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Sandy Adhitia Ekahana 1, Satoshi Okamoto 2, Jan Dreiser 1, Loïc Roduit1, Igor Plokhikh 1,
Dariusz Jakub Gawryluk 1, Andrew Hunter3, Anna Tamai 3 & Yona Soh 1

Co3Sn2S2 has been reported to be a Weyl semimetal with c-axis ferromagnetism below a Curie
temperature of 177 K. Despite the large interest in Co3Sn2S2, the magnetic structure is still unclear.
Recent studies have challenged the magnetic phase diagram of Co3Sn2S2 by reporting unusual
magnetic phases including the presence of exchange bias. Here we show, using X-ray Magnetic
Circular Dichroism, a shift in the magnetization hysteresis loop, reminiscent of exchange bias and
establish that the magnetic moment in Co arises from the spin, with negligible orbital moment. At 6 K,
using spatially-resolved angle-resolved photoemission spectroscopy, we detect a butterfly-shaped
electronic band structure at small regions of the sample distinct from the known ferromagnetic band
structure. Our density functional theory calculations suggest that the butterfly bands correspond to an
antiferromagnetic phase. Separately, we detect a sharp flat band at the Fermi level at some regions in
the sample, which we attribute to a surface state. These different electronic states found in a
stoichiometric intermetallic invite further efforts to explore the origin and nature of the electronic
inhomogeneity associated to magnetism on the mesoscale.

Magnetic frustration frequentlymanifests inmaterials with a kagome lattice
structurewhere the inherent shared triangle configuration poses a challenge
to satisfy certain magnetic interactions to minimize the total energy, giving
rise to an antiferromagnetic (AFM)fluctuation1, spinfluctuation2, andother
frustrated magnet situations3–6. Meanwhile, a kagome ferromagnet (FM)
Fe3Sn2 with a unidirectional magnetic moment that undergoes spin reor-
ientation from the c-axis towards the kagome plane at a lower temperature7

settles comfortably at a certain minimum energy state without suffering
magnetic frustration. Co3Sn2S2, which is also reported to be a c-axis FM8,9

with TC≅ 177 K and a saturated magnetic moment of 0.3 μB per Co10,11,
almost has that privilege if not due to several reports that contradict the
simple FM phase paradigm.

There are conflicting reports regarding the magnetic phase diagram
of Co3Sn2S2 although the searches of Weyl points were conducted12–15

assuming such a FM phase. The sample in one of the first reports of
magnetic anisotropy9 shows a hysteresis loop typical for a FM (square
and symmetric shape, no exchange bias) at low temperature with no
report of an unusual magnetic phase. However, it was reported in 2017
that Co3Sn2S2 harbors an anomalous magnetic phase just below the
Curie temperature (Tc~175 K) and above a temperature called
TA ≈ 125 K (or in the temperature range 125–175 K) before it adopts a
fully FM phase at lower temperatures with magnetic moments along the
c-axis as long as the applied external magnetic field is small16. Increasing

this external magnetic field makes this anomalous phase disappear and
shows a pure FM phase.

This unique phase was revisited through muon spin rotation (μSR)
experiments and reported to be a competition between the FMphase and an
in-plane AFM phase, whose phase diagram depends on the doping con-
centration of indium in Co3Sn2−xInxS2, with increasing In promoting a
mixed phase of FM and AFM17,18. On the other hand, neutron scattering
experiments on Co3Sn2−xInxS2 concluded that instead of a phase coex-
istence of pure FM and AFM phases, the system is a homogeneous phase
starting from a pure c-axis FM evolving to a canted FM with the canting
angle fromthe c-axis increasing from0° to 65° as the indiumdoping is varied
from 0 to 30%19,20. Further density functional theory (DFT) calculations
suggest that the cobalt magnetic momentmay be canted by a small angle of
1.5° off the c-axis at 128 K21, whereas a study based on pair distribution
functions on powder suggests a local instability distortion (random canting)
of theComoment to be ~ 20° off the perpendicular axis22 whilemaintaining
an average out-of-plane moment in the long range order. Recent studies
with non-linear optics report a homogeneous but temperature-dependent
magnetic phase,with a c-axis FMatTA <T <Tc anda cantedFMwith small
canting angle belowTA

23. Therefore, it is still a debated question whether an
AFM phase coexists with the FM phase at TA <T <Tc and whether the
magnetic configuration in Co3Sn2S2 at T <TA is a pure c-axis out-of-
kagome-plane FM or a canted FM.
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We would like to stress the difficulty of detecting a minority AFM
phase in the sea of a FMmajority phase when the propagation vector, q, of
both considered magnetic maximal symmetry Shubnikov supgroups is
equal to [0, 0, 0].Due to the “hidden”natureof theAFMordernot exhibiting
any net magnetic moment, when AFM is a small minority phase in the
presence of a FM majority phase, techniques such as magnetometry fail
since the signal is dominated by the FM phase. When an AFM order is
characterized by a propagation vector other than [0, 0, 0], in addition to
nuclear Bragg peaks associated with the crystal, new purely magnetic
reflections appear in themagnetically ordered state enabling easier detection
of the AFM order if the magnetic moment is sufficiently large. However,
when q = [0, 0, 0] and the magnetic moment is small, which is the case of
Co3Sn2S2, detecting a small amount of aminorityAFMphase is challenging
since there are no new reflections and the locations of the AFM reflections
coincide with those of the nuclear Bragg and FM peaks, which have much
larger scattering intensities.

In this paper, we show the existence of electronic inhomogeneity at
T = 6K by using micro-focus angle-resolved photoemission spectroscopy
(μ-ARPES) with 6.01 eV photon energy (4th harmonic continuous laser),
where a butterfly-shaped electronic phase is detected in an otherwise
majority electronic phase corresponding to the FM phase. We also find out
that the orbital moment in Co is negligible based on X-Ray Magnetic Cir-
cular Dichroism (XMCD). We demonstrate that the butterfly-shaped
electronic band structure is ofmagnetic origin by cycling the temperature up
to the paramagnetic (PM) phase, where it disappears, and show that it
reappears as we cool the system to T = 6 K. Our discovery opens a new
perspective that the phase belowTA is not entirely FM and aminority phase
in Co3Sn2S2 exists at a low temperature of 6 K. These findings enrich our
understanding of phase coexistence as we spatially display the coexistence
with direct visualizationof the band structure owing to the advanced laserμ-
ARPES technique. Ultimately, this finding invites further exploration of the
spin and band structure analysis of such topological kagome systems and
opens paths for future engineering where the coexistence of different elec-
tronic and magnetic phases can be controlled and utilized in electronic and
magnetic applications such as in spintronics and exchange bias.

Results and discussions
Crystal structure and magnetic properties of Co3Sn2S2

The Co3Sn2S2 compound crystallizes in Shandite-like structure of Ni3Pb2S2
archetype24,25 with space group R-3m, number 166, and lattice constant
a ¼ 5:38 Å and c ¼ 13:19 Å in a conventional unit cell with hexagonal

cross section. The composition of Co3Sn2S2 in the conventional unit cell
consists of three kagome layers translated from each other (Fig. 1a). Each
kagome layer comprisesCoatoms that lie on the kagome lattice sitewithone
Sn atom lying at the center of the Co kagome lattice or star of David shape.
Meanwhile, each triangle forming the kagome lattice, which consists of Co
atoms, hosts a S atomhovering above the triangle center ofmass alternating
on the top side (S1) and the bottom side (S2) (which have equivalent
Wyckoff position (6c)) of the kagome lattice (green prisms in Fig. 1) as we
circle around the triangles forming the star of David. On the same triangles,
wehave Sn atoms also hovering on the triangle center ofmass projection but
with longer bond lengths (blue prisms) than the S-kagome bond (green
prisms) and placed opposite to the S atoms. The Sn atoms are shared
between neighboring kagome layers on the top and on the bottom, making
this Co3Sn2S2 a quasi-layered structure due to these shared Sn atomic layers.
From this structure, Co3Sn2S2 allows two different cleaving planes: cleaving
between the Sn-S layer or cleaving between the S-kagome layer. These two
cleaving planes are not equivalent as the formation energy is smaller in
breaking the Sn-S bond than the S-kagome bond12. Therefore, it is rare to
observe the kagome termination or the S termination whose layers under-
neath are the Sn and S layer stacked consecutively (see Supplementary Fig. 1
(iii) and (iv)). We can also deduce from a simple observation that the bond
length between the Co atom on the kagome plane and the S atom on the
nearby S1 or S2 layer is the shortest (2.20 Å) (green prism vertices con-
necting S and Co atoms). Therefore, it is more probable to have the S
termination with the kagome layer underneath (S1) or the Sn termination.

For themagnetic structure, only the Co atoms give rise to themagnetic
moment,whereDFTcalculations have concluded that theminimumenergy
configuration is a FM phase (R-3m’ magnetic space group No 166.101),
where all Co moments are pointing out of the kagome plane (c-axis FM or
0; 0;mz

� �
)12,26. Our synchrotron-based ARPES result (with beam spot of

~50 μm x 50 μm) in Fig. 1b also captures the FM bands, which agree with
our DFT calculation μCo ¼ 0:35 μB

� �
if we introduce a “band renormali-

zation” to simulate the correlation effect and raise the calculated band
minimum closer to the Fermi level (EF) to match the ARPES data, as also
performed in other publications15,27.We do this by dividing the energy scale
on the DFT result by a certain factor (1.43 in this case) and thus raising the
band energy position. Our synchrotron-based ARPES result agrees quali-
tatively with other published results13,28 showing the general consensus of
FM in this material. Realizing a pure AFM phase is not favorable energe-
tically as both the “chiral” (R-3m space group No 166.97) and the “in/out”
magnetic configuration (also being realized in R-3m’ space group by two
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Fig. 1 | Co3Sn2S2 crystal, magnetic structure, and kz dependent ARPES result.
a The crystal structure shows the kagome layers of Co-Sn with S and Sn atoms
alternatingly occupying the center of the kagome triangle at a certain distance from
the kagome layer creating a quasi-layer of S and a quasi-layer of Sn, with the latter
being shared between the adjacent kagome layers. The schematic shows the common
understanding that Co3Sn2S2 is a paramagnet (PM) above the transition

temperature TC � 177 K, below which there is an open question on whether the
magnetic phase is a pure c-axis ferromagnetic (FM) phase, a canted FM phase, or a
mixture of FM and antiferromagnetic (AFM) phases. The AFM phase can exist in
two possible configurations called “In/Out” and “Chiral”AFMphase. b Synchrotron
based kz dependent ARPES result showing general agreement with the c-axis fer-
romagnetic band structure calculation assuming μCo = 0.35 μB.
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spin components of magnetic cobalt in (mx, 2mx, mz) configuration) (see
Fig. 1a) require a constrained calculation, with the R-3m AFM phase
reported to be lower in energy by �1meV than the R-3m’AFM phase
EFM < EAFMR�3m < EAFMR�3m0
� �

26:Our DFT calculation shows that the FM
phase is lower in energy by ~50 meV than both AFM phases.

X-ray magnetic circular dichroism (XMCD)
To explore the magnetic phase in Co3Sn2S2 further, we measure the
element-specific magnetization at the cobalt L2,3 edges with XMCD in the
total electron yield (TEY) mode, performed at the X-Treme beam line at
the Paul Scherrer Institute29. The advantage of studying the magnetic
behavior using XMCD is that it can disentangle the orbital and spin
magnetic moment contributions separately. The schematic of the XMCD
experiment setup is given in Fig. 2a showing that the photon k vector is
coupled to the direction of the applied magnetic field (a positive magnetic
field is opposite to the direction of the photon k vector and vice-versa),
and the sample normal direction can be rotated for angle-dependent
measurements. With this measurement, we explore how the x-ray
absorption spectrum (XAS) at the cobalt L2,3 edges varies with left and
right circularly polarized light (C- and C+ ) (Fig. 2a), from which we can
calculate the XMCD signal from both L3 and L2 edges. The sample was
freshly cleaved in situ prior to the measurement at T = 50 K and at a
pressure of p~10−11 mbar for the results presented in Fig. 2a, c and d.
Meanwhile, the data shown in Fig. 2b was obtained on a carbon-capped
sample after being freshly cleaved in another ultra-high vacuum (UHV)
chamber and transferred in an atmospheric environment to the X-Treme
chamber. This explains the quantitatively different sum-rule results we
present below, where the carbon-capped sample shows a relatively
smaller effective spin value than the freshly cleaved sample. However, the
results from both samples agree qualitatively.

Our XAS result agrees with the published XANES data30, where the
focus was on the electronic structure but not on magnetism. We can see in

Fig. 2a that the XAS signals fromC+ and C- show a visible difference, from
which the XMCD ¼ ICþ � IC� can be calculated; the integrated XMCD
signal is proportional to the cobalt magnetization projected along the x-ray
wavevector. We performed the sum-rule analysis (detailed explanation in
Methods) on the XMCD data to obtain the orbital (ml) and effective spin
magnetic moment ðmSeff

Þ as a function of temperature (Fig. 2b) at normal
incidence and also as a function of the incidence angle (Fig. 2c) at T = 50 K.
Error bars in Fig. 2b, c represent the uncertainty predominantly due to the
background subtraction. We can see in Fig. 2b that the orbital magnetic
moment is relatively small at all temperatures while the effective spin
moment vanishes at T~175 K, in agreement with the magnetic transition
towards the PMphase. The relatively negligible orbitalmoment implies that
the magnetic moment in Co3Sn2S2 comes mainly from the spin. This result
is at odds with the reported large negative orbital magnetism (~-3μB)
inferred from the field dependence of the peak in the density of states (DOS)
observed around EF by scanning tunneling spectroscopy (STS)31. We
highlight here that XMCD is a well-established element-specific magnetic
probe, and it provides a directmeasurement of the orbital and effective spin
moments, in contrast to the STS.

The angle-dependent result shows a decreasing value for the effective
spin projected onto the x-ray direction at higher incidence angles with
mSeff ;60� � 2

3mSeff ;0� (Fig. 2c), showing a strongly anisotropic behavior
agreeingwith the preferred c-axis FMorientation.However, sincemSeff ;60� is
not strictly 1

2mSeff ;0� , it is an indication that either the spin is a little tilted
from the surface normal, as a result of responding to the angled external
field, and/or there is a contribution of themagnetic dipole term Tk

� �
, since

mSeff
¼ �2 Sk

� �� 7 Tk

� �
, where Sk

� �
is the expectation value of the elec-

tron spin projected along the k vector of the x-ray beam. Yamasaki et al.
discuss the Sk

� �
and Tk

� �
for a single kagome layer case and conclude that

the pure AFM spin configuration with positive chirality of the spin (the in/
out and chiral AFM condition in Fig. 1 without any canting to the c-axis)
yields Tk

� � ¼ 032: Since the net Sk
� �

is also 0 for theAFMconfiguration,we

Fig. 2 | Schematic of XMCD experiment and
results. a Schematic of XASmeasurement where the
x-ray and the B field are collinear and antiparallel to
each other. The XAS result of the Co L2;3 peak
measured using total electron yield from both cir-
cular polarizations show a clear dichroism.
b Temperature dependent sum-rule analysis of the
XMCDCopeak showing that the orbital component
is negligible and the magnetism is dominated by the
spin-effective component, which vanishes around
175 K in accordance with the magnetic phase tran-
sition. cAngle dependent sum-rule analysis shows a
negligible orbital component while the value of the
effective spin drops to� 2

3 at 60
� x-ray incident angle

relative to normal incidence, suggesting the system
has a strong magnetic anisotropy and largely
maintains the moment along the c-axis at rotating
fields of 6.8 T despite the coercive field for magne-
tization along the c-axis being one order of magni-
tude smaller. d The hysteresis curve at 0� and 60�

x-ray incident angles at T = 50 K obtained by tracing
the normalized XMCD L3 peak shows the signal
saturation and a relatively rectangular shape with a
visible exchange bias. The saturated signal shows a
reduction to � 2

3 at 60
� x-ray incident angle com-

pared to normal incidence indicating that the mag-
netic moment does not fully follow the magnetic
field direction. The exchange bias suggests the pos-
sible existence of an AFM phase.
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can assume that the XMCD signal we observe here is not from a pure AFM
configuration. Meanwhile, the pure c-axis FM condition within the
approximation by Yamasaki et al. will lead to a collinear Sk

� �
and Tk

� �
,

which are hard to be disentangled. The real situation in Co3Sn2S2 can be
more complex than what they describe.

We further confirm the strong magnetic anisotropy in Co3Sn2S2 by
showing the magnetic hysteresis loops in Fig. 2d measured at T = 50K by
following the XMCD at the L3 peak. The applied magnetic field in Fig. 2b
(B = 1 T) and Fig. 2c (B = 6.8 T) are large enough to saturate the magnetic
moment in Co3Sn2S2. The saturated XMCD signal (normalized to the L3
peak intensity) in Fig. 2d at a grazing incidence angle of 60� drops to 2

3
compared to the 0� value agreeing with the sum-rule result. The sudden
signal flip at the switching field suggests that the magnetization reversal in
Co3Sn2S2 occurs by domain wall motion and not by gradual rotation of the
moments. Surprisingly, we observe a shift in the hysteresis loop, reminiscent
of exchange bias, which typically occurs in an artificial systemof layered FM
andAFMstructures33, at both incident angles suggesting thatCo3Sn2S2 does
not behave like a normal FM material. Instead, it shows the asymmetry of
the magnetic moment along the c-axis direction (it needs a larger negative
field strength to flip the signal than the positive field) even after saturation is
seemingly reached,whichmay suggest the presence of anAFMphase beside
the FM phase at T = 50K. Such coexistence is unusual for a single crystal
stoichiometric system.However, there has been a report of exchange bias in
self-flux grown Co3Sn2S2, which was attributed to a spin glass phase arising
fromgeometric frustrationof the kagome lattice34.Amore recent report35 on
exchange bias in self-flux grown Co3Sn2S2 speculates its origin to the exis-
tence of AFM at the domain walls. Both report the exchange bias down to
low temperatures of 2 and 4.2 K.

Laser ARPES
The XMCD suggestion of an AFM phase demands further exploration of
the system with spatial resolution capability. Up to now, standard spatially
resolved magnetic probes such as magnetic force microscopy or magneto-
optic Kerr effect techniques have not been successful in detecting AFM
regions36,37. For this, we utilize instead the spatial resolution of laser
μ-ARPES to investigate the fingerprint of the AFM phase at T = 6 K. In this
work,we report threedifferent cleaved surfaces thatwe call sample 1, sample
2, and sample 3 as shown in Fig. 3. It should be first noted that most of the
area investigated in all three samples donotdisplay sharpdispersing features
and instead we observe a broad and smeared band. However, its integrated
energy distribution curve (EDC) shows a signal with a typical shape as
shown in Fig. 3 with a broad peak around�0:225eV< EB < � 0:175eV. In
addition, we discover two independent features: a flat band right at EF and a
rather broad band structure that we call the “butterfly” shape. They are
independent of each other as each can be seen separately: flat band alone in
sample 1, butterfly band alone in sample 3, and both observed together in
sample 2. The areas where the flat band and/or the butterfly shape are
observed are relatively rare for each cleaved plane as shown in the intensity
ratiopanel of Fig. 3 (see alsoSupplementaryFig. 2 formoredetails).Wehave
cleaved other samples whose ARPES signal is only the majority broad and
smeared band, without any flat band at EF or the butterfly shape. We also
note that in general, the synchrotron-based result shows no band like the
butterfly within the momentum-energy window covered by the laser
ARPES, in any kzposition, as shown inFig. 1b. Thus, themajorityof the area
shown by the laser ARPES agrees qualitatively with our synchrotron-based
ARPES, which shows no visible band.

We proceed to analyze these findings with DFT calculations and
explore the origin of the butterfly shape and the flat band. At first, we notice
that this butterfly shape is similar to the case of AFM R-3m and R-
3m’calculation26. However, the energy of the bands does not match our
ARPES data as the calculated band lies at a smaller binding energy (closer to
EF). The band energy renormalization that is discussed before for Fig. 1bwill
not resolve this issue since the bands need to move to a higher binding
energy and not closer to EF.We overcome this issue by introducing a larger
magnetic moment used in the DFT calculations than μCo �0.33 μB. The

value μCo �0.33 μB has been used in several DFT calculations12,27 as it has
been obtained from various bulk measurements9,11. However, this small
value of cobalt magnetic moment raises a question about its microscopic
origin as the cobalt atom magnetic moment can be as high as μCo �2.2-
2.7 μB for a systemwith a small orbital contribution38 and in thePMphase of
Co3Sn2S2, μCo ≈ 1 μB

8,11: Meanwhile, in the case of Co-TiO2, the reported
cobaltmoment isμCo � 0:32 μB,which they attribute to the low spin state of
the cobalt, i.e., themagneticmoment is coming from the spin (not orbital) of
the cobalt39. It has been reported thatμCo ¼ 1

3 μB � 0:33 μB in theFMcase is
trivial from a shared cobalt triangle cluster28. However, the situation in the
in-plane AFM case of Co3Sn2S2 may lead to a different effective cobalt
moment, which cannot be captured easily with the DFT.

Thus, we explore different DFT results as we vary the value of μCo and
we settle with μCo � 0:6 μB as it matches the observed butterfly band shape
and energy position (Fig. 3) that we probe at kz � 0:6ΓZ with 6.01 eV (see
Supplementary Fig. 3 for details). We notice that for different values of μCo,
the shape of the band remains qualitatively the same and the main effect of
varying μCo is to shift the position of the bands (See Supplementary
Figs. 5–21).OurARPESdata agree betterwith the pure in-plane chiralAFM
phase DFT result, where we only have a degenerate band at the �Γ point
(nodal line along the kz direction) as we can see only one broad peak at the
EDC (Fig. 3). However, we cannot rule out the pure in/out AFM phase that
predicts split bands at the �Γ point, even though the splitting is not visible in
the raw-ARPES result.Meanwhile, we associate the “blurred”band andyet a
visible peak on the EDC in the majority area with the FM μCo � 0:35 μB
calculation (and energy renormalization) by considering the incoherent
peak scattered from the majority FM phase. Figure 3 sample 2 shows a
clearer FM cut as compared to sample 1 and sample 3 majority regions,
which demonstrate that this blurred band has some spatial variation and is
also sample dependent.

We attribute the visible flat band near EF (Fig. 3) to a band in the chiral
AFM phase originating from sulphur termination as suggested by our DFT
calculation with μCo � 0:35 μB (see Fig. 3 and Supplementary Figs. 22–25
for more details). This flat band in the chiral AFM phase on sulphur ter-
mination coincides with the experimental finding by STS in a previous
report31. However, in their case, they attributed the peak found around EF,
on both the S-termination (001) surface and the side surface but not on the
Sn-termination (001) surface, to come from the bulk FMband at kz ¼ 0 (as
also suggested by ourDFT calculation in Supplementary Fig. 5). It should be
noted that this flat band near EF is not visible in our synchrotron-based
ARPES result, further suggesting that this flat band is a rare occurrence.We
quantitatively analyze the flat band by fitting the EDC of the peak with a
Lorentzian peak convolved with the detector response (4.7meV energy
resolution) multiplied by the Fermi Dirac distribution. We obtain the peak
width, which is resolution limited, to be ΔE � 3meV (half width half
maximum) or scattering time of τ � 100 fs, which demonstrates that this
state is a coherent state and localized on the surface (ideal two-dimensional
state) decoupled from the influence of the bulk states.Whether thisflat band
found in ARPES is the same flat band reported previously31 is open for
discussion. In our case, since the flat band is found independently on both
areas with a blurred band and also a butterfly band, it gives strong evidence
that it is a surface band rather than a bulk band. This implies the existence of
an AFM surface on top of a FM bulk (flat band+ blurred band) or anAFM
surface on top of an AFMbulk (flat band+ butterfly). Meanwhile, since we
also find both blurred and butterfly area without the flat band, the AFM
surfacedecoration is shown to be independent from the bulk. The difference
in the effectivemagneticmoment μCo for the AFM surface and themajority
FM bulk area (μCo � 0:35 μB) vs the in-plane AFM bulk ðμCo � 0:6 μBÞ
may seem controversial but it is plausible given the peculiar magnetic
behavior of Co3Sn2S2 and the precise nature of the magnetic ground state
not being settled yet. In addition, it is possible for the magnetic moment on
the surface to be different from that in the bulk40–42.

Finally, we demonstrate that the butterfly-shaped band is of magnetic
origin by monitoring how the butterfly band at a fixed place (taken from
sample 3 inFig. 3) evolves as a functionof temperature towards 200 Kwhere
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Fig. 3 | The laser ARPES results for three different samples and their comparison
to DFT calculations. Summary of the real-space map obtained from the intensity
ratio * and ** (intensity ratio as explained in Supplementary Fig. 2), example of the
(E, k) dispersion along the �K�Γ�Kof the ferromagnetic band in themajority of the area,
example of (E, k) dispersion along the �K�Γ�K of the antiferromagnetic band located at
blue region of the spatial map, and checklist of flat band at EF for the three different
cleaved samples of Co3Sn2S2. The inset shows the flat band EDC fitting in sample 2.
The next row is the bulk DFT calculation for the pure ferromagnetic system and the

two possible antiferromagnetic phases of Co3Sn2S2 at the kz position probed by the
laser energy (6.01 eV) using effective μ ¼ 0:35 μB for the FM phase and μ ¼ 0:6 μB
for the in-plane AFM phase. The last row is the slab calculation with the color scale
indicating the location of the calculated band (from the S termination towards the Sn
termination), for both μCo ¼ 0:35 μB and μCo ¼ 0:6 μB. The sulphur termination
with μCo ¼ 0:35 μB hosts a relativelyflat band atEF, which could explain theflat band
observed in the ARPES measurement.
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it is known tohave transitioned to thePMphase.Wecan see inFig. 4 that the
band structure gradually changes such that the peak of the EDC moves
closer to EF while the band itself is still broad. This broad band energy
position agrees with the PM phase energy position as suggested by the DFT
result in the lower panel of Fig. 4, which is close to EF. The origin of this
broadness can be due to a trivial kz broadening as suggested by our slab
calculation for thePMphase (see SupplementaryFigs. 22–25 for details), but
we do not exclude the possibility of magnetic disorder as suggested before28.
Lastly, we further confirm the magnetic origin of the band by lowering the
temperature back to the base temperature where we recover the butterfly
shape located around the same area.

The combined findings from XMCD and μ-ARPES suggest that a
minorityAFMphase exists at low temperature inCo3Sn2S2.While thisAFM
and FM coexistence at low temperature has been reported in doped com-
poundsofCo3Sn2−xInxS2withx ranging from0.05 to0.318, this canbedue to
compositional/structural/strain inhomogeneity in a non-stoichiometric
compound.Our result suggests the existenceof aminorityAFMphase in the
absence of doping in a stoichiometric compound.Owing to its small fraction
compared to the FM phase, it is unlikely to be detected by bulk techniques
such as neutron scattering or magnetometry. Among the three different
sample growth techniques that have been used, such as self-flux method,
Bridgeman technique, and chemical vapor transport (CVT) technique (see
Methods for crystal growth technique), the self-flux and CVTmethod have
reported the observation of exchange bias. Other CVT grown Co3Sn2S2

43

but with different technical steps exhibits a pure FM hysteresis loop, which
could be due to the large field range of the hysteresis loop44. The absence of
exchange bias in some of the other reported Co3Sn2S2 studiesmay be due to
the same reason. The phase coexistence of FM and AFM in Co3Sn2S2 may
have a similar origin to that observed in stoichiometric pyrochlore
Yb2Ti2O7

45, with both systems having the ingredients for magnetic frus-
tration giving rise to multiphase competition.

Conclusions
In summary, we have discovered a new electronic phase in Co3Sn2S2 at 6 K
associated to a magnetic phase. We associate this new electronic phase to an
AFM minority phase in Co3Sn2S2, which was previously assumed to be in a
pure FM phase. In this work, the AFM phase is first indirectly suggested by
the XMCD results showing an exchange bias in the hysteresis loop (a typical
indicator of the presence of an AFM material next to a FM material) at a
temperature of 50K, lower than the temperature range of 90–175 K where

AFM has been reported by μSR. Our spatially resolved laser μ-ARPES in
combination with the DFT calculation further confirms that there is an AFM
phase co-existing as a minority phase with the majority FM phase at 6 K. As
ARPES only probes the first few layers of the compound, it is still an open
question whether such pockets of pure AFM phase exist in the bulk of
Co3Sn2S2. Our results still do not resolve the question of whether the AFM
and FM phases compete at higher temperatures or doped compounds as
reported by μSR or it is (mostly) a FM phase with the possibility of canting as
suggested by neutron scattering and second harmonic generation experi-
ments. Nevertheless, our work further enriches our understanding of the
magnetism of Co3Sn2S2, which is still controversial, and suggests an inho-
mogeneous electronic band structure associated to the existence of a min-
ority AFM phase in the majority FM phase, which is relevant in the context
of Weyl semimetals and the interface of topologically different electronic
domains. TheWeyl points are different dependent on the magnetic phase26,46

and by having an AFM phase in a sea of FM phase, an interface between two
different Weyl semimetals exists, which can give rise to exotic physics47–50.
This work also invites further theoretical consideration of the spatial co-
existence of two different phases in a single stoichiometric compound and
further search for other materials that host such co-existence. In addition, we
discover a two-dimensional (surface) state in the form of a sharp flat band at
the Fermi level, which is decoupled from the short-lived bulk band. Lastly,
our finding that the orbital magnetic moment of Co in Co3Sn2S2 is negligible
should be taken into account when considering physical effects that rely on
spin-orbit coupling.

Methods
Sample growth and characterisation
Single crystals of Co3Sn2S2 were grown by a chemical vapour transport
(CVT)method using 2 g of polycrystalline reactant and 160mg of iodine as
a transport agent. The starting components were mixed in helium-filled
glovebox, subsequently transferred, cryogenically cooled, evacuated, and
sealed in a quartz ampule (ID = 14mm, OD= 18mm, and L = 100mm)
under vacuum (<7·10-3mbar). The specimen was placed in a temperature
gradient 900- > ~ 800 °C and held over 40 days. Polycrystalline Co3Sn2S2
(source) was synthetized from stoichiometric amounts of Co (3N7, Alfa
Aesar), Sn (4 N,AlfaAesar), and S (5 N,AlfaAesar) by solid state reaction as
described elsewhere17. Laboratory Powder X-Ray Diffraction (PXRD)
measurement performed at room temperature in the Bragg-Brentano
geometry using a Bruker AXS D8 Advance diffractometer (Bruker AXS
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Fig. 4 | Temperature dependent laserARPES data showing the change of the band
structure. a Temperature dependent dispersion cut in the antiferromagnetic region
showing that the butterfly shape transforms into a broad band close to the Fermi

energy EF, whose EDC can be traced to shift up closer to EF upon warming, agreeing
with the paramagnetic band position from the bulk DFT calculation in (b). This
butterfly shape is reproducible around the same area after re-cooling.
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GmbH, Karlsruhe, Germany) equipped with a Ni-filtered Cu Kα radiation
and a 1D LynxEye PSD detector has proven that the obtained crystals are
single phasewith the Shandite-type structure (SpaceGroupR-3m,No. 166).
Small-spot single crystal XRDmeasurement was also performed to confirm
the small volume of the crystal is homogeneous. A crystal of Co3Sn2S2,
0:08 × 0:06 × 0:02 mm3, was mounted on the MiTeGen MicroMounts
loop and used for x-ray structure determination. Measurements were per-
formedat 80 KandRT (295 K)using the STOESTADIVARIdiffractometer
equipped with a Dectris EIGER 1M 2R CdTe detector and with an Anton
Paar Primux 50Ag/Mo dual-source usingMoKα radiation (λ = 0.71073 Å)
from a micro-focus x-ray source and coupled with an Oxford Instruments
Cryostream 800 jet. Data reduction was performed with X-Area package
(https://www.stoe.com/products/xarea/). The crystal structure was solved
and refined using JANA2020 software51. The refined crystal structure is
consistentwith the reportedR-3mone for both 80 KandRTmeasurements.
Refinement reveals no deviations in stoichiometry. In addition, Laue dif-
fraction confirmed high quality of obtained single crystals and EDX mea-
surement confirmed the composition of the compound.

Cleaving possibility is shown in Supplementary Fig. 1. It is most
probable to cleave the Sn-S1 and Sn-S2 planes. Therefore, Supplementary
Fig. 1(iii) and (iv) configurations are less probable to be found than the (i)
and (ii) configurations.

X-ray magnetic circular dichroism (XMCD) and sum rule
X-raymagnetic circular dichroism (XMCD)wasperformed in total electron
yield (TEY) mode at the X-Treme beamline, Swiss Light Source, Paul
Scherrer Institute, Switzerland29. The schematic of the measurement is
shown in Fig. 2 revealing that the magnetic field applied is always collinear
with the direction of the x-ray beam. The sample normal is rotated with
respect to the incoming x-ray beam.The x-ray absorption spectra (XAS) are
measured by changing the x-ray energy across the cobalt L3 and L2 peaks.
Subsequent XMCD is calculated by taking the difference in the absorption
spectra between the C+ and C- polarization

IXMCD ¼ ICþ � IC� ð1Þ

where C+ and C- polarization refer to the helicity of the photon being
parallel and antiparallel to the photon k vector, respectively.

The hysteresis loop is obtained by measuring the TEY signal at a
specific energy (peak of L3) and the pre-edge TEY signal in the following
order (to minimize drift effect) with magnetic field ramp indicated:
1. Ramp magnetic field to 6.8 T without measurement
2. Ramp to -6.8 TwithC+polarizationwhile taking theTEY signal of the

L3 peak and the pre-edge
3. Ramp to +6.8 T with C- and perform measurement as step 2
4. Ramp to -6.8 T with C- and perform measurement as step 2
5. Ramp to +6.8 T with C+ and perform measurement as step 2.

The final XMCD hysteresis signal shown in Fig. 2 is obtained by first
taking thedifferencebetween the signal at thepeakofL3 and thepre-edge for
each photon helicity, followed by taking the difference between measure-
ments with C+ and C- for both UP and DOWN ramp, respectively, and
normalized by the averaged pre-edge subtractedL3 signal to compensate the
different beam footprints between 0 and 60�.

Background subtraction of the XAS signal is performed by fitting the
background using the formula

f bg ¼A1 ×
2
3
arctan a× E � EL3

� �� �
þ 1

3
arctan a× E � EL2

� �� �� 	

þ A2 × E þ A3

ð2Þ

E is the photon energy and the fitting variables are
A1: the intensity related to the arctan function

a: the slope of the rising background from arctan
A2: the intensity related to a linear function
A3: a constant.
We fix the valuesEL3

andEL2
as the energy positions of themiddle part

of the step functions of the background. This is arbitrary as long as they are
within the rangeof the peak. For our case,we choose themiddle energy from
the energy range of the peak.

Sum rule calculation is performed with the following formulae52,53

ml ¼ � 4
3
q
r
nh ¼ � Lz

� � ð3Þ

mSeff
¼ � 6p� 4q

r
nh ¼ �2 Sz;eff

� � ð4Þ

where53

– Lz
� �

is the ground state expectation value of the orbital angular
momentum operator

– ml is the orbital magnetic moment (opposite sign to the orbital angular
momentum)

– Sz;eff
� �

is the ground state expectation value of the effective spin.
– mSeff

is the spin magnetic moment which is opposite to the spin
direction

– nh is the total number of holes
– r is the integrated intensity from C+ and C- of L3 and L2
– q is the integrated intensity from XMCD of L3 and L2
– p is the integrated intensity from XMCD of L3.

In the X-Treme configuration, a negative value for mSeff
and ml from

the above formulae implies that the directionofmSeff
andml is antiparallel to

the k vector of the beam (along the applied B field). Thus, the expectation
values of the effective spin Sz;eff

� �
and the angular momentum Lz

� �
point

opposite to the B field direction. This is the result shown in Fig. 2.

Angle resolved photoemission spectroscopy (ARPES)
Synchrotron-based ARPES. The synchrotron-based ARPES mea-
surements were performed at the ULTRA endstation, Surface/Interface
Spectroscopy (SIS) beamline, Swiss Light Source equipped with a Scienta
Omicron DA30L analyzer. The photon dependent measurement was
performed with a circular plus (C+ ) polarization light with energy of
34–150 eV and a total energy resolution of 15 meV. The sample was
cleaved in situ at a base pressure lower than 5 × 10−11 mbar, and mea-
sured at 20 K.

Micro-focused laser angle resolved photoemission spectro-
scopy (µ-ARPES)
Experimental setup and condition. The µ-ARPES measurements were
performed in the laboratory of Prof. Felix Baumberger at the University
of Geneva. The photon source we use is a continuous laser from LEOS
with an energy of 6.01 eV, coming from its 4th-harmonic generation
output. For beam focusing, we use a custom-built lens to focus the beam
spot diameter to �3 μm. The electron analyzer is an MB-Scientific ana-
lyzer equipped with a deflection angle mode to map the dispersion
relation while retaining the illuminated area (i.e., no sample rotation is
needed to map the Fermi surface). Typical energy and angular resolution
are 3 meV / 0.2°. The sample ismounted on a conventional 6-axes ARPES
manipulator54 and the sample position is scanned with an xyz stage of
100 nm resolution and < 1 μm bidirectional reproducibility. The pres-
sure during the measurement was kept at < 10�10 mbar. A more detailed
explanation can be found in ref. 55. The samples measured were always
cleaved at the base temperature of 6 K. The sample spatial drift at sub-
sequent higher temperatures is tracked by using the edges of the sample as
a reference. The samples are pre-aligned to the high symmetry cut with
low energy electron diffraction (LEED) after cleaving.
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kz broadening effect. The perpendicular momentum kz of the electrons
measured by ARPES can be obtained from the expression

kz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�

e

ℏ2 Kout þ Vo

� �� 2me

ℏ2 Koutsin
2ϕ

r
ð5Þ

wherem�
e is the effective mass of the electron, Kout ¼ hν� w� Eb

�� �� is the
kinetic energy of the electron, hν is the photon energy, jEbj is the binding
energy of the electron,w is the work function of the detector,Vo is the inner
potential of the material (Vo ¼ 13 eV according to our photon dependent
data in Supplementary Fig. 3 in agreement with the reported inner potential
in the supplementary information of this publication56), and ϕ is the ana-
lyzer slit angle (more details in these refs. 57,58). The laser photon energy
used, 6.01 eV, corresponds to a perpendicular momentum in between kz ¼
0 and kz ¼ π plane, as shown in Supplementary Fig. 3.

Finally, we can estimate δkz from the experimental line-widths using
the following relation:

δkz �
FWHMEDC;experiment

∂E
∂kz

� �
DFT

ð6Þ

In our data, the FWHM of the butterfly shape at kx � 0:1Å
�1

is
FWHMbutterfly;kx�0:1Å

�1 � 0:10� 0:15 eV. TheDFT calculation shows that
(see Supplementary Fig. 10)

∂E
∂kz

� 	
EF

� 0:25
eV
ΓZ

ð7Þ

These values give us an estimation of δkz � 0:4� 0:6ð ÞΓZ,
agreeing (by the order) with the estimation from the universal curve.

Density functional theory calculation
We carry out density functional theory (DFT) calculations to gain insight
into the electronic property of Co3Sn2S2. We use the projector aug-
mented wave (PAW) approach59 with the generalized gradient approx-
imation in the parametrization of Perdew, Burke, and Ernzerhof 60 for
exchange correlation as implemented in the Vienna Ab initio Simulation
Package (VASP)61,62. For Co and S, standard potentials are used (Co and S
in the VASP distribution), while for Sn, a potential in which d states are
treated as valence states is used (Snd). In most cases, we use an 8 × 8 × 8 k-
point grid and an energy cutoff of 500 eV. The spin-orbit coupling (SOC)
is included, but the+U correction is not included because Co3Sn2S2 is an
itinerant magnetic system. The FM ordering with Co moments pointing
perpendicular to the kagome plane is found to be the most stable as
observed computationally.

In order to compare the electronic propertieswith differentCoordered
moment and spin arrangement, we also carry out the constrained mag-
netism calculations considering various AFM states by setting I CON-
STRAINEDM= 2.We gradually increase the value of LAMBDAso that the
penalty to the total energyEp becomes sufficiently small. After the electronic
ground state is obtained, we carry out non-self-consistent calculations to
compute the bulk electronic band structure along high-symmetry lines
using the optimized charge density. To compute the slab band structure, we
use the WannierTools package63 with the maximally-localized Wannier
functions generated by the Wannier90 code64. For finite thickness slabs,
there could exist two sets of surface terminations, between Sn and S layers
and between S andCo3Sn layers. In the supporting information, we present
results of finite-thickness slabs in which 10 unit cells are stacked perpen-
dicular to the kagome planewith Sn and S surfaces as the other set is hard to
be cleaved.

Ethics
This researchwas conducted following ethical guidelines, ensuring integrity,
transparency, and inclusivity. All contributors have been appropriately
credited, and no biases influenced the research or authorship. The study

does not involve human or animal subjects, and data have been presented
accurately and without manipulation.

Data availability
All data related to this paper are available at a public repository (MARVEL
Materials Cloud Archive), with the same title as this paper (https://archive.
materialscloud.org).

Code availability
The code used for data analysis in this study is available from the corre-
sponding author upon reasonable request.

Received: 22 January 2025; Accepted: 3 September 2025;

References
1. Broholm, C., Aeppli, G., Espinosa, G. P. & Cooper, A. S.

Antiferromagnetic fluctuations and short-range order in a kagome
lattice. Phys. Rev. Lett. 65, 3173–3176 (1990).

2. Uemura, Y. J. et al. Spin fluctuations in frustrated kagome lattice
system SrCr8Ga4O19 studied by muon spin relaxation. Phys. Rev.
Lett. 73, 3306–3309 (1994).

3. Lee, S. et al. Isolated spin pairs and two-dimensional magnetism in
SrCr9pGa12-9pO19. Phys. Rev. Lett. 76, 4424–4427 (1996).

4. Ramirez, A. P. Strongly geometrically frustratedmagnets. Annu. Rev.
Mater. Sci. 24, 453–480 (1994).

5. Greedan, J. E. Geometrically frustrated magnetic materials. J. Mater.
Chem. 11, 37–53 (2001).

6. Lee, S. H. et al. Emergent excitations in a geometrically frustrated
magnet. Nature 418, 856–858 (2002).

7. Heritage, K. et al. Images of a first-order spin-reorientation phase
transition in a metallic kagome ferromagnet. Adv. Funct. Mater. 30,
1909163 (2020).

8. Lin, X., Bud’ko, S. L. & Canfield, P. C. Development of viable solutions
for the synthesis of sulfur bearing single crystals. Philos. Mag. 92,
2436–2447 (2012).

9. Schnelle, W. et al. Ferromagnetic ordering and half-metallic state of
Sn2Co3S2 with the shandite-type structure. Phys. Rev. B 88, 144404
(2013).

10. Weihrich, R., Stückl, A. C., Zabel, M. & Schnelle, W. Magnetischer
phasenübergang des Co3Sn2S2. Z. f.ür. anorganische und Allg.
Chem. 630, 1767–1767 (2004).

11. Vaqueiro, P. &Sobany,G.G.Apowder neutrondiffraction studyof the
metallic ferromagnet Co3Sn2S2. Solid State Sci. 11, 513–518 (2009).

12. Xu, Q. et al. Topological surface Fermi arcs in the magnetic Weyl
semimetal Co3Sn2S2. Phys. Rev. B 97, 235416 (2018).

13. Yang, Y. et al. Large intrinsic anomalous Hall effect in half-metallic
ferromagnet Co3Sn2S2withmagneticWeyl fermions.Nat. Commun.
9, 5449 (2018).

14. Morali, N. et al. Fermi-arc diversity on surface terminations of the
magnetic Weyl semimetal Co3Sn2S2. Science 365, 1286-1291
(2019).

15. Liu, D. F. et al. Magnetic Weyl semimetal phase in a Kagomé crystal.
Science 365, 1282–1285 (2019).

16. Kassem, M. A., Tabata, Y., Waki, T. & Nakamura, H. Low-field
anomalous magnetic phase in the kagome-lattice shandite
Co3Sn2S2. Phys. Rev. B 96, 014429 (2017).

17. Guguchia, Z. et al. Tunable anomalous Hall conductivity through
volume-wise magnetic competition in a topological kagome magnet.
Nat. Commun. 11, 559 (2020).

18. Guguchia, Z. et al. Multiple quantum phase transitions of different
nature in the topological kagome magnet Co3Sn2−xInxS2. npj
Quantum Mater. 6, 50 (2021).

19. Soh, J. R. et al. Magnetic structure of the topological semimetal
Co3Sn2S2. Phys. Rev. B 105, 094435 (2022).

https://doi.org/10.1038/s43246-025-00939-4 Article

Communications Materials |           (2025) 6:235 8

https://archive.materialscloud.org
https://archive.materialscloud.org
www.nature.com/commsmat


20. Neubauer, K. J. et al. Spin structure and dynamics of the topological
semimetal Co3Sn2-xInxS2. Npj Quantum Mater. 7, 112 (2022).

21. Živković, I. et al. Unraveling the origin of the peculiar transition in the
magnetically ordered phase of theWeyl semimetal Co3Sn2S2. Phys.
Rev. B 106, L180403 (2022).

22. Zhang,Q. et al. HiddenLocal SymmetryBreaking in aKagome-Lattice
Magnetic Weyl Semimetal. J. Am. Chem. Soc. 144, 14339–14350
(2022).

23. Ahn, Y. et al. Electric quadrupole second-harmonic generation
revealing dual magnetic orders in a magnetic Weyl semimetal. Nat.
Photon. 18, 26–31 (2023).

24. Peacock, M. A. & McAndrew, J. On parkerite and shandite and the
crystal structure of NI3PB2S2. Am. Mineralogist 35, 425–439 (1950).

25. Zabel, M., Wandinger, S. & Range, K. J. Ternary chalcogenides
M3M2’X2 with shandite-type structure. Z. Fur Naturforsch. Sect. B-a
J. Chem. Sci. 34, 238–241 (1979).

26. Zhang, Q. et al. Unusual exchange couplings and intermediate
temperature weyl state in Co3Sn2S2. Phys. Rev. Lett. 127, 117201
(2021).

27. Okamura, Y. et al. Giantmagneto-optical responses inmagneticWeyl
semimetal Co3Sn2S2. Nat. Commun. 11, 4619 (2020).

28. Rossi, A. et al. Electronic structure and topology across T-c in the
magnetic Weyl semimetal Co3Sn2S2. Phys. Rev. B 104, 155115
(2021).

29. Piamonteze, C. et al. X-Treme beamline at SLS: X-ray magnetic
circular and linear dichroism at high field and low temperature. J.
Synchrotron Radiat. 19, 661–674 (2012).

30. Yan, M. et al. Topological Quasi-2D Semimetal Co3Sn2S2: Insights
into Electronic Structure from NEXAFS and Resonant Photoelectron
Spectroscopy. J. Phys. Chem. Lett. 12, 9807–9811 (2021).

31. Yin, J. X. et al. Negative flat band magnetism in a spin-orbit-coupled
correlated kagome magnet. Nat. Phys. 15, 443-448 (2019).

32. Yamasaki, Y., Nakao,H. &Arima, T. H. Augmentedmagnetic octupole
in kagome 120-degree antiferromagnets detectable via x-ray
magnetic circular dichroism. J. Phys. Soc. Jpn. 89, 083703 (2020).

33. Meiklejohn, W. H. & Bean, C. P. Newmagnetic anisotropy. Phys. Rev.
102, 1413–1414 (1956).

34. Lachman, E. et al. Exchange biased anomalous Hall effect driven by
frustration in a magnetic kagome lattice. Nat. Commun. 11, 560
(2020).

35. Noah, A. et al. Tunable exchangebias in themagneticWeyl semimetal
Co3Sn2S2. Phys. Rev. B 105, 144423 (2022).

36. Howlader, S., Ramachandran, R., Singh, Y. & Sheet, G. Domain
structure evolution in the ferromagnetic Kagome-lattice Weyl
semimetal Co3Sn2S2. J. Phys.-Condens. Matter 33, 075801
(2021).

37. Shen, Z., Zhu, X. D., Ullah, R. R., Klavins, P. & Taufour, V. Anomalous
depinningofmagneticdomainwallswithin the ferromagnetic phaseof
theWeyl semimetal Co3Sn2S2. J. Phys.-Condens.Matter 35, 045802
(2023).

38. Billas, I. M. L., Chatelain, A. & Deheer,W. A.Magnetism from the atom
to thebulk in iron, cobalt, andnickel clusters.Science265, 1682–1684
(1994).

39. Matsumoto, Y. et al. Room-temperature ferromagnetism in
transparent transition metal-doped titanium dioxide. Science 291,
854–856 (2001).

40. Panaccione, G., Sirotti, F. & Rossi, G. [Surface vs. bulk magnetic
moments from photoemission dichroism]. SOLID STATE
COMMUNICATIONS 113, 373–377 (2000).

41. Aldén, M., Mirbt S., Skriver H. L., Rosengaard N. M., & Johansson B.
Surface magnetism in iron, cobalt, and nickel. Phys. Rev. B. 46,
6303–6312 (1992).

42. Al-zyadi, J., Gao, G. & Yao, K. Theoretical investigation of the
electronic structures and magnetic properties of the bulk and surface

(001) of the quaternary Heusler alloy NiCoMnGa. J. Magnet Magn
Mater. 378, 1–6 (2015).

43. Hu, J., Kan, X., Chen, Z., Zheng, G. & Ma, Y. The magnetic, thermal
transport properties, magnetothermal effect and critical behavior of
Co3Sn2S2 single crystal. J. Am. Ceram. Soc. 105, 4827–4839 (2022).

44. Kim, K.-M. &Kim, S. K. Emergence ofMeronKekulé lattices in twisted
Néel antiferromagnets. npj Quantum Mater. 10, 68 (2025).

45. Scheie, A. et al. Multiphasemagnetism in Yb2Ti2O7. Proc. Natl Acad.
Sci. USA 117, 27245–27254 (2020).

46. Yao, M., et al. Switchable Weyl nodes in topological Kagome
ferromagnet Fe3Sn2. arXiv, 2018.

47. Wang, L. & Jian, S. Imbert-Fedorov shift in Weyl semimetals:
Dependence on monopole charge and intervalley scattering. Phys.
Rev. B. 96, 115448 (2017).

48. Ishida,H. & Liebsch, A. Fermi arc engineering at the interface between
two Weyl semimetals. Phys. Rev. B. 98, 195426 (2018).

49. Buccheri, F., Egger, R., & De Martino, A. Transport, refraction, and
interface arcs in junctions of Weyl semimetals. Phys. Rev. B. 106,
045413 (2022).

50. Chaou, A. Y., Dwivedi, V. & Breitkreiz, M. Magnetic breakdown and
chiral magnetic effect at Weyl-semimetal tunnel junctions. Phys. Rev.
B 107, L241109 (2023).

51. Petříček, V., Palatinus, L., Plášil, J. & Dušek, M. JANA2020-a new
version of the crystallographic computing system JANA. Z. Fur
Kristallographie-Crystalline Mater. 238, 271–282 (2023).

52. Thole, B. T., Carra, P., Sette, F. & van der Laan, G. X-ray circular-
dichroism as a probe of orbital magnetization. Phys. Rev. Lett. 68,
1943–1946 (1992).

53. van der Laan, G. & Figueroa, A. I. X-raymagnetic circular dichroism-A
versatile tool to study magnetism. Coord. Chem. Rev. 277, 95–129
(2014).

54. Hoesch, M. et al. A facility for the analysis of the electronic structures
of solids and their surfaces by synchrotron radiation photoelectron
spectroscopy. Rev. Sci. Instrum. 88, 013106 (2017).

55. Cucchi, I. et al. Microfocus Laser-Angle-Resolved Photoemission on
Encapsulated Mono-, Bi-, and Few-Layer 1T ‘-WTe2. Nano Lett. 19,
554–560 (2019).

56. Liu, D. F. et al. Magnetic Weyl semimetal phase in a Kagome crystal.
Science 365, 1282-1285 (2019).

57. Hüfner, S., Photoelectron Spectroscopy: Principles and Applications.
(Springer, 2003).

58. Strocov, V. N. Intrinsic accuracy in 3-dimensional photoemission
band mapping. J. Electron Spectrosc. Relat. Phenom. 130, 65–78
(2003).

59. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50,
17953–17979 (1994).

60. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

61. Kresse, G. & Furthmuller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B
54, 11169–11186 (1996).

62. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 59, 1758–1775
(1999).

63. Wu, Q., Zhang, S., Song, H. F., Troyer, M. & Soluyanov, A. A.
WannierTools: An open-source software package for novel
topological materials. Computer Phys. Commun. 224, 405–416
(2018).

64. Pizzi, G. et al. Wannier90 as a community code: new features and
applications. J. Phys.-Condens. Matter 32, 165902 (2020).

Acknowledgements
We acknowledge Anja Weber at Mesoscopic Systems, Paul Scherrer
Institute – ETH Zurich for her help inmeasuring the EDX SEMof our sample.

https://doi.org/10.1038/s43246-025-00939-4 Article

Communications Materials |           (2025) 6:235 9

www.nature.com/commsmat


S.A.E acknowledges the support fromNCCR-MARVEL fundedby the Swiss
National Science Foundation, the European Union’s Horizon 2020 research
and innovation programme under the Marie Skłodowska-Curie grant
agreement No 701647, and the EuropeanResearchCouncil HEROSynergy
grant SYG-18 810451. The research by S.O. was supported by the U.S.
Department of Energy, Office of Science, Basic Energy Sciences, Materials
Sciences and Engineering Division.

Author contributions
YS conceived the project. LR andGDJ grew the single crystals. IP did the XRD
characterization of the crystals. SAE conducted the XMCDmeasurements and
analysis with the help of JD and input from YS. SAE and AT conducted the
ARPES measurements with the help of AH and input from YS. SAE did the
ARPES data analysis with input from YS. SO did the DFT calculations with
discussions with SAE and YS. SAE and YS wrote the manuscript with input
from SO, GDJ, and AT. YS directed the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43246-025-00939-4.

Correspondence and requests for materials should be addressed to
Yona Soh.

Peer review information Communications Materials thanks the
anonymous reviewers for their contribution to the peer review of this work.
Primary Handling Editors: Aldo Isidori. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s43246-025-00939-4 Article

Communications Materials |           (2025) 6:235 10

https://doi.org/10.1038/s43246-025-00939-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsmat

	Inhomogeneity in electronic phase and flat band in magnetic kagome metal Co3Sn2S2
	Results and discussions
	Crystal structure and magnetic properties of Co3Sn2S2
	X-ray magnetic circular dichroism (XMCD)
	Laser ARPES

	Conclusions
	Methods
	Sample growth and characterisation
	X-ray magnetic circular dichroism (XMCD) and sum rule
	Angle resolved photoemission spectroscopy (ARPES)
	Synchrotron-based ARPES

	Micro-focused laser angle resolved photoemission spectroscopy (µ-ARPES)
	Experimental setup and condition
	 k z broadening effect

	Density functional theory calculation
	Ethics

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


