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The kagome lattice has emerged as a fertile ground for exotic quantum phenomena, including
superconductivity, charge density wave, and topologically nontrivial states. While AV3Sbs (A = K, Rb, Cs)
compounds have been extensively studied in this context, the broader ABzCs family remains largely
unexplored. In this work, we employ machine-learning accelerated, high-throughput density functional
theory calculations to systematically investigate the stability and electronic properties of kagome
materials derived from atomic substitutions in the AVzSbs structure. We identify 36 promising candidates
that are thermodynamically stable, with many more close to the convex hull. Stable compounds are not
only found with a pnictogen (Sb or Bi) as the C atom, but also with Au, Hg, Tl, and Ce. This diverse
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compounds exhibit Dirac points, Van Hove singularities, or flat bands close to the Fermi level. Our
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. Introduction

Kagome materials have become a central focus in quantum
materials research due to their distinct geometric, electronic,
and topological properties. The kagome lattice, with its unique
pattern of corner-sharing triangles and hexagons, is particularly
intriguing as it holds the potential to exhibit quantum spin
liquid phases,* flat bands,* and Dirac electronic states,® which
could lead to topological* and Chern insulating phases.> For
kagome metals, calculations based on a simple tight-binding
model with nearest-neighbor hopping already predict the
topologically protected, linearly dispersive electronic bands
near the Dirac point, as well as dispersionless flat bands. These
electronic characteristics have been observed in the kagome
magnet YMneSne,® which also demonstrates several nontrivial
magnetic phases, with at least one phase exhibiting a large
topological Hall effect.” An excellent example of kagome metals
exhibiting these properties is the “132” kagome family, repre-
sented by compounds such as LaRu;Si,, YRu;Si,, ThRu;Si,, and
Lalr;Ga,. These materials not only feature flat bands, Dirac
cones, and non-trivial topological surface states,**® but also
have attracted significant attention due to their rich interplay of
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kagome superconductors beyond the already known systems.

topology, electronic correlations, and superconductivity.
Another extensively studied family of kagome systems is the
AV;Sbs family (with A = K, Rb, and Cs), due to the interplay
between topology, charge order, and superconductivity in these
systems."*

Since their discovery, AV;Sbs compounds have been found to
host a variety of interesting physical properties. For instance,
KV;Sbs single crystals exhibit a remarkably large and uncon-
ventional anomalous Hall effect.’® CsV;Sbs has been identified
as a nonmagnetic Z, topological metal, with protected surface
states emerging close to the Fermi level,” and has recently been
found to exhibit multi-band superconductivity, leading to two
distinct superconducting regimes characterized by different
transport and thermodynamic properties.”” Furthermore,
studies using angle-resolved photoemission spectroscopy
(ARPES) and density functional theory (DFT) have revealed that
both KV;Sbs and CsV;Sbs possess multiple Dirac points near
the Fermi level.'"'%1¢

An interesting structural feature in these compounds is the
formation of “Star of David” and “Inverse Star of David”
motifs," a periodic lattice distortions closely linked to charge
density wave (CDW) formation. These distortions, characterized
by an in-plane 2 x 2 reconstruction, lead to exotic properties
such as time-reversal symmetry breaking and rotational
symmetry breaking." The CDW transition happens below T* ~
80-100 K, and these compounds enter a superconducting state
at lower temperatures, with critical temperatures (7.) ranging
from 0.3 to 3 K. The emergence of superconductivity in these
kagome metals is closely linked to the sub-lattice interference
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mechanism, which drives a complex interplay between elec-
tronic correlations and lattice effects.*

In this work, we expand upon previous studies by exploring
a broader class of kagome materials beyond the well-known
AV;Sbs family. Specifically, we investigate the more general
AB;C; family, where A, B, and C can be any of the 78 elements of
the periodic table up to Bi (excluding rare gases). We generate
more than 450000 kagome structures based on the “135”
kagome structural prototype through this systematic atomic
substitutions of the A, B, and C atoms. We employ machine
learning models to efficiently screen and select promising
kagome materials for further analysis using first-principles DFT
calculations. We then investigate the electronic structure of the
thermodynamically stable candidates. Our results indicate that
many of these materials have a strong tendency to undergo
structural distortions, likely stabilizing into the Star of David
and Inverse Star of David deformation patterns.

II. Results and discussions

The space of possible kagome compounds was systematically
explored through atom substitution in the “135” kagome
structure AB;Cs (ref. 11) (see Fig. 1). By substituting the 3
different chemical species in AB;C5 with one of the 78 chemical
elements up to Bi (excluding rare gases), an extensive dataset of
more than 450 000 kagome structures was generated (78 X 77 X
76 combinations).

Due to the very large number of generated compounds,
a direct DFT relaxation for all structures is unfeasible within
areasonable time frame. To accelerate the search, the geometry
of each structure was first optimized using the universal
machine-learning interatomic potential M3GNET.?** Many of the
combinations proved to be unstable unstable, disintegrating
during this geometry relaxation, which resulted in approxi-
mately 300 000 cases. Following this, thermodynamic stability
was assessed by estimating the distance to the convex hull using
an ALIGNN? model. From the entire dataset, around 15 000
compounds with the smallest distance to the convex hull were
then selected for further analysis. Among these, 36 compounds
were identified on the convex hull, as shown in Table 1. This set
includes the well-known kagome superconductors KV;Sbs,
CsV;Sbs, and RbV;Sbs as well as other compounds which were
also previously reported, but also a series of other

Fig.1 Illustration of the kagome structure, showing both side (left) and
top (right) views. Image produced with VESTA.%

2432 | Digital Discovery, 2025, 4, 2431-2438

View Article Online

Paper

Table 1 List of 36 compounds found on the convex hull, with
calculated lattice constants a and c (in A), and magnetization (in ug per
formula)

C Formula a c Mag.
Group 11 CaBezAus 5.03 6.74
SrBezAusg 5.12 6.76
PmBe;Aus 5.05 6.75
Group 12 KPd;Hg; 5.75 7.47
RbPd;Hg; 5.78 7.52
Group 13 RbPd;Tls 5.76 8.33
CsPd;Tl; 5.69 9.44
KPt;Tls 5.67 8.79
RbPt;Tl; 5.67 9.32
CsPt;Tls 5.66 9.94
Group 15 CsTi;Sbs (ref. 25) 5.68 9.80
KTi;Bis5 (ref. 25) 5.80 9.44
RDTi;Bi5 (ref. 26 and 27) 5.82 9.66
CsTi3Bi5 (ref. 26 and 27) 5.83 9.92
CsHf;Bi; (ref. 25) 6.11 9.63
BaTi;Bis 5.85 8.89
KV;Sbs (ref. 11) 5.48 9.31
RbV,Sbs (ref. 11) 5.49 9.55
CsV;Sbs (ref. 11) 5.51 9.82
IV;Sbs 5.45 8.78
HgV;Sbs 5.44 8.79
RbNb;Bi; (ref. 25) 5.90 9.51
CsNb;Bij5 (ref. 25) 5.91 9.77
INb;Bi5 5.85 9.03
KMn;Sbs (ref. 25) 5.43 9.26 7.75
RbMn;Sbs (ref. 25) 5.44 9.53 7.76
Ce PbRu;Ces 5.84 7.34
InOs;Ces 5.81 7.45
TlOs;Ces 5.82 7.44
PbOs;Ces 5.84 7.44
BiOs;Ce; 5.87 7.41
CdCosCes 5.46 7.34
HgCozCes 5.45 7.34
InCosCes 5.49 7.32
TlCo;Ces 5.51 7.32
PbCo;Ces 5.56 7.28 0.91

thermodynamically stable materials that had been overlooked
in the literature. Furthermore, a total of 269 compounds were
found within 50 meV per atom and 1386 were identified within
100 meV per atom above the hull. It is essential to note that
although distance to the convex hull provides a valuable
assessment of thermodynamic stability of the system, it does
not guarantee synthesizability. Other factors, such as the reac-
tion kinetics and synthesis conditions may also have a crucial
impact. This is demonstrated by the fact that CsCr;Sbs that lies
62 meV per atom above the hull has been recently experimen-
tally synthesized.*

We divided the set of stable systems by the group in the
periodic table of the C atom. We find that most stable
compounds contain a group 15 atom in the C position. This
family includes all the materials that have been synthesized
experimentally or proposed theoretically in the literature.'****”
In the B position we find a +4 metal, specifically Ti or Mn, or the
+5 metals V or Nb. The A position is predominantly occupied by
an alkali metal. However, we also find Ba, commonly found in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the +2 oxidation state, in BaTi3Bis5, and I in IV;Sbs and INbSbs.
The existence of stable materials with A atoms in different
charge states opens opportunities to tune the Fermi energy of
the compounds through substitution or alloying. Interestingly,
we also find several stable systems with other C atoms, specif-
ically Au (group 11), Hg (group 12), Tl (group 13), Sn (group 14),
and Ce. The period 6 metals are not entirely surprising, as they
are neighboring elements of Bi and exhibit a large degree of
chemical similarity to it.”® Ce, on the other hand, always appears
combined with Co, Ru, and Os, and a heavy metal around Pb.

To gain a better overview of the possible chemistry of this
family of kagome compounds, we performed an additional DFT
screening of an extra ~800 materials constructed from the
chemical elements that were found to favor stability (see Fig. 2).
Among these, no new structures were found to lie on the convex
hull, which confirms the soundness of our machine-learning
accelerated approach to find thermodynamically stable
compounds. We do find, however, several other compounds
very close to the convex hull. A complete list of all materials we
found within 50 meV per atom from the convex hull can be
found in the ESL ¥

Each element placed in the C position in the kagome struc-
ture exhibits a distinct stability pattern, while the dependence
on the A atom is less pronounced. This can be understood from
the fact that the A atoms are typically alkali and alkali earths
whose main role is to donate electrons to the kagome B;Cs
layers.

The Au, Hg, and Tl subplots in Fig. 2 show that kagomes with
these elements tend to be less stable overall than with Ce, Sn, Sb
or Bi. Nevertheless, it is still possible to identify that all subplots
show “islands” or regions of higher stability surrounding

Rb Na Sr Pm Cd In Sn |
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View Article Online

Digital Discovery

a cluster of stable compounds. If Au is in the C position, we find
that the large majority of the most stable kagome include Be,
the smallest alkali earth, in the B site. On the other hand, Hg
and TI prefer to combine with the noble metals Pd and Pt in the
B-site.

Materials including Sb, and Bi on the C site exhibit a broader
stability range, accepting a larger set of chemical elements both
in the A and B sites. While in the B site we find that stable
compounds include a series of transition metals (Hf, Ti, Nb, V,
and Mn), the A site accepts a series of alkali, alkali earths and
post-transition metals.

Compounds with Ce occupying the C position show large
stability islands, with elements near the late transition metals
Cd and Hg, as well as post-transition metals In, Tl, Sn, Pb, and
Bi in the A site, and transition metals Os, Ru and Co in the B
site. The discovery of thermodynamically stable Ce-based
kagome compounds represents a significant and unexpected
finding in our systematic investigation. Ce, being a rare earth
element with partially filled 4f orbitals, exhibits fundamentally
different chemical properties compared to the p-block elements
Sb and Bi of previously studied kagomes.

The remarkable contrast between the high stability of Ce
systems and the comparatively lower stability of other kagome
compounds featuring other lanthanides highlights the complex
and often non-intuitive nature of thermodynamic stability in
these materials. This observation reinforces the importance of
allowing computational algorithms to systematically survey the
vast chemical space without imposing restrictions based on
traditional chemical similarity or previously successful
compositions. Such an approach maximizes the potential for
discovering unexpected yet promising candidate materials that
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Fig. 2 Distance above the convex hull (meV per atom) for candidate kagome compounds with composition ABsCs (note the color code). Each
subplot represents a different C element, while the x-axis and y-axis correspond to A and B elements, respectively. In order to put into evidence
chemical similarity, we ordered the elements using the modified Pettifor scale.?® The 36 structures found on the convex hull are marked with
a red dot and the grey cells are the compounds for which the calculations did not converge.
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Fig. 3 Stability profile of kagome compounds containing a lanthanide
in the C position.

can expand both our fundamental understanding of kagome
physics and the range of potentially synthesizable compounds
with novel properties.

To better understand the preference for Ce, Fig. 3 presents
the stability profile of various compounds with different
lanthanides in the C position. It is evident that Ce behaves
differently from other lanthanides. As a result, compounds such
as CdRujCes, InRuzCes;, HgRuzCes, and PbRuzCes exhibit
higher stability, whereas CaRu;Ces, SrRuzCes;, and BaRu;Ces
display lower stability compared to their Pr/Nd/Pm/Sm coun-
terparts. The latter, in all cases, show little to no change in
stability when compared with each other, reflecting the chem-
ical similarity of these lanthanides. This variation in stability for
compounds with Ce likely arises from its ability to exhibit both
the +3 and +4 oxidation states, unlike other lanthanides which
predominantly adopt the +3 state.
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In Fig. 4, we show the band structures of a representative
compound from each group that is not yet known experimen-
tally or studied theoretically. In general, the band structures of
compounds within the same group are similar due to the
analogous chemical properties of the elements occupying the A
and B positions. The complete set of band structures of all
compounds on the convex hull can be found in the ESL{

We can see that states stemming from the A atom are mostly
absent from the bands close to the Fermi level. This is to be
expected when A is an alkali or when the B atoms are fully
ionized, but we witness a similar behavior also for I and Pb. The
only exception is the Au compounds, where the lanthanide in
the A position contributes significantly to the density of states at
the Fermi level. We always find a sizeable contribution of the B
(that forms the kagome sub-lattice) and C metals to the states
surrounding the Fermi level.

A key feature of most of these band structures is the coex-
istence of Van Hove singularities, Dirac points, and flat (or
nearly flat) bands, often in close proximity to the Fermi level. All
element groups exhibit Dirac points at the high-symmetry K-
point, which lie very close to the Fermi level in group 15 and Ce-
based systems. Van Hove singularities are found at the M-point
in some groups, although typically at some distance from the
Fermi level. Flat bands are visible in all groups: groups 11, 15,
and Ce-based systems display short, weakly dispersive segments
along the M-K path, while groups 12 and 13 show similar
features along the I'-M path. Owing to the hexagonal symmetry
of these systems, both the Dirac points and flat bands also
appear around pair of k-points that differ only in their %,
component (e.g. H and K), except in group 11, where such
similarity are not observed.
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Note that the positioning of the topological states relative to
the Fermi level is crucial for determining the electronic and
transport properties of materials. However, these states can still
be relevant even when away from the Fermi level. First, it is
sometimes possible for materials to be intentionally doped to
shift the Fermi level to the Dirac cone or the flat bands. Second,
interesting quantum phenomena can emerge even when topo-
logical states are not precisely at the Fermi level. For example, in
ref. 29 it was shown that topological states 100 meV above the
Fermi level lead to a strong anomalous Nernst conductivity at the
Fermi level. Third, flat bands away from the Fermi level can lead
to interesting optical properties: ref. 30 showed that materials
with flat bands can form excitons that have a huge binding
energy but, at the same time, a large electron-hole distance.

Finally, we turn our attention to the phonon dispersions. It
turns out that 35 out of the 36 stable compounds identified in
this work exhibit imaginary phonon frequencies in their pris-
tine phase, suggesting that these structures tend to collapse
into the Star of David or Inverse Star of David configurations, as
expected from previous studies on kagome superconductors of
this family. In fact, INb3Bi5 is the only compound found to be
stable in the pristine phase, exhibiting an electron-phonon
coupling constant A = 0.28 and a logarithmic average
frequency of wj,; = 141 K. This leads to a critical transition
temperature (T.) of 0.03 K (calculated with the Allen-Dynes*'
correction to the McMillan formula® and a typical u* of 0.1). For
the dynamically unstable compounds, we found that structural
distortions are minimal, of the order of a small fraction of an A,
resulting in energy changes of only a few meV per atom.** Such
small deformations do not impose any significant impact on the
thermodynamical stability but may impact their electronic band
structures, and are a key to the CDW physics in these
compounds. To the best of our knowledge, the nature of charge
ordering and CDW reconstruction in the 135 family remains an
open question. Some investigations report a 2 x 2 x 2 CDW
reconstruction,'*3*%* while others claim 2 x 2 x 4 modulation.'®
Additional studies suggest mixed domains containing both
periodicities,** or even transitions between them.*”** More-
over, recent work has highlighted the necessity of fully consid-
ering ionic kinetic energy and anharmonicity to understand
CDW ordering in the 135 kagome family.** Therefore,
a complete treatment of the CDW-reconstructed ground states
of these new members lies beyond the scope of this paper.

In conclusion, our high-throughput study has significantly
expanded the landscape of potential kagome materials.
Through systematic computational screening of over 450 000
structures using machine learning-accelerated approaches, we
identified 36 thermodynamically stable kagome compounds,
including several previously unreported materials. Remarkably,
stable compounds were discovered not only with pnictogens
(Sb, Bi) in the C position, but also with Au, Hg, Tl, and Ce,
demonstrating unexpected chemical diversity in this materials
class. The electronic band structures of these compounds
consistently exhibit key kagome lattice features such as Dirac
points, Van Hove singularities, and flat bands near the Fermi
level, which are essential for exotic quantum phenomena. The
majority of these materials show phonon instabilities,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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suggesting they likely adopt Star of David configurations similar
to known kagome superconductors. Our work provides
a comprehensive roadmap for experimental synthesis efforts
and opens numerous opportunities to explore and tune the
electronic properties of kagome materials, potentially leading to
the discovery of new superconductors with higher critical
temperatures and unique properties.

I1l. Methods

A. Machine learning

Starting from the initial geometry, we performed a preliminary
geometry optimisation using the M3GNET?* universal machine
learning interatomic potential. The choice of force field was
mainly dictated by the superior numerical efficiency and
stability of M3GNET. Unfortunately, the total energies calcu-
lated with M3GNET do not have the accuracy necessary for the
reliable prediction of the distance to the convex hull. Therefore
we used an ALIGNN* model to predict this crucial property.

The ALIGNN model, that predicts DFT distances to the hull
from M3GNET geometries, was trained in a dataset of 4.4
million data points with a range from 0 to 8 eV with a mean of
0.39 eV. From this dataset we split 300 000 entries for validation
and 300 000 for testing, while the remaining 3.8 million entries
were used for training. We performed 200 training epochs, and
the best model according to the validation error was selected.
The MAE of the ALIGNN model was 33 meV per atom, consid-
erably worse than the 16 meV per atom of the same model
trained with relaxed PBE structures.*” This is due to blind spots
in the training data of the M3GNET model, leading to a larger
number of outliers with unphysical geometries.

B. DFT calculations

A total of around 16 000 compounds, including approximately
15000 with the smallest distances to the convex hull and an
additional 1000 compounds from chemically relevant systems
were selected to perform geometry relaxations and total energy
calculations using the VASP code.*>** All parameters, including
pseudopotentials, were set to ensure compatibility with the data
available in the Materials Project database.** Calculations were
performed with the Perdew-Burke-Ernzerhof approximation**
to the exchange-correlation functional. To sample the Brillouin
zones we used a 6 x 6 x 4 I-centred k-point grids. Spin-
polarised calculations were started from a ferromagnetic
configuration. We utilised the projector augmented wave (PAW)
setup***® within VASP version 5.2, applying a cutoff of 520 eV.
We set the convergence criteria of the forces to be less than
0.005 eV A™'. Distances to the convex hull where calculated
against the convex hull of the Alexandria database.***” We note
that this is the largest convex hull freely available, considerably
larger than the one of the Materials Project database.*
Phonon calculations were performed using version 7.1 of
QUANTUM ESPRESSO*** with the Perdew-Burke-Ernzerhof
functional for solids (PBEsol)* generalized gradient approxi-
mation. We used the PBEsol pseudopotentials from the PSEU-
DODOQJO project,* specifically the stringent, scalar-relativistic
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norm-conserving set. Geometry optimizations were performed
using uniform 6 x 6 x 4 I'-centered k-point grids. Convergence
thresholds for energies, forces, and stresses were set to 10~°
a.u., 107° a.u., and 0.05 kbar, respectively. Dynamical matrix
were calculated on a 3 x 3 x 2 g-points grid, and a finer 24 x 24
x 16 grid was used for the double-grid method.

Data availability

All DFT calculations can be downloaded at https:/
alexandria.icams.rub.de/ and will appear in the next release of
the Alexandria database.’” The ALIGNN model can be
downloaded from https://github.com/hyllios/utils/tree/main/
models/alexandria_v2/alignn or  https://doi.org/10.5281/
zenodo.15856377.
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