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Bipolarity Induced Gigantic Intrinsic Anomalous Hall Effect
in Iterative-Grown Kagome Semimetal Co;Sn,S, Crystals

Senhao Lv, Hui Guo, Wei Jiang, Jiangang Yang, Lin Zhao, Minjun Wang, Hengxin Tan,
Roger Guzman, Xianghua Kong, Ke Zhu, Zhen Zhao, Guoyu Xian, Li Huang, Hui Chen,
Dongliang Zhao, Xiao Lin, Stephen J. Pennycook, Wu Zhou, Wei Ji, Binghai Yan, Jun He,*
Xingjiang Zhou,* Haitao Yang,* Feng Liu,* and Hong-Jun Gao*

As a magnetic Weyl semimetal with broken time-reversal symmetry,
kagome-lattice Co;Sn,S, hosts a plethora of exotic quantum phenomena due
to the interplay between magnetism, electronic correlations, and non-trivial
band topology. However, achieving high crystal quality, which is crucial for
understanding intrinsic mechanisms and enhancing the physical properties,
still remains a significant challenge. Here, the synthesis of ultra-high-quality
Co,Sn,S, single crystals is reported via an iterative chemical vapor transport
(iterative-CVT) approach, achieving gigantic anomalous Hall conductivity
(AHC) of 1600 Q~'ecm~', anomalous Hall angle (AHA) of 40%, and
exceptional carrier mobility and magnetoresistance of 10 490 cm? V=" s~' and
2500%. Intriguingly, a striking 65% enhancement of the AHC is observed
upon increasing the temperature from 2 to 50 K, attributed to the presence of
bipolar carrier contributions from the Weyl bands. Furthermore, an
ultra-narrow flat band near the Fermi level is directly visualized by
angle-resolved photoemission spectroscopy, suggesting enhanced electron
correlations that render the electron concentration and hence AHC highly
temperature-dependent. The findings provide a robust material platform to
inspire further research into emergent quantum phenomena in magnetic
kagome systems.

1. Introduction

Kagome-lattice materials, with their ex-
traordinary electronic structures featuring
Dirac points, flat bands, and van Hove
singularities, provide versatile platforms
for exploring the physics of non-trivial
band topology and strong correlations.[']
In particular, magnetic kagome materials
with the time-reversal symmetry break-
ing have garnered significant interest due
to the interplay between topological elec-
tronic states, magnetic orders, and strongly-
correlated interactions.*®! An outstand-
ing example is the kagome-lattice ferro-
magnetic Weyl semimetal Co;Sn,S,, which
exhibits a plethora of exotic phenom-
ena including large anomalous Hall effect
(AHE),1%11 spin-orbit polaron,'?! topolog-
ical edge/surface state,['*] high anoma-
lous Nernst signal,'® and quantum AHE
predicted in the 2D limit,'""®] to name
just a few. So far, great efforts have been
devoted to exploring and improving the
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physical properties of Co;Sn,S,, which are crucial for under-
standing its intrinsic physical mechanisms and for tuning its
properties to develop next-generation high-performance elec-
tronic and spintronic devices.['718] This, however, relies critically
on a priori improvement in the quality of Co,Sn, S, crystals.

One of the key electronic transport phenomena is AHE, which
arises from two distinct microscopic mechanisms, i.e., an in-
trinsic one associated with Berry curvature and an extrinsic one
driven by scattering processes.!'*?°] A known strategy to enhance
the AHE in Co,Sn,S, involves chemical doping, which intro-
duces extrinsic contributions from impurity scattering.[*!! How-
ever, this approach usually suffers from degrading other use-
ful properties such as the mobility and Curie temperature. In
addition, the very high mobilities and magnetoresistance typi-
cally observed in topological semimetals,?2?3] attributed to the
high Fermi velocity of massless Dirac states and uncompensated
electron and hole carriers, have yet to be realized in Co,Sn,S,
crystals. Moreover, direct visualization of the flat band related to
the exotic correlated electron phenomena has not been reported
in Co,Sn,S, crystals. Therefore, a significant improvement in
crystal quality, thereby a deeper understanding of the magnetic
Weyl semimetal, is strongly desired. The synthesis of high-quality
kagome-lattice materials remains a major challenge due to issues
such as imperfect crystallinity, lattice distortions, vacancies, and
impurities.24%]

Here, we achieved the growth of large-size, ultra-high-quality
Co,;Sn, S, single crystals via an iterative chemical vapor trans-
port (denoted as iterative-CVT) approach with crystal granules
as the source materials. The ultra-high-quality Co,;Sn,S, single
crystal, exhibiting an ultra-low impurity density and minimal lat-
tice defects, demonstrates exceptional transport properties, in-
cluding high carrier mobility, large magnetoresistance (MR), gi-
gantic anomalous Hall conductivity (AHC) and anomalous Hall
angle (AHA) of ~#10* cm? V! s71, 2500%, 1600 Q! cm™!, and
40%, respectively. These values represent a significant improve-
ment over previously reported highest values for the pristine
Co,Sn,S, (2600 cm? V=! 571, 180%, 1130 Q 'cm™!, and 33%).
Notably, the intrinsic AHC is enhanced by nearly 65%, increas-
ing from 980 to 1600 Q~'cm™! as the temperature rises from 2
to 50 K. Furthermore, using angle-resolved photoemission spec-
troscopy (ARPES), we directly visualize an ultra-narrow flat band
with a bandwidth of ~7 meV near the Fermi level. Combining
these observations with density functional theory (DFT) calcula-
tions, we propose a novel microscopic mechanism, namely an
intrinsic bipolar AHE effect arising from the bipolarity of large
Berry curvature near the Weyl bands, which underlies the sig-
nificant enhancement of AHC observed in the ultra-high-quality
Co;Sn, S,.

2. lterative-CVT Synthesis Approach

To achieve ultra-high-quality Co;Sn,S, single crystal, we devel-
oped an iterative-CVT growth technique (Figure 1a). This method
enhances crystal quality by using pre-grown crystal granules as
source materials instead of raw elements. This iterative growth
process enables better stoichiometry control, reduces impurity
and defect concentrations, and yields larger, higher-quality sin-
gle crystals. Initially, irregular-shaped Co;Sn, S, crystals are syn-
thesized via the conventional self-flux method with slow cooling.
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These single-crystal granules are then used as source materials
in an iterative single-crystal-to-single-crystal growth process via
CVT, employing NH,Cl as the transport agent. This refinement
cycle further purifies the materials, ultimately producing large-
size, regular-shaped, ultra-high-quality Co,Sn, S, single crystals.

The Co,Sn,S, has a rhombohedral structure (space group R-
3m, No. 166), wherein Co atoms are arranged into a kagome lat-
tice in the ab plane with Sn atoms positioned at the hexagon
centers (Figure 1b). A typical Co,Sn,S, single crystal obtained
via iterative-CVT exhibits a well-defined hexagonal morphology,
with a lateral size of ~5.5 mm (Figure 1c). Notably, all synthe-
sized Co,Sn, S, crystals display a consistent hexagonal shape, in-
dicating a preferential growth along the ab plane, aligned with
the Co;Sn kagome lattice (Figure S1, Supporting Information).
In contrast, crystals obtained from the conventional self-flux
method are mostly irregular, with lateral sizes ranging from
approximately 1 to 3 mm (Figure 1d; Figure S1, Supporting
Information).

The use of single-crystal granules as source materials in
iterative-CVT process is a crucial aspect of this synthesis ap-
proach. We have attempted to synthesize Co,Sn,S, single crys-
tal using elemental Co, Sn, S with NH,Cl as the transport agent.
However, this method failed due to the reaction of Sn halides
with the quartz tube (e.g., 2SnX, + SiO, — Si + 2SnOCl,, X
= F, Cl, Br, I), which prevented the formation of Co,Sn,S,. We
also tried using Co,;Sn, S, crystal powders, obtained by grinding
Co;Sn, S, single crystals, as the source materials with NH,Cl,
but this approach only produced small flakes with 0.2-0.8 mm
in lateral size (Figure S2a, Supporting Information), maybe due
to rapid nucleation. These control experiments highlight that us-
ing Co;Sn, S, single-crystal granules as precursors effectively pre-
vents the reaction between SnCl, and the quartz tube, maintains
proper stoichiometry, and ensures optimal growth conditions,
which enables the formation of larger, high-crystallinity hexag-
onal Co,;Sn, S, crystals. Furthermore, the choice of NH,Cl as the
transport agent, rather than I, commonly used in previous stud-
ies, is another key factor in improving the crystal quality. When
Co,Sn, S, crystal granules are used with I, as the transport agent,
the resulting products are small, irregular Co- and S-deficient
granules with normalized atomic ratio Co:Sn:S = 1.23:2.00:1.49
(Figure S2b,c, Supporting Information).

3. Structural Characterizations

We then performed detailed structural characterizations on the
Co,Sn,S, single crystals synthesized via the iterative-CVT ap-
proach. Elemental analysis of multiple samples confirms an
atomic ratio of Co:Sn:S very close to 3:2:2 (Figure S3, Support-
ing Information). The x-ray diffraction (XRD) pattern exclusively
shows the (00]) diffraction peaks, verifying the phase purity of
the synthesized crystals (Figure S4, Supporting Information).
The x-ray rocking curve of the (003) Bragg reflection reveals
a significantly smaller full width at half maximum (FWHM)
of 0.058° for the iterative-grown Co;Sn,S, compared to 0.105°
for crystals fabricated via the self-flux method (Figure 2a). Fur-
thermore, the hOl plane diffraction pattern displays sharp, un-
split diffraction spots (Figure 2b; Figure S5, Supporting Informa-
tion), demonstrating high crystallinity and a low density of lattice
defects.
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Figure 1. Synthesis of Co;Sn,S, crystals by iterative-CVT approach. a) Schematic illustration of the iterative-CVT growth procedure. The Co;Sn, S, crystal
granules, synthesized by the self-flux method, are placed in the high-temperature zone with NH,Cl as the transport agent. Large-size, hexagonal-shaped
Co;Sn,S, single crystals are collected in the low-temperature zone. b) Crystal structure of Co;Sn,S, in a hexagonal setting, consisting of two hexagonal
layers of S and Sn as well as a Co;Sn kagome layer sandwiched between the S planes. Blue, pink, and yellow balls represent Co, Sn, and S atoms,
respectively. ¢) An optical photograph of a synthesized hexagonal-shaped Co;Sn,S, single crystal via the iterative-CVT approach, showing the lateral
size of 5.5 mm. d) An optical photograph of the irregular-shaped Co;Sn,S, single crystal synthesized by the self-flux method.

To further assess the crystal quality, we carried out the atomic-
scale structural analysis using aberration-corrected scanning
transmission electron microscopy (STEM) on cross-sectional
samples. Figure 2c,d shows simultaneously collected high-angle
annular dark-field (HAADF) image and annular bright-field
(ABF) STEM images along the [001] zone axis, overlaid with
the structural model and indexed Co;Sn kagome plane, re-
vealing a well-ordered ab-plane with a hexagonal lattice. Sim-
ilarly, Figure 2e,f shows HAADF and ABF images along the
[100] zone axis, with the corresponding structural model and in-
dexed main crystallographic planes. Atomic-resolution chemical
mapping (Figure 2g) further confirms the distinct spatial dis-
tributions of Co, Sn, and S atoms. While aberration-corrected
STEM imaging can achieve high spatial resolution (0.5 A at
300 kV), it generally suffers from limited sampling, which, how-
ever, could be partially overcome by combining macroscopic tech-
niques such as XRD for a more comprehensive structural assess-
ment. Thus, these results consistently demonstrate the defect-
free, high-crystallinity structure of the Co,Sn,S, crystal. Addi-
tionally, scanning tunneling microscopy (STM) is used to quan-
tify the impurities and defects, showing that the impurity den-
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sity in iterative-grown Co,Sn,S, single crystals is significantly
lower than that in self-lux-grown samples (Figure S6, Support-
ing Information). These structural characterizations collectively
confirm the superior quality of the iterative-grown Co,Sn, S, sin-
gle crystals.

The iterative-CVT method yields significantly higher-quality
Co;Sn, S, single crystals compared to the conventional self-flux
method, mainly attributed to three key advantages. First, the use
of non-volatile NH,Cl ensures a high vacuum level (4 x 10> Pa)
and a stable growth temperature, providing a clean and controlled
environment that promotes the preferential (00l) plane growth
while preventing contamination from flux residues and trapped
air. Second, employing Co,Sn, S, crystal granules as precursors
avoids unwanted reactions between Sn halide and the quartz
tube, while also maintaining an optimal precursor concentra-
tion and growth rate, thereby ensuring the precise stoichiome-
try of Co, Sn, and S. Third, the transport agent NH,Cl, with its
higher electronegativity, enhances the transport rate compared
to I,, leading to a greater precursor feedstock concentration in
the growth zone and ultimately enabling the synthesis of larger-
sized, higher-quality Co,Sn, S, single crystals.[2¢]
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Figure 2. Structural characterizations of iterative-grown Co;Sn,S, crystals. a) X-ray rocking curves of the (003) reflection for Co;Sn,S, single crys-
tals prepared by self-flux (black) and iterative-CVT (red) methods, showing a significantly smaller FWHM of 0.058° for the Co;Sn,S, prepared by the
iterative-CVT approach. b) h0l plane diffraction pattern of the iterative-grown Co;Sn,S, single crystals, showing sharp diffraction spots without splitting.
c,d) Simultaneously acquired high-resolution HAADF (c) and ABF (d) STEM images along the [001] zone axis of the iterative-grown Co;Sn,S, single
crystal, respectively. The inset in (c) is a close-up image with overlayed atomic model, where blue, pink, and yellow balls represent the Co, Sn, and S
atoms, respectively. The inset in (d) is the FFT pattern with indexed crystallographic planes. e,f) Simultaneously acquired high-resolution HAADF (e) and
ABF (f) STEM images along the [100] axis of the iterative-grown Co;Sn,S, single crystal, respectively. g) EELS elemental mapping of the Co-L, Sn-M, and
S-L edges, acquired simultaneously with the ADF image, showing the elemental distributions. The RGB false-color map highlights the spatial distribution

of Co (blue), Sn (red), S (green) elements.

4. Ultra-Narrow Flat Band

To study the electronic structure of the ultra-high-quality
Co,Sn, S, single crystal, we perform high-resolution vacuum ul-
traviolet (VUV) laser ARPES measurements.[”’) The Fermi sur-
face mapping shows six small pockets surrounding the Brillouin
zone center I' (Figure 3a), which is in excellent agreement with
the DFT calculated projections (Figure 3b). To elucidate the ori-
gin of the strong spectral weight near the Brillouin zone corner
K(K’), we analyze the electronic dispersion along two momentum
cuts (Cutl and Cut2, Figure 3a). Along the I'-K direction (Cutl),
the band structure near the Ej exhibits topological surface state
(TSS, Figure 3c), which is more clearly discernible in the second
derivative spectrum. The TSS, located ~0.4 A1 from the K point,
is consistent with the previous report.[8]

Remarkably, along the momentum Cut2, we observe a nearly
dispersionless flat band spreading over a broad momentum
range around the K point, as clearly visualized in the second
derivative spectra (Figure 3d). The corresponding energy distri-
bution curves (EDCs) exhibit sharp peaks with linewidths below
10 meV near the Fermi level (Figure 3e). Considering the thermal
broadening (~7 meV at 20 K), the intrinsic linewidth is estimated
to be 6-7 meV. The experimental results show good consistency
with the DFT calculated electronic structure (Figure 3f), further
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indicating the existence of the flat band. Such an isolated ultra-
narrow flat band directly visualized by ARPES in a ferromagnetic
kagome semimetals!?! is somewhat surprising, because d-orbital
flat bands in kagome metals are generally expected to be weak
localized or hybridized due to improper orbital symmetry and
weak crystal field effects.*"] The emergence of this ultra-narrow
flat band could be facilitated by the exceptionally high quality of
the iterative-grown Co;Sn, S, single crystals, providing a promis-
ing platform for further exploring strongly-correlated phenom-
ena such as orbital diamagnetism.B!]

5. Gigantic Anomalous Hall Effect

We next study the transport properties of the ultra-high-quality
Co,;Sn,S, single crystals. Magnetization measurements reveal
a ferromagnetic transition at a Curie Temperature (T.) of 177
K (Figure S7, Supporting Information), in agreement with the
heat capacity results (Figure S8, Supporting Information). The
temperature-dependent resistivity exhibits a distinct kink at T,
= 181 K (Figure 4a), indicative of the ferromagnetic transition.
The residual resistivity ratio (RRR, p;y0x/p2x) exceeds 128, and
the conductivity reaches 2.3 x 10° Q'cm™ at 2 K (Figure
S9a, Supporting Information), both approximately an order
of magnitude higher than previously reported values,!1011:32]
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Figure 3. Ultra-narrow flat band and topological surface state near the Fermi level. a) Fermi surface mapping acquired by integrating the spectra weight
within a +10 meV energy window relative to the Fermi level. The red dash lines along K, and K, denote momentum cuts, Cut 1and Cut 2, respectively.
b) DFT calculated Fermi surface projections, showing good agreement with the experimental data in (a). The black lines outline the Brillouin zone.
c) Band structure along Cut 1 in (a), with the corresponding second derivative spectrum, showing the existence of TSS marked by the red arrow.
d) Band structure along Cut 2 in (a), showing a nearly dispersionless flat band near the Fermi level around the K point. e) EDCs along Cut 2 at different
K, positions, showing an ultra-narrow coherent peak corresponding to the flat band, indicating a large DOS near the Fermi level. f) Calculated band
dispersions along different high-symmetry directions on the Sn-terminated surface of Co;Sn,S,, showing a nearly flat band (circled) near the Fermi level
around the K point, in good agreement with the experimental observations in (d).

indicating the exceptional sample quality. Remarkably, a
magnetic-field-induced resistivity upturn at low temperatures
suggests a pronounced magnetoresistance effect and high carrier
mobility.3334]

The magneto-transport measurements under out-of-plane
magnetic fields reveal a non-saturating positive MR of up
to 2500% at 2 K (Figure 4b), significantly surpassing previ-
ously reported values of 55-250%.!11:353¢] This substantially non-
saturating MR is attributed to high carrier mobility and electron-
hole compensation in Co;Sn,S, single crystals. As the temper-
ature increases to ~100 K, the magnetoresistance gradually be-
comes negative due to the magnetic-field induced suppression
of thermal spin fluctuations.''32] Furthermore, an in-plane neg-
ative MR (Figure S9d, Supporting Information) and a planar Hall
effect (Figure S10, Supporting Information) are observed, consis-
tent with the chiral anomaly associated with Weyl fermions.[3237]
By fitting the transverse and longitudinal conductivity using the
semiclassical Drude model (Figure S11, Supporting Informa-
tion), we extract the carrier densities of electrons and holes at 2
Kare ~7.9 X 101 cm ™ and 2.2 x 10% cm 3, respectively, demon-
strating a bipolar transport characteristic. The corresponding car-
rier mobilities for electrons and holes are 10 490 + 45 cm? V!
s7tand 2504 + 8 cm? V1 57! (Figure 4c), exceeding those of most
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reported magnetic topological semimetals (e.g., Co;Sn, S, ~2600
cm? V71 s71, MnBi,Te, #3110 cm? V! s7!, GaPtBi ~1500 cm?
V-1 57!, and Co,MnGa ~35 cm? V! 71).3538-40] The ultra-high
carrier mobility and large, non-saturating MR further corrobo-
rate the superior quality of the iterative-grown Co,;Sn,S, single
crystals.

We further study the AHE. The magnetic-field-dependent Hall
resistivity (p,,) at different temperatures indicates the coexistence
of the AHE and a normal Hall effect with a nonlinear profile
(Figure S12, Supporting Information), indicative of a two-carrier
conduction mechanism. The total Hall conductivity (c,,) at 2 and
50 K (Figure 4d) reveals a pronounced AHC o-y’; , which shows
a strong temperature dependence (Figure 4e; Figures S13-S15,
Supporting Information). Notably, the 6;1 reaches 980 Q! cm™!
at 2 K and increases to a maximum of %1600 Q' cm™' at 50 K, a
nearly 65% enhancement that deviates from previous reports.['!]
This increase in AHC at low temperatures is attributed to the
electron-hole compensation, as discussed in the theoretical anal-
ysis below. Furthermore, the AHA (o-}ﬁc /o,,) exceeds 30% across
a wide temperature range from 100 to 160 K and reaches a max-
imum of ~40% at 140 K (Figure 4f), indicating a gigantic AHE
in the ultra-high-quality Co,Sn, S, single crystals. Compared to
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Figure 4. High carrier mobility and gigantic AHE. a) Temperature-dependent resistivity under various magnetic fields along ¢ axis, showing a ferromag-
netic transition at 181 K and a magnetic-field-induced upturn at low temperatures. b) Magnetoresistance under out-of-plane magnetic fields from —=15T
to 15 T at different temperatures, showing a non-saturating positive MR below 100 K and a non-saturating negative MR above 100 K. c) Temperature
dependence of carrier mobilities (u, and uj,), showing the maximum mobility of 10 490 + 45 and 2504 + 8 cm? V' s~ for electron and hole at 2 K,
respectively. d) Magnetic-field-dependent Hall conductivity (o,,) at 2 and 50 K under out-of-plane magnetic fields, showing hysteresis behaviors asso-

ciated to AHE. The contribution of AHE is highlighted by shaded areas. e) Temperature dependences of the AHC (0@(), showing a maximum of 1600

Q~Tem™! at 50 K. f) Temperature dependence of the AHA (a;}(/o) at zero magnetic field, showing a maximum of 40% at 140 K.

the previously reported Co;Sn,S, and other magnetic topolog-
ical materials,[*1-*8] the carrier mobility, MR, AHC, and AHA
of the present Co,Sn,S, single crystals are among the highest
(Figures S16 and S17, Supporting Information).

6. Bipolarity Induced Gigantic Intrinsic AHE

One of the most striking properties of our high-quality Co,Sn,S,
single crystal is its gigantic AHE, where the AHC exhibits a re-
markable 65% increase from 980 to 1600 Q' cm ™ as the temper-
ature rises from 2 to 50 K. Typically, AHE originates from two dis-
tinct microscopic mechanisms, i.e., intrinsic contribution driven
by Berry curvature and extrinsic component arising from scat-
tering effects.'%?°) The extrinsic AHE in Co;Sn,S, is generally
induced by chemical doping, which introduces considerable im-
purity scattering.?!l However, given the exceptionally high pu-
rity of the iterative-gown Co,Sn,S,, the extrinsic contribution
is negligible. Moreover, the negative scaling exponent (signifi-
cantly <1) between ¢%, and o,,, together with the large o, val-
ues that firmly situate the system within the intrinsic regime
(Figure S15d, Supporting Information), suggests that the anoma-
lous Hall effect in Co,Sn, S, is dominated by the intrinsic Berry
curvature, rather than the extrinsic skew scattering. For magnetic
Weyl semimetal like this one, the intrinsic AHE is governed by
the Berry curvature of occupied bands near the Weyl nodes.[*>0]
Interestingly, the conduction and valence bands around the
nodal ring exhibit opposite Berry curvature values,*?% imply-

ing that carries of opposite polarity (electrons versus holes) can
contribute compensating effects to the intrinsic AHE. Conse-
quently, the overall Berry curvature can be tuned in the pres-
ence of bipolar transport when the relative carrier concentration
changes.

To verify this hypothesis, we analyze the temperature depen-
dence of the carrier concentration. Remarkably, the hole concen-
tration remains nearly constant, whereas the electron concen-
tration gradually decreases as the temperature increases from 2
to 50 K (Figure 5a). We attribute this reduction in electron con-
centration to the presence of the ultra-narrow flat band near the
Fermilevel in the high-quality Co,Sn, S, single crystal. The nearly
dispersionless nature of this flat band implies a strong suppres-
sion of electron kinetic energy due to destructive the quantum
interference within the kagome lattice,>!! which would signif-
icantly enhance electron correlations and modulating the elec-
tron density through the electron-electron separation.’>53] This,
in turn, may underlie the observed temperature-dependent elec-
tron depletion.

To gain deeper insight, we perform first-principles calculations
of the electronic structures of Co;Sn,S, along high-symmetry k-
paths (Figure 5b). Without SOC, two linear band crossings ap-
pear along the U-L and L-T" paths, situated above and below the
Fermi level, respectively, highlighting the coexistence of electron
and hole carriers. Due to mirror symmetry, these band crossings
form a nodal ring within the mirror plane, while the C; symmetry
results in six nodal rings within the Brillouin zone (Figure 5c,d).
Upon introducing SOC, the nodal rings are gapped, except
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Figure 5. Bipolarity of AHE in the ultra-high-quality Co;Sn,S, crystals. a) Temperature dependence of the electron and hole concentrations, showing
that the hole concentration remains nearly constant, while the electron concentration gradually decreases as the temperature increases from 2 to 50 K.

b) Electronic band structures of Co3Sn,S, with and without SOC, showing
spin-down states exhibit an insulating gap, indicating a half-metallic nature.

that the Fermi level intersects the spin-up electron energy bands, while the
c) Distribution of the nodal ring in the k, = 0 plane of the reciprocal space.

The red and blue dashed circles denote the regions with energies above and below the Fermi level, respectively. d) Energy distribution associated with the

nodal ring. e) Berry curvature distribution along the high-symmetry moment

um paths. f,g) Berry curvature distribution in the k, = 0 plane corresponding

to the LCB and the HVB, respectively. h) AHC as a function of chemical potential under different electron concentrations, modeled by shifting the energy
of LCB. i) AHC at the Fermi level as a function of energy shift, as extracted from (h).

for two remaining gapless crossings, which evolve into Weyl
points of opposite chirality located ~60 meV above the Fermi
level.

We further calculate the band-resolved Berry curvature along
high-symmetry k-paths (Figure 5e). Berry curvature originates
from SOC-induced band entanglement upon breaking spatial-
inversion or time-reversal symmetry. The SOC-induced gap
opening at the nodal ring sites generate significant Berry curva-
ture near the Fermi level. To illustrate this effect, we focus on a
representative nodal ring in the k, = 0 plane. The Berry curva-
ture distributions for the highest valence band (HVB) and lowest
conduction band (LCB) (Figure 5f,g) reveal strong Berry curva-
ture accumulation around the original nodal ring. This results
in a peak in AHC near the Fermi energy (Figure 5h), consis-
tent with previous calculations.[**! More importantly, the HVB
and LCB exhibit opposite Berry curvature contributions near the
nodal ring, reinforcing their bipolar influence on the AHE, since
both bands cross the Fermi level. This is further corroborated by
our band-resolved AHC calculations, which show opposite con-

Adv. Funct. Mater. 2025, e10587
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tributions for all occupied states below the LCB versus the LCB
itself (Figure S18, Supporting Information).

Given the bipolar nature of the AHC from the LCB and HVB,
we thus attribute the observed AHC enhancement to the deple-
tion of electron carriers within the LCB-derived electron pocket
near the Fermi surface. As the Berry curvature contribution from
the LCB diminishes, while the opposite contribution from the
HVB remains unchanged, the net AHC increases with increasing
temperature, in good agreement with our experimental findings.
This is further supported by the theoretical modeling, where
we simulate a decrease in electron occupation within the LCB
while keeping all other bands constant (Figure 5h,i; Figures S18
and S19, Supporting Information). The absolute AHC value in-
creases and eventually saturates as electron depletion. Notably,
the theoretical calculations predict a nearly 50% enhancement in
AHC at the Fermi level, from —1165 to —1757 S cm™!, closely
matching the experimental observations. Interestingly, an even
larger AHC enhancement, approaching 2500 S cm™!, is predicted
~0.1 eV above the Fermi level.

© 2025 Wiley-VCH GmbH
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7. Conclusion

We have successfully synthesized large-size, ultra-high-quality
Co,Sn, S, single crystals with an ultra-low impurity density by us-
ing an iterative-CVT approach. The enhanced crystal quality leads
to a significant improvement in key electrical transport proper-
ties, including carrier mobility, MR, and AHE. Notably, we ob-
serve an unusual ~#65% enhancement of the AHC with increas-
ing temperature in the low-temperature regime, which stems
from the bipolar nature of Berry curvature near the Weyl nodes,
strongly associated with the relative carrier densities of electrons
versus holes. Furthermore, we directly visualize an ultra-narrow
flat band near the Fermi level, which enhances the Berry curva-
ture at the Weyl nodes and renders the electron concentration
highly temperature-dependent. This discovery suggests the po-
tential for tuning the AHE, possibly even achieving the quan-
tum AHE, by electrical gating in low-dimensional Co;Sn,S,. Our
work not only establishes an effective route for synthesizing high-
quality magnetic topological materials but also opens new av-
enues for exploring exotic quantum phenomena in topological
and kagome-lattice systems.

8. Experimental Section

Synthesis of the Co3Sn,S, Single Crystals:  Ultra-high-quality Co3Sn,S,
single crystals were successfully synthesized via an iterative chemical va-
por transport approach using single-crystal granules as source materials.
Initially, irregularly-shaped Co;Sn,S, single crystals were prepared using
the conventional self-flux method. Stoichiometric amounts of Co, Sn, and
S, in a molar ratio of Co:Sn:S = 3:2:2, were mixed and placed in a crucible,
then sealed in a quartz tube under high vacuum using a high temperature
flame gun. The sealed tube was slowly heated to 1000 °C over 55 h, af-
ter which the temperature was stabilized for 72 h before a slow cooling to
600 °C at 2 °C/h. Subsequently, the as-grown single-crystal granules were
enclosed in a quartz tube with NH4Cl as the transport agent and subjected
to an iterative-CVT process. Large-size, high-quality hexagonal Co;Sn,S,
single crystals were obtained under a temperature gradient of 1000 °C to
900 °C over one week. This iterative-CVT approach offers a universal strat-
egy for synthesizing other kagome materials with improved crystal quality
and superior physical properties. Notably, this technique was successfully
extended to synthesize high-quality Cos1n,S, and Ni3In,S, single crystals,
which exhibit excellent transport performance (Figures S20 and S21, Sup-
porting Information).

Sample Characterizations: XRD measurements were carried out at
room temperature on a Rigaku SmartLab SE diffractometer using Cu Ka
radiation (4 =0.15 418 nm). Single-crystal X-ray diffraction data and rock-
ing curves were recorded with a Bruker D8 Venture system. Morphological
analysis and elemental composition were examined by scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) on a
HITACHI S5000 microscope equipped with a Bruker XFlash 6|60 detector.
STEM and EELS measurements were carried out using a Nion HERMES-
100, operated at 100 kV and a probe forming semi-angle of 30 mrad. STM
measurements were carried out in a Createc low-temperature system at
4.2 K with a base pressure below 3.0x10~'° mbar.['2] Magnetization mea-
surements were performed on well-oriented single crystals with magnetic
fields applied along the a and ¢ axes, using a Magnetic Property Measure-
ment System (MPMS 3, Quantum Design). Electrical transport properties
were measured using a Physical Property Measurement System (PPMS,
Quantum Design, 15 T). ARPES measurements were conducted at 20 K
using an ultraviolet laser as the excitation source, equipped with a photon
energy of hv = 6.994 eV with a bandwidth of 0.26 meV.[?’]

DFT Calculations: Density functional theory (DFT) calculations were
conducted employing the Vienna ab-initio Simulation Package (VASP).[>3]
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The exchange and correlation energies were treated under the gener-
alized gradient approximation, following the Perdew-Burke—Ernzerhof
(PBE) scheme.[>®] The electronic relaxation process employed a Gamma-
centered Monkhorst-Pack k-point grid of 11x11x11,57] an energy cutoff
of 500 eV, and a total energy convergence tolerance set to 107> eV. PBE
pseudopotentials were adopted in all calculations, treating nine valence
electrons for Co(d®s'), fourteen valence electrons for Sn(d'%s?p?), and six
valence electrons for S(s2p*).

To investigate the topological properties of Co;Sn,S,, we employed the
wannier90 packagel®®! to fit the DFT calculated electronic band structure.
Based on the projected density of states analysis, the dominant contribu-
tions around the Fermi level are attributed to the d orbitals of Cobalt and
the p orbitals of Tin and Sulfur. Consequently, these orbitals were selected
as the Wannier functions for the energy band fitting. The Wanniertools
packagel>®! was used to compute the Berry curvature distribution and the
AHC using the Kubo formulal®! shown below

e2

dk 5
ny=—gfmg,fnkgn (k) (O]

]

2lm [(unk |ka| un’k) <un’k

2
n'#n (En’k _gnk)

Q2 (k) = -

@)

where f, denotes the Fermi-Dirac occupation function and QZ (k) is the
z component Berry curvature. To simulate the influence of the decreased
electron carrier concentration, we assume a small energy shift of the low-
est conduction band to change the electron occupation while maintaining
the Fermi level and all the other bands unchanged.

We calculated the density of states N(E) corresponding to LCB as well
as HVB and used following equation to calculate the hole and electron
concentration corresponding to HVB and LCB, respectively, as a function
of Fermi energy,

1

n =

v /NEfEE 3)

cell

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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