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1. Determination of surface terminations of ScV6Sn6
When cleaved along the (001) direction, ScV6Sn6 crystals exhibit three possible surface terminations, namely the vanadium kagome, ScSn32 and Sn2 terminations [marked as kagome layer, ScSn and Sn layers in Fig. S1a(i)]. By using a small beam spot, we were able to resolve all three terminations probed their electronic structures separately. The measured Fermi surface (FS) on the cleaved sample surface associated with the three possible surface terminations is summarized in Figs. S1b-d. As previously established in GdV6Sn6 compound [32], we assign the FS shown in Fig. S1c to the ScSn layer based on the detected Sn 4d core level (Fig. 2H in the main text) and the observed topological Dirac surface states (TDSSs) (Figs. 2i, 3a, 3b, and Fig. S1c). The FS presented in Fig. S1b (also Fig. 2c) agrees well with the calculated FS contributed by V-3d states (Fig. S1e), leading us to suggest it belongs to the kagome layer. The FS shown in Fig. S1d is attributed to the Sn layer [Fig. S1a(ii)]. The band structure along the  -  direction collected on the Sn layer is shown in Figs. S1f and S1g.
[image: ]Fig. S1| Electronic structure of the Sn2 termination. a Crystal structure (side view) of ScV6Sn6 showing three possible surface terminations as indicated the arrows (i) and schematic of the Sn termination (ii). b-d Fermi surface (FS) mappings collected on the three terminations, measured with circular (C) polarized light. e Calculated FS of the bulk states. f Photoelectron intensity plots of the band structure taken along the  -  -  direction on the Sn termination, measured with 74 eV linear horizontal (LH) (i) and linear vertical (LV) (ii) polarizations. g Same as (f), but measured with 88 eV. The momentum path is indicated by the red line in (d).

2. Kz dispersion in ScV6Sn6
Density functional theory (DFT) calculations reveal a noticeable dispersion along the c-direction in ScV6Sn6 (Fig. S2a), in contrast to the relatively weak kz dispersion in CsV3Sb5 [34]. To determine the kz, we performed photon energy–dependent ARPES measurements on the kagome termination over a broad energy range (40 to 120 eV) (Fig. S2b). The experimental kz (Fig. S2c) is determined by examining the dispersion of the band bottom of the electron band around M point in the out-of-plane momentum direction, as shown by the red curve in Fig. S2c(i) and the blue curve in Fig. S2c(ii).
[image: ]
Fig. S2| Kz dispersion in ScV6Sn6. a DFT band structure of the pristine ScV6Sn6. b Photon energy-dependent ARPES spectral intensity map at the Fermi level (EF) (i) and a binding energy (EB) of 0.2 eV (ii), measured along the  -  direction. c The measured (i) and calculated (ii) band dispersions along the M - L direction.

3. ℤ2 topological surfaces states in ScV6Sn6
[image: ]
Fig. S3| ℤ2 topological surfaces states in ScV6Sn6. a DFT calculated electronic structure of the pristine ScV6Sn6. The inset shows the parity products and the ℤ2 invariant of different bands. Band 173 (red) is characterized by a strong topological invariant, ℤ2 =1, while band 171 (blue) and 175 (green) are trivial with no topological invariants. TDSSs are expected to reside in the large local band gap at G. b, c The (001) surface Green’s function projection of pure bulk states (BS)(b) and the states comprising both BS and surface states (SS) on the ScSn termination (c). The red arrows highlight the TDSSs.

4. VHS around the K point
The experimental band dispersion along the  -  -  -  direction (Fig. S4a and Fig. 3D in the main text) is overall good consistent with the calculations (Fig. S4b and Fig. 3e). However, it should be noted that while the DFT calculations show a hybridization gap on the Dirac cone (DC) band around the K point (indicated by the black arrow in Fig. S4c), this gap is absent in the ARPES spectrum (Fig. 4a). To further investigate the VHS nature around the  point, we plot the band dispersion along the  -  - M’ -  direction (Fig. S4d), which clearly reveals a VHS (VHS3) around the  point, as shown in Fig. 4e.
[image: ]
Fig. S4| Van Hove singularity around the K point. a Experimental band dispersion measured along the  -  -  -  direction. b Calculated band structure along the  -  -  -  direction, with red and pink arrows indicating the Dirac cone (DC) and Van Hove singularities (VHSs), respectively. c DFT calculated electronic structure along the G - K - M - G direction of the pristine ScV6Sn6. d Schematics of the Brillouin zone and VHSs around the K point. Black and red hexagons represent original BZ and CDW BZ, respectively. e DFT bands along the  -  - direction. The momentum path is indicated by the black arrow in (d). f Susceptibilities as a function of temperature in the particle-hole channel with the momentum transfer Q1 for the VHSs around K point [indicated in (d)].

5. Orbital character resolved band structure of ScV6Sn6
[image: ]
Fig. S5| Orbital character resolved band structure of ScV6Sn6. a Orbital projected band structure for the V d and Sn p orbitals. b Orbital projected band structure for the d orbitals of V atoms.

6. Evolution of the Raman modes in ScV6Sn6 across the CDW transition
[image: ]
Fig. S6| Evolution of the Raman modes in ScV6Sn6 across the CDW transition. a Colormap of the Raman response recorded on ScV6Sn6 showing a temperature dependence, measured with parallel polarization. b Raman spectra measured on the ab-plane in parallel (4 K) and crossed (300 K) polarizations. c Crystal structure of ScV6Sn6, with different Wyckoff positions labeled. The vectors illustrate the vibration patterns of the main lattice E2g (doubly degenerate) and A1g modes. d,e Evolution of frequency (c) and linewidth (d) for the E2g and A1g main lattice phonons. The frequency is compared to the corresponding values at 200 K. f Temperature dependence of the frequency and linewidth of the A3 mode. 
Figure S6a displays a colormap of the Raman response, covering a temperature from 24 K to 200 K. As discussed in the main text, the multiple weak peak-like structures below 100 cm-1 likely arise from rotational spectrum of O2 and N2 along the laser path [38]. Figure S6b compares the Raman spectra measured on the ab-plane in parallel and crossed polarizations. According to the polarization selection rules in backscattered geometry, E2g modes are active in both crossed and parallel polarizations, and A1g modes are only active in parallel polarization, while E1g modes are not active in either polarization (only a very weak signal is observed in crossed polarization). Therefore, we attribute the observed two prominent Raman-active phonon peaks at 143 cm-1 and 243 cm-1 to the E2g and A1g modes, respectively. The former is attributed to the in-plane vibrations of Sn3 atoms, and the latter is due to the out-of-plane vibrations of V atoms (Fig. S6c).
In Figs. S6d and S6e, the frequency (with the corresponding value at 200 K subtracted) and linewidth (full width at half maximum) for the A1g and E2g modes, respectively, are shown, extracted from Lorentzian fits of the peaks. As the temperature increases, the frequency and linewidth of the two modes show little change below TCDW. Above TCDW, however, the frequency undergoes a marked reduction and the linewidth a significant increase, exhibiting a kink across the CDW transition. In contrast, the A3 mode shows noticeable softening and broadening with warming towards TCDW (Fig. S6f).
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