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Quantum states and intertwining 
phases in kagome materials
Yaojia Wang    1,2,4 , Heng Wu    1,2,4, Gregory T. McCandless3, Julia Y. Chan3 & Mazhar N. Ali1,2 

Abstracts

In solid materials, non-trivial topological states, electron correlations 
and magnetism are central ingredients for realizing quantum properties, 
including unconventional superconductivity, charge and spin density  
waves and quantum spin liquids. The kagome lattice, made up of corner- 
sharing triangles, can host these three ingredients simultaneously 
and has proved to be a fertile platform for studying diverse quantum 
phenomena including those stemming from the interplay of these 
ingredients. This Review introduces the fundamental properties of 
the kagome lattice and discusses the complex phenomena observed in 
several materials systems, including the intertwining of charge order  
and superconductivity in some kagome metals, the modulation of  
magnetism and topology in some kagome magnets, and the combination 
of symmetry breaking and Mott physics in ‘breathing’ kagome insulators. 
The Review also highlights open questions in the field and future research 
directions in kagome systems.
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features including topological Dirac, Weyl and nodal line points, van 
Hove singularities (vHSs) and flat bands. The vHSs and flat bands pos-
sess high densities of states, enhanced effective masses and strong 
electron–electron correlations. Hence, kagome materials are ideal 
for studying the interplay of topology, magnetism and electron 
correlation.

Early studies of kagome metals have found diverse phenom-
ena, such as Weyl states in the ferromagnet Co3Sn2S2 (refs. 13,14), 
Dirac points and flat bands in FeSn (ref. 15) (antiferromagnet) and 
CoSn (paramagnet) (refs. 16,17), signs of magnetic skyrmions in the 
non-collinear ferromagnet Fe3Sn2 (refs. 18,19), chiral spin structures 
in the non-collinear antiferromagnet Mn3X (X = Sn, Ge)20,21, and large 
anomalous Hall effects in many of these magnets22,23. The study of 
these kagome magnets and developments in understanding their 
physical properties have been reviewed23–25. More recently, several new 
materials systems have been found that host both distinct quantum 
phases and topological states, as well as the entanglement of these 
different states. For example, the topological kagome metals AV3Sb5 
(A = K, Cs, Rb)26–29 have attracted attention due to the observation of 
superconductivity, CDW, nematic and stripe order, PDW phase30–33, and 
large anomalous Hall effect34–36 all in a single material. These complex 
symmetry-breaking ordered states either compete or intertwine with 
each other, much like the situation of the high-temperature supercon-
ductors, but from a likely different origin; the early works in AV3Sb5 
was introduced in some reviews27–29. Beyond AV3Sb5, new physical 
properties and possibilities are being explored in metallic kagome 
magnets like the AM6X6 (for instance, TbMn6Sn6)37,38 family (the ‘166’ 
compounds). These compounds have large chemical tunability and 
show an array of magnetic phases unlike the AV3Sb5 family, which 
does not exhibit long-range magnetic order. In addition, a new family  
of kagome insulators, Nb3X8 (X = Cl, Br, I), which has a trigonally distorted  
kagome lattice (that is, it has a breathing mode), are proposed to be 
possible Mott insulators and obstructed atomic insulators39–42.

This Review introduces the diversity and state-of-the-art of the 
complex physical studies in contemporary kagome materials, some 
of which are the subject of debate and controversy. First, we discuss 
the basic physical concepts in kagome lattices and their correspond-
ing quantum phenomena, then dive into detailed discussions of the 
aforementioned representative materials systems with different kinds 
of properties, particularly the AV3Sb5, ‘166’ (including ‘0.5–3–3’ com-
pounds) and Nb3X8 families. The intertwining of charge orders and 
the superconducting state, with controversial studies of the physical 
mechanisms behind these phases, will be discussed for AV3Sb5. The 
discussion of AM6X6 family will focus on the magnetic phases and 
the modulation of magnetism under the influence of both interlayer 
and intralayer magnetic coupling. Additionally, the new topological 
states based on the combination of magnetism and topology and 
a structural transition with possible CDW states will be discussed. 
Finally, distinct from the topological kagome metals, new proper-
ties in the breathing kagome insulators will be introduced for Nb3X8, 
including a Mott-insulating state with an isolated flat band and a theo-
rized obstructed atomic insulating state. The properties of different 
materials are compared in Table 1.

The kagome lattice and basic physical properties
The kagome lattice is made up of corner-sharing triangles (Fig. 1a), in 
which there are three sublattice sites per unit cell (labelled as A, B, C  
sites). These sites induce a high degree of geometrical frustration from 
balanced exchange for electron hopping between the different atoms. 

Key points

 • The kagome lattice is formed by corner-sharing triangles, which can 
host Dirac points, van Hove singularities (vHSs) and flat bands.

 • The high Fermi surface instability around the vHSs and flat bands can 
give rise to various physical properties that can be entangled, including 
superconductivity, charge or spin orders, and complex magnetism.

 • Charge density wave (CDW) states induced by the vHSs mostly 
appear in kagome materials with non-magnetic or weak magnetism, 
but are rare in kagome magnets. The relationship between magnetism 
and CDWs is not yet fully understood.

 • Diverse magnetic properties appearing in kagome magnets are 
influenced by the interlayer and intralayer magnetic interaction of 
kagome lattices and other sublattices.

 • A Mott-insulating state was observed in the symmetry breaking, 
breathing kagome insulators with flat bands. Strong correlation physics 
related to flat bands can be studied in kagome system.

Introduction
In solid state systems, basic electronic states such as metallic and 
semiconducting or insulating behaviour have been well described 
by free or nearly free electron theory based on non-interacting elec-
trons in a periodic lattice potential. For correlated systems, however, 
where the Coulomb interaction cannot be ignored and is comparable 
to or stronger than the kinetic energy of the electrons, the interaction 
between particles (electron–electron and electron–phonon interac-
tions) plays an important role in the material’s physical properties. 
Electron correlation can induce instabilities at the Fermi surface and 
drive electronic fluctuations, leading to many new quantum phases with 
broken symmetry (Box 1), including superconductivity, complex mag-
netism, charge density waves (CDW), spin density waves (SDW), nematic  
and smectic orders, pair density waves (PDW)1–4, Mott-insulating behavi-
our and more. These phases have been observed in strongly correlated  
systems, such as heavy fermion materials, high-temperature supercon-
ductors, complex oxide perovskites, transition metal dichalcogenides 
and twisted graphene3,5–8. However, they need not be distinct; these 
phases can compete and even become entangled with each other in 
the same material. This is the case in the cuprate superconductors 
where superconductivity competes with CDW and SDW phases, and an 
observed PDW phase is proposed to be the possible ‘mother phase’1. The 
intertwining and interdependency of the different phases is complex, 
but eventual understanding may lead to insight into exotic physical 
properties, such as unconventional superconductivity.

One important structure type where this intertwining and inter-
dependency is seen is in the kagome lattice, also known as the trihexa-
gonal tiling. It is composed of hexagons that are surrounded by six 
equilateral triangles, each triangle corner-sharing with three other 
triangles (Fig. 1a). It naturally hosts geometrical frustration due to its 
triangular nature which, for example, causes magnetic frustration in 
kagome magnets like herbertsmithite9,10, and has been predicted to give 
rise to a valence-bond state11 and a strongly correlated quantum spin liq-
uid state12. Additionally, the electronic interference between the three 
sublattices in the kagome net yields many electronic-band-structure 
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The electron interactions in the kagome lattice can be described with a 
Hubbard model, and the typical Hamiltonian takes the form43,44

H H H= +0 int

∑ ∑H t c c µ n= − ( ˆ ˆ + h . c.) −
i j σ

iσ jσ
i σ

i σ0
,

ij
+

,
,

〈 〉

∑ ∑H U n n
U

n n= +
2i

i i
i j σ σ

i σ j σint 0 ↑ ↓
1

� , � , , ′
, , ′

where H0 is the Hamiltonian from the tight-binding model including 
electron hopping and the chemical potential (μ). tij is the hopping inte-
gral and represents the kinetic energy of electrons hopping between 
nearest-neighbour sites. ĉiσ  and ĉiσ

+  are the annihilation and creation 
operators of electrons on the i site with spin σ, respectively, and 
n c c= ˆ ˆi σ iσ iσ,

+ . Hint is the Hamiltonian considering the on-site (local) Hub-
bard interaction of scale U0 (local interaction), and nearest-neighbour 

Coulomb interaction of scale U1. Longer-range interactions (such as 
next-nearest-neighbour interactions) can also be included in some 
systems.

Without including electron interactions and symmetry-breaking 
distortions, the band structure of the ideal kagome lattice (in which tij 
is the same for nearest-neighbour sites in upward and downward tri-
angles) based on a tight bonding model (H0 part) shows the typical 
features of: a dispersionless flat band located at an energy of 2t and 
connected with the quadratic bands; a Dirac point around the K point; 
and two vHSs with logarithmic divergence located at the M point with 
different energy (E = 0 and E = −2t)43–45 (Fig. 1d). The density of states 
(DOS) and electron effective mass at the Fermi level are highly elevated 
near the flat band and vHSs, where the strong correlation of the elec-
trons needs to be considered (Fig. 1d). In the following, we discuss three 
band properties associated with the kagome lattice, and the influence 
of other factors on those bands and their corresponding physical 
properties.

Box 1

Electron-correlation-related quantum phases
 • Charge density wave (CDW) order: a charge order that breaks 
translational symmetry. It normally causes a periodic lattice 
distortion due to electron–phonon coupling in systems with 
Fermi surface nesting (large, parallel sections of a Fermi surface 
that share a single vector in momentum space) and results 
in a splitting of energy states (in other words, a gap opening 
at the Fermi level) that lowers the ground-state energy2,315. 
Unconventional CDW mechanisms are also proposed in some 2D 
and 3D materials (such as TiSe2), driven by an exitonic insulator 
mechanism or a band Jahn–Teller effect2.

 • Spin density wave (SDW) order: These share many similarities 
with CDW order, including the breaking of translational symmetry 
and Fermi surface nesting, but arise from a periodic modulation 

of the spin density (rather than the charge density) and occur 
because of electron–electron interactions316.

 • Nematic and smectic phases: A nematic phase spontaneously 
breaks only rotational symmetry and tends to have orientational 
ordering; a smectic phase is a unidirectional stripe-like phase 
that breaks rotational symmetry as well as translational symmetry 
along one direction317,318.

 • Pair density wave (PDW) phase: a special superconducting 
state in which the amplitude of the superconducting pairing 
oscillates periodically in space so that the spatial average of the 
superconducting order vanishes319. It is expected to arise where 
superconductivity coexists with CDW or SDW order.

Charge density Nematic phase

Smectic phase

ρCDW

Spin density
SSDW

Superconducting order parameter
∆PDW
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Topological states
The kagome lattice bands can be modulated by the effect of spin–orbit 
coupling (SOC), symmetry breaking and electron interaction, 
sometimes resulting in different topological states. The contribution 
of intrinsic SOC to the Hamiltonian can be described by the  
terms d̂ ̂ ̂H λ c c·· σσ= i ∑ ,i j σ ij ij αβ iα jβSO � , �

+  where λij represents the amplitude 
of spin–orbit coupling, ˆ ijd  is the unit vector depending on the type of 
SOC and σ is the vector of Pauli spin matrices. In the ideal kagome lat-
tice, the inclusion of even a small SOC (intrinsic or Rashba SOC) opens 
a gap around the Dirac point at the K point (resulting in massive Dirac 
fermions) and separates the flat band from the quadratic bands where 
the flat band becomes weakly dispersive46–48 (Fig. 1e). In the time-reversal 
invariant case, the gap opening leads to non-trivial topological insulat-
ing states with Z2 topology and a robust edge state, giving rise to the 
quantum spin Hall effect46. This situation is distinct from graphene, 
with its honeycomb lattice, where the Rashba SOC instead hinders the 
non-trivial phase.

When time-reversal symmetry is intrinsically broken in kagome 
systems with ferromagnetic order and SOC, the gap opening around the 
Dirac band and flat band gives rise to non-trivial topological states with 
non-zero Chern number and dissipationless chiral edge states, which 
have been detected in the AM6X6 compounds (such as TbMn6Sn6)37. In 
this case, the intrinsic quantum anomalous Hall effect might be real-
ized near the filling of largely gapped Dirac bands49, resembling the 
Haldane model in the honeycomb lattice. Partial filling of the flat band 
(such as 1/3- or 1/2-filled) can give rise to a high-temperature fractional 
quantum Hall state50.

Beside SOC, the non-trivial insulating phases can also be driven by 
a repulsive electronic interaction near the Dirac point and the quadratic 
band crossing (at the Γ point, where a flat band crosses a quadratic band) 
as a result of spontaneous symmetry breaking51–55. For example, a 2Z  
topological insulating state can exist in the kagome system even with 
negligible intrinsic SOC53. For this case, an interaction-driven quantum 
anomalous Hall effect was proposed around the quadratic band 
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Fig. 1 | Lattice structure and electronic band property of kagome lattice. 
 a, Structure of the ideal kagome lattice with hopping amplitude t1 in the upward 
triangle equal to hopping amplitude t2 in the downward triangle. A, B and C are 
three sites in the unit cell. b, Schematic of the Fermi surfaces in the hexagonal 
Brillouin zone. Two kinds of van Hove singularities (vHSs) with distinct sublattice 
decoration: the p-type vHS is sublattice-pure at the M point, whereas the m-type 
vHS has mixed sublattice features at the M point. Taking p-type vHS as an 

example, the Fermi surfaces are nested by three ordering wave factors  
Qi, i = 1,2,3. c, Structure of breathing kagome lattice, in which t1 ≠ t2. d, Band 
structure of ideal kagome lattice and corresponding density of states (DOS).  
The two vHSs, Dirac point (DP) and flat band (FB) are labelled. e, Band structures 
for ideal kagome lattice (black dashed line), and influence of spin–orbit coupling 
(SOC) and breathing kagome lattices. Part e adapted with permission from  
ref. 47, APS.
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crossing based on the formation of loop currents on the kagome lattice 
which spontaneously break time-reversal symmetry and acts analo-
gously to an effective magnetic field or SOC54. In addition, the 
time-reversal symmetry breaking (TRSB) in the kagome lattice can also 
arise from staggered magnetic flux due to strong SOC that is compara-
ble with the hopping energy49, and strong on-site repulsion interaction 
could induce magnetic orders breaking time-reversal symmetry56–58.

Another important factor for influencing band topology is distor-
tion away from the ideal kagome lattice via spatial symmetry breaking. 
The breathing kagome lattice is one symmetry-breaking distortion  
of the ideal lattice that is now being investigated. In this distortion, the 
bond length and associated hopping amplitude in the adjacent up and 
down triangles are different (Fig. 1c), leading to the lattice trimerization 
that breaks inversion symmetry47,59. A direct consequence of lattice 
trimerization is the bandgap opening at the Dirac crossing of the ideal 
lattice (Fig. 1e). Unlike the effect of SOC, the induced insulating state 
near the Dirac band in this case is topologically trivial, and the trimeri-
zation does not separate the flat band from the other quadratic band 

at the Γ point. A similar effect arises from dimerization (where two 
atoms or molecular units form a strong bond resulting a lattice distor-
tion caused by them moving closer together) of the kagome lattice that 
breaks inversion symmetry.

On including SOC, electronic interaction or orbital degrees of 
freedom into the breathing kagome lattice or dimerized lattice, various 
topological states can be induced, including a 2Z  topological insulator 
and non-trivial Chern phase near the Dirac band and flat band46,47,60. In 
addition, higher-order boundary states have been predicted to appear 
in a breathing kagome lattice60–64, where boundary states appear in 
d – n (n > 1) dimensions, instead of d – 1 dimensions as in normal 
d-dimensional topological insulators. For example, corner states in a 
2D artificial breathing kagome lattice have been detected in acoustic 
systems and photonic waveguides among others65–67. Moreover, com-
paring with the ideal kagome lattice (isotropic), the breathing aniso-
tropy is proposed to be helpful for stabilizing a quantum spin liquid 
state, such as in [NH4]2[C7H14N][V7O6F18] and Li2In1−xScxMo3O8 
materials68,69.

Table 1 | Properties of kagome materials

Material Low-temperature magnetism Topological features Electron correlation Phase transitions

AV3Sb5 (A = Cs, K, Rb) No long-range order but TRSB 
reported130,175,176

Dirac semimetal34,101 Weak e–e 
correlation136, 
vHS101,107, flat band110

Structure distortion138,139, CDW116, 
PDW31, nematic/stripe orders30,120, 
superconducting32

RMn6Sn6 Ferrimagnetic: R = Tb, Dy, Ho, Er (conical 
magnetic order in R = Dy, Ho)246

Antiferromagnetic: R = Tm (ref. 246)
Antiferromagnetic, double flat-spiral: R = Y, 
Sc, Lu, Er (refs. 249–251)
Ferromagnetic: R = Li, Mg, Ca (refs. 77,256)

Chern phase: R = Tb (ref. 37), 
Gd–Er (ref. 263), proposed 
for R = Y (ref. 99)
Dirac cone in YMn6Sn6  
(ref. 99)

Flat band and vHS 
reported in YMn6Sn6 
(ref. 99)

Magnetic transitions

RMn6Ge6 Ferromagnetic: R = Nd, Sm (ref. 240)
Antiferromagnetic: R = Dy–Yb, Sc, Y, Lu, Gd 
(refs. 238,253)

Not reported Not clear Magnetic transition

RFe6Sn6,RFe6Ge6

(R = Dy–Yb, Sc, Y, Lu)
Mostly antiferromagnetic238,239 Not reported Not clear Magnetic transitions

RV6Sn6 Non-magnetic: R = Y (ref. 257)
Weak paramagnetic: R = Sc (ref. 258)
Weak, field-dependent magnetism: R = Gd 
(ref. 257)

Dirac cone in R = Gd, Ho  
(refs. 262,263)

vHS in R = Gd, Ho  
(refs. 262,263)

Structural and CDW transitions  
in ScV6Sn6 (ref. 258)
Magnetic transition in GdV6Sn6  
(ref. 257)

MoCo6Ge6

Yb0.5Co3Ge3

Paramagnet259

Weak magnetism, possible magnetic 
transition around 20 K (refs. 260,261)

Not reported
Not reported

Not clear
Not clear

Structural transition259

Structural transition261

Nb3X8 (X = Cl, Br, I) X = Cl, Br, paramagnetic to non-magnetic 
transition (bulk crystal)39

Thin film: not clear

Not reported Strong correlation
Flat band42,294,300

Mott insulator41,42

Structural and magnetic transition

FeGe
FeSn
CoSn

Antiferromagnetic302

Antiferromagnetic15

Paramagnetic16

Not reported
Dirac cone15

Dirac cone16

vHS302

Flat band15

Flat band16,17

FeGe (ref. 302): structural, CDW 
and magnetic transitions

Mn3Ge,Mn3Sn Chiral antiferromagnetic20,22 Weyl semimetal21 Not clear Magnetic transition

Co3Sn2S2 Ferromagnetic14 Weyl semimetal13,14 Flat band98 Magnetic transition

Fe3Sn2 Non-collinear ferromagnetic, skyrmion18,19 Massive Dirac point310 Flat band311 Magnetic transition

RT3X2 Mostly weak magnetism283–285,308,312,313 Dirac cone proposed284,309 Flat band, vHS 
proposed284,309

Superconducting in compounds 
such as LaRu3Si2 (refs. 283,314), 
LaIr3Ga2 (ref. 284), YRu3Si2 (ref. 285), 
LaRh3B2 (ref. 313), CeRh3B2 (ref. 313)

TRSB, time-reversal symmetry breaking; e, electron; vHS, von Hove singularity; CDW, charge density wave; PDW, pair density wave.
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Based on the Dirac states in the kagome lattice, the breaking of 
inversion (P) or time-reversal symmetry (T) or the combined PT sym-
metry can split the Dirac point into two Weyl points with opposite 
chirality, where the surface states of a Weyl semimetal are Fermi arcs 
connecting two Weyl points. Weyl semimetals that break inversion 
symmetry were studied extensively in non-magnetic compounds such 
as the TaAs family and WTe2. In kagome compounds, the TRSB Weyl 
semimetal was observed in the ferromagnetic kagome metal Co3Sn2S2 
(refs. 13,14) and non-collinear antiferromagnetic Mn3X (X = Sn, Ge)21,70. 
These Weyl states can lead to a chiral anomaly effect, nonlocal trans-
port and Weyl orbit transport71. In addition, owing to the large Berry 
curvature around the Dirac or Weyl bands, kagome materials can have 
a large intrinsic spin Hall effect72 and anomalous Hall effect; the latter 
has been widely observed in TRSB kagome magnets (such as Co3Sn2S2, 
Mn3X and many AM6X6 compounds)22,73–77. Owing to the lattice frustra-
tion, the kagome lattice is also favourable for inducing topologically 
non-trivial spin structures in real space, such as skyrmion and scalar 
spin chirality from non-collinear and non-coplanar spins in kagome 
magnets, which can give rise to real-space Berry curvature and con-
tribute to a topological Hall effect78,79. This effect has been observed in 
several kagome materials, such as Mn3Sn (refs. 80,81), Fe3Sn2 (ref. 82), 
Mn4Ga2Sn with skyrmions83 and several AM6X6 compounds (such as 
YMn6Sn6, TmMn6Sn6) with spiral spin structures84,85.

Flat band and strongly correlated states
The presence of a flat band with highly quenched kinetic energy and 
a divergence of DOS in a material make it a platform for investigat-
ing many-body physics, and partially filling that flat band can lead to 
exotic strong-electron-interaction-driven quantum states. As discussed 
above, the effects of SOC and electron interactions can influence the 
flatness of the flat band and its connection with other bands. Based 
on these effects, the flat band, and tuning its filling in the kagome lat-
tice, can generate many non-trivial topological states50,86–89, as well as 
symmetry-breaking quantum states, including charge or spin orders, 
nematic phases51,53,54, ferromagnetism with spin-polarized bands56,57,90, 
and Wigner crystallization (a solid phase of electrons)90–92. Additionally, 
a Mott-insulating state can appear in the half-filled flat band, where the  
electronic band splits into upper and lower Hubbard bands under 
the effect of strong correlation42,93. Doping of the Mott-insulating 
state is proposed as a possible method for driving unconventional 
superconductivity8,94–97, and the frustrated Mott-insulating system is 
proposed to induce a quantum spin liquid state, where long-range spin 
exchange can suppress magnetic order93.

Many physical phenomena arising from flat band physics have 
been observed in twisted graphene systems. Recently, flat bands  
have been observed in many kagome materials, including topologi-
cal metals such as CoSn (refs. 16,17), Co3Sn2Sn2 (ref. 98), many AM6X6 
compounds (such as YCr6Ge6 and YMn6Sn6)99,100, and breathing kagome 
insulators like the Nb3X8 family. The Nb3X8 family is proposed to be a 
nearly ideal Mott insulator, with band splitting at the half-filled flat band 
on the order of 1 eV, and a possible quantum spin liquid (discussed in 
detail below)42,93. These flat-band kagome materials provide a platform 
for exploring strong-correlation-driven quantum phenomena.

vHSs and related correlation states
Adding to the discussion of correlation in the kagome materials, vHSs 
contribute to generating Fermi liquid instabilities that can also drive 
various quantum phenomena. In the kagome lattice, a large DOS at 
the vHSs strongly enhances the electron correlations. Also, the large 

DOS combined with a hexagonal Fermi surface near the vHS filling is 
favourable for inducing strong Fermi surface nesting (in which parallel 
Fermi surface sheets with same energy of states can be connected by 
three nesting vectors Q) (Fig. 1b), which can create a diverging elec-
tronic susceptibility. The Fermi surface nesting and electron correla-
tions can give rise to strong Fermi surface instability. In ideal kagome 
bands, the vHSs at energy of 0 and –2t have different characters, which 
belong to a p-type vHS (from the pure sublattice at the M point) and 
an m-type VHS (mixing of sublattice at M point), respectively (Fig. 1b). 
One special feature is that the Fermi surfaces at these vHS fillings have 
inhomogeneous sublattice occupation. For example, at the p-type vHS 
filling, the Bloch state for the end point of the Fermi surface (M point) 
is made up by a pure sublattice (one of three sublattices), whereas the 
Fermi surface has mixed sublattice character between these points, 
and the nesting vectors connect points on Fermi surfaces dominated 
by different sublattice occupation (Fig. 1b). The inhomogeneous sub-
lattice occupation and twofold vHS are different from the honeycomb 
lattice model (two sublattice sites in the unit cell), where the sublattice 
contribution is homogeneous along the Fermi surface at the vHS filling, 
and two vHSs at different energy are theoretically identical44. The inho-
mogeneous sublattice contribution can lead to sublattice interference, 
which weakens the nesting effect of the on-site interaction and affects 
the emergence of Fermi surface instability44. The twofold vHS has been 
detected in the AV3Sb5 family101 and ScV6Sn6 (ref. 102).

Owing to the strong instability near the vHS, the electronic states 
are unstable against infinitesimal interaction. When the local Hubbard 
interaction (U0) and nearest-neighbour site interaction (U1) are included 
in the Hubbard model of the kagome lattice, a variety of electronic 
phases have been proposed in theoretical studies, depending on the 
relative correlation strength of the included interactions compared 
with the hopping energy. The appearance of these ordered states is 
complex and is also influenced by the filling around vHS. The effect 
from the vHS near E = 0 is widely studied, as it is proposed to have a 
stronger electron-correlation effect than the one at E = –2t. Many stud-
ies near the E = 0 vHS filling indicate that correlations dominated by a 
very strong U0 (U = 01  or very small) tend to favour magnetism (such as 
ferromagnetic or antiferromagnetic order) with strong spin fluctua-
tions and chiral spin order43,103, whereas CDWs, nematic orders and 
s-wave superconductivity are favoured by long-range correlations from 
a large U1 (where U0 is zero or relatively small). The combined effect of 
U0 and U1 can generate complex states such as spin or charge bond order 
and unconventional superconductivity43–45,103. Tuning the Fermi surface 
around vHSs influences the different phases based on modulation of 
the Fermi surface nesting and their correlation strength45. Owing to 
these complex interaction effects around the vHSs, intertwined 
ordered states can appear, which has happened in AV3Sb5.

Note that vHSs with logarithmic divergence of DOS in the kagome 
lattice are conventional vHSs that have been widely studied; more recent 
studies proposed a new type of higher-order vHS with power-law diver-
gence of the energy–momentum dispersion relation. Compared with 
conventional vHSs, the higher-order vHS has imperfect nesting, but 
flatter band dispersion with substantially enhanced DOS that promises 
stronger electron correlation and contribution to competing orders104. 
Higher-order vHSs have been studied in twisted graphene104–106 and also 
detected in kagome materials like the AV3Sb5 family101,107.

Differences in kagome band structures
Although the kagome lattice theoretically hosts the band-structure 
properties discussed above, in real materials their presence can vary 
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considerably. From a chemical view, the electronic properties of real 
kagome materials are influenced by several factors, such as the orbital 
composition, bonding of the elements in kagome lattice, the interaction 
between the kagome lattice and neighbouring out-of-plane sublat-
tices, the orbital filling, and the electronegativity of elements108,109. 
By analysing the geometrical and band properties of more than 3,000 
compounds featuring kagome lattices, it was shown that some simple 
chemical rules can be used for predicting the kagome band property108. 
Strong interlayer interaction tends to destroy the kagome band features 
in materials with linked kagome lattices, where the kagome net and 
the nearest out-of-plane sublattice have the same or similar kinds of 
atoms (for instance, of the same group), and the bond length between 
the kagome atoms (dK) is equal or similar to the bond length to their 
out-of-plane neighbour atoms (dNN). Clean kagome bands near the 
Fermi level typically appear in materials with isolated kagome lattices 
(dK/dNN ≤ 1.1), such as CoSn, FeSn, AV3Sb5 and AM6X6 compounds, and in  
semi-interacting kagome lattices (1.1 ≤ dK/dNN ≤ 1.4) such as Co3Sn2S2.  
In these systems, partially filled atomic orbitals of the atoms comprising  
the kagome lattice are necessary to form bonds between the kagome 
atoms and induce clean kagome bands near the Fermi level. If the orbital 
is fully filled, the kagome bands tend to lie below the Fermi level, and 
more dispersive bands arising from the interlayer bonding dominate 
the electronic properties. In compounds with strongly interacting 
lattices (dK/dNN ≥ 1.4), the typical kagome bands can be lost, for exam-
ple in materials with kagome lattices formed from a transition metal 
surrounded by electronegative non-metals such as Cl, N or O (the  
d electrons in a kagome lattice become localized on the atomic sites). 
However, the kagome bands can exist in some compounds with kag-
ome lattices formed by Cu, Ag or Au atoms (such as herbertsmithite 
or ZnCu3(OH)6Cl12).

Intertwining of phases in the topological kagome 
metal AV3Sb5
AV3Sb5 (A = K, Cs, Rb) is a representative kagome family that presents 
electronic phases, including a cascade of varying charge orders and a 
superconducting state with decreasing temperature. In this section, we 
discuss the studies of the origin of these states, their symmetry break-
ing, intertwining and competition with superconductivity (including 
its nature).

Crystalline and electronic band structures
The family members of AV3Sb5 crystallize in the hexagonal structure 
space group P6/mmm (preserving inversion symmetry) and have an  
A–Sb2–VSb1–Sb2–A stacking order26. The 2D kagome lattice of V atoms is 
in the VSb1 layer, with Sb1 atoms filling in the hexagonal centres (Fig. 2a).  
The honeycomb lattices of Sb2 atoms are located above and below the 
triangle centres of the kagome lattice, and the Sb2–VSb1–Sb2 sublattice 
is separated by the alkali atoms. Owing to the weak bonds between the 
alkali atom and the Sb layer, the AV3Sb5 family is readily cleaved between 
the alkali layer and the Sb layer; the cleaved Sb surface is more stable 
than the alkali surface where the alkali ions easily migrate30.

In momentum space, the AV3Sb5 family presents a quasi-2D Fermi 
surface around the centre (Γ point) of the Brillouin zone, generated 
primarily by its Sb pz orbitals, consistent with the strong anisotropy of 
the layered structure (Fig. 2b,c). The normal state of the AV3Sb5 com-
pounds is calculated to be a Z2 topological metal, and the vanadium 
kagome net contributes to the appearance of multiple Dirac points at 
K and H points (Fig. 2d), with gaps opening under the influence of SOC, 
and topological surface states appearing at the M point near the Fermi 

level101,110,111. In addition, two kinds of vHSs with saddle-point behaviour 
arising from the V 3d orbital at the M point have been observed through 
high-resolution angle-resolved photoemission spectroscopy (ARPES) 
(CsV3Sb5; refs. 101,107). One is an m-type vHS with a mixed sublattice 
and perfect Fermi surface nesting, the other is p-type vHS with a single 
sublattice. These two vHSs at each Fermi surface possess opposite 
concavity, and the Fermi surface can have opposite fermiology 
(electron-like or hole-like). Besides the conventional vHS with quadratic 
energy–momentum dispersion, a p-type vHS (vHS1) near the Fermi level 
is found to be a higher-order vHS with energy–momentum dispersion 
close to a quartic polynomial along one direction, which has 
less-pronounced Fermi surface nesting. In addition, a flat band runs 
across the entire momentum space below the Fermi level (E ≈ –1.2 eV) 
alongside another non-dispersive feature near the Fermi level in CsV3Sb5, 
indicating electron correlations induced by the kagome lattice110.

CDWs and symmetry breaking
Members of the AV3Sb5 family behave like good metals with rich phase 
transitions when decreasing temperature. A first phase transition can 
be seen between 78 K and 103 K (Fig. 3c) and has been observed for all 
family members via resistivity, magnetization and heat-capacity 
measurements26,32,33,112. This transition has been found to be an onset 
of CDW order of first-order type113–115. Below TCDW, scanning tunnelling 
microscopy (STM) studies, which are surface-sensitive, revealed an 
in-plane 2a0 × 2a0 superstructure (wavevector of Q3q-2a = 1/2QBragg) along 
all three directions of the kagome lattice on both the Sb and alkali 
surfaces30,31,116–120. Besides the 2a0 × 2a0 CDW structure, a unidirectional 
4a0 stripe CDW order (Q1q-4a = 1/4QBragg) is observed in some of the STM 
studies of CsV3Sb5 (Fig. 3b) and Sn-doped CsV3Sb5 on the Sb surface 
below 40–50 K (refs. 30,121,122), as well as on Sb-terminated RbV3Sb5 
(refs. 118,123). It becomes weak with more surrounding Cs atoms on 
the Sb surface124 and was not observed on the Cs surface120, nor in KV3Sb5 
(refs. 116,117). A unidirectional a3 0 in-plane charge order is also 
observed in RbV3Sb5 by STM, which is sensitive to the surface Rb atoms 
desorption, implying a sensitivity to A-site stoichiometry123. The 4a0 
CDW unidirectional order has not been detected in bulk measurements, 
such as X-ray diffraction or nuclear magnetic resonance (NMR). The 
origin of the 4a0 CDW order is proposed to be a surface state that may 
be sensitive to the Fermi surface and chemical potential119. Based on 
microfocused ARPES, a polar nature of the differently terminated sur-
faces has been revealed in AV3Sb5, where the surface of the A-termination 
is electron-like and the Sb-termination is hole-like125,126. Additionally, 
the A-terminated surface shows band folding from the bulk CDW phase, 
which was not evident on the Sb-terminated surface, owing to the polar 
charge. The suppression of bulk CDW order on the Sb-termination might 
be related to the appearance of unidirectional order. In addition, a com-
bined STM–ARPES study reported the reconstruction of small hole 
pockets in the Fermi surface (part of bulk bands generated by the CDW 
order) when stripe order appears, indicating that the generation of 
stripe order might also be related to the bulk CDW bands127. The in-plane 
phonon instability and out-of-plane interaction are also proposed to 
play important roles in the formation of 4a0 CDW order128. However, 
the definitive origin of the unidirectional order and why it varies in the 
different materials and surfaces remain important open questions.

Besides the unidirectional charge orders breaking rotation 
symmetry, the C2 symmetry of the electronic state observed in 
early STM studies of the Cs surface is found to originate from an 
electron-driven bulk nematic phase transition with Tnem ≈ 35 K, demon-
strated by NMR measurement and elastoresistance measurements120. 
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Coherent quasiparticles with unidirectional electronic scattering are 
also observed below 30 K without observation of 4a0 order121. Although 
the stripe-like 4a0 CDW order (smectic order) and nematic orders are 
reported in different studies, the rotation symmetry breaking from  
C6 to C2 symmetry is definitively observed in the 2a0 × 2a0 CDW structure 
for all the family members. Differential conductance measurements  
from STM show that the energy modulation of the 2a0 × 2a0 CDW inten-
sity along one direction is different from that of the other two directions 
at low temperature, thereby breaking C6 rotational symmetry30,117,119,120. 
Many following studies reported that the rotation symmetry breaking 
and nematicity from the structural distortion of the 3D CDW order 
starts just below TCDW (refs. 115,120,121,129–133). In addition, three 
nematic domains oriented at 120° to each other have been detected 
below TCDW (ref. 130) (Fig. 3i). The C2 structural distortion is proposed 
to arise from a π-phase shift of the CDWs between two adjacent kagome 
layers120,124,129,130,132,134,135. The 3D CDW phase with 2 × 2 × 2 superlattice 
is widely detected in this family115,124,136–138. However, the 2 × 2 × 4 order 

at low temperature139,140, the 2 × 2 × 1 (ref. 141), and the coexistence 
of 2 × 2 × 4 and 2 × 2 × 2 CDW stacking phases142, and transition from the 
2 × 2 × 4 (between 60 K and TCDW) to the 2 × 2 × 2 orders (below 60 K)138 
are also reported in CsV3Sb5 via X-ray diffraction measurement. The 
appearance of different orders is sensitive to temperature123,138,142,143, 
pressure141, surface construction, synthesis and other factors, imply-
ing that they might be close in energy and metastable under certain 
conditions138,144.

The mechanisms for the formation of the various charge orders 
are complex in the AV3Sb5 family. In general, the CDW order originates 
from weak coupling based on Fermi surface instabilities related to 
nesting145, and also from strong coupling based on electron–phonon 
or electron–electron interaction146. For AV3Sb5, high-resolution ARPES 
measurements have shown 3D CDW-induced Fermi surface reconstruc-
tion and associated band splitting below TCDW (refs. 147,148). Both the 
m-type vHS with strong Fermi surface nesting and the higher-order 
p-type vHSs near the Fermi level are observed to open a gap in CsV3Sb5 

Fig. 2 | Lattice structure and electronic band structure of AV3Sb5. a, Basic 
structure of AV3Sb5 (A = Cs, K, Rb). b, Fermi surface of KV3Sb5, measured by 
high-resolution angle-resolved photoemission spectroscopy (ARPES). c, Fermi 
surfaces for undistorted CsV3Sb5 in the hexagonal Brillouin zone. d, Band struc-
ture of CsV3Sb5. EF, Fermi energy; vHS, van Hove singularity; DP, Dirac point.  
e–h, Possible charge-order states predicted for AV3Sb5 family: Star of David 

structure (part e), trihexagonal structure (part f); one kind of predicted charge 
bond order that breaks time-reversal symmetry (TRS) (part g); and one kind of 
chiral flux phase that breaks TRS (part h). Part b adapted with permission from 
ref. 34, AAAS. Part c adapted with permission from ref. 139 under a Creative 
Commons licence CC BY 4.0. Part d adapted with permission from ref. 107  
under a Creative Commons licence CC BY 4.0.
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(refs. 101,111,149,150), and the gap openings of the vHSs are observed 
in the original and reconstructed Fermi surfaces, as well as in KV3Sb5 
and RbV3Sb5 (refs. 147,151). The CDW order is also found to be related 
to inter-saddle-point scattering around different vHSs152. These results 
suggest the importance of Fermi surface nesting for the formation of 
CDW order101,111,147,149,150, which is also supported by optical spectroscopy 
studies153,154. In addition, the results of hard X-ray scattering experi-
ments with (Cs, Rb)V3Sb5 indicate the absence of soft phonon modes, 
suggesting weak electron–phonon coupling136. Conversely, the Raman 
scattering measurement of CsV3Sb5 detected amplitude modes with 
large frequencies and strong hybridization with other lattice modes, 
suggesting a strong electron–phonon coupling CDW, although soft 
phonons are absent155. It was proposed that the CDW transition in the 
AV3Sb5 family is a weak first-order CDW transition without continuous 
change of lattice dynamics, which might be related to the absence of 
phonon softening134,136. The important role of electron–phonon interac-
tions in the CDW state is also reported in ARPES156 and optical studies157 
of KV3Sb5 as well as neutron scattering experiments in CsV3Sb5

158. More-
over, density functional theory calculations show unstable phonon 
modes at both M and L points of the hexagonal Brillouin zone, and the 
condensation of these phonon modes is proposed to drive the forma-
tion of the CDW128,137,159,160. Combining these results, both electron–
phonon coupling and Fermi surface nesting should play important 
roles in the formation of CDW states.

Different ground-state structures of the CDW state have been 
proposed in theory135,161–164, but the exact CDW structure is still under 
debate, owing to the complex charge orders and symmetry breaking. 
Based on an in-plane 2 × 2 CDW distortion without rotation breaking 
and TRS, the Star of David (SoD) and trihexagonal (TrH) breathing 
distortion (also called inverse Star of David in many publications) are 
candidates for the CDW phases160, where V atoms either move away 
from or closer to Sb1, respectively (Fig. 2e,f). As discussed above, the 
CDW order is 3D with rotation symmetry breaking which is induced by 
a phase shift between adjacent layers. For these two structures, the TrH 
structure is found to be favoured, with lower energy in many theoreti-
cal investigations134,137,160. The nuclear magnetic resonance results in 
CsV3Sb5 (ref. 165) and RbV3Sb5 (ref. 166) and in associated theoretical 
study167 reported the staggered TrH ordering with interlayer π-shift of 
the CDW phase. The ARPES study also reported staggered TrH struc-
tures with interlayer shifts for KV3Sb5, RbV3Sb5 and Sn-doped CsV3Sb5 
(ref. 147); however, alternating SoD and TrH orders were reported to 
be the favoured structures in CsV3Sb5 (refs. 147,168). The large number 
of quantum oscillation frequencies found in the transport study of 
CsV3Sb5 also suggests a complex structural distortion that cannot be 
explained with only SoD or TrH order, implying interlayer ordering169. 
Compared with KV3Sb5 and RbV3Sb5, which normally possess 2 × 2 × 2 
order with staggered TrH order, CsV3Sb5 seems to have a more com-
plex CDW state, where 2 × 2 × 2 CDW, 2 × 2 × 4 CDW and coexistence of 
these orders are reported in many X-ray studies138–140,142,170, as well as a 
transition from 2 × 2 × 4 CDW order to 2 × 2 × 2 in CsV3Sb5−xSnx under 
light Sn substitution170. The different stacking in distinct compounds 
may be related to the increased instability of the TrH state when the 
A site changes from K to Rb to Cs (ref. 140), and the complex 3D CDW 
states in CsV3Sb5 may be formed from the combination of SoD and 
TrH orders140,142,147,168. In addition, an ARPES study suggests that the 
superconducting phase diagram under Sn doping shows correlation 
with the CDW phase147. For example, Tc is close to the maximum when 
the CDW changes from alternating SOD and TrH order stacking to the 
staggered TrH structure in CsV3Sb5−xSnx. This result also implies that 

the charge-order structure is closely related to superconductivity 
here. Further work to elucidate the link between the order stacking 
and superconductivity is needed.

Besides rotation symmetry breaking, TRSB below the CDW tran-
sition is one crucial question that is discussed for AV3Sb5. So far, no 
long-range magnetic order has been observed in the AV3Sb5 family26. 
The absence of local magnetic moments was reported in an early muon 
spin spectroscopy (µSR) of KV3Sb5

171, and a similar result was reported 
in STM studies of CsV3Sb5 and KV3Sb5 with the CDW order showing no 
magnetic field dependence117,172, and a polar optical Kerr measurement 
suggesting no Kerr signal from TRSB in CsV3Sb5 (ref. 173). However, 
many studies show a signal of TRSB below the CDW transition. A chiral 
CDW order was detected in several STM studies116,118,119 (Fig. 3e), and a 
clear signal of local magnetic field appearing below the CDW transition 
was observed in a recent zero-field µSR measurement174–176 (Fig. 3f), 
indicating TRSB. The µSR experiment also shows an anisotropic inter-
nal field with local field direction changing from the ab plane to the  
c axis below ~30 K (ref. 176), consistent with the 4a0 or nematic order tran-
sition temperature. Additionally, electrical transport measurements  
detected a giant anomalous Hall effect dominated by an enhanced skew 
scattering effect34,35,74, and a large anomalous thermal Hall and Nernst 
effect in the CDW state of AV3Sb5 (refs. 177–179), consistent with TRSB. 
Signals of the zero-field Kerr effect and circular dichroism are detected 
concomitant with the CDW transition130,131,180, and nematic domains 
(of size ~100 µm) with opposite signs are detected without applying 
external magnetic field130,180; the domains are magnetic-field-tunable180. 
These results provide further strong support of spontaneous TRSB.

Theoretically, the TRSB chiral flux phase181 and charge 
bond order162,182 with orbital currents are proposed by including 
nearest-neighbour (U1) interactions based on the unique sublattice 
structures of the kagome lattice. Examples of these orders are shown 
in Fig. 2g,h. The chiral flux phase with orbital loop current is proposed 
to be the favoured state for TRSB162, where the opposite chiral fluxes 
generated by the loop currents for the hexagons and triangles in the 
kagome lattice induce an uncompensated net flux in the unit cell. The 
long-range next-nearest-neighbour Coulomb repulsion is also pro-
posed to help stabilize the loop current183. The loop current structure 
may explain many experimental observations, such as the appear-
ance of local magnetization and non-zero Kerr signals130,174,176,180. In 
particular, although the AV3Sb5 family seems centrosymmetric, the 
second-harmonic Hall measurement shows signs of magnetochiral 
anisotropy for in-plane magnetic field below ~35 K (ref. 184), and the 
chirality is switchable by a small out-of-plane field component that can 
be attributed to the chiral CDW phase with orbital loop current (Fig. 3h). 
The existence of TRSB order suggests that long-range electron–electron  
interactions in AV3Sb5 should also contribute to the formation of 
charge orders. In addition, it is proposed that owing to the twofold 
vHS in AV3Sb5, with distinct electron-like and hole-like Fermi sur-
face properties, a chiral exciton can appear based on electron–hole 
pairs and lead to chiral excitonic order, which can be another source  
for TRSB185.

Superconductivity and pairing mechanism
Cooling further to very low temperatures, superconductivity appears 
in the AV3Sb5 compounds (Fig. 3a) with Tc ≈ 2.5 K in CsV3Sb5 and  
Tc ≈ 0.92–0.93 K in KV3Sb5 and RbV3Sb5 at ambient pressure32,33,112. The 
2a0 × 2a0 CDW phase with rotation symmetry breaking and either a 4a0 
CDW or nematic phase are also observed to persist into the superconduct-
ing state, indicating smectic or nematic superconductivity30,31,120,129 with 
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twofold symmetry. In addition to these phases, a PDW (Q3q-4/3a = 3/4QBragg)  
phase has been detected via STM study of CsV3Sb5 on the Sb surface 
(Fig. 3b). Distinct from other, long-range, charge orders, the PDW phase 
is a short-range order31. Both CDW and PDW order persist after breaking 
superconductivity using a high magnetic field or increasing the tem-
perature just above Tc. In addition, the temperature-dependent dI/dV 
spectrum reveals a pseudogap phase with PDW order observed only in 

the energy range of the pseudogap, which is unlike the CDW phases that 
persist at all energies. This special 3D PDW phase is proposed to be the  
‘mother’ phase responsible for the pseudogap, in direct analogy to  
the cuprate high-temperature superconductors1,31, where a primary order 
spontaneously breaks multiple symmetries and the resultant ‘daughter’ 
phases with lower symmetries are suggested to be melted versions of  
the mother phase. The combination of ARPES and STM measurement 
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shows that the appearance of PDW order is related to a set of small hole 
pockets in CsV3Sb5 that come from the CDW transition127. The origin of 
the PDW is still an open question, needing deeper experimental and 
theoretical studies.

With diverse CDWs intertwining with superconductivity and mul-
tiple superconducting gaps149,186,187 in the AV3Sb5 family, the pairing of 
the superconducting state and the fundamental question of conven-
tional or unconventional superconductivity has been hotly debated. 
In general, conventional s-wave superconductivity is fully gapped with 
a nodeless isotropic superconducting gap, which is robust to 
non-magnetic impurity scattering. Unconventional superconductivity 
with a sign-changing superconducting order parameter can induce 
nodes in the superconducting gap186,188. In some studies on CsV3Sb5, 
s-wave superconductivity with fully gapped or nodeless superconduc-
tivity was reported (refs. 113,188), evidenced by the appearance of the 
Hebel–Slichter coherence peak at ambient pressure in the nuclear 
quadrupole resonance (NQR) and NMR measurement113, as well as 
exponential behaviour of the magnetic penetration depth λ T∆ ( ) in a 
tunnelling diode oscillator measurement (which deviates from the 
linear or power-law temperature dependence for nodal superconduc-
tivity)188. Although some studies reported sign-preserving supercon-
ductivity or s-wave superconductivity in CsV3Sb5, the superconducting 
states possessed features of multiple bands and an anisotropic 
superconducting gap. For example, two-gap (s + s)-wave symmetry 
was reported via µSR measurement (bulk probe) with a large value  
of T λ/ abc

−2 ( λab is the in-plane magnetic penetration depth) that is far 
from conventional superconductivity187. And an anisotropic bulk super-
conducting gap that was detected by measuring magnetic penetration 
depth, using electron irradiation effects, was speculated to be a new 
type of unconventional superconductivity due to complex  
charge orders189.

In addition, the direct characterization of the superconducting 
gap using STM shows distinct gap shapes on different surfaces. In 
general, a U-shaped superconducting gap reflects the fully gapped 
isotropic gap, and a V-shaped superconducting gap may be related 
to an anisotropic superconducting gap and possibly unconventional 
superconductivity. In experiments, a V-shaped gap (possibly related 
to Fermi surfaces contributing to an anisotropic CDW gap) as well as 
a U-shaped gap (isotropic and less affected by the CDW) was seen on 
both the half-Cs and Sb surfaces of CsV3Sb5 (ref. 186). Multiple-band 

sign-preserving or s-wave superconductivity is proposed based on 
the in-gap states that can be induced by magnetic clusters, but not by 
non-magnetic impurities186. The V-shaped gap is also reported on both 
Cs and Sb surfaces in CsV3Sb5 in other STM works31. Other STM studies 
reported unconventional zero-bias conductance peaks in the V-shaped 
gap of the vortex-core state on the half-Cs surface of CsV3Sb5, which 
may correspond to possible Majorana bound states from topological 
surface states124; this is supported by theory when the contribution of  
the charge-ordered states is taken into account190. The appearance  
of different types of superconducting gaps on the different surfaces in 
different studies might be related to modulation of the Fermi surface 
and charge orders186,191, which can influence the superconducting 
properties. As mentioned above, the cleaved surfaces with differing 
terminations are polar with distinct fermiology related to the CDW 
states126. TRSB charge-ordered states like the chiral flux charge order 
are also proposed to influence the superconducting properties192, 
which would make it possible to change a U-shaped gap to a V-shaped 
gap191.

Unconventional superconducting signals with nodal gaps have 
also been observed in other investigations, including thermal 
conductivity193, NQR and µSR experiments. A µSR experiment reported 
nodal superconductivity in RbV3Sb5 and KV3Sb5 with magnetic penetra-
tion depth showing linear-in-T behaviour at ambient pressure, whereas 
a transition from nodal to nodeless superconductivity is observed 
when increasing pressure194. The large value of T λ/ abc

−2 detected in (K,Rb)
V3Sb5 also implies unconventional superconducting pairing175,194. In 
addition, early µSR experiments reported TRSB below the CDW transi-
tion, but no TRSB in the superconducting state because there is no 
change of the muon spin relaxation rate during the superconducting 
transition187,195. However, by applying pressure to suppress the signal 
of the charge order, the zero-field muon spin relaxation rate did show 
an increase below the superconducting transition in KV3Sb5 (1.1 GPa), 
RbV3Sb5 (1.85 GPa) and CsV3Sb5, indicating TRSB in the superconduct-
ing state and implying an unconventional pairing state194,196. NQR 
experiments reported the absence of the Hebel–Slichter coherent peak 
when the pressure is above the P2 of second superconducting dome197 
in CsV3Sb5, also suggesting unconventional superconductivity. Super-
conductivity of the surface states and signals of possible spin-triplet 
superconductivity were also seen in proximitized K1−xV3Sb5 Josephson 
junctions198.

Fig. 3 | Representative physical properties of AV3Sb5. a, Superconductivity at 
low temperature. T, temperature; ρ, resistivity; H, magnetic field. b, 2a0 × 2a0 
charge density wave (CDW) order (Q3q-2a = 1/2QBragg), 4a0 CDW order (Q1q-4a =  
1/4QBragg) and pair density wave (PDW) order (Q3q-4/3a = 3/4QBragg), measured by 
scanning tunnelling microscopy (STM) and scanning tunnelling spectroscopy  
(STS) in CsV3Sb5. Q represents the wavevector. The left panel is the Fourier 
transform showing these orders; the top right panel is a dI/dV (r,V) map, 
exhibiting a 4a0/3 chequerboard modulation associated with the PDW order;  
the bottom right panel is the atomically resolved STM image showing the Q1q-4a 
spatial modulation. c, CDW transition measured in CsV3Sb5. Cp, heat capacity; 
ZFC, zero-field cooled. d, Superconducting phase diagram under high pressure P. 
Tc, critical temperature. e, Chiral charge order detected by STM in KV3Sb5. B, 
magnetic field. f, Signal of time-reversal symmetry breaking measured by 
high-resolution muon spin scattering in KV3Sb5. ∆ and Γ  are muon spin relaxation 
rates related to the nuclear and electronic systems, respectively. T *, charge order 
transition temperature. g, Double-dome superconducting phase diagram under 
relatively low pressure. DAC, diamond anvil cell; MPMS, magnetic properties 

measurement system; MR, magnetoresistance; μ0Hc2, upper critical field; PCC, 
piston cylinder cell; SC, superconductor; Tc

onset, superconducting transition 
temperature where the resistance starts to drop; Tc

zero, superconducting 
transition temperature where the resistance reaches zero. h, Chiral transport 
with second-harmonic-generation (SHG) signal detected in CsV3Sb5. The device is 
shown at the top right. The right bottom panel is angle dependence of SHG signal, 
which is switchable by the out-of-plane magnetic field. i, Three nematic domains 
detected in RbV3Sb5 by birefringence measurement. The red, white and blue 
regions show the domains. Part a adapted with permission from ref. 32, APS. Part b 
adapted with permission from ref. 31, Springer Nature Ltd. Part c adapted with 
permission from ref. 32, APS. Parts d adapted with permission from ref. 218, APS. 
Part e adapted with permission from ref. 116, Springer Nature Ltd. Part f adapted 
with permission from ref. 175, Springer Nature Ltd. Part g adapted with 
permission from ref. 213 under a Creative Commons licence CC BY 4.0. Part h 
adapted with permission from ref. 184, Springer Nature Ltd. Part i adapted with 
permission from ref. 130, Springer Nature Ltd.

https://creativecommons.org/licenses/by/4.0/
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Theoretically, both s-wave and unconventional superconduct-
ing pairing are proposed in the AV3Sb5 family. It was reported that the 
electron–phonon coupling is too weak for the superconducting Tc 
in these materials, suggesting possible unconventional pairing160. In 
this family, the local correlation (on-site) is also proposed to be weak, 
and non-local electron correlation might be crucial199. By including 
both local correlation and nearest-neighbour Coulomb repulsion, 
rich pairing symmetries are found near the vHSs with competitive 
spin-triplet and spin-singlet pairing200–202. The favoured pairing state 
is highly dependent on the non-local Coulomb interaction, interaction 
strength, Fermi momentum and van Hove bands200–202. For instance,  
a dominant f-wave spin-triplet superconducting order is theorized to be 
favoured for weak coupling, whereas d-wave singlet pairing competes 
with p-wave pairing under very strong correlation200. The complex 
electronic bands with multiple vHSs, and the sensitivity of supercon-
ductivity to the Fermi surface and electron correlations show the pos-
sibility of controlling superconducting pairing in the AV3Sb5 family. 
One study suggests an unusual charge pairing (that is, charge 4e or 6e) 
beyond the normal charge-2e pairing superconductivity203–206. Such 
charge pairing may happen based on the PDW superconductivity or 
on the nematic or stripe superconducting state206,207. Charge-4e and 6e 
superconductivity was reported in CsV3Sb5 by measuring the magnetic 
flux quantization during the superconducting transition region, based 
on the Little–Parks effect208, where the effective flux area in CsV3Sb5 is 
reported to be determined by the inner ring area. The unusual effec-
tive flux area in the Little–Parks measurement209 and non-uniform 
vestigial charge-4e phase are also discussed in theory210. However, 
investigation of these unusual charge pairings has only just begun, 
and it is premature to draw a strong conclusion; more investigations 
are required to verify the pairing and have a clear understanding of  
the mechanism.

Intertwining of ordered states
Given the coexistence of superconductivity and CDW order, it is impor-
tant to understand the relation between them and the underlying 
mechanism of modulating the states. These were studied by extensive 
tuning methods including pressure, chemical and electrical doping, 
layer dependence and strain211–217. The superconductivity shows promi-
nent competition with the CDW order, and multiple superconducting 
domes have been detected in the AV3Sb5 family. By applying pressure 
in a relatively low region (P < 10 GPa), a superconducting dome with Tc 
reaching a maximum around P1 ≈ 0.5 GPa was observed in KV3Sb5, while 
two superconducting domes with a shallow valley between them were 
observed in (Cs,Rb)V3Sb5, where P1 ≈ 0.6–0.7 GPa and P2 ≈ 2 GPa for 
CsV3Sb5 (refs. 212,213); P1 ≈ 1.5 GPa, P2 ≈ 2.4 GPa for RbV3Sb5 (ref. 112). 
The superconductivity is highly suppressed around 10 GPa in these 
materials. However, superconductivity returns upon applying even 
higher pressure, and a new superconducting dome is observed with 
P2 ≈ 22 GPa for KV3Sb5 (refs. 211,218), P3 ≈ 28.8 GPa for RbV3Sb5, and 
P3 ≈ 53.6 GPa for CsV3Sb5 (refs. 193,218–220) (Fig. 3d). Associated with 
the superconducting domes, the CDW transition temperature reduces 
with increasing pressure, and the CDW order is completely suppressed 
around P1 of KV3Sb5 and P2 of (Cs,Rb)V3Sb5 (refs. 112,211–213). The result 
in CsV3Sb5 is shown in Fig. 3g. A new CDW order starts to appear when 
superconductivity reduces above P2 in KV3Sb5, which may correspond to 
a distinct CDW state211. In addition, NMR experiments suggest that the 
two domes appearing in CsV3Sb5 in the low-pressure region are related 
to the appearance of a stripe-like CDW order with 4a0 modulation  
between P1 and P2 (ref. 197).

So far, no structural phase transition is reported under pressure 
in these compounds219,220, and the tuning of the superconductivity and 
CDW order is proposed to be related to the changing of Fermi surface 
instability and electron–phonon coupling. Theoretical calculations 
show that the pressure reduces the c/a ratio, associated with a slight 
change of the in-plane lattice parameter, but a large enhancement of 
the out-of-plane parameter due to the Sb bonding and related out-of-
plane hopping. As a result, the Fermi surface was found to have a large 
reconstruction on the Sb pz band, with only slight changes on the  
V bands. Beside the influence of Fermi surface nesting, the Sb pz bands 
are proposed to have a large contribution to the tuning of supercon-
ductivity and re-entrance of superconductivity at high pressure221,222. 
Associated with the band reconstruction, the re-entrant supercon-
ductivity may be related to the Lifshitz transition and enhanced 
electron–phonon coupling due to partial phonon softening at  
high pressure219,220.

A similar competition between the CDW order and superconduc-
tivity is also detected by electrical and chemical doping, such as Cs 
doping215, as well as Nb (refs. 214,223) and Ti (ref. 224) substitution of V 
atoms, and Sn (refs. 225,226) substitution of Sb. The Nb, Ti and Sn sub-
stitutions act as hole dopants, which induce strong suppression of the 
CDW order accompanied by enhancement of superconductivity. Simi-
lar hole doping results are also found in oxidized thin CsV3Sb5 flakes227. 
Theoretically, the hole doping is highly orbital-selective222,226,228, and 
mainly dopes the Γ band (formed by the Sb pz orbital) and higher-order 
vHS with weak Fermi surface nesting. ARPES measurements223 in 
Nb-doped CsV3Sb5 reported that the shift of the vHS reduces the Fermi 
surface nesting around EF, leading to reduction of the CDW gap and 
suppression of the CDW order, whereas the expansion of Sb-derived 
Γ electron bands and recovery of V-derived density of states are attrib-
uted to the enhancement of superconductivity. In addition, electron 
doping by injecting Cs on the surface of CsV3Sb5 is also reported to be 
highly orbital-selective215, where the Γ band contributed by the Sb pz 
orbital shifts downward and the Fermi surface is expanded after doping, 
but the CDW gap around the Fermi level is reduced. The competition of 
CDW order and superconductivity is also realized by reducing the film 
thickness of CsV3Sb5. A maximum of Tc and minimum of TCDW appears 
around 27 layers, which is attributed to a crossover from electron–
phonon coupling to electronic interactions229. A metal-to-insulating 
transition is detected for very thin films (fewer than five layers) or 
through protonic gate tuning230, which could modulate the disorder 
and carrier density for the modulation of superconductivity and CDW 
order. Monolayer AV3Sb5 is proposed to possess a variety of compet-
ing instabilities such as doublets of CDW order and s-wave and d-wave 
superconductivity231.

Clear understanding of charge orders and superconducting prop-
erties of the AV3Sb5 family still requires more effort, especially the elu-
cidation of the charge-ordered ground state, TRSB ordered state, and 
superconducting pairing, which are critical for future investigations 
of unconventional superconductivity and topological superconduc-
tivity. So far, most studies in AV3Sb5 are based on bulk samples; only a 
few investigations have been on thin samples. Thin films of the AV3Sb5 
may yield insights on CDW order and superconductivity, making in 
situ tuning of Fermi surfaces in nanodevices possible. Future studies 
using local-field-sensitive approaches at the nanoscale would also 
be beneficial for understanding the correlated charge orders and 
origin of TRSB. Techniques such as nitrogen-vacancy magnetometry, 
magnetic force microscopy and scanning superconducting quantum 
interference devices232–234 could be helpful in this regard.
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Kagome metal AM6X6
Although the AV3Sb5 family has provided a platform for learning about 
the complex orders and intertwining of orders in a kagome lattice, 
many questions remain unanswered. Another way to investigate the 
interplay of topology, correlation and magnetism in kagome materials 
is to expand investigations into kagome lattices housing other, more 
strongly magnetic elements. Another kagome metal family, AM6X6 (the 
‘166’ family) has attracted substantial attention due to its more preva-
lent magnetic properties and large chemical diversity; the A site can be 
an alkali, alkaline earth or rare earth metal, the M site can be a transition 
metal, such as Mn, Fe, Ni, V, Co or Cr, and the X site is typically a group IV 
element, such as Sn, Ge or Si. In this family (Fig. 4a), most of the AM6X6 
compounds crystallize in centrosymmetric structures analogous to the 
CoSn structure type (or B35) that consists of graphite-like Sn nets and 
kagome nets of Co with Sn atoms centred in the hexagons. Depending 
on the relative positions of the A-site atoms and the capping of the tran-
sition metal atoms in the CoSn host structure, the whole structure of the 
intermetallic compound can be of hexagonal HfFe6Ge6-type (H-type) or 
hexagonal YCo6Ge6-type (Y-type, a disordered variant of the H-type).

Crystalline structures
The H-type HfFe6Ge6 (ref. 235) P6/mmm space group, with unit cell 
dimensions of a = 5.065 Å and c = 8.058 Å, is formed by ‘stuffing’ Hf 
atoms into the hexagonal voids of the FeGe (CoSn-type) framework, 
with alternating layers of filled and empty planes (Fig. 4a). This order-
ing of the Hf atoms in alternate layers doubles the unit cell along 
the c direction, where the kagome nets are separated by inequiva-
lent Ge3 layers and HfGe2 layers. Many AM6X6 compounds such as 
RMn6Sn6 compounds (R = rare earth) possess the H-type HfFe6Ge6  
structure (Fig. 4c).

The Y-type YCo6Ge6 structure236 also crystallizes in the P6/mmm 
space group with unit cell dimensions of a = 5.074 Å, c = 3.908 Å, 
with Y atoms stuffed in the CoGe (CoSn-type) framework (Fig. 4a).  
In contrast to the order of the Hf atoms in the H-type, the Y atoms in the 
Y-type structure are occupationally disordered. Thus, although the H-type  
HfFe6Ge6 and Y-type YCo6Ge6 structures are similar, they are distinguish-
able by powder diffraction through the d spacing of the (001) reflec-
tion. Materials with Y-type YCo6Ge6 structures in AM6X6 compounds  
include SmMn6Ge6, NdMn6Ge6 and RFe6Sn6 (R = Y, Gd–Er)237–240.

In addition to the H-type HfFe6Ge6 and Y-type YCo6Ge6 structures, 
some compounds crystallize in other structures with lower symmetry, 
such as the HoFe6Sn6-type238,239 (Immm space group; materials include 
YbFe6Ge6, LuFe6Ge6), TbFe6Sn6-type238,239 (Cmcm space group; materials 
include YFe6Ge6, TbFe6Ge6, DyFe6Ge6, HoFe6Ge6) and GdFe6Sn6-type238 
(Pnma space group). The large material family of AM6X6 compounds 
provides many opportunities to tune magnetic interactions and elec-
tronic correlations, depending on the interactions between the vari-
ous elements and lattices. Various magnetic orders, metaphases and 
topological states have been observed and predicted.

Diverse magnetic states
Magnetism has been the most intensely investigated property in AM6X6 
compounds over the past few decades, with diverse magnetic proper-
ties observed (unlike the AV3Sb5 family, which does not show obvious 
long-range magnetic order), including ferromagnetism, ferrimag-
netism, antiferromagnetism, spin chirality and even non-magnetic 
behaviour. Different magnetic properties in different compounds 
are influenced by the interlayer and intralayer magnetic interaction 
of kagome lattices and sublattices of other elements.

Obvious magnetic textures generally appear in AM6X6 compounds 
with a kagome layer of Fe and Mn, such as RM6X6 compounds (R = rare 
earth; M = Mn, Fe; X = Ge,Sn)38,74,238,239,241–246. In these compounds, the 
magnetic atoms in the kagome lattice tend to have in-plane ferromag-
netic ordering, and the total magnetism of the compounds changes 
depending on the interlayer magnetic exchange of the M–M lattice 
and M–R lattice. Typical examples are the RMn6Sn6 compounds with 
the HfFe6Ge6-type structure (Fig. 4c,d). When R is a magnetic rare earth 
element (R = Gd, Tb, Dy, Ho), there are strong interactions between 
the 4f electrons of the R atom and 3d electrons of the Mn atom38,244–247. 
These compounds have ferromagnetic layers of both R and M atoms, 
with ferromagnetic Mn–Mn inter-sublattice exchange, but strong 
antiferromagnetic Mn–R inter-sublattice coupling. As a result, the 
lanthanide and manganese sublattices order simultaneously, and  
the compounds present a collinear ferrimagnetic behaviour below their 
Curie transition temperatures (376–435 K)245,246. The magnetic order 
was reported to lie in-plane for R = Gd, whereas additional spin reorien-
tation was also observed for R = Tb, Dy, Ho. In TbMn6Sn6 (refs. 244,248), 
the magnetic order is along the c axis at low temperature and deviates 
from it at room temperature. For R = Ho or Dy, a conical magnetic 
structure with magnetic order deviating by 45°–50° from the c axis 
was observed below 180–240 K (ref. 244).

In RMn6Sn6 compounds with R = Er, Tm and diamagnetic rare 
earth elements (R = Sc, Lu, Y), the magnetic coupling between R and 
Mn lattices is weak, and the compounds present a paramagnetic–
antiferromagnetic transition with Néel temperature TN of 340–384 K 
(refs. 245,246). For ErMn6Sn6 and TmMn6Sn6, the magnetic ordering 
of erbium and thulium sublattices introduces a second transition 
with ferrimagnetic (~75 K) and antiferromagnetic ordering (58 K)246, 
respectively. However, in compounds with R = Sc, Y, Lu, the magnetism 
is dominated by the alignment of magnetic order in Mn sublattices246. 
These compounds were reported to have complex magnetic order 
due to interlayer magnetic interactions of nearest-neighbour and 
second-nearest-neighbour Mn kagome lattices, which introduces a 
transition with incommensurate antiferromagnetic ordering249. Below 
this transition (~333 K for YMn6Sn6), the Mn moments in YMn6Sn6 form 
the ‘double flat spiral’ structure in the absence of an applied magnetic 
field250, where the in-plane moment of the Mn layer changes orienta-
tion with respect to each other, resulting in a spiral structure along the 
c axis. The spiral structure was also reported in LuMn6Sn6, ScMn6Sn6, 
TmMn6Sn6, and ErMn6Sn6 (refs. 249,251,252).

Compared with RMn6Sn6, the RMn6Ge6 family has fewer ferri-
magnetic compounds. For example, ferrimagnetism was found for 
R = Nd, Sm (Curie temperature of 417–441 K)240 whereas R = Dy–Yb, Sc, 
Y, Lu, Gd compounds show antiferromagnetic order (TN increases for 
heavier rare earth elements)238,253. The relatively fewer ferrimagnetic 
compounds might be because of the shorter M–M interplanar distance 
in germanides, leading to enhanced M–M coupling that cannot be 
compensated by the M–R interaction when the ferrimagnetic order 
happens. Also, distinct from RMn6X6, in the iron compounds (RFe6Sn6 
and RFe6Ge6), the strong easy c-axis anisotropy of the Fe lattices is 
reported to dominate the magnetic anisotropy, and most compounds 
have antiferromagnetic orders below TN > 400 K (refs. 238,242).

In compounds with complex interlayer and intralayer interactions 
between R and Mn or Fe layers, magnetic reorientation and rich mag-
netic phases can also be generated by applying a magnetic field. For 
instance, the out-of-plane magnetic field (along the c axis) gradually 
tilts the magnetic moment in RMn6Sn6 (R = Dy, Tb, Ho, Gd) towards the  
c axis, whereas a metamagnetic transition happens in ErMn6Sn6 (ref. 38). 
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In YMn6Sn6, it was reported that an increasing in-plane magnetic field 
(aligned with the kagome plane) can change the magnetic state from the 
distorted spiral state to a transverse conical spiral (TCS) phase, a fan-like 
state (a quadrupled structure along the c axis with spins deviating  
from in-plane magnetic field direction) and a forced ferromagnetic 

state250,254 (Fig. 4f,g). In particular, a topological Hall effect was reported 
in YMn6Sn6 (ref. 84) and TmMn6Sn6 (ref. 85) without a field-driven skyr-
mion lattice, and the microscopic origin of this is proposed to originate 
from dynamic chiral fluctuation-driven non-zero spin chirality in TCS 
phase84,85,250,255.

Fig. 4 | Crystal structures and physical properties in AM6X6 compounds.  
a, Crystal structures of CoSn, HfFe6Sn6 and YCo6Ge6 types. The HfFe6Sn6 struc-
ture type is an ordered variant of a ‘stuffed’ CoSn structure type. The YCo6Ge6 
structure type is a disordered variant of a stuffed CoSn structure type. For clarity, 
the disorder of the YCo6Ge6 structure type is broken down into possible stuffing 
arrangements. b, Band structure of spin–orbit-coupled magnetic kagome lattice, 
where the spin-polarized Dirac bands opens a Chern gap with edge mode arising 
in the gap. c, Two kagome lattices in a unit cell of RMn6Sn6. d, The magnetic 
state of the R atom (orange arrow) and Mn (green arrow) in different RMn6Sn6 
compounds. e, Landau fan data measured by scanning tunnelling microscopy 
(open circles) in TbMn6Sn6, fitted with the spin-polarized and Chern-gapped  

Dirac dispersion (solid line). The inset shows the schematic of Landau quanti-
zation of the Chern-gapped Dirac band. f, Hall resistivity ρH and magnetization M 
measured in YMn6Sn6 as a function of applied field H. The applied current (I) and 
magnetic field directions are shown in the inset. The magnetic structures change 
from  a distorted spiral (DS) state to a transverse conical spiral (TCS), a fan-like 
(FL) state, a narrow intermediate (I) state and forced ferromagnetic (FF) state 
on increasing magnetic field. f.u., formula unit. g, Schematic of different field-
induced magnetic structures. Part a adapted with permission from ref. 260,  
ACS. Parts b and e adapted with permission from ref. 37, Springer Nature Ltd. 
Parts f, g adapted with permission from ref. 250, AAAS.
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In addition to Mn/Fe-based compounds with rare earth R elements, 
distinct magnetic properties were reported in other compounds like 
the manganese stannides, in which ferromagnetic orders were attained 
by replacing the R element by alkali or alkaline earth elements with low 
concentrations of valance electron donors, such as Li, Mg or Ca. The 
Curie transition temperature is about 382 K for LiMn6Sn6 (easy plane 
parallel to kagome lattice) and 250–290 K for compounds with Mg 
and Ca (refs. 77,256). Moreover, unlike the Mn/Fe-based compounds, 
AM6X6 compounds with non-magnetic M-site variants (such as V-based 
compounds) allow the generation of non-magnetic kagome metals 
(such as YV6Sn6)257 and compounds with weak magnetism (such as 
ScV6Sn6, GdV6Sn6)257,258. In the cobalt variants, MgCo6Ge6 (ref. 259) 
is paramagnetic, and weak magnetism was observed in Yb0.5Co3Ge3 
(refs. 260,261).

Topological states and flat bands
Based on the transition metal kagome lattice, AM6X6 compounds can 
host topological flat bands, vHSs and Dirac points in their band struc-
ture. In particular, the diverse magnetic coupling in these kagome 
magnets provides new opportunities to modulate the electronic bands 
and introduce new topological states and quantum phases.

The detection of all of these kagome band characters has been 
made through ARPES measurement in GdV6Sn6 (ref. 262), HoV6Sn6 
(ref. 263), YCr6Ge6 (ref. 100) and YMn6Sn6 (ref. 99). Owing to the ideal 
kagome lattice and large bulk gap around Γ that allows topological 
surface states to be well separated (or unmixed) from bulk states, 
topological surface states were also detected in GdV6Sn6 and HoV6Sn6 
(refs. 262,263). Note that the detection of topological surface states 
in these materials is distinct on different surface terminations and is 
sensitive to chemical doping on the surface. For YMn6Sn6, the vHSs, 
Dirac cone and flat band are observed to be quite close to the Fermi 
level99. YMn6Sn6 has in-plane ferromagnetic ordering of its Mn layer, 
but helical antiferromagnetic ordering along the c axis. Unlike the para-
magnetic state, which normally has degenerate bulk bands, the spin 
degeneracy is theorized to be lifted in the magnetic state of YMn6Sn6 
because of the ferromagnetic state with large SOC. Spin-polarized 
ARPES measurements are needed to confirm the band structure of mag-
netic YMn6Sn6. Besides these compounds, AV6Sb6 (A = K, Cs, Rb) with 
similar composition, but different stoichiometric ratios with AV3Sb5 
family have been reported to be type-II Dirac nodal line semimetals, 
and superconductivity is realized under pressure264,265.

Kagome materials that possess strong intrinsic SOC and out-of-
plane ferromagnetism have the ability to realize non-trivial Chern 
phases, in which a gap is opened in the spin-polarized Dirac bands with 
spinless topological edge states lying in the gap25,49,50,266 (Fig. 4b), as has 
been discussed in the section on the kagome lattice and basic physical 
properties. Taking advantage of the pure manganese kagome layers and 
a strong out-of-plane ferromagnetic order as well as a defect-free kag-
ome lattice, a quantum-limited Chern phase was reported in TbMn6Sn6 
using STM measurement37 (Fig. 4e). Magnetic Landau quantization 
and localized edge states were detected in the Chern gap. In addition, 
TbMn6Sn6 presents an anomalous Hall effect with a prominent intrinsic  
contribution that is speculated to arise from the Berry curvature generated  
from Chern-gap Dirac fermions or other complex Dirac bands37,267.

Similar to TbMn6Sn6, other RMn6Sn6 compounds with ferro-
magnetic kagome lattices, such as R = Gd–Er, are reported to host 
Chern-gapped Dirac fermions; these were also proposed in YMn6Sn6 
(ref. 99). In RMn6Sn6 compounds (R = Gd–Er)38, the existence of 
Chern-gapped Dirac fermions was studied through transport 

measurements of quantum oscillations with non-trivial Berry phases, as 
well as the large intrinsic anomalous Hall effect. The Dirac cone energy 
and gap size were reported to gradually decrease when R was changed 
from Gd to Er (ref. 38), highlighting the possibility of Chern-gap tun-
ing based on tuning magnetic exchange coupling between the rare 
earth element with 4f electrons and the transition metal with 3d elec-
trons. In addition to these compounds, introducing new ‘high-entropy’ 
phases by mixing multiple elements in the RMn6Sn6 system, such as 
(Gd0.38Tb0.27Dy0.2Ho0.15)Mn6Sn6, can generate new magnetic transitions 
based on the competing magnetic interactions of the various elements 
at the mixed site268. It was reported that (Gd0.38Tb0.27Dy0.2Ho0.15)Mn6Sn6 
presents similar magnetic transitions to TbMn6Sn6 at high temperature, 
but new ferrimagnetic transitions with tilted magnetic moments (30°) 
around 90 K which were not seen in RMn6Sn6 (R = Gd, Tb, Dy, Ho). The 
high-entropy phase also shows an intrinsic anomalous Hall effect, 
suggesting possible Chern-gapped Dirac fermions268.

CDW and structural transitions
Although some of the kagome magnets discussed above have strong 
correlations with saddle points and flat bands in electronic bands,  
no CDW has been observed in those systems so far. On the contrary, the  
CDW state and structural transitions were reported in several other 
AM6X6 compounds with specifically weak magnetism or a non-magnetic 
kagome lattice, including ScV6Sn6 (HfFe6Ge6-type)258, MgCo6Ge6 
(HfFe6Ge6-type)259, and in Yb0.5Co3Ge3 (a hybrid structure of YCo6Ge6-
type and CoSn-type)260,261. This is similar to the case of the AV3Sb5 family 
discussed above, which also has weak or non-magnetic kagome lattices, 
although the details of the transitions and ground states are different, 
suggesting that a competition between the correlated and magnetic 
ground states generally exists in kagome lattices.

Like the AV3Sb5 family, ScV6Sn6 hosts a vanadium kagome lattice 
with a partly filled d orbital. A transition signal around 92 K was 
observed in resistivity, magnetization and heat capacity, which is 
confirmed to be a CDW transition by single-crystal X-ray diffraction258. 
Unlike AV3Sb5, which hosts 2 × 2 × 2 or 2 × 2 × 4 CDW orders, the distorted 
lattices in ScV6Sn6 were reported to possess 3 × 3 × 3 CDW orders. 
In addition, ScV6Sn6 shows strong modulated displacement of the  
Sc and Sn atoms in CDW state, but weak displacements of the V atoms, 
distinct from the lattice rearrangement dominated by V net displace-
ment that is found in AV3Sb5. The partly filled d-orbital kagome bands 
were proposed to be related to the CDW order. ARPES measurement 
of the band structure shows the existence of vHS around the Fermi level 
and Dirac bands associated with a topologically non-trivial surface 
state. However, in contrast to the AV3Sb5 family, it is widely observed 
that the vHS remains intact during the CDW transition in ScV6Sn6, 
indicating a marginal role in the electronic instability of the V kagome 
lattice. Instead, a large charge-order gap is detected on the bands 
dominated by planar Sn associated with reconstruction of the Fermi 
surface, and a partial gap opening in the DOS around the Fermi level is 
detected by STM. Distinct from the electronically driven mechanism 
from Fermi surface nesting, the origin of CDW order is widely proposed 
to be dominated by electron–phonon interaction102,269–276. For example, 
Raman studies detected multiple phonon modes associated with the 
CDW transition102,272,273, and softening of a flat phonon mode related to 
an out-of-plane Sn vibration is observed by hard X-ray diffraction270. 
In addition, a theoretical study proposed a large lattice instability with 
abundant CDW orders in ScV6Sn6 due to a small Sc atomic radius277, and 
before the appearance of 3 × 3 × 3 order, an energetically favoured 

3 × 3 × 2  CDW order has been observed by X-ray experiments271.  
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It was also found that the CDW order is sensitive to the physical and 
chemical pressure273 and is reported to disappear around 2.4 GPa with-
out the appearance of superconductivity278. Unlike AV3Sb5, there is no 
rotation symmetry breaking in the CDW state. However, like in AV3Sb5, 
µSR detected TRSB below the CDW transition, implying that hidden 
magnetism and unconventional charge order may be present in ScV6Sn6 
(ref. 279), but more investigation is needed.

Compared with AV3Sb5 and ScV6Sn6, the structural transition 
observed in the Co-based kagome compounds is quite different. 
Yb0.5Co3Ge3 crystallizes in the P6/mmm space group with one kagome 
layer in the unit cell at room temperature260. A phase transition asso-
ciated with a resistivity anomaly was observed in Yb0.5Co3Ge3 around 
95 K. Below this transition, the Yb and Ge atoms retain their geom-
etries, whereas the Co atoms distort the kagome plane by ‘twisting’ the 
triangles in opposite directions between two neighbouring kagome 
lattices, resulting in a doubling of the unit cell along the c axis, crystal-
lizing in the P63/m space group that breaks C6 rotation symmetry261. 
MgCo6Ge6 has similar transitions with twisting of the kagome lattice 
at low temperature280, and the structure changes from the P6/mmm 
(HfFe6Ge6-type) space group at room temperature to P63/mcm at 100 K 
(ref. 259). This twisted structure was proposed to be related to interac-
tion of Co–Ge atoms and splitting of the 3d orbital in Co. Unlike AV3Sb5 
and ScV6Sn6, which have clear magnetization variation commensurate 
with the structural transition, there is no change of magnetization dur-
ing the structural transition in Yb0.5Co3Ge3 and MgCo6Ge6. This unusual 
feature is not yet fully understood, but it may be related to the particu-
lar twisting of Co lattices. And whereas a CDW transition without related 
magnetic transition has been reported in other kinds of correlated 
materials (such as NdNiC2)281,282, Yb0.5Co3Ge3 shows a weak magnetic 
transition signal around 18–25 K, along with the appearance of nega-
tive magnetoresistance below the transition temperature261, meaning 
that there is further unresolved complexity in the low-temperature 
state. It is also worth noting that some materials in the RT3X2 (R = rare 
earth, T = transition metal, X = Si, Ga, B) kagome family (132 family) 
with similar twisted structures are observed to be superconductors, 
but without a temperature-dependent structural phase transition. 
These include LaRu3Si2, LaIr3Ga2 and YRu3Si2 (refs. 283–286). It may be 
interesting to explore whether the superconductivity can appear in 
Co-based AM6X6 compounds with their structural transition at ultralow 
temperatures, or whether it can arise on suppression of the structural 
transition. Chemical doping and high-pressure approaches might be 
used to explore the structural and magnetic phase transitions and 
possible superconductivity in Yb0.5Co3Ge3 and MgCo6Ge6.

The trigonally distorted kagome system (Nb3X8, 
X = Cl, Br, I)
One highly interesting structural modulation of the ideal kagome lat-
tice is the trigonal distortion, also called the ‘breathing’ kagome  
lattice, described above (Fig. 1c). An important example material fam-
ily with the breathing kagome lattice is the kagome insulator Nb3X8  
(X = Cl, Br, I)40,287, which has very different physical properties from the 
AV3Sb5 (A = K, Rb, Cs) and ‘166’ materials.

Crystal structures
The Nb3X8 family is also a vdW type material and has layered structures 
that are readily exfoliated, more easily achieving ultrathin flakes than 
the AV3Sb5 family, as individual layers are very weakly coupled through 
vdW interactions39,288. Nb3Cl8 and Nb3Br8 have been experimentally 
demonstrated to undergo a temperature-dependent structural phase 

transition: at high temperature, the α-phase has space group P m3 1, 
but at low temperature the exact phase is not fully understood39,289,290. 
Nb3Br8 has a transition temperature above room temperature, and its 
low-temperature phase has space group of R m3  (β-phase)39 (Fig. 5b). 
However, Nb3Cl8 has transition temperature around 90 K, and its cor-
responding low-temperature phase is still under debate. A space group 
of R3 in Nb3Cl8 was reported by NMR measurement at 78 K (ref. 289), 
whereas another work reported the space group of C2/m by neutron 
diffraction at 10 K (ref. 290). Later, investigation of the intermediate 
compound Nb3Cl4Br4 via single-crystal X-ray diffraction39 indicated 
that Nb3Cl8 has the space group of R m3 , the same as the β-phase of 
Nb3Br8. Both α- and β-phases have the same single-layer structure, but 
they have different stacking orders, hence the different unit cells 
(Fig. 5b). A single layer of Nb3X8 shows the breathing kagome structure 
formed by the Nb atoms, where three Nb atoms are trimerized through 
strong metal–metal bonds (Fig. 5a). Each Nb atom is under a distorted 
octahedral environment of X atoms, and each layer has a sheet of Nb 
atoms that is sandwiched between two sheets of X atoms. In addition, 
the two sheets of X atoms are not equivalent, resulting in the breaking 
of inversion symmetry in a single layer (non-centrosymmetric). The 
α-phase contains a unit cell of two layers with the second layer being 
an inversion of the first layer. The β-phase contains six layers with each 
layer resulting from the inversion operation of the previous layer with 
a translation, hence glide planes are present. In addition, both the  
α- and β-phases have inversion centres located at every vdW gap, and 
as a result even-layered Nb3X8 preserves inversion symmetry whereas 
odd-layered Nb3X8 breaks it. Finally, Nb3I8 shows the same crystal struc-
ture as Nb3Br8 (β-phase) at room temperature, but there are as yet no 
reports of a transition; it is likely that it undergoes the same transition 
with Nb3Cl8 and Nb3Br8 at higher temperature, but more study is 
necessary.

Magnetic properties
Nb3Cl8 and Nb3Br8 in both bulk and powder forms undergo a phase 
transition from a paramagnetic state to a non-magnetic singlet state39, 
accompanying the structural transition39. Measurements of magnetic 
susceptibility as a function of temperature reveal that the transition 
temperature of Nb3Cl8 is ~90 K and increases when Cl is substituted by 
Br, and reaches ~380 K for Nb3Br8 (ref. 39) (Fig. 5c). It is worth noting 
that at room temperature, bulk Nb3Cl8 is paramagnetic with a unit cell 
containing two Cl–Nb–Cl sheets, whereas bulk Nb3Br8 is non-magnetic 
with six Br–Nb–Br sheets in a unit cell. There are also upturned tails on 
cooling the samples to 10–20 K (Fig. 5c); it was proposed that these 
features originate from defect spins induced by broken singlets or 
trapped high-temperature phases during synthesis, as the tails are 
sample-dependent rather than material-intrinsic39. Although there 
are no magnetic experimental studies yet on Nb3I8, either in bulk or 
powder, from theoretical calculations it is expected that it has the 
similar magnetic transition288,291 to Nb3Cl8 and Nb3Br8, but at a higher 
temperature.

One question arising from the magnetic properties that have 
not been characterized down to the 2D limit is whether the transition 
temperature changes with thickness as the flakes become thinner, and 
whether few-layer flakes possess different magnetic properties from 
the bulk. Theoretical calculations predict that the ground state of Nb3X8 
in monolayer form is ferromagnetic291,292. In Nb3I8, some studies also 
predict that it has layer-dependent magnetism; for monolayer and 
bulk, it is ferromagnetic, but for bilayer and trilayer, it is antiferromag-
netic owing to interlayer coupling. In addition, different theoretical 
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calculations yield very different Curie temperatures for monolayer 
Nb3I8: 307.5 K in ref. 291 compared with 87 K in ref. 292. It is worth noting 
that these theoretical calculations for the Nb3X8 family only used the 
Ising spin model (easy axis of spin orientation is along the z axis)291,292 
and treated the magnetic moment as carried by individual Nb atoms.  

In contrast, it is also proposed that owing to the existence of Nb trim-
erization in the Nb3X8 breathing kagome lattice, each Nb trimer has 
seven d orbitals and yields a single S = 1/2 magnetic moment, and thus 
the breathing kagome lattice becomes the triangular lattice93,289,293. 
Based on this idea, theoretical calculations predict the possibility of 

Fig. 5 | Crystal structure and physical properties of Nb3X8.  
a, Single-layer structure of Nb3X8 and corresponding ab plane 
structure. b, Crystal structures for α-phase (P m3 1) and β-phase 
(R m3 ) of Nb3X8. c, Temperature-dependent magnetic suscepti-
bility χ (χ = M/H, M is magnetization; H is magnetic field intensity) 
of Nb3Cl8−xBrx. θ, Weiss temperature; peff, effective moment.  
d, Flat band of Nb3I8 bulk measured by angle-resolved photo-
emission spectroscopy; the left panel is the calculated band 
structure. Part c adapted with permission from ref. 39, ACS.  
Part d adapted with permission from ref. 300 under a Creative 
Commons licence CC BY 4.0.
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an all-in antiferromagnetic spin structure293 or a quantum spin liquid 
state in monolayer Nb3Cl8 (ref. 93). Given the discrepancies of the prop-
erties predicted, more detailed studies on the magnetization of bulk 
and few-layer Nb3X8, including µSR as was done for the AV3Sb5 family, 
are required to elucidate the question of their ground magnetic state.

Correlations and obstructed atomic insulating states
Most ab initio theoretical calculations show a metallic band structure 
of Nb3Cl8 and Nb3Br8 in their bulk form41,42,290,294. However, in both trans-
port and ARPES measurements, they are proven to be insulating42,294,295 
with bandgaps ~1 eV. Such a large discrepancy between theoretical and 
experimental results indicates the presence of non-trivial effects from 
the kagome lattice. One possible origin of this abnormal insulating state 
is that Nb3Cl8 and Nb3Br8 may have very strong electron correlations. 
They are predicted to be Mott insulators, with the kagome flat band 
lying near the Fermi level splitting into two bands, the so-called upper 
and lower Hubbard bands, yielding the observed insulating state41,42,293. 
Such an explanation agrees well with recent ARPES measurement in 
Nb3Cl8 bulk42.

Obstructed atomic insulator theory296,297 can also explain this 
abnormal insulating state. It predicts that in β-phase Nb3Br8 and Nb3I8, 
there are centres of charges not localized on the atoms but sitting 
in the vdW gaps in every other layer. Therefore, whereas Nb3Br8 and 
Nb3I8 flakes with an odd number of layers can be metallic, flakes with 
an even number of layers can be either metallic or insulating based 
on the termination conditions. If the charge centres are exposed on  
the surface as a trivial surface state, the flakes can be metallic, but if the 
charge centres are buried inside the vdW gap, they are insulating. Note 
that the obstructed atomic insulator theory is based on density func-
tional theory without taking electron correlation into account. Simi-
lar metallic (monolayer layer) and insulating states (bilayer) are also 
reported in other works that do not consider electronic correlation, 
and a Mott-insulating state is found when strong electron correlations 
are included41,298. In Nb3Br8, it was also calculated that the interlayer 
coupling between neighbouring layers forms strong and weak cou-
pling bonds alternatively, which could give rise to the layer-dependent 
electronic properties41,298. Therefore, β-phase Nb3Br8 and Nb3I8 may 
be strongly correlated systems in addition to their atomic obstructed 
insulator nature298.

In the absence of strong correlations and obstructed atomic insula-
tor theory, both theoretical calculations and ARPES experiments show 
an insulating state at room temperature in Nb3I8 (β-phase)291. The band 
structure is also predicted to be thickness-dependent, being metallic in 
the monolayer, insulating for a bilayer and metallic for a trilayer, with 
corresponding thickness-dependent magnetic properties291.

Many of these electronic-band-structure results are calculated 
without including SOC. The theoretical calculations that do so also 
predict that on introducing SOC, the monolayer of the Nb3X8 fam-
ily shows a spontaneous valley polarization as large as ~100 meV  
(ref. 299). Among this family, Nb3I8 is proposed to be a good platform 
for investigating a valley Hall effect. Nb3Cl8 and Nb3Br8 are less suitable 
because their spin-down bands are predicted to be in the gap of the 
spin-up bands.

Flat bands
Although there are different predications of the electronic band struc-
tures, a common feature in many studies is the prominent flat band 
in the Nb3X8 family. As introduced above, flat bands exist in the ideal 
kagome lattice, but the flat band is extremely isolated in the trigonally 

distorted lattice. Recent ARPES measurements showed flat bands 
below the Fermi level in Nb3Cl8 bulk, and Nb3I8 bulk (Fig. 5d) at room 
temperature300. The flat band in Nb3Cl8 bulk lies at around 0.72 eV below 
the Fermi level with a bandwidth of 0.28 eV (ref. 42). Note that the crystal 
structure of Nb3Cl8 is α-phase whereas Nb3I8 is β-phase at room tem-
perature, having a different glide-plane symmetry between layers. This 
indicates that the flat band is robust against the layer stacking situation, 
probably because of the weak vdW interaction between layers.

Although the ARPES results confirm the presence of the flat band 
in these materials, it has not yet been studied via transport because of 
their highly insulating state, making access to it much more difficult. 
There are at least two alternative ways to overcome this obstacle: first, 
by making thinner Nb3X8 flakes, as it has been theorized that at least 
monolayer Nb3X8 will be metallic while preserving its flat band near the 
Fermi level; second, by gate tuning — although bilayer and thicker Nb3X8 
might still be insulating, these systems should also be gate-tunable, 
allowing the different filling states of the flat band to be investigated. 
And whereas the Nb3X8 family shows intriguing band structures and 
abnormal magnetic properties in bulk, studies of their layer-dependent 
properties are few. They showed a unique property when integrated 
into heterostructures: for instance, Nb3Br8 was adopted as a barrier  
layer in a Josephson junction301, forming a NbSe2/Nb3Br8/NbSe2  
heterostructure, and displayed the field-free Josephson diode effect  
(non-reciprocal superconductivity without magnetic field). These 
observations indicate that Nb3X8 family hosts more exotic physical 
properties, especially in their few-layer forms, and their easy exfoliation 
and ability to be integrated into heterostructures make them an ideal 
platform to study the isolated kagome flat band, Mott-insulating state 
and trigonal distortion. Manufactured correlation through the forma-
tion of moiré superlattices via twisted stacking is another important 
structural parameter that can be tuned in this family. Their study is 
an extremely fertile area for deep investigation of correlated physics.

Outlook
Studies from recent years have shown many kagome materials with 
different kinds of features, ranging from metallic to insulating, 
non-magnetic to hosting complex magnetic textures, and relatively 
weak electron correlation to very strong correlation (Table 1). One 
common feature observed in kagome materials is the sensitivity and 
tunability of many properties, such as topological surface states, charge 
orders, superconductivity and magnetism, which can be tuned by 
diverse approaches including chemical or electrical doping, strain 
and pressure. Another feature is the surface termination dependence 
of the physical properties, where the surface state of kagome bands 
might be influenced by interlayer interactions that vary on different 
terminations. The kagome lattice is a platform providing substantial 
material diversity that can realize broad physical research directions.

The intertwining and tuning of different ordered states are still 
important directions that need further investigation. The appearance 
of ordered states in materials is complex, and clear conclusions are dif-
ficult to obtain because they are very sensitive to the electronic state 
around the Fermi level. Nonetheless, experimental and theoretical  
studies suggest some clues for understanding the various ordered 
states. As discussed above, around the van Hove filling, different  electro-
nic orders can appear depending on the strength of different elec-
tron interactions. The intertwining and competition of many ordered 
states (such as superconducting state, CDW order, nematic or smectic 
phases) appear in materials with relatively weak or intermediate  
electron-correlation strength, such as in AV3Sb5 and ScV6Sn6. For AV3Sb5, 
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although the relation of electronic orders and superconductivity has 
been studied extensively, the explicit charge-ordered states breaking 
TRS and the nature of its superconductivity remain elusive, which is a 
challenging but essential topic for further research.

The formation of charge-instability-induced states (such as CDWs) 
in kagome materials is mostly observed in materials with weak magnet-
ism, such as ScV6Sn6 and AV3Sb5. A short-range CDW order was also 
reported in the antiferromagnetic state of correlated kagome metal 
FeGe (ref. 302), which is proposed to arise from vHSs-driven Fermi 
surface instability near the Fermi level. The coupling of magnetic orders 
and electron correlations is another important direction to explore in 
future. For example, it would be good to understand the relationship 
between CDW and magnetic order (not only their competition, but 
also how they combine to influence, for example, superconductivity), 
as well as investigating intriguing quantum states, such as spin density 
waves and chiral spin orders in the magnetic states of materials with 
strong Fermi surface nesting around the Fermi level.

Another important direction is the coupling of topology with other 
orders, which can lead to unconventional phases. The combination of 
topology and magnetism can induce new topological states in magnetic 
kagome materials, such as Chern phases in the RMn6Sn6 family with 
strong SOC, associated with an anomalous Hall effect and anomalous 
thermal Hall241,303 effect induced by large Berry curvature. These are 
just the beginning: topological kagome magnets provide opportuni-
ties for investigations of phenomena, such as the quantum anomalous 
Hall effect, fractional quantum Hall effect and Weyl states. In addition, 
kagome magnets are also promising for exploring spin transport and 
spintronics, including charge–spin conversion and spin–orbit-torque-
based spintronic devices that use spin-polarized topological bands and 
strong SOC, as well as magnon dynamics and skyrmion formation from 
exchange coupling tuning in kagome magnets. The diverse magnetism 
of the AM6X6 family can provide a good platform for investigating the 
relation of topological states and magnetic coupling.

Moreover, based on the topological states and electron correla-
tions, there is a great opportunity to explore unconventional and 
topological superconductivity in kagome materials, either using 
their intrinsic superconductivity or through the proximity effect. In 
fact, there are many kagome compounds with intrinsic supercon-
ductivity that await more exploration, such as MgB3 (ref. 304), CeRu2 
(refs. 305,306) and the RT3X2 (R = rare earth, T = transition metal, X = Si, 
Ga, B)307,308 family, which have recently been proposed to possess the 
expected flat bands, Dirac cones and vHSs284,309. These kagome super-
conductors can provide a new platform for investigating the interplay 
of topology, correlation and magnetism. In addition, unconventional 
superconductivity can be studied by inducing superconductivity in 
intrinsically non-superconducting kagome materials based on Joseph-
son junctions or superconducting heterostructures. For example, 
unconventional pairing and Majorana states, superconducting topo-
logical boundary states, long-lived transport of spin-triplet pairing 
based on non-collinear spins or inhomogeneous magnetization in 
kagome magnets, and more, can be studied.

With clear flat bands observed in many kagome materials, the 
associated quantum phases will be another critical focus. Partial fill-
ing of flat bands can induce quantum phases such as Mott-insulating 
states, non-trivial Chern topology, unconventional superconduc-
tivity and a fractional quantum Hall effect. Materials with isolated 
flat bands (such as Nb3X8 compounds) have potential to realize these 
states by modulation of the filling of bands and engineering of the 
band structure through chemical doping, electrostatic tuning or 

mechanical modification. In addition, kagome antiferromagnets with 
spin–orbit-coupled Mott-insulating states might be candidates for 
investigating a quantum spin liquid ground state based on the frustra-
tion of strongly localized magnetic moments. Finally, the multitude 
of exotic phenomena that these materials possess makes them very 
interesting for integration into nanoscale electronic devices, such as 
heterostructures of layered kagome materials.

Published online: xx xx xxxx
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