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Electronic structure evolution of the magnetic Weyl semimetal Co 3 Sn 2 S 2 with hole and electron doping

Co3Sn2S2 has been established as a prototype of magnetic Weyl semimetal, exhibiting a "giant" anomalous Hall effect in its ferromagnetic phase. An attractive feature of this material is that Weyl points lie close to Fermi level, so that one can expect a high reactivity of the topological properties to hole or electron doping. We present here a direct observation with Angle Resolved Photoemission Spectroscopy of the evolution of the electronic structure under different types of substitutions : In for Sn (hole doping outside the kagome Co plane), Fe for Co (hole doping inside the kagome Co plane) and Ni for Co (electron doping inside the kagome Co plane). We observe clear shifts of selected bands, which are due both to doping and to the reduction of the magnetic splitting by doping. We discriminate between the two by studying the temperature evolution from ferromagnetic to paramagnetic state. We discuss these shifts with the help of DFT calculations using the Virtual Crystal Approximation. We find that these calculations reproduce rather well the evolution with In, but largely fail to capture the effect of Fe and Ni, where local behavior at the impurity site plays an important role.

I. INTRODUCTION

Topological quantum materials have become a core area of research in the field of condensed matter physics in past decade. Weyl semimetals (WSM) form a part of this broad area of research. They feature inverted bands between which a gap closes at only a few non-degenerate Weyl points (WPs). These points act as sources or sinks of Berry flux, giving rise to novel magnetoelectric effects, such as the chiral anomaly 1 . They can be formed either by breaking the inversion symmetry (IS) or the time reversal symmetry (TRS). The best known examples of WSMs are due to IS breaking, as studied in TaS 2 , TaP 3 or TaIrTe4 4 . There are fewer examples of TRS broken WSMs, as they inherently display strong electronic correlations, which are more difficult to control.

Recently Co 3 Sn 2 S 2 has been identified as a prototype example of a magnetic WSM 5 . It has a rhombohedral structure, where Co atoms form a kagome pattern layer. Below the Curie temperature of ∼ 177 K 5 , the Cobalt atoms host local moments M = 0.3 µ B , which are ferromagnetically aligned along the c-direction 6 . More complex helimagnetic and antiferromagnetic phases have been suggested to form with doping [START_REF]2.58Fe0.42Sn2S2 respectively, where DFT predicted β band (magenta colour) is overlaid[END_REF] . Despite the rather small value of the magnetic moment, a record value of the anomalous Hall conductivity (AHC) has been measured by Liu et al. 5 , which is considered as evidence of the strong Berry curvature around the WPs contributing significantly to the AHC 8,9 . Subsequently, Angle-resolved photoelectron spectroscopy (ARPES) has mapped linearly dispersive bulk Weyl bands crossing just above the Fermi level (E F ) [START_REF] Weyl | half-metallic ferromagnet Co3Sn2S2 with magnetic Weyl fermions Qi[END_REF]11 , in fair agreement with DFT band structure calculations [START_REF] Xu | Co3Sn2S2[END_REF][START_REF]Two-orbital effective model for magnetic Weyl semimetal in Kagome-lattice shandite Akihiro Ozawa1, Kentaro Nomura[END_REF] . Moreover, they observed surface states, which could form Fermi arcs between the Weyl points, although there remain discrepancies between the reports about which of these surface states are topological [START_REF] Weyl | half-metallic ferromagnet Co3Sn2S2 with magnetic Weyl fermions Qi[END_REF][START_REF] Tyler | Weyl fermion annihilation in a correlated kagome magnet Ilya[END_REF] . Above T C , a ∼ 100 meV shift of the bulk bands has been observed [START_REF] Tyler | Weyl fermion annihilation in a correlated kagome magnet Ilya[END_REF][START_REF] Weyl | Topological Phase Transition in a Magnetic[END_REF] , with the surface states either vanishing [START_REF] Tyler | Weyl fermion annihilation in a correlated kagome magnet Ilya[END_REF] or smoothly evolving to Z 2 type surface states [START_REF] Weyl | Topological Phase Transition in a Magnetic[END_REF] .

An attractive feature of Co 3 Sn 2 S 2 is that WPs lie only ∼ 60 meV above E F . Therefore, attempts have been made to tune E F position by changing the chemical potential by hole and electron like doping for fundamental study and applications 8, 16,[START_REF] Zeng | Giant Anomalous Hall Current Driven by Both Intrinsic and Extrinsic Contributions in Magnetic Weyl Semimetal Co3Sn2S2 Jianlei Shen[END_REF][START_REF] Gohil | Intrinsic Anomalous Hall Effect in Ni-Substituted Magnetic Weyl Semimetal Co3Sn2S2[END_REF] . For doping, Co and Sn are two suitable substitution sites in Co 3 Sn 2 S 2 . When Cobalt (atomic number 27) is replaced by Fe (atomic number 26) or Nickel (atomic number 28), one can expect a hole and electron like doping, respectively. However, these modifications take place directly in the active kagome Co plane and they may modify more deeply the electronic structure. On the other hand, substitution of In (atomic number 49) at Sn (atomic number 50) site provides another way to add holes in the system. Although there are two Sn sites inside and outside the kagome planes, In was found to substitute preferentially at the interlayer position [START_REF] Grau-Crespo | flux grown sin-gle crystals of Co3-xFexSn2S2 shandites Mohamed A[END_REF] .

Earlier experiments have shown that the T c of Co 3 Sn 2 S 2 decreases by In 8,21 , Fe [START_REF] Zeng | Giant Anomalous Hall Current Driven by Both Intrinsic and Extrinsic Contributions in Magnetic Weyl Semimetal Co3Sn2S2 Jianlei Shen[END_REF]18 and Ni [START_REF] Gohil | Intrinsic Anomalous Hall Effect in Ni-Substituted Magnetic Weyl Semimetal Co3Sn2S2[END_REF][START_REF] Semimetal | Local Disorder-Induced Elevation of Intrinsic Anomalous Hall Conductance in an Electron-Doped Magnetic[END_REF] dopings. The AHC exhibits a non-linear change, i. e. it first increases at small doping and then decreases very fast at larger doping. The role of intrinsic 8 and extrinsic [START_REF] Zeng | Giant Anomalous Hall Current Driven by Both Intrinsic and Extrinsic Contributions in Magnetic Weyl Semimetal Co3Sn2S2 Jianlei Shen[END_REF] contributions in these evolutions have been discussed. Some evidences of a local moment behavior at the dopant site have been reported, either by the observation with STM of a localized bound states at the In site 23 or by the appearance of a Kondo-like upturn below 50K in the resistivity of Fe-doped samples [START_REF] Zeng | Giant Anomalous Hall Current Driven by Both Intrinsic and Extrinsic Contributions in Magnetic Weyl Semimetal Co3Sn2S2 Jianlei Shen[END_REF] , which is absent for In doping 8 . Therefore, it remains to be understood to which amount the role of substitutions can be regarded as a simple doping effect or a larger perturbation. Will there be a simple rigid-like shift of the electronic structure ? Will it be similar below and above T c ?

In this paper, we present direct observation with angle resolved photoelectron spectroscopy (ARPES) of the electronic band structure evolution of Co 3 Sn 2 S 2 doped by In, Fe and Ni. We try to correlate these changes with changes in the magnetic moment by also studying the temperature dependence of the electronic structure. We compare our results with those of DFT-based first principles calculations using virtual crystal approximation (VCA) method 24 to mimic the doping effect. For clarity, we choose significantly doped samples i. e. x = 0.44 for In (Co 3 Sn 1.56 In 0.44 S 2 ), x = 0.42 for Fe (Co 2.58 Fe 0.42 Sn 2 S 2 ) and x = 0.6 for Ni (Co 2.4 Ni 0.6 Sn 2 S 2 ) for our study. We find that, as a first approximation, the evolution of the band structure can be described by a rigid-like shift, although the shift is different for Fe and In despite a similar hole doping value. For Ni doping, we observe new, previously unoccupied, electron pockets appearing near E F . With our temperature dependent study, we separate the amount of shift due to doping from the one due to magnetism.

II. EXPERIMENTAL DETAILS

We have grown single crystals of Co 3 Sn 2 S 2 and its doped compounds Co 3 Sn 1.56 In 0.44 S 2 , Co 2.58 Fe 0.42 Sn 2 S 2 and Co 2.4 Ni 0.6 Sn 2 S 2 by using Sn flux method, as reported before 5 . We checked crystallinity and stoichiometry of the samples by using XRD and energy dispersive X-ray (EDX) measurements. Magnetic properties were measured by Quantum Design SQUID system. Photoemission experiments were performed CASSIOPEE-B-ARPES beamline at SOLEIL synchrotron, using SCIENTA-R4000 electron analyser, where a liquid He based cryostat was used to control the sample temperature. The samples were cleaved in-situ and measured under ultra high vacuum condition at base pressure ∼ 5.0 × 10 -11 mbar. The resolution was ∼ 15 meV and 0.2 • for energy and momentum respectively.

We perform density functional calculations for Co 3 Sn 2 S 2 by using the WIEN2K code [START_REF] Wien2k | An Augmented Plane Wave Plus Local Orbitals Program for Calculating Crystal Properties[END_REF] with the experimentally determined structure of Co 3 Sn 2 S 2 . We estimate the effect of doping using the VCA approximation at the Co site and neglecting structural changes. collected in field cooled conditions at the external field value of 1000 Oe. The external field was parallel to the c-axis of the crystals during the measurements. The magnetic moment rises sharply in all the samples indicating their ferromagnetic character, which is further confirmed by their ferromagnet hysteresis loop observed in the magnetic moment vs external field measurement at 10 K shown in Fig. 1(e)-(h).

III. MAGNETIC PROPERTIES

We estimate ferromagnetic transition (T c ) by using derivative plot (dM/dT vs T) and find that the T c of the pristine compound goes down by all types of doping. It is 177K, 140 K, 118 K and 20 K for pristine, Fe, In and Ni doping. Similarly, the magnetic moment per Cobalt atom obtained from saturation value of the magnetic moment from the hysteresis curves decreases. It is 0.33, 0.22, 0.15 and 0.04 µ B for pristine, Fe, In and Ni doping. Fig. 1(i) shows that there is a nearly linear relation between T c and the saturated magnetic moment. On the other hand, the coercive field (H c ) decreases by In and Fe doping but it increases in Ni doped samples as depicted in Fig. 1(j).

In a simple reasoning based on the number of available electrons, we expect nearly similar hole dopings for Fe and In (x = 0.42 and x = 0.44, respectively) and an electron doping x = 0.6 for Ni. A change of the total number of electrons can be simulated in a DFT calculation by the VCA method, where the average number of available electrons is assumed for all Co. In Fig. 1(k), we compare the magnetic moment per cobalt atom calculated as a function of doping concentration x by using VCA calculation to the experimental values. As was shown in previous reports 9 , for the pristine compound, the DFT calculation captures rather well the experimental moment, although it is slightly overestimated. Co 3 Sn 2 S 2 is a half metal, the near E F DOS is composed of Co-3d states, which acquire spin-up polarized character in the ferromagnetic state. In the VCA approach, the moment is simply proportional to the number of electrons filling these states, therefore it increases linearly with the electron filling and keeps increasing from the hole to the electron doped side. However, in the electron doped compound Co 2.4 Ni 0.6 Sn 2 S 2 the magnetic moment is only 17% of the value of pristine compound, which is quite contrary to this prediction. This clearly shows that this VCA approach is insufficient to treat the effect of doping associated with Co/Ni substitutions. Indeed, DFT calculation using a supercell approach [START_REF] Gohil | Intrinsic Anomalous Hall Effect in Ni-Substituted Magnetic Weyl Semimetal Co3Sn2S2[END_REF][START_REF] Semimetal | Local Disorder-Induced Elevation of Intrinsic Anomalous Hall Conductance in an Electron-Doped Magnetic[END_REF] predict the decrease of magnetic moment, associated with the disorder introduced by Ni. Furthermore, Ni and Co in the kagome plane hold quite different magnetic moments in these calculations, emphasizing that they cannot be treated as a single average atom.

Interestingly, the calculated value with VCA for x = 0.4 (65% of its value in pristine compound) is rather close to the one found for In doping, where the magnetic moment decreases to ∼ 57%. This suggests that for substitutions outside the Co network, a simple charge transfer can be assumed. On the contrary, the magnetic moment found in our experiment for Fe is somewhat higher (77%), suggesting that doping from Fe and In substitutions are quite different. Earlier report by Kassem et al. 21 have suggested that T c decreases identically by Fe and In doping, which they considered as a proof of a similar effect of the two types of doping. While the nearly similar change in T c could be consistent with our findings, we observe that the change in the magnetic moment is relatively larger. As doping is an important knob to tune the topological properties of Co 3 Sn 2 S 2 , it is important to understand better how the electronic structure is modified by the different types of substitutions and particularly potential deviations from the rigid band filling picture. We will show that these substitutions indeed have a different impact on the electronic structure.

IV. ELECTRONIC BAND STRUCTURE IN FERROMAGNETIC STATE

We start our investigation by comparing the electronic structure at low temperatures among the four compounds. Fig. 2(a-d) presents Fermi Surface (FS) taken at 30 K by ARPES with a photon energy of 117 eV and linear horizontal (LH) light polarization. In photoemission, the momentum perpendicular to the in-plane direction (k z ) depends on the incident photon energy. We mapped the k z dispersion of bands in Co 3 Sn 2 S 2 (see appendix A) and find that this photon energy of 117 eV corresponds to k z ≃ 0, in agreement with previous reports of the literature [START_REF] Weyl | half-metallic ferromagnet Co3Sn2S2 with magnetic Weyl fermions Qi[END_REF] . In all the FS, a similar pattern can be observed, with high intensity spots along the Γ-K direction and slightly above M point. For clarity, we use here a 2D Brillouin Zone (BZ), more details are given in Appendix B.

For quantitative comparison of the band structure of the various dopings, we choose three representative cuts in the FSs, through the high symmetry direction Γ -K -M in first BZ (cut#1), through the high intensity point above M at k y ≃ 0.85 Å-1 (cut#2) and through Γ -K -M in second BZ (cut #3, this corresponds to k z = 2/3, see appendix B). In Appendix B, we give for reference the full electronic structure calculated by DFT along each cut. ARPES images taken along these different cuts are presented in Fig. 2. In each case, we identify a similar structure, but with a shift that is doping dependent. Along cut#1 [Fig. 2(e-h)], the band structure in these experimental conditions is characterized by an electron-like band around Γ that we call δ (black line) and an intense parabolic patch at higher binding energy (BE) that we call ϵ (blue line). Along cut#3 [Fig. 2(i-l)], one band (α, red) is identified near E F and a broad intensity patch (γ, green) lies at higher BE. Finally, along cut#2 [Fig. 2(m-o)], a clearly dispersing band (β, orange) is visible and crosses E F with nearly linear dispersion. As will be justified later, this point is close to the Weyl crossing loop. This β band is superimposed to an electron like band, which is possibly a surface state (it is more clearly visible in circular polarization, see appendix C).

To track the position of these bands, we extract data points either by fitting the momentum dispersion curves (MDCs) to Lorentzian peaks or by taking the maxima of energy dispersion curves (EDCs) on flat parts of the dispersion where MDC peaks are unresolved. The γ, δ and ϵ points are fitted to parabolic dispersion to estimate their extreme position. The near E F bands α and β have more complicated shapes, which are well captured by DFT calculations for the pristine compound after using a renormalization factor of 1.4, as detailed in Appendix B and in agreement with previous reports [START_REF] Weyl | half-metallic ferromagnet Co3Sn2S2 with magnetic Weyl fermions Qi[END_REF][START_REF] Tyler | Weyl fermion annihilation in a correlated kagome magnet Ilya[END_REF] . We use these DFT bands as model and shift them to match with the α and β bands in doped compounds. For Ni [Fig. 2(p)], it is not possible to describe the β band by such a rigid shift. A new electron pocket appear near E F presumably from a previously unoccupied band.

In Fig. 3, we summarize the evolution of the position of each band in the different compounds. We indicate the position of the bottom of the parabola for δ, the top of the parabola for γ and ϵ. For α and β bands, we use the position of the DFT model at k x = 0.51 Å-1 and k x = 0.35 Å-1 respectively (see Appendix D). In Fig. 3(a), we plot these values as a function of the doping expected in case of complete charge transfer, e.g. a hole concentration with x = 0.44 for Co 3 Sn 1.56 In 0.44 S 2 , x = 0.42 for Co 2.58 Fe 0.42 Sn 2 S 2 and an electron concentration x = -0.6 for Co 2.4 Ni 0.6 Sn 2 S 2 . We compare these evolutions with those expected for the DFT bands in the VCA calculation (solid lines). They shift almost linearly with doping, albeit with a different slope for spin-up (α, β and ϵ) and spin-down (γ and δ). The calculated shifts matches rather well with the observed ones on the hole doped side, although it is systematically reduced in Fe (up triangles), compared to In (squares). The position of Fe is usually found half way between those of the pristine compound and the one of In, as if the effective doping was closer to x = 0.2. For Ni, the shift of the spin up band α is opposite to what would be expected for electron doping and strongly deviates from the VCA curve. On the other hand, the position of the spin down bands (γ and δ) and ϵ at high BE are consistent with electron doping and the calculated values, within experimental accuracy. This problem arises because the magnetic splitting is overestimated for Ni by the VCA calculation [see Fig. 1(k)].

Indeed, as was clear from Fig. 1, doping also modifies the magnetic properties of Co 3 Sn 2 S 2 , which of course will affect the position of the bands in the magnetic state. Therefore, we replot in Fig. 3(b) the position of the bands with respect to magnetic moment, together with the position of the DFT bands at the VCA doping giving rise to this magnetic moment. The DFT predicted spin-up (α, β and ϵ) and spin-down (γ and δ) bands move towards the lower and higher BE respectively as magnetic moment per Cobalt atom decreases. The experimentally observed position of these bands do not lie exactly on the DFT predicted lines but they show a much better agreement, especially for α in Ni. This means that shift with doping is dominated by the magnetic shift, which was incorrectly predicted for Ni by VCA. On the other hand, the position of ϵ band in Ni is not well predicted. As this band overlaps with many other bands (see Appendix B), it is difficult to determine whether this difference is significant.

V. ELECTRONIC BAND STRUCTURE IN PARAMAGNETIC STATE

Next, we study the evolution with temperature from the ferromagnetic to the paramagnetic state. Fig. 4(a-d) present ARPES images along the cut#3, in the same conditions as Fig. 2, albeit at 250 K instead of 30 K, where all compounds are in paramagnetic state. In these images, one can notice that the separation becomes larger between the γ and α band, spin down and up respectively, as compared to 30 K. In Fig. 4(i), we compare the models observed for γ and α bands at 30 K (solid lines) and 250 K (dotted lines). When the magnetic splitting closes, the spin up band moves up and the spin down band down, enlarging the gap between them. This larger gap between γ and α is then a direct consequence of the magnetic transition. We can also see that at 250 K, when this magnetic shift is removed, the α band in Co 2. 4 Ni 0.6 Sn 2 S 2 (Fig. 4(d)) lies at higher BE in comparison to its position in Co 3 Sn 2 S 2 (Fig. 4(a)), as expected from electron doping. When magnetic shift is present, as sketched in Fig. 4(j), the shift appears different due to the reduced magnetic splitting in the Ni doped sample in comparison to the pristine compound.

In Fig. 4(e-h), images are shown at 250K along cut#2. The β band similarly exhibits a shift towards E F as temperature rises to 250 K in the pristine and hole doped compounds (Fig. 4(e-g)). In Ni doped compound (Fig. 4(h)), β is still unclear, as it was at 30 K, but the spectral weight we observed at 30K just below E F at k x = 0.0 Å-1 is now shifted above E F . This reveals the structure of the bands just above E F that cannot be observed in the other compounds.

We summarize in Fig. 5(a) the positions of the α, β and γ bands as a function of doping at 250 K, with dotted line representing their values in paramagnetic state obtained from VCA calculations. The VCA calculation predicts a smooth evolution and this is indeed the qualitative trend. For Ni, there is a clear electron shift for γ and α bands. We again find a difference between Fe and In positions, Fe falling roughly between pristine and In. However, the experimental value for β found in Co 3 Sn 1.56 In 0.44 S 2 lies clearly above this calculated line, suggesting a deviation for the near E F states with respect to the calculation. Indeed, even at the VCA level, this part of the band structure is not rigidly shifted (the shift is non-linear for β at x=0.6). The shape of the band also slightly changes (see Appendix D). This is probably due to the influence of the hybridized Sn states, and the In doping might amplify the effect. We also note that we neglected here structural evolution, which is not negligible for In 21 .

We plot in Fig. 5(b) the energy difference between the PM and FM states for the α, β and γ bands with respect to the magnetic moment. This difference is positive for the α and β bands (spin-up) and negative for the γ band (spin-down), as expected from the different spin direction. In addition, the amplitude of the shift is different for the three bands and it shows reasonable agreement with VCA calculations. The larger FM-PM difference (experiment) for β band in comparison to α and γ bands highlights that Weyl loop is particularly sensitive to magnetic strength compared to the rest of the electronic structure.

To better visualize the relative importance of dopinginduced and magnetic-induced shifts, we plot in Fig. 5(c) the calculated and experimental positions for β as a function of doping in magnetic and non-magnetic states. The magnetic splitting reduces from 0.35 eV to 0.2 eV between x = 0 and x = 0.4, while β shifts towards E F by 0.05 eV in the PM state and 0.15 eV for the up band in the ferromagnetic state. The magnetic shift is then the dominant effect. In our experiment, the magnetic splitting cannot be determined directly, as the two spin directions of one band are never observed simultaneously. Near E F , one spin direction is unoccupied, above E F , and therefore not observed. At higher BE, the two spin directions overlap too strongly to be resolved. The energy difference between PM state at 250 K and FM state at 30 K of each band gives an indication of the reduction of magnetic splitting, but it also depends on the position of E F within the band, which depends on details of the semi-metallic structure.

VI. DISCUSSION

One of the remarkable feature of Co 3 Sn 2 S 2 is the high value of AHC. It is believed to arise from the proximity of the Weyl points to the Fermi level. According to Kubo formula :

σ xy = e 2 h n BZ d 3 k (2π) 2 b z nk f (E nk -µ) strong Berry curvature (b z nk )
around the nodal ring should contribute significantly to the AHC [START_REF]Two-orbital effective model for magnetic Weyl semimetal in Kagome-lattice shandite Akihiro Ozawa1, Kentaro Nomura[END_REF] . Here, f (E nk -µ) is the Fermi Dirac distribution, where µ represents Fermi level, which can be tuned by doping. However, dopants not only modify the AHC by changing the Fermi level (intrinsic factor) but also due to scattering effects (extrinsic factor). The relative magnitude of these two contributions is still debated [START_REF] Zeng | Giant Anomalous Hall Current Driven by Both Intrinsic and Extrinsic Contributions in Magnetic Weyl Semimetal Co3Sn2S2 Jianlei Shen[END_REF][START_REF] Semimetal | Local Disorder-Induced Elevation of Intrinsic Anomalous Hall Conductance in an Electron-Doped Magnetic[END_REF]26 .

In this situation, our doping dependent ARPES study of the electronic structure of Co 3 Sn 2 S 2 allows to directly locate quantitatively the main bands as a function of doping with respect to the Weyl loop 5 . The Weyl loop is formed by the crossing of two inverted bands near E F , the β band studied in this paper gives an example of these two bands close to a crossing, which takes place just above E F . In Fig. 6(a), we show the position of the loop around L in the k y -k z plane, as calculated by DFT similarly to previous studies [START_REF] Tyler | Weyl fermion annihilation in a correlated kagome magnet Ilya[END_REF]27 . The color code indicates the energy position of the crossing with respect to E F . The SOC opens a gap of ≃ 60 meV everywhere 27 except at the WPs indicated by asterisks. The band structures calculated at k z = 0 (red line) and k z = 1/3 (green line) along k y are indicated in Fig. 6(b), with the renormalization of 1.4 indicated by ARPES, with and without SOC (thick and thin lines respectively). The cuts we considered in Fig. 2 are perpendicular to this k y direction at positions indicated on the figure. The typical position of E F observed for the different dopings are indicated on this plot.

From this plot, we see that the Fermi level in the pristine compound lies just below the position of the Weyl crossing at k z =0 and above the Weyl crossing at k z = 1/3. With hole doping, the Fermi level will move to the energy region where the Weyl crossings occurs for k z = 1/3 rather than around L (green dispersion in Fig. 6). This is where the crossing takes place the lowest energy and where the SOC gap is the largest. It was argued that strong Berry curvature around the nodal ring should contribute significantly to the AHC in these conditions 9 . Indeed, previous studies have found that the maximum of AHC occurs for a small hole doping. The previous results by Shen et al. for Fe [START_REF] Zeng | Giant Anomalous Hall Current Driven by Both Intrinsic and Extrinsic Contributions in Magnetic Weyl Semimetal Co3Sn2S2 Jianlei Shen[END_REF] and Zhou et al. for In 8 are reproduced in Fig. 6(c). Although the shape of the two hole-doped cases is similar, the peak occurs at different doping values : x = 0.05 in the case of Fe and x = 0.15 in the case of In. From our ARPES study we directly observe difference in the shifting amount of Weyl band β between the In (0.15 eV / 0.12 eV) and Fe (0.07 eV / 0.03 eV) doping at 30 K / 250 K, despite the nearly similar (≃ 0.4) doping level. It suggests that the effective doping obtained from Fe is half that of In. If this was the reason for the different maximum of AHC, we would rather expect to find the Fe maximum at twice the value of In. Therefore, the increase of the AHC is probably due to extrinsic contribution, as was indeed suggested 18 . Fe atoms, going to kagome layer of Co atoms, enhances asymmetric scattering of the conduction electrons which is an extrinsic factor to generate AHC 18 much more efficiently than for In. The maximum value of AHC itself could depend on the details of the electronic structure at one particular doping.

For Ni doping, the AHC measured by Shen et al. [START_REF] Semimetal | Local Disorder-Induced Elevation of Intrinsic Anomalous Hall Conductance in an Electron-Doped Magnetic[END_REF] also increases slightly with small doping (it shows a maximum at x = 0.056) and then decreases. This peak was not as clear in a previous measurement [START_REF] Gohil | Intrinsic Anomalous Hall Effect in Ni-Substituted Magnetic Weyl Semimetal Co3Sn2S2[END_REF] . This seems to confirm the extrinsic origin of this increase, irrespective of the E F position. Recent preprint has also elaborated that the AHC evolution of Co 3 Sn 2 S 2 by different (Fe and Ni) dopings depend on crystal growth method 26 .

VII. SUMMARY

Our comparative study of hole (Co 3 Sn 1.56 In 0.44 S 2 , Co 2.58 Fe 0.42 Sn 2 S 2 ) and electron (Co 2.4 Ni 0.6 Sn 2 S 2 ) doped samples finds that the T c and magnetic moment of Co 3 Sn 2 S 2 is suppressed by all forms of dopings. However, although the number of added holes is nearly the same between the two hole substitutions (In and Fe), T c and magnetic moment evolve differently. Furthermore, the Weyl band β shift towards E F with respect to pristine is ≃ 0.15 eV and 0.07 eV respectively by In and Fe doping in ferromagnetic state at 30 K. This shift reduces to ≃ 0.12 eV and 0.03 eV in the paramagnetic state at 250 K. These differences show that the dopant sites influences the type of electron transfer, which appears reduced for Fe. In the case of Ni, it is more difficult to evaluate the effective doping, because the β band is not clear. On the other hand, our study reveals bands lying close above E F , which are occupied by the added electrons. This complements our knowledge of the near E F structure of this material. Our investigation confirms that the DFT calculation gives a good starting point to describe the electronic structure, but we also noted some discrepancies about the near E F states, for example the position of β in the PM state for In or of the pockets above E F revealed by Ni doping. Although rather small, these deviations can have significant consequences for the shallow pockets governing the properties in this semi-metallic structure.

In this ARPES investigation, we have given particular attention to representative bands of the spin up and spin down directions. This has clarified how doping and magnetism influence their relative positions. We find a shift of ≃ 0.29*x eV in the magnetic state for states near E F and ≃ 0.09*x eV in the paramagnetic state (here, x is the doping concentration). This complements the information already published on the pristine compound [START_REF] Weyl | half-metallic ferromagnet Co3Sn2S2 with magnetic Weyl fermions Qi[END_REF]11,[START_REF] Tyler | Weyl fermion annihilation in a correlated kagome magnet Ilya[END_REF][START_REF] Weyl | Topological Phase Transition in a Magnetic[END_REF]27,[START_REF] Rossi | netic Weyl semimetal Co3Sn2S2[END_REF] , which focused essentially on the spin up near E F states. It is quite remarkable that DFT predictions describe rather well the magnetic transition. This contrasts with the situation in other ferromagnetic systems, like Fe 3 GeTe 2 , where the magnetic splitting does not vanish clearly at T c [START_REF] Zhang | Emergence of Kondo lattice behavior in a van der Waalsitinerant ferromagnet[END_REF]30 . This suggests an itinerant origin of magnetism with relatively small correlation effects in Co 3 Sn 2 S 2 .
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IX. APPENDIX

A.

Estimation of the value of kz at 117eV

In photoemission, the dispersion perpendicular to the plane direction (k z ) can be mapped by varying the photon energy 31 . One can convert the photon energy to the k z value by using formula k z = 2m h2

(hν -ϕ -E B )cos 2 θ + V 0 , where ϕ, E B , θ and V 0 correspond to work function, BE of photoelectron, emission angle of photoelectron with respect to the sample normal and inner potential of the sample respectively. V 0 is estimated from the periodicity of the observed dispersion. We found that the value of V 0 =11eV allows a good description of the experimental periodicity, which is in agreement with earlier works [START_REF] Weyl | half-metallic ferromagnet Co3Sn2S2 with magnetic Weyl fermions Qi[END_REF] . Fig. 7(a)-(e) show the β band dispersion for the photon energy range 118 eV -125 eV at 30 K. We find that the β band position is minimum near 117eV and shifts towards E F with increasing photon energy. As it does not drastically changes its shape, we follow its position by shifting the DFT dispersion at k z =0 (after renormalization by a factor of 1.4, see next section). This behavior, reported in Fig. 7(k) is in reasonably good correspondence with the DFT calculation for the β band. This allows to assign a value k z =0 to our experiment at 117eV. Note that the well defined k z variation of the β band implies it is a bulk band.

B. Comparison to band structure calculations

In this section, we compare the bands α, β, γ, δ and ϵ described in the text with respect to the DFT calculation. Fig. 8(a) displays the BZ boundaries expected when the normal incidence corresponds to k z =0 (Γ point). The black hexagon corresponds to the 2D BZ of the kagome plane, with ΓK and ΓM as high symmetry directions. In color, we represent the cut of the 3D BZ at different k z value, red for k z = 0.0, blue for k z = 2/3π/c and green for k z = -2/3π/c. Indeed, adjacent BZs have different k z value with respect to central BZ in the rhomboedral structure (see stacking in Fig. 6). The three cuts we consider in the main text are indicated and the ARPES intensity plots taken for the pristine compound at 30 K using LH polarized light of 117 eV along these cuts are presented in Fig. 8(b),(c) and (d), respectively. The points extracted from the images are indicated. DFT calculated bands for ferromagnetic phase (normalized by a factor of 1.4) are superimposed in these images, where violet and marron colours represent spin-up and spin-down bands respectively. Along the cut #1 the α (red) and δ (black) bands are well reconciled with the near E F spinup and spin-down bands respectively. Similarly, the β (orange) and α bands along the cut #2 and #3 exhibit a reasonable matching with the DFT prediction. The intensity patch of ϵ (blue) band falls in an energy window where more than one band are present. The DFT predicted bands, renormalized by 1.4, are shown for the PM state (dashed line) and for the FM state (solid line, spin up) with an up-shift needed to reach the experimental position.

In Fig. 4, to describe the α and β bands at 250 K, we shift the DFT predicted band calculated for ferromagnetic state (renormalized by 1.4) towards E F to match with the ARPES data at 250 K. Thus, we use the same model to estimate the α band position at low T (30 K) and high T (250 K) and we can define a shift between them, independently of details of the calculation.

However, we can notice there is a slight difference in the DFT calculated band shape in FM and PM state. This shows the limit of the rigid shift approach. The sensitivity of the near E F structures beyond a simple shift can play an important role for this semi-metallic state with few carriers, but they are beyond the scope of this report. 
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 1 Fig.1(a)-(d) shows magnetization as a function of temperature in Co 3 Sn 2 S 2 , Co 3 Sn 1.56 In 0.44 S 2 ,
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 1 FIG. 1. M vs T plot at external field value of 1000 Oe for Co3Sn2S2 (a) Co3Sn1.56In0.44S2 (b), Co2.58Fe0.42Sn2S2 (c) and Co2.4Ni0.6Sn2S2 (d). M vs H plot at temperature 10 K for Co3Sn2S2 (e) Co3Sn1.56In0.44S2 (f), Co2.58Fe0.42Sn2S2 (g) and Co2.4Ni0.6Sn2S2 (h). (i) Curie temperature Vs magnetic moment per Cobalt atom. (j) Coercive field as a function of doping concentration x, where x = 0.0, 0.42, 0.44 and -0.6 corresponds to Co3Sn2S2 (red circle), Co3Sn1.56In0.44S2 (black square), Co2.58Fe0.42Sn2S2 (blue up triangle) and Co2.4Ni0.6Sn2S2 (green down triangle) respectively. (k) Magnetic moment as a function of doping concentration x. DFT predicted value of magnetic moment of Co3Sn2S2 for hole (x > 0) and electron (x < 0) like doping is drawn in (k) by yellow colour line. Black colour dotted line in (i) and (j) is guide to eye for the linear decrement.

  FIG. 2. (a-d) FS of Co3Sn2S2, Co3Sn1.56In0.44S2, Co2.58Fe0.42Sn2S2 and Co2.4Ni0.6Sn2S2, respectively, collected at 30 K by using 117 eV LH polarized light. Black lines indicate the 2D hexagonal BZ (see Appendix B for more details). (e-h), (i-l) and (m-p) ARPES images of the above compounds along the cuts indicated in (a) : cut#1 (ky ≃0), #3 (ky ≃1.35) and #2 (ky ≃ 0.85 Å-1 ), respectively. α, β, γ, δ and ϵ bands are identified and marked by red, orange, green, black and blue colours respectively. A parabolic fit is used for the γ, δ and ϵ bands and a DFT model for α and β (see Appendix B). The DFT calculated bands are renormalized by a factor of 1.4 to match the experimental results.

FIG. 3 .

 3 FIG.3. Position of the α (red), β (orange), γ (green), δ (black) and ϵ (blue) bands defined in Figure2with respect to (a) doping (hole (x > 0) and electron (x < 0)) and (b) magnetic moment per Cobalt atom. The solid lines correspond to the DFT predicted doping dependent change in the respective bands calculated using the VCA approximation (in (b) the positions for a doping corresponding to the given magnetic moment is used). The position for γ, δ and ϵ are defined at their extrema and for α and β at special k-points (see Appendix D).

FIG. 4 .

 4 FIG. 4. (a-d) ARPES images collected at 250 K along the cut#3 (as defined in Fig.2(a)), by using 117 eV LH light of Co3Sn2S2, Co3Sn1.56In0.44S2, Co2.58Fe0.42Sn2S2 and Co2.4Ni0.6Sn2S2 respectively . α and γ bands are marked by red and green colours. (e-h) Same along the cut#2 (β band). These images are divided by Fermi-Dirac distribution at 250 K to highlight the unoccupied region above EF . The overlaid lines are the same as shown in Figure 2 but they are shifted to match with the 250 K data. (i) Comparison of the models of α and γ bands for temperature 30 K (solid line) and 250 K (dotted line). (j) Comparison of the model of α band in Co3Sn2S2 (left) and Co2.4Ni0.6Sn2S2 (right) for temperature 30 K (solid line) and 250 K (dotted line).

FIG. 5 .

 5 FIG. 5. (a) Position of the α (red), β (orange) and γ (green) bands as a function of hole (x > 0) and electron (x < 0) doping at 250 K obtained from the data shown in Figure 4. Dotted lines represents their DFT predicted value obtained from VCA calculations in paramagnetic state. (b) Energy difference of the α, β and γ bands position between paramagnetic state (PM) at 250 K and ferromagnetic state (FM) at 30 K with respect to the magnetic moment per Cobalt atom obtained from the Fig.1(k). (c) β band position for different doping, where empty and filled symbols correspond to data at 250 K and 30 K respectively. The center dashed line is the β band position for paramagnetic calculation. This splits into spin-up and spindown bands in ferromagnetic calculations and this spin orientation is marked by up and down headed black arrows. Doping dependent evolution of the β band in PM (0.09) and FM state (0.29) is obtained by linear fitting to the paramagnetic and spin-up calculations respectively and written in (c).

FIG. 6

 6 FIG. 6. (a) Position of the Weyl loop in the ky vs kz plane, as obtained from DFT calculation. The black lines indicate the 3D BZ, the points the position of the crossing between the two bands forming the Weyl loop, the color corresponds to the energy position of the crossing. (b) Band dispersion along Γ -M at kz = 0 (red) and kz =1/3 (green) (thin line without SOC and thick line with SOC). EF for the Fe and In substitutions considered in this work at 30 K are indicated. The cuts of Fig. 2 are perpendicular to ky at positions indicated by the dotted lines. (c) AHC as a function of doping reproduced from previous results in the literature for In Ref[8], Fe (filled up headed triangle Ref[17] , empty up headed triangle Ref[26]) and Ni (filled down headed triangle Ref[22] , empty down headed triangle Ref[19]).
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  Fig.9(a), (b) and (c) show FS of Co 3 Sn 2 S 2 taken at 30 K by using linear horizontal (LH), circular left (CL) and circular right (CR) polarized light of photon energy 117 eV. ARPES intensity plots along cut#1 are displayed in Fig.9(d), (e) and (f) respectively. In LH polarization mainly the β band is visible but in circular polarization we can see another electron like band (SS) is present just behind the β band. No such electron like band is present in bulk DFT calculation along this cut, so most possibly this is a surface related band. The β and SS band show opposite response to circularly polarized light, i. e. left and right branch of the β and SS are more intense in CL light and vice versa in CR light.
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  FIG. 9. Fermi Surface of Co3Sn2S2 taken at 30 K by using LH (a), CL (b) and CR (c) polarized light of photon energy 117 eV. (d), (e) and (f) ARPES images along cut#1 taken from (a), (b) and (c) respectively.
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  Sn 1.56 In 0.44 S 2 , Co 2.58 Fe 0.42 Sn 2 S 2 and Co 2.4 Ni 0.6 Sn 2 S 2