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Magnetic Weyl semimetals (WSMs) with time reversal symmetry breaking exhibit 

Weyl nodes that act as monopoles of Berry curvature and are thus expected to generate 

a large intrinsic anomalous Hall effect (AHE). However, in most magnetic WSMs, the 

Weyl nodes are located far from the Fermi energy, making it difficult to observe the 

Weyl-node dominated intrinsic AHE in experiments. Here we report a novel 

half-metallic magnetic WSM in the Kagomé-lattice Shandite compound Co3Sn2S2. The 

Weyl nodes, linked by gapped nodal rings, are crucially located just 60 meV above the 

Fermi energy. Owing to both the significantly enhanced Berry curvature arising from 

the Weyl bands and the low charge conductivity, the anomalous Hall conductivity (AHC) 

and anomalous Hall angle (AHA) experimentally reach up to 1130 Ω
−1 

cm
−1

 and 20% 

respectively, which allows the material to simultaneously host a large AHC and giant 

AHA. Interpreting WSMs as coupled quantum AHE layers, the present results suggest 

that thin films of this quasi-two-dimensional WSM present a promising candidate for 

the bulk-insulating quantum AHE. Co3Sn2S2 as an easy-to-grow magnetic WSM thus 

represents an ideal platform to study Weyl physics. Our findings further suggest 

half-metallic Weyl semimetals – combining a topological Weyl phase for one spin 

channel with a band gap for the other – as a new paradigm for materials with a large 

Berry-in-origin AHE. 
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As an important electronic transport phenomenon, the anomalous Hall effect (AHE) is 

typically attributed to two different originating mechanisms, namely, extrinsic contributions 

arising from scattering effects, and intrinsic contributions arising from the Berry curvature
1-5

. 

In particular, such Berry curvature arises from the entangled Bloch electronic bands with 

spin-orbital coupling (SOC) when spatial inversion or time reversal symmetry (TMS) of the 

system is broken
6,7

. A quantum anomalous Hall insulator can be considered as the 

two-dimensional limit of the three-dimensional AHE systems
8,9

. In these materials, the 

anomalous Hall conductivity (AHC) is quantized due to the presence of a bulk gap and 

dissipationless edge states
10-13

. Interestingly, a Weyl semimetal (WSM) with broken TRS can 

be interpreted as a stacked heterostructure of such quantum anomalous Hall insulator 

layers
14,15

. The coupling between the layers closes the bulk band gap at isolated points in the 

Brillouin zone (BZ) where the Weyl nodes are located. While the AHC in a bulk WSM is not 

quantized, there is still a universal contribution from the Weyl nodes due to the unique Berry 

curvature distribution in these materials
3,4,16

. Moreover, since the Weyl points are 

topologically protected, the large contribution to the AHE arising from the Weyl points does 

not require a high charge carrier density
3,17

. In fact, the density of state in ideal WSMs 

vanishes at the Weyl nodes where the AHC is at a maximum
1,4

. As a result, magnetic WSMs 

are expected to exhibit a large anomalous Hall angle (AHA), which could lead to the 

developments of spintronic devices with reduced energy costs.  

A number of promising candidates for such TRS-broken magnetic WSM materials have 

already been proposed, including Y2Ir2O7 (18), HgCr2Se4 (19), and certain Co2-based Heusler 

compounds
20-22

. Indeed, an AHA of ~16% was recently observed at low temperatures in the 

magnetic-field induced WSM GdPtBi (23). However, neither a large AHC nor a large AHA 

has yet been reported in magnetic WSMs with intrinsically broken TRS in the absence of a 

magnetic field. One possible reason for this is that the Weyl nodes in most magnetic WSMs 

are located far from the Fermi level, and the corresponding electron transport contribution is 

thus negligible. The search for intrinsic magnetic WSMs with Weyl nodes close to the Fermi 

level is therefore not only an efficient strategy to obtain materials exhibiting both a high AHE 
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and large AHA, but also important for a comprehensive understanding of the Weyl 

topological effects on the AHE in real materials.   

The Shandite phase of Co3Sn2S2 is known to be a ferromagnet with a Curie temperature 

(TC) = 177 K and a magnetic moment = 0.29 μB/Co (24-26). Magnetization measurements 

confirmed that the easy axis of the magnetization lies along the c-axis
27

, while photoemission 

and band structure calculations revealed that below TC, Co3Sn2S2 exhibits Type IA 

half-metallic ferromagnetic order whose spin-minority states are gapped
28,29

. In this work, we 

demonstrate that Co3Sn2S2 is a magnetic WSM with six pairs of Weyl points located just 60 

meV above the Fermi level. On account of its topologically non-trivial electronic structure, 

Co3Sn2S2 exhibits a large intrinsic AHC arising from the Berry curvature distribution, which 

is dominated by the SOC-gapped nodal lines around the Weyl nodes. Accompanying the large 

AHC and the small carrier density, (i.e., low charge conductivity), an AHA as large as 20% is 

observed in the temperature range of 100 – 150 K. Thus, Co3Sn2S2 and similar half-metallic 

WSMs not only emerge as ideal materials for achieving both large AHC and AHA, but also 

provide a promising material for the comprehensive study of the physics of magnetic Weyl 

fermions without the need of an external magnetic field.  

Figure 1 summarizes the structural and electronic properties of Co3Sn2S2. As shown in 

Fig. 1a, Co3Sn2S2 crystallizes in a rhombohedral structure of the space group, R-3m (no. 

166)(24). The crystal is seen to possess a quasi-2D Co3Sn layer sandwiched between S atoms, 

with the magnetic Co atoms arranged on a Kagomé lattice in the a-b plane in the hexagonal 

representation of the space group. Owing to magnetic anisotropy, the magnetic moments are 

oriented along the c-axis, and the magnetism is quasi-2D in nature
27

. By itself, this 

dimensional restriction of the magnetization may be responsible for some of the interesting 

electronic and magnetic properties of this compound. In the following, we performed band 

structure calculations of Co3Sn2S2 with the spin polarization along the c-axis. The calculated 

magnetic moments without and with SOC are 0.33 and 0.30 μB/Co, respectively, which are 

very close to the experimental values of 0.29 μB/Co obtained from neutron diffraction
26

, 0.31 

μB/Co from magnetization measurement
27

, and confirmed by our measured result (0.30 μB/Co) 
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(see Supplementary Information). As expected, the calculation including SOC gives a more 

accurate result.  

The band structures of Co3Sn2S2 calculated without and with SOC are shown in Fig. 1b. 

The bands corresponding to the spin-down channel are insulating in character with a gap of 

0.35 eV, while the spin-up channel crosses the Fermi level and thus has a metallic character. 

This half-metallic behaviour is consistent with the results of previous reports on this 

compound
27-29

. Furthermore, for the spin-up states, we observe linear band crossings along 

the Γ–L and L–U paths, just slightly above and below the Fermi energy, respectively. For 

finite SOC, these linear crossings open small gaps with band anti-crossings, and make this 

compound semimetal-like. When these results are considered in connection with the 

ferromagnetism of Co3Sn2S2(24-27), they suggest that a TRS-breaking WSM phase might be 

hidden in this compound.  

In order to confirm this prediction, the single crystals of Co3Sn2S2 were grown for further 

experimental investigations (see Methods and Supplementary Information). The basic 

information is shown here. The high quality of the single crystals was confirmed by X-ray 

diffraction (XRD) pattern showing clear and sharp spots (see Fig. 1c) as well as from 

structure refinement for a small single crystal chipped off the large crystal. Further 

confirmation comes from scanning tunneling microscopy (STM) showing topographic image 

of the hexagonal array of the (0001) crystal surface (see Fig. 1d). Magnetization 

measurements confirmed a Curie temperature of TC = 175 K and a saturation magnetization = 

0.30 μB/Co (see Supplementary Information). As could be expected from our band structure 

calculations (Fig. 1b), further evidence of a semimetal-like behaviour is observed in 

temperature dependent longitudinal charge resistivity ρ, which shows a moderate residual 

resistivity of ~50 μΩ cm, i.e., a moderate charge conductivity σ ~ 2 × 10
4
 Ω

−1 
cm

−1
 at 2 K (Fig. 

1e).  

In order to analyze the topological character of Co3Sn2S2 suggested by Fig. 1b, we now 

consider the linear band crossings in more detail. The space group R-3m of Co3Sn2S2 has one 

mirror plane M010. Without SOC, the interaction between spin-up and spin-down states is 
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ignored and the mirror plane is a high symmetry plane of the Hamiltonian. Thus, as they are 

protected by this mirror symmetry, the linear band crossing identified in Fig. 1b form a nodal 

ring in the mirror plane based on the band inversion, as shown in Fig. 2a. Moreover, the linear 

crossings between the L–Γ and L–U paths are just single points on the ring. When the 

C3z-rotation and inversion symmetries of the material are considered, one finds a total of six 

nodal rings in the BZ, as shown schematically in Fig. 2b.    

Upon taking SOC into account, the spin sz is no longer a good quantum number and the 

mirror symmetry of the Hamiltonian is broken, which causes the linear crossings of the nodal 

lines to split, as presented in Fig. 2c. Interestingly, one pair of linear crossing points remains 

in the form of Weyl nodes along the former nodal line. These two Weyl nodes act as a 

monopole sink and source of Berry curvature (see Supplementary Information) and possess 

opposite topological charges of +1 and −1, respectively. In total, there are three such pairs of 

Weyl nodes in the first BZ due to the inversion and C3z-rotation symmetries of the crystal, and 

their distribution is presented in Fig. 2b. It is important to emphasize that the Weyl nodes in 

Co3Sn2S2 are only 60 meV above the charge neutrality point, which is much closer to the 

Fermi energy than previously proposed magnetic WSMs. These Weyl nodes and non-trivial 

Weyl nodal rings together make this material exhibit a clean topological band structure 

around the EF. As a result, the Weyl node-dominated physics in Co3Sn2S2 should be 

prominent and easy to detect in experiments.  

We now address the AHE response of Co3Sn2S2 that can be expected from the particular 

band structure properties outlined above. In order to obtain a complete topological character, 

we integrated the Berry curvature    
     along kz in the BZ. Our results reveal two main 

types of hot spots for the integrated Berry curvature: One that is located around the Weyl 

nodes, and the other near the edge of the nodal lines (see Fig. 2d). To investigate the origin of 

the hot spot of the Berry curvature distribution, we choose the ky = 0 plane, which includes 

two nodal rings and two pairs of Weyl nodes, as shown in Fig. 2e. We note that hot spots of 

the integrated Berry curvature are primarily determined by the shape of the nodal lines, and 

both types of hot spots observed here originate from the nodal-line-like band anti-crossing 
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behaviour. Along the nodal ring, the component of the Berry curvature parallel to kz leads to 

the larger hot spot we observe, while a different part around the Weyl node contributes to the 

smaller hot spot. Owing to the half-metallic band anti-crossing behaviour and the position of 

the six Weyl nodal rings around the Fermi level, the calculated Berry curvature is clean and 

large, which should yield fascinating spin-electronic transport behaviours including a large 

intrinsic AHE
3
. The energy dependent AHC calculated from the Berry curvature is shown in 

Fig. 2f. As one can see from the figure, a large peak in σyx appears around EF with a maximum 

of 1100 Ω
−1 

cm
−1

. Since the AHC depends on the location of the Fermi level (see Eq. (1), 

Methods), it usually changes sharply as a function of energy. However, the peak in σyx in Fig. 

2f stays above 1000 Ω
−1 

cm
−1

 within an energy window of 100 meV below EF. Therefore, we 

expect to observe a high AHC in experiments for charge neutral or slightly p-doped Co3Sn2S2 

samples. 

The strong AHE induced by the band structure topology is indeed directly verified by 

our transport measurements, which were performed on an out−of−plane configuration of I // x 

[2110]  and B // z [0001]  (see Fig. 1e). As we observe in Fig. 3a, the anomalous Hall 

conductivity (σH
A
), calculated from σH

A
 = −ρH

A
/((ρH

A
)

2
+ρ

2
) (ρH

A
 is anomalous Hall resistivity 

and derived by extrapolating the high-field part of ρH back to zero field (see Supplementary 

Information);
 
ρ is the longitudinal charge resistivity at zero field), shows a maximum of 1130 

Ω
−1 

cm
−1

 at 2 K, which is in very good agreement with our predicted theoretical value (σyx, 

Fig. 2f). We also studied the in−plane case (I // x [2110]  and B // y [0110]  ), for which the 

AHC disappears (not shown), due to strong magnetic and Berry-curvature anisotropies. 

Moreover, at temperatures below 100 K (T < TC), for the out−of−plane case σH
A
 ~ 1000 Ω

−1 

cm
−1

 is revealed to be independent of temperature (see also the inset of Fig. 3a, and note the 

logarithmic vertical axis). This robust behaviour against temperature indicates that the AHE is 

not governed by scattering events in the system. In addition, σH shows rectangular hysteresis 

loops with very sharp switching (Fig. 3b), and the coercive field is seen to increase with 

decreasing temperature, resulting in a value of 0.33 T at 2 K (also see Supplementary 
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Information). As is evident from the figure, a large remanent Hall effect at zero field is 

observed in this material.  

We plot ρH
A
 as a function of temperature in Fig. 3c. A large peak in ρH

A
 with a 

maximum of 44 μΩ cm appears at 150 K. When σH
A
 is plotted against σ, as presented in Fig. 

3d, we also find that σH
A
 is nearly independent of σ (i.e., σH

A
 ~ (σ)

0 
= constant) for 

temperatures below 100 K, as is expected for an intrinsic AHE in the framework of the 

unified model for AHE physics (see Supplementary Information for more details)
30,31

. This 

independence of ρH
A
 with respect to both T and ρ indicates that the AHE only originates from 

the intrinsic scattering-independent mechanism, and is thus dominated by the Berry curvature 

in momentum space
2
. This present scaling behaviour is well consistent with our 

first-principles calculations. 

In addition to a large AHC, and arguably more importantly, Co3Sn2S2 also features a 

giant AHA that can be characterized by the ratio of σH
A
/σ. The temperature dependence of the 

AHA is shown in Fig. 4a. With increasing temperature, the AHA first increases from 5.6% at 

2 K, reaching a maximum of ~ 20% around 120 K, before decreasing again as the temperature 

increases above TC. The contour plot of σH/σ with respect to B and T is depicted in Fig. 4b, 

and makes it intuitively clear that a giant Hall angle appears between 75 – 175 K irrespective 

of the magnetic field magnitude. This can be straightforwardly understood by considering that 

the AHC in Co3Sn2S2 arises from the Berry curvature of the occupied states. The band 

topology of these states is basically unaffected by the small energy scale of thermal 

excitations up to room temperature
32

. In other words, the topologically protected AHC (σH
A
) 

is relatively robust against temperature. In contrast, the Weyl-node-related charge 

conductivity (σ) is sensitive to temperature due to electron–phonon scattering
33

. These 

behaviours are shown clearly in Fig. 3a. Therefore, the AHA is expected to increase with 

increasing temperature in a wide temperature range below TC. From Fig. 3a and the ρH-B data 

(see Supplementary Information), one can extract values for the relatively low charge 

conductivity (σ ~ 2 × 10
4
 Ω

−1 
cm

−1
 at 2 K and 0.5 × 10

4
 Ω

−1 
cm

−1
 at 120 K) and the relatively 

small carrier density (n ~ 10
21

 cm
−3

), which support our characterizations of the typical 
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semi-metallic features of this WSM. This semi-metallicity largely improves the value of σH
A
/σ 

in this material. 

When compared to previously reported results for other AHE materials (see Fig. 4c), the 

value of AHA in Co3Sn2S2 observed in this work is seen to be the largest by quite a prominent 

margin. For most of these materials — formed mainly of ferromagnetic transition metals and 

alloys — the AHCs originate from topologically trivial electronic bands. A typical feature of 

these materials is that both the AHC and the charge conductivity are either large or small and 

therefore the AHA of these materials typically cannot be large. While the 

magnetic-field-induced Weyl semimetal GdPtBi has a large AHA of 16%, its AHC is very 

small, and moreover, it requires an external field to induce the Weyl phase
23

. In contrast, 

owing to Weyl effects and its semi-metallic character, Co3Sn2S2 possesses both a large AHC 

and giant AHA simultaneously and at zero magnetic field, which promotes this system to 

quite a different position among the known AHE materials. As a consequence, a large 

anomalous Hall current can be expected in thin films of this material that may even reach the 

limit of a quantized AHE with dissipationless quantum Hall edge states
13,34-36

. In more general 

terms, a clean topological band structure induces both a large AHC and giant AHA (as 

demonstrated here for the half-metallic WSM Co3Sn2S2), and so can be seen as a guide for the 

realization of strong AHE in magnetic half-metallic topological semimetals. 

In summary, a WSM phase arises in the TRS-breaking ferromagnetic half-metallic 

compound Co3Sn2S2 below TC. As they are protected by the topological electronic structure, 

significantly enhanced Berry curvature is generated along the gap-opening path due to SOC, 

resulting in a high AHC of over 1100 Ω
−1 

cm
−1

. Owing to the semi-metallic band structure 

and the resulting low charge carrier density, Co3Sn2S2 further possesses an AHA as large as 

20% across a wide temperature range. Co3Sn2S2 thus represents the first material hosting both 

a large AHC and a giant AHA, and forms an important progress in the study of AHE physics 

connected to intrinsic band Berry-phase curvature. This Kagomé-lattice magnetic WSM also 

promises to be an ideal candidate for developing a quantum anomalous Hall insulator due to 

its quasi-2D ferromagnetism without doping and clean electronic structure around the Fermi 
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energy
9,13,34,35

. Moreover, it is easy to grow large high-quality single crystals, which makes 

Co3Sn2S2 and similar half-metal systems excellent platforms for comprehensive studies of 

magnetic Weyl physics37-40 and related topological phase transitions
41,42

, as well as for the 

realization of future spintronic devices with reduced energy costs
43,44

. Our findings further 

suggest that, in general, a strong AHE originating from Berry curvature can be observed in a 

broad class of TRS-breaking half-metallic Weyl semimetals with gapped nodal lines close to 

the Fermi energy. 

Methods 

Co3Sn2S2 single crystals. We grew the single crystals by different methods. The crystals 

were characterized by powder X-ray diffraction as single phase with a Shandite-type structure. 

The lattice parameters at room temperature are a = 5.3689 Å and c = 13.176 Å. The single 

crystals and orientations were confirmed by single-crystal X-ray diffraction technique. 

Topographic images of the crystal surface were characterized by a cryogenic scanning 

tunneling microscopy (STM), taken at conditions of T = 2.5 K, a bias voltage of Vb = 100 mV, 

and a tunnel current of It = 500 pA. The sample was cleaved in situ (p ≤ 2 × 10
-9

 Pa) at about 

20 K.  

Magnetization and transport measurements. Magnetization measurements were carried out 

on oriented crystals with the magnetic field applied along both the a and c axes using a 

vibrating sample magnetometer (MPMS 3, Quantum Design). The transport measurements 

were performed on a PPMS 9 (Quantum Design) using the low-frequency alternating current 

(ACT) option. The four-probe method was used to measure the longitudinal charge resistivity, 

while for the Hall resistivity measurements, the five-probe method was used with a balance 

protection meter to eliminate possible magnetoresistance signals. The charge and Hall 

resistivities were measured alternatively at each temperature. The transport measurements 

presented in this work were performed on an out-of-plane configuration of I // x [2110]  and B 

// z [0001]  with rectangular axis and on a rectangular sample with dimensions of 0.8 × 0.36 

× 3.8 mm
3
.  
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DFT calculations. The electronic structure calculations were performed based on the density 

functional theory using the Vienna ab-initio simulation package (VASP)
45

. The exchange and 

correlation energies were considered in the gradient approximation (GGA), following the 

Perdew–Burke–Ernzerhof parametrization scheme
46

. When calculating the AHC and Berry 

curvature, we projected the Bloch wave functions into Wannier functions
47

. Based on the 

corresponding Hamiltonian constructed from Wannier orbitals, the AHC was calculated by 

the Kubo formula approach in the linear response and clean limit
4
: 

2 3

,

( , )

1
( ) ( ) ( , ) ( )

2
F

z z

yx F n yx

E n k Ek

E e dk f n k k
 

   

, 2
'

ˆ ˆ( , ) | | ( ', ) ( ', ) | | ( , ) ( )
( ) Im

( ( , ) ( ', ))

y xz

n yx

n n

u n k v u n k u n k v u n k x y
k

E n k E n k

    
 


          (1) 

where ( , )f n k  is the Fermi-Dirac distribution, ( , )E n k  is the eigen-value of the n-th 

eigen-state of | ( , )u n k   at k point, and  
( )

( )

1 ( )
ˆ

x y

x y

H k
v

k





is the velocity operator. The 

numerical integration was performed using a 501 × 501 × 501 k-grid. 
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Figure 1 | Crystal and electronic structures of Co3Sn2S2 and the measured electrical resistivity. a, Unit 

cell in hexagonal setting. The Co atoms form a quasi-2D Kagomé lattice whose magnetic moments align 

along the c-axis. b, Energy dispersion of electronic bands along high-symmetry paths without and with 

SOC, respectively. The labels of high-symmetry points are given in Fig. 2b. c, 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. d, STM real-space topographic image of the (0001) surface showing a hexagonal array, obtained 

after in situ low-temperature cleaving. e, Temperature dependence of the longitudinal charge resistivity ρ, 

with a RRR (i.e., ρ300K/ρ2K) value of 6.7 and a residual resistivity of ρ2K ~ 50 μΩ cm, i.e., a charge 

conductivity of σ ~ 2 × 10
4
 Ω

−1 
cm

−1
 at 2 K. All transport measurements shown in this study were 

performed on an out−of−plane configuration of I // x [2110]  and B // z [0001]  with rectangular axis. Here 

x and z axes are respectively parallel to a and c ones shown in a. 
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Figure 2 | Theoretical calculations of the Berry curvature and AHC. a, Linear band crossings form a 

nodal ring in the mirror plane. b, Side and top views of the nodal rings and distribution of the Weyl points 

in the BZ. c, SOC breaks the nodal ring band structure into opened gaps and Weyl nodes. The Weyl nodes 

are located just 60 meV above the Fermi level, and the gapped nodal lines are distributed around the Fermi 

level. d, Berry curvature distribution projected to the kx–ky plane. e, Berry curvature distribution in the ky = 

0 plane. The color bar for d and e are in arbitrary units. f, Energy dependence of the AHC in terms of the 

components of    
    .  
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Figure 3 | Transport measurements of the AHE. a, Temperature dependence of the AHC (σH
A
) and the 

longitudinal conductivity σ at zero magnetic field. The inset shows the logarithmic temperature dependence 

of σH
A
. b, Field dependence of the Hall conductivity σH at 100, 50, and 2 K with I // x [2110]  and B // z 

[0001] . Hysteretic behaviour and the sharp switching appears at temperatures below 100 K. c, Temperature 

dependence of the anomalous Hall resistivity (ρH
A
). A peak appears around 150 K. Since ρH

A
 was derived 

by extrapolating the high-field part of ρH to zero field, non-zero values can be observed just above TC due 

to the short-range magnetic exchange interactions enhanced by high fields. d, σ dependence of σH
A
. The 

σ-independent σH
A 

(i.e., σH
A
 ~ (σ)

0 
= constant), below 100 K, puts this material into the intrinsic regime 

according to the unified model of AHE physics (for more details see Supplementary Information)
30,31

. 
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Figure 4 | Transport measurements of the AHA. a, Temperature dependence of the anomalous Hall 

angle (σH
A
/σ) at zero magnetic field. Since the ordinary Hall effect vanishes at zero field, only the 

anomalous contribution prevails (see Supplementary Information). b, Contour plots of the Hall angle in the 

B–T space. c, Comparison of our σH
A
-dependent AHA results and previously reported data for other AHE 

materials. "(f)" denotes thin-film materials. The dashed line is a guide to the eye. The reported data were 

taken from references that can be found in the Supplementary Information.  
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1. Single crystals 

The single crystals of Co3Sn2S2 can be grown by several methods.  

  

Fig. S1. Optical image of our single crystals.  
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2. Structural characterizations 

The crystals were characterized by powder X-ray diffraction as single phase with a Shandite-type 

structure. The lattice parameters at room temperature are a = 5.3689 Å and c = 13.176 Å. Single 

crystals and orientations were assigned by single-crystal X-ray diffraction technique. However, 

an unambiguous assignment of the threefold axis is virtually impossible based on diffraction data 

only. 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. S2).   

 

Fig. S2. Single-crystal XRD pattern observed at room temperature. 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. 
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Supplementary Table S1.  Crystal data and structure refinement for Co3S2Sn2 at room 

temperature. 

Empirical formula Co3S2Sn2 

Temperature 295(2) K 

Wavelength 0.71073 Å 

Crystal system Trigonal 

Space group R -3 m : H 

Unit cell dimensions a = 5.3689(5) Å 

c = 13.176(2) Å 

(a = 5.3757(6) Å, α = 59.916(8)° for primitive cell) 

Volume 328.92(8) Å
3
 

Z 3 

Density (calculated) 7.244 g/cm
3
 

Absorption coefficient 23.089 mm
-1

 

F(000) 639 

Crystal size 0.074 × 0.076 × 0.135 mm
3
 

Theta range for data collection 4.65 to 34.7° 

Index ranges -4 ≤ h ≤ 8, -7 ≤ k ≤ 8, -17 ≤ l ≤ 21 

Reflections collected 868 

Independent reflections 195 [R(int) = 0.0223] 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 195 / 0 / 13 

Goodness-of-fit on F
2
 1.282 

Final R indices [I> 2σ(I)] R1 = 0.0224, wR2 = 0.0546 

R indices (all data) R1 = 0.0226, wR2 = 0.0547 

Extinction coefficient 0.061(3) 
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3. Magnetic measurements 

 

Fig. S3. (a) ZFC/FC measurements on temperature dependence of magnetization. The Curie 

temperature is located at TC = 175 K. Around 140 K, there is an anomalous magnetic transition 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 week transition also disappears, which 

deserves further study. (b) Field dependence of magnetization at 2 and 150 K with field along x 

(a) and z (c) axes. Inset shows the magnetization loop with hysteresis at 2 K with field along c 

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 μB/f.u.(0.30 μB/Co) 

was observed in easy axis. 
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4. Theoretical calculations 

The electronic calculations were carried out based on the density functional theory using the 

Vienna ab-initio simulation package (VASP)
1
. The exchange and correlation energies were 

treated under the gradient approximation (GGA), following the Perdew–Burke–Ernzerhof 

parametrization scheme
2
. The calculations were performed using the experimentally measured 

lattice parameters in this study (a = 5.3689 Å and c = 13.176 Å). 

 

Fig. S4. Density of state (DOS) of Co3Sn2S2 at ground state. For spin-up channel, the Fermi level 

is located in a pseudo-valley of DOS, indicating a (semi-)metal character. For spin-down channel, 

an energy gap with a width of about 0.30 eV appears. Nevertheless, the Fermi level is located 

very close to the conduction band. In total, a half-metal character can be expected in this 

compound. 
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Fig. S5. a, Distribution of nodal lines in the BZ. A cut from Σ1 to Σ2 is shown. b, band structure 

along Σ1-Σ2 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, 

ky, kz) are 2π (0.461/a, 0, 0.140/c) and 2π (0.693/a, 0, 0.960/c), respectively. c 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. 
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Fig. S6. Fermi surfaces of two bands crossing the Fermi level. Different colors indicate different 

parts of Fermi surface along different paths for every band. The calculations were performed 

with SOC. Only two bands cross the Fermi level. a, Fermi surface of band 43. b, Fermi surface 

of  band 44. It can be seen the Fermi surfaces are not large, which is coherent with the low 

carrier density measured by transport experiments.  

 

5. Transport measurements 

The measurements were performed in an out-of-plane configuration of I // x [2110]   and B // z 

[0001] . The temperature dependence of longitudinal charge resistivity (ρ) was measured in fields 

of 0 and 9 T, as shown in Fig. S7(a). The corresponding longitudinal charge conductivity was 

calculated by σ = 1/ρ, as shown in Fig. S7(b). The original data of Hall transport were extracted 

by antisymmetric processing in order to eliminate the magnetoresistance (MR) signals due to the 

misalignment of the voltage leads. For longitudinal charge resistivity, the ρ-B is odd and ρH-B is 

even, and we can extract the pure Hall component using ρH = 1/2[ρH(B) − ρH(−B)], while the pure 

charge resistivity component using ρ= 1/2[ρ(B) + ρ(−B)]. The extracted results are shown in Fig. 

S8. 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. S9. The 

pure anomalous Hall resistivity (ρH
A
) was derived by extrapolating the high-field part of ρH back 

to zero field, as shown in Fig. S10. The anomalous Hall conductivity was calculated by σH
A
 = 

−ρH
A
/((ρH

A
)

2 
+ ρ

2
). Here ρH

A
 is the anomalous Hall resistivity at zero field; ρ is the longitudinal 

charge resistivity at zero field. The σ dependence of σH
A
 of our material has been discussed in the 

framework of unified theory, as shown in Fig. S11. 
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Fig. S7. Temperature dependence of longitudinal charge resistivity (ρ) (a) and longitudinal 

charge conductivity (σ) (b) in fields of 0 and 9 T. Due to the spin-dependent scattering below TC, 

a rapid drop in ρ produces a relatively large RRR (ρ300K/ρ2K) of 6.7. This value of RRR also 

confirms the extraordinary quality of our crystals. At the same time, the charge conductivity is 

not very high, and rapidly deceases from ~ 2 × 10
4
 Ω

-1
 cm

-1 
at 2 K to ~ 0.5 × 10

4
 Ω

-1
 cm

-1
 around 

TC. For more detailed information, please see Table S2. 
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Fig. S8. Field dependence of Hall resistivity (ρH). (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. (c) 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 decreases with decreasing temperature, as shown in Fig. S9. 

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. S9. Saturation and coercive fields of the loop behaviour for magnetization and Hall 

resistivity determined by magnetic and transport measurements, taken from Fig. S8.  

 

 

Fig. S10. Deriving the pure anomalous Hall resistivity (ρH
A
 = ρH

0
) by extrapolating the high-field 

part of ρH back to zero field. (a) T = 150 K, below TC. (b) T = 180 K, slightly above TC. The 

ordinary Hall contribution vanishes at zero field, only the anomalous contribution prevails. Only 

demonstrations at two temperatures were shown here. 

 



11 

 

 

Fig. S11. σ dependence of σH
A
 in the framework of unified theory

3,4
. Here we use the absolute 

amplitudes of σH
A
 without the negative sign. The data of other materials were taken from 

references and therein
5,6

. Our present result shows a σ-independent σH
A 

below 100 K, i.e., σH
A
 ~ 

(σ)
0 

= constant. Our data matches the predictions of the model in which three regimes of the 

AHA is identified. Co3Sn2S2 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 nodal lines with band anticrossing in Co3Sn2S2.  
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Table S2. Longitudinal charge resistivity (ρ), longitudinal charge conductivity (σ), anomalous 

Hall effect (ρ
A

H), ordinary Hall coefficient (RH), carrier concentration (n) and carrier mobility (μ) 

at different temperatures. The ordinary Hall coefficient (RH) was extracted by linearly fitting the 

high-field part of ρH-B, as shown in Fig. S10. The carrier concentration (n) was calculated by n = 

1/RHe (e is the basic electric charge). The carrier mobility (μ) was calculated by μ = RH/ρ (ρ is 

the longitudinal charge resistivity at zero field). One can see a low carrier density (~ 10
21

 cm
-3

) in 

the whole temperature range. 

T ρ (ρxx) σ (σxx) ρ
A

H RH n μ 
K μΩ cm 10

4
 Ω-1

 cm
-1 μΩ cm cm

3
/C 10

21
 cm

-3
 cm

2 
V

-1 
s

-1
 

300 342.85 0.29167 0 0.00511 1.22211 14.91649 

250 319.43424 0.31305 0 0.00910 0.686884 28.48494 

215 301.56739 0.3316 0.96123 0.01632 0.382917 54.12414 

200 289.97313 0.34486 5.178 0.02000 0.312444 68.98423 

190 289.15785 0.34583 12.521 0.01948 0.320916 67.35256 

180 287.1237 0.34828 24.121 0.01459 0.428452 50.80528 

175 278.07874 0.35961 30.138 0.01154 0.541536 41.50355 

170 269.47913 0.37109 34.64 0.00918 0.680512 34.08155 

160 263.1976 0.37994 41.449 0.00460 1.35914 17.4717 

150 244.18173 0.40953 43.871 0.00375 1.66682 15.35603 

140 229.68321 0.43538 43.722 0.00254 2.45685 11.07574 

130 214.53963 0.46611 41.39 0.00195 3.19742 9.11116 

120 197.62724 0.506 38.519 0.000914 6.83562 4.62653 

110 175.36763 0.57023 33.619 0.00144 4.35461 8.18429 

100 157.92541 0.63321 28.223 0.00183 3.40965 11.60696 

90 139.70885 0.71577 22.922 0.00199 3.13512 14.26926 

80 121.91201 0.82026 17.696 0.00228 2.73853 18.72043 

70 106.32703 0.94049 12.991 0.00252 2.47991 23.70282 

60 90.32007 1.10717 9.354 0.00271 2.30915 29.96697 

50 76.05311 1.31487 6.678 0.00231 2.70019 30.43463 

40 65.02781 1.5378 4.805 0.00215 2.91282 32.9964 

30 56.50824 1.76965 3.657 0.00189 3.30983 33.41664 

20 52.04148 1.92154 3.048 0.00125 4.99815 24.0282 

10 50.22827 1.99091 2.821 0.000948 6.59129 18.87824 

2 49.95624 2.00175 2.776 0.000797 7.84127 15.95527 
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Table S3. Summary of longitudinal charge conductivity (σ), anomalous Hall conductivity (σH
A
), 

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 σH
A
 

without the negative sign. Only the maximum values of AHA are adopted here. 

System 
σ σH

A
 AHA= σH

A
/σ 

Refs. 
10

4
 Ω

-1
 cm

-1
 Ω

-1
 cm

-1
 % 

Mn3Ge 0.9000 450 5 7 

Mn3Sn 0.3125 100 3.2 8 

GdPtBi 0.0690 110 16 9 

MnGa film 0.5052 288 5.7 10 

L10-FePt film 3.7880 1250 3.3 11 

TbCo film 2.5000 800 3.2 12 

Mn2RuxGa 0.2860 220 7.7 13 

SmFe film 0.6640 317 4.75 14 

Fe0.28TaS2 0.9009 336 3.73 15 

GaMnAs film 0.2222 147 6.6 16 

SrRuO3 film 2.0000 200 1 17 

Co2FeSi 1.1750 208 1.77 18 

Co2FeAl 0.9600 120 1.25 18 

Fe film 4.3620 1134 2.6 4 

Gd film 50.0000 1000 0.2 4 

La-Sr-Co-O 1.0000 100 1 4 

Cu-Zn-Cr-Se 5.0000 500 1 4 

MnSi 0.4000 150 3.75 19 

Mn5Ge3 1.4100 860 6.1 20 

Co3Sn2S2 0.5650 1130 20 
Present 

work 
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