Cai et al. Quantum Frontiers (2026) 5:1
https://doi.org/10.1007/s44214-025-00098-0

Quantum Frontiers

REVIEW Open Access

Emergent phenomena in kagome thin films:

®

Check for
updates

a spectroscopic perspective

Yongqing Cai'?, Vladimir Vasilyevich Uglov®*, Jijun Zhao>® and Huimin Zhang'**

Abstract

spectroscopy

Kagome materials have recently emerged as a versatile platform for exploring the intricate interplay among lattice,
charge, spin, and orbital degrees of freedom, giving rise to a rich variety of quantum phenomena. While early studies
predominantly focused on bulk kagome crystals, recent efforts have increasingly shifted toward their thin-film
counterparts, motivated by the pursuit of enhanced tunability and potential device integration. Compared to bulk
crystals, thin films offer distinct advantages such as precise control over strain, substrate-induced interactions, and
reduced dimensionality, which together enable the modulation of electronic structures and the stabilization of
emergent states. In particular, the ability to fine-tune key band features relative to the Fermi level provides a
powerful route for engineering exotic states, including flat-band-driven magnetism, topological phases, and
correlated electron phenomena. In this review, we provide a comprehensive overview of recent advances in the
synthesis, characterization, and electronic structure studies of kagome thin films. We highlight key experimental
breakthroughs that reveal how their topological and correlated properties evolve and discuss their broader
significance within the landscape of quantum materials. Given the rapid convergence of experimental observations
across diverse kagome systems, this review aims to offer timely guidance for future efforts toward unraveling the
microscopic mechanisms of these unconventional electronic states.
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1 Introduction

The kagome lattice, consisting of a two-dimensional (2D)
network of corner-sharing triangles, is a remarkable struc-
tural motif that hosts a wide spectrum of exotic quan-
tum phenomena [1-4]. In this geometry, each vertex is
shared by three triangles, forming an interconnected net-
work of both nearest-neighbor and next-nearest-neighbor
interactions (Fig. 1(a)). For the antiferromagnetic Heisen-
berg model on a triangular sublattice, no unique ground
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state can simultaneously satisfy all antiferromagnetic cor-
relation interactions, resulting in spin frustration. More-
over, eigenfunctions at adjacent corners exhibit opposite
phases, leading to phase cancellation for hopping between
neighboring sites (indicated by black arrows in Fig. 1(b)).
As a consequence, electronic states become geometrically
confined within individual hexagons, a real-space localiza-
tion that gives rise to a topological flat band with quenched
kinetic energy. Based on a simple s-orbital tight-binding
model with nearest-neighbor hopping, the inherent ge-
ometric frustration and symmetry give rise to distinc-
tive electronic features such as Dirac cones, flat bands,
and van Hove singularities (Fig. 1(c)) [5]. These charac-
teristics stem from the intricate interplay among lattice,
charge, spin and orbital degrees of freedom, positioning
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Figure 1 Kagome lattice and its characteristic band structure. (a) Schematic illustration of the regular kagome lattice structure. (b) Schematic of
destructive interference of Bloch wave functions () in the kagome lattice. Electrons are confined within the pink-shaded hexagons due to
destructive interference, as indicated by the black arrows. (c) Topological band structure of the kagome lattice considering nearest-neighbor electron
hopping. The van Hove singularity (VHS), Dirac point (DP), and flat band (FB) are labeled. (d-f) Same as (a)-(c), but for the breathing kagome lattice
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kagome materials as a fertile platform for investigating
strongly correlated and topological quantum states [6—
8]. In a more general scenario, when the shared trian-
gles (marked by light brown and blue) differ in size or
interaction strength, the lattice evolves into a breathing
kagome structure (Figs. 1(d)—(f)), which introduces addi-
tional structural complexity and modifies the correspond-
ing band dispersion relations. This inequivalence lifts the
degeneracy of the two originally overlapping Dirac bands,
thereby opening a band gap at the Dirac cone.

A defining aspect of kagome materials is the simultane-
ous emergence of multiple intertwined quantum phenom-
ena. By tuning its filling in the kagome lattice, flat band
can generate non-trivial topological states [9—11], nematic
phases [12, 13], ferromagnetism with spin-polarized bands
[14, 15] and Wigner crystallization [15, 16]. Van Hove sin-
gularities generate a high density of states that amplifies
electron correlations, thereby promoting strong Fermi-
surface nesting and associated instabilities [17, 18]. Mean-
while, Dirac cones host relativistic quasiparticles and topo-
logical surface states, enabling phenomena such as the
quantum spin Hall effect [5] and dissipationless chiral edge
modes [19], with promising implications for spintronics
and quantum information technologies.

Kagome materials encompass extensive compositions
and magnetic ground states, ranging from ferromagnetic
and antiferromagnetic to nonmagnetic systems. In ferro-
magnetic kagome metals, Co3Sn,S, hosts magnetic Weyl
fermions and a chiral anomaly [20, 21], Fe3Sn, features
massive Dirac fermions [22] accompanied by signatures of

magnetic skyrmions [23], and TbMngSng exhibits Chern-
gapped Dirac fermions [19]. Among antiferromagnetic
systems, FeSn displays Dirac points and flat bands [24],
FeGe reveals the coexistence of canted antiferromagnetic
order and charge density wave (CDW) states [25-27],
while Mn3Sn and Mn3Ge are characterized by chiral spin
structures [28, 29]. A particular example is the layered
AV3Sbs (A = K, Rb, Cs) [30-32], which has recently at-
tracted intense interest due to its unconventional elec-
tronic orders, including giant anomalous Hall conductivity
[33, 34], pair density wave [35], CDW [36], electronic ne-
maticity [37, 38], time reversal symmetry breaking [39—41]
and possible chiral flux phase [45]. These exotic properties
of kagome materials are illustrated in Fig. 2. A systematic
comparison across different kagome families promises to
yield deeper insights into the interplay between topology
and electron correlations within the kagome framework.
In recent years, research focus has shifted remarkably
from bulk kagome crystals to their thin-film counterparts.
Compared with bulk systems, thin films offer several dis-
tinct advantages. They enable the application of external
control parameters such as strain and substrate interac-
tions, thereby tuning the electronic structure and stabi-
lizing novel quantum states. They also facilitate integra-
tion into device architectures, bridging fundamental stud-
ies with potential applications in quantum technology.
Furthermore, thin films provide access to emergent phe-
nomena associated with the dimensional crossover from
three to two dimensions. Despite these opportunities,
kagome thin films also pose significant challenges in sam-
ple growth and characterization. For van der Waals (vdW)
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Figure 2 Exotic physical properties of Kagome materials. Note: TSS,
topological surface state; QSL, quantum spin liquid; SC,
superconductivity; PDW, pair density wave; TRSB, time-reversal
symmetry breaking [1]; Chern magnetism [19]; Chiral CDW [36]. SC,
reproduced with permission from Ref. [42]; image credit: Paul Scherrer
Institute. PDW, reproduced with permission from Ref. [43]; image
credit: Brookhaven National Laboratory. Nematicity, reproduced with
permission from Ref. [44]; image credit: University of Science and
Technology of China

kagome compounds, thin films can be prepared by me-
chanical exfoliation [46—49]. In contrast, fabricating high-
quality non-vdW kagome films with controlled stoichiom-
etry, smooth surfaces, and minimal defects requires ad-
vanced techniques such as molecular beam epitaxy (MBE)
and magnetron sputtering. Probing their complex elec-
tronic structures further demands state-of-the-art meth-
ods, particularly scanning tunneling microscopy/spec-
troscopy (STM/S) to direct access to local density of states
at the atomic scale, and angle-resolved photoemission
spectroscopy (ARPES) to unravel the electronic structures.

This review focuses on recent progress in synthesis,
characterization and electronic structure studies of ka-
gome thin films. We first examine state-of-the-art thin-
film growth techniques and strategies for achieving high-
quality kagome films. Subsequently, we will delve into
STM and ARPES investigations, highlighting their role in
unraveling the intrinsic electronic properties and quantum
phenomena of kagome thin films. Finally, we will explore
the potential applications of these materials and provide
insights into future directions for research. By synthesiz-
ing the current state of knowledge, this review aims to pro-
vide a coherent overview and inspire further exploration
of kagome thin films as a promising frontier in quantum
materials research.
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2 Growth strategies for kagome thin films
The synthesis of high-quality thin films is a prerequisite
for probing the quantum phenomena discussed above.
Here we summarize the principal synthesis approaches
and their implications for material properties (Table 1).
Binary kagome compounds T, X,, (T = Mn, Fe, Co; X =
Sn, Ge; m:n = 3:1, 3:2, 1:1) have attracted considerable at-
tention owing to the coexistence of topological band cross-
ings and flat bands originating from their kagome metal
sublattices [22, 24, 28, 50—55]. Among these, FeSn has been
the focus of early thin-film studies [56—63]. MBE enables
the growth of single-phase FeSn films on perovskite oxide
substrates including SrTiO3 and LaAlOjs. Typically, FeSn
films grown on LaAlO5(111) and SrTiO3(111) form dis-
crete islands of 20-200 nm [57, 60], while continuous films
have also been obtained on SrTiO3(111) [56]. Magnetron
sputtering with Pt or Ru buffer layers provides an alter-
native epitaxial route [64], though the strong spin—orbit
coupling of Pt complicates studies of intrinsic spin—orbit
torques in FeSn [65]. A more recent work has demon-
strated continuous epitaxial films on Co or Fe underlayers
by MBE [61], opening pathways for device integration.
For flat-band kagome metals such as CoSn, fine-tuning
the flat band position relative to the Fermi level is vital,
since many exotic physical properties are governed by
states around the Fermi level. Epitaxial CoSn thin films
have been grown on metallic buffer layers by sputtering
[85], while more recently, a three-step MBE process en-
abled epitaxy on insulating MgO(111) and 4H-SiC(0001)
substrates [68], providing a promising platform for flat-
band physics and electrostatic control. Fe3Sn, thin films
are reported to host tunable Weyl fermions and large
anomalous Hall and Nernst effects [81]. MBE-grown bi-
layer Fe3Sny(0001)/Pt(111) (5/5 nm) films on Al;O3(0001)
substrates have demonstrated strong spin—orbit torque re-
sponses, facilitating the development of spintronics based
on topological kagome magnets [105]. In parallel, buffer-
free epitaxial Fe3Sn; films have been synthesized on Al,O3
(0001) and MgO(111) using facing-target magnetron sput-
tering [83], highlighting the diversity of viable approaches.
Beyond these prototypical cases, other kagome met-
als have also been realized in thin-film form, including
RMngSng (R = rare earth)[71], Co3Sn,S; [84], NizIn [72],
Mn;3Ge [73, 87], MnsGa [89], GdyYb;_Pbs/Si(111) [74],
Ni/Pb(111) [75], Ge/Al(111) [76], Ag/Si(111) [77], and
CsV3Sbs [90, 91]. Layered kagome semiconductors such
as Pd3PySg, NbsClg, and Nbslg can be readily cleaved
into ultrathin flakes owing to their weak vdW bond-
ing. In contrast, non-vdW kagome semiconductors, such
as SiO;/Au(111) [92], FeSb [93], CrgSeip [94] and sil-
icene/Ag(111) [95], require epitaxial growth by MBE. An-
other distinct direction is the construction of artificial
kagome lattices through supramolecular self-assembly.
Organic molecular building blocks deposited on noble-
metal substrates have enabled precise kagome networks,
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Molecular beam epitaxy

Magnetic sputtering Mechanical exfoliation

Metal FeSn [56-63, 66], Fe3Sn, [67], CoSn [68, 69], FeGe [70],
RMngSne [71], NisIn [72], Mn3Ge [73],
GdyYb1_xPbs/Si(111) [74], Ni/Pb(111) [75], Ge/Al(111)

[76], Ag/Si(111) [77]

Semiconductor SiO5/Au(111) [92], FeSb [93], CrgSers [94],
silicene/Ag(111) [95], MoTe; [96]

Mott insulator \

Organic molecule  PZTANGO/Au(111) [99], porphyrin/Au(111) [100],
B2-Per/Ag(111) [101], NC-Phs-CN/Ag(111) [102],
benzene/Br/Ag(111) [103], P2TANG/Au(111) [104]

F83Sﬂ [78*80}, Fe3Sn2 [81*83}, CO3SI’1252 [84],
CoSn [85], FeSn [86], Mn3Ge [87], Mn3Sn
[53, 88], Mn3Ga [89]

CSV3 Sbg [90, 9“

\ Pd3P;Sg [97]
\ Nbslg [47], Nb3Clg [46, 98]
\ \

including porphyrin-, perylene-, and benzene-based lat-
tices [99-104, 106]. These supramolecular assemblies rep-
resent a versatile strategy to engineer desired kagome elec-
tronic states with atomic precision.

The choice of synthesis method is critical, as it directly
determines the structural quality, scalability, and func-
tional properties of the kagome thin film. MBE excels
in delivering atomically precise, stoichiometrically con-
trolled epitaxial films with ultra-high purity and sharp in-
terfaces, making it ideal for fundamental studies of elec-
tronic structure and interfacial phenomena. However, its
ultrahigh vacuum requirements, low growth rates, and
high operational cost limit throughput and large-area fab-
rication. Magnetron sputtering offers a more scalable and
cost-effective route, capable of depositing uniform films
over larger substrates at higher deposition rates. It is par-
ticularly suitable for growing polycrystalline or textured
films of multi-element compounds. Challenges include
achieving the same level of epitaxial perfection as MBE
and potentially introducing higher defect densities or off-
stoichiometry. For layered vdW kagome materials, me-
chanical exfoliation provides a straightforward method to
isolate ultrathin flakes, preserving the intrinsic crystalline
quality of the bulk. This method is invaluable for rapidly
prototyping devices and exploring thickness-dependent
properties down to the monolayer limit. Its principal lim-
itations are the lack of control over flake size, thickness,
and lateral uniformity, as well as the inability to create
heterostructures with atomically clean interfaces in a con-
trolled manner. Each technique thus presents a distinct
trade-off between crystalline perfection, scalability, and
experimental versatility, guiding the selection based on the
specific scientific or application purpose.

3 STM studies: local electronic structures and
surface states

STM/STS provide atomic-scale insights into the real-space

electronic properties of kagome materials, complement-

ing momentum-resolved techniques like ARPES. This sec-

tion synthesizes key STM/STS findings on kagome thin

films, highlighting defect engineering, topological states,
and correlation-driven phenomena.

3.1 Engineering electronic states in FeSn and Fe3Sn;
kagome films

Strain engineering has emerged as a powerful strategy for
manipulating Dirac fermions in topological materials, ow-
ing to their high sensitivity to lattice distortions [107].
A compelling example is provided by epitaxial FeSn films,
in which the weak bonding of the stanene sublattice makes
the structure particularly susceptible to strain. The model
kagome magnet FeSn consists of alternatingly stacked
2D Fe3Sn kagome and Sn honeycomb layers (Fig. 3(a))
[60]. STM measurements reveal that ultrathin films de-
velop periodic stripe-like modulations in the Sn honey-
comb lattice (Fig. 3(b)), reflecting strain-induced lattice
distortions. These modulations strongly impact the low-
energy electronic states: spatially resolved dI/dV spectra
show highly regular oscillations that repeat over succes-
sive stripes (Fig. 3(c)). More strikingly, differential con-
ductance measurements on and between the stripes re-
solve a series of discrete peaks (Fig. 3(d)), identified as
Landau levels arising from pseudomagnetic fields gener-
ated by the strain. Quantitative analysis indicates that the
effective field exceeds 1000 T, placing it among the largest
pseudomagnetic fields reported in Dirac systems.

The implications of this finding are twofold. First, it es-
tablishes kagome metals as an exceptional platform where
modest lattice distortions can be translated into colos-
sal pseudomagnetic responses. This ability to reshape the
Fermi surface and quantize electronic states purely by
strain offers a versatile route to engineer novel phases
without chemical substitution or external magnetic fields.
Second, in the specific case of FeSn, such strain-driven
Landau quantization naturally intertwines with its in-
trinsic kagome features—including Dirac dispersions, van
Hove singularities, and flat bands—opening opportunities
to explore correlated states that may be uniquely stabilized
under giant pseudofields. Together, these results demon-
strate that kagome lattices are not only fertile ground for
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Figure 3 STM studies on kagome FeSn and Fe3Sn; films. (a) Upper: Atomic resolution STM image of the S layer exhibiting a honeycomb lattice with
V=200 mV, | = 3.0 nA. Lower: Atomic resolution STM image of the K layer showing a close-packed lattice with V = 100 mV, | = 3.0 nA. (b) Left: STM
topographic image of stripe modulations of Sn honeycomb lattice with V = 100 mV, | = 5.0 nA. Right: FFT of the image. Bragg peaks along three
directions g1, g2, and g3 are denoted by Q;, Qy, and Qs in blue, green and red circles, respectively. The diffraction peak of the stripe modulation is
denoted by Q4 in cyan circles. There is an angle of 13.8° between Q4 and Q; directions. () Upper: STM topographic image showing the stripe
modulations, where the on and between stripe sites are labeled as n" and n, respectively. Set point: V.= 1.0V, | = 7.0 nA. Lower: dI/dV spectra taken
along the white dashed arrow in the upper panel with the intensity displayed in false color. (d) Upper: dI/dV spectra taken on stripe and between
strip and their difference. Middle: Difference dI/dV spectra by subtracting n and n’ The most pronounced peak at —-0.36 eV is assigned to N = Oth
Landau level and the neighboring two peaks are assigned to N = %1st. Lower: Plot of peak energy (Ey — Ep) vs sgn(N)+/NT. (e) Left: High-resolution
STM topograph acquired at the Fe3Sn surface with V =100 mV, I = 100 pA. Right: Sixfold symmetrized FT of L(rV) = (dI/dV)/(I/V) map at 14 mV. (f)
Second derivative of the spectra (d*I/dV3) acquired in a magnetic field applied parallel to the c-axis. (g) Dispersion of spectral peaks in the magnetic
field and theoretically calculated Weyl node positions for magnetization saturated along the c-axis. (h) Radially averaged linecuts of FTs of L(r,V)
maps, starting at (Qpragg,1 + Qsragg.2)/3, focusing on the reciprocal space region denoted by the green circle in (e), at 0 T (left), 3 T (middle) and their
difference (right). Data in (a) is adapted from Ref. [59]. Data in (b—d) is adapted from Ref. [60], Data in (e—g) is adapted from Ref. [67]

intrinsic topological and magnetic phenomena, but also The kagome magnet Fe;Sn, provides a striking example
highly tunable platforms where strain provides an external ~ of how the interplay between magnetism and band topol-
“knob” for driving emergent electronic behavior. ogy can generate a wealth of emergent electronic states.
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STM and spectroscopic measurements on thin films re-
veal a dense array of spectroscopic features straddling the
Fermi level, consistent with theoretical predictions of low-
energy Weyl fermions and associated Fermi arc surface
states (Figs. 3(e)—(f)) [67]. The application of a magnetic
field induces pronounced shifts in these features, whose
energies evolve systematically with the magnetization di-
rection (Fig. 3(g)). This field-driven evolution demon-
strates how spin reorientation directly reshapes the local
density of states of the Weyl band structure. Further in-
sight comes from scattering and interference imaging: a
dispersing wave vector q, located at (Qpragg,1 + QBragg,2)/3
and appearing just above Er (green circle in Fig. 3(e)), ex-
hibits a magnetic-field-dependent spectral profile, with
spectral-weight transfer clearly resolved in the numerical
difference maps (Fig. 3(h)). Notably, the dispersion velocity
of q; is far smaller than that of Dirac fermions reported by
ARPES, underscoring that the observed states are unlikely
to originate from Dirac dispersions.

Taken together with earlier reports of massive Dirac
fermions and flat bands in Fe3Sn; [22], these observations
position this material as a uniquely versatile kagome plat-
form where Weyl fermions, Fermi arcs, and correlated
states coexist and can be tuned by magnetic degrees of
freedom. In this sense, Fe3Sn, exemplifies how kagome
magnets merge topology and strong correlations, estab-
lishing them as fertile ground for discovering new elec-
tronic phases.

3.2 Symmetry breaking in kagome FeSn films
Recent STM/S studies on FezSn-terminated FeSn thin
films grown on SrTiO3(111) have revealed that the kagome
lattice undergoes a trimerization, breaking its six-fold ro-
tational and mirror symmetries while preserving transla-
tional invariance [59]. This trimerized state manifests as an
energy-dependent contrast reversal in dI/dV maps, with
up- and down-triangle sites exchanging spectral weight
across a characteristic crossing energy (~16.8 meV), and
the central Sn site dominating near ~100 meV [Figs. 4(a)—
(b)]. Such behavior reflects an unusual redistribution of
electronic density across inequivalent sublattices. Defects
further amplify this broken-symmetry state. Sn vacancies,
the most prevalent defect in FeSn, induce sharp in-gap
bound states that strongly enhance the trimerized con-
trast, producing distinctive three-lobe features in dI/dV
maps [Figs. 4(c)—(d)]. Interestingly, these vacancy-induced
states evolve with energy: while deeper states retain ap-
proximate three-fold symmetry, those closer to the Fermi
level display a pronounced two-fold anisotropy, suggestive
of an emergent nematic response intertwined with the de-
fect potential.

Beyond defects, the trimerized kagome state is highly
tunable by magnetic fields. Although STM imaging em-
ployed non-spin-polarized tips, the application of an in-
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plane magnetic field markedly enhanced energy-depen-
dent stripe modulations of the lattice [Figs. 4(e)—(f)]. At
certain energies, the modulation locks into specific crys-
tallographic directions, while at others it gives rise to
emergent honeycomb-like patterns. Moreover, the defect-
bound states themselves shift systematically with the field
orientation, exhibiting a two-fold angular dependence in
both the kagome and Sn layers, offset by ~30°, consis-
tent with the relative lattice rotation [Fig. 4(g)]. These ob-
servations point to a deeply entangled coupling between
charge, lattice, and spin degrees of freedom in FeSn, where
electronic nematicity and trimerization can be sensitively
tuned by external magnetic fields.

Collectively, these results demonstrate that FeSn pro-
vides a paradigmatic platform to explore symmetry-break-
ing instabilities in a kagome lattice. The coexistence of
trimerization, nematic modulations, and field-tunable
bound states highlights the richness of correlated kagome
metals, linking local defect physics to long-range elec-
tronic order and offering a versatile route to engineer
quantum phases through symmetry control.

3.3 Room-temperature ferromagnetism in FeSb kagome
films
Recent progress has demonstrated that epitaxial growth
can stabilize non—-vdW 2D ferromagnets [109], offering
an alternative pathway beyond exfoliation. A notable ex-
ample is bilayer FeSb grown on SrTiO3(001) [93], which
represents a rare case of a 2D non—vdW ferromagnet ex-
hibiting robust room-temperature order. STM reveals that
the FeSb film conforms to the step-terrace morphology of
the SrTiOs substrate (Fig. 5(a)). Thickness analysis from
line profiles indicates a value of ~1.0 nm, consistent with
a bilayer structure (Fig. 5(b)). The surface exhibits multi-
ple domains tens of nanometers across, reflecting the sym-
metry mismatch between the threefold FeSb lattice and
the fourfold SrTiO3 substrate. Within individual domains,
atomic-resolution imaging resolves a well-defined kagome
lattice (Fig. 5(c)), whose periodicity is four times the FeSb
lattice constant. Line profiles (Fig. 5(d)) further reveal con-
trast variations of ~1.2 A between different lattice sites.
Spectroscopic characterization shows a metallic den-
sity of states with multiple features (Figs. 5(e)—(f)). Dis-
tinct peaks in the differential conductance spectra, mea-
sured at representative hexagon and triangle sites, high-
light enhanced electronic weight at the shared triangle
corners of the kagome lattice. Spatially resolved dI/dV
maps (Fig. 5(f)) further emphasize the following behav-
ior. At negative bias near —0.7 eV, high contrast emerges
at the shared triangle sites, consistent with the presence
of a flat band characteristic of kagome systems, while fea-
tures closer to the Fermi level display finer structural de-
tails such as ring-like and six-lobe motifs. At positive ener-
gies, the electronic contrast shifts toward the center of the
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Figure 4 Symmetry breaking in kagome FeSn films. (a) Topographic STM image of the Fe3Sn layer with V =200 mV, | = 5.0 nA. (b) dI/dV spectra
taken at three representative sites labeled A, B, and C (inset) and differential conductance maps of the same location at the energies marked.

A ball-and-stick model of the kagome lattice is overlaid on the STM image and differential conductance maps. (c) dI/dV maps recorded at the bound
state energies indicated. Set point: V = 200 mV, | = 5.0 nA. (d) dI/dV spectra (red) measured at one of the lobes marked by the red circles and away
from the defect (black). (e) Topographic STM image and dI/dV maps at —144, -98.7, and -50.7 meV under B =0T with V =200 mV, | = 0.7 nA. (f) Same
as (e) but with an in-plane magnetic field B, = 2 T along the direction marked by the red arrow. (g) Polar plots of the angle-dependent bound states
on the Sn and kagome layers, respectively. Data in (a—f) is adapted from Ref. [59]. Data in (g) is adapted from Ref. [108]

kagome hexagons. These observations are corroborated by
density-functional theory calculations, underscoring the
stability of a kagome surface termination in bilayer FeSb.
Magnetic measurements reinforce the significance of
this system for 2D spintronics. After capping with amor-
phous Sb, ex situ magnetometry reveals clear hysteresis
loops across a wide temperature range (Fig. 5(g)). The co-
ercive field decreases with increasing temperature, yet the
persistence of a pronounced loop at 300 K demonstrates
robust ferromagnetic order above room temperature. The
magnetization is strongly anisotropic, with an in-plane
easy axis, distinguishing FeSb from many vdW magnets
whose ordering temperatures are typically much lower.
Together, these results establish bilayer FeSb as an arche-
type of non—-vdW 2D ferromagnets. The simultaneous re-
alization of a kagome lattice and high-T. ferromagnetism
makes this material a compelling platform for exploring
the interplay of flat-band physics, magnetism, and topol-

ogy, pointing toward new opportunities in spintronic ap-
plications.

3.4 Kagome architectures revealed by STM in
supramolecular assemblies and elemental adatom
lattices

While naturally occurring kagome materials are scarce,

recent advances in supramolecular assembly, on-surface

synthesis, and epitaxial growth have enabled the con-
trolled fabrication of artificial kagome networks with un-
precedented precision, offering model systems to probe

their electronic and magnetic properties [99-104, 106].

A particularly versatile approach has been the use of

supramolecular self-assembly. For example, porphyrin-

based building blocks have been used to generate the

metal-organic coordination kagome network (Fig. 6(a))

[100]. This system is notable because the porphyrin cores

can be metalated with transition metals such as Fe or
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Figure 5 Room-temperature ferromagnetism in epitaxial bilayer FeSb films. (a) Left: Topographic STM image of a 1 BL FeSb film epitaxially grown on
the SrTiO3 substrate with V.= 2.0V, | = 10 pA. Right: Topographic STM image of a 2 BL FeSb island with V= 1.0V, | = 50 pA. (b) Line profile along white
arrow L1 and L2 in (a). The height of the 1 BL film is determined to be 1.0 nm. The high-low contrast of the surface reconstruction is 1.2 A () Left:
Atomic resolution STM image of the 1 BL FeSb film showing a kagome lattice. Set point: V = -0.1 V, | = 600 pA. Right: Close-up view of the kagome
lattice revealing the enhanced density of state at the center (purple hexagon) and the suppressed density of state at the shared triangle site (cyan
triangle). Set point: V.= 0.1 mV, | = 200 pA. (d) Typical dI/dV spectrum of the 1 BL FeSb film taken at the corner of the shared triangle site (cyan dot
site in (). (e) Topographic STM image of the kagome lattice. Set point: V.= 1.0V, | = 1.0 nA. (f) dI/dV spectra taken at the A (center), B (center of the
shared triangle), and C (corner of the shared triangle) sites and differential conductance maps at the energy specified. The red, black, and purple
arrows mark the peaks at —0.66, 0.18, and 0.69 eV, respectively. (g) In-plane and out-of-plane M-H hysteresis loops under 4.2 K, 150 Kand 300 K. Data

Co, introducing local magnetic moments and enabling
bimetallic functionalities. Similarly, hydrogen-bond-
driven assembly of diboraperylene diborinic acid deriva-
tives By-Per on Ag(111) has led to the formation of a chi-
ral kagome network (Fig. 6(b)), which hosts a flat band
localized at the molecular centers [101]. The observa-
tion of such a band close to the Fermi level directly con-
firms the promise of self-assembled organic kagome lat-
tices as tunable flat-band platforms. Expanding on this
theme, hierarchical supramolecular engineering of linear

dicarbonitrile polyphenyl molecules has produced a va-
riety of tessellated kagome patterns, including previously
unobserved chiral lattices with long-range order (Fig. 6(c))
[102]. Likewise, hydrogen-bonded organic frameworks on
noble-metal surfaces provide a flexible means of creating
electronic kagome lattices with tailored potential land-
scapes (Fig. 6(d)), where both regular and breathing-type
lattices exhibit edge states consistent with nontrivial topol-
ogy [103].
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Figure 6 STM results on organic or metal kagome films on metal substrates. (a) High-resolution STM image (25 nm x 20 nm) of porphyrin/Au(111)
(V=-1.3V,1=300 pA). The rhombic-shape frame defines the network unit cell with a constant of 4.1 nm. The network frame highlights the kagome
lattice. (b) High-resolution STM image of By-Per/Ag(111) (V= -1V, =100 pA). (c) Kagome lattice formed by NC-Phs-CN molecules, comprising
four-fold nodes and quasi-hexagonal and trigonal cavities. (d) dI/dV maps of benzene/Br/Ag(111) obtained at energies of 1.35 eV. (e) High-resolution
STM image of 4-aninobiphenyl-4’-carboxylic acid/Cu(111) surface. The rhombus gives the unit cell. (f) STM images of P2TANG on Au(111) kept at
210°C(V=-1.12V,1=-0.99 nA). (g) DOS mappings at the FB on twisted multilayer silicene (V =132V, 1 =100 pA). (h) Atomic resolution image of
Ni/Pb(111). Red dots represent the 2D Ni kagome lattice (yellow hexagram) (V =10 mV, | = 1.0 nA). Data in (a), (b), (c), (d), (e), (), () and (h) is adapted
from Ref. [100], Ref. [101], Ref. [102], Ref. [103], Ref. [106], Ref. [104], Ref. [95] and Ref. [75], respectively

Remarkably, even self-assembled hydrogen-bonded ka-
gome structures can undergo in situ transformation into
metal—organic kagome lattices while retaining chirality
(Fig. 6(e)), illustrating the chemical versatility of this strat-
egy [106]. Extending this approach to 2D conjugated poly-
mers has recently yielded mesoscale ordered kagome lat-
tices [Fig. 6(f)], where azatriangulene precursors com-
bined with a hot-dosing strategy produced semiconduct-
ing networks with both Dirac cones and flat bands [104].
This breakthrough overcomes previous barriers of limited
domain size and high defect density, marking an important
advance toward integrating kagome polymers into elec-
tronic devices.

Beyond molecular assembly, elemental adatom systems
have also provided compelling kagome realizations. In
twisted multilayer silicene, moiré engineering induces a
robust electronic kagome lattice (Fig. 6(g)), where quan-
tum destructive interference quenches electron kinetic en-
ergy, giving rise to flat bands and associated edge states
[95]. This platform demonstrates how structural twisting
in 2D materials can drive kagome physics and potentially
host fractional Chern insulating states. Similarly, a mono-
layer Ni kagome lattice grown on Pb(111) (Fig. 6(h)) re-
veals flat-band features near —0.2 eV, alongside proximity-
enhanced superconductivity from the substrate, thereby
offering a unique opportunity to explore the interplay be-

tween kagome flat bands and superconductivity at the
atomic limit [75].

Considering all of the above, supramolecular assem-
blies and elemental adatom lattices offer complemen-
tary strategies for creating kagome architectures. Whereas
supramolecular systems excel in chemical tunability and
functionality, elemental frameworks provide unmatched
atomic precision. The combined insights from these STM
studies establish a versatile foundation for exploring ka-
gome physics, from band topology to correlated electronic
states, in artificially engineered materials.

Advances in layered chalcogenides have enabled the
identification of a coloring-triangle lattice in ultrathin
CrgSejp, which generates kagome-like electronic bands
within a semiconducting 2D transition metal chalcogenide
[94]. This approach provides an avenue to engineer Ka-
gome physics directly into semiconductors relevant for de-
vice integration. Layered NbsClg provides a rare platform
where strong electronic correlations give rise to robust
Mott insulating states persisting down to the monolayer
limit. Recent studies reveal a nearly thickness-independent
Mott gap, but with an unexpected parity-dependent mod-
ulation of the local density of states between odd and even
layers [98]. This behavior highlights how interlayer dimer-
ization and correlation effects intertwine to shape the
ground state, underscoring the delicate balance between
electronic correlation and interlayer coupling in vdW in-
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sulators. This establishes NbsClg as a model platform for
understanding Mottness and the tunability of correlated
states in vdWs insulators.

4 ARPES studies: electronic structure of kagome
films

ARPES has emerged as a pivotal tool for directly probing
the electronic structure of kagome materials, offering in-
sights into their unique band topology, correlation effects,
and emergent quantum states [110, 111]. This section re-
views recent ARPES studies on kagome films, highlighting
key experimental findings and their implications for un-
derstanding Dirac cones, flat bands, and van Hove singu-
larities in these systems.

4.1 ARPES insights into FeSn and CoSn films
Understanding the microscopic origin of magnetism in
kagome systems requires distinguishing between itinerant
and localized scenarios. In metallic compounds, a Stoner
instability associated with a high density of states at the
Fermi level drives spin splitting, which collapses above
the Néel temperature (Ty) [112]. By contrast, in localized-
moment systems, magnetism arises from Heisenberg ex-
change between persistent local moments, and exchange
splitting diminishes only gradually with temperature [113].
This distinction is particularly relevant for kagome lat-
tices, where quantum destructive interference generates
flat bands. Theoretical work based on the Hubbard model
applied to a half-filled flat band predicts a ferromag-
netic ground state [114], aligning conceptually with the
Stoner mechanism of itinerant magnetism. However, ex-
perimental evidence of the magnetic splitting across Ty
has not been collected yet. This is primarily due to their
characteristically high Ty, which exceed the practical
limits for temperature-dependent ARPES measurements
probing the required energy and momentum resolutions.
Consequently, the fundamental nature of magnetism in
these kagome systems—whether dominantly itinerant or
localized—remains an unresolved and actively debated
question.

Epitaxial kagome FeSn films have recently emerged as an
ideal platform to overcome this limitation [56—63]. Build-
ing upon earlier synchrotron-based ARPES studies of FeSn
bulk crystals that identified Dirac cones and flat band sig-
natures [24, 115], thin films with improved surface qual-
ity allow long-term, thermally stable mapping from cryo-
genic to elevated temperatures [63]. Fermi-surface maps
reveal the characteristic flower-like contours at T, accom-
panied by flat-band signatures near —1.2 eV (Figs. 7(a)—(b))
and Dirac cones at K with a Dirac point around —0.35 eV
(Fig. 7(c)). Temperature-dependent measurements show
systematic band shifts along high-symmetry directions
(Fig. 7(d)), which persist well above Ty and cannot be ex-
plained by lattice expansion. Such robustness cannot be
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explained by trivial thermal expansion alone. Instead, the
persistence of splitting in the paramagnetic state points
to a strong localized-moment component in FeSn mag-
netism, highlighting the dual itinerant-localized character
of kagome magnetism.

Equally revealing is the orbital dependence of electronic
correlations. Detailed analysis shows that the flower-like
electron bands at T, derived from the dy, + dy2_,2 spin-
majority orbitals, are heavily renormalized with an effec-
tive mass m™* =7 m, (Fig. 7(e)). In contrast, the Dirac cones
at K and hole-like bands at T" remain weakly renormalized.
This orbital-selective renormalization indicates that elec-
tron correlations in FeSn act very unevenly across differ-
ent orbital sectors, a phenomenon reminiscent of multior-
bital physics in iron-based superconductors [116, 117] and
ruthenates [118, 119]. These results suggest that kagome
systems may host a similar landscape of selective correla-
tion strength, with flat bands being particularly susceptible
to strong renormalization.

Parallel studies on CoSn thin films have revealed com-
plementary insights [68]. ARPES measurements identify
two nearly dispersionless bands: FB1, located close to the
Fermi level, and FB2, at deeper binding energies (Fig. 7(f)).
FB1 is characterized by an exceptionally large effective
mass (m* = 16.7 m,), underscoring its flat-band nature
and making it highly sensitive to doping or gating. In-
deed, theory predicts that a modest upward shift of FB1
could drive the system into a low-temperature antifer-
romagnetic phase, suggesting that electronic filling con-
trol may unlock hidden ordered states. More strikingly,
ARPES directly resolves spin-orbit-coupling gaps where
FB2 intersects quadratic dispersions, with gap magnitudes
of 0.09-0.12 eV (Fig. 7(g)). These values are significantly
larger than those previously reported in bulk CoSn [50, 51],
underscoring the advantages of thin-film platforms for en-
hancing intrinsic topological features. The coexistence of
nearly flat bands with large spin-orbit-coupling gaps pro-
vides compelling evidences for topologically nontrivial flat
bands in kagome systems.

Overall, these advances establish FeSn and CoSn films
as model systems for disentangling the interplay of itiner-
ant and localized magnetism, orbital-selective correlation,
and flat-band topology in kagome metals. They demon-
strate that thin-film ARPES can not only overcome limita-
tions of bulk crystals but also reveal emergent many-body
phenomena—paving the way for tuning kagome-derived
states toward magnetism and topological phases.

4.2 ARPES investigations of engineered kagome films on
Si(111) and Au(111)

Progress in kagome physics has been closely tied to ad-

vances in materials synthesis, where the challenges lie in

producing high-quality 2D lattices that preserve the flat-

band character of kagome electronic structures. Epitaxial
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growth on functional substrates has recently emerged as
a powerful route, with ARPES providing direct access to
the resulting band dispersions. In this context, semicon-
ducting substrates such as Si(111) are particularly attrac-
tive: their surface reconstructions offer natural 2D tem-
plates, the substrate band gap minimizes interference near
the Fermi level, and the wide choice of deposition elements
enables flexible tuning of lattice and electronic properties
[120].

A notable example is the Ag/Si(111) system, which hosts
a distorted breathing kagome lattice. ARPES measure-
ments reveal the key ingredients of kagome physics: a
nearly flat band, dispersive states derived from hybridized
d-orbitals, and quadratic band touching near the zone
center (Figs. 8(a)—(b)) [77]. Analysis indicates that these
bands originate predominantly from the topmost Ag and
Si layers, in agreement with density functional theory.
Tight-binding calculations further confirm that all three
bands derive from the Ag kagome lattice. Although the
small spin—orbit coupling of Ag limits the gap opening the

quadratic band and the flat band, theory suggests that sub-
stituting heavier elements could stabilize topological flat
bands, providing a promising direction for future design.
Beyond Ag/Si(111), rare-earth-based kagome com-
pounds offer an additional route to engineer band filling
and electronic topology. In particular, the GdPbs/Si(111)
and YbPbs/Si(111) systems display nearly identical ka-
gome-derived band structures due to their similar atomic
arrangements, yet their Fermi levels differ substantially as
a result of the distinct valence configurations of Gd and
Yb (Fig. 8(c)) [74]. This shift, on the order of ~0.5 eV, re-
flects charge transfer from the Pb layer required to main-
tain bonding, and enables controlled tuning of the elec-
tronic structure in mixed phases such as GdyYb; Pbs.
ARPES spectra confirm that increasing Yb concentration
continuously lowers the Fermi level relative to the Sibands.
A key consequence is the emergence of a Lifshitz tran-
sition, as the Fermi level moves from just above to in-
tersecting the kagome-derived band structure. This in-
duces a qualitative change in the Fermi surface topology:
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and K points. Data in (a-b), (c=d), (), (f-g) and (h) is adapted from Ref. [77], Ref. [74], Ref. [121], Ref. [104] and Ref. [99], respectively

pure GdPbs/Si(111) exhibits six small hole pockets near
the M points, whereas in Gdyg;Ybg33Pbs/Si(111) these
evolve into a large contour around I" accompanied by ad-
ditional features at M and K (Fig. 8(d)). Such topology
changes, driven by modest adjustments in band filling, are
expected to strongly influence physical properties, high-
lighting rare-earth kagome heterostructures as a versatile
platform for studying Fermi-surface instabilities.

Organic kagome frameworks grown on metal surfaces
open a complementary avenue for realizing flat-band
physics through bottom-up molecular design. A striking
example is the self-assembly of monolayer of 2D hydrogen-

bond organic frameworks (HOFs) of 1,3,5-tris(4-hydro-
xyphenyl)benzene (THPB) on Au(111) substrate, which
form large, single-orientation domains suitable for spec-
troscopic investigation [121]. ARPES reveals the presence
of a flat band across the entire Brillouin zone, consistent
with theoretical expectations, despite partial overlap with
the Au surface state (Fig. 8(e)). These results demonstrate
that self-assembly of organic molecules can stabilize ex-
tended kagome lattices with well-defined band structures,
an advance that significantly expands the materials base
for flat-band studies beyond inorganic solids.
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Equally compelling progress has been achieved in -
conjugated kagome polymers, where extended electronic
conjugation offers a natural route to Dirac cones and flat
bands [99, 104]. Mesoscale-ordered P> TANG lattices on
Au(111) provide sufficient coherence for ARPES char-
acterization, revealing a prominent flat band 1.8 eV be-
low the Fermi level together with polymer-derived dis-
persions that match closely with density functional theory
(Figs. 8(f)—(g)) [104]. Related derivatives such as
P2TANGO further confirm the coexistence of flat bands
and Dirac cones, although with notable shifts in the Dirac
point energy due to changes in bridging functionality
(Fig. 8(h)) [99]. This chemical tunability directly links
molecular design to electronic topology, allowing system-
atic exploration of kagome-derived quantum states.

These collective investigations establish substrate en-
gineering as a transformative paradigm. Semiconductor
templates provide ideal platforms for isolating and chem-
ically tuning inorganic kagome states, while metal sur-
faces facilitate organic self-assembly pathways toward de-
signer topological band structures. ARPES validates both
approaches as complementary routes to realizing corre-
lated electron phenomena in tailored quantum materials,
significantly expanding the experimental frontier for ex-
ploring flat band physics beyond conventional solid-state
systems. The demonstrated precision in controlling band
topology through atomic-scale design provides new op-
portunities for discovering emergent quantum states in
frustrated lattice architectures.

5 Outlook and perspectives

The exceptional electronic and magnetic properties of
kagome thin films, rooted in geometric frustration and
quantum confinement effects, make them ideal candidates
for potential applications in quantum computing and spin-
tronics. This part will focus on the significance of kagome
thin films, challenges in high-quality kagome thin film
preparation, and perspectives on the 2D thickness limit to
clarify novel band structures such as flat bands and Dirac
cones from the bulk bands.

5.1 Significance of kagome thin films

Kagome thin films, due to their inherence of the unique
electronic and magnetic properties of the kagome lattice,
hold great promise for a wide range of applications in
emerging technologies, such as quantum computing and
spin-based electronics. On the one hand, the flat bands
of the kagome lattice introduce the emergence of strongly
correlated electron states, which are essential for the real-
ization of quantum qubits. The high density of states in-
duced by flat bands enhances the electron interaction and
allows the creation of qubits with long coherence times,
which enables qubits operating at higher temperatures and
with greater stability compared to existing qubit technolo-
gies. On the other hand, the topological states are less
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sensitive to external perturbations such as impurities and
thermal fluctuations, and thus the topological protection
of certain quantum states can provide a robust platform
for quantum information processing. Moreover, the geo-
metric frustration in the kagome lattice lead to spin-liquid-
like behaviors, where spins remain in a dynamic, fluctu-
ating state even at absolute zero temperature, instead of
forming a static, ordered pattern like in a typical magnet.
These spin-liquid states can potentially be exploited for de-
veloping high-density magnetic storage devices with en-
hanced stability and low power consumption compared to
traditional ferromagnetic materials. Additionally, the large
magnetic anisotropy and the presence of topological mag-
netic states in kagome thin film materials can be utilized to
create spin-filters and spin-valves, which are crucial com-
ponents for high speed and low power consumption data
processing in future spin-based electronics.

5.2 Challenges in high-quality kagome thin film
preparation

High-quality thin film growth lays the groundwork for
the development and production of advanced devices.
The challenges to prepare high quality kagome thin films
mainly exist in issues including complex multi-element
composition, non-layer structure and lattice mismatch be-
tween the film and substrate. The multi-component nature
of many kagome-lattice-based materials poses significant
difficulties in achieving precise control over the stoichiom-
etry and distribution of elements during the growth pro-
cess. Any deviation from the optimal stoichiometry can
lead to the formation of inhomogeneity, defects with a
degradation of the desired physical properties, and even
different phases. The non-layer structure, such as binary
kagome compounds 71, X,, makes it difficult to ensure the
uniform growth of the lattice across the substrate, and
leads to the formation of defects such as dislocations, va-
cancies, and grain boundaries, which significantly impact
on the electrical and magnetic properties of the kagome
thin films. Additionally, lattice mismatch between the sub-
strate and the kagome film usually generates compressive
or tensile stress within the film, which distort the atomic
arrangement within the film, leading to defects such as
cracks and dislocations, and further affecting the film’s
electrical and magnetic properties. Moreover, the inter-
facial effect usually strongly correlated with the thickness
of the epitaxial film, which gives hints about the interplay
of the substrate.

Currently, the growth techniques available for kagome
thin films are limited to MBE and magnetron sputtering.
One of the key advantages of MBE is its ability to achieve
atomic-level precision in controlling the film's composi-
tion, doping as well as thickness. The practice of MBE
also allows for the construction of high-quality interfaces
between kagome films and functional layers, crucial for
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applications such as spin-electronics, where the quality
of the material interfaces determines the spin-transport
properties. However, the low growth rates and expensive
cost make large-scale industrial production of kagome thin
films tough. Thus, it is necessary to develop new tech-
niques with the advantages of low cost and rapid fabrica-
tion, integrated with conventional semiconductor devices
to explore their application in novel electronic devices.
Also, to seek alternative kagome film materials with sim-
ilar performance but lower cost and easier preparation is
highly required. In this respect, materials genomics, com-
bined with theoretical calculations and high-throughput
experiments, which can rapidly screen and design kagome
materials may be one of the solutions.

5.3 Perspective on the kagome thin films in
two-dimensional limit

The pursuit of well-defined flat band and Dirac cone band
structures has long been a core focus in condensed mat-
ter physics, as these unique electronic states enable exotic
quantum phenomena and high-performance device func-
tionalities. Reducing materials to the 2D limit has emerged
as a powerful strategy to optimize band clarity. First, the
2D confinement provides unique route to modulates the
electronic band dispersions. The 2D confinement drasti-
cally reduces the dimensionality of the electron gas, con-
straining electron motion to a quasi-2D space, which in
principle suppresses interlayer electron hopping, narrows
the bandwidth of targeted energy bands, and ultimately
stabilizes sharp, non-dispersive flat bands. The 2D restric-
tion also reinforces the linear energy-momentum relation-
ship of Dirac cone structure and minimize the influence
of out-of-plane perturbations that often blur their charac-
teristic conical shape in bulk materials. Second, thin films
down to a few atomic layers offer exceptional control over
structural defects, interface quality and strain inhomo-
geneities, which are key to obtain intrinsic and sharp band
structures. Last but not the least, the reduced dimension-
ality of 2D thin films enhances the responsiveness to ex-
ternal tuning such as electrostatic gating, magnetic fields,
or dielectric encapsulation, allowing for fine adjustment of
the Fermi level relative to flat bands, enabling the manip-
ulation of correlated electron effects.

To summarize, kagome thin films in 2D limit leverage
dimensionality-induced band modulation, structural pre-
cision, and enhanced external tunability to overcome the
limitations of bulk materials. This approach not only hold
great promises to clarify clear flat band and Dirac cone
band structures but also paves the way for their practical
application in quantum computing, spintronics, and topo-
logical devices.
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