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ABSTRACT

The recent discovery of the AV3Sb5 (A=K, Rb, Cs) kagome superconductors launched a growing field of research investigating
the interplay between superconductivity and charge density wave order in kagome metals. Specifically, the AV3Sb5 family
naturally exhibits a Fermi level close to the Van Hove singularities associated with the saddle points formed from the prototypical
kagome band structure. The charge density wave and superconducting states that form within the kagome networks of these
compounds exhibit a number of anomalous properties reminiscent of theoretical predictions of exotic states in kagome metals
tuned close to their Van Hove fillings. Here we provide an overview of the key structural and electronic features of AV3Sb5
compounds and review the status of investigations into their unconventional electronic phase transitions.

Main text

Introduction

Kagome lattices, networks of corner-sharing triangles,1 have long been crucial building blocks for a range of unconventional
states sought in condensed matter physics. Insulating compounds built from kagome networks of localized spins provide
extremely rich platforms for studying magnetic frustration and spin liquid states predicted to form from the geometric frustration
inherent to a kagome network.2 Similarly, in metals, the same kagome tiling can lead to hopping interference effects3, 4 whose
details depend on the position of the Fermi level relative to singularities in the electronic band structure. These interference
effects along with band structures that promote strong interactions between electrons as well as topologically nontrivial
electronic bands motivate study of kagome metals as hosts for an exciting new frontier of correlated topological electronic
states.

Specifically, kagome networks host electronic structures that are known to exhibit bands with particle-hole asymmetric
saddle points at electron fillings f = 5/12 and f = 3/12 on either side of Dirac crossings at f = 1/3 as well as a flat band
feature.5–7 Each of these creates a divergence in the electronic density of states at distinct momenta and energies known as a
Van Hove singularity (VHS). Tuning the electron filling towards a given VHS can promote enhanced interactions between
electrons and various forms of electronic order. While a form of kinetic frustration due to hopping interference leads to the
formation of a localized, flat band that can promote these electron-electron interactions, similarly, fillings at the saddle points
create a logarithmically divergent VHS where long-range Coulomb interactions can be promoted due to sublattice interference
effects.4 These interference effects can generate extraordinarily rich theoretical phase diagrams containing predictions of bond
density wave order,5, 6 orbital magnetism,7–9, pair density wave order,10 topological insulator phases,7, 11 and unconventional
superconductivity.6, 12–14

Recently, considerable focus has been given to finding materials that manifest many of the unconventional electronic states
predicted in kagome metals at variable fillings. This involves the identification and study of reasonably two-dimensional metals
whose Fermi surfaces/low-energy properties are dominated by the electrons occupying their kagome sublattices. One focus is
to identify flat band features and systematically find chemistries/perturbations that bring them toward the Fermi level. Notable
recent successes observing unusual correlation effects have been reported on this front.15–17 A second focus is to search for
kagome metals possessing electron-fillings near their saddle points, similar to those sought in triangular18 and honeycomb
lattices.19

The VHS accessed at these saddle points generate a logarithmic divergence in the density of states at the M-points (midpoints
of the edges) of the Brillouin zone (BZ), and they occur in two different flavors.4 The first is the “p-type” VHS whose wave
functions derive from a single sublattice within the three-sublattice kagome network, and the second is the “m-type” VHS
comprised of wave functions mixed between sublattices. Once the filling corresponding to a VHS is reached, nest effects



between the three inequivalent M-points across the Fermi surface are predicted to promote a number of charge/spin density
wave and superconducting instabilities, with the leading instability dependent on the relative importance of on-site and nearest
neighbor Coulomb interactions.6

Materials with suitable quasi-two dimensional kagome band structures and fillings near their VHS capable of testing
these predictions remained largely elusive until the discovery of the AV3Sb5 (A=K, Rb, Cs) class of kagome metals.20 These
compounds were first reported in 2019 as a new structure type built from a vanadium-based kagome network that forms a
quasi-two dimensional structure both chemically and electronically. An important feature is that the kagome lattice of vanadium
ions in AV3Sb5 is “nonmagnetic”, meaning that the electrons on the kagome network are delocalized with no local moments
(i.e. they are Pauli paramagnets).21, 22 This removes energetically favored local moment magnetism that either outcompetes or
masks many of the instabilities predicted in a number of kagome lattice Hubbard models. A trivial example is the competition
between static magnetic order and superconductivity or the dominant response of local moments when searching for weaker,
orbital magnetism.

The goal of this review is to synthesize the experimental progress in understanding the electronic states and phase
behaviors identified in the new class of AV3Sb5 charge density wave superconductors, where states ranging from orbital
antiferromagnetism9, 23, 24 to electronic nematicity25 to pair density wave order26 have been proposed. The key elements
of the crystallographic and electronic structures of this materials class are presented first, followed by an overview of the
characteristics of the high-temperature charge density wave (CDW) and the low-temperature superconducting (SC) states. The
presence of intermediate energy scales or crossovers in select AV3Sb5 variants will be reviewed as well as the current state of
experiments perturbing both CDW and SC order parameters via chemical substitution and pressure. We view the current review
as timely due to the coalescence of much of the experimentally delineated phenomenology surrounding the CDW and SC order
parameters in AV3Sb5 compounds, and we hope to help focus future measurements probing the microscopic origins of their
unconventional electronic properties.

Figure 1. Crystal and electronic band structures of AV3Sb5 compounds a | Lattice structure of AV3Sb5 with A=K, Rb, Cs.
Red spheres show the kagome net of V atoms, each coordinated by an octahedra of Sb atoms depicted as gold spheres.
Between the V3Sb5 layers is a honeycomb lattice of alkali metal A-site atoms, depicted as blue spheres. b | The electronic band
structure of AV3Sb5 determined via density functional theory calculations. Key features native to the kagome network are
highlighted in the kz = 0 plane such as a series of two saddle points with V orbital character just below EF at the M-point,
V-based Dirac points below EF at the K-point, and a mixed (V,Sb) character saddle point above EF at the M-point. A
representative Brillouin zone (BZ) is also illustrated with the location of high-symmetry points labeled.

Lattice and electronic structures of AV3Sb5

Lattice structure
Among the highly studied kagome metal families (e.g. CoSn27–36, FeMn6Ge6

37–46), the AV3Sb5 prototype structure is distinct,
as the V-Sb covalent network that forms the hallmark kagome network is intercalated by a honeycomb network of alkali metal
ions. Figure 1 shows the high-temperature, undistorted crystal structure of the AV3Sb5 family. The orthographic perspective
shows all bonds with d < 3 Å, highlighting the covalent V-Sb sheets and alkali intercalant. The top-down perspective shows
only the V-V bonds to highlight the kagome lattice. There are two distinct sublattices of antimony in the AV3Sb5 system; the
Sb1 sublattice within the V1 kagome sheet, and the Sb2 sublattice that forms an antimonene sublattice above and below the
kagome sheets.

While many other candidate kagome metals are derivatives of the CoSn family (e.g. CoSn, GdCo3B2, FeMn6Ge6) or Laves
(e.g. MgZn2) prototypes, and maintain a considerable degree of three-dimensional metal-metal or covalent bonding between
adjacent kagome layers, the AV3Sb5 structure is a unique, quasi-2D kagome structure type where the honeycomb sheets of
alkali metal ions serve primarily as electron donors to the V3Sb5 covalent network. The alkali metal layers serve to isolate
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the kagome sheets from one another, and similar motifs employing alkali, alkali-earth, and rare-earth intercalant motifs occur
in the CsCu3S2,47, 48 K3Cu3P2,49 Cs2Pd3S4

50, and LnTi3Bi451–55 families. However, many of these layered cousins suffer
from more complex unit cells, orthorhombic distortions, or increased air sensitivity. The reduced dimensionality due to the
alkali sublattice is critical, however, and recent computational surveys have highlighted the importance of local bonding and
dimensional isolation on the potential to realize the hallmark features of a kagome metal, including the saddle points, Dirac
points, and flat bands.56

Single crystals of AV3Sb5 compounds are grown via a crucible-based self-flux growth technique,22 and typical crystal
morphologies are small plates with dimensions of a few mm on each side and less than 0.5 mm thick. This volume can be
scaled upward by the use of larger volume crucibles during growth where cm-scale samples can be obtained. Despite their
layered structure and alkali metal content, bulk crystals are remarkably tolerant of air exposure, water, and common solvents,
which increases the feasibility for a number of experimental studies. The quasi-2D nature of the AV3Sb5 family manifests in
their mechanical properties, and single crystals are also highly exfoliable, making them well-suited for surface sensitive probes
such as scanning tunneling microscopy (STM) and angle-resolved photoemission (ARPES).

The potential to control sample thickness and dimensionality via exfoliation is an avenue under exploration by the
community. Experiments exploring thickness-dependent electronic properties are underway57–60 and demonstrate that crystal
thickness/confinement impacts the landscape of electronic instabilities in the AV3Sb5 family. Theoretical modeling of monolayer
AV3Sb5 is consistent with this modified landscape, and suggests that monolayer samples should dramatically alter the nature of
the Van Hove singularities, producing rich electronic phase diagrams.61 Experimental efforts have been rapidly approaching
monolayer samples of CsV3Sb5, with flakes as thin as 4 monolayers reported.62

Electronic structure
A schematic showing the representative band structure of AV3Sb5 compounds is shown in Figure 1 (b). Across the series of
compounds, the band structures are qualitatively similar to one another with bands at the Fermi level dominated by the kagome
nets of vanadium d-states. These are multiorbital materials with dxy dyz and dxz derived bands forming a series of m-type and
p-type VHS at the M-points of the BZ and at energies reasonably close to EF .63–65 Similarly, a Dirac crossing at the K-point of
the BZ appears below EF in all three compounds.

Well-defined nesting at the M-points of the Fermi surface in the kz = p plane was identified in ARPES measurements.64

In CsV3Sb5, states identified with the m-type dxz,yz VHS are nearly perfectly nested and gapped below the CDW transition64

while in KV3Sb5 a CDW gap was reported to open in states associated with the saddle point derived from dx2�y2 V-states.66

Optical conductivity data resolve the partial gap that opens below the CDW transition to be DCDW � 60 meV in KV3Sb5 with
TCDW = 84 K ,67 DCDW � 78 meV in CsV3Sb5 with TCDW = 94 K,68 and DCDW � 100 meV in RbV3Sb5 with TCDW = 104 K,69.
This is notably larger than the CDW gaps estimated in some surface sensitive STM and ARPES measurements,64, 70 potentially
due to matrix element and surface termination effects.71 Other ARPES studies report CDW gaps in agreement with optical
measurements66, 72, illustrative of a CDW state that forms in the strong coupling limit.

The relative importance of the multiple saddle points close to EF remains an important area of study; in particular, whether
one or multiple VHS are required to capture the essential physics of the CDW state. The ordering of the saddle points below EF
switches due to the modified (expanded) lattice of CsV3Sb5 relative to its K- and Rb-based cousins. In DFT models, this relative
ordering VHS depends on the interlayer spacing, with KV3Sb5 and RbV3Sb5 showing a configuration with dxz/dyz-character
VHS closest to EF in the kz=0 plane while CsV3Sb5 inverts the order with dx2�y2 /dz2 /dxy-character VHS closest to EF .68, 73

This seemingly coincides with a unique CDW ground state in CsV3Sb5
74 (discussed further in the next section) and suggests

that a switch in the orbital character of the Van Hove points closest to EF impacts the favored charge instability.
We note here that electron-phonon coupling also necessarily contributes to the phase behavior in AV3Sb5 compounds.75–78

DFT modeling of the lattice structure predicts a lattice instability with soft modes at the M- and L-points of the Brillouin zone,63

and, more generally, there exists a shallow energy landscape for lattice deformation along the M-U-L line.79 Time-resolved
ARPES measurements80 highlight the importance of the lattice degree of freedom in facilitating the CDW transition, and Raman
measurements reporting hybridized lattice modes in the CDW state similarly argue for appreciable electron-phonon coupling
effects.81 The balance between these effects and purely electronic interactions driven via Fermi surface nesting remains an
open area of investigation.

While the VHS arising from the kagome sublattice are important for the stabilization of CDW order, additional states at
EF originating from Sb p-orbitals likely also play a role. The large electron pocket at the G-point is generated by p-orbitals
from the Sb sites in the kagome plane (in the centers of the hexagons of the kagome nets), and an M-point VHS of mixed
Sb/V character appears slightly above EF derived from a mixture of V-states with out-of-plane Sb p-states.82 Doping and
pressure-based studies described later in this review have shown that removal of the G-centered Sb band coincides with the
suppression of superconductivity and that small, orbital-selective doping of the Sb bands can dramatically renormalize the
CDW state. This phenomenology illustrates that both the VHS from the V d-states in the kagome sublattice as well as Sb
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Figure 2. Elements of CDW order in AV3Sb5 compounds.The structure of CDW order inAV3Sb5 can be thought of a
combination of a several key elements. The �rst element is the primary component of the real order parameter and is the
in-plane 3q distortion of the kagome plane, which is favored as breathing into SoD or TrH-type distortions. The second
element is the proposed imaginary component, which modulates hopping into an orbital �ux phase and breaks TRS. The third
element is the interplane correlation that modulates the real component of the CDW state along thec-axis. This arises via
consideration of out-of-plane momenta (along the L-points) that modulate the phasing or distortion types between the planes.
RbV3Sb5 and KV3Sb5 each show a TrH in-plane distortion that is staggered by half an in-plane lattice constant along thec-axis.
CsV3Sb5 has a mixed-phase CDW, whose average 4-layer structure re�nes to a mixture of staggered TrH distortion interwoven
with staggered TrH and SoD distorted layers.

p-states are necessary for minimal models of these compounds, where, for instance, the Sbp-states are proposed to mediate the
three-dimensional stacking of the CDW order.83,84

Quantum oscillation measurements on bulk crystals con�rm the quasi-two dimensional nature of the vanadium bands,85–89

and, in the low-temperature distorted state, a number of low-frequency orbits are known to carry a non-trivial Berry phase.86,87

Notably however, quantum oscillation measurements on micron-scale devices created from bulk crystals have been able to
resolve the formation of closed 3D pockets in the CDW state at the same frequencies as those in bulk crystals, suggesting
that disorder effects in bulk specimens may mask three-dimensionality in the CDW state.90 This is consistent with ARPES
measurements of ellipsoidal pockets in the CDW state66 and with the three-dimensional nature of CDW order parameter
and the expected three-dimensional zone folding. These CDW-induced orbits have small effective masses consistent with
their originating from partially gapped Dirac bands centered at the K-points, and the role of these nontrivial bands in the
superconducting phase remains an open question. Due to the rapid damping of quantum oscillations with increased temperature,
measurements of quantum oscillations are largely con�ned to deep within the CDW state, and more detailed insights are often
complicated by the large number of extremal orbits that appear in the reconstructed CDW state.91

A �nal, salient point regarding the band structure ofAV3Sb5 is that there exists a continuous, direct band gap and a series
of topological bands at the Fermi level. This allows for the assignment of a nontrivialZ2 invariant and the classi�cation of
these compounds asZ2 metals hosting topologically nontrivial surface states.22 These surface states are predicted to be close to
EF

85 at the M-points, and there are experimental hints that they are pulled down to the Fermi level once the band structure is
modi�ed cooling through the CDW transition.92 While trivial, bulk states atEF would mask the impact of these surface states
on the low-energy properties in the nonsuperconducting state, the protected surface states are potentially important within the
superconducting phase where the bulk states become gapped and Fu-Kane (connate) models of topological superconductivity
may apply.93

Charge density wave order

Real component of bond centered order
AV3Sb5 compounds all exhibit CDW order belowTCDW = 78, 104, and 94 K forA = K, Rb, and Cs respectively. Though
it is dif�cult to resolve directly, the CDW state is predominantly modeled as deriving from bond-centered order. The main
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