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SPECIAL TOPIC — Recent progress on kagome metals and superconductors
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Kagome materials are known for hosting exotic quantum states, including quantum spin liquids, charge density waves,
and unconventional superconductivity. The search for kagome monolayers is driven by their ability to exhibit neat and
well-defined kagome bands near the Fermi level, which are more easily realized in the absence of interlayer interactions.
However, this absence also destabilizes the monolayer forms of many bulk kagome materials, posing significant challenges
to their discovery. In this work, we propose a strategy to address this challenge by utilizing oxygen vacancies in transi-
tion metal oxides within a “1+3” design framework. Through high-throughput computational screening of 349 candidate
materials, we identified 12 thermodynamically stable kagome monolayers with diverse electronic and magnetic properties.
These materials were classified into three categories based on their lattice geometry, symmetry, band gaps, and magnetic
configurations. Detailed analysis of three representative monolayers revealed kagome band features near their Fermi levels,
with orbital contributions varying between oxygen 2p and transition metal d states. This study demonstrates the feasibility
of the “14-3” strategy, offering a promising approach to uncovering low-dimensional kagome materials and advancing the
exploration of their quantum phenomena.
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1. Introduction

Kagome lattices, composed of corner-sharing triangles
arranged in hexagonal symmetry, exhibit unique electronic
properties such as Dirac cones, van Hove singularities,
and flat bands.

versatile platform for exploring a wide range of quantum
(1,2

These electronic characteristics provide a

states, !> such as a candidate for quantum spin liquid state in
ZnCu3(OH)sCly, 34 Weyl semimetal state in Co3Sn, S,
unconventional superconductivity and charge density wave
states in AV3Sbs (A = alkali metals).[!%-16] However, the
kagome layers in these bulk materials are usually hybridized
with adjacent non-kagome layers, which results in the char-
acteristic kagome bands being complicated with dense bulk
bands!”-!#! and often residing away from the Fermi level.!'”]
With largely suppressed interlayer couplings and minimal in-
terference from other bands, two-dimensional (2D) kagome
materials offer promising opportunities to isolate pristine

1.[18-22]

kagome bands near the Fermi leve Several meth-

ods have been explored to construct 2D kagome materials.
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One straightforward approach is direct exfoliation from bulk

5;20-231 however, overcoming non-van der

kagome material
Waals interlayer interactions remains challenging.®23 More-
over, the presence of residual capping atoms or layers prevents
effective isolation of neat kagome bands near the Fermi level

(241 Although substantial progress

in, e.g., monolayer AV3Sbs.
has been made in moiré bi- or few-layers and surface sup-
ported kagome layers, these approaches face critical issues to
solve for practically constructing neat kagome bands.[!%->>-31]
A recently developed strategy leverages material defects to
construct pristine kagome monolayers. For instance, mirror
twin boundaries (MTBs) are preferably formed and orderly
aligned in uniform lattices at a certain range of Te chemical po-
(221 This process has enabled
the formation of various types of kagome structures, such as
MO5T68 (211 and 1\/1033'1‘656.[32J

Oxygen vacancies are commonly observed in transition

tential in single-layer MoTe;_.

metal oxides (TMOs), providing a promising avenue for con-
structing kagome monolayers via a defect-based strategy. Syn-
thesis of two-dimensional metal oxide layers has been rapidly
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developing that monolayer metal oxides were recently re-
ported in SnO3! and PtO,,?*! although they were prepared
on substrates like SiO, and Pt. A 2x2 supercell of a MO
monolayer in a triangular lattice contains four formula units.
If one of these units is modified by, for instance, through
the formation of a vacancy, the remaining three units form
a kagome lattice, referred to as the “1+3” strategy, as illus-
trated in Fig. 1(a). We initiated our study with a 1T-phase
TMO monolayer (MO,), where a single layer of metal atoms
is sandwiched between two oxygen atomic layers. From this
structure, four potential kagome monolayer phases were de-
signed, as shown in Figs. 1(b)-1(d) and S1. The removal of
one oxygen atom from the 2x2 supercell (MO 75) results in
a kagome latticed structure for that layer, termed “kagome-
single” (KS), as illustrated in Fig. 1(c). Further removal of
one additional oxygen atom from the other oxygen sublayer
(MO 5) induces a kagome structure of oxygen atoms also in
the other oxygen sublayer, denoted as “kagome-bilayer” (KB).
The second removal has two options, namely, the O atom sit-
ting at the VU1 and VU2 sites, denoted with -KB1 and KB2,
respectively (Figs. S1(e) and S1(f)). Finally, the last kagome
phase was constructed by removing one metal atoms, forming
a M30g monolayer, as illustrated in Fig. 1(d).
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Fig. 1. Schematic representation of the “1+4-3” strategy, the 1T-phase of TMO,
and potential kagome phases. (a) Illustration of the “1+4-3” strategy. The red
lines outline a 2x2 supercell of triangular lattice, while the blue lines de-
pict a kagome lattice. The red and blue circles indicate distinct formula units.
(b) Top view of the 1T-phase of TMO. The orange dashed lines denote the 2x2
supercell. The orange circles represent transition metal atoms, while the dark
green circles and light green circles correspond to oxygen atoms in the up-
per and lower oxygen layers, respectively. The three possible oxygen vacancy
sites are labeled VD, VU1, and VU2. (c) Top view of the “kagome-single”
(KS) phase. (d) Top view of the M30g phase.

By following this “14-3” strategy, here, we implemented
a high-throughput density functional theory calculation work-
flow to predict thermodynamically stable kagome lattices in

3-361 All transition metal elements, except

TMO monolayers. [
for lanthanides, actinides and radioactive element Tc, were
considered, among which we identified 12 thermodynami-
cally stable kagome monolayers. Their electronic structures
and magnetic properties were studied and summarized, based

on which these 12 monolayers were categorized into three

groups. We conducted a detailed analysis on three represen-
tative monolayers, including Sc-KB1, TazOg, and Ir30g. We
also found that the orbital composition of kagome bands sig-
nificantly depends on the residual valence electron count of
the transition metals in these TMO monolayers.

2. Computational method

Our DFT calculations were carried out using the gen-
eralized gradient approximation for the exchange—correlation
potential, the projector augmented wave method and a plane-
wave basis set as implemented in the Vienna ab-initio simula-
tion package (VASP).[37l The PBE functional *®! was used to
describe the exchange and correlation energy density function,
and dispersion correction was implemented using the DFT-D3
method.*) Each supercell used in our calculations contains
a 20 A vacuum layer to suppress image supercell coupling.
For both geometric relaxations and electronic structure calcu-
lations, a kinetic energy cut-off of 700 eV was used, and a
uniform k-point grid of density 8.0/A~! was used to sample
the first Brillouin zones. The energy convergence criterion of
the self-consistency was set at 1 x 107> eV. The shape and
in-plane lattice area of each supercell were fully optimized,
allowing all atoms to relax until the residual force per atom
was below 1x1072 eV/A. A uniform set of U = 3.0 eV and
J = 0.0 eV was used to consider on-site Coulomb interac-
tions on transition metal atom d orbitals for every considered
monolayer. The pseudopotentials used are as follows: for Sc,
Ti, V, Y, Zr, Nb, Mo, and W, semi-core s- and p-electrons
were included; for Cr, Mn, Ru, Rh, Hf, and Ta, semi-core
p-electrons were included; and for all other transition metal
elements, valence electrons were counted starting from the
d-orbitals. A finite difference method was used to calculate
phonon spectra of these monolayers at the I point, with a ki-
netic energy cut-off of 700 eV and a uniform k-point grid of
density 14.3/A=". The self-consistency convergence criterion
was set at 1x10~7 eV and the ionic relaxation convergence
criterion was set at 5x 10™* eV/A.

Now, we introduce the high-throughput workflow used in
this work. There are three steps in the workflow, as shown in
Fig. 2. These three steps are represented by blue, orange and
green sections, respectively. In the first step, for all consid-
ered transition metal elements, both the 1T-phase and the four
kagome phases were examined. As structural energy differ-
ences are typically more significant than those associated with
magnetic energy differences, the ferromagnetic (FM) config-
uration was thus used as the initial magnetic configuration
when comparing relative energies of magnetic monolayers.
For each transition metal element, the formation enthalpy of
each phase was calculated under oxygen rich limit and oxy-
gen poor limit. The thermodynamic relative stability between
different phases was compared to determine the most favor-
able phase under different oxygen chemical potentials, then
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we obtain the kagome structures locally stable. In the sec-
ond step, for the elements with locally stable kagome struc-
tures, we additionally calculated the formation enthalpy of 11
other phases. Combined with the 5 phases considered in the
first step, a total of 16 phases were examined. Repeating the
process of the first step, we identified globally stable kagome
TMO monolayers under different oxygen chemical potentials.
In the third step, for each of the globally stable kagome TMO
monolayer, the magnetic ground state was determined.

For a monolayer where its oxygen atoms form a kagome
lattice, the transition metal atoms form a triangular lattice. The
magnetic configurations considered for such monolayer in-
clude nonmagnetic (NM), ferromagnetic (FM), stripe antifer-
romagnetic (SAFM), double stripe antiferromagnetic (dAAFM),
and zigzag antiferromagnetic (ZZ) configurations, as shown in
Fig. S3. If a kagome lattice was comprised of transition metal
atoms, the inherent spin frustration complicates consideration
of AFM configurations. Instead, ferrimagnetic (FiM) configu-
rations (shown in Fig. S4) are examined for this category.

The Atomic-orbital Based Ab-initio Computation at
USTC (ABACUS) package*'**?] and PYATB %3] were used to
calculate the Z, invariants and Chern number. For the topo-
logical calculations, the wavefunctions were expanded using
localized atomic orbital basis sets. The atomic orbital configu-
rations for the relevant elements are as follows: O (2s, 2p, 1d),
Sc (4s, 2p, 2d, 1f), and Ta (4f, 2p, 2d, 2f, 1g). The number of
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atomic orbitals for each element is 5 for O, 9 for Sc, and 11 for
Ta. A cutoff of 150 Ry was employed, and a self-consistency
convergence criterion was set to 1x 107 Ry.

3. Results and discussion

After the second step of the workflow (Fig. 2 orange), we
filtered out 19 kagome structures that could be locally stable
for each metal element. Their energies were then compared
with those of 11 other phases, including four hexagonal, two
triangular, and five tetragonal lattices (Fig. 2 green). These to-
tal 16 phases cover all known potential forms ever found for
transition metal oxide layers (Fig. S2). After the comparison,
we obtained 12 globally stable kagome monolayers, which
were denoted using a M-STRU format, where M represents
the transition metal and STRU denotes the structure of phase.
For instance, Sc-KB1 represents ScO 5, where two oxygen
vacancies form at the VD and VU1 sites. The upper right cor-
ner of Fig. 2 lists which elements under what oxygen chemical
potential are stable in each kagome phase. Among them, Sc-
KB1, Cu-KB2 and Ta3zOg are globally stable span the whole
range of the O chemical potential. In the rest, seven of them
are the most stable phase under the O-rich condition and V-
KS and Y-KB1 have superior stability under O-deficient con-
ditions. We also calculated the phonon spectra at the I" point
for the 12 kagome structures and found no imaginary frequen-
cies, indicating their potential kinetic stability (Table S2).

KS: Fe,

KB1: Sc,
KB2: Au, Ag, Cu
M;Og: Ir, Ta, Nb

,Sc, Y

M O rich

| Ferromagnetic configuration considered |

B entire range of O chemical potentials

!

|Formation enthalpies for 5 phases |

< Kagome structures: minimum enthalpy?

[ 19 stable kagome structures ]

Compare with other 11 possible phases

v

| Formation enthalpies for 16 phases

Kagome structures: minimum enthalpy?

[ 12 global stable kagome structures]——'| Determine the magnetic ground state

Fig. 2. Workflow for high-throughput prediction of kagome materials in TMO monolayers. The workflow consists of three steps, represented
by blue (step 1), orange (step 2), and green (step 3) sections. The 12 globally stable kagome monolayers are listed in the upper-right green box.
The black texts indicate the phases, while the red, blue, and pink texts indicate the elements that are stable under oxygen-rich, oxygen-poor,

and all ranges of oxygen chemical potential, respectively.
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Table 1. List of Hubbard U dependence of the thermodynamic stability for
the most stable and two metastable phases under two oxygen chemical po-
tential (CP) limits. A checkmark (/) indicates that the most stable phase
remains the same as under the U = 3 eV condition. A circle (O)) denotes
a transition to another kagome phase. For cases where the monolayer does
not retain the kagome phase, the most stable phase is marked.

CP ML
Ir3 Og
Fe-KS
Sc-KS
Sc-KB1
Y-KS
Au-KB2
Ag-KB2
Cu-KB2
Ta3 Og
Nb3Og
Cu-KB2
V-KS
Sc-KB1
Y-KB1
Ta3 Og

U=2(V) U=4(V)

[rO,-T

<O

O-rich

O
< < 0 Blrucc < < < O

S

O-deficient

LU O A= 00x

v
To explore the influence of different Hubbard U val-

ues on thermodynamic stability, we reevaluated the thermo-
dynamic stability of the 12 globally stable kagome mono-
layers with Uer = 2 and 4 eV. In our calculations, the pre-
dicted most, secondmost and thirdmost stable phases were
considered. As summarized in Table 1, except Ir30g and Cu-
KB2 with Uggr = 4 €V, all other kagome monolayers are “ro-
bust” with Uss = 2 eV and 4 eV. Here, the “robustness” has
two folds: 1) the most stable phase changes, but, to another
kagome phase (for example, the Sc-KS and Sc-KB1 mono-
layers); 2) the originally predicted monolayer is still the most
stable one (for example, Ta3Og). Overall, all kagome phases
are “robust” with a decreased U value and only two predicted
monolayers fail to maintain kagome phases when the U value
increases to 4 eV. For the 5 monolayers that exhibit kagome
features near the Fermi level, the variation in U values does
not affect the kagome characteristics in the band structures, as
illustrated in Figs. S6-S10.

The last step for this high-throughput workflow lies in
the determination of their magnetic ground states. Among the
12 globally stable structures, two are non-magnetic monolay-
ers without spin polarization (see Table 2). Three of them,
including M-KB2 (M = Cu, Ag, Au), have local magnetic
moments on both metal (0.53-0.80 ug/atom) and O (0.16—
0.21 up/atom) atoms. However, weak charge density overlaps
observed between the transition metal atoms and their neigh-
boring O atoms (Figs. S11(a)-11(c)) result in negligible mag-
netic exchange interactions, not preferring any magnetic or-
der. There are four M-KS monolayers exhibiting magnetism.
The local magnetic moments primarily reside around the metal
atoms for Fe-KS (4.0 ug/atom) and V-KS (1.9 ug/atom), the
magnetic orders of which are ZZ (Fig. S11(d)) and dAFM
(Fig. S11(e)), respectively. In the Sc-KS and Y-KS monolay-
ers, the magnetic moments are dominantly contributed by O
atoms (0.31 pp/atom and 0.34 pp/atom), showing FM orders.
All three M30Og monolayers prefer the FM order, but the local
moments are found on O atoms solely in Nb3Og and TazOg
(0.16 up/atom for both), while the moments are contributed by
both Ir (0.47 ug/atom) and O (0.12 ug/atom) atoms in Ir3Og.

To verify our original idea that the magnetic energy dif-
ference plays a minor role in determining the thermodynamic
stability of these monolayers, in Table S3, we list the forma-
tion enthalpy differences between the most and second-most
stable monolayers, and the energy differences between the
FM and the magnetic ground state (GS) for each transition
metal. Except for Fe-KS, the formation enthalpy difference
for each transition metal element is one or two orders of mag-
nitude larger than the magnetic energy differences. These re-
sults mostly verified the original idea that drove us to adopt
the FM approximation. Most predicted kagome structures re-
main robust in stability regardless of the magnetic configura-
tion used in the calculations, although Fe-KS competes with
T-phase FeO, depending on their magnetic states.

Table 2. List of 12 globally stable kagome monolayers with their classifications and physical properties related to kagome bands near the Fermi level
(KB @EF), breathing kagome lattice (BK), C3,, bandgap (BG), magnetic moment, and lattice constants. Column Mag. lists the most stable magnetic
configuration among all considered ones; ZZ, dAFM, FM, and LM represent zigzag antiferromagnetic, double stripe antiferromagnetic, ferromagnetic,
and local moments (no long-range order), respectively. In the column of magnetic moment, the values before and after the slashes represent the magnetic

moments on the metal and oxygen atoms, respectively.

Group ML KB@Eg BK Cs, BG (eV) Mag. Magnetic moment (Up) a(A) b(A) Y ()
Fe-KS X V4 X 0.3 77 4.00/0.10 6.02 12.10 120.26
V-KS X V4 X 0.3 dAFM 1.90/0.00 6.07 12.29 119.57
Sc-KS X 4 vV FM 0.00/0.31 6.72 6.72 120.00

I Y-KS X V4 Vv FM 0.00/0.34 7.32 7.32 120.0
Au-KB2 X V4 X 0.9 LM 0.78/0.16 6.59 13.15 120.06
Ag-KB2 X 4 X 0.4 LM 0.53/0.21 6.52 13.01 120.05
Cu-KB2 X 4 X 0.3 LM 0.80/0.18 5.86 11.71 120.02
I Sc-KB1 4 V4 X 2.6 - 6.90 6.90 122.86
Y-KB1 4 4 X 22 - 7.53 7.53 123.46
1A Taz0g Vv X Vv FM 0.00/0.16 6.25 6.25 120.00
Nb3Og Vv X vV M 0.00/0.16 6.23 6.23 120.00
111B Ir;Og 4 X Vv M 0.47/0.12 6.15 6.15 120.00
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At the end of the whole workflow, we categorized these
12 monolayers into three groups based on four criteria, which
are the presence of kagome bands near the Fermi level
(KB@EF), the in-plane C3, rotational symmetry, the bandgap
(BG), and the order of magnetic moments, as shown in Ta-
ble 2. Group-I contains seven kagome monolayers not exhibit-
ing appreciable kagome bands near the Fermi level, which are
not our focus in the following discussion. Group-II has two
non-magnetic and insulating breathing kagome monolayers,
in which Sc-KB1 is a representative. Monolayers in group-
IIT are metallic standard kagome ferromagnets, which are di-
vided into two subgroups by the distribution of local magnetic
moments. Monolayer Ta3Og is, on behalf of Nb3Og, a repre-
sentative of group-IITA where the magnetic moments are con-
tributed by O atoms solely, while Ir;Og is the sole member of
group-IIIB where the moments are observable around both Ir
and O atoms.

These three representative monolayers, Sc-KB1, Ta3Og,
and Ir;Og, were further discussed in detail. Figure 3(a) plots
the band structure of the Sc-KB1 monolayer, in which three
kagome bands (in green) below the Fermi level (Ef) are la-
beled as bands B1 to B3. Each Sc atom contributes three va-
lence electrons, preferring a 3+ valency state. Considering the
2— valency of O and the Sc-to-O ratio of 2:3 in Sc-KB1, all
valence electrons contributed from Sc are transferred to the un-
filled O 2p orbitals, resulting in the monolayer being an insula-
tor. The Sc-KB1 monolayer exhibits a pronounced structural
distortion, as revealed by the fully relaxed atomic structure
shown in Fig. 3(b). In this configuration, the O_up atoms form
a breathing kagome lattice, and the Sc atoms adopt a breathing
coloring-triangle lattice. This distortion introduces inequality
between the two O_up triangles in the breathing kagome lat-
tice and breaks the C3, rotational symmetry within individual
O_up triangles, rendering the three O_up atoms within each
triangle inequivalent. Both features are characteristic in M-
KB1 monolayers. As a result, the inequivalence of the O_up
triangles lift the degeneracy of the Dirac cone (in bands B2
and B3) at the K point. Moreover, the broken C3 symmetry
in the O_up triangles opens a bandgap between the originally
degenerated flat band and Dirac states (bands B1 and B2) at
the G point. The wavefunction norm square of band B1 at the
G point, mapped onto the relaxed structure in Fig. 3(b), re-
veals that this flat band (band B1) is primarily derived from
O 2p orbitals. Bands B1 and B2 are characterized by a Z, in-
variant of zero, indicating a trivial topological character, while
band B3 intersects with other bands multiple times, making it
challenging to unambiguously determine its Z, invariant.

Figure 3(c) plots the spin-polarized band structure of the
Ta3;Og monolayer, with spin-up bands shown in red and spin-
down bands in blue. A set of spin-down kagome bands (high-
lighted in green) crosses the Fermi level, while their spin-up

counterparts (in red) are located approximately 0.5 eV below
the Fermi level. In the Ta3Og monolayer, three Ta atoms con-
tribute a total of 15 valence electrons, while the eight O atoms
can accumulate 16 electrons. This presence of one fewer elec-
tron than required to fully occupy the valence orbitals of O
atoms leads to metallicity, leaving an unoccupied spin-down
band, primarily comprised of O 2p orbitals, within the green-
colored kagome set. The partially filled O 2p orbitals causes
local magnetic moments predominately distributed on the O
atoms, as illustrated by the mapped spin density in Fig. 3(d). If
one oxygen atom in Ta3Og is substituted with a halogen atom,
effectively doping one additional electron into the monolayer,
the flat band (band B1) becomes fully occupied, potential driv-
ing a metal to insulator transition. Furthermore, the flat band
is characterized by a non-zero Chern number (C = —1), indi-
cating it is topologically nontriviality and suggesting the pres-
ence of topologically protected properties, such as the frac-
tional quantum anomalous Hall (FQAH) effect.

The Ir3Og monolayer is a comparable but more compli-
cated case than the TazOg monolayer, as metal d orbitals are
involved in forming kagome bands near Fermi levels and re-
sulting in the ferromagnetism. As shown in its band structure
(Fig. 3(e)), there are two spin-down kagome band sets near
the Fermi level, one above (KBS-1, shown in green) and one
crossing (KBS-2, in violet). The corresponding spin-up sets
reside across and below the Fermi level, respectively. Each
spin-down kagome set has a Dirac point at the K point, marked
by circles in Fig. 3(e). These Dirac bands are formed from a
hybridization of Ir tyg-d and O 2p orbitals, as indicated by the
top-views of the wavefunction norm squares of two represen-
tative bands from KBS-1 (Fig. 3(f)) and KBS-2 (Fig. 3h)). In
KBS-1, both the tzg-d and O 2p orbitals are tilted relative to
the layer plane, while in KBS-2, the orbitals are oriented per-
pendicular to the layer plane. The tilted Ir d orbitals in KBS-1
interact through 2p orbitals of O atoms within an O sublayer
(Figs. 3(f) and S12(f)). However, the perpendicular orientation
in d and p orbitals in KBS-2 facilitates their overlaps through
O atoms from both O sublayers (Figs. 3(h), S12(h) and S12(i)).

The magnetism in Ir;3Og is notably distinct from that in
other monolayers. The three Ir atoms in Ir3Og contribute 27
valence electrons in total, of which16 are captured by the eight
O atoms, leaving 11 electrons to occupy the ty orbitals of
the three Ir atoms. With an on-site Coulomb energy of 3 eV
included in the calculations, the Ir3Og monolayer exhibits a
small spin-splitting and thus prefers a low-spin state. Among
these 11 electrons, ten fill in six spin-up and four spin-down
states, while the remaining electron partially fills one spin-
up and one spin-down state due to their comparable energies.
This configuration results in a net magnetic moment of 2 Ug,
as illustrated in Fig. 3(g).
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Fig. 3. Electronic structure of KB1-Sc, Ta3Og, and Ir30g. (a) Band structure of KB1-Sc. The green lines indicate the kagome bands in KB1-Sc,
which are labeled by B1 to B3. The Z, topological invariants of B1 and B2 are shown as gray numbers. (b) Top view of the wavefunction
norm square of band B1 at the G point, indicated by the green hollow circle in (a). The dark and light green triangles represent the two distinct
triangles in the breathing kagome lattice. In each green triangle, the two edges of different lengths are denoted by solid and dashed lines,
respectively. The isosurface value was set to 0.001 e/Bohr>. (c) Band structure of Ta3Og. The green lines indicate the kagome bands, with
the flat band labeled as B1. (d) Top view of the spin density of Ta3Og. The isosurface value was set to 0.002 e/Bohr?. (¢) Band structure of
Ir;0g. The green and violent lines represent two sets kagome bands in Ir3Og, labeled as KBS-1 and KBS-2, respectively. (f), (h) Top view of
the wavefunction norm squares of Ir3Og at the K points of KBS-1 (f) and KBS-2 (h). The dashed outlines in (f) and (h) represent the kagome
lattice formed by transition metal atoms. The isosurface value was set to 0.0027 e/Bohr?. (i) Side view corresponding to (h). Pink narrows
indicate the orientation of Ir 5d orbitals. (g) Schematic diagram of the electron distribution in Ir30g. The red (blue) arrows represent spin up
(down) electrons, where the large arrows indicate one electron, and the small arrows indicate 0.5 electron.

A notable challenge for M30g monolayers is their excep-
tionally high work functions. Unlike the 4.9 eV work function
of Sc-KB1, the work functions of the TazOg and Ir;Og mono-
layers are 8.1 eV and 7.5 eV, respectively, which are higher
than most of known monolayers. Such high work functions
make M30g monolayers strong electron acceptors and less sta-
ble. This issue can be mitigated through electron doping, e.g.,
via element substitution. For instance, substitution of seven O
atoms with halogen atoms (Ir30X7; (X =F, Cl, Br, 1)) dopes
seven electrons into the monolayer, transforming it into an in-
sulator with substantially enhanced stability. Further doping
with one more electron into the monolayer, e.g., in forms of
IrsXg (X =F, Cl, Br, D), fills in one spin-polarized band of
the two sets of kagome bands comprised of unoccupied Ir e,
orbitals. This addition electron drives a transition from an in-
sulating to a metallic state, highlighting the tunable electronic
properties of these monolayer through controlled substitution.

4. Conclusion

In this study, we employed a “1+3” design strategy,
combined with high-throughput calculations, to systematically
explore thermodynamically stable kagome materials within
TMO monolayers. Our investigation identified 12 stable
monolayers with diverse magnetic properties, including five
ferromagnetic (FM), two antiferromagnetic (AFM), two non-

magnetic, and three exhibiting only local magnetic moments.

Among these, five monolayers were found to host kagome
bands near their Fermi levels, from which Sc-KB1, Ta3Og,
and Ir;0g were selected as representatives for detailed anal-
ysis. We revealed a clear link between the electronic origins
of the kagome bands and the degree of d electron localiza-
tion on the transition metal atoms. When the d-electrons are
fully transferred to oxygen, the kagome bands originate pre-
dominantly from O 2p orbitals. Conversely, when the tran-
sition metal d-orbitals remain partially occupied, the kagome
bands emerge as hybrid states involving both metal d and oxy-
gen 2p orbitals. Our findings demonstrate the versatility and
feasibility of the “1 4 3” strategy for designing kagome lat-
tices and provide valuable insights into the intricate interplay
among electronic structure, magnetism, and orbital contribu-
tions in TM3Xg kagome monolayers (TM = transition metals,
X = VI-A or VII-A group elements). This study lays the foun-
dation for the theoretical design of kagome monolayers, offer-
ing candidate materials for experimental efforts to unlock their
distinctive quantum phenomena, such as topological states and
correlated electronic properties.
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