a0 density wave on the
surface similar to those in the V-based 135 compounds and
further reveal the emergence of another unidirectional charge
density wave below 45 K (Cheng et al., 2025). This lower-
temperature density wave breaks all mirror symmetries but
preserves the mirror-glide symmetry (Cheng et al., 2025), and
it may potentially be connected to an altermagnetic state
(Huang et al., 2025). First-principles and RPA calculations
suggest that antiferromagnetic fluctuations are crucial for
mediating SC in this system (Wu et al., 2025). There is also
little known about the nature of magnetism, with theoretical
proposals for 4 × 2 altermagnetic spin-density-wave state and
other energetically favorable phases close by (Xu et al., 2025).

c. ATi3Bi5 compounds

ATi3Bi5 (A ¼ Cs or Rb) crystallizes in the same structure as
its AV3Sb5 counterpart but with a kagome net composed of Ti
atoms instead of V (Werhahn et al., 2022; Yang et al., 2022). It
is synthesized via similar high-temperature crucible-based
self-flux growth techniques. Like AV3Sb5, it is nonmagnetic
(Werhahn et al., 2022; H. Yang et al., 2024). While some
studies show that CsTi3Bi5 is superconducting below Tc ≈
4.8 K (H. Yang et al., 2024), SC has not been observed in
other studies (Werhahn et al., 2022; Y. Wang et al., 2023). The
discrepancy may lie in the small superconducting volume
fraction of impurity phases and low critical magnetic fields
that necessitate screening Earth’s magnetic fields (H. Yang
et al., 2024). The superconducting Tc of 4.8 K is substantially

higher than the theoretically predicted ≈2 K in both Cs and
Rb variants (Yi et al., 2023).
In contrast to AV3Sb5, experiments on ATi3Bi5 reveal no

obvious anomalies in magnetization, resistivity, or heat
capacity indicative of a CDW state (Werhahn et al., 2022;
Xintong Chen et al., 2023; Y. Wang et al., 2023). Phonon
calculations also show no imaginary phonons (Z. Jiang et al.,
2023a; Li et al., 2023a), therefore further supporting the
absence of a CDW instability. This in turn provides an
opportunity to explore electronic phenomena in this class
of nonmagnetic kagome metals in the absence of translational
symmetry-breaking CDW.
From the fermiology perspective, ATi3Bi5 hosts VHS at M

points, but they are positioned well above the Fermi level (Y.
Hu et al., 2023; Z. Jiang et al., 2023a; B. Liu et al., 2023; Y.
Wang et al., 2023; Yang et al., 2023), unlike the equivalent
features in AV3Sb5 that appear to be closer to the Fermi level.
It may be possible to shift these VHSs closer to the Fermi level
under pressure (Yi et al., 2023). ARPES experiments reveal
that a partial flat band is located several hundred meV below
the Fermi level [see Figs. 30(a)and 30(b)] (Y. Hu et al., 2023;
Z. Jiang et al., 2023a; Yang et al., 2023), which was also
inferred from infrared spectroscopy (Cao et al., 2025).
First-principles calculations have predicted that CsTi3Bi5

will have robust topological surface states (Y. Wang et al.,
2023), some of which could be further tuned by pressure (Yi
et al., 2023; W. Wu et al., 2024). Topological surface states
have been visualized in ARPES in RbTi3Bi5 (Y. Hu et al.,
2023; Z. Jiang et al., 2023a) and CsTi3Bi5 (Yang et al., 2023),
and the topological nature of certain Fermi surfaces has also
been inferred from quantum oscillations (Dong et al., 2024).
Dirac nodal lines are also detected in CsTi3Bi5 (Yang et al.,
2023) and RbTi3Bi5 (Y. Hu et al., 2023; Z. Jiang et al.,
2023a). Overall, the electronic band structure extracted from
ARPES (Y. Hu et al., 2023; Z. Jiang et al., 2023a; B. Liu et al.,
2023; Y. Wang et al., 2023; Yang et al., 2023) and STM (Li
et al., 2023a; H. Yang et al., 2024) and the Fermi surface
determined from quantum oscillations (Rehfuss et al., 2024)
show a reasonable agreement with DFT calculations, sug-
gesting only a modest degree of electronic correlations in the
system.
Rotation symmetry breaking, or electronic nematicity, is

reported in this family of materials using several comple-
mentary probes. Notably, it emerges without any accompany-
ing CDW states, in sharp contrast to AV3Sb5. Spectroscopic-
imaging STM measurements have revealed electronic rotation
symmetry breaking in Fourier transforms of differential
conductance maps (Li et al., 2023a; H. Yang et al., 2024);
see Fig. 30(c). In particular, by comparing the wavelengths
and amplitudes of scattering wave vectors along different
directions in reciprocal space, STM experiments have detected
electronic anisotropy that breaks the sixfold symmetry of the
lattice [see Figs. 30(d) and 30(e)] (Li et al., 2023a; H. Yang
et al., 2024) arising from both in-plane and out-of-plane
titanium-derived d orbitals (Li et al., 2023a). Polarization-
dependent ARPES has shown orbital-selective electronic
nematicity in RbTi3Bi5 (Y. Hu et al., 2023) and CsTi3Bi5
(Bigi et al., 2026). Autocorrelation of the ARPES Fermi
surface of RbTi3Bi5 is also consistent with rotation sym-
metry breaking, which has been reported to persist to 200 K
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(Z. Jiang et al., 2023a), and a comparable onset temperature of
150 K was inferred from anomalous phonon line shapes in
infrared spectroscopy experiments (Wenzel et al., 2025).
The origin of nematicity has been hypothesized to be an

electron correlation-driven Pomeranchuk instability (Bigi
et al., 2026). An anomalous spin-optical helical effect sug-
gestive of loop current circulation in CsTi3Bi5 has also been
reported (Mazzola et al., 2025). When SC is observed, the
superconducting gap size under in-plane magnetic field also
exhibits a twofold symmetry that is consistent with the
parent state electronic nematicity (H. Yang et al., 2024);
see Fig. 30(f). Hu, Le et al. (2024) provides a more in-depth
review specific to this family of materials.

3. RM6X6 compounds

Kagome metals with the chemical formula AM6X6, often
referred to as 166 compounds, form with a broad array of
elements where the R andM sites are occupied predominantly
with rare-earth (R ¼ Y, Sc, La, or Lu) and transition-metal
ions and the M-site ions are commonly Sn or Ge. In the
stoichiometric limit, the structures most commonly studied are
those that form in the hexagonal P6=mmm HfFe6Ge6-type
cell, and these can be thought of as a modification of the
CoSn-type cell due to the addition of a triangular lattice A-site
plane between the kagome planes. The result is a bilayer
kagome lattice interleaved with a triangular lattice of A-site
ions, and it is one where the X-site ions (nominally within the

kagome plane in 11-type structures) are now displaced above
and below the kagome plane. Studies of 166 materials can be
roughly separated into those with magnetic and nonmagnetic
kagome sites. AM6X6 compounds withM ¼ Fe, Mn, or Cr are
the most common magnetic variants, while those withM ¼ V
or Nb have nonmagnetic sites. In the following discussion, we
first focus on the magnetic M-site variants and then return to
the nonmagnetic M-site members.

a. RMn6Sn6 compounds

Strongly magnetic members of the 166 family have been
studied extensively as hosts of noncollinear magnetic ground
states born via a number of mechanisms. Interlayer frustration
between kagome planes of magnetic M-site variants has long
been known to promote the formation of double-flat and
other spiral states (Rosenfeld and Mushnikov, 2008), and
tuning the relative interactions between the kagome
planes as well as coupling magnetic A-site moments can lead
to a host of complex magnetic phase diagrams (Schobinger-
Papamantellos, Rodríguez-Carvajal, and Buschow, 1997;
Malaman et al., 1999; Riberolles et al., 2024; L, Trevisan,
and McQueeney, 2025). We do not focus on the diversity of
these states here and instead focus on phenomena derived
from electronic instabilities and interactions endemic to the
kagome networks and band structures of 166 compounds.
An early focus of studies of magnetic Mn-based 166

compounds was their unconventional magnetotransport

FIG. 30. (a) DFT-calculated electronic structure of RbTi3Bi5 without SOC (Y. Hu et al., 2023). Flat-band, Dirac point, and type-II
Dirac nodal lines are denoted. (b) Second derivative image with respect to energy obtained from raw ARPES data of CsTi3Bi5 along the
Γ–M–K–Γ direction (Yang et al., 2023). The flat band is highlighted by dotted red lines. (c) Fourier transform of a normalized STM
differential conductance map at −14 meV showing twofold symmetric scattering and interference of electrons on the surface of
CsTi3Bi5. From Li et al., 2023a. (d),(e) Angle-dependent Fourier-transform amplitudes of q2 and q3 scattering wave vectors from (c),
both plotted in polar coordinates on the same scale. From Li et al., 2023a. (f) Panorama of dI=dV spectra showing a superconducting gap
on the surface of CsTi3Bi5 at different in-plane magnetic field orientations exhibiting twofold rotational symmetry
(H. Yang et al., 2024).
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properties, and single crystals can be grown via Sn-based flux
methods (Clatterbuck and Gschneidner, 1999). When the
Dirac crossings arising from the kagome network are close
to the Fermi level, an out-of-plane ordering of the magnetic
moments can generate a large Chern gap, and a large AHE is
predicted to result. Strong SOC can similarly gap the Dirac
point, but the appeal of a field-switchable response requires
the presence of tunable out-of-plane moments.
Absent anisotropies from interstitial magnetic R-site ions,

the M moments orient ferromagnetically within the basal
planes modulated along the c axis in a helical ground state in
the case of M ¼ Mn. Specifically, when the R sites are
nonmagnetic, such as in RMn6Sn6 (R ¼ Sc, Y, and Lu), an
incommensurate, spiral state forms within the Mn kagome
network, with moments aligning in the kagome plane and
winding along the interplane direction (Venturini, Fruchart,
and Malaman, 1996). An in-plane field can induce an out-of-
plane component to the magnetization and a noncollinear
spin texture with real-space spin chirality. For instance,
an in-plane field in YMn6Sn6 has been shown to induce a
transverse conical spiral state induced by thermal fluctuations
(Ghimire et al., 2020), leading to the formation of a
strong topological Hall effect. Similar effects have been
reported in ScMn6Sn6 (H. Zhang et al., 2022) and
LuMn6Sn6 (Mozaffari et al., 2025). By tuning the out-of-
plane magnetic field, STM experiments reported an anoma-
lous momentum-dependent g factor associated with the
gapped Dirac point (Li, Zhao, Jiang et al., 2022). In-plane
magnetic field experiments further show additional tunability
of the g factor that is strongly dependent on the in-plane
crystalline direction (Jia et al., 2024).
Adding anisotropic moments via magnetic lanthanide

R-site ions can induce a ferrimagnetic c-axis aligned moment
for strongly uniaxial Tb3þ (El Idrissi et al., 1991), as well as
out-of-plane canting for Ho3þ and Dy3þ. For M ¼ Mn, all of
these ions induce some degree of collinear spin reorientation
transitions upon cooling as the in-plane anisotropies of the
stronger exchange-coupled Mn moments give way to the
anisotropies of the lanthanide moment network (Riberolles
et al., 2022). The filling of the kagome band structure places
Dirac points and saddle points just below and above Ef (M. Li
et al., 2021). Unconventional magnetotransport effects are
also reported in RMn6Sn6 (R ¼ Er or Tm), where an in-plane
helical magnetic state persists (Dhakal et al., 2021; Wang, Yi
et al., 2022).
For TbMn6Sn6 in particular, the ground state forms

a c-axis aligned ferrimagnetic state of antialigned Mn
and Tb moments, generating a sizable 6μB c-axis aligned
moment. This ordered state, combined with the Dirac
crossing close to EF led to the report of a Chern-gapped
state, intrinsic anomalous Hall conductivity, and topologi-
cal edge states mapped via STM (Yin et al., 2020b).
Quantum oscillation measurements and Nernst effect data
reveal a quasi-two-dimensional orbit with a nontrivial Berry
phase as well as an anomalous thermal Hall signal (X. Xu
et al., 2022). The origin of the anomalous Hall conductivity
as deriving primarily from the quasi-2D Dirac band fea-
tures, however, is under debate (Lee et al., 2023; Jones
et al., 2024).

b. RðFe;CrÞ6ðSn;GeÞ6 compounds

Other variants with potentially magnetic M sites
include RFe6ðGe; SnÞ6 and RCr6ðGe; SnÞ6 (Schobinger-
Papamantellos, Rodríguez-Carvajal, and Buschow, 1997;
Cadogan et al., 2000), though these compounds often suffer
from vacancies and off-stoichiometries within the Ge/Sn
sublattices. Bulk crystals are typically grown via Sn- or other
metal-based flux methods (Avila et al., 2005). Compounds
such as YFe6Sn6 form in both disordered YCo6Ge6-type and
vacancy-ordered HoFe6Sn6-type structures, and magnetic
R-site variants form various mixtures of these phases
(El Idrissi, Venturini, and Malaman, 1991). A similar case
occurs with M ¼ Cr variants (Schobinger-Papamantellos,
Rodríguez-Carvajal, and Buschow, 1997), though some
reports claim that YCr6Ge6 forms in the fully ordered
structure where elements of the Cr-based kagome band
structure were investigated (Wang et al., 2020). The struc-
turally ordered YCr6Ge6 variant is characterized as a Pauli
paramagnet with moderate correlation effects in transport and
a partially flat band predicted to form just below EF (Ishii
et al., 2013). There is considerable opportunity in the future
exploration of these compounds if processing routes forming
stoichiometric crystals can be developed. This is interesting, in
particular, because of their ability to mix magnetic R-site
networks with magnetic kagome (M-site) networks with
variable electronic filling.

c. RV6Sn6 compounds

An ordered 166 structure also forms with the nonmagnetic
M-site ion V, where an array of fully ordered RV6Sn6
(R ¼ Sc, Y, Gd, or Lu) compounds are known to stabilize
(Romaka et al., 2011), and bulk crystals can again be grown
via Sn-based flux methods (Pokharel et al., 2021). The band
structures of these compounds, like their Mn-based cousins,
have Dirac crossings and saddle points that are close to EF
(Peng et al., 2021; Hu, Wu et al., 2022), and, for nonmagnetic
R sites, they can be categorized as topological Z2 metals
(Pokharel et al., 2021).
Magnetism within the R-site network is determined by a

combination of the frustrated triangular lattice motif,
Ruderman-Kittel-Kasuya-Yosida coupling, and anisotropies
imposed by the spin-orbit entangled wave function of the
lanthanide ground state multiplet. Varying the character of
the magnetic R site can tune the magnetic anisotropy and the
nature of the order (Lee and Mun, 2022; X. Zhang et al.,
2022). While ðY;LuÞV6Sn6 is nonmagnetic, YbV6Sn6 has an
easy-plane anisotropy and exhibits signs of heavy fermion
behavior in its low-temperature electronic properties (Guo
et al., 2023), and ðTm;ErÞV6Sn6 also possesses easy-plane
anisotropy and antiferromagnetic order (Zhou et al., 2024).
ðHo;DyÞV6Sn6 shows weak easy-axis anisotropy and ferro-
magnetism, while TbV6Sn6 is strongly uniaxial with Tb3þ

moments oriented out of the plane (Pokharel et al., 2022;
Rosenberg et al., 2022). GdV6Sn6, in contrast, has a nearly
isotropic spin-only state that forms an incommensurate helical
modulation along the interplane direction (Porter et al., 2023).
Larger R-site ions such as Sm result in the formation a
disordered 166 variant (X. Huang et al., 2023).
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In strongly uniaxial TbV6Sn6, strong SOC and the resulting
mass gap of Dirac bands at the Fermi level generates strong
spin-Berry curvature effects and large orbital magnetic
moments, which were detected via their Zeeman coupling
to a magnetic field in QPI measurements (Li et al., 2024).
Spin-resolved ARPES also provides evidence for finite spin-
Berry curvature contributions at the center of the BZ, where
the electronic flat band detaches from the Dirac band because
of SOC (Di Sante et al., 2023). Even when magnetism is
absent, such as in YV6Sn6, quantum oscillation measurements
similarly detect a nontrivial Berry phase and light electron
masses assigned to multiple Dirac crossings near EF in
addition to heavy orbits attributed to nearby VHSs
(Rosenberg et al., 2024). Similar effects are seen in
GdV6Sn6 (Dhital et al., 2024) and have recently been reported
as nonmagnetic variants ðTi;Zr;HfÞV6Sn6 (He et al., 2024).
Despite VHSs existing close to EF across the broader

family of RV6Sn6 compounds and a qualitatively similar
filling of the kagome sublattice to AV3Sb5 compounds, no
purely electronic phase transitions manifest in the absence of
magnetic order. Owing to the lack of a dominant steric role,
neither CDW order nor SC emerge down to 50 mK in
stoichiometric (undoped compounds). However, one notable
exception occurs when the size of the R-site ion is decreased
below a critical threshold, as in the case of ScV6Sn6, which we
discuss next.

d. ScV6Sn6 compounds

Like YV6Sn6, ScV6Sn6 can be grown via a Sn-based flux
method and does not show magnetic ordering or SC down to
80 mK (Arachchige et al., 2022). It hosts a band structure
similar to YV6Sn6, and quantum oscillation experiments have
suggested that the electron Dirac band located at the K point is
characterized by a finite Berry phase, which infers a topo-
logically nontrivial Fermi surface (Shrestha et al., 2023; Yi,
Feng, Mao et al., 2024; Zheng et al., 2024). Topological Dirac
surface states have also been observed near the Γ point in
ARPES measurements (Hu et al., 2024).
Notably, ScV6Sn6 is unique in that it hosts a first-order

phase transition into a CDW-like phase below T� ≈ 92 K with
the K̄ q ¼ ð1=3; 1=3; 1=3Þ wave vector (Arachchige et al.,
2022). This corresponds to an enlargement of the unit cell byffiffiffi
3

p
×

ffiffiffi
3

p
× 3 and a lowering of the lattice symmetry to an

R32 cell. The transition is reflected in concomitant disconti-
nuities in magnetization, resistivity, and heat capacity data
(Arachchige et al., 2022); see Fig. 31(a). The absence of a
gradual spectral gap opening from optical spectroscopy (T. Hu
et al., 2023) and abrupt spectral weight redistribution at T�

from ARPES (S. Cheng et al., 2024) further indicate the first-
order nature of the transition. Lattice distortions accompany-
ing the CDW-like transition come primarily from a chainlike
instability driven by the motion of the out-of-plane Sc and Sn1
atoms, each with up to 0.16 Å out-of-plane displacements.
The kagome net Vatoms, however, show substantially weaker
displacements (Arachchige et al., 2022) that are consistent
with ab initio calculations (Tan and Yan, 2023).
Understanding charge ordering in ScV6Sn6 is the subject of

a number of theoretical works (Cao et al., 2023; Tan and Yan,
2023; S. Liu et al., 2024; Subedi, 2024; Wang, Chen et al.,

2024). Strong anharmonic effects (Wang, Chen et al., 2024),
order-disorder transitions (S. Liu et al., 2024), and an inter-
play between electron-phonon coupling soft-phonon fluctua-
tions of a locally flat H mode are a few examples (Hu et al.,
2025). In particular, the ð1=3; 1=3; 1=2Þ CDW wave vector
initially appeared from theory to be energetically favorable
(Cao et al., 2023; Tan and Yan, 2023; S. Liu et al., 2024),
which contrasts with the experimentally observed q ¼
ð1=3; 1=3; 1=3Þ distortion (Arachchige et al., 2022). Both
elastic and inelastic x-ray scattering experiments instead
reveal short-range charge order and phonon softening along
q ¼ ð1=3; 1=3; 1=2Þ at temperatures much higher than T�

(Cao et al., 2023; Korshunov et al., 2023; Pokharel
et al., 2023).
The apparent onset temperature of this short-range charge

order varies among reports due to differences in experimental
resolution, but signatures are reported as high as room
temperature. In addition, weak short-range order in some
cases persists below T�, potentially pinned by variable levels

FIG. 31. (a) Temperature dependence of magnetic susceptibility
on cooling (black line) and warming (red line) of bulk single
crystals of ScV6Sn6 (top panel), temperature dependence of
resistivity in the a-b plane measured on cooling (black line) and
warming (red line) (second panel), specific heat capacity (third
panel), and relative change in lattice parameters vs temperature
(bottom panel). From Arachchige et al., 2022. (b),(c) STM
topograph and associated Fourier transform showing the CDW
peaks (enclosed by triangles). From S. Cheng et al., 2024.
(d) Fourier transform of STM dI=dV map showing unidirectional
electron scattering and interference signature. From Jiang et al.,
2024. (e) Temperature dependence of the high transverse field
muon spin relaxation rate in μSR normalized to the value at
300 K, measured under different c-axis magnetic fields. From
Guguchia et al., 2023a.
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of disorder in different samples (Pokharel et al., 2023). The
fluctuations associated with the buildup of short-range
ð1=3; 1=3; 1=2Þ order couple to charge carriers, where trans-
port data suggest the presence of a pseudogap phase above T�

(DeStefano et al., 2023).
In general, phonons and lattice effects are believed to play

the primary role in the formation of the CDW-like phase in
ScV6Sn6 (Korshunov et al., 2023; Tuniz et al., 2023; Hu et al.,
2024; S. Lee et al., 2024), and any purely electronic
instabilities are likely to play a secondary role. This notion
has been supported by ARPES measurements, which have
observed similar VHSs near the Fermi level in both ScV6Sn6
and other 166 systems (S. Cheng et al., 2024; Z.-J. Cheng
et al., 2024; Hu et al., 2024; S. Lee et al., 2024), whereas a
bulk CDW is reported only in ScV6Sn6. As such, any potential
Fermi-surface nesting is believed to only have a marginal
effect on the CDW formation (S. Cheng et al., 2024; S. Lee
et al., 2024; Yu et al., 2024), and, instead, steric effects and
dynamics associated with an inherent out-of-plane chain
instability of the Sn-Sc-Sn-Sn ions drive its unconventional
behavior. A real-space model of frustration of this chain
instability, one whose in-plane correlations are frustrated via
steric effects mediated via the kagome network, was
shown to capture and quantitatively model the short-range
ð1=3; 1=3; 1=2Þ charge correlations using a 2D Ising model
(Alvarado et al., 2024).
Supporting the notion of a primarily one-dimensional

lattice instability, the CDW-like correlations in ScV6Sn6 are
highly sensitive to disorder effects within the chains.
Substituting Sc for larger R ions such as Lu or Y rapidly
suppresses both long-range and short-range CDW order
(Meier et al., 2023; Pokharel et al., 2023), which are attributed
to the smallness of the Sc atoms compared to other possible R
atoms (Tan and Yan, 2023) and the impact of Sn-ion rattling
along the chain axis. Small amounts of substitution at the V
site (Yi, Feng, Kumar et al., 2024) or the use of high pressure
(Y. Gu et al., 2023; Yi, Feng, Kumar et al., 2024) also
suppress the CDW transition temperature. A strong coupling
to lattice disorder is also reflected in the varied transition
temperatures T� reported of nominally stoichiometric
crystals.
Of all the stoichiometric RV6Sn6 compounds studied thus

far, only the Sc variant exhibits a bulk CDW phase. Theory
suggests that some RV6Sn6 systems may exhibit surface
charge orders (

ffiffiffi
3

p
×

ffiffiffi
3

p
or 2 × 2), even in the absence of a

bulk CDW phase on kagome surface terminations (Tan and
Yan, 2024). The ð1=3; 1=3Þ bulk, in-plane CDW wave vector
is consistent with STM measurements of ScV6Sn6, which
observe periodic

ffiffiffi
3

p
×

ffiffiffi
3

p
modulations rotated by 30° with

respect to the atomic lattice (S. Cheng et al., 2024; Jiang et al.,
2024; Kundu et al., 2024); see Figs. 31(b) and 31(c). The out-
of-plane periodicity was further resolved by imaging the
charge order across different terraces (S. Cheng et al.,
2024; Kundu et al., 2024). The CDW has, however, been
observed only on some surface terminations (S. Cheng et al.,
2024; Jiang et al., 2024), and there are conflicting reports in
the literature reporting the presence (S. Cheng et al., 2024;
Kundu et al., 2024) or absence (Jiang et al., 2024) of charge
order on the V termination. There are similarly dissonant

reports on the honeycomb Sn2 termination (S. Cheng et al.,
2024; Jiang et al., 2024) and the triangular Sn1=ScSn3
termination (Jiang et al., 2024; Kundu et al., 2024). The
multitude of inequivalent surface terminations possible in 166
systems (up to six different ones) complicate identification of
surfaces imaged via STM.
STM experiments generally observe no spectral gap open-

ing at Ef (Jiang et al., 2024; Kundu et al., 2024), albeit a small
partial gap of about 20 meV has been reported in dI=dV
spectra on one surface termination (S. Cheng et al., 2024).
Some ARPES (S. Lee et al., 2024) and optical spectroscopy
experiments (Kim, Liu et al., 2023) suggest the largest
gap opening occurs for kz ≈ π along the A-L direction of
260–270 meV. STM dI=dV maps suggest the existence
of another spectral gap at positive energies on the order of
50 meV based on charge modulations that exhibit an abrupt
phase shift near that energy (S. Cheng et al., 2024).
Beyond translation symmetry breaking induced by the

CDW, additional rotational symmetries are reported to be
broken in this system, potentially via a secondary instability of
the V sublattice. Signatures of rotational symmetry breaking
in the electronic structure are reported by STM experiments
(Jiang et al., 2024). First, spectroscopic-imaging STM
detected a deformation of the low-energy electronic states
on the V termination where the CDW signal is absent (Jiang
et al., 2024); see Fig. 31(d). Second, anisotropy in the
intensity of atomic Bragg peaks in STM topographs is also
observed on the same termination below about 70 K (Jiang
et al., 2024). No structural transition is observed in the
temperature range, suggesting the electronic nature of elec-
tronic nematicity observed. No rotation symmetry breaking is
detected in the intensities of the three in-plane CDW peaks (S.
Cheng et al., 2024; Jiang et al., 2024), in sharp contrast to
AV3Sb5 (Jiang et al., 2021; Li, Zhao, Ortiz et al., 2022).
Electronic nematicity observed in ScV6Sn6 by STM is
phenomenologically similar to that previously reported in
CsTi3Bi5 (Li et al., 2023a), where Fermi-surface deformation,
anisotropic spectral weight and inequivalent atomic Bragg
peaks have also been reported. It has been suggested that
favorably positioned VHSs near the Fermi level play a role in
the emergence of electronic nematicity in ScV6Sn6 (Jiang
et al., 2024).
Adding to these considerations, TRS is suggested to be

broken below T�. Here the enhancement of the internal field
width within the CDW-like state sensed by the μSR spec-
troscopy suggests TRS breaking from “hidden” magnetism
(Guguchia et al., 2023a); see Fig. 31(e). Anomalous Hall-like
behavior up to the CDW phase transition was also suggested
to hint at TRS breaking (Mozaffari et al., 2024; Yi, Feng, Mao
et al., 2024). We mention that 51V NMR measurements have
not observed any signatures of underlying magnetism, pos-
sibly because the signals are below the resolution of the
experiment of 10−2μB (Guehne et al., 2024), or due to nuclear
fields and alternative fermiology effects accounting for the
μSR and AHE results

e. RNb6Sn6 compounds

A new class of nonmagnetic M-site 166 variants was
recently reported in RNb6Sn6, with R ¼ Y, Ce, or Lu
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(Ortiz et al., 2025), with crystals grown via a high-temperature
self-flux growth technique. These compounds also form a
nonmagnetic Nb-based kagome net with K-point Dirac cross-
ings at EF and M-point saddle points nearly at and above EF.
A rich spectrum of magnetic states reported upon vary the R-
site ion, where Gd, Tb, and Dy stabilize a variety of
intermediate plateau states. R ¼ Lu seemingly crosses the
steric barrier necessary to stabilize an out-of-plane chain
CDW-like instability in LuNb6Sn6. Below T� ≈ 68 K, trans-
port, heat capacity, and magnetization record a transition into a
lower symmetry K̄-type distortion with q ¼ ð1=3; 1=3; 1=3Þ.
This is identical to the distortion observed in ScV6Sn6, and the
distortion is frustrated with short-range charge correlations
observed along q ¼ ð1=3; 1=3; 1=2Þ, with phonon softening
likely to occur along that wave vector as well.

f. CsCr6Sb6 compounds

Another member of the 166 family is the recently discov-
ered CsCr6Sb6 (Liu et al., 2025; Song et al., 2025), which
consists of Cr-based kagome networks and whose crystals
can be grown via a high-temperature self-flux growth tech-
nique. ARPES and theoretical calculations reveal flat bands at
the Fermi level that are composed of Cr 3d electrons (Song
et al., 2025). The material exhibits magnetic frustration and
Kondo insulating behavior at low temperature, enabling the
investigation of Kondo physics in kagome systems
(Song et al., 2025). As the thickness of the material is
reduced to a few layers, its bulk magnetic frustration leads
to A-type antiferromagnetic order and anomalous Hall
response dependent on the parity of the number of layers
(Song et al., 2025).

4. AM3X4 compounds

AM3X4 compounds form with a formula unit where A can
be either a trivalent or divalent rare-earth ion or a divalent
alkali earth ion such as Ca. The M site can be nonmagnetic V
or Ti with the anion X comprising Sb or Bi, respectively, and
crystals are typically grown using high-temperature metal-flux
methods (Ovchinnikov and Bobev, 2020; Ortiz et al., 2023a,
2023b; Long Chen et al., 2024). The structure is formed from
units of buckled kagome bilayers that are spaced from one
another via zigzag chains of the A-site ions in an orthorhombic
cell. The magnetic A-site variants often form ferromagnetic
ground states, though Ce, Gd, and Tb order antiferromagneti-
cally in ATi3Bi4 (Motoyama et al., 2018; Ortiz et al., 2023a,
2024; K. Guo et al., 2024). Low-field helical states may exist
for the Eu2þ variants, and a number of magnetic plateau states
have been reported in antiferromagnetic members when the
field is oriented along the chain axis.
While band features reflective of the kagome networks such

as flat bands, saddle points, and Dirac crossings have been
identified in ARPES investigations of these compounds (Ortiz
et al., 2023a, 2023b; Sakhya et al., 2024), electronic insta-
bilities within the V kagome network are typically not
observed. One notable exception is the recent STM report
of a CDW intertwined with magnetic order in the GdTi3Bi4
compound (Han et al., 2025a). Studies of this compound and
related variants are ongoing.

5. Other compounds

a. A2M3X compounds

Another subset of kagome intermetallic compounds can be
formed within ternary variants of three-dimensional Laves
phases. C14 and C15 Laves phases have the chemical formula
AM2 where the M-site ions form kagome nets stacked with
equidistant triangular lattice networks. The in-plane transla-
tional phasing between these stacked layers generates alter-
nating face- and vertex-sharing tetrahedra in the C14 case and
an extended pyrochlore network in the C15 case. By adding a
third main group X ion that chemically orders within the
triangular lattice network, an ordered ternary Laves phase can
be formed, comprising chemically unique kagome layers,
which are often distorted by a breathing mode. For example,
the prototypical C15 Laves compound MgCu2 forms a
pyrochlore network of corner-sharing Cu tetrahedra. A third
element such as Si can be incorporated to form Mg2Cu3Si,
where Si occupies one tetrahedral Cu site in an ordered
fashion. This results in planes of Cu kagome nets stacked with
triangular nets of Si ions embedded within a lattice of Mg.
Many ordered Laves phases compounds are superconduc-

tors, for example, Mg2Ir3Si (Kudo, Hiiragi et al., 2020) and
Li2IrSi3 (Hirai et al., 2014) with Ir- and Si-based kagome
networks, respectively. The former can be grown in bulk
crystal form via a high-temperature melt with excess Mg
(Kudo, Hiiragi et al., 2020). SC also appears when there is
partial ordering of the kagome lattice (Kudo, Honda et al.,
2020), suggesting that it is not an instability derived exclu-
sively from the kagome networks. Indeed, the electronic
structure of ordered Laves phases remains three-dimensional,
although a recent report of SC in Ta2V3Si discussed a
connection between enhanced SC and the presence of
kagome-derived VHS close to EF (H. Liu et al., 2023).

b. RM3ðSi;BÞ2 compounds

A structurally distinct family of compounds with a chemical
formula similar to ordered Laves phases are RM3ðSi;BÞ2,
where R is a lanthanide ion andM is a transition metal. These
compounds possess distorted kagome nets of M-site ions
separated by MðSi;BÞ2 planes. The structure is distinct from
the ordered Laves phase description, and the M-site kagome
nets intersect with chains of R and ðSi;BÞ ions that thread the
triangles and hexagons of the kagome network, respectively.
A complicated interplay of magnetism and SC is realized
across the phase diagrams of these materials (Barz, 1980; Ku
et al., 1980). SC occurs in a number of members of this
materials class, with LaRu3Si2 the most widely studied
owing to its higher Tc. There are a large number of
compounds, so we focus on the LaRu3Si2 variant in this
review as emblematic of the phenomena possible in these
materials. Crystals can be obtained via standard melt-cool
techniques (Mielke et al., 2024).
LaRu3Si2 was reported to possess moderate electron-

electron correlation effects via an enhanced Wilson ratio
(Li et al., 2011) with a conventional, nodeless BCS super-
conducting state (Kishimoto et al., 2004) whose enhanced Tc
is attributed to a narrow band of conduction elections. The
narrow conduction band is proposed to arise from the
proximity of a kagome-derived flatband close to EF
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(Mielke et al., 2021), and correlation effects are further
evident via a high-temperature charge-ordered phase that
evolves upon cooling (Plokhikh et al., 2024). Recently,
Mielke et al. (2024) reported muon spin relaxation in μSR
and magnetotransport data showing an unconventional cou-
pling to external magnetic fields upon cooling into a modified
CDW state. The impact of both the kagome-derived flat bands
and the nearby saddle points on this phenomenology is a
topic of current experimental (Chakrabortty, Kumar, and
Mohapatra, 2023; Misawa et al., 2025) and theoretical study
(Deng et al., 2025).

c. Homologous variants

The phase space for ternary kagome compounds is vast, and
we highlight a few additional structural motifs here. For
example, the AV3Sb5 structure exists within a broader,
homologous family ðAm−1Sb2mÞðV3SbÞn, where filled V3Sb
kagome planes are stacked with variable modulations of alkali
and antimony layers. For instance, this generates AV6Sb6- and
AV8Sb12-type structures with bilayer and higher groupings of
the kagome planes (Q. Yin et al., 2021; Mantravadi et al.,
2023). While the bilayer member of this family shows SC
under high pressure (Shi et al., 2022), no other member of this
expanded family is reported to form CDW or SC order under
ambient pressure.
Another kagome-related structure is the partially disordered

Ln2xTi6þxBi9 class of compounds (Ortiz et al., 2024). The
buckled Ti-based kagome layers partially connect out of the
plane, and low-temperature magnetic transitions arising from
the partial Ln-chain networks in the lattice have been reported.
Another hybrid kagome structure is exemplified by
Yb0.5Co3Ge3. This compound possesses partially occupied
Yb and Ge sublattices (Weiland et al., 2020) and provides
another example of the diversity of kagome structures pos-
sible. It exhibits a CDW-like low-temperature distortion of the
kagome lattice as well as Yb-based magnetic order (Wang,
McCandless et al., 2022).

V. CONCLUSIONS

A. Summary

There has been tremendous progress in both experimental
and theoretical aspects of kagome metals. Previously, existing
(and often well-studied) materials were revisited using new
theoretical frameworks, and new experimental probes were
leveraged to test predictions of unconventional electronic
states and phase behaviors in kagome compounds. This is
readily apparent in the notable shift in the research focus from
magnetic to electronic structure in numerous classes of
magnetic kagome lattices. The notion of topological bands
intrinsic to the band structure and the potential for combining
these features with electronic correlations has become a topic
of central focus.
From the perspective of materials, both binary and ternary

kagome metals have grown into a broad and diverse class of
exotic quantum materials. The binary systems have estab-
lished the relevance of the kagome band structure in real
materials, including Dirac crossings and flat bands, and
sources of strong electronic correlation and have opened

new opportunities for spintronic devices. The ternary systems,
with the addition of a third element into the crystal structure,
have brought an enhanced degree of chemical tunability and
diversity, which in turn have provided a richer plethora of
electronic properties and symmetry breaking than their binary
kagome siblings.
In terms of experimentally observed phenomena, there have

now been observations of the Dirac, Van Hove, and flat-band
features that are expected for the kagome network. Positioning
these features at the Fermi level has led to a variety of
phenomena ranging from aspects of electronic topology to
strong electronic correlations. For example, narrow-band-
induced strange metal behavior has been observed in binary
kagome metals, while electronic symmetry breaking tied to
the presence of p-type Van Hove points has been observed in
ternary systems. The interplay between these kagome-derived
phase behaviors and other types of order and energy scales
(for example, local moment magnetism and structural insta-
bilities) in both ternary and binary compounds adds a layer of
richness to the reported phenomena.
The theoretical investigation of kagome metals has also

made significant progress and has offered a deep under-
standing of how their lattice geometry leads to a wide
spectrum of electronic and collective phenomena. At the
single-particle level, theoretical models of spinless electrons
reveal the emergence of electronic features rooted in the
kagome lattice’s intrinsic symmetry and topology. The inclu-
sion of SOC has further enriched this landscape, enabling the
realization of topologically nontrivial phases. Lattice dynam-
ics, treated through phonon calculations, highlights the
importance of soft modes and structural instabilities, setting
the stage for intertwined electron-phonon and many-body
effects.
Building on this foundation, theoretical work to treat the

interaction-driven phases that we have surveyed in this review
has now advanced. Models of CDWs describe the nesting-
driven instabilities supported by VHS, whereas mean-field
and beyond-mean-field treatments have provided frameworks
to understand unconventional SC, including signatures of
PDWs. Treatments of electron-phonon coupling have shed
light on its role in competing with electronic orders, and
models incorporating local moment fluctuations and strong
electron correlations have begun to describe the emergence of
magnetism. Taken together, these developments not only
provide solid theoretical foundations to the experimental
discoveries in binary and ternary kagome metals but also
suggest a rich and tunable platform for exploring novel
quantum phases. In fact, understanding kagome metals means
taking on the interacting electron problem in its entire
complexity, treating electronic correlations and electron-pho-
non coupling on an equal footing. As such, kagome metals
promise to play the role of an incubator and benchmark for
understanding electronic quantum matter.

B. Future questions

Despite the rapid theoretical and experimental progress in
understanding kagome metals, a wide array of open questions
and challenges remain that demand further refinement and
exploration. In terms of materials, much of the recent progress
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in these systems has leveraged the use of metallic systems
with a significant number of electronic bands. While this
overcomes the challenge of introducing charge carriers pre-
viously encountered with chemical and electrostatic doping in
insulating kagome systems, finding materials with simpler
Fermi surfaces is of significant interest. In addition, finding
compounds with more ideal s-electron orbitals, thereby better
matching idealized models, is an open frontier. Many of the
kagome systems to date are based on d electrons with multiple
orbital states present at the Fermi level. Often, the bandwidth
of the kagome band structure is broader than the energetic
spacing within the d-electron manifold. Remedying this and
finding systems with, for example, large crystal-field splittings
and finding schemes where this would be possible with absent
localization due to Coulomb interactions are open challenges.
Finally, a broader range of effectively two-dimensional
systems is a clear target.
Achieving such effectively two-dimensional kagome systems

remains a crucial challenge for the field. Out-of-plane hopping
strongly perturbs the ideal kagome band structure, thus reducing
both the flat-band localization and the separation from non-
kagome-derived states. To overcome this, several promising
approaches could be pursued. The first approach involves van
der Waals kagome metals, which are naturally prone to exfolia-
tion and integration into atomically thin heterostructures. The
second approachexploits thin-filmgrowth and surface-engineer-
ing techniques, which enable the controlled realization of
ultrathin kagome lattices or even artificial kagome layers.
Both strategies opennewopportunities for enhancing correlation
effects, tuning topology, and engineering interactions in a
manner not possible in bulk crystals.
Beyond these approaches, while it is now established that

both correlated electronic phases and topological electronic
phases can be realized in kagomematerials, towhat degree these
two phenomena can enrich one another to create fundamentally
new electronic phases is an open question. In addition,while the
kagome network is now recognized as the chemically most
common line-graph compound, to what extent other theoreti-
cally well-known line-graph lattices could be realized exper-
imentally (andwould also have the potential richness of kagome
metals) is an emerging area of investigation.
From the theoretical side, one of the most pressing

challenges lies in developing accurate minimal models that
can faithfully capture the essential band features responsible
for the emergence of CDW order, SC, nematicity, and TRS
breaking in AV3Sb5 compounds. Theories must address the
complex roles played by VHS, SOC, and multiorbital effects
near the Fermi level, as well as the interplay between in-plane
and out-of-plane Sb p orbitals, which remain poorly under-
stood but are crucial to stabilizing correlated phases. The
diversity of newly discovered AM3X5 materials, such as Ti-,
Cr-, and V-based variants, further expands the parameter space
of kagome systems, demonstrating the urgent need for
theoretical tools that can adapt to different electronic fillings,
orbital makeups, and structural distortions while remaining
predictive and physically transparent.
Another frontier involves the theoretical treatment of strain

and disorder. Experimental findings increasingly suggest a
strong sensitivity of certain classes of kagome metals to
mechanical strain, which appears to modulate TRS-breaking

signatures and influence CDW domain formation. Theoretical
models that incorporate the coupling of strain and structural
deformation to electronic, magnetic, and orbital degrees of
freedom are necessary for understanding emergent piezomag-
netic responses and chirality switching observed in surface-
sensitive probes. Such models will be fundamental for under-
standing whether the exotic signatures, such as Kerr rotation
or nematic anisotropy, arise intrinsically or are mediated by
strain-induced symmetry breaking.
A closely related challenge is uncovering the origins and

consequences of intertwined orders. Kagome metals often
exhibit similar energy scales for competing or coexisting
states such as SC, charge order, magnetism and nematicity.
Capturing the competition and entanglement of these orders,
particularly in materials near Van Hove filling or in the
presence of sizable correlations, will require beyond-mean-
field approaches such as renormalization group methods, in
which different electron orders compete toward the final
ground state instability. Furthermore, the coupling of topology
with magnetism, SC, and correlation effects presents another
rich area for theoretical advancement. Several kagome metals
present bands with a nontrivial topology, namely, Dirac cones,
flat bands, and Weyl nodes, and their interplay with electronic
correlations, electron-phonon interaction, and magnetism is
still an underexplored direction.
The exploration of unconventional SC in kagome metals is

equally promising and challenging. In fact, the pairing mech-
anisms leading to SC in systems like AV3Sb5, whether conven-
tionally mediated by phonons or involving unconventional
pairing channels, remain unresolved despite intense research
activity. Resolving this puzzle requires studies that integrate
realistic band structures with dynamical interactions. The field
must also address themodeling of kagomematerialswith partial
flat-band filling, which opens the door to strongly correlated
quantum phases such as Mott insulators, non-Fermi liquid
metals, and fractional Chern insulators. Here understanding
how electronic interactions drive localization will be vital,
especially in systems with minimal bandwidth and strong SOC.
Another important open question is to connect the conceptual

viewpoints traditionally used for geometrically frustrated sys-
tems. Historically, frustrated lattices such as the kagome have
been extensively explored within the context of Hubbard and
spin models, often from the angle of strong correlations, Mott
physics, and magnetic ground states. In contrast, much of the
recent progress in kagome metals has been pushed by Fermi-
liquid-based approaches that center on band structure insta-
bilities, VHS, and weak-to-intermediate correlation effects.
However, as evidence grows for strong-coupling phenomena,
such as charge ordering, unconventional SC, and potential
Mott-like behavior in certain regimes, it becomes important to
investigate the link between these two approaches. This puts
forward the necessity of theoretical frameworks that interpolate
between weak-coupling Fermi liquid and nonperturbative
many-body physics, particularly in systems with flat bands
or partial band fillings. Developing a unified understanding that
captures both itinerant and localized electron behavior in
kagome systems will be fundamental for shedding light onto
the full range of correlated phases that they can support.
Furthermore, an interesting question in kagome metals is

the role of excitons and how they relate to charge and spin
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orders. In multiband systems with strong SOC, particularly
when TRS is broken, the distinctions among CDWs, SDWs,
and exciton condensates become vague. Yet, most studies treat
these orders separately. A more unified view that considers all
these possibilities together could offer new insights into the
nature of the symmetry-breaking phases in kagome materials.
Beyond their rich interplay of topology, correlation, and

lattice frustration, kagome metals also offer a new and natural
setting to explore the quantum geometry of Bloch states, which
is captured by the quantum geometric tensor. Their flat bands,
which arise from compact localized states, are classified as
singular flat bands (Rhim and Yang, 2021). Under strong
magnetic fields, these flat bands give rise to an anomalous
Landau level spectrum that directly encodes the quantum
metric (Rhim, Kim, and Yang, 2020), with predicted conse-
quences such as diverging orbital magnetic susceptibility and
nonlinear Hall effects. Building on these insights, recent work
has proposed and demonstrated a photoemission-based
approach to directly measure the quantum geometric tensor
in kagome systems (Kang et al., 2025), establishing them as a
promising class of materials to experimentally probe band
geometry and its role in topological and transport phenomena.
Last, kagome metals potentially represent an interesting

platform for new device applications that could range from
spintronics to orbitronics and quantum information.
Investigations that link bulk properties to nanoscale or inter-
face phenomena, such as proximity-induced SC, spin-orbit
torque effects and charge-to-spin-to-orbit interconversion, will
be important for future experimental efforts that aim at
constructing functional kagome-based heterostructures and
quantum devices. In this context the recent demonstration of a
sizable modulation of the anomalous Hall angle in the
magnetic Weyl semimetal Co3Sn2S2 represents a significant
advance. By achieving Hall angles far beyond those of
conventional magnetic materials and realizing Fe-doped nano-
flake devices with ultrahigh sensitivity and nanoscale mag-
netic field detectability, kagome metals are a highly promising
platform for next-generation magnetic sensors and spintronic
applications (J. Yang et al., 2025).
In summary, while the study of kagome metals has already

revealed a rich landscape of correlated and topological
phenomena, the field remains full of open questions that span
materials discovery, theoretical modeling, and emergent
functionalities. The search for new kagome systems continues,
and so too does the promise of discovering entirely new states
of quantum matter, many of which may lie just beyond the
current frontier.

LIST OF SYMBOLS AND ABBREVIATIONS

AFM antiferromagnetism
AHE anomalous Hall effect
ANE anomalous Nernst effect
ARPES angle-resolved photoemission spectroscopy
BCS Bardeen-Cooper-Schrieffer
BZ Brillouin zone
CDW charge density wave
CL circular left
CR circular right

DFT density functional theory
DMFT dynamical mean-field theory
DOS density of states
EBR elementary band representation
EDC energy distribution curve
MR magnetoresistance
μSR muon spin spectroscopy
PDW pair density wave
PES photoemission spectroscopy
PHE planar Hall effect
QPI quasiparticle interference
RPA random phase approximation
SBC spin-Berry curvature
SC superconductivity
SDW spin density wave
SOC spin-orbit coupling
STM scanning tunneling microscopy
TB tight binding
TMO transition-metal oxide
TMR tunneling magnetoresistance
TRS time-reversal symmetry
VHS Van Hove singularity
XRD x-ray diffraction
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