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2D Kagome Materials: Theoretical Insights, Experimental

Realizations, and Electronic Structures

Zhongqin Zhang, Jiaqi Dai, Cong Wang, Hua Zhu, Fei Pang, Zhihai Cheng, and Wei Ji*

In recent years, kagome materials have attracted significant attention due to
their rich emergent phenomena arising from the quantum interplay of
geometry, topology, spin, and correlations. However, in the search for kagome
materials, it has been found that bulk compounds with electronic properties
related to the kagome lattice are relatively scarce, primarily due to the
hybridization of kagome layers with adjacent layers. Therefore, researchers
have shown increasing interest in the discovery and construction of 2D
kagome materials, aiming to achieve clean kagome bands near the Fermi level
in monolayer or few-layer systems. Substantial advancements have already
been made in this area. In this review, the current progress is summarized in
the construction and development of 2D kagome materials. The geometric
and electronic structures of the kagome lattice model begin by introducing its
variants, followed by discussions on the experimental realizations and
electronic structure characterizations of 2D kagome materials. Finally, an

For example, theoretical predictions indi-
cate that out of 3742 known materials with
kagome networks, only ~7% exhibit prop-
erties related to the kagome lattice.['* One
reason for this difficulty is that kagome lat-
tices are inherently 2D, yet past research has
focused primarily on 3D bulk materials. In
these bulk materials, the kagome layers are
often covered by other layers,[*111415] and
interlayer interactions tend to hybridize the
electronic states related to kagome layers
with those of other layers,[*!!l pushing the
kagome bands away from the Fermi level or
even causing them to eliminate.['*1°] There-
fore, in pursuit of neater kagome systems,
researchers have shown increasing inter-
est in constructing 2D kagome materials.

outlook is provided on the future developments of 2D kagome materials.

1. Introduction

Akagome lattice is a crystal structure made up of interlaced trian-
gles and hexagons. Its intriguing electronic properties, including
unique band structures and spin frustration, make it an ideal plat-
form for exploring novel phenomena such as electronic correla-
tions, topological effects, and quantum magnetism.!'-3] Research
on kagome systems has made significant progress, revealing var-
ious novel phenomena, including superconductivity,**! charge
density waves,”) and magnetic Weyl semimetals,['**3] which
have greatly fueled interest in exploring kagome materials.
However, researchers found that materials with electronic
properties related to the kagome lattice are relatively rare.
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A direct approach to constructing 2D
kagome lattices involves fabricating mono-
layer counterparts of kagome materials,
such as monolayer AV,Sbs (A = Cs, K,
Rb) and monolayer Nb,X; (X = Cl, Br, I).
Theoretical predictions suggest that these monolayers possess
novel physical properties.['®-18] However, in practice, both direct
exfoliation and molecular beam epitaxy (MBE) growth have en-
countered technical challenges. Therefore, only a few van der
Waals kagome materials, such as Nb;Sel,1*! and Pd;P,S, [#]
have been exfoliated into monolayers, and research on their
kagome electronic properties is still lacking. In contrast, con-
structing kagome lattices directly within 2D systems, indepen-
dent of well-studied bulk kagome materials, represents an-
other significant direction. Given the substantial progress in
this area, we believe it is time for a comprehensive, interim
review.

This review presents the current advancements in the con-
struction and characterization of 2D kagome materials, with a
primary focus on experimental progress while also addressing
theoretical explanations and some predictions. In section 2, we
introduce the structure and band characteristics of the kagome
lattice model and its variants. In the following four sections,
we sequentially summarize the progress and challenges in con-
structing 2D kagome lattices in organic systems on surfaces (Sec-
tion 3), inorganic systems on surfaces (Section 4), moiré systems
(Section 5), and superatom systems formed from mirror twin
boundaries (Section 6), presented in chronological order of their
development within the field of 2D kagome materials. Addition-
ally, we propose a universal strategy for constructing kagome lat-
tices from triangular lattices in Section 7. In the last section, we
outlook at future developments of 2D kagome materials.
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Figure 1. Structure and tight-binding bands of kagome lattices. a—d) Schematic illustrations of the structures for the regular kagome lattice (a),
twisted/distorted kagome lattice (b), and coloring-triangle lattice (c), along with their corresponding band structure (d). In (a), tyN represents the
nearest-neighbor hopping constant. In (b), the arrows indicate the rotation direction of the corresponding coloring-triangles in the unit cell. e,f) Schematic
illustrations of the structure (e) and bands (f) of the breathing kagome lattice. In (e), tyy and tynn represent the nearest-neighbor and next-nearest-
neighbor hopping constants, respectively. The band structure shown in (f) corresponds to tyy/tnnn = 1.5. g-k) The structural evolution from the
regular kagome lattice (g) to the diatomic kagome lattice (h) and chiral diatomic kagome lattice (i), along with the phase diagram of bands (j) and a
band structure [t;/t; = 0.3 and t, = 0, corresponding to the parameters at the star in (j)] (k). In (h), t;, t,, and t; represent the hopping constants; the
arrows indicate the rotation direction of the corresponding coloring-triangles in the unit cell. The dashed line represents the Fermi level when the on-site
energy is zero in the tight-binding calculation, and different colors in the band structure indicate two sets of kagome bands. The black dashed lines in

the structural schematic diagrams represent the unit cell.

2. Kagome Lattices and Theoretical Models

The kagome lattice has various structural variants,[?-% some
of which can significantly modify the standard band structure.
Therefore, this section introduces the structural evolution from
the regular kagome lattice to its various variants and how these
structural variations affect their band structures.

In Figure 1a, the gray lines outline a 2D honeycomb lattice.
If the single gray lattice point in the honeycomb lattice is re-
placed by three blue points arranged in a corner-sharing man-
ner as shown in Figure la, the resulting lattice composed of
the blue points forms a regular kagome lattice. Each unit cell
(marked by the gray dashed diamond) of the regular kagome lat-
tice consists of two corner-sharing triangles, marked in purple
and red. The unique structure of the kagome lattice gives it inter-
esting magnetic properties. For example, if the nearest neighbor
lattice points are antiferromagnetic coupled, spin frustration oc-
curs. Theoretically, it was predicted that the ground state of the
S = 1/2 Kagome antiferromagnetic Heisenberg model is a spin
liquid.3!
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If we only consider the nearest-neighbor hopping (ty) be-
tween the kagome lattice points, the tight-binding Hamiltonian
in the absence of spin-orbit coupling can be expressed as follows:

0  2tcosk, 2tcosk,
H(k) =|2tcosk;, 0  2tcosk, (1)
2tcosk, 2tcosk; 0

where k, = k- a,, k and a, represent wavevectors in the recip-
rocal space and the displacement vectors between the nearest
neighbors in the kagome lattice. Solving this Hamiltonian yields
the band structure shown in Figure 1d, which features three key
characteristics: a flat band (FB) spanning the Brillouin zone, a
Dirac point (DP) at the K points, and two van Hove singularities
(VHSs) at the M points. When these unique electronic features
are near the Fermi level, they may give rise to novel properties
in the materials. The flat band in the kagome lattice arises from
the destructive quantum interference of the wave functions. In
this flat band, the suppression of kinetic energy enhances the

© 2025 Wiley-VCH GmbH

d ‘0 '820£9T9T

'sdny wouy

BSUD1T SUOWIWOD dAIERID 3|ded!jdde U Ag paueAoh 818 Saoike VO ‘88N JO s3I 10j Alq 1 8UIUO /8|1 UO (SUORIPUOD-PUB-SWUIRIALIOY"AB| I Afe.q 1[UIUO//SANY) SUORIPUOD PUe SWB L 8U1 89S *[5202/20/7T] uo ArigiTauliuo AB1IM *LNNODDY TV3-NON YNIHO 40 ALISHIAINN NIWNIY Ad 80S9THZ0¢ WPe/200T OT/I0p/wod Ao |IM A


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

ratio of Coulomb interactions (U) to hopping constant (t), namely
U/t, leading to the decisive role of Coulomb interactions in de-
termining the material’'s properties. As a result, the flat band
in the kagome lattice introduces strong electronic correlations,
leading to a wide spectrum of novel physical phenomena. For in-
stance, experiments have shown that the ferromagnetic ground
state in Fe,Sn, originates from correlation effects enhanced by
the flat band.®?! The Dirac fermions impart topological proper-
ties to materials,**) such as magnetic Weyl semimetal phase in
Co,Sn,S,.[1%13] The vHSs are also major sources to introduce
strong electronic correlations and lead to Fermi surface nesting,
which in turn may cause instabilities in the Fermi surface. Such
instabilities have been observed in CsV,Sbg, where the competi-
tion between charge density waves, superconductivity, and other
long-range orders has been reported.l®734

Kagome bands exhibit interesting topological properties.
When considering spin-orbit coupling effects, the Dirac points
and the intersection between the flat band and the Dirac band
will open gaps, which are Z, topologically nontrivial. In addi-
tion, the three kagome bands have topological Chern numbers of
C=+1,0,¥1 from top to bottom in energetic order. These topolog-
ically nontrivial bands and their resulting electronic correlation
effects render the kagome lattice an ideal platform for studying
the interplay of electronic correlations, topology, and magnetism.

As shown in Figure 1b, after the purple and red triangles each
rotates oppositely around their centers (as indicated by the col-
ored arrows in Figure 1b), the resulting structure is termed a
twisted kagome lattice (also referred to as the distorted kagome)
(Figure 1b). If the rotation angle is exactly 30° in opposite di-
rections, the newly forming lattice is referred to as a coloring-
triangle (CT) lattice (Figure 1c). The CT lattice existed before
it was recognized. For example, each iodine (I) atomic layer in
Crl, forms a CT lattice.I* Theoretically, the Hamiltonians of the
twisted kagome lattice and CT lattice are unitary transformable to
the regular kagome lattice, so they share the same band structure
(Figure 1d).[23% In a more general case, if the purple and red tri-
angles are inequivalent in terms of size or interactions, the lattice
becomes a breathing kagome lattice (Figure 1e), introducing fur-
ther structural complexity and changes in band structures. This
inequivalence causes the two Dirac bands, originally degenerate
at the K (Dirac) point, to split, thereby opening a gap for the Dirac
cone.

When each lattice point in the regular kagome lattice is split
into two points (Figure 1g,h), the resulting structure is referred
as a diatomic kagome latticel?*?”-28] (Figure 1h). This lattice can
also be regarded as the purple and red triangles in the regular
kagome lattice being pulled apart, causing their shared corner
points to evolve into two separate points. By further rotation of the
purple and red triangles, structural chirality is thus introduced
into diatomic kagome lattices, forming chiral (diatomic) kagome
lattices. A representative of these lattices is shown in Figure 1i.

The diatomic kagome lattice has more complex band struc-
tures, depending on the relative magnitudes of the three near-
neighbor hopping constants (¢, t,, and t,;). The relative ratio
of these constants results in several combinations of two flat-
bands and four Dirac bands in band structures, as illustrated in a
phase diagram (Figure 1j). Notably, in the (K+, K-) region (shaded
in yellow in Figure 1j), the band structure features two sets of
kagome bands, with the flat bands positioned adjacent to each
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other. When the Fermi level lies between these two flat bands,
theoretical calculations predicted that this unique “yin-yang” flat
band structure can facilitate the realization of interesting states
or phenomena, such as excitonic insulators*®! and the quantum
anomalous Hall effect.l’”] The introduction of chirality in the chi-
ral diatomic kagome lattice does not change the fundamental
band structure of the diatomic kagome lattice.***% This robust-
ness provides a degree of tolerance for material imperfections,
allowing the realization of the kagome band properties even in
materials that do not have a perfectly ordered diatomic kagome
lattice. However, it is important to note that the tight-binding
model discussed above considers only a single orbital at each lat-
tice point and identical nearest-neighbor hopping strengths be-
tween them. The introduction of more complex symmetries of
orbitals, more orbitals, or longer-range hopping interactions may
reshape the appearance of these three bands.***! For instance,
if each lattice point in the regular kagome lattice is associated
with a p, or p, orbital, both the flat band and the Dirac point
will disappear(?*l Moreover, when additional orbitals are incorpo-
rated into the model, the kagome bands would undergo further
alterations.[*!] Considering that previous theoretical predictions
suggested many interesting phenomena can be realized in multi-
orbital honeycomb lattices,[**~*] such as the quantum anomalous
hall effect,[*] the multi-orbital kagome lattice may be worth fur-
ther exploration.

These different types of kagome lattices introduced above can
also be combined to form new structures, such as the breathing
chiral diatomic kagome lattice,[*®! which exhibits a band structure
that combines the characteristics of both the breathing kagome
lattice and the diatomic kagome lattice. Currently, the regular
kagome lattice, twisted kagome lattice, CT lattice, and breathing
kagome lattice have all been realized in 2D atomic lattices. How-
ever, the diatomic and chiral diatomic kagome lattices have only
been demonstrated in electronic states and have yet to be real-
ized in atomic structures, calling for further research and devel-
opment.

Considering the unique properties of the kagome lattice men-
tioned above, the following sections focus on constructing the
kagome lattice in real few-layer or monolayer materials. This in-
volves the synthesis of kagome materials and the characterization
of their electronic structure properties.

3. Organic Kagome Monolayers on Surfaces

Organic molecules, due to their diverse structures, flexible as-
sembly, and tunable functionalities, have been playing an in-
creasingly important role in the design and creation of low-
dimensional materials. Shapes and sizes of molecules, as well
as the types and positions of their functional groups, can be
precisely controlled. These features allow them to serve as
building blocks to construct complex surface lattice structures
through methods like surface supramolecular self-assembly and
surface chemical reactions.[*/->2] To date, tens, even hundreds,
of monolayer organic lattices have been successfully synthe-
sized on solid surfaces. Depending on the interactions between
molecules, these lattices are categorized into hydrogen-bonded
organic frameworks (HOFs), metal-organic frameworks (MOFs),
covalent organic frameworks (COFs), and others like halogen-
bonded organic frameworks (XOFs). Over the past two decades,
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Figure 2. a) STM image of a kagome network formed by DBA derivatives (inset at bottom right) under ambient conditions. I, _ 0.5 nA, Vy,,s = —1.04 V.
The scan area is 20.0 x 20.0 nm?. The molecular model of the building block is overlaid on the STM image to aid visualization. The red lines highlight the
kagome symmetry. b) STM image of a kagome lattice constructed from 5,5'-(1,4-Phenylenedi-2, 1-ethynediyl) bis (1,3-benzenedicarboxylic acid) molecules
(inset at bottom right). Is,; = 50 pA, Vji,s = —1.5 V. The unit cell is outlined with blue lines, and a molecular model of the building block is overlaid
on the STM image to aid visualization. The black lines highlight the kagome symmetry. c) STM topography image of a kagome network formed by the
condensation of p-phenylenediamine molecules and 1,3,6,8-tetrakis (p-formylphenyl) pyrene molecules (inset) under ambient conditions. V = 700 mV,
I = 500 pA. (a) Reproduced with permission.,[>"] Copyright 2024, American Chemical Society. (b) Reproduced with permission.[>*] Copyright 2024,

American Chemical Society. (c) Reproduced with permission.[8] Copyright 2024, American Chemical Society.

the experimental synthesis of organic kagome lattices from the
bottom-up has made significant progress. Additionally, theoreti-
cal calculations have predicted that various intriguing states and
phenomena existing in freestanding monolayer organic kagome
lattices, such as superconductivity,>3! the quantum anomalous
Hall effect, > excitonic insulators,**! topological insulators, !>
and quantum spin liquids.P”) All these experimental and theoret-
ical advances have established organic kagome monolayers as a
potential material platform for exploring novel quantum states.
This section focuses on two primary bottom-up approaches for
constructing organic kagome monolayers on surfaces. One is the
direct approach, which involves linking organic monomers on
solid-liquid or solid-vacuum interfaces to directly form kagome
lattice networks in atomic structures using the molecules them-
selves (referred to as atomic kagome lattices). The other is the
indirect approach, where organic molecules form repulsive bar-
riers that spatially confine the surface electronic states of metal
substrates, leading to the formation of electronic kagome lattices.

3.1. Surface-Supported Organic Kagome Monolayer Networks

The construction process of organic kagome monolayers on
solid surfaces typically progresses from solid-liquid to metal-
ultra-high-vacuum (UHV)- interfaces, transitioning from weakly
bonded self-assembly to strongly bonded structures that require
chemical reactions, i.e., moving from simpler to more complex
methods. This subsection broadly follows this step-by-step pro-
gression to discuss the development of organic kagome lattices.
A discussion is given at the end of this subsection on the chal-
lenges in the synthesis, electronic characterization, tuning, and
application of physical properties of organic kagome lattices.

3.1.1. Solid-Liquid Interfaces

The growth conditions for growing 2D organic crystals at solid-
liquid interfaces are less demanding, compared to those for
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on metal surfaces under ultra-high vacuum as discussed in
subsection 3.1.2-3.1.5. As a result, kagome lattices with vari-
ous bonding types were often first synthesized at solid-liquid
interfaces.°1°®%] This subsection introduces these pioneering
works.

Van der Waals (vdW) interactions are widespread among or-
ganic molecules and often govern their assembly patterns. The
first organic kagome network was, to the best of our knowl-
edge, assembled through vdW interactions in 2006. Feyter,
Tobe, and coworkers used a rhombic derivative of dehy-
drobenzo[12]annulene (DBA) (inset of Figure 2a) as the building
block at a solid-liquid interface formed between highly oriented
pyrolytic graphite (HOPG) and 1,2,4-trichlorobenzene (TCB).
Through vdW interactions among them, the molecules self-
assembled into the first molecular aggregate in a 2D kagome
lattice, which was confirmed by scanning tunneling microscopy
(STM) under ambient conditions at the solid-liquid interfacel>!!
(Figure 2a).

One year after, a stronger non-covalent interaction, i.e.,
hydrogen bonding, was introduced into the self-assembly of
2D organic kagome monolayers. In 2007, Wuest and cowork-
ers, employing 5,5-(1,4-Phenylenedi-2,1-ethynediyl)bis(1,3-
benzenedicarboxylic acid) molecules (Figure 2b inset), syn-
thesized and characterized the first hydrogen-bonded organic
framework (HOF) monolayer with a kagome lattice at a HOPG
solid-liquid interface.l>”!

In cases where even stronger intermolecular bonding is in-
volved, such as covalent bonding, the high stability of the
bonded molecules often leads to poor crystallinity, making it
challenging to form long-range ordered crystals.[®®) Despite
extensive efforts to synthesize 2D covalent organic kagome
lattices,I®!] it was not until 2017 that the first covalent or-
ganic framework (COF) kagome monolayer was successfully
synthesized at a solid-liquid interface using dynamic cova-
lent bonds.’®! Wang and coworkers mixed 1,3,6,8-tetrakis(p-
formylphenyl)pyrene and p-phenylenediamine (Figure 2c in-
set) in a solvent and deposited the mixture onto a HOPG
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Figure 3. a) STM image of a kagome network formed by NC-Phs-CN (inset at bottom right). I = 0.1 nA, V=0.5 V. (b—d) STM image b), d//dV spectra c),
and d//dV map at 0.36 V d) of the kagome lattice constructed by B,-Per. In (b), U =1V, CCW indicates counterclockwise; the atomic model of building
blocks is overlaid on the STM image; green and orange shading represents the triangles and hexagons of the kagome lattice, respectively. In (d), the
kagome lattice and lattice points are overlaid on the d//dV map, with the red cross in the bottom right indicating the position where the dI/dV spectra
were taken. e-h) (e) Schematic model of the kagome lattice formed by THPB. (f) ARPES spectrum of a 0.5 ML THPB film along the I'-K,, direction (left),
second-derivative plot (middle), and the integrated DOS from the ARPES (right). (g) The optimized lattice structure overlaid with partial charge density
derived from the top three valence bands belonging to the breathing-kagome lattice formed by CBRs of THPB. The brown orange, red, and pink balls
represent C, O, and H atoms, respectively. The charge density is plotted using an isosurface of 0.002 eV/A3. (h) Illustration of an electronic breathing-
kagome lattice formed by different hopping strengths of t,; via H bonds versus t. via covalent bonds [see also (g)], as if there were breathing bonds
of different lengths. (a) Reproduced with permission.[®2] Copyright 2024, American Chemical Society. (b—d) Reproduced with permission.l’%l Copyright

e
Hydrogen bond

2024, Wiley-VCH Verlag. (e-h) Reproduced with permission.I”"] Copyright 2024, American Physical Society.

surface. The resulting kagome network, formed through a
Schiff base reaction between the two molecules, was im-
aged using STM under ambient conditions, as shown in
Figure 2c.

Although synthesizing 2D kagome lattices at solid-liquid
interfaces is relatively straightforward, studying their proper-
ties remains challenging. Some surface characterization tech-
niques like STM have reduced resolution at solid-liquid inter-
faces (as shown in Figure 2) compared to under UHV condi-
tions, and some others are inapplicable in this environment.
Thus, the electronic band structures of these synthesized or-
ganic kagome monolayers are difficult to characterize, which ob-
structs further investigation on electron- and spin-related phe-
nomena of kagome lattices. To address this issue, the syn-
thesis environment of organic kagome monolayers was ex-
pended to metal surfaces in UHV (solid-vacuum interfaces).
The following subsections summarize the advances in syn-
thesizing organic kagome lattices on metal surfaces and the
studies of their electronic properties in UHV, including self-
assembly through vdW forces, hydrogen bonds, and covalent
bonds between organic molecules, as well as the introduction of
metal atoms to form metal-organic coordination bonds between
molecules.

Adv. Funct. Mater. 2025, 2416508
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3.1.2. VdW-Bonding Kagome Monolayers on Metal-Vacuum
Interfaces

Like the case at solid-liquid interfaces, the first organic kagome
network at metal-vacuum interfaces was also assembled via vdW
interactions. In 2008, Barth, Ruben, Schlickum, and coworkers
deposited a series of linear dicarbonitrile-polyphenyl (NC-Phs-
CN) molecules (Figure 3a lower inset) on an Ag(111) surface. Im-
ages acquired in UHV STM (Figure 3a) manifest that the NC-Ph;-
CN molecules self-assembled into a kagome lattice through vdW
interactions,®] initializing research on organic kagome mono-
layers on metal surfaces in UHV conditions. Additionally, the
triangles forming the kagome lattice, influenced by the polarity
of the cyano-groups (CN groups) in NC-Ph,-CN molecules, un-
derwent slight rotations, resulting in a chiral molecular structure
(Figure 3a up-right inset), which is a common phenomenon in or-
ganic kagome systems.[%3>-%6] However, this chirality arises from
the structural chirality of the molecules themselves and does not
necessarily correspond to the chiral diatomic kagome lattices dis-
cussed in Section 2 at the electronic structure level. Subsequently,
researchers made a series of outstanding contributions in con-
structing kagome monolayers using vdW interactions,[*752:67-69]
which will not be discussed in detail here.
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3.1.3. Kagome HOF Monolayers on Metal-Vacuum Interfaces

Organic molecules typically exhibit a large gap between the high-
est occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO). Besides, the electronic cou-
pling strength of hydrogen bonds is relatively weak. Therefore,
HOFs are often large-band-gap insulators.l”>73] As a result, even
if a kagome HOF monolayer is successfully fabricated, it is chal-
lenging to make the kagome bands cross the Fermi level. To
address this issue, Perepichka, Liu, and coworkers proposed a
concept of donor-acceptor hydrogen-bonded organic frameworks
(DA HOFs). Their first-principles calculations demonstrated that
appropriately designed hydrogen-bond interactions could signif-
icantly enhance charge transfer and donor/acceptor abilities of
the molecules by stabilizing/destabilizing their LUMO/HOMO
levels. This designed interaction reduces the bandgaps of DA
HOFs, enabling the formation of a flat band with a bandwidth
of less than 0.06 eV near the Fermi level. The authors also ex-
plored the possibility that partial filling of this flat band could
induce Stoner ferromagnetism.l”*! Experimentally, Qi, Wiirth-
ner, Haldar, and coworkers, inspired by this proposal, used 3,9-
diboraperylene diborinic acid derivative B,-Per as building blocks
(Figure 3b inset) and deposited them on an Ag(111) surface in
UHYV, where they found that B,-Per molecules self-assembled
into a kagome lattice,[’%! as shown in Figure 3b. Scanning tun-
neling spectroscopy (STS) measurements of this system revealed
an enhanced density of states at 0.33 eV above the Fermi level
(Figure 3c), and the dI/dV map at 0.36 eV (Figure 3d) indicated
that this peak is, most likely, related to the kagome flat band. A
tight-binding model was constructed to support that the organic
monolayer corresponds to a regular kagome lattice with a hop-
ping constant of t = 0.44 V.’

Interestingly, researchers found that organic molecular sys-
tems can exhibit a phenomenon where the molecular struc-
ture forms a regular kagome lattice, but due to varying ease of
electron transfer in different points of the lattice, the electronic
band structure exhibits characteristics of a breathing kagome
lattice in HOFs.[”!l Pan, Liu, Li, Gao, and coworkers deposited
1,3,5-tris(4-hydroxyphenyl)benzene (THPB) molecules on an
Au(111) surface. These THPB molecules are self-assembled into
a HOF monolayer where corner benzene rings (CBRs) of THPB
molecules formed a kagome lattice (Figure 3e). Angle-resolved
photoemission spectroscopy (ARPES) measurements revealed a
flat band at —2.6 eV below the Fermi level over the whole Bril-
louin zone (Figure 3f), which is, to the best of our knowledge,
the first direct observation of a flat band in the reciprocal space
within a monolayer material. Theoretical calculations identified
two possible hopping pathways of electrons in this HOF mono-
layer, i.e., hopping within each THPB molecule through covalent
bonds (tg, tc in the theoretical model) or among THPB molecules
through hydrogen bonds (), as shown in Figure 3g. Largely dif-
ferent values for the hopping constants were revealed by fitting
the results of density functional theory (DFT) calculations using
a tight-binding breathing kagome lattice Hamiltonian, which is
t-_0.26 eV and t; = 0.05 eV. Thus, despite the similar lattice
point distances (d. = 7.4 A and dy; = 7.2 A), the unbalanced
hopping strengths lead to the formation of a distinct electronic
breathing kagome lattice (Figure 3h), which explains the ob-
served flat band in ARPES measurements to a kagome flat band.

Adv. Funct. Mater. 2025, 2416508
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3.1.4. Kagome COF Monolayers on Metal-Vacuum Interfaces

In comparison to hydrogen bonding, stronger covalent bonding
can enhance intermolecular electronic hybridization, delocaliz-
ing electrons across individual building-block molecules. Molec-
ular building blocks with the D, [7] or C,I"%l symmetry were
proposed for constructing kagome COF monolayers. A wide
spectrum of intriguing physical properties were predicted in
these monolayers by theory, including Dirac semimetals,!”* high-
mobility semiconductor carriers,’>! and second-order topologi-
cal insulators.l”®! Subsequently, Contini, Perepichka, Rosei, Gal-
lagher, and coworkers successfully grew a mesoscale honeycomb-
kagome lattice using tribromotrioxaazatriangulene (TBTANG)
molecules (Figure 4a inset) on Au(111) in UHV conditions
(Figure 4a). A Dirac cone (Figure 4b) and a flat band residing
at 1.8 eV below the Fermi level were observed using ARPES.I"]
However, since a honeycomb lattice also contributes to Dirac
cones, the exact origin of the experimental observed Dirac cones
remains unclear. However, due to the strong bonding in COFs,
mesoscopic-scale COF kagome monolayers, as discussed above,
are relatively rare. Therefore, the synthesis of large-scale COF
kagome structures remains a significant challenge and requires
further development.

3.1.5. Kagome MOF Monolayers on Metal-Vacuum Interfaces

Organic molecules aside, metal atoms were also introduced to
form kagome monolayers with organic molecules through metal
coordination bonds, as referred to metal-organic frameworks
(MOFs). Metal coordination bonds possess relatively high co-
hesive energies (0.2-2.0 eV) compared with non-covalent in-
teractions, which are reversible, and exhibit directionality and
selectivity.®2] Moreover, the inclusion of metal atoms endows
MOFs with a range of interesting properties, like the intro-
duction of d orbitals in electron hopping,®! local magnetic
moments,®*#] and so on, attracting significant attention in
chemistry,[828¢] physics,[##8] and other fields.[#!] As noted in
the introduction of subsection 3.1, while organic monolayers are
generally easier to grow at solid-liquid interfaces, the growth of
MOF monolayers or ultra-thin films remains an exception. In the
liquid phase, MOFs were typically synthesized from metal salts
and organic molecules, posing challenges to precisely control
their thickness.®? Layer-by-layer (LbL) assembly of MOFs, 9293
as proposed in 20071 and achieved to ultrathin films in 2013,
allows to utilize nano-sized control ability over thickness in each
growth cycle, but the range of applicable MOFs is limited.[®] Al-
though this approach presents a promising direction for future
exploration, the synthesis of kagome MOFs at solid-liquid inter-
faces has yet to be reported; this is the reason why the discussion
of MOFs in 3.1.1 is missing.

Unlike at the solid-liquid interfaces, well-controlled prepara-
tion of kagome MOF monolayers is much easier in UHV. In 2009,
Lin and coworkers!”® synthesized the first kagome MOF mono-
layer by depositing 5,10,15,20-tetra(4-pyridyl)porphyrin (TPyP)
molecules (Figure 4c, upper right panel) on an Au(111) surface
using organic-molecular-beam-epitaxy (O-MBE). In-situ STM
imaging manifests that a kagome latticed structure forms af-
ter annealing the as-deposited TPyP molecules on the Au(111)
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Figure 4. a) Atomic structure of a kagome lattice constructed by TBTANG molecules (inset). b) Second derivative plot of the spectrum for PB-
TANG/Au(111). c) STM image of a kagome network formed by Au-TPyP (right). | = 0.3 nA, U = —1.3 V. The white lines indicate the unit cell and
kagome symmetry. The right panel shows the structural model of the building block and the kagome network, with N, C, H, and Au atoms represented
by blue, gray, white, and orange spheres, respectively. d) STM topography image of a kagome lattice formed by benzene-1,2,3,4,5,6-hexanol (inset at
bottom left) and Fe atoms, with the atomic structure overlaid on the right. Fe atoms are represented by blue spheres forming the kagome lattice, with
arrows indicating the direction of the magnetic moments on the Fe atoms. V=—10mV, | = 1 nA. e) Atomic structure of DCA;Cu,. f,g) STM images (left)
and structural models (right) of two types of kagome networks formed by ABPCA deposited on a Cu(111) surface. C, H, O, and N atoms are represented
by gray, white, red, and blue spheres, respectively. I, = 100 pA, V, = —1V. Scan area is 10 x 10 nm?. a,b) Reproduced with permission.[’”] Copyright
2024, Springer Nature. (c) Reproduced with permission.l”8] Copyright 2024, American Chemical Society. (d) Reproduced with permission.l”?l Copyright
2024, American Chemical Society. (e) [89] Copyright 2024, American Chemical Society. (f-g) Reproduced with permission.[81] Copyright 2024, American

Chemical Society.

surface at 250 °C(Figure 4c, left panel). A structural model
(Figure 4c, lower right panel) was proposed for this observation,
in which adjacent TPyP molecules are connected by a single Au
atom (Figure 4c upper right) forming a kagome lattice (Figure 4c
lower right) with a lattice constant of 4.1 + 0.1 nm. Similar ex-
periments performed on Cu(111) and Ag(111) surfaces do not
show the formation of a kagome monolayer comprised of TPyP
molecules, as ascribed to specific coordination properties of Au
atoms by the authors.

Niis a commonly used metal element in MOFs. The first MOF
with a Ni kagome lattice was synthesized by Nishihara’s group
in 2013.1% Later that year, Liu and coworkers predicted that this
material could become a topological insulator under appropriate
doping.l*”!

The metal atoms in kagome MOF monolayers can be mag-
netic, making the magnetism within kagome latticed MOF
monolayers a topic of extensive exploration.®®*1%U In particu-
lar, the magnetic atoms forming a kagome lattice could serve
as an intriguing platform for studying frustrated magnetism
if the nearest neighboring spin-exchange coupling of them is
not ferromagnetic (FM). In line with this idea, Lin, Zhao, and
coworkers!”®! deposited benzene-1,2,3,4,5,6-hexanol molecules
(Figure 4d inset) and Fe atoms sequentially on an Au(111) sur-
face. A triangular lattice, formed by the benzene-1,2,3,4,5,6-
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hexanol molecules (bright rings), presents in a representative
STM image. However, Fe atoms, appearing as rods connecting
molecular rings, form a kagome lattice, as marked by blue dots
in Figure 4d right. Theoretical calculations indicated that the Fe
atoms are antiferromagnetically coupled, and the system exhibits
a highly degenerate ground state, providing a potential platform
for studying kagome-frustrated magnetism.

The strong correlation characteristics of kagome lattices can
also be observed in MOFs. Schiffrin and coworkers(12] deposited
dicyanoanthracene (DCA) molecules (Figure 4e inset) and Cu
atoms on an Ag(111) surface, constructing a DCA,Cu, net,
where the DCA molecules formed a kagome lattice, as shown in
Figure 4e. STS measurements revealed the Kondo effect within
the DCA,Cu, network. Theoretical calculations indicate that the
oxidation state of Cu ions in the DCA,;Cu, network is +1, with 3d
orbitals fully occupied, so Cu itself does not exhibit a magnetic
moment. The magnetic moments arise mainly from strong elec-
tron correlation effects in the kagome bands of the DCA, Cu, net-
work, where these moments are localized on the DCA molecules.
The free electron gas on the Ag(111) surface interacts with
the localized magnetic moments, resulting in the emergence of
the Kondo effect. Besides magnetism, kagome MOF monolay-
ers have been predicted to host topological insulators,®*) Chern
insulators,'%] multiple Hall effects,'® superconductivity!>>!%]
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and among other interesting physical phenomena, which await
experimental realization. Given the limited space, these are not
discussed in detail here.

3.1.6. Multi-Interaction-Bonded Kagome Networks on
Metal-Vacuum Interfaces

Beyond a single type of bonding, a combination of two or
more types of bonding was employed to construct kagome
molecular monolayers, providing additional thermodynamic
stability.[0681.19] For instance, Chi, Li, and coworkers!®!] deposited
4-aminobiphenyl-4'-carboxylic acid (ABPCA, Figure 4f right) on
a Cu(111) surface in UHV at 300K and found that ABPCA
molecules formed a kagome HOFs monolayer through N-H...O
hydrogen bonds (Figure 4f). However, after annealing at 450K,
the amino groups of two ABPCA molecules underwent a dehy-
drogenation reaction, forming N-Cu-N bonds, leading to a struc-
tural phase transition and the formation of a kagome mono-
layer shown in Figure 4g, where both hydrogen bonds and
metal—organic bonds coexist. This heating-induced structural
phase transition changes the bond strength and degree of hy-
bridization, providing a simple method to tune the hopping con-
stants between different lattice points in organic kagome mono-
layers.

3.1.7. Molecule-Decoupled Substrates

Over the past two decades, significant advancements have been
made in surface synthesis methods and characterization tech-
niques, leading to remarkable progress in the study of kagome
organic monolayers. However, despite theoretical predictions
of various intriguing physical properties in kagome organic
monolayer, 535774 observation and validation of these properties
remain challenging in experiments.[">'%’] For instance, although
many theoretical models predict well-defined kagome bands near
the Fermi levels in kagome organic monolayers, it has always
been difficult to observe these bands in monolayers supported by
substrates like HOPGI'%1%] or metal surfaces.l?¢19211%] [n rare
cases, these bands were observable, but the positions of their en-
ergy levels are often far from the Fermi level.[7!]

The major reason for this theory-experiment discrepancy
arises from unconsidered substrate-molecule interactions in
most theoretical models. Theoretical models often do not con-
sider the influence of the substrates, instead, focusing on free-
standing kagome organic monolayers solely. However, extensive
experimental evidence suggests that substrates significantly af-
fect the geometric and electronic structure of these monolayers.
These effects include: 1) the substrate can change the structure
of the adsorbed molecular monolayer;!!!] 2) electronic hybridiza-
tion between the (semi)metallic substrate (e.g., noble metal (111)
surfaces or HOPG) and the organic molecules can disrupt the
intrinsic band structure of the freestanding kagome organic
monolayer;|*2] and 3) the charge doping effect of the substrate
can shift band features such as flat bands away from the theoret-
ically predicted energy positions.['10]

For the reasons mentioned above, calculating the properties of
freestanding organic networks to explain experimental results or
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predict new phenomena may be inaccurate, especially for prop-
erties sensitive to the electronic structure, such as topological
properties. Even if a freestanding monolayer exhibits certain de-
sirable properties, such as non-trivial topology, these properties
can be destroyed by interaction with the substrate. This challenge
has, on the theoretical side, driven further work to more thor-
oughly consider the impacts of substrate on the electronic struc-
tures of these monolayers. Moreover, it has, on the experimen-
tal side, motivated experimental efforts to decouple or weaken
the molecule-substrate coupling. In the past few years, many at-
tempts at decoupling have been made and significant progress
has been achieved in, e.g., BN/metal surfaces, graphene/metal
surfaces, and other 2D materials. This subsection discusses the
advancements in the growth and characterization of decoupled
kagome molecular monolayers and provides an outlook on fu-
ture developments.

Medhekar and coworkers used DFT+U calculations to study
the effects of different substrates on the DCA, Cu, kagome mono-
layer (Figure 4e). They found that the freestanding DCA,Cu,
monolayer is magnetic, but when placed on the Cu(111) sub-
strate, the magnetism disappears, and the bands strongly hy-
bridize with the substrate’s bands (Figure 5a,b). However, if a
layer of h-BN is inserted between DCA3Cu2 and the Cu(111) sub-
strate, the magnetism of DCA,Cu, is restored. Furthermore, the
band structure shows that the hybridization between DCA,Cu,
and the substrate is significantly reduced (Figure 5c¢), indicating
that the monolayer h-BN is effective in weakening the molecule-
substrate interaction.'% Afterward, Schiffrin, Medhekar, Powell,
and coworkers successfully synthesized the DCA;Cu, kagome
monolayer on an h-BN/Cu(111) substrate.l'!3] Their STS charac-
terization matched well with the spectral function results from
dynamical mean-field theory (DMFT) calculations, proving that
h-BN weakens the effect of the metal substrate. However, it is
important to note that the strength of molecule-substrate interac-
tions varies significantly depending on the specific molecules and
substrates used in the process, so whether the results observed
from DCA,;Cu, are generally applicable remains to be explored
in further studies.

Another approach for decoupling lies in directly growing or-
ganic kagome monolayers on the bulk or multi-layer phase of 2D
vdW materials. In 2024, Lin, Huang, Shi, and coworkers!''!l grew
a CuyHAT, (HAT =1,4,5,8,9,12-hexaazatriphenylene) monolayer
on Au(111), Ag(111), Cu(111), and MoS, substrates. By com-
paring the lattice constant of the freestanding monolayer and
STM simulation images with the experimental results, they ob-
tained structures of Cu;HAT, monolayers on different substrates
and summarized a hierarchical diagram (Figure 5e) showing
the varying magnitudes of the effects of different substrates
on the monolayer structure. They found that the framework
grown on MoS, is nearly identical to its freestanding counter-
part in terms of structure, suggesting that 2D vdW can serve
as weakly coupled platforms for growing organic monolayers.
There has also been progress in growing kagome monolay-
ers on 2D materials. In 2021, Liljeroth, Yan, and coworkers!112]
grew the DCA;Cu, kagome MOF monolayer, mentioned ear-
lier, on a 2D vdW superconducting material, NbSe,, STM im-
age shown in Figure 5f. The growth of kagome monolayers on
2D materials is still in its early stages, and warrants further
research.
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Figure 5. a,b) Band structure of DCA;Cu, without a substrate (a), on a Cu(111) substrate (b) and on an h-BN/Cu(111) substrate c). In (a) and (c), the
red and blue represent the spin-up and spin-down bands of DCA;Cu,. In (b), the band projection of DCA;Cu, is shown by purple dots. d,e) (d) Top
and side views (along the black arrow) of the DFT-optimized structure of a free-standing Cu; HAT, framework. e) Schematic diagram of the interaction
strengths of Cu; HAT, on different substrates. f) STM image of DCA;Cu, on NbSe, substrate. U= 1.0V, I = 11 Pa. a—c)Reproduced with permission.[1%]
Copyright 2024, Springer Nature. d,e) Reproduced with permission.["""] Copyright 2024, American Chemical Society. (f) Reproduced with permission.['12]

Copyright 2024, American Chemical Society.

The synthesis of organic kagome networks, involving re-
actions that require bond cleavage and reformation, is less
efficient on 2D material substrates due to their low cat-
alytic efficiency.''*!5] For systems with stronger intermolec-
ular interactions and hybridization, such as COFs or MOFs
formed through strong bonds, further exploration is needed
to achieve synthesis on vdW material surfaces. Alternatively,
easily transferable COFs were recently synthesized at the gas-
liquid interface,!*%!7] suggesting a potential solution: first grow
strongly bonded kagome organic monolayers at a gas-liquid in-
terface, then transfer them onto an insulating substrate for
characterization.

3.2. Kagome-Structured Surface States

Shortly after the advent of STM in the last century, scientists be-
gan using it to manipulate atoms on metal surfaces, thereby in-
directly controlling the surface electronic states of the metal.['18]
For instance, the quantum confinement effect of the Shockley
surface state of a Cu(111) surface was observed in 1993 by M. F.
Crommie, C. P. Lutz, and D. M. Eigler, in which a quantum corral
was artificially built by manipulating Fe atoms.['"] Beyond indi-
vidual atoms, organic molecules were recently used as repulsive
potential barriers to confine surface electronic states on metal
surfaces, leading to the formation of various electronic kagome
lattices.['?] Here, this subsection introduces several examples of
electronic kagome lattices constructed using organic molecules.

Adv. Funct. Mater. 2025, 2416508
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In 2021, Lu, Wu, Jelinek, and coworkers(“! devise a strategy
for the ultrahigh-yield synthesis of circumcoronene molecules
on Cu(111) via surface-assisted intramolecular dehydrogenation
of the rationally designed precursor, followed by methyl radical-
radical coupling and aromatization. They observed that these
molecules are self-assembled into a triangular lattice on the
Cu(111) surface (Figure 6a). Two peaks residing at0.36and 1.15V
were identified in a dI/dV spectrum acquired at the interstitial re-
gions among the molecules, which cannot be explicitly ascribed
to tunneling into any frontier molecular orbitals.Figure 6b shows
a dI/dV map acquired at 1.15 V, revealing that this state is pri-
marily distributed in the interstitial regions, while the map ac-
quired at 0.36 V suggests an identical feature. This feature sug-
gests that the two peaks originate from the surface electronic
states of Cu(111). Electrostatic potential calculations (Figure 6¢)
revealed that the circumcoronene molecules exhibit negative po-
tentials to electrons, confining the surface electrons within the
interstitial regions. This confinement of surface electronic states
leads to the formation of an electronic chiral diatomic kagome
lattice (Figure 6d) and the emergence of two kagome flat bands.

Non-covalent interactions were recently introduced to con-
struct electron-repulsive barriers on metal surfaces. On-surface
synthesis of halogen hydrogen-bonded organic frameworks
(XHOFs) was recently proposed by Wang, Ma, and coworkers. (3!
as a general strategy to construct electron-repulsive barriers
for realizing electronic kagome lattices. They successfully real-
ized regular, breathing, and chiral diatomic electronic kagome
lattices on brominated Ag(111) and Au(111) surfaces. For
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Figure 6. a—d) Non-contact atomic force microscopy image of a superlattice formed by circumcoronene (inset) (a), dI/dV map at 1.15 V (b), electrostatic
potential c), and schematic of the chiral diatomic kagome lattice (d). e—g) Structural model of the structure of benzene/Br/Ag(111) e), d//dV spectra
f), and dI/dV map at 1.50 V g). The inset in (f) shows the STM topography image, with the colored-cross indicating the STS measurement position.
(a-d) Reproduced with permission.[40] Copyright 2024, American Association for the Advancement of Science. e-g) Reproduced with permission.[33]

Copyright 2024, Springer Nature.

instance,Figure 6e shows the atomic structure model of a ben-
zene/Br/Ag(111) superlattice. The dI/dV spectra acquired on the
modified surface identify a peak residing at 1.5 V. Its dI/dV map-
ping image (Figure 6g) clearly displays a distinct regular kagome
lattice pattern in the spatial distribution of this state.

Electronic kagome lattices, constructed using surface elec-
tronic states confined by molecular and/or atomic adsorbents,
broaden the spectrum of molecules that can be employed, with-
out necessitating the molecular monolayers to have a kagome
topology. However, this approach also introduces new chal-
lenges. Due to the complex interactions between the molecules
and the substrate, even with knowledge of the properties of
the molecules, it is not easy to determine, before an experi-
ment, whether placing the molecules on the substrate will con-
fine the metal surface electrons to form an electronic kagome
lattice. Additionally, theoretical calculations must thoroughly
consider molecule-substrate interactions, such as molecule-
substrate alignments, and interfacial electronic and mechanic
couplings, all of which add to the complexity and computational
burden. As a result, this method is still in its exploratory stages
and requires further in-depth research.

4. Inorganic Kagome Lattices on Surfaces

In addition to organic molecules, atoms or inorganic molecules
can also be employed to construct kagome monolayers on sur-
faces. This section introduces the advances in this area, including
the construction of atomic kagome monolayers through templat-
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ing, and the formation of electronic kagome lattices via atomic
manipulation, deposition, and orbital hybridization on surfaces.

4.1. Atomic Kagome Lattices Constructed via Surface Templates

A kagome-shaped array of potential wells on a surface can be uti-
lized through a specific surface structure. These wells further
capture deposited atoms and arrange them into a kagome lat-
tice, allowing for the controlled formation of a single-atom-thick
kagome monolayer. At this stage, the specific surface structure
acts as a template for constructing a kagome monolayer on the
surface. This concept has already been realized by depositing K
atoms on a blue phosphorus-gold alloy.[?*121]

Figure 7a shows an atomic structure of a blue phosphorus-gold
alloy, P,Au, where two adjacent hexagons (shadowed hexagons)
provide two potential wells capable of accommodating atoms. As
shown in Figure 7b, these potential well pairs position on centers
of connecting lines of the nearest-neighbor points in triangular
lattices, so form kagome lattices.[2123] If one of the two adjacent
potential wells is occupied, it is possible to construct a regular or
twisted kagome lattice.[?) Du, Zhou, Hao, Zhuang, and cowork-
ers synthesized the blue phosphorus-gold alloy P,Au by deposit-
ing P atoms on an Au(111) surface, then depositing K atoms to oc-
cupy the potential wells (red dots inFigure 7c), thereby construct-
ing a twisted kagome lattice shown inFigure 7c,d. STS measure-
ments revealed a peak in the dI/dV spectra, possibly originating
from the flat bands of the twisted kagome lattice.
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di/dV (a.u.)

Figure 7. a) Atomic structure of P,Au on Au(111). b) Schematic of the arrangement of the potential wells in P,Au. The shaded hexagons represent
potential wells. The purple dashed lines indicate connecting lines of the nearest neighbor points in triangular lattices. The red solid lines highlight the
kagome shape. c) Schematic of a twisted kagome lattice constructed from the double-potential well blue phosphorus-gold alloy P,Au. d) Differential
conductance spectra of the twisted kagome lattice shown in (c), with the spectra vertically offset for clarity. The inset shows an STM image with A, B,
and C marking the STS measurement positions. V, = —0.1V, | = 200 pA. The underline beneath each spectrum indicates the zero density of the state
level. e) Schematic of the single-potential well blue phosphorus-gold alloy P,Au;. f) STM images of potassium-atom-adsorbed P,Aus, with the atomic
structure overlaid. V, = —0.02 V. (a) Reproduced with permission.l'23] Copyright 2024, Cell Press. (d) Reproduced with permission.[?’] Copyright 2024,

Wiley-VCH Verlag. (f) Reproduced with permission.l'2'l Copyright 2024, American Chemical Society.

When the two adjacent potential wells merge into one
(Figure 7e), they form a template for constructing a kagome
lattice (indicated by the solid red lines inFigure 7e). Chen, Li,
Zhang, and coworkers achieved the growth of this single-well
blue phosphorus-gold alloy P,Au, by first depositing K atoms on
an Au(111) surface under UHV conditions, resulting in the func-
tionalization of the Au(111) surface with K atoms, followed by
the deposition of P atoms.['2!] STM results (Figure 7f) showed
that the K atoms were located within these wells, forming the ex-
pected kagome structure.

This template-assisted construction of kagome monolayer on
surfaces offers a wide range of flexibility, allowing various param-
eters within the kagome monolayer to be tuned by selecting dif-
ferent template shapes, sizes, and materials. However, at the cur-
rent stage of research, the available templates for the construction
remain relatively scarce, limiting a broader application of this ap-
proach. Therefore, further development is needed to explore and
identify new templates capable of forming kagome potential en-
ergy surfaces.

4.2. Atom-Scale Electronic Kagome Lattices
Atomic manipulation is a powerful tool for assembling atoms in

finite-sized lattices. By using this tool, researchers have success-

Adv. Funct. Mater. 2025, 2416508
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fully constructed a series of artificial electronic lattices on Cu(111)
surfaces, including honeycomb lattices,['?*12] Lieb lattices,!2°]
and kagome lattices.'””) In 2019, Morais Smith, Swart, and
coworkers!'?’] used an STM tip to manipulate CO molecules
on a Cu(111) surface, arranging them into the structure indi-
cated by the black dots shown in Figure 8a inset. The polar CO
molecules induce localized surface potential wells, thereby re-
pulsing the Cu surface states from the adsorption sites. These re-
pulsive sites effectively confine the surface electronic states into a
finite-sized breathing kagome lattice, as shown in Figure 8a. They
further demonstrated that this finite-sized lattice is a second-
order topological insulator, exhibiting stable zero-energy corner
modes (Figure 8b).

Flexibility of the most pronounced advantage for construct-
ing lattice using tip-based atomic or molecular manipulation.
Customizable type of lattice and strength of inter-site hop-
ping are crucial for exploring novel quantum effects. However,
this method is typically inefficient and lacks scalability. Otte
and coworkers!'?8] provide an effective solution to the scalabil-
ity challenges of atomic manipulation. They developed a kilo-
byte rewritable atomic-scale memory consisting of 10* atoms,
based on the self-assembly of Cl atoms on a Cu(100) sur-
face and STM manipulation. However, a subsequent challenge
arises: the remaining metal surface states may hybridize with
the kagome bands or interfere with their observation. Atomic

© 2025 Wiley-VCH GmbH
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Figure 8. a) Schematic of the kagome lattice formed by CO on a Cu(111) surface (inset) and b) d//dV map at 50 mV bias. c) Upper panel: size-dependent
dl/dV spectra (set point: 1 nA, 0.3 V; V, 4 = 1.8 mV) with N representing the number of adatoms taken at the center of the In hexagon (assembly
sequence highlighted by the inset): a strong peak evolves at V, = =75 mV for the complete hexagon (N = 6) together with smaller peaks at higher
and lower energies; the width § of the main peak (full width at half maximum) is measured relative to the dashed horizontal baseline. Lower panel:
logarithmic plot of the N = 6 spectrum; peaks denoted a and f are replicas of peaks a and b induced by inelastic electron tunneling. d) STM image of the
kagome lattice formed by Bi on the Au(111) surface. V, = 1.5V, I, = 1000 pA. e) Atomic structure model of Bi/Au(111) surface and the electronic density
distribution. The red and cyan dashed lines outline the Type | and Il Bi atoms. f-i) (f) Chemical-bond-resolved nc-AFM image of the Type-ll surface in
Co;3Sn,S,, the Sn-terminated surface. Three distinct regions within a unit cell with bright, blurry, and dark contrast, which are marked by black solid line
triangles, red solid line triangles, and a blue dashed line hexagon, are labeled as «;, ,;, and y,, regions. The atomic structure superimposed is the Sn
surface with the underlying S and Co;Sn plane. (g) DFT optimized surface structure on the Sn surface. (h) Isosurface contour of |y|?, integrated from
—0.38 eV to the E, on the Sn surface superimposed with the atomic structure of the three topmost atomic layers of the Sn surface in the right part. Red
solid lines highlight the kagome pattern. (i) Schematic of SKES (the left part) and i-SKES (the right part) formation through vertical p—d hybridization. a,b)
Reproduced with permission.['?] Copyright 2024, Springer Nature. (c) Reproduced with permission.['31] Copyright 2024, American Physical Society. d,e)
Reproduced with permission.['**] Copyright 2024, American Physical Society. (f~i) Reproduced with permission.['33] Copyright 2024, Springer Nature.

Therefore, atomic manipulation on the surface of semiconduc-
tor and insulators could offer a route toward the construction of

manipulation on surfaces of semiconductors or insulators could
be a likely solution for constructing neat surface electronic

kagome lattices.*130] In 2024, Félsch and coworkers!'*!) built
In quantum dots using atomic manipulation on the (111) sur-
face of an InAs semiconductor surface, on which a peak, arising
from individual quantum dots consisting of six In atoms, was
observed at —75 mV in the dI/dV spectra shown in Figure 8c.
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neat kagome bands near the Fermi level. Additionally, manipu-
lating magnetic atoms on metall'3?! or insulator(!**! surfaces with
an STM tip could also be a promising approach for construct-
ing kagome magnets on the surface. Nevertheless, all these ap-
proaches share the same challenges of efficiency and scalability.
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When atoms are directly deposited onto a surface, their in-
teractions with each other and with the substrate can also lead
to the formation of electronic kagome lattices, which include
states associated with adatoms and potentially surface states. In
2019, Han and coworkers!'3®] studied the coverage-dependent
evolution of atomic and electronic structures of self-assembled
Bi adatoms on an Au(111) surface. As the Bi coverage reaches
0.63 ML, a typical STM image of the Bi adatoms on the sur-
face exhibited a kagome latticed pattern,!'3¢! which was also ob-
served in another STM study!!**] (performed by Qin, Zhang, and
coworkers) on the same surface, as shown in Figure 8d. Density
functional theory calculations by Qin et al. reveal a correspond-
ing atomic structure for the surface (Figure 8e), in which the Bi
atoms are categorized into two types. Type-I Bi atoms (outlined
by red dashed lines) aggregate into dimers with a higher density
of electronic states, which appear as bright spots located at the
midpoint of the dimers in STM images acquired at certain bias
voltages, forming a kagome lattice. Type-II Bi atoms (outlined by
cyan dashed lines) reside inside the hexagons of the kagome lat-
tice and appear as dark voids in STM images. The Bi adatoms do
not form a kagome lattice in atomic arrangement; instead, the
kagome pattern observed in STM images reflects an electronic
kagome lattice arising from the electronic states on the Bi dimers
(Figure 8e). This approach to constructing electronic kagome lat-
tices by depositing atoms onto a surface is straightforward and re-
quires no further manipulation. However, it depends strongly on
the choice of atoms and substrates, and currently, neither experi-
ments nor theory can predict which systems will yield electronic
kagome lattices. Thus, establishing a general construction strat-
egy, possibly empowered by machine learning models, remains
an open question for future exploration.

Kagome latticed electronic states can also be constructed
through interlayer orbital hybridization between a honeycomb-
latticed surface layer and a kagome layer underneath, as re-
ferred to surface kagome electronic states (SKES). This strategy
was recently proposed by Gao, Ji, Yang, and coworkers!'*! and
developed through their studies on Co;Sn,S,, a kagome mag-
net, surfaces. Two types of Co,;Sn, S, surfaces were observed in
STM experiments, which are terminated by a S (the S-terminated
surface) and a Sn (the Sn-terminated surface) atomic layer, re-
spectively. The triangular Sn surface, however, exhibits proper-
ties related to the kagome lattice, such as Weyl fermion arcs,
which are not present on the S-terminated surface. The qPlus
non-contact atomic force microscopy (nc-AFM) also images a
kagome latticed pattern on the Sn-terminated surface, as shown
in Figure 8f. The DFT calculations reveal that the height differ-
ence between the Sn atomic layer and the underlying S atomic
layer is only 0.56 A in the Sn-terminated surface (Figure 8g, side
view). These two atomic layers together form a honeycomb lat-
tice (Figure 8g, top view), whose lattice points are directly po-
sitioned above the centers of the Co, triangles in the Co,Sn
kagome layer underneath. Strong electronic hybridization occurs
between the p orbitals of the surface Sn and S atoms in the
honeycomb lattice and the d orbitals of Co atoms in the Co,Sn
kagome layer, effectively imprinting the triangular-shaped elec-
tronic density of the Co, trimers onto those of the surface Sn
and S atoms. Subsequently, the p orbitals of Sn and S undergo
in-plane hybridization, resulting in the formation of a surface
electronic kagome lattice on the Sn-terminated surface, as shown
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in Figure 8h. On the S-terminated surface, only an incomplete
SKES (i-SKES) can form because the surface consists solely of
a triangular lattice of S atoms, as shown in the right panel of
Figure 8i.

Inspired by these findings, thy proposed a universal strategy
for constructing SKES, as illustrated in the left panel of Figure 8i:
i) the surface and subsurface (if any) atoms fit in a honeycomb
lattice, ii) their in-plane states vertically hybridize with that of
the kagome sublattice underneath, and iii) vertically hybridized
states then subsequently hybridize laterally to form an SKES,
as illustrated in Figure 8i. The universality of this strategy was
further verified through DFT calculations, in which SKESs are
identified on modified Sn-terminated Co,Sn,S, surfaces by sub-
stituting Sn with other group-13 to group-15 elements or re-
placing S with Se or Te atoms. In addition to the honeycomb-
kagome stacking on the surface giving rise to SKES, Zhang,
and coworkers!'¥”) demonstrated through a tight-binding model
that the stacked honeycomb and twisted kagome lattices also ex-
hibit kagome bands. They swept through the Inorganic Crystal
Structure Database (ICSD) and discovered 298 experimentally
synthesized new ideal topological materials with this stacking
arrangement.

5. Moiré Kagome Few-Layers

When two or more 2D layers are vertically stacked with a lattice
mismatch!13#13% or rotational misalignment (twist angle),[140-141]
they form a larger-scale periodic structure due to the in-
terference of their atomic arrangements, known as a moiré
superlattice.[1*21%3] Moiré superlattices generally feature larger
lattice constants, typically from a few to tens of nanometers,
and thus reduced inter-site hopping, thereby amplifying the
effects of electron correlations. The enhanced correlation ef-
fects lead to the emergence of strong correlations and/or topo-
logical properties that are absent in the parent 2D materials.
These effects or properties emerge through mechanisms such
as Brillouin zone folding,["*#1%] structural relaxation, 161481 and
strong interlayer coupling.'**13% Various intriguing physical
phenomena have already been reported in moiré bilayers, such
as superconductivity and correlated insulators(*®1511521 mojré
excitons!!>315] ferromagnetism,['*¢17] and the quantum anoma-
lous Hall effect.['38158] Moreover, the significantly increased real-
space periodicity effectively reduces the electron density required
for tuning band occupancy using electrical gating, thereby ex-
panding the range of tunability. Consequently, realizing a 2D
kagome lattice within a moiré bi- or multi-layer could enable the
construction of a variety of novel quantum states with enhanced
tunability, potentially uncovering new and exotic physical phe-
nomena.

Twisted multilayer silicene is one of the earliest examples of
building electronic kagome lattices in moiré superlattices.l'>! As
shown in Figure 9a, Du, Hu, Chen, and coworkers discovered
that STM images of a twisted multilayer silicene with a 21.8°
twisting angle exhibit a kagome lattice pattern with a period of
1.7 nm. In the associated dI/dV spectra, two narrow peaks were
observed at 1.32 and 1.7 eV above the Fermi level (Figure 9b).
The dI/dV mapping image at 1.32 V clearly shows a kagome lat-
ticed pattern (Figure 9¢), indicating the formation of an electronic
kagome lattice and a kagome flat band at 1.32 V, characterized
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Figure 9. a—c) STM image (a), d//dV spectra (b), and d//dV map (c) at a bias of 1.32 V of multilayer twisted silicene. In (a), Vg = 1V, I, = 100 pA, scan area
5 x 5 nm?. d) dI/dV map of 5.1° twisted bilayer WSe, at a bias of -1.136 V. ) DF TEM image of triple-layer twisted graphene with twist angles 8, = 0° and
0,3 = 0.06° (inset at bottom right). The inset at the top right shows the stacking configurations corresponding to the triangular and hexagonal domains
of the kagome lattice, with the atomic structure diagrams of different stacking configurations on the right. f) Low-pass filtered image of the uMIM scan of
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by the localized but extended electronic states due to destructive
quantum interference.

In addition to the twisted silicene, electronic kagome
lattices have also been observed in other twisted moiré
superlattices.[®*161] For instance, similar electronic kagome lat-
ticed patterns were observed with STM in twisted bilayer WSe,
with a 5.1° twisting anglel'®!] (Figure 9d) and twisted bilayer
graphene (BG)!'® with twisting angles of 1.07°, 0.98°, and 0.88°.

Atomic kagome lattices have also been observed in twisted
moiré systems. In a twisted graphene trilayer with twisting an-
gles 0,, = 0° and 6,; = 0.06°, Yoo, Son, and coworkers!'%2! ob-
served kagome-shaped domains using dark field transmission
electron microscopy (DF TEM), as shown in Figure 9.2 In
these domains, the ABC and ACB stacking orders (atomic struc-
tures shown on the right side of Figure 9¢) form the triangles of
the kagome lattice, with alternating bright and dark contrasts in
the DF TEM images. However, the lattice constant of this kagome
lattice reaches several hundred nanometers. As a result, the hop-
ping between kagome lattice points is negligible, and it is unlikely
that this structure will exhibit kagome properties.

The relatively larger lattice constants of moiré superlattices
make it feasible to use microscopy techniques with spatial resolu-
tions lower than the atomic scale. One promising technique lies
in scanning microwave impedance microscopy (MIM).[163-165]
In MIM, microwave signals (1-10 GHz) are directed through a
sharp metal tip onto the sample, and the reflected signals are an-
alyzed to measure the admittance between the tip and the sam-
ple. The imaginary component, MIM-Im, correlates with sample
conductivity, enabling local conductivity mapping. Zettl, Wang,
and coworkers!'®®! used an ultrahigh-resolution implementation
of scanning microwave impedance microscopy (uMIM) to image
a twisted BG/BG/hBN multilayer (inset of Figure 9f). They found
that, at a twisting angle of 0.6°, the low-pass filtered MIM-Im
image revealed bright spots, corresponding to high-conductivity
domains, arranged in a kagome lattice pattern, as shown in
Figure 9f. However, since MIM is sensitive to changes in both
atomic structurel'%®! and electronic structure,['**] it remains un-
clear whether the observed kagome lattice corresponds to an
atomic or electronic kagome lattice.

Although experimental results for kagome lattices in twisted
moiré systems are still relatively limited, theoretical predictions
suggest that kagome lattices can be realized across a range of
moiré systems.

Heine, Kuc, and coworkers!!”! conducted a comprehensive
theoretical study on the structural and electronic evolutions in

o[167
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twisted bilayer MoS, with the twisting angle varying from 0.2°
to 59.6°. The fully relaxed structure of twisted bilayer MoS, is
shown in Figure 9g and includes three distinct regions: stack-
ing R} (red circles), stacking R}’ stacking (green triangles), and
solitons (blue rectangles). In 2.28° twisted bilayer MoS,, fully
relaxed using a reactive force field, the R! stacking region (yel-
low bright spots in Figure 9h) forms a triangular lattice, while
the centers of the solitons (blue spots in Figure 9h) constitute a
kagome lattice. The lowest-order density-functional based tight-
binding (DFTB) indicates that a clean kagome band structure
can be found at just 0.05 eV below the Fermi level, as shown
by the blue bands in Figure 10i.'%"] Similarly, kagome bands be-
low the Fermi level were predicted in twisted bilayer 1T-ZrS, at
twist angles of 2.45°, 2.28°, 2.64°, and 3.15° (Figure 9j) by Ru-
bio, Kennes, Claassen, and coworkers!'?], using a semiconduc-
tor moiré continuum model'’"! and ab initio calculations. These
bands are contributed by the degenerate p, and p, orbitals of
sulfur.'® Charge neutral bilayers asides, Reddy, Devakul, and
Ful'®l used a semiconductor moiré continuum model to predict
that at filling factor n = 3, the Coulomb interactions within each
three-electron moiré site lead to a three-lobed “Wigner molecule”.
When these molecules are comparable in size to the moiré pe-
riod, they arrange into an emergent distorted electronic kagome
lattice due to the balance between Coulomb interactions and the
moiré potential, as shown in Figure 9k.[1%] These calculations of-
fer general predictions for semiconductor moiré systems. Wang,
Crommie, Fu, and coworkers!'”!] observed Wigner molecule crys-
tals using STM in a twisted bilayer WS,, but the molecule size
was smaller than the moiré period, preventing the formation of
a kagome lattice.l'”?] Similarly, a Wigner crystal forms in twisted
bilayer graphene with a twisting angle of ~1,['7! where the lat-
tice type varies by electron filling. At a filling of 3/4, a kagome lat-
ticed Wigner crystal may emerge. Beyond twisted moiré systems,
Kong, Ji, and coworkers predicted that applying different in-plane
strains to an untwisted graphene homo-bilayer could also yield a
twisted kagome structure and kagome bands.!'”?]

Despite encouraging progress in both experimental and theo-
retical research on kagome moiré lattices, several key challenges
remain. Theoretically, for moiré systems with small twist angles,
first-principles calculations often involve handling more than 10
or even 10* atoms, which pose substantial challenges for struc-
tural relaxations. This complexity limits the accuracy of struc-
tural and electronic property predictions in kagome moiré lat-
tices, thereby limiting the ability to effectively simulate, predict,
and interpret kagome lattices in these contexts. Experimentally,

BG/BG/hBN (inset). g,h) (g) Fully relaxed atomic structure of twisted bilayer MoS, with a twist angle 6 = 1.05°. The red circles highlight the Rz stacking

regions (inset on the left), the green triangles highlight the Rﬁ” stacking regions viewed from above or below (inset on the right), and the blue rectangles
highlight the solitons. (h) Interlayer separation landscape with a schematic visualization of (left overlay) the structural elements and (right overlay) the
superlattices formed by the structural elements in twisted bilayer MoS, with a twist angle 8 = 2.28°. The RM stacking domains form a honeycomb lattice
(orange) while the midpoints of solitons form a kagome lattice (blue). (h) Electronic band structure of twisted bilayer MoS, (twist angle 6 = 2.28°),
calculated at the DFTB level. The bands corresponding to the honeycomb and kagome lattice are highlighted. j) Ab initio band structure of twisted bilayer
ZrS,, with (right column) and without (left column) spin-orbit coupling, with the top-most valence bands arising from the emergent Kagome lattice. The
solid colored lines represent the band structure fitted to the topmost valence band. The thick blue line indicates a topological band with a Chern number
of 1. k) Real-space electron density of a Wigner molecular crystal in a breathing kagome lattice. a—c) Reproduced with permission.['**] Copyright 2024,
American Association for the Advancement of Science. (d) Reproduced with permission.['® Copyright 2024, American Physical Society. (f) Reproduced
with permission.[®6] Copyright 2024, American Association for the Advancement of Science. g-i) Reproduced with permission.['®”] Copyright 2024, IOP
Publishing Ltd. (j) Reproduced with permission.l'68] Copyright 2024, Springer Nature. (k) Reproduced with permission.l'®®] 2024, American Physical
Society.
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Figure 10. a) Atomic-resolution annular dark-field STEM (ADF-STEM) images of 4|4P grain boundaries in MoS,, overlaid with atomic structure diagrams.
b) STM image of MoSe, on HOPG. Size: 13 X 13 nm?, Vsimple = 146 V. c) STM image of MoSe, on MoS,. Size: 23 x 23 nm?, I, =0.20 nA, Vsimple =—0.78 V.
(d) Experimental and simulated ADF images. Scale bar: 0.5 nm. Partial atomic structure diagrams are overlaid. e) Band structure and local density of
states (LDOS) for the 4|8 grain boundary. f) dI/dV spectra for monolayer (ML) MoSe, at the interior of the grain boundary i) and on the MTB triangular
loop ii). g) 2\/3 X 2\/3 superlattice in MoTe,, | = 100 pA. h) Atomic structure model of MosTeg, with the side view shown below. The MTB is marked by
yellow triangles. Mo atoms are represented by purple spheres, Te atoms shared by the MTB are shown in green, and Te atoms outside the MTB are shown
in orange. i) The dl/dV spectra on the MTB. j) STM image of MosTeg at a bias of 0.2 V. The coloring-triangular (CT) lattice is highlighted by solid blue
lines, and the lattice vectors are marked by red arrows. k) Atomic structure of MosTeg, with the MTB highlighted by orange dashed lines. I) Band structure
of MosTeg. The irreducible representations of the four CT bands at the I point are listed on the right, marked in green, blue, purple, and gray. (a) and (e)
Reproduced with permission.['78] Copyright 2024, American Chemical Society. (b) and (f) Reproduced with permission.l'34] Copyright 2024, American
Physical Society. (c) Reproduced with permission.['8%] Copyright 2024, American Physical Society. (d) Reproduced with permission.['8¢] Copyright 2024,
American Chemical Society. (g) Reproduced with permission.['87] Copyright 2024, IOP Publishing Ltd. (h) Reproduced with permission.!'38] Copyright
2024, |OP Publishing Ltd. and (i-l) Reproduced with permission.[?4] Copyright 2024, IOP Publishing Ltd.

twisted moiré superlattices often encounter stability issues, as 6. Mirror Twin Boundaries as Superatoms for

their twisting angle may shift under thermal, mechanical, or Constructing Kagome Monolayers
other forms of perturbations.l'’#”7] Moreover, although elec-

tronic kagome lattices are realized and kagome flat bands are
observed in moiré superlattices, research into the properties of
these kagome bands is still insufficient, and the ease of tuning
band occupancy through electrostatic gating remains underuti-
lized. Nevertheless, these challenges underscore valuable direc-
tions for future research. Exploring how to fully exploit the ad-
vantages of moiré superlattices and the novel physical phenom-
ena arising from the interactions between moiré and kagome
lattices represents a promising and exciting frontier for further
investigation.
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In monolayer transition metal dichalcogenides (TMDs), grain
boundaries, as a type of structural defect, significantly influ-
ence the thermal, mechanical, electrical, and other properties of
TMDs.[78-182] A notable example lies in the atomically sharped
mirror twin boundaries (MTBs), which form between regions
with a 60° relative orientation. To date, three major MTB struc-
tures, i.e., 4|4P1'78] (Figure 10a), 4|4E,['7%] and 558,113} have been
reported in various TMD materials. Each structure exhibits dis-
tinct electronic properties, but they all introduce relatively iso-
lated in-gap states within the TMD bandgap.
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Figure 11. a) Triangular MTB loops of different sizes in monolayer MoTe,_,, with the MTBs highlighted by pink triangles. b) Various arrangements of
MTB loops, with a grid of four (breathing) coloring triangular lattices highlighted with solid black lines connecting the Mo atoms at the vertices. c)
Atomic structure of Mos;Tesg, with orange and green triangles marking the regions within and between the MTB loops, respectively.

In 2013, Zhou and coworkers identified two MTBs in 1H-
MoS,, composed of four-fold rings that share sulfur atoms,
known as 4[4P and 4|4E.l'8] The lattices on both sides of the
4|4P boundary are mirror-symmetric, whereas that of the 4[4E
boundary requires an additional translation operation. In 2014,
Xie and coworkers grew MoSe, samples on a HOPG substrate
using MBE.[**#!] They reported that the MTBs form a characteris-
tic triangular inversion region, which combines into a wheel-like
pattern!'®] (Figure 10b). This structure was proposed to be a re-
sult of MTBs sharing, rather than the previously assumed moiré
interference effect!!#189-1921 (Figure 10c). Since then, these MTB
chains(1¥192193] and /or triangular loops!"®*'%! have been discov-
ered in various MoX, (X = S, Se, Te) materials. In 2017, Ji, Jin,
Xie, and coworkers, using high-resolution ADF-STEM imaging
combined with DFT calculations, confirmed that the MTB trian-
gular rings in monolayer MoSe, correspond to 4/4P MTBs shar-
ing Se atoms!'8] (Figure 10d). As shown in Figure 10e, theoreti-
cal calculations predict that these MTBs form 1D metallic quan-
tum wires, with electronic states crossing the Fermi level. This
metallic feature was experimentally verified the metallic feature
at the MTBs within the wheel-like pattern. These in-gap states
are typically attributed to the formation of charge order, such as
Peierls-type charge density waves (CDW)[193197.1%] or Tomonaga-
Luttinger liquids.!19%2%1

The smallest 4|/4P MTB loops require the addition of three ex-
tra Mo atoms!?°! which was experimentally realized in H-MoTe,
as a prototype of a 2\/ 3 X 2\/ 3 superlattice on a 2H-MoTe, sam-
ple was reported by Zhang, Wang, and coworkers in 20171%I
(Figure 10j), although its exact periodicity was in a debate that
some others initially suggesting a 2 X 2 super-periodicity!'®’]
(Figure 10k). Later in 2020, Xie, Jin, and coworkers,®® using
scanning transmission electron microscopy, definitively identi-
fied this structure as a new layered transition metal chalcogenide,
Mo, Te,, featuring a 24/3 x 24/3 superlattices consisting of the
smallest MTB loops, as illustrated in Figure 10l. Three years
later, Ji, Wang, Cheng, and coworkers realized and identified this
Mo, Te;, monolayer as a coloring-triangle (CT) latticel?*3%] by ei-
ther theory or experiments. They discovered that this structure
possesses electronic band structures similar to those of a kagome
lattice, located near the Fermi level (Figure 10m.p). An STM to-
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pography image clearly shows the CT lattice, as indicated by the
blue solid lines in Figure 10n, corresponding to the atomic struc-
ture in Figure 100. The orange dashed lines connect the shared
Te atoms on the MTB, with the Mo atoms at the vertices of the
triangular regions forming the lattice points of the CT lattice, and
the red arrows highlight the 2 \/ 3x2 \/ 3 superlattices. Each set of
the CT bands (CT1-CT4) consists of a “nominally flat band” with
minimal broadening, accompanied by two Dirac bands, with irre-
ducible representations indicating their connection through mir-
ror symmetry operations o, (Figure 101). Note that the CT lattice
was previously predicted by Liu and coworkers in 201939 (see
Section 2 for more details).

Very recently, Ji, Zhang, and coworkers!?®! proved, with both
theory and experiments, that the triangular MTB loops can be
aligned in uniformly sized and well-ordered arrays with differ-
ent loop sizes and arrangements. They regarded differently sized
MTB loops as superatoms and used them as building blocks to
construct kagome and its variant lattices depending on the size
and arrangement of MTB loops. For instance, Figure 11a shows
the atomic structures of MoTe, MTB loops of different sizes, in
which the shared Te atoms are highlighted by pink shadowed tri-
angles. These building blocks can theoretically be arranged into
various MTB superlattices (Figure 11b), among them Mo Teg is
the smallest superlattice in size. The authors investigate various
band fillings and predict several possible electronic phases, in-
cluding magnetic states, correlated insulators, and topological in-
sulators. They present the formation energies of different con-
figurations and identify four stable monolayer structures as the
chemical potential of Te decreases (from right to left), with the
calculations performed without considering DFT+ U. These four
structures correspond to varying Te chemical potentials, with lat-
tice constants ranging from 12.8 to 25.9 A. Experiments have
observed only these specific structures, confirming the effec-
tiveness of using varying chemical potentials to determine sta-
ble configurations without U. Therefore, this finding highlights
the importance of accurately matching the chemical potential
in theoretical calculations with experimental growth conditions.
Zhang, Wu, Yuan, Ji, and coworkers investigated the electronic
and magnetic properties of Moy, Te([2%] (Figure 11c). The non-
magnetic band structure of Mo,;Teg, indicates, at least, three
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Figure 12. a) Schematic illustration of constructing a kagome lattice from a triangular lattice. The gray dashed lines represent a 1 x 1 triangular lattice,
the purple dashed lines represent a 2 X 2 supercell, and the red and blue dots represent different lattice points. The orange solid lines highlight the
kagome lattice. b,c) STM image b) and atomic structure c) of Ni deposited on a Pb(111) surface. In (b), U, =+10 mV, I, = 1.0 nA. The red dots indicate
the kagome lattice formed by the Ni (yellow hexagrams). The white (b) and light blue (c) rhombus outline the unit cell of the kagome lattice. d,e) STM
image (d) and atomic structure (e) of FesSeg. In (d), U= —0.1V, I, = 100 pA, and the scan area is 5 x 5 nm?. The green dashed lines indicate the two

periodic kagome lattices observed in the STM image, corresponding to 2 X 2 and 24/3 x 21/3 structures. In (e), the integrated charge density from —0.5
to —0.3 eV is overlaid on the atomic structure. f) Atomic structure of Nb;Xg. b,c) Reproduced with permission.[204] Copyright 2024, American Chemical
Society. d,e) Reproduced with permission.[20°] Copyright 2024, American Chemical Society.

kagome bands crossing the Fermi level and are thus partially
filled, leading to a high density of states at the Fermi level. Such
high DOS drives the monolayer to exhibit spontaneous magneti-
zation and an unidentified correlated insulating state.

These MTBs are particularly promising for constructing neat
kagome bands near the Fermi level, as the MTB introduces in-gap
electronic states near the Fermi level within a sufficiently large
bandgap of the parent TMD (here, MoTe,). Thus, the kagome
bands resulting from interactions of these stats should be es-
sentially neat, namely close to the Fermi level and within a well-
defined bandgap. The variation in the size and arrangement of
the MTB loops offers a rich diversity in electronic structures
and thus physical properties of the resulting superlattices. Ex-
perimentally, these electronic, magnetic, and topological prop-
erties of the MoTe,, monolayer can, in principle, be further
tuned through gating, doping, or other methods, providing a
playground for exploring novel states in kagome monolayers.
Compared to moiré systems, MTB superlattices have smaller pe-
riodicities and form isolated kagome electronic bands, with car-
rier density being more strongly influenced by the internal struc-
ture and the arrangement of MTB loops.

7. “14+3" Strategy: Constructing a Kagome Lattice
from a Triangular Lattice

Triangular lattices are widely presented in 2D materials or on
solid surfaces. This section introduces a '1+3” strategy for con-
structing a kagome lattice from a triangular lattice. As shown in
Figure 12a, if we differentiate one lattice site (the “1”, in blue)
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from the rest three ones (the “3”, in pink) in a 2 x 2 supercell of a
triangular lattice (gray dashed lines), these three pink sites form
a kagome lattice. The differentiation could be done by means
of, such as the formation of vacancies, atomic substitutions, or
atomic/molecular adsorption. Alternatively, if we consider a tri-
angular lattice formed by those blue sites, those pink sites rep-
resent midpoints of the lines connecting the nearest neighbor
lattice sites. Thus, a kagome lattice is formed by these pink sites.
The second interpretation was already demonstrated in kagome
lattices formed with Fe atoms (Figure 3d) and the potential wells
shown in Figure 7. Three examples are detailly discussed in the
following paragraphs to more clearly explain this '14-3” strategy.

The first example represents the construction of kagome
monolayers on solid surfaces using a '1+3” template. Hsu,
Bihlmayer, and coworkers!?*] deposited Ni atoms on a Pb(111)
substrate and observed a kagome lattice in the STM image shown
in Figure 12b. The line profile extracted from the STM images
indicated that the average apparent height of the adatom layer
is unusually low, only 0.82 A. Theoretical calculations revealed
that during deposition, one of the four Pb atoms in each 2 x 2
Pb(111) surface supercell is substituted by a Ni atom, resulting
in a ‘143" difference on the triangularly arranged surface atoms
(Figure 12c). Subsequently, deposited Ni atoms prefer to adsorb
at the hollow sites of the Ni-Pb2 triangles (Figure 12c), forming
a kagome monolayer of Ni adatoms on the surface.

The second example focuses on the preparation of kagome few
layers through atomic intercalation, a technique commonly used
to modify the properties of 2D materials. In this approach, ei-
ther three or one intercalating atoms are periodically positioned
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within the vdW gap of each 2 X 2 supercell of a triangular lat-
ticed 2D bilayer, resulting in a 3/4 ML or 1/4 ML intercalated bi-
layer. The 3/4 ML intercalating atoms themselves form a kagome
monolayer, while the 1/4 ML atoms distinguish the four iden-
tical unit cells in each 2 X 2 supercell, dividing them into two
groups, one with three unit cells and the other with one. The 3-
unit-cell group thus has the potential to form a kagome lattice.
Figure 12d shows an example of this approach realized by Zhang,
Fu, Liu, and coworkers in triangularly latticed 1T-FeSe, layers [2%]
As shown in Figure 12e, multilayer FeSe, is AA stacked, and after
intercalating 1/4 ML of Fe atoms directly below the Fe atoms in
the FeSe, layer, a 2 x 2 supercell is formed, resulting in a bulk
chemical stoichiometry of Fe,Se,. The intercalated Fe atoms are
distinct and then divided the surface Se atoms into two types: 3/4
of the Se atoms (Sel) are positioned 0.025 A higher than the re-
maining 1/4 of Se atoms (Se2). As we discussed, the Sel atoms
form a kagome lattice, and the corresponding STM image (shown
in Figure 12d) displays a clear kagome feature. Besides, DFT cal-
culations reveal that a similar height difference occurs among the
Fe atoms in the FeSe, layer, causing 3/4 of the Fe atoms to form
a kagome lattice and generate kagome bands. This approach was
employed again in a 1T-CoTe, bilayer and multilayer, with 1/4
ML self-intercalation resulting in a kagome lattice similar to that
of Fe,Se,.120]

The final examples concentrate on directly modifying the 2D
layer themselves, an approach potentially applicable to monolay-
ers. The T or H phase MX,-type 2D materials (where M is a metal
and X is a group —16 or —17 nonmetal) generally form triangular
lattices. From a materials perspective, several methods can intro-
duce the '14+3” differentiation within an MX, layer beyond the
intercalation-based formation of M;X,. For instance, the periodic
removal of 1/4 ML metal atoms from the MX, layer leads to the
formation of an M, X; layer, leaving the rest M atoms arranged in
a kagome monolayer. Examples of such structures include Nb; X,
(X = Cl, Br, I)i?7] (Figure 12f) and their variants Nb;TeCl,[2%!
and Nb, Sel,.l!] Analogously removing 1/4 ML of X atoms in an
X sublayer results in the formation of M,X, monolayer, where
the rest of 3/4 X atoms construct a kagome sub-monolayer, as
experimentally demonstrated in Pt,Te,.[2921% For theory, high-
throughput calculations comprehensively explored these meth-
ods for monolayer metal oxides.[?!!]

In addition to the above examples, kagome lattices can also
be constructed through methods such as adsorption(?'?] and va-
cancy introduction,?1*-216] among others, which are not detailed
here. The '143" strategy is a general approach for constructing
kagome lattices from triangular lattices. Exploring new methods
and materials for utilizing this strategy remains a promising and
worthwhile area of future research.

8. Outlook

In recent years, research on 2D kagome lattices has rapidly ad-
vanced, providing a rich variety of materials for physics research.
However, we believe this is merely the beginning, as the future
holds vast opportunities and challenges. Reflecting on our orig-
inal goals in studying 2D kagome materials and looking toward
the future, we identify three research directions that are crucial
for this field.
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First, although 2D atomic or electronic kagome lattices have
been realized in various systems, materials with their kagome
bands observable and tunable near the Fermi level remain scarce.
The key to addressing this challenge lies in finding new construc-
tion methods and material systems. For example, one approach
could be building kagome lattices using the concept of super-
atoms, employing new techniques such as annealing to achieve
'1+3” differentiation, or utilizing multilayer twist angles. Addi-
tionally, the rapid development of artificial intelligence (AI) of-
fers new pathways for discovering these materials and methods.
We might develop new design methods to establish correlations
between elements, structures, and electronic bands, enabling AI
to design ideal, experimentally feasible materials.

Second, synthesis, manipulation, and characterization tech-
niques need further advancement. Interacting phenomena
widely explored in bulk kagome materials, such as supercon-
ductivity and charge density waves, remain underexplored in 2D
kagome few- or mono-layers. Although many potential systems
and methods for constructing 2D kagome lattices have been the-
oretically predicted,3217-222] the feasibility of these predictions
still awaits experimental validation, highlighting the urgent need
for experimental methods to more feasibly and reliably verify the-
oretical predictions. Moreover, existing measurement techniques
also require improvement—for instance, determining whether
the observed peaks in STS belong to kagome flat bands and accu-
rately identifying the topological nature of bands using ARPES.
Furthermore, the traditional approaches, manipulation methods,
and characterization techniques used in bulk materials research
need to be adapted and refined for 2D kagome systems.

Finally, the study of spin frustration effects in kagome magnets
has long been a focal point in condensed matter physics.[223-22°]
The relatively flexible construction methods in 2D systems of-
fer unique opportunities to realize neat 2D kagome magnets!2?]
and precisely tune key parameters such as spin exchange con-
stants. This provides a promising avenue for exploring and veri-
fying novel phenomena such as quantum spin liquids, making it
an attractive and potential-rich research direction.

In summary, 2D kagome lattice materials exhibit immense re-
search potential. As our understanding of these materials deep-
ens, we anticipate that this field will attract increasing attention
and lead to more groundbreaking discoveries. This review not
only summarizes the current state of research on 2D kagome lat-
tices but also extends an invitation to the broader scientific com-
munity to engage in the “quantum adventure” within 2D kagome
lattices, urging more researchers to join this exciting exploration
and contribute to its advancement.
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