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Abstract

Kagome-lattice magnetic Weyl semimetal Co3Sn, S, has emerged as a versatile platform for
exploring interplays among band topology, magnetism, and electron correlations, exhibiting
potentials for next-generation electronic and spintronic applications. This review provides an
overview of recent advances in understanding the surface atomic and electronic structures and
discovering novel physical properties of this material. We first present the synthesis of ultra-high
quality Co3Sn, S, single crystals by iterative chemical vapor transport growth methodology,
which enables the growth of large, stoichiometric crystals with significantly enhanced physical
properties. Next, we elucidate atomic scale identification of cleaved surfaces using joint work
function measurements, bond-resolved non-contact atomic force microscopy, short-range force
spectroscopy, and density functional theory calculations. Based on the explicitly identified
surface, we next highlight the discovery and manipulation of localized spin—orbit polarons
(SOPs) at S vacancies on the S surface, emphasizing their electronic and magnetic properties
and the ability of manipulating specific SOP configurations at the atomic scale. We further show
oxygen-induced quantum clusters, where O dopants modify the electronic states of surrounding
atoms, providing building blocks for scalable functional quantum structures. Finally, we present
the discovery of kagome electronic states on the Sn-terminated triangular-lattice surface and
outline a proposed strategy for constructing such states with tunable properties. Collectively,
these developments illustrate how high-quality crystal growth, atomic-scale imaging and
manipulation, and defect/dopant engineering can be effectively integrated to discover and
manipulate emergent novel physical properties of a kagome Weyl semimetal, opening new
avenues for atomically precise design and surface state engineering in quantum materials.
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1. Introduction

Kagome-lattice materials have emerged as a fertile platform
for investigating unconventional quantum states arising from
the interplay of lattice geometry, strong electron correlations,
magnetism, and nontrivial band topology [1-10]. The kagome
network, comprised of corner-sharing triangles, gives rise
to a distinctive electronic structure characterized by Dirac
cones, flat bands, and van Hove singularities, which can give
rise to a wide spectrum of exotic phases, including exotic
electronic states such as quantum spin liquids, charge dens-
ity waves, and topological states, as well as unconventional
superconductivity [11-46]. Among kagome materials, mag-
netic Weyl semimetals [8, 47-51] have attracted particu-
lar attention due to their strong spin—orbit coupling (SOC)
and nontrivial Berry curvature, which give rise to a large
anomalous Hall effect (AHE) even at room temperature, as
observed in the ferromagnet Fe;Sn, [52] and the antiferro-
magnet Mn3Sn [53]. Co3Sn,S,, containing kagome lattices
of Co atoms within in Co3Sn planes, is the first Weyl semi-
metal experimentally confirmed to host characteristic bulk
Weyl points with linear dispersions and surface Fermi arcs
[54]. Extensive studies on Co3Sn,S, have revealed a variety
of remarkable phenomena [54-66], including giant anomal-
ous Hall/Nernst effect [55-57, 67, 68], chiral-anomaly [55],
flat band and orbital magnetization [59], surface-termination-
dependent Fermi arcs [60], and defect-induced tunability of
electronic properties [69]. These features establish Co3;Sn, S,
as a prototypical platform for exploring emergent quantum
phenomena in kagome magnets.

Figure 1 highlights the main progress in previous Co3Sn, S,
investigations. Bulk Co3;Sn,S, (figure 1(a)) adopts a rhom-
bohedral crystal structure with space group R3m, in which
each kagome CosSn layer is sandwiched by two triangular
S layers and these trilayers are further separated by triangu-
lar Sn layers. The presence of Weyl points of opposite chiral-
ity just above the Fermi level, accompanied by gapped nodal
lines, identifies Co3Sn,S; as a topologically nontrivial mater-
ial, with strong SOC playing a central role (figures 1(b) and
(c)) [54, 55]. The Berry curvature hotspots associated with
the Weyl nodes generate a giant intrinsic AHE, reflected by
the large anomalous Hall conductivity and Hall angle meas-
ured experimentally [55] (figure 1(d)). In addition, the Weyl
topological band structure in this magnetic system gives rise
to distinctive surface states, including open Fermi arcs and
topological edge modes, which have been directly visualized
by surface-sensitive probes such as scanning tunneling micro-
scopy (STM). The quasiparticle interference (QPI) technique
was used to reveal surface-dependent scattering features in
momentum space (figures 1(e) and (f)). In these measure-
ments, Fermi-arc segments appear as linear features along
I'-M, forming a honeycomb-like pattern around the Bragg

peaks in figure 1(f). These patterns reveal topological sur-
face states (TSSs) linked bulk Weyl points, providing a dir-
ect visualization of the surface-bulk correspondence in this
magnetic Weyl semimetal [60]. Topological nontrivial elec-
tronic transport and scattering properties aside, electrons filled
in the nearly flat bands, intrinsic to the Co3;Sn,S, kagome
lattice, exhibit unusual correlation effects such as negative
orbital magnetism under external magnetic fields (figure 1(g))
[59]. Moreover, linearly dispersing bound states have been
observed on narrow Co3Sn terraces, demonstrating that time-
reversal symmetry-breaking Weyl semimetals can host robust
chiral edge states localized on exposed kagome planes
(figure 1(h)) [62].

This review focuses on recent advances in the use of STM
and non-contact atomic force microscopy (nc-AFM) to dir-
ectly image and manipulate the atomic, electronic, and mag-
netic states in Co3Sn,S, Surfaces. It covers crystal growth,
cleaved surface identification, and the discovery and manip-
ulation of defect/dopants-induced unconventional quantum
states. The review is organized in five parts as follows: (1)
growth and physical properties of ultra-high-quality Co3Sn, S,
single crystals [71]; (2) identification of cleaved surfaces with
conclusive evidence [70]; (3) spin—orbit polaron (SOP) form-
ation and atomic manipulation on the S surface [72, 73]; (4)
oxygen-induced quantum clusters with tunable localized elec-
tronic states [74]; (5) Kagome electronic states discovered on
triangular-lattice S and Sn surfaces [70].

2. Growth and physical properties of
ultra-high-quality Co3;Sn,S; single crystals

Considerable efforts have been devoted to achieving ultra-
high-quality Co3Sn,S, samples, as they are essential for accur-
ate measurements of fundamental properties such as electronic
transport, magnetism, and topological states, and for providing
a platform to tune and optimize these properties toward future
applications.

2.1. Growth of ultra-high-quality Co3Sn,S, single crystals by
iterative-chemical vapor transport (CVT) approach

Ultra-high-quality Co3Sn,S, single crystals have been
obtained using an iterative CVT growth technique (figure 2)
[71]. In this method, pre-grown Co3Sn,S, crystals serve
as source materials instead of raw elements, which allows
for better stoichiometry control, fewer defects and impur-
ities, and the growth of larger and higher quality crystals.
The iterative crystal-to-crystal growth with NH4Cl as the
transport agent produces single crystals with well-defined
hexagonal morphology and large lateral dimensions of mil-
limeters (figure 3(a)), indicative of preferential growth along
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Figure 1. Geometric and electronic properties of Co3Sn;S;. (a) Atomic structures of CozSn,S,. Left: atomic structure of bulk, with the Sn,
S and Co3Sn layers denoted by blue, yellow and red planes, respectively. Right: Atomic arrangements of the three atomic layers highlighted
in the Left panel. Reproduced from [70]. CC BY 4.0. (b) Theoretically calculated band structure of Co3Sn,S; near the Fermi level, showing
two Weyl points with different forms of chirality (denoted by WP+) residing 60 meV above the Fermi level. Reproduced from [55], with
permission from Springer Nature. (c) Angle-resolved photoemission spectroscopy (ARPES) of Co3Sn,S,. Left: 3D ARPES intensity map
acquired after potassium doping. The doping raises the Fermi level and thereby enables the observation of emergent Weyl points (indicated
by green arrows). Right: experimental band structures along a cut through the Weyl point (grey plane in the left panel), showing two linearly
dispersing bands crossing at the Weyl point, consistent with the theoretical results (red curves). From [54]. Reprinted with permission from
AAAS. (d) Temperature dependence of the anomalous Hall angle (o7} /o, red dots), the anomalous Hall conductivity (o7, olive green
dashed line), and the charge conductivity (o) at zero magnetic field. Reproduced from [55], with permission from Springer Nature. (e)
Fourier-transformed d//dV map acquired near the Weyl node energy (E = 100 mV) on the Type-I surface, exhibiting a flower-shaped
quasiparticle interference (QPI) pattern around I" and broad features along the I'-M direction. (f) Fourier-transformed d//dV map obtained at
—10 mV on the Type-II surface, showing sharp QPI patterns. Scattering processes within the Brillouin zone (BZ) are enclosed by the dotted
hexagon, while inter-BZ scattering is indicated by the solid hexagon connecting six Bragg peaks. From [60]. Reprinted with permission
from AAAS. (g) Magnetic-field dependence of the flat band peak on the Type-II surface, which exhibits negative orbital magnetism. The
inset illustrates the applied magnetic field oriented perpendicular to the kagome lattice. Reproduced from [59], with permission from
Springer Nature. (h) Observation of linearly dispersing bound states on a Co3Sn kagome terrace. Reproduced from [62]. CC BY 4.0. Left:
density of state maps at energies for each quantum-well-like state. Right: relation of energy versus inverse wavelength for states found on
three CozSn terraces. The linear dashed line is provided as a guide to the eye..

the ab plane in alignment with the Co3Sn kagome lattice.
By comparison, crystals grown by the conventional self-flux
method are generally irregular and smaller, with lateral sizes
of approximately 1-3 mm.

Co3Sn, S, single crystals synthesized via the iterative
CVT method exhibit the excellent phase purity, near-ideal
stoichiometry, and superior crystallinity. These qualities
are evidenced by sharp x-ray diffraction (XRD) peaks,

narrow rocking curve widths, and well-defined diffraction
spots (figure 3(b)). Atomic resolution scanning transmis-
sion electron microscopy (STEM) imaging along multiple
crystallographic directions reveals a well-ordered hexagonal
lattice and a clear spatial distribution of Co, Sn, and S
atoms. Figure 3(c) displays the high-angle annular dark-field
(HAADF) STEM image along the [001] zone axis, overlaid
with the structural model and indexed CozSn kagome plane,
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Figure 2. Synthesis of Co3Sn,S; single crystals by iterative-CVT approach. Schematic illustration of the iterative-CVT growth procedure.

The Co3Sn, S, crystal granules, synthesized by the self-flux method,

are placed in the high-temperature zone with NH4Cl as the transport

agent. Large-size, hexagonal-shaped Co3Sn,S; single crystals are collected in the low-temperature zone [71]. John Wiley & Sons. { @

original copyright notice}.

highlighting the well-ordered ab-plane with hexagonal sym-
metry. Figure 3(d) presents the HAADF image along the [100]
zone axis, together with the corresponding structural mod-
els and indexed planes. Atomic resolution elemental mapping
(figure 3(e)) further confirms the distinct distributions of Co,
Sn, and S. Complementary XRD and STM measurements cor-
roborate the high crystallinity and low defect density of crys-
tals obtained by the iterative method, with STM images reveal-
ing a significantly lower impurity density compared to self-
flux grown samples. These results collectively demonstrate
that the iterative CVT approach yields CosSn,S; single crys-
tals with markedly improved the structural quality and reduced
impurity levels relative to those grown by conventional
methods.

The iterative-CVT method produces significantly higher-
quality CosSn,S; single crystals than the conventional self-
flux method, primarily due to three key advantages. First,
using Co3SnyS; crystal granules as precursors prevents
unwanted reactions between Sn halides and the quartz tube,
while maintaining optimal precursor concentration and growth
rate to ensure precise Co, Sn, and S stoichiometry. Second,
the use of non-volatile NH,Cl maintains a high vacuum level
(4 x 1073 Pa) and a stable growth temperature, creating
a clean, controlled environment that promotes preferential
growth along the (001) planes while preventing contamina-
tion from flux residues and trapped air. Third, NH4Cl, with its
higher electronegativity compared to I,, enhances the trans-
port rate, increasing precursor feedstock concentration in the
growth zone [75] and enabling the synthesis of larger, higher-
quality Co3Sn, S, single crystals.

2.2. Electronic properties of the ultra-high-quality CozSn,S»
single crystals

High-resolution vacuum ultraviolet laser angle-resolved pho-
toemission spectroscopy (ARPES) [76] has provided valu-
able insights into the electronic structure of ultra-high-quality
Co3Sn, S, single crystals. Fermi surface mapping reveals six
small pockets around the Brillouin zone (BZ) center I', in
excellent agreement with DFT calculations (figures 4(a) and
(b)). Along the I'-K direction, TSSs have been clearly iden-
tified about 0.4 A~! from the K point (figure 4(c)), con-
sistent with theoretical predictions and previous reports. In
addition, ARPES measurements along orthogonal momentum
cuts show an isolated, nearly dispersionless flat band near
the K point (figures 4(d) and (e)), characterized by a narrow
intrinsic linewidth close to the thermal broadening limit. This
observation agrees well with DFT calculations (figure 4(f))
and represents one of the clearest visualizations of a flat
band in a ferromagnetic kagome semimetal. The presence
of such an ultra-narrow flat band, which is generally unex-
pected for kagome d-orbitals due to symmetry and crys-
tal field effects [77], highlights the importance of excep-
tional crystal quality and suggests a promising platform for
exploring strongly correlated phenomena, such as orbital
diamagnetism.

The enhanced crystal quality also leads to substantial
improvements in key electrical transport properties. It has
a ferromagnetic transition at a Curie temperature of 177 K.
The residual resistivity ratio (RRR = p3p0k/p2k) exceeds
128, and the conductivity reaches 2.3 x 10° Q~! . cm™!
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Figure 3. Structural characterizations of Co3Sn,S; single crystals by iterative-CVT approach. (a) An optical photograph of a synthesized
hexagonal-shaped Co3Sn,S; single crystal via the iterative-CVT approach, showing the lateral size of about 5.5 mm. (b) /0! plane
diffraction patterns of the Co3Sn, S, single crystals prepared by the iterative-CVT method, showing sharp diffraction spots without splitting.
(c,d) High-resolution HAADF STEM images along the [001] and [100] axis of the iterative-grown Co3Sn,S; single crystal, respectively.
The insets are close-up images with overlayed atomic model, where blue, pink, and yellow balls represent the Co, Sn and S atoms,
respectively. (e) Electron energy loss spectroscopy (EELS) elemental mapping of the Co-L, Sn—M and S-L edges, showing the elemental
distributions. The RGB false-color map highlights the spatial distribution of Co (blue), Sn (red), S (green) elements [71]. John Wiley &

Sons. { @ original copyright notice}.

at 2 K, both roughly an order of magnitude higher than the
reported values on crystals grown by the conventional self-
flux method [55, 56]. Magneto-transport measurements under
out-of-plane magnetic fields reveal a non-saturating posit-
ive magnetoresistance (MR) of up to 2500% at 2 K, far
exceeding previously reported values of 55%-250% [55,
68]. Furthermore, an in-plane negative MR and a planar
Hall effect are observed, consistent with the chiral anom-
aly associated with Weyl fermions. By fitting the transverse
and longitudinal conductivity using the semiclassical Drude
model, the extracted carrier densities at 2 K are approxim-
ately 7.9 x 10" cm™ for electrons and 2.2 x 10%° cm™3
for holes, indicating bipolar transport. The correspond-
ing carrier mobilities are 10 490 £+ 45 cm? - V=1 . 7!
for electrons and 2504 + 8 ecm? - V—! . s—! for holes,
surpassing those of most known magnetic topological
semimetals.

2.3. Enhanced AHE observed on the ultra-high-quality
Co3Sn,S; single crystals

The AHE is further examined through magnetic-field-
dependent Hall resistivity (p,,) measurements at various
temperatures. The results show a combination of AHE with
hysteresis and a nonlinear normal Hall response, indicat-
ing a two-carrier conduction mechanism. The total Hall
conductivity (oy,) measured at 2 K and 50 K (figure 5(a))
reveals a pronounced anomalous Hall conductivity (a;';) with
strong temperature dependence (figure 5(b)). Notably, o;}
increases from 980 Q~!' - cm~! at 2 K to reach a max-
imum value of ~1600 Q~' - cm™! at 50 K, representing a
~65% enhancement that deviates from previously reported
data [55]. Furthermore, the anomalous Hall angle (AHA,
JQ /ox) exceeds 30% across a wide temperature range of
100-160 K and peaks at ~40% around 140 K (figure 5(c)),
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Figure 4. Visualization of ultranarrow kagome flat band and TSS around the Fermi level. (a) Fermi surface mapping integrated

within £ 10 meV. The red dotted lines along K and K, are marked as Cut 1 and Cut 2 for band measurements in (c) and (d), respectively.
(b) DFT-calculated Fermi surface projections showing good agreement with experiments; black lines indicate Brillouin zones. (c) The band
structure at Cut 1 in (a) and the corresponding second derivative, indicating the existence of TSS marked by the red arrow. (d) The band
structure at Cut 2 in (a), showing a flat band near the Fermi level around the K point. (¢) EDCs of Cut 2 at different K, showing an
ultra-narrow flat band with a large density of states near the Fermi level. (f) Calculated band dispersions along different high-symmetry
directions on the Sn-terminated surface of Co3Sn,S;, showing a nearly flat band (circled) near the Fermi level around the K point, consistent
with the experimental observations in (d) [71]. John Wiley & Sons. { @ original copyright notice}.

indicating a giant AHE in the ultra-high-quality Co3;Sn,S;
single crystals. Compared to previously reported Co3Sn,S;
samples and other magnetic topological materials, the carrier
mobility, MR, anomalous Hall conductivity, and Hall angle
of the present crystals rank among the highest.

The intrinsic AHE in magnetic Weyl semimetals originates
from Berry curvature associated with bands near Weyl nodes.
In Co3Sn,S,, conduction and valence bands around the nodal
ring exhibit opposite Berry curvature contributions, imply-
ing a compensating effect between electron and hole carriers.
Temperature-dependent transport measurements reveal nearly
constant hole density, while electron density decreases with
increasing temperature from 2 K to 50 K (figure 5(d)). This
depletion has been linked to the presence of an ultra-narrow
flat band near the Fermi level (figures 4(d) and (e)), where
quantum interference in the kagome lattice suppresses electron
kinetic energy and enhances correlations, thereby modulating
carrier density.

First-principles calculations further support this picture.
Without SOC, multiple nodal rings appear in the BZ, which
are gapped upon inclusion of SOC except at two gapless points
that evolve into Weyl nodes of opposite chirality (figures 5(e)—
(g)). SOC-induced gaps near the nodal rings generate intense

Berry curvature close to the Fermi level (figures 5(h)—(j)).
Importantly, the highest valence band (HVB) and lowest con-
duction band (LCB) exhibit opposite Berry curvature dis-
tributions, providing a natural explanation for the bipolar
contribution to the AHE. As electron depletion reduces the
contribution from the LCB, while the HVB contribution
remains unchanged, the net AHC increases with temperat-
ure (figures 5(k) and (1)). Calculations further predict that the
AHC can be enhanced by nearly 50% at the Fermi level and
may reach even higher values upon modest doping or gating,
pointing to Co3Sn,S; as a highly tunable platform for Berry-
curvature-driven transport phenomena.

In light of the findings above, the iterative-CVT synthesis
starting from CosSn,S, single-crystal granules and using
NH4Cl as the transport agent effectively produces large, high-
quality single crystals with superior structural integrity and
outstanding physical properties, including flat band, carrier
mobility, MR, and the AHE. A particularly striking observa-
tion is the ~65% enhancement of anomalous Hall conduct-
ivity in the low-temperature regime, a behavior arising from
the bipolar Berry curvature near the Weyl nodes and the relat-
ive balance between electron and hole carriers. Moreover, the
presence of an ultra-narrow flat band close to the Fermi level
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Figure 5. Bipolar AHE in the ultra-high-quality Co3Sn,S,. (a) Magnetic-field-dependent Hall conductivity (oyx) at 2 K and 50 K under
out-of-plane magnetic fields, showing hysteresis behaviors associated to AHE. Shaded areas indicate the AHE contribution. (b) Temperature
dependences of the AHC (O’Q(), peaking at 1600 2~ cm™! at 50 K. (¢) Temperature dependence of the AHA (q{} /o) at zero magnetic field,
showing a maximum of 40% at 140 K. (d) Electron and hole concentrations versus temperature. (e) Electronic band structure without and
with spin—orbit coupling. (f) Distribution of the nodal ring in the ky, = 0 plane in reciprocal space. Red and blue dashed circles indicate
energies above and below the Fermi level, respectively. (g) Energy distribution of the nodal ring. (h) Berry curvature along high-symmetry
paths. (i,j) Berry curvature distribution in the k, = 0 plane corresponding to the LCB and the HVB, respectively. (k) AHC as a function of
chemical potential with different electron carrier concentration by shifting of energy of LCB. (1) AHC at the Fermi level as a function of
energy shift, extracted from (k) [71]. John Wiley & Sons. { @ original copyright notice}.

amplifies Berry curvature effects and makes the electron dens-
ity highly sensitive to temperature. The availability of ultra-
high-quality CoszSn,S, crystals provides a well-defined plat-
form not only for exploring intrinsic bulk properties but also
for examining surface phenomena with precision.

3. Surface identification of Co3Sn,Sn, crystals with
nc-AFM

Layered quantum materials like CosSn,S; often cleave into
multiple terminations, each hosting distinct electronic and
magnetic states. Accurate identification of these surfaces is
therefore crucial, as surface-specific phenomena can strongly

influence the overall behavior of the material and the potential
applications in topological and spintronic devices. While STM
has provided valuable insights, it cannot always unambigu-
ously distinguish S- and Sn-terminated surfaces due to their
nearly identical atomic structures (figure 1(a)). This challenge
motivates the use of complementary techniques, such as bond-
resolved nc-AFM, to resolve surface terminations with atomic
precision.

3.1. Four types of cleaved surfaces of Co3Sn,S»

We measured a grid of 10 x 10 points over an area of
1.1 x 1.3 mm? of a Co3Sn,S, sample (figure 6(a)), which
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The blue squares marked by N denote the insulating surfaces; the orange squares marked by C indicate the conductive surfaces. (c)
Statistical analysis of the 100 points in (b). (d)—(f) Large-area STM images of the Type-I, Type-1I and side surfaces, respectively.

was cleaved at temperatures below 10 K and transfer to the
STM head at 4.5 K within 10 s. Of the 100 points examined,
57 exhibited insulating surfaces (figures 6(b) and (c)), which
were previously overlooked in STM studies due to their low
conductivity. When approaching these regions with a qPlus
sensor, the oscillation amplitude drops to zero upon tip-
surface contact, yet the tunneling current fails to reach the
setpoint. Typically, the approach halts automatically when the
tip penetrates the insulating layer, which can be several nano-
meters thick. Bulk tin is known to undergo a phase trans-
ition from metallic 5-phase to semimetallic «-phase upon
cooling, accompanied by a volume expansion of approxim-
ately 30% [78-81]. A similar process may also happen with
some of the Sn-terminated surface in Co3;Sn,S,, leading to
the formation of surfaces covered with low-conductivity Sn
clusters.

Among the 43 conductive areas examined (figure 6(c)),
two distinct types of surface terminations were identified.
Nineteen regions exhibit vacancy-decorated surfaces (Type-I,
figure 6(d)), whereas five display adatom-decorated surfaces
(Type-11, figure 6(e)). The remaining nineteen regions corres-
pond to side surfaces (figure 6(f)), which are likely formed by
cleavage along crystallographic planes that are not energetic-
ally favored. Typical STM images of both Type-I and Type-II
surfaces reveal a triangular lattice structure, in accordance with
the symmetry of S- and Sn- terminated surfaces. The absence

of kagome-like features in the STM images, along with
theoretical surface energy comparisons, suggests that these are
unlikely to be Co3Sn-terminated surfaces. Nevertheless, both
surfaces exhibit electronic properties that reflect underlying
kagome symmetry [59, 72]. The characteristic of Weyl fer-
mions differs between the two surfaces, with Weyl Fermi arc
discovering on the Type II surface but absent on the Type I
surface [60]. To elucidate the mechanism underlying these
surface-dependent properties and clarify how the kagome
layers govern the electronic states of the adjacent triangu-
lar layers, accurate identification of surface terminations is
essential.

However, the surface identification of Type-I and Type-II
terminations has been inconsequently presented and contin-
ues to be debated [82], as shown in figure 7. STM measure-
ment of a step height between a Co3;Sn surface and a Type-I
surface supported assigning Type-I to the S-terminated sur-
face and Type-II to the Sn-terminated surface [60, 72]. This
assignment is further corroborated by surface-dependent prop-
erties, such as Fermi arc features, which show good agreement
between experiment and DFT calculations [60]. However,
STM imaging at the atomic step between the two surface types
appears to suggest the opposite [59], leaving the identification
unresolved. Since STM cannot give decisive evidence for the
surface identification, complementary surface-sensitive tech-
niques such as nc-AFM were strongly needed and employed.
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Different surface identification of Co3Sn,S; in previous studies. (a) 3D STM image showing a step between Co- and S-terminated

regions with superimposed crystal structure (Co: green, S: blue, Sn: red) and unit cell marked by black line; inset shows atomically resolved
Co surface. From [60]. Reprinted with permission from AAAS. (b) Topographic image of the boundary between S-terminated (red) and
Sn-terminated (blue) surfaces, with schematic of cleavage-induced defects: Sn adatoms on S surface (left) and Sn vacancies on Sn surface
(right). [59, 60, 82]. Reproduced from [59], with permission from Springer Nature.

3.2. Nc-AFM: principle and applications

In nc-AFM measurements, the cantilever is mechanically
driven to oscillate at its resonance frequency fo. The experi-
ments discussed in this review were performed in frequency
modulation (FM) mode, in which a feedback loop maintains
a constant oscillation amplitude. During scanning, variations
in the tip-surface interactions cause shifts in the cantilever’s
resonance frequency. A phase-locked loop tracks the actual
oscillation frequency f = fo + Af, with the frequency shift Af
serving as the imaging signal.

In FM mode, the cantilever behaves as a harmonic oscil-
lator with a single degree of freedom, and long-range force
contributions can be minimized by using a small oscillation
amplitude. Assuming that the force gradient is small compared
with the cantilever spring constant k and that the oscillation
amplitude is much smaller than the tip-sample distance z, the
frequency shift Af can be approximated as:

A f—fo 1 \/7 \/7 _
fo oo Nt V) T

fo Jo

where m’ is the effective mass of the cantilever, and k' =k —
(OF /0z) [83]. For small oscillation amplitudes, the frequency
shift Af is approximately proportional to the force gradi-
ent. Using the analytical approximation developed by Sader
and Jarvis [84, 85], the force spectrum F(z) can be derived
from the measured Af(z) spectrum according to the following
expression:

L oF
2k 07’

ey

2%k

F(Z)—JTO

[ VA
/{ [1—5— e (tz)] AF()

A O[Af()] }dl,

2(t—z) Ot @

The total force acting on the AFM tip near the sample
includes contributions from long-range van der Waals and
electrostatic forces, which extend over several tens of nano-
meters, as well as short-range chemical forces, which act
over a few angstroms. In UHV experiments, the force spectra
described in equation (2) allow the short-range chemical force
to be isolated by subtracting the long-range van der Waals
and electrostatic background. This procedure provides high-
resolution information about the spatial distribution of chem-
ical forces at the surface.

The electrostatic force reflects the work function difference
between the tip and the surface and is described as:
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where V is the voltage applied to the sample, and V~ repres-
ents the contact potential difference between the tip and the
sample (V" > 0 means that the work function of the sample
is greater than that of the tip). The term 0C/0z depends on the
tip geometry, which is always negative. Based on the Kelvin
probe force microscopy (KPFM) measurements [86], the elec-
trostatic force can be minimized by compensating the contact
potential difference by choosing V = V™. The local contact
potential difference (LCPD) is then determined by the posi-
tion of the maximum of the Af(V) parabola.

Nc-AFM equipped with a qPlus sensor [87, 88] (figure 8(a))
is renowned for imaging short-range interactions at the single-
chemical-bond level [§9-100], and has been pushing the limit
of detecting physical or/and chemical interactions [101-106].
Unlike STM images that provide information on delocalized
states, nc-AFM images sensitively reflect the spatial gradi-
ent of short-range repulsive interactions, e.g. Pauli repul-
sion, resulted from localized electronic states. Thus, it shows
unprecedented resolution on locating electronic orbitals and/or
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Schematic of the nc-AFM measurements, which are based on a qPlus sensor with a CO-functionalized tip in frequency modulation mode.
Reproduced from [70]. CC BY 4.0. (b) STM and nc-AFM imaging of pentacene on Cu(111). While the STM images the frontier orbitals,
the nc-AFM image clearly resolved the chemical bonds. From [89]. Reprinted with permission from AAAS. (c) Chemical-bond-resolved
nc-AFM image of a diaza-HBC chain. Reproduced from [99], with permission from Springer Nature. (d) STM and nc-AFM images of a
mirror twin boundary in monolayer MoSe,. The surface Se atoms are resolved in the nc-AFM images. Reproduced from [108], with
permission from Springer Nature. (e) F(z) curves measured on top of Fe atoms in clusters of different sizes, reflecting their different
chemical reactivity. Reprinted (figure) with permission from [105], Copyright (2009) by the American Physical Society. (f) Af(V) curves
measured on neutral and negatively charged Au adatoms by nc-AFM KPFM mode, showing their different charge states. From [111].
Reprinted with permission from AAAS.(g) Charge distribution within a single naphthalocyanine molecule resolved by nc-AFM KPFM
mode. Reproduced from [112], with permission from Springer Nature.

interactions [89, 107] and uncovering crystalline domain walls
and defects (figures 8(b)—(d)) [108]. Furthermore, by measur-
ing height-dependent frequency shifts on different locations
of a surface [109], nc-AFM is empowered of identifying loc-
alized chemical environment on the surface (figure 8(e)) [103,
105, 107, 110]. In addition, this technique can probe the chem-
ical potential in atomic resolution by measuring the LCPD
acquired with KPFM mode (figures 8(f) and (g)) [111-113].

3.3. Identification of S surface by work function
measurements and bond-resolved nc-AFM imaging

The STM topographies reveal vacancies on the Type-I sur-
face (figures 9(a) and (b)) and adatoms on the Type-II sur-
face (figures 9(d) and (e)). To distinguish the two surfaces,
LCPD was measured on both surfaces by recording the fre-
quency shift (Af) as a function of sample bias (V) (figure 9(g)).
The Af(V) measurements show maxima at —0.22 V for Type-
I and +0.57 V for Type-II, indicating that Type-I has a work
function ~0.79 eV higher than Type-II (figure 9(h)). As a ref-
erence, the work function is calculated to be 5.29 eV, 4.34 eV
and 4.61 eV for the S-, Sn- and Co;Sn-terminated surfaces,
respectively, indicating that the S surface has the highest work
function (0.95 eV higher than the Sn surface and 0.68 eV
higher than the Co;Sn surface). This correspondence supports
assigning Type-I to the S-terminated surface, while Type-II is

more consistent with Sn- or Co3Sn-termination, although dis-
tinguishing between the two remains challenging due to their
similar work function values.

To further concrete the surface assignment, a CO-
functionalized tip [89, 114, 115] was employed for imaging
both surfaces in chemical-bond resolution. In the nc-AFM
image of the S surface (figures 9(c) and 10(a)), the surface S
atoms appear as bright spots with slight anisotropy (region «y),
forming a well-defined triangular pattern. A higher-resolution
image reveals three line-like features radiating from each S
atom, symmetrically arranged with respect to rotational angle.
These lines converge into diffuse areas (region (1), while the
surrounding darker areas are designated as region 7.

The Type-II surface exhibits distinct triangular features
in regions o and Sy, which connect to form a 2D breath-
ing kagome pattern (figures 9(f) and 10(d)). The kagome-
like appearance of the Type-II surface resembles that of the
Co3Sn layer, although this termination is less stable than the
Sn layer when exposed at the surface [60]. As neither the Sn-
nor the Co3Sn -terminated surface fully accounts for both the
observed contrast and the lower surface energy, the assign-
ment of the Type-II surface needs further experimental sup-
port. Force spectroscopy measurements combined with DFT
calculations provide decisive evidence that the Type-II surface
corresponds to the Sn termination, which can indeed host a
kagome-like electronic pattern [70].


https://creativecommons.org/licenses/by/4.0/

J. Phys.: Condens. Matter 37 (2025) 473005

Topical Review

a

Type-l Surface

Q

Type-ll Surface

g Type-ll 40957V h E.ac T Eva Evac T T Evac

4t , c

4 Surface ! q)Type-ll Surface

i cDW tip q)W tip

A_S ! i CDS Surface EF— B
N ) eVerp
:-6' . eVerp =:O.79V -EF" =TT C E,:
< | 022v eVerp

T/ E- g Type-I

| : Surface
-8/ Type-l Surface W Tip W Tip
-05 0 05 1 Type-l
Sample bias (V) Surface

Figure 9. Nc-AFM images and work function measurements of the Type-I and Type-II surfaces in Co3Sn,S;. (a), (b) large-area and
zoom-in STM images of the Type-I surface of Co3Sn,S». (c) Chemical-bond-resolved nc-AFM image of the Type-I surface taken in the blue
square in (b). (d), (e) Large-area and zoom-in STM images of the Type-II surface of Co3Sn,S;. (f) Chemical-bond-resolved nc-AFM image
of the Type-II surface taken in the area marked by a blue square in (e). (g) Af(V) curves on Type-I and Type-II surfaces. The maxima of the
Af (V) parabolas are located at —0.22 V and +0.57 V for Type-I and Type-II surfaces, respectively. The work function difference between
the two surfaces is 0.79 eV. (h) Schematic of the relationship between work function and LCPD (V¢pp) of the Type-I and the Type-II

: Pyp—@
surfaces, respectively. Vepp = —2— "

. eVcpp is the difference of the work function between the sample surface and tip. ® , is the work

function of the tip, ® Type—1surface the work function of the Type-I surface, ® 1ype 11 surface the work function of the Type-II surface. Based on
the nc-AFM measurements shown in (g), A®1 = ®p — P ype—Tsurface = —€ Vepp = 0.22eV; A®y = Pip — Pype—11 surface = —€
Vi = —0.57 eV; thus, A®[_; = Ad; Ay = 0.79 eV. [70, 72]. Reproduced from [70]. CC BY 4.0.

1


https://creativecommons.org/licenses/by/4.0/

J. Phys.: Condens. Matter 37 (2025) 473005

Topical Review

a Force Spectra (exp.) c 800 Force Spectra (sim.)
S
400t
S Z
< = )
" “ 0 \\\‘_\‘;;zf”‘;“
(2]
Sn@™
-400Co;Sy: 0.6:A
1 2 3 4 5
z (A) )
d Force Spectra (sim.)
600F
Sn

® 400+
(&
£ 200 -
>
n oL
o)
I% -200- sn@Co,Sn

-400 |

2 3 4
z (A)

g DFT Optimized Structure h DFT Optimized Structure
of S Surface of Sn Surface
© : : s © © °
o Qe
q% © @ Co =
i Qe © @ sn %
o © © Sn@CoSn o
F| e Qe ’ P
(+]
Sn@Co,Sn
P =il :
s |0 o S
3 © o © g
n n

Figure 10. Short-range force spectra on S surface and Type-II surface. (a) Zoomed-in nc-AFM image to show the incomplete kagome
pattern on S 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 a1, 51, and 71 regions. The atomic structure of S surface with
the underlying Co3Sn plane is superimposed. (b) Vertical short-range force spectra measured at the center of the o (black), 5y (red), and 1
(blue) regions. (c) DFT-calculated force spectra for the S-terminated surface. (d) Zoomed-in nc-AFM image showing the kagome pattern on
Type-1I 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 aq, 511, and i regions. The atomic structure superimposed
is the Sn surface with the underlying S and Co3Sn plane. (e) Vertical short-range force spectra measured at the center of the aqr (black), Sir
(red), and vi1 (blue) regions. (f) DFT-calculated force spectra for the Sn-terminated surface, showing good agreement with experiment. (g)
DFT optimized surface structure on the S surface. (h) DFT optimized surface structure on Sn surface. Reproduced from [70]. CC BY 4.0.

3.4. Determination of Sn surface by short-range force
spectroscopy

Short-range force spectroscopy has been applied to the
relatively well-understood S-terminated (Type-I) surface to
establish consistency between experiment and theory. As
shown in figure 10(b), the force spectra at regions «, [,
and 7p all exhibit a turning point below 3 A, with the oy

region is 0.9 A higher than S; region and ~; region 0.6 A
lower. Based on the symmetry (figure 10(g)), these regions
are tentatively assigned to the top-layer S atom (black dashed
triangle), the Cosz trimer (red dashed triangle), and the Sn
atom (blue dashed hexagon) in the underlying Co3Sn layer,
respectively. The DFT calculated turning-point heights exhibit
excellent agreement with experiment (figure 10(c)) —0.9 A
versus 1.0 A for the aq region, and 0.6 A versus 0.6 A for the


https://creativecommons.org/licenses/by/4.0/

J. Phys.: Condens. Matter 37 (2025) 473005

Topical Review

~1 region—strongly supporting the tentative structural assign-
ments. This close correspondence between experimental and
theoretical results further consolidates the identification of the
Type-I surface as S-terminated and highlights force-spectra
comparison as a reliable approach for determining surface ter-
minations in Co3Sn,S,.

Figure 10(e) presents the experimental force spectra
acquired on the Type-II surface. Among the three regions, the
ag region (black) exhibits the weakest attraction and reaches
the turning point first at 1.92 A. By contrast, the Sy, and 7y
regions have their turning points at 1.60 A and 1.31 A, respect-
ively, with the vy region characterized by the strongest attract-
ive interaction.

The force spectra on both the Co3zSn- and Sn-terminated
surfaces were simulated using DFT calculations. The analysis
focuses on the relative positions of the turning points for the
three characteristic regions, which remain qualitatively unaf-
fected by different tips [105]. On the Co3Sn surface, structural
relaxation leads to an upward displacement of the topmost Sn
atoms by approximately 0.42 A. The simulated force curves
indicate that the Sn site exhibits the earliest turning point and
the strongest repulsive interaction, whereas the Cos3/Sn and
Co3/S are comparatively less repulsive. This behavior devi-
ates from the experimental observations, where the triangular
regions are associated with stronger repulsion. Such discrep-
ancies rule out the Cos;Sn termination as the Type-II surface.

The Sn-terminated surface is characterized by a triangu-
lar lattice of top-layer Sn atoms, accompanied by S atoms
arranged in the same lattice but shifted by (1/3, 1/3) and
positioned 0.56 A lower. Each Sn or S atom resides above
a Cos trimer, giving rise to triangular regions, while the
Sn atom embedded within the Co3Sn layer (Sn@ Co3Sn)
defines a hexagonal region. Within this framework, the tri-
angular lattices of Sn and S are assigned to regions o
(black) and Sy (red), respectively, whereas the Sn@ Co3Sn
hexagon corresponds to region 7y (blue). Theoretical force
spectra (figure 10(f)) reproduce the experimental trends, cap-
turing both the order of repulsion strengths and the relative
turning points. This agreement provides compelling evidence
that the Type-II surface corresponds to the Sn termination of
CO3SH2S2.

By combining work function measurements, bond-resolved
nc-AFM imaging, vertical short-range force spectroscopy, and
DEFT calculations, the surface terminations of Co3Sn,S, have
been unambiguously determined. Type-I is identified as the S-
terminated surface, and Type-II as the Sn-terminated surface.
Furthermore, they highlight the capability of nc-AFM as a
powerful tool for characterizing surface terminations and loc-
alized electronic states at single-bond resolution. The decisive
determination of the cleaved surfaces provides a solid found-
ation for further investigations and understanding of the inter-
play between lattice geometry, SOC, and electron correlations
in C03 Sl’lez.

4. SOPs on S surface: discovery and manipulation

Atomic-scale defects often play a crucial role in shaping the
physical properties of topological quantum materials, and their

influence becomes particularly prominent in systems with
strong SOC and magnetic order. In Co3Sn;,S,, vacancies on the
S surface have been shown to give rise to an emergent localized
excitation termed as the SOP, which exhibits a rich interplay
between magnetism and topology.

4.1 Localized SOPs induced by the S vacancies

On the S-terminated surface, there are many randomly-
distributed S vacancies (figure 11(a)). The dI/dV spectrum
near S vacancies reveals a series of discrete, approximately
equally spaced in-gap states just above the valence band
edge (figure 11(b)), indicating the formation of vacancy-
induced bound states. Conductance maps recorded at the most
prominent resonances (at —322, —300, and —283 mV) dis-
play distinct, localized features with a characteristic flower-
petal shape (figure 11(c) shows the map at —283 mV). Each
of these patterns exhibits clear three-fold rotational sym-
metry centered at the vacancy, with spatial extent reaching
out to the six nearest-neighbor S atoms (figure 11(d)). The
brightest intensity is concentrated on three up-triangles of
the underlying kagome lattice nearest to the vacancy (high-
lighted by red dashed lines in figure 11(c)), illustrating that
the bound state polaron is driven by the localization of Co
d-electrons underlying the vacancy, in hybridization with S
p-electrons.

These bound states were found to be intrinsically spin-
polarized. Spin-polarized STM measurements, using bulk
nickel (Ni) tips, demonstrated strong spin asymmetry at the
vacancy site, with a clear dominance of spin-down states in
the energy range of the polaronic resonances (figure 11(f)).
In contrast, it shows spin symmetric features off vacancy site
(figure 11(f)). Notably, with a spin flip operation of the Ni tip,
the intensity of the bound states varies accordingly, indicating
its spin-polarized nature (figure 11(g)).

More intriguingly, the application of out-of-plane mag-
netic fields caused a uniform shift of the bound states to
higher energy, regardless of the field direction (figures 12(a)
and (b)). This unusual behavior corresponds to anomalous
Zeeman response, revealing that the magnetic moment at the
S vacancy is dominated by a diamagnetic orbital component
[59]. To highlight its orbital magnetic moment, the magnetic
bound state is dubbed as a localized SOP [72]. Fitting the two
sub-peak positions as a linear function of the magnetic field
(figure 12(c)), an effective orbital magnetic moment of approx-
imately 1.35 up was extracted. Such a large orbital moment is
a hallmark of topologically nontrivial orbital magnetism [59].
Theoretical calculations suggest that this orbital response ori-
ginates from diamagnetic circulating currents induced by the
local electronic structure around the defect. The strong Berry
curvature inherent to the Weyl semimetallic state of Co3Sn, S,
provides a natural environment for such topological orbital
effects to arise. The formation of SOPs, therefore, reflects a
unique synergy between the localized real-space physics of
atomic defects and the global momentum-space topology of
the host material.

The magnetoelastic coupling associated with localized
SOPs has been revealed by STM (figure 12(d)) and nc-AFM
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images (figure 12(e)), which show lattice distortions around
sulfur vacancies with appreciable local atomic displacements
even at zero magnetic field. The average nearest-neighbor dis-
tances around the vacancies, expressed as a displacement ratio
relative to intact regions, decrease significantly with increas-
ing magnetic field applied along the c-axis. Remarkably, up to
one-third of the displacement ratio can be tuned by a field of
6 T, providing compelling evidence for the polaronic nature of
these bound states and their strong magnetoelastic coupling in
CO3SH2S2.

The localized SOPs observed in Co3Sn,S, arise from the
interplay of correlated magnetism, strong SOC, and topolo-
gical characteristics of the Weyl semimetal phase. Both itiner-
ant and localized magnetism originate from Co 3d electrons,
which hybridize with Sn and S p orbitals on a kagome lat-
tice with frustrated kinetic energy. S vacancies, located off
the kagome plane, serve as local perturbations that trap Co
d-electrons, forming discrete bound states with pronounced
orbital magnetization, as revealed by their spin sensitivity and
anomalous Zeeman behavior. This orbital magnetism stems
not only from the Berry curvature of the localized d-states,
but also from the magnetoelectric coupling inherent to Weyl
fermions, reminiscent of topological insulator systems where
magnetic perturbations induce persistent orbital currents and
large orbital magnetization [116, 117]. Moreover, the fact that
such states emerge from a single sulfur vacancy underscores
the potential of defect engineering as a means to tune the topo-
logical and magnetic properties of kagome systems, as further
discussed below.

4.2. Atomically precise engineering of the spin—orbit
polarons

Leveraging the high spatial precision of low-temperature
STM, SOPs can be manipulated by voltage pulses from the
STM tip (figure 13(a)). These manipulations enable both the
removal and reconstruction of S vacancies, offering a determ-
inistic route to engineer the geometry and coupling of SOPs
[73].

The vacancy repair process is initiated by applying a pos-
itive voltage pulse (e.g. +3.2 V for 10 ms), which lifts a S
atom from the subsurface layer to fill in the surface vacancy
and restore the local lattice (figures 13(b)—(d)). This pro-
cess is reversible: a negative voltage pulse (e.g. —3.2 V for
10 ms) can re-create a vacancy by removing a top-layer sul-
fur atom (figures 13(e)—(g)). The vacancy formation and heal-
ing were verified via repeated cycles on the same surface site
(figures 13(h) and (i)). Statistical data show a vacancy healing
success rate of ~30%, compared to a lower ~5% for vacancy
creation, likely due to the more favorable energy barrier of
upward S diffusion compared to removing S atoms from the
lattice.

This tip-induced vacancy manipulation allows for the con-
trolled fabrication of arbitrary SOP configurations, such as lin-
ear chains, triangular clusters, and hexagonal arrays. These
structures act as building blocks for artificial quantum states
with tunable spatial and spectral characteristics. STM images

show that vacancies can be placed with single-atom precision,
and the resulting configurations remain stable at low temper-
atures, providing a reliable platform for studying interactions
between neighboring SOPs (figures 14(a)—(h)).

Spectroscopic measurements reveal that each SOP config-
uration supports a set of discrete in-gap states with equally spa-
cing energy, and the most intense peak (P(N)) shifting system-
atically with vacancy size N (defined as the number of S vacan-
cies). As shown in figure 14(i), the evolution of P(N) for vacan-
cies of different symmetric shapes follows an exponential
function, with P(N) approaching a shape-dependent critical
energy near the Fermi level as the vacancy size increases. The
critical energy varies with geometry, where higher-symmetry
shapes exhibit higher critical energy levels. For example,
P(N) for single-chain vacancies saturates around —240 meV,
whereas that for hexagonal vacancies approaches the Fermi
level.

This shift of peak energy with the size and shape of vacancy
reflects enhanced wavefunction delocalization and hybridiz-
ation between neighboring SOPs, analogous to band form-
ation in coupled quantum dot systems. For instance, in 1D
chain configurations, the bound states exhibit dispersive, band-
like features, whereas in compact geometries (e.g. triangular
clusters), quantum confinement dominates. To understand the
shape-dependent energy shifts of P(N), a simple tight-binding
model with nearest-neighbor hopping ¢ was used to simu-
late bound states around vacancies. Four vacancy patterns—
single chain, double-column chain, triangle, and hexagon—
were analyzed. For each configuration, the highest energy
level was taken as the vacancy state. The calculations show that
this vacancy state shifts exponentially toward higher energy
with increasing size (figure 14(k)), consistent with the experi-
mental trends.

The magnetic character of SOPs is preserved across
these engineered configurations. Spin-polarized STM meas-
urements reveal that SOPs consistently show a spin-down
dominant signal at the bound-state energies, regardless
of vacancy geometry. This spin asymmetry confirms that
the SOPs carry localized magnetic moments, which can
be probed and modulated by external magnetic fields.
Under out-of-plane magnetic fields (up to 6 T), the
primary bound state P(N) exhibits an anomalous Zeeman
shift, which deviates from that expected for conventional
spin moments and indicates a dominant orbital magnetic
contribution.

Fitting the Zeeman shift shows that the effective magnetic
moment increases with vacancy size, from about 1.5 up for
small triangular SOPs to nearly 3 up for larger triangular
and hexagonal vacancies. The correlation between vacancy
geometry, bound state energy, and magnetic moment under-
scores the complex interplay between real-space structure and
topological electronic states. As such, SOPs provide a unique
opportunity to engineer artificial magnetic and orbital textures
on kagome surfaces. With increasing vacancy size or coupled
SOP arrays, it becomes possible to tune not only the magnetic
moment, but also the spatial symmetry and coherence length
of the emergent states.
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triangular one, with red arrows marking tip pulses. Reproduced from [73]. CC BY 4.0.

The discovery of SOPs in Co3Sn,S; provides a new way to
manipulate magnetic order and topological phenomena. STM
studies show that S vacancies on low-temperature cleaved S-
terminated surfaces reflect bulk S vacancies, where SOPs are
expected to form. DFT calculations reveal that these vacan-
cies are magnetic and enhance the moments of neighboring
Co atoms. The density of SOPs can therefore be tuned by con-
trolling S pressure and temperature during synthesis. Increased
SOP density strengthens ferromagnetic moments, enhances
carrier scattering by spin—orbit exchange fields, and promotes
exchange interactions between SOPs, enabling robust time-
reversal-symmetry-breaking effects such as the anomalous
Hall and Nernst responses at higher temperatures. Similar
to single-defect engineering in diamond [118], controlled

creation of SOPs may open routes to generating large magnetic
moments in topological semimetals and toward applications in
functional quantum devices.

5. Oxygen-induced quantum clusters on Sn and S
surfaces

The discovery and manipulation of SOP demonstrate how
atomic-scale defects in Co3Sn,S, can host highly tunable
localized quantum states that strongly couple to the mater-
ial’s topological electronic structure. Beyond sulfur vacan-
cies, heteroatom dopants can also shape the local electronic
and magnetic properties. In particular, oxygen dopants, which


https://creativecommons.org/licenses/by/4.0/

J. Phys.: Condens. Matter 37 (2025) 473005

Topical Review

¥ Single chain Triangle Hexagon
v
N=1 v
n . 7 R N=3 _
IS FES S Ny I
: — S = S &
s N=2 > > N N
> o M o o
o ¥ = = =
= ©° o° o ¥
I = Jp— *
=7 N=10
i { N=7
N=4 N=9 .
-400 -200 0 200  -400 -200 0 200 -400 -200 0 200 -400  -200 0 200
Sample bias (mV) Sample bias (mV) Sample bias (mV) Sample bias (mV)
i Experiments j k Simulation
- A 6
O ./ --------------- _
s 7 | eeemmmi- 5 s
[0
E -100t B /\ M 4l
> ) ) =3
3 A single chain | 2 /\/\ =
% % Double chain|| | |2 j\/V\/ “
x -200r B Triangle 2r
o ) : )
o AAAAA . Hexagon ™ - 1 4 Single chain = Triangle
= * Double chain ® Hexagon
-300__, . . . . J , O . . . . .
0 5 10 15 20 25 1 2 3 0 10 20 30 40 50
Atomic Number (N) Atomic Number (N) Atomic Number (N)

Figure 14. Size and shape dependence of vacancy bound states. (a)—(h) STM images and d//dV spectra for linear (a), (b), C,-shaped (c), (d),
triangular (e), (f), and hexagonal (g), (h) vacancies. Primary bound states are indicated by arrows in (b), (d), (f), (h). (i) Evolution of primary
bound-state energies with vacancy size and shape, showing exponential dependence on symmetry. (j) Schematic of hybridization between
vacancy bound states, where additional vacancies create higher-energy states. (k) Tight-binding calculations of bound-state evolution with
atomic number, reproducing the experimental trend and illustrating quantum confinement effects. Reproduced from [73]. CC BY 4.0.

are the dominant native defects on both S- and Sn-terminated
surfaces, give rise to a ‘quantum cluster’ structure. This term
reflects the fact that a single dopant atom can generate a spa-
tially confined cluster of localized electronic states, whose
properties are highly sensitive to the local surface environ-
ment. Such clusters not only modify the surrounding elec-
tronic structure but also provide a controllable platform to
study defect-induced quantum phenomena in Co3Sn;,S,.

5.1. Atomic-scale identification of the oxygen-induced
quantum clusters

On the Sn-terminated surface, STM topography reveals a
slightly off-centered triangular shape intensity distribution
(figures 15(a) and (b)), which locates at hollow site between
three Sn atoms. The nc-AFM image shows a bright pro-
trusion higher than typical Sn atoms in the center hollow
site (figure 15(c)). Because the pristine Sn surface exhibits a
flat-band peak near the Fermi energy, it is important to exam-
ine whether the dopant perturbs this feature. As shown in

figure 15(d), the peak shifts by roughly +5 meV relative to
the dopant-free surface, indicating a local hole-doping effect.

On the S-terminated surface, the dopants reside slightly
off-center from the S atomic lattice. STM topography reveals
atomically sharp, hexagonally-symmetric protrusions, while
nc-AFM imaging shows an atom 80 pm off center and
1.5 pm lower than neighboring S atoms (figures 15(e)—(g)).
Spectroscopic measurements reveal pronounced in-gap states
below —200 mV (figure 15(h)). Spatial d//dV maps at the ener-
gies of these localized states show distinct symmetry behavi-
ors: at higher energies (e.g. —264 mV), the states exhibit a
sixfold (Cg) symmetric pattern centered on the dopant, indic-
ating strong coupling to the underlying lattice symmetry; at
lower energies (e.g. —362 mV), the symmetry reduces from
Ce to C,, suggesting energy-dependent orbital or structural
anisotropy.

Atomic-resolution STEM combined with electron energy
loss spectroscopy (EELS) confirms that the quantum clusters
are originated from oxygen dopants occupy inequivalent sites
within the Co3Sn;,S; lattice (figure 16). HAADF and annular
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Figure 15. Surface characteristics of quantum clusters on Sn- and S- terminated surfaces. (a) Large-scale STM image of the Sn-terminated
surface, where bright protrusions correspond to quantum clusters. (b) Zoom-in STM of a single cluster, showing asymmetric hybridization
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cluster, showing bound states at negative energies. Reproduced from [74]. Image stated to be in the public domain.

bright field (ABF) imaging along the [100] zone axis reveal
two distinct configurations: one with the oxygen atom adjacent
to the Sn plane and another near the S plane. In both cases,
enhanced contrast in the ABF channel highlights the local-
ized dopant site. EELS spectra taken at these regions show a
clear oxygen K-edge onset at ~532 eV. For the Sn-adjacent
configuration (figures 16(a)—(c)), the summed spectrum at the
dopant site (green) displays the O K-edge in contrast to a
reference spectrum from an O-free region (orange), with the
differential spectrum (black) confirming a localized oxygen
signal spatially correlated with the defect. The corresponding
structural model depicts an O atom bonded in the vicinity of
the Sn plane. For the S-adjacent configuration (figures 16(d)—
(1)), EELS again shows the onset of oxygen-related features.
The structural model places the O dopant between the S and
CosSn atoms, giving rise to a different local chemical environ-
ment. Together, these observations demonstrate that oxygen is
a dominant dopant species in Co3Sn,S,, occupying multiple
inequivalent lattice sites and contributing to the diverse elec-
tronic signatures observed in STM.

5.2. Interactions between neighboring quantum clusters

The spacing between pairs of oxygen-induced quantum
clusters modulates their interactions on both S- and Sn-
terminated surfaces. On the Sn termination, STM topographies
reveal quantum clusters at varying separations (figure 17(a)),
with sharp resonances near the Fermi level evolving system-
atically with distance, showing suppression of the doping-
induced peak and recovery of the intrinsic flat-band feature
(around —6 mV) as two quantum clusters approach each other

(figure 17(b)). When perpendicular magnetic fields ranging
from —8 T to +-8 T were applied, the peak near the Fermi level
shifts linearly to higher energies with increasing field mag-
nitude (figure 17(c)), consistent with a defect state exhibiting
orbital magnetism and showing an anomalous Zeeman effect.
On the S-terminated surface, oxygen-induced quantum
clusters display distinct behavior. The d//dV spectra show
that, as the quantum-clusters are brought into closer prox-
imity, the defect-induced in-gap bound states broaden and
undergo energy shifts (figure 17(e)), indicative of hybridiza-
tion between their localized states. In contrast, dI/dV measure-
ments performed under perpendicular magnetic fields ranging
from —8 T to +8 T (figure 17(f)) reveal negligible Zeeman
splitting or energy shifts, suggesting that these states are non-
magnetic. This behavior contrasts with that of In impurities
previously reported on the same surface termination [69].
These results demonstrate that oxygen-induced quantum
clusters function as tunable, local quantum perturbations in
the topological kagome magnet. Oxygen dopants give rise
to spatially localized defect states, whose spectral, struc-
tural, and magnetic responses depend sensitively on their lat-
tice positions. Moreover, their electronic properties can be
modulated by external stimuli such as magnetic fields and
inter-defect spacing, providing a versatile platform for the
design and exploration of quantum phenomena in correlated
and topological systems. Furthermore, it is feasible to con-
trol the oxygen dopant density during synthesis, thereby tun-
ing the spatial arrangement and proximity of the quantum
clusters. This allows selective modulation of the domin-
ant interactions between clusters, providing a framework to
understand how defect density and inter-cluster coupling can
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Figure 16. Cross-sectional STEM and EELS analysis of two types of oxygen-induced quantum clusters. (a) STEM high-angle annular dark
field (HAADF, left) and inverted-contrast annular bright field (ABF, right) images of a dopant above the Sn plane (dashed circles) along the
[100] zone axis. (b) EELS spectra of the Sn M-edge showing summed spectra with (green) and without (orange) oxygen signal at 532 eV;
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STEM-HAADF (left) and ABF (right) of a dopant adjacent to the S plane (dashed circles). (e) EELS spectra of sites between pure Sn,
Co3Sn, and pure Co columns with (green) and without (orange) O fine structure; black line shows the difference. (f) Structural model with
dopant adjacent to the S plane (red). Scale bars: 0.5 nm. Reproduced from [74]. Image stated to be in the public domain.

influence emergent electronic and magnetic behavior in the
bulk, thereby offering insights for tuning macroscopic prop-
erties based on atomic-scale control.

6. Kagome electronic states on surfaces: discovery
and engineering

Besides the defect-related phenomena discussed in the last
two sections, the cleaved S- and Sn-terminated surfaces of
Co3Sn,S; also host emergent electronic states that directly
reflect the kagome symmetry of the underlying Co lattice.
Recent studies have revealed that the triangular Sn and S sur-
faces can sustain a kagome electronic state arising from strong
vertical p—d hybridization between the surface layers and the
Co kagome layer underneath [70].

6.1. Kagome electronic states on surfaces yielded by vertical
p—d hybridization

Revisiting the nc-AFM images of Co3zSn, S, shown in figures 9
and 10, on the triangular Sn surface, the electronic states are
spatially arranged in a kagome pattern, mirroring the kagome
symmetry of Co atoms underneath. These kagome electronic
states originate from Co d orbitals hybridized with in-plane p

orbitals of surface Sn and S atoms. Although the local density
of states associated with Co d orbitals is significantly higher
than that of Sn or S p orbitals, the d orbitals are spatially loc-
alized and screened by the p orbitals of the surface Sn or S
atoms. Given the short-ranged nature of the measured repuls-
ive interactions in nc-AFM imaging, the contribution of sub-
surface Co d orbitals is minimal. Consequently, the observed
surface kagome electronic states are primarily attributed to
hybridized states involving the surface Sn and S atoms with
the Co d orbitals underneath, rather than directly to the Co d
orbitals.

Theoretically local density of states projected (PLDOSs)
onto the Sn-terminated surface (figure 18(a)) reveals a set
of electronic states near the Fermi level (Ef) that do not
involve s-orbitals from surface Sn or S atoms. As shown
in figure 18(b), these states arise from strong hybridization
between surface Sn (blue) and subsurface S (green) p orbit-
als with underlying Co d orbitals (orange), as indicated by
four distinct peaks (marked by red and blue dashed lines).
The p—d hybridized states imprint the triangular electron dens-
ity of the Cos trimers onto the surface Sn and S atoms. The
squared of wavefunction norms of the occupied hybridized
states (Iz/)l2, figure 18(e)) shows triangular contours at each Sn
or S site, forming a kagome pattern with minimal density at the



J. Phys.: Condens. Matter 37 (2025) 473005

Topical Review

di/dV (a.u.)

o

di/dV (a.u.)

Quantum clusters o _io o

on Sn surface

Sample bias (mV)

20 10 0 10
Sample bias (mV)

10 20

e f
e ? 8T
SN 5
S| 8
> e >
B ll B
© Lo °©
Ry
Quantum clusters  -400 -200 0 200 -450 -350 -250

on S surface

Sample bias (mV)

Sample bias (mV)

Figure 17. Interactions between neighboring quantum clusters on Sn and S surfaces. (a) Topographic STM images of two clusters on Sn
surface with varying separation. (b) dI/dV spectra at the marked cluster in (a), showing evolution of states near the Fermi level. (c) d//dV
spectra of the peak near the Fermi energy under magnetic fields from —8 T to +8 T, showing a linear shift to higher energy. (d) Topographic
STM images of two clusters on S surface with varying separation. (e) dI/dV spectra at the marked cluster in (d), showing evolution of defect
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[74]. Image stated to be in the public domain.

central Sn sites in the subsurface CosSn layer. Lateral overlaps
between these individual contours indicate further p—p hybrid-
ization, supported by the hybridized states residing at —0.25
and 0.37 eV (PLDOS peaks highlighted by red dashed lines
in figure 18(b)). Thus, vertical p—d and lateral p—p hybrid-
izations together transfer the kagome symmetry of the Co
atoms in the subsurface Cos;Sn layer onto the Sn-terminated
surface.

On the S surface, PLDOSs also show isolated states
involving only surface S p and bulk Co d orbitals (figure 18(c)).
A zoomed-in plot (figure 18(d)) highlights the vertical hybrid-
ization between the surface S p states and subsurface Co d
states, indicated by blue dashed lines. This p—d hybridization
imprints the triangular Cos electronic states onto the surface

20

S atoms, as shown by the l4I* contour in figure 18(f). These
contours form an incomplete kagome pattern on the S surface,
since no electronic states appear on the red triangles (high-
lighted in figure 18(f)), which, together with the black tri-
angles, form a complete kagome pattern. Consequently, the
flat bands near the Fermi level observed on the Sn surface are
absent on the S surface [60, 72].

6.2. Strategy for constructing a family of kagome electronic
states on surfaces

The above findings indicate that the formation of kagome
electronic states at surfaces relies on three prerequisites: (i)
a honeycomb arrangement of surface and subsurface atoms,
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states underneath. (e) Wavefunction norm square contours of hybridized states on the Sn surface (integrated from —0.38 to 0.50 eV)
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Wavefunction norm square contours of hybridized states on the S surface (integrated from 0.12 to 1.16 eV) decorated with a top view of
atomic structures of surface S and Co3Sn atoms; red solid lines highlight triangular symmetry. Reproduced from [70]. CC BY 4.0.

(i) vertical hybridization of their in-plane orbitals with both
sublattices of the underlying kagome lattice, and (iii) lateral
hybridization among the vertically hybridized states to pro-
duce a kagome-symmetric electronic structure, as illustrated
in figure 19. The Sn-terminated surface of Co3;Sn,S, fulfills

21

these criteria, with surface Sn and subsurface S atoms (0.56 A
below) occupying opposite sublattices of the kagome Co lat-
tice underneath. By contrast, the S-terminated surface fails to
meet condition (i) and therefore supports only the formation of
an incomplete kagome electronic state (right panel, figure 19).
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However, depositing hetero- or homo-atoms onto the com- DFT calculations confirm that modifying the SLa and SLb
plementary sublattice (sublattice plane a, SLa; figure 20(a)) planes yields diverse surface hybridizations. When SLa=Ge,
restores the missing component, enabling the realization of Sn, or Pb and SLb=S or Se, vertical p—d hybridization
kagome electronic states on the S-terminated surface with tun-  persists, forming isolated kagome-like states near Ep (e.g.
able properties. Additionally, substituting S atoms in sublattice  figure 20(b) for SLa=Sn, SLb=Se). A breathing kagome sym-
plane b (SLb, figure 20(a)) with Se or Te during bulk crystal —metry is achieved by unbalancing the hybridization between
growth provides another pathway to engineer a broader variety SLa and SLb, e.g. with heavier SLa atoms like Sb or Bi
of kagome electronic states. (figure 20(c)). For SLa=Al, Ga, In, or Si or SLb=Te, s orbitals
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also participate in hybridization near Er, resulting in spherical
l9p1* contours and weakened kagome features (figure 20(d)).
These findings highlight the S-terminated surface as a platform
for engineered kagome electronic states.

This strategy can be readily extended to kagome materials
sharing the structural features of Co3Sn,S,, where the inter-
play of lattice geometry, SOC, and surface termination also
governs the formation of kagome electronic states at surfaces.
By selectively substituting atoms or depositing adatoms, one
can systematically tune the electronic, magnetic, and topolo-
gical properties of these surfaces. This tunability opens up new
opportunities for designing functional quantum materials and
devices through tailored surface states in kagome lattices.

7. Conclusion and perspectives

This review presents advances in surface studies of Co3Sn, S,
by STM and nc-AFM, which provide atomic-scale insights
into surface identification, defect manipulation, and engineer-
ing of electronic and magnetic states, elucidating the inter-
play of electronic band topology, magnetism, and electron cor-
relations in kagome-lattice Weyl semimetal Co3Sn,S,. The
resulting understanding consolidates the role of Co3Sn,S; as
a model platform for correlated topological phenomena and
opens avenues for future electronic and spintronic applica-
tions. The key insights of this review can be summarized as
follows:

(1) The synthesis of ultra-high-quality Co3Sn,S, single crys-
tals provides a crucial basis for their potential applic-
ations in electronic and spintronic devices. Using an
iterative-CVT method, researchers have achieved large-
area stoichiometric crystals with exceptional crystallinity,
enabling direct observations of the flat band and signific-
antly enhanced anomalous Hall conductivity.

(2) Surface identifications in Co3Sn,S; have been unambigu-
ously established through atomic-scale studies combin-
ing work function measurements, bond-resolved nc-AFM
imaging, and short-range force spectroscopy. These iden-
tifications resolve the long-standing debate on the atomic
details of cleaved surfaces and establish a solid foundation
for further surface-focused investigations.

(3) Discoveries of SOP at S vacancies, oxygen-induced
quantum clusters, and kagome electronic states on the sur-
faces reveal diverse and tunable properties of Co3zSn,S;
surfaces. These findings demonstrate how atomic-scale
perturbations interact with the underlying topological
quantum states, giving rise to diverse emergent electronic
and magnetic behaviors.

(4) The physical properties of SOP, oxygen-induced quantum
clusters, and surface kagome electronic states can be
engineered through both on-surface atomic manipulation
and controlled crystal growth. This tunability offers broad
opportunities for scalable control of electronic and mag-
netic behaviors, and thereby facilitating the design and
exploration of novel quantum phenomena in kagome-
lattice materials.
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Looking forward, Co3Sn,S; is well positioned to remain a
model system for investigating fundamental physics of correl-
ated topological states. The combination of its tunable surface
and bulk properties with modern approaches to defect engin-
eering and atomic-scale perturbations provides a powerful
pathway toward exploring new electronic and magnetic func-
tionalities. Future studies of Co3Sn,S, will benefit from fur-
ther advances in ultra-high quality crystal growth and engin-
eering of novel quantum structures.

The iterative-CVT method has already enabled the syn-
thesis of large, stoichiometric crystals with exceptional quality
[71], but refining growth techniques to suppress unintentional
impurities, realize controllable doping, and stabilize the mater-
ial against surface degradation will be crucial for enabling
more complex experiments. The high-quality crystals also
provide a solid foundation for the future applications in elec-
tronic and spintronic devices. In particular, achieving stable
few-layer crystals [119-121] and well-defined interfaces may
open opportunities to integrate CoszSn,S, with other quantum
materials, such as superconductors or two-dimensional mag-
nets, for creating heterostructures that host exotic emergent
states.

High-quality crystals provide a foundation for discovering
and engineering novel physical properties. Combined high-
quality crystal with complementary in situ techniques, such
as atomic manipulation using STM tips [122] and molecu-
lar beam epitaxy for controlled foreign-atom deposition,
researcher can deliberately create atomic scale quantum states
and control of their interactions within these materials, thereby
enabling systematic studies of defect- and dopant-engineered
quantum phenomena.

Another promising direction lies in the controlled realiza-
tion of kagome electronic states at surfaces. Atomic deposition
offers a route to construct artificial kagome states with tunable
electronic bandstructures [70]. Varying the deposited or sub-
stituted atomic species enables versatile tuning of electronic
band structures, flat-band features, and orbital magnetism.
This level of control could allow the design of artificial lattices
with tailored topological electronic properties, providing new
platforms to explore correlated flat-band physics, interaction-
driven topological phases, or even exotic superconductivity in
kagome materials.
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