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1. Single-crystal growths

The single crystals of Co3Sna2S, can be grown by several methods!. In 2012, P. C. Canfield's
group has grown this S-based crystal by self-flux method and reported some basic data on this
compound!. In present study, we grew the crystals by two different self-flux methods. One is the
method with the congruent composition. The other one is the method with Sn as flux'=. For the
congruent composition, the samples were included in a graphite crucible sealed in a quartz tube.
The stoichiometric samples (Co : Sn : S =3 : 2 : 2) were heated to 1000 °C over 48 hours and
kept there for 24 hours before being slowly cooled to 600 °C over 7 days. Some iodine was
added to the samples for better reactions between the elements for homogenous alloying. The
compositions of crystals were checked by energy dispersive X-ray spectroscopy (EDS). The
composition of crystals is Co : Sn : S =2.93 : 2 : 2, which is slightly lower than the nominal
composition and is expected to show a slight p-doped effect on the transport behaviour.
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Fig. S1. Optical image of big single crystals grown by self-flux method with congruent
composition. The flat cleaved surface on the left hand is the a-b plane of the crystal.

2. Structural characterizations

2.1 X-ray diffraction

The crystals were characterized by powder X-ray diffraction as single phase with a Shandite-type
structure. Derived lattice parameters at room temperature are a = 5.3689 A and ¢ = 13.176 A in hexagonal
setting. Single crystals and orientations were assigned by single-crystal X-ray diffraction technique.
However, we found that an unambiguous assignment of the threefold axis is virtually impossible without
careful analysis of Bragg intensities. This is due to a very particular situation as the unit cell is virtually
cubic but also the arrangement of atoms in the structure show very little or no deviation, respectively,
from cubic symmetry. Accordingly deviations in intensities of Bragg peaks are reflected in a small subset
and quite hard to identify (Fig. S2b). As a final confirmation of the assignments a full data set was
collected and the established model was refined (Table S1).
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Fig. S2. Single-crystal XRD pattern observed at room temperature. (a) Single-crystal XRD
pattern after rocking by 32° about a-axis of the rhombohedral cell. Sharp and distinct diffraction
spots prove the high quality of the crystal. The faint powder rings may be assigned to distortions
and contaminations on the surface. (b) Oscillation image taken while rocking the crystal by 32°
about the a-axis of the FCC type cell. Spots violating horizontal mirror symmetry are highlighted
and indicate the violation of cubic symmetry of the structure.



Table S1. Crystal data and structure refinement for Co3S2Sn at room temperature.

Empirical formula Co3S2Sm
Temperature 2952) K
Wavelength 0.71073 A
Crystal system Trigonal

Space group R-3m:H

Unit cell dimensions a=>5.3689(5) A

c=13.176(2) A
(@ = 53757(6) A, o = 59.916(8)° for

primitive cell)

Volume 328.92(8) A3

VA 3

Density (calculated) 7.244 g/cm?

Absorption coefficient 23.089 mm’!

F(000) 639

Crystal size 0.074 x 0.076 x 0.135 mm?
Theta range for data collection 4.65 to 34.7°

Index ranges -4<h<8,-7<k<8, -17<1<21
Reflections collected 868

Independent reflections 195 [R(int) = 0.0223]
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 195/0/13

Goodness-of-fit on F? 1.282

Final R indices [> 20(1)] R1=0.0224, wR2 = 0.0546

R indices (all data) R1=0.0226, wR2 = 0.0547
Extinction coefficient 0.061(3)




2.2 Topographic images from scanning tunneling microscopy

The high quality of the single crystals was further confirmed by scanning tunneling
microscopy (STM) showing topographic image of the hexagonal array of the (0001) crystal
surface.

R

Fig. S3. STM real-space topographic image of the (0001) surface, obtained after in situ low-
temperature cleaving. The inset is a 20 x 20 nm? topography showing a hexagonal array, which
shows nice atomic resolution. A sharp step edge with a height of ~80 pm is resolved.



3. Magnetic measurements

3.1 Basic magnetic behaviours

a T T T T T b 12
1.2 410 Lo
0.0025 T g 2
L S u
0.9 7T 8 <
— . 41+ =
o6t 6 = 2 E
NE ’j; ~ 0
< 0l laa =
= 3 = —e— 2K Bl/zaxis
= -4 - —e— 150 K B//z axis T
0.0 =2 —o— 2K Blix axis
-8+ —o—150 K B//x axis T
03} 0
1 " L N 1 " 1 1 12 1 1 1
0 50 100 150 200 250 300 -8 -6 -4 -2 0 2 4 6 8
Temperature (K) B(T)

Fig. S4. Magnetic measurements. (a) ZFC/FC measurements on temperature dependence of
magnetization. The Curie temperature is located at 7c = 175 K. Around 140 K, there is an
anomalous magnetic transition around 150 K at low field of 0.0025 T (25 Oe) in the ZFC curve.
However, this transition has been suppressed during the FC measurement. In higher fields, this
weak transition also disappears, which deserves further study. (b) Field dependence of
magnetization at 2 and 150 K with field along x (@) and z (¢) axes. Inset shows the magnetization
loop with a hysteresis at 2 K with field along z axis. The field dependence of magnetization
indicates there is a strong magneto-crystalline anisotropy in this compound with the moment
along c-axis. Along c-axis, the magnetization rapidly saturates at a low field of 0.1 T. In a-b
plane, the magnetization does not show any sign of saturation in magnetic fields up to 7 T. At 2
K, a saturated moment of 0.89 pug/f.u.(0.30 us/Co) was observed in easy axis.

3.2 On the strong magnetic anisotropy

According to the magnetization measurements, one can see this material shows an
extremely strong magnetic anisotropy. We would like to present our understanding on this

behaviour.

In Co3Sn»S», there are two different types of valence for Co atom. One is Co®" for metallic
Co-Sn bonding, and the other is Co** for covalent/ionic Co-S bondings*. For Co-S bonding, it is
reported that there are strong correlations between electrons. LSDA + U calculations furthermore
suggest a layered structural nature of the electron density distribution.

Actually, another experimental study® showed that replacing S by large-size Se results in a
decrease of Tc and coercive force of Co3SnaS2, which gives a significant hint that the spins are
inverted more easily as a direct effect of weakened coupling between the Co layers. At the same
time, the so-called electron correlations in Co-S bonding become weaker upon changing to Co-
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Se bonding. This indicates a strong anisotropy in magnetic exchange interactions for this
material.

Besides, a recent study® revealed that the ratio of effective and saturation magnetizations
(peti/ps) and the scaled Curie temperature (tc) of the CozSn,S, Shandite is much smaller than that
expected from the universal relation for weak itinerant-electron ferromagnets (WIEFs). More
specifically, it indicates that the ferromagnetism in the Co-based Shandite Co3Sn,S; is much
weaker than in conventional 3D WIEFs. We speculate that this is manifestation of the quasi-2D
character of Co3Sn,S; owing to its layered crystal structures.

Taken together, the layered crystal structure of Co3SnzS: results in strongly anisotropic
electronic states and consequently quasi-2D character in the electronic and magnetic properties.
In particular, this also results in a strong magnetic anisotropy.

4. Topological electronic structures by theoretical calculations

The electronic calculations were carried out based on the density functional theory using the
Vienna ab-initio simulation package (VASP)’. The exchange and correlation energies were
treated under the gradient approximation (GGA), following the Perdew—Burke—Ernzerhof
parametrization scheme®. The calculations were performed using the experimentally measured
lattice parameters in this study (a = 5.3689 A and ¢ = 13.176 A).
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Fig. S5. Topological electronic structures. (a) Distribution of nodal lines in the BZ. A cut from
Y1 to X is shown. (b) band structure along X;-X» path. Under SOC, a pair of linear crossings of
Weyl points (WP+ and WP-) is presented at 60 meV above the Fermi level. The positions of
WP+ and WP- of the momenta (kx, &y, k) are 2zt (0.461/a, 0, 0.140/c) and 2x (0.693/a, 0, 0.960/c),
respectively. ¢ and d, sink and source of the monopoles of the Berry curvature at WP+ and WP-
points, respectively. The topological charge is +1 and -1, respectively.

5. Dominating Berry curvature contribution to the intrinsic AHE

Since the intrinsic AHC is determined by the integral of the Berry curvature in the whole
Brillouin zone, the best way to see the dominating contribution to AHE is to consider the Berry
curvature distribution in k-space. Our calculations show that large Berry curvature arises mainly
from the nodal-line like band anti-crossing (see Fig. 2 (d-e) in the main manuscript). Though the
Berry curvature is not zero in some areas away from the nodal lines, it is rather very small
compared to that from the nodal lines.

Furthermore, since the symmetry requirement for the existence of Weyl points is just the
lattice translation symmetry, the only way to remove the Weyl points is to move one pair of
Weyl points with opposite chirality to meet each other’. In the case of Co3Sn,S,, owing to the
mirror symmetry and ferromagnetic structure, there are two important results for the band
inversion: nodal lines and Weyl points. The only way to kill the Weyl points is to move this one
pair of Weyl points on the nodal rings to the same k-point (see Fig. 2(b) in the main manuscript),
which also removes the band inversion and nodal rings.

We further show the Berry curvature contribution to the intrinsic AHE, as shown in Fig. S6.
The Berry curvature contribution is dominated by the nodal lines. Though there are some
contributions from other areas, such as L and 7 points, they are very weak in comparison to those
from the nodal lines. Therefore, the large Berry curvature from the nodal rings and Weyl points
is robust as long as the band inversion is present.
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Fig. S6. Berry curvature contribution to AHE. (a) Electronic band structure (b) Berry
curvature (€] (k)) of Co3SnzS; along high symmetry paths. (c) Berry curvature distribution in
k,=0 plane.

6. ARPES results and comparison with theoretical calculations

In order to check the accuracy of the DFT calculations, we also performed the angle
resolved photoemission spectroscopy (ARPES) measurements on Co3SnzS;. We show a
comparison of the &, projected Fermi surface and energy dispersion along high symmetry lines of
M —T —M and K — T — K between calculations and ARPES measurements. Fixing the energy at
the Fermi level, one can see the good agreement of the Fermi surfaces from ARPES
measurements and DFT calculations, as indicated in Fig. S7(b). Besides, the good agreement is

also obtained for the energy dispersion along high symmetry lines in a large energy window, see
Fig. S7(c-d).

Though the Weyl nodes above the Fermi level cannot be observed from the present ARPES
results, the DFT calculation is accurate enough to explain the Weyl-related non-trivial intrinsic
property of Co3SnaSo.



Fig. S7. Comparison of band structure between ARPES measurements and DFT
calculations on Co3Sn:S;. (a) Projected 2D Brillouin zone along z direction. (b) Comparison of
Fermi surface (FS) between ARPES measurements (left) and DFT (right) calculations. (c, d)
Comparisons of the energy dispersions between ARPES measurements (left) and DFT
calculations (right) along M —I' — M and K — I — K, respectively. The calculated bulk energy
dispersions are projected to £:.

7. Transport measurements

In this study, the out-of-plane and angle-dependent transport measurements were performed,
and the currents were always applied along the a-axis, e.g. I // x // [2110] (a axis = x axis), as

shown in Fig. S8. For the out-of-plane configuration, B // z// [0001] and 7// x // [ZﬁO]. For the
angle-dependent case, B // 6 and I // x // [2ﬁO], 0 is the angle with respect to x // [2ﬁO].

Different crystals, grown by two self-flux methods and with different RRR (p3o0x/p2x) values,
were used in this study.
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Fig. S8. Sample schematic for transport measurements. (a) schematic for crystals and
orientations. (b) Out-of-plane configuration. B // z// [0001] and I // x // [2110]. The longitudinal
charge resistivity and Hall resistivity were measured along x and y axes, respectively. (c) Angle-
dependent transport configuration.  is the angle with respect to x // [2ﬂO] . The Hall resistivity

were measured along y axis.

We used the five-probe method to measure the Hall signal to try to balance the longitudinal
voltage drops. However, in practical measurements there still is weak longitudinal voltage drops.
In order to obtain the accurate Hall data, we further applied the procedure of (anti-)
symmetrization to extract the odd and even parts of the observed signal. For longitudinal charge
resistivity, the p-B is odd and pu-B is even, and we can extract the pure Hall component using pn
= [pu(B) — pu(—B)]/2, while the pure charge resistivity component using p= [p(B) + p(—B)]/2. The
extracted results are shown in Fig. S9. The saturation and coercive fields of the loop behaviour
for magnetization and Hall resistivity were determined by magnetic and transport measurements,
as shown in Fig. S10.

There is a transition of carrier type in Co3Sn2S; with temperature. At high temperatures (50
K < T < Tc¢), the Hall signal shows a linear field-dependent behaviour after saturation (see Fig.
S11a). Hole carriers dominate the transport. At low temperatures (7' < 50 K), a notable non-linear
field dependence of the Hall resistivity is observed (see Fig. 1f in the main manuscript). This
indicates the coexistence of hole and electron carriers. The electron carriers appear at low
temperatures. The single-band and two-band models were thus applied to extract the pure
anomalous Hall resistivity, carrier densities and mobilities, for high-temperature and low-
temperature cases, respectively.

The pure anomalous Hall resistivity (pu®) was derived by extrapolating the high-field part
of pu back to zero field for the data recorded above 50 K, as shown in Fig. S11. The anomalous
Hall conductivity was calculated by on® = —pu/((pu™)*> + p?). Here pu® is the anomalous Hall
resistivity at zero field; p is the longitudinal charge resistivity at zero field. The o dependence of
o™ of our material has been discussed in the framework of unified model, as shown in Fig. S12.

The semi-metallicity of Co3Sn2S: is investigated. First, a resistance increase in the high
magnetic fields is observed at low temperatures (Fig. 1d in the main manuscript). This exhibits
the common behavior of semi-metallic materials. The positive, non-saturated magnetoresistance
(MR) observed (Fig. le in the main manuscript) indicates a semi-metallic behaviour!®!!. From

11



the Hall data measured at 2 K (Fig. 1f in the main manuscript), we further observe a notable non-
linear behaviour of the Hall trace with increasing magnetic field, indicating the existence of two
types of carriers (electrons and holes). Indeed, the theoretical calculations (Fig. 1b in the main
manuscript) indicate there are two relatively small Fermi surfaces of holes and electrons.

We thus applied the two-band model'? below to extract the densities of both carriers.

nyep, neejp,
| +pu; B> 14 pu2B?

o(B)=

_ II/,(‘/l/:,B /1,,()/133
| + 7B 1+ u2B?

oy

Here B is applied magnetic field, a(B) is longitudinal charge conductivity, ou(B) is
anomalous Hall effect, ny, is carrier concentration of holes and un is carrier mobility of holes, e is
carrier concentration of electrons and y. is carrier mobility of electrons.

The best-fitted results are as follows:
ny=9.3x 10" em?, yup = 6.4 x 10> cm? V' 57,
ne=7.6 x10" cm>, yu. =7.3 x 10> cm? V! 71,

The densities of holes and electrons thus obtained - as well as the total charge carrier
density - are not high. Furthermore, the holes and electron densities are closely comparable in
magnitude. These relatively low carrier densities further confirm the semi-metallicity of
Co3Sn,S; with near compensated carriers. The related results at 2 K are shown in Table S2.

Table S2. Longitudinal charge resistivity (p), longitudinal charge conductivity (o), anomalous
Hall effect (p*n), carrier concentration (nn) and carrier mobility (un) of holes, carrier
concentration (z¢) and carrier mobility (i) of electrons in a sample, recorded at 2 K.

P (Pxx) 6 (0xx) pru Rh Hn e He
nQem 10 Q' em?! pQem  10Yem® 100 em’V's' 10 em?® 10 em’V's!
49.96 2.00 2.80 9.3 6.4 7.5 729
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Fig. S9. Field dependence of Hall resistivity (pu). (a) All data measured in -9 ~9 T from 300
to 2 K. (b) Data measured in -0.4 ~ 0.4 T from 300 to 2 K. (¢) Data measured in -0.4 ~ 0.4 T
from 160 to 120 K. (d) Data measured in -0.4 ~ 0.4 T from 100 to 2 K. A maximum of Hall
resistivity appears around 150 K. A hysteresis appears below 150 K and a coercive field can be
observed below 120 K. The coercive field increases with decreasing temperature, as shown in
Fig. S10. Below 100 K, a sharp switch with a rectangle shape in Hall resistivity loop can be seen
owing to the switching of magnetization and Berry curvature.
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Fig. S10. Saturation and coercive fields. The loop behaviours of magnetization and
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Fig. S11. Deriving the pure anomalous Hall resistivity (pu® = pu®) by extrapolating the
high-field part of pu back to zero field for the data recorded above 50 K. (a) 7= 150 K,
below Tc. (b) T= 180 K, slightly above 7¢c. The ordinary Hall contribution vanishes at zero field,
only the anomalous contribution prevails. Only demonstrations at two temperatures were shown

here.
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Fig. S12. o dependence of ou® in the framework of unified model'>!*. Here we use the
absolute amplitudes of ou® without the negative sign. The data of other materials were taken
from references and therein!>!'®. Our present result shows a o-independent ou” below 100 K, i.e.,
ou® ~ (0)° = constant. Our data matches the prediction of the model. Co3Sn,S: is located into the
intrinsic regime dominated by the Berry-phase curvature, not by the extrinsic scattering events.
Here the Berry-phase curvature just comes from the Weyl nodes and gapped nodal lines with

band anticrossing in Co3Sn,S,.
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8. Anomalous Hall conductivity-dependence of anomalous Hall angle (AHA)

Comparison of our oi*-dependent AHA results and previously reported data for other AHE
materials was performed. The reported data were taken from references that can be found in
Table S3.

Table S3. Summary of longitudinal charge conductivity (o), anomalous Hall
conductivity (o), and anomalous Hall angle (AHA) of currently studied magnetic
materials. Some AHA values are calculated by using the data from the references. Here
we use the absolute amplitudes of o without the negative sign. Only the maximum
values of AHA are adopted here.

A — A
System 10° Qﬁ om Q—f}ém-l AHA%GH o Refs.

MnsGe 0.90 450 5.0 17
MnsSn 0.31 100 3.2 18
GdPtBi 0.07 110 16 19
Fe3Sny 10.0 1100 1.1 20
MnGa film 0.51 288 5.7 21
L1o-FePt film 3.79 1250 33 22
TbCo film 2.50 800 3.2 23
Mn;RuxGa 0.29 220 7.7 24
SmFe film 0.66 317 4.8 25
Feo2sTaS» 0.90 336 3.7 26
GaMnAs film 0.22 147 6.6 27
SrRuOs film 2.00 200 1.0 28
CooFeSi 1.18 208 1.8 29
CooFeAl 0.96 120 1.3 29
Fe film 4.36 1134 2.6 14
Gd film 50.00 1000 0.2 14
LaSrCoO 1.00 100 1.0 14
CuZnCrSe 5.00 500 1.0 14
MnSi 0.40 150 3.8 30
MnsGes 1.41 860 6.1 31

Co3Sn:S; 0.57 1130 19.8 Present

work
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9. Shubnikov-de Haas (SdH) quantum oscillations

The magnetoresistance was measured with current along a-axis and magnetic field along c-
axis in static high magnetic fields up to 37 T at low temperatures. The SdH oscillations have
been observed in Fig. S13a. The oscillations are clearly visible by subtracting a cubic polynomial
from the resistivity data. The extracted amplitudes of the SAH oscillations as a function of the
inverse magnetic field are shown in Fig. S13b. The fast Fourier transform (FFT) of the SdH
oscillations identifies two fundamental frequencies at 104 T (a) and 198 T (B). It can be seen
that the amplitude of the peak corresponding to 198 T decreases rapidly with temperature
compared to the 104 T peak. We fit the temperature dependent peak amplitudes with the
Lifshitz-Kosevich formula to obtain effective mass of 0.98mo and 3.9m¢ for 104 T and 198 T
frequencies, respectively.

The extremal cross section area of the Fermi surface perpendicular to the applied magnetic
field is directly related to the frequency of the quantum oscillations. We further performed the
calculations on the energy dependence of frequency with magnetic field along c-axis. Figure S14
shows some related frequencies. In Fig S14b and c, we can see hole (H3) and electron (E1)
pockets show the frequency around 200 T. Considering the possible self p-doping of the real
material, the Fermi level will decrease. In this case, if the Fermi level decreases by 0.025 eV,
there are just two calculated frequencies corresponding to our measurements, as shown in Fig.
S14c and d. One is ~198 T and the other is ~104 T, which are consistent with the observed
frequencies in measurements.

As expected in semimetals, Co3Sn>S> shows the SdH oscillations in high magnetic fields.
The measured and calculated frequencies are consistent with each other, considering the possible
p-doping. The corresponding effective masses are 0.98mo and 3.9mo, respectively. Having
known the frequency and effective mass of two fermi pockets we can determine various
parameters crucial for the electrical transport considering the Fermi surface is not very

) F. The Fermi

2me
h
wave vector kr can be calculated by the relation A = m(kz)?2. Using the value of effective mass,

anisotropic. Using the Onsager relation one can find the extremal area, Ap = (

kr we calculate the Fermi velocity as vy = Pk / m* The Fermi energy is then calculated as Ep =

%m*vpz. We tabulate all these quantities for the two fermi surfaces in Table S4.
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Table S4. Extremal area (Ar), Fermi wave vector (kr), Fermi velocity (vr), Fermi energy
(Er) related to Fermi surface. a and 3 are two Fermi surfaces. F is the oscillation frequency.

Fermi F m* Ar Kr VF Er
surface (T) (1) ) (AYH (m/s) (meV)
o 104 0.98 0.01 0.056 6.6 x10* 12.3
B 198 3.9 0.019 0.078 2.3 x10* 5.9
a b
0.4 K
o 2
T 8
x ps
005 004 0.05 0.06
1/B(T"
c d
= = 1.0
[ C
-} -
g g 08
J 8
° o 06
3 S
3 3 %
8 g
] T 0.2
; A
W W 0.0
| | 1 L | |
0 200 400 600 0 1 2 3 4 5
Frequency (T) 7 (K)

Fig. S13. SdH oscillations in Co3Sn:S;. (a) MR data at different temperatures from 0.4 - 5 K
with quantum oscillations. (b) Corresponding SdH oscillations amplitudes obtained by
subtracting a cubic polynomial. (¢) FFT amplitudes as a function of the temperature showing two
fundamental frequencies at 104 T and 198 T. (d) Effective mass evaluation by fitting
temperature-dependent FFT amplitudes by Lifshitz-Kosevich formula.
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Fig. S14. Calculated Fermi surfaces and the frequencies of the quantum oscillations of
carriers on Fermi surfaces. (a) The calculated Fermi surfaces of holes and electrons. Hole
pocket H3 (b), electron pocket E1 (c), electron pocket E2 (d) and corresponding calculated
energy dependences of frequency with magnetic field along z-axis.
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10. Non-collinear magnetic structures

Inspired by the weak anomalous magnetic transition (Fig. S4a) in this Kagomé-lattice compound,
we further considered the possible non-collinear magnetic structures. We increased the angle
with respect to c-axis and changed the collinear structure to non-collinear ones. With increasing
tilting angle, we found the total energy increases. Figure S15 shows a comparison between
collinear (along c-axis) and special non-collinear (along Co-S bonding) magnetic structures. The
total energy difference between two cases is small. Both cases have anomalous Hall conductivity
0y, > 1000 Q! cm™! and the oy, are close to each other. These results mean the existence of
Weyl points and large o,. are robust against the change of magnetic structure in Co3SnzS;.
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Fig. S15. Comparison of linear and non-collinear magnetic structures. (a) Collinear
magnetic structure with atom moments along c-axis. (b) An example of non-collinear magnetic
structure, with atom moments along the Co-S bonding. (c) Total energy evolution as a function
of titled angle of atom moments with respect to c-axis. (d) Energy dispersion along one pair of
Weyl nodes with collinear magnetic and non-collinear magnetic structures as given in (a, b). (e)
Energy dependent g,. for collinear and non-collinear magnetic structures as given in (a, b).
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