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STM experiment: 

The experiments were conducted by a homemade low temperature STM system operating at 4.3 

K under ultrahigh vacuum condition (< 1 × 10–10 mbar). A clean Au(111) surface was prepared 

by several cycles of Ar+ sputtering for 10 min and annealing at 703 K for 15 min. Si atoms were 

evaporated by a one-pocket electron beam evaporator (SPECS GmbH) and deposited on a clean 

Au(111) surface at 423 K to form the AuSix/Au(111) surface. 4,8,12-trioxotriangulene (TOT) 

molecules were deposited on the AuSix/Au(111) substrate kept at 20 K. A tungsten tip made by 

chemical etching was used for STM and STS measurements. The STS measurements were 

conducted at constant tip height using lock-in techniques. The modulation zero-to-peak 

amplitude of the bias voltage was 10 mV with a frequency of 510 Hz. 

Theoretical calculations

The calculation follows the next scheme: (i) structural relaxation of a finite thickness Au slab 

with (111) surface, (ii) structural relaxation with randomly distributed Si atoms on top of the Au 

slab, and (iii) structural relaxation and electronic/magnetic structure analysis with TOT molecule.  

In our setup, the Au slab is five-atom thick perpendicular to the (111) surface and has 

hexagonal supercell parallel to the (111) surface. The slab is placed in a hexagonal unit 

cell with z-axis length being 3.6 nm to have a sufficient vacuum layer above the slab. The in-

plane lattice constant for this 6 × 6 × 5 layer is set to 1.75 nm. We included 36 Si atoms in this 

unit cell, in line with the conditions used in a previous study.39 In order to handle a large unit cell, 

we use OpenMX package,61−63 in which a localized basis method is implemented. For H, C, O, 

Si, and Au atoms, the basis orbitals are chosen to be of types s2p2d1, s3p2d2, s3p2d2, s3p3d2, 

and s3p3d2f1, respectively. To account for the exchange-correlation functional, we have 

employed PBE-GGA.Van der Waals interaction is included through the DFT-D3 method. The 

spin-orbit coupling has been neglected for simplicity. The reciprocal space integrations were 

done on 2×2×1 k-point meshes. In each self-consistent step, the occupation of Kohn-Sham 

orbitals are controlled by the Fermi distribution function with a temperature of 600 K for 

structural relaxations and 300 K for electronic and magnetic structure analysis. The convergence 

thresholds for the self-consistent-field calculations and the structural relaxation are set to 1 × 10–7 
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Hartree for the eigenenergy deviation, and 2 × 10–4 Hartree/Bohr for the maximum remaining 

force, respectively.

Figure S1. Formation of AuSix/Au(111). (A) Scanning tunneling microscopy (STM) topography of the 

AuSix/Au(111) surface. The inset shows an atomic resolution image of the second AuSix layer over the 

area indicated by a pink square. A close-up view of the first AuSix layer shows that the surface structure is 

almost identical to that of the Au2.43Si surface.S1 We also found the formation of a Moiré pattern only on 

the second layer.S21 (B) Line profile taken along the dashed lines indicated in (A). The height difference 

between the first and second layers, which were formed on the same Au(111) terrace, was approximately 

180 pm. The first AuSix layer marked in bright pink was higher than the second one marked in dark pink 

as shown in the line profile (inset of Figure 1A), which is related to the monoatomic step of the 

underlying Au(111) surface marked by yellow. Measurement parameters: V = 200 mV and I = 20 pA in 

(A).

Figure S2. As-deposited molecules at 20 K. (A) Enlarged STM topographies measured on the first and (B) 

second AuSix layers. Measurement parameters: V = 200 mV and I = 10 pA in (A) and (B).
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Figure S3. Molecules after annealing at room temperature. (A) STM topographies measured on the first 

and (B) second AuSix layers after annealing the sample at room temperature for 15 min. Measurement 

parameters: V = 200 mV and I = 10 pA in (A) and (B). 

Figure S4. Line profiles of Type 1-7. Measurement parameters: V = 200 mV and I = 100 pA in (A), V = 
200 mV and I =10 pA in (B), (C) and (D).
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Figure S5. Short-range dI/dV curves of Type 1a, 1b, 2 and 3. Measurement parameters: V = 200 mV and I 

= 100 pA, Vac = 10 mV in (A), V = 200 mV and I = 60 pA, Vac = 1 mV in (B) and (C), V = 200 mV and I 

= 90 pA, Vac = 10 mV in (D).

Figure S6. Short-range dI/dV curves of Type 4 and 5. (A) Short-range dI/dV curves of Type 5 and (B) 

Type 6. Measurement parameters: V = 200 mV and I = 70 pA, Vac = 5 mV in (A), V = 200 mV and I = 

160 pA, Vac = 5 mV in (B).
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Figure S7. Temperature dependence of the Kondo peak. (A) dI/dV curves of Type 5 recorded at different 

temperatures. (B) dI/dV curves of Type 6 recorded at different temperatures. A Frota fit, a Gaussian fit, 

and combination of Frota and Gaussian fits for the black dI/dV curve are shown as purple, blue and red 

dashed lines, respectively. (C) Effective half-width at half-maximum (HWHM) of the Kondo peaks for 

Type 6 extracted from the Frota fits as a function of the temperature, together with the fitting curve in red. 

Measurement parameters: V = 200 mV and I = 300 pA, Vac = 3 mV in (A) and (B).

Figure S8. High-resolution STM topographies (left) and dI/dV maps (right) of Type 4–7. Measurement 

parameters: V = 200 mV and I = 5 pA in left STM image of Type 4 and 5, V = 100 mV and I = 50 pA in 

left STM image of Type 6, V = 200 mV and I = 10 pA in left STM image of Type 7, V = 0.1mV and Vac = 

1 mV in right STM image of Type 4–7.
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Figure S9. Tip-induced switching of different types of TOT by applying bias voltage pulses (blue arrows) 

and tip-induced lateral manipulations (red arrows). Measurement parameters: V = 200mV and I = 10pA.
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We conducted density functional theory calculations for Type 5 and 6 with UB3LYP/6-

311G(d,p) level. The SiH3 groups were added to the oxygen sites to virtually represent TOT 

species in the experiment. Figures S10A and B show the spin density distribution of Type 5 and 

6 molecules, respectively. We found that the Type 5 molecule has an S = 1/2 spin with a two-fold 

symmetry spin density distribution. On the other hand, the spin quantum number of Type 6 

becomes an S = 1, and its spin density distribution has a three-fold symmetry; which are in 

agreement with the on-surface calculation (Figures 5E,F) The spin density distribution of Type 5 

and 6 are also similar to those of the free TOT radical dianion and diradical trianion species 

(Figure S11), which relates to the doubly degenerate LUMOs of TOT.S3,S4 In addition, the spin 

density distribution of Type 6 resembles that of the triangulene diradical (Figure S12). However, 

we found that the experimental constant-height dI/dV maps of Type 5 and 6 measured at singly 

occupied molecular orbital (SOMO) and singly unoccupied molecular orbital (SUMO) levels 

(Figures S10B,E) did not match the corresponding DFT-calculated ones (Figures S10C,F). Since 

two sets of Si-O bonds significantly tilted Type 5 on the AuSix surface (Figures 5A,B), the 

topographic effect was dominant in the constant-height dI/dV map. Type 6 had three sets of Si-O 

bonds, which do not tilt the molecule when three Si sites are commensurate with the oxygen sites 

in the molecule (Figure 5B). However, the line profiles of Type 6 show a nonplanar molecular 

configuration (Figure S13), which is most probably due to the local deformation by the Si-O 

bonds. Thus, the agreement between the experimental constant-height dI/dV map and the 

corresponding calculations was rather limited due to the absence of the surface. 
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Figure S10. Spin density distribution maps calculated in gas phase. (A) Canonical chemical structures 

and spin density distribution maps calculated with UB3LYP/6-311G(d,p) level, of Type 5 and (B) Type 6. 

(C) Experimental constant-height dI/dV maps of Type 5 at SOMO/SUMO energies (set point at the gap: V 

= –95 mV and Vac = 10 mV for the SOMO, V = 95 mV and Vac = 10 mV for the SUMO). (D) DFT 

calculated local density of states SOMO/SUMO for Type 5. (E) Experimental constant-current dI/dV 

maps for Type 6 at SOMO/SUMO energies (set point at the gap: V = –90 mV and Vac = 10 mV for the 

SOMO, V = 20 mV and Vac = 10 mV for the SUMO). (F) DFT calculated local density of states 

SOMO/SUMO for Type 6.
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Figure S11. (A) Canonical Chemical Structures and spin density distribution maps of the radical dianion 

and (B) the diradical trianion.

Figure S12. Canonical Chemical Structure and spin density distribution map of the triangulene diradical.
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Figure S13. Line profiles of Type 6. (A) Line profiles taken along red, pink and blue dashed line, indicted 

in C. (B) Line profile taken along bright blue line indicated in E. (C) STM topography, (D) dI/dV map 

taken at the SOMO energy, (E) STM topography, and (F) dI/dV map taken at the SUMO energy. Set point 

of the gap: V = 200 mV and I = 10 pA in (C) and (E), V = –90 mV and Vac = 10 mV in (D), V = 20 mV 

and Vac = 10 mV in (F).
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