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Supplementary Note 1: Single Crystal Characterization 

 

Supplementary Fig. 1 Single Crystal Characterization. (a) GdMn6Sn6 single crystal under 

optical microscope and XRD pattern [1]. The sharp peaks indicate the high crystallinity of the sample. 

(b) Core-level spectrum of GdMn6Sn6, with Mn-3𝑝 and Sn-4𝑑 orbitals are clearly observed. 

We present the core-level photoemission intensity plot of GdMn6Sn6 obtained 

using Angle-Resolved Photoemission Spectroscopy (ARPES) in Shanghai Synchrotron 

Radiation Facility (SSRF). The clear observation of characteristic peaks of Mn-3𝑝 and 

Sn-4𝑑 orbitals indicate the high quality of the crystal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Note 2: 𝒌𝒛 Dispersion 

 

Supplementary Fig. 2 𝒌𝒛 dispersion measurement in GdMn6Sn6. (a) Photoemission intensity 

plots of GdMn6Sn6 with variable photon energies along 𝑀̅ − 𝐾 − Γ̅ − 𝐾 − 𝑀̅ direction, in which 

the flat band locates at the binding energy of about 0.4-0.6 eV; (b) ARPES 2D map in 𝑘⫽ − 𝑘𝑧 

plane. The photon energy range used was from 70 to 150 eV, approximately covering two Brillouin 

zones (BZs); (c-d) Experimental and calculated band structure along Γ − 𝐴 direction, respectively. 

The blue and yellow dashed lines represent Mn 𝑑 and Sn 𝑝 electrons, respectively. 

We conducted ARPES measurements of variable photon energy along the Γ̅ − 𝐴̅ 

direction, with photon energies ranging from 70 to 150 eV, covering two BZs. From the 

ARPES cuts along the high-symmetry planes, it is clearly visible that the band 

dispersion shows almost no variation with different photon energies. The flat band 

along the Γ̅ − 𝐴̅ direction is also clearly observed, appearing 0.4-0.6 eV below the 𝐸𝐹, 

consistent with theoretical calculations, which originates from the 𝑑𝑥𝑦/𝑑𝑥2−𝑦2  orbitals 

of kagome-Mn atoms. 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Note 3: Fermi Surface 

 

Supplementary Fig. 3. Experimental and calculated Fermi surface of the bulk states [2-4]. 

We measured the Fermi surface of GdMn6Sn6 at ℎ𝜈 = 94 eV, and it is consistent with the 

Fermi surface obtained from WannierTools calculations [5]. The Fermi surface exhibits six-fold 

symmetry, consistent with the GdMn6Sn6 crystal structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Note 4: Band Structure 

 

Supplementary Fig. 4 Calculated bulk band structure with Mn- 𝒅  and Sn- 𝒑  orbital 

contributions along 𝑴 − 𝑲 − 𝚪 − 𝑲 − 𝑴  high symmetry directions [2-4]. (a) Band structure 

without spin-orbit coupling (SOC). (b) Band structure with SOC, where a 16 meV gap opens at the 

Dirac point located at the K point. Blue circles represent Mn 𝑑  orbitals, while orange circles 

represent Sn 𝑝 orbitals. 

We used VASP to calculate the bulk state energy bands with orbital resolution of SOC/WOSOC 

along the 𝑀 − 𝐾 − Γ − 𝐾 − 𝑀 direction. The blue and orange circles represent Mn-𝑑 orbitals and 

Sn-𝑝 orbitals, respectively. The flat band is located approximately 0.5 eV below the Fermi surface 

and is mainly contributed by the 𝑑𝑥𝑦/𝑑𝑥2−𝑦2 orbitals of Mn. Meanwhile, there is an overlap and 

hybridization between Sn-𝑝 electrons and the Mn-𝑑 electrons at deeper binding energy. Due to the 

relatively small SOC strength, it has almost no effect on the overall band structure, but it opens a 16 

meV gap at the Dirac point. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Note 5: Tight-Binding Model 

    

Supplementary Fig. 5 The sketch of tight-binding model in kagome lattice with NN in-plane 

hopping. 

The structure of the kagome lattice is depicted in Fig. S4. Each unit cell (dotted 

hexagon) contains three inequivalent sites denoted A, B and C. We take lattice vectors 

as 𝑎⃗1, 𝑎⃗2 and 𝑎⃗3: 
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Considering the nearest neighbor hopping 𝑡, the tight-binding Hamiltonian is: 

𝐻 = −𝑡 ∑ (𝑒𝑖𝜑𝑖𝑗𝑐𝑖
+𝑐𝑗

<𝑖𝑗>

+ 𝐻. 𝑐. ) 

Where 𝑐𝑖(𝑐𝑖
+) is the annihilation (generation) operator in the 𝑖-th lattice sites: 
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< 𝑖𝑗 > is the pair of NN lattice points, H.c. stands for complex conjugate. 

Hamiltonian 𝐻 can be diagonalize in matrix form: 

𝐻 = −2𝑡 (

0          cos(𝑘𝑎⃗1)          cos(𝑘𝑎⃗3)

cos(𝑘𝑎⃗1)          0          cos(𝑘𝑎⃗2)

cos(𝑘𝑎⃗3)          cos(𝑘𝑎⃗2)           0

) 

The solved energy eigenvalues are: 



𝜀(1,2) = 𝑡 [−1 ± √3 + 2 cos2(𝑘𝑥) + 2 cos2(𝑘𝑥 − √3𝑘𝑦) + 2 cos2(𝑘𝑥 + √3𝑘𝑦)] 

𝜀 = 2𝑡 

The energies of this Hamiltonian (its eigenvalues) in k-space can be analytically 

determined. Furthermore, the PythTB package allows for the direct computation of the 

kagome lattice's band structure from the Hamiltonian in real space. This band structure 

is illustrated in Fig. 1(c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Note 6: Density of States 

 
Supplementary Fig. 6 Calculated spin-polarized DOS of GdMn6Sn6. 

We extracted the density of states (DOS) results from the first-principles 

calculations. The magnetic moment of GdMn6Sn6 mainly arises from its half-filled Mn 

3𝑑 electrons. Notably, the peak of the majority spin electrons in Mn is observed at 1 

eV below 𝐸𝐹. Owing to the crystal field effect, the Mn 3𝑑 electrons are split into 𝑒𝑔 

and 𝑡2𝑔 orbitals. 
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