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Abstract

Flat bands in kagome graphene might host strongly electron correlations and frus-
trated magnetism upon electronic doping. However, the porous nature of kagome
graphene opens a semiconducting gap due to quantum confinement, preventing its fine
tuning by electrostatic gates. Here we induce zero-modes into a semiconducting kagome
graphene by inserting m-radicals at selected locations. We utilize the on-surface reac-
tion of tribromotrioxoazatriangulene molecules to synthesize carbonyl-functionalized
kagome graphene on Au(111), thereafter modified in-situ by exposure to atomic hy-
drogen. Atomic force microscopy and tunneling spectroscopy unveil the step-wise chem-
ical transformation of the carbonyl groups into CH radical function, which act as local
magnetic defects of spin state 1/2 and leads to zero-energy modes as confirmed by

density functional theory. The ability to imprint magnetic defects open up prospects



to study the interplay between topology, magnetism and electron correlation in kagome

graphene.
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Introduction

Kagome graphene (KG),'? a two-dimensional (2D) arrangement of corner-sharing graphene
triangles, is long regarded as an ideal candidate for strongly correlated electron phenomena
and frustrated magnetism.*® Its electronic band structure features van Hove singularities
(vHSs), Dirac cones and non-trivial flat bands,® whose filling could be controlled by tuning
of the chemical potential using electrostatic gates. %! Geometrical frustration of kagome lat-
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tices might also cause magnetic frustration as exemplary shown in kagome metals,
ing kagome materials prime candidates for the realization of quantum-spin-liquid states and
fractionalized excitations. 16 However, the synthesis of atomically-precise kagome graphene
into pure and extended sheets remains a challenging task while its integration into a gate-
tunable device has yet to be realized.

On-surface synthesis under ultra-high vacuum (UHV)!'" has become an exciting alter-

1820 \which struc-

native to fabricate low-dimensional nanographenes with atomic precision,
ture and electronic properties are investigated at the atomic scale with scanning tunnel-
ing microscopy (STM) and atomic force microscopy (AFM).?! The rise of carbon-based
magnetism in open-shell nanographene?? has further expanded the potential applications
of nanographenes to spintronics and quantum technologies, as demonstrated by triangu-

23-27

lene derivatives and few other precursors?®? through the observation of singly occu-

pied/unoccupied molecular orbitals (SOMOs/SUMOs),3® Kondo resonances,?* and spin-flip



excitations using scanning tunneling spectroscopy (STS).?!¥? In two dimensions, covalent
networks with kagome structure were also produced on noble metals using on-surface chem-
istry,1® making them potentially suitable for a transfer into gate-tunable devices.3? However,
their porous character inherently induces large semiconducting gaps due to quantum con-
finement and heteroatom doping, which shift their flat bands to high energies away from
the Fermi level Ep, thus preventing a fine tuning with electrostatic gates. To circumvent
this issue, we aim to reproduce the concept introduced by Rizzo et al. for semiconducting
GNRs?*36 consisting in creating zero-mode states through the periodic incorporation of rad-
ical sites in the KG structure. Inducing such a low-energy modes might create opportunities
to investigate the interplay between topology, magnetism and electron correlation in kagome
graphene when directly adsorbed on a metal or in nanoscale devices.

Here, we examine using STM and AFM at low temperature a synthetic strategy to create
radical sites in a carbonyl (C=0) functionalized kagome graphene (KG) (Figure 1la). We
use the on-surface reactions of tribromotrioxoazatriangulene (BRTANGO) molecules on a
Au(111) surface under UHV conditions,? in which we replace the peripheral carbonyl groups
by CHs end groups though their exposure to atomic hydrogen. 263037 A subsequent thermally-
activated dehydrogenation step transforms these groups into C-H radicals embedded into the
kagome graphene lattice, as evidenced by a Kondo resonance in tunneling spectra. Despite
a low reaction yield of 4-5 %, our results demonstrate a reasonable strategy to engineer local
zero-modes in otherwise semiconducting porous nanographene and might serve as a first step

for the synthesis of a fully metallic kagome graphene.

Results and Discussion

Electronic structure of the carbonyl-functionalized kagome graphene. BRTANGO
molecules were sublimated from a Knudsen cell in UHV on the substrate kept at room tem-

perature (see Methods). AFM image of the isolated precursor and its simulation using the



a BRTANGO Kagome graphene (KG) Hydrogenated KG Magnetic KG
; : (not observed)

0.5 nm

QW 145 Af(Hz) - 0 0.9 Z (nm)

OME 11 Af(Hz) 9.6 W10 Af (Hz) 76 HE1-08 Af(Hz)

Figure 1: Hierarchical synthesis of local magnetic defects in carbonyl-functionalized kagome
graphene. a, Chemical structure of the tribromotrioxoazatriangulene (BRTANGO) molecule.
b, AFM image with a CO-terminated tip of an isolated BRTANGO molecule (I; = 1 pA, Vj
= 0.25 V) and ¢, Corresponding AFM simulation using the probe-particle model.?® d, STM
image of the kagome graphene after annealing the substrate at 450 K (I, = 1 pA, V; = 0.05
V). e-f, AFM image of the chemical structure of kagome graphene, revealing the covalent
coupling between azatriangulene monomers. The inset of f shows the simulated AFM image
for a covalent dimer.

138 of Figures 1b-c shows the peripheral bromide atoms attached to the

probe-particle mode
corners of the azatriangulene as bright protrusions, while carbonyl side groups appears as
dark contrast at edges of the molecule. Annealing the gold substrate to 77 = 450 K ini-
tiates the Ullmann coupling reaction (Figure la), leading to extended domains of kagome

graphene (Figure 1d).1? Figures le and f show representative AFM images of the chemical

structure, unveiling the newly formed C-C bounds between azatriangulene monomers. The
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Figure 2: Electronic structure of carbonyl-functionalized kagome graphene. a, AFM image
of a kagome pore and a series of spatial d//dV maps recorded at V; = -0.9 V, +1.0 V and
+1.76 V, respectively. b, Site-dependent dI/d V spectra acquired at the kagome node (black)
and at the kagome segment (blue), (Amoa = 20 mV, fy = 611 Hz). VB and CB correspond
to the onset of the valence band (-0.6 eV) and conduction band (41 eV), while SS refers to
the confined surface state of Au(111) into the KG pore. ¢, KG band structure calculated by
DFT-+U revealing flat conduction bands near 1 eV (dashed line). DP refers to the Dirac
point, vH; and vH; are van Hove singularities. d, Frontier orbitals of the KG structure at
the CB and VB edges.

AFM contrast also distinguishes carbonyl side groups as faint lines attached to the sides of
triangulene. They also appear darker than the intermolecular C-C bonds in relative agree-
ment with the simulated AFM image shown in the inset of Figure 1f. Note finally that, in
both the isolated BRTANGO precursor and its polymerized counterpart (Figures lc and e),
the central nitrogen of the molecule always shows a darker contrast than the neighboring
carbon atoms.

To gain insight into the KG electronic structure, we acquired site-dependent differential
conductance (d//dV) measurements at 4.4 K (Figure 2). By comparing the spectra acquired
at the central nitrogen atom (black dots in Figure 2a) to the segment of the KG lattice
(blue), we assign the valence band edge (VB) and conduction band edge (CB) to -0.6 eV



and 1.6 eV, that corresponds to a band gap of about 2.2 eV. This observation confirms the
semiconducting character of KG polymer as previously reported in Refs.?® The resonance
at ~ -450 mV observed at KG segments (blue spectra) is attributed to the confinement of
the Au(111) Shockley surface state (SS) by the KG pore. The resonance at +1.75 V is
found localized at segments as it vanishes when probing the center of the azatriangulene
(black spectra). This is further corroborated by the series of spatial dI/d V maps shown in
Figure 2a, revealing the appearance of two lobes at the KG segments for V; = 1.76 V, which
disappears for the map at the VB (V5 = -0.9 V) or within the gap (Vi = +1.0 V).

Using density functional theory (DFT) calculations with Hubbard U corrections (see
Methods), we calculated the band structure of the free-standing KG (Figure 2c) showing the
characteristic features of a kagome graphene : 1- the presence of Dirac cones (DC) and van
Hove singularities (vH) due to m-orbitals delocalized across the hexagonal carbon lattice; 2- a
series of flat bands (dashed line in Figure 2c¢) inherited from the kagome geometry. The Dirac
points emerge at the K point at about -1.5 eV, -3.1 eV and +1.0 eV, respectively. Three
flat bands plotted as blue dashed lines in Figure 2c¢ are positioned at -2.1 eV, 0.9 eV and 1.2
eV, respectively. At about +1 V, the Dirac cone sandwiched by two flat bands is attributed
to the broad resonance observed at +1.75 V in the dI/dV spectra of Figure 2b. Similar to
the experimental d//dV map of Figure 2a, the frontier orbitals obtained by DFT+U (CB
of Figure 2d) show an increase of localization of density of states (LDOS) at KG segments
and a reduction at the central nitrogen of the azatriangulene. The experimental resonance
denoted VB in Figure 2b is attributed to the region including the Dirac cone, a flat band
and the two van Hove singularities centered to -1 eV below Eg.

For the sake of completeness, we also investigate the charge distribution of the KG
on Au(111) by force spectroscopy (Supporting Figure S2). By measuring the frequency
shift Af as a function of the sample bias V; at a constant tip-sample separations Z (see
Methods),3* 4 we probe the electrostatic force acting between tip and sample. As a result,

A f(V) curves present a parabolic shape, in which the voltage corresponding to the top of the



parabola (noted V*) represents the local contact potential difference (LCPD) between tip
and sample. Thus, the local variation of LCPD between site-dependent A f(V') curves allows
us to estimate the charge distribution and local changes of work function down to the sub-
molecular scale.3*#! Supporting Figure S2b shows a A f(V) cross-section acquired along two
azatriangulene monomers (white line in the AFM image of Supporting Figure S2a). Single
Af(V) point-spectra acquired on top of Au(111) (red), at the central N atom (black) and
between the monomers (blue) are plotted in Supporting Figure S2¢, respectively. Dashed
lines mark the LCPD value (V*) for each position. The LCPD value systematically shifts
towards more positive values (AV* ~ 0.15 and 0.23 V) for the KG structure as compared
to the pristine Au substrate, with a maximum value of 0.23 V for the central N atom of the
azatriangulene. This indicates an accumulation of negative charges at the KG structure as
compared to the Au substrate, which we attribute to a charge transfer from the substrate

to the KG polymer due to its accepting character.”

Hydrogenation of the carbonyl groups. To hydrogenate peripheral C=0 groups, we
exposed the kagome graphene on Au(111) held at room temperature in UHV to atomic
hydrogen (see Methods).?¢:3% This substitution reaction transforms carbonyl sides groups
of azatriangulene monomers into sp3-hybridized carbon atoms (CH, groups) as depicted in
Figure 1la. This turns substituted azatriangulene monomers three-dimensional due to the
formation of bulky CHy side groups at their sides.?® Supporting Figures la and b show
high-resolution STM/AFM images of the KG lattice after such preparation. While in STM
topographic image the formed CHy groups can be difficult to identify, they become more
apparent by AFM imaging as its contrast is more sensitive to three-dimensional relaxations
of molecules (see yellow arrows). Supporting Figure 2c¢ also shows close-up AFM images
of a monomer with a single CHy side group, along with a bond-resolved STM (BRSTM)
image. To estimate the yield of the substitution reaction of azatriangulene monomers, we

systematically characterized large areas of the KG/Au(111) samples using AFM imaging.



While each monomer contain three carbonyl groups, we only observed the substitution of
one carbonyl per molecules. Although numerous preparation procedures have been explored
(in which we varied the Hy exposure time, the sample temperature and the number of cycles),
we did not reach a reaction yield superior than 11-15 %. Considering that each molecule has
three carbonyls, the yield turning carbonyls into CHy groups is thus not exceeding 4-5 %.
We think that the KG might decrease the diffusion of atomic hydrogen on the surface and
limits the reaction yield. Also, the covalent character of the 2D KG polymer can prevent its

geometric relaxation upon reaction, which may drastically reduce the hydrogenation reaction.

Kondo resonance and zero-mode of m-radicals. The synthesis of m-radicals is obtained
by annealing the substrate to T3 = 300 °C leading to the partial dehydrogenation of the CH,
side groups into CH function (Figure 1a).?° Figures 3a and b show representative STM and
AFM images of the KG structure after such treatment. At low bias value (V; &~ 15 mV),
STM images reveal bright features superimposed to a few monomers as exemplarily shown
with a yellow arrow in Fig. 3a. As compared to the hydrogenated KG (Supporting Figure
S2), the AFM image now shows only planar monomers, even for those with bright STM con-
trasts. The absence of any geometrical relaxations of monomers thus indicates the successful
dehydrogenation of the CHy side groups and the presence of radical CH sites. This obser-
vation is further corroborated by the zero-energy dI/dV map of Figure 3c, that reflects the
spatial signature of the zero-energy states. Similar for all the reacted monomers, this spatial
signature is analogous to that of Kondo resonances for m-electrons in nanographene. 26:3
We next characterize by AFM the KG chemical structure after the dehydrogenation
reaction. Figures 3d-f presents an AFM close-up where two of the monomers exhibit zero-
energy modes. The radical CH groups appear in the AFM image as a bright line at one
side of the monomer (pointed by a yellow arrow in Figure 3d), which is opposed to the dark

contrast of carbonyl groups (orange arrow). By assuming the observed chemical structure

in gas-phase with two radical sites (Figure 3e), we simulated the AFM image using the
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Figure 3: Structural characterization of radical sites by STM/AFM. a, STM overview image
of the KG after dehydrogenation of CHy groups (I; = 1 pA, V; = 0.05 V) and b, Corre-
sponding AFM image with a CO-terminated tip (fy = 26 kHz, Ao = 50 pm). c, Spatial
dI/dV maps acquired at zero-energy. Bright features (yellow arrows) corresponds to the
zero-energy modes arising from the presence of m-radicals of the KG. d, Close-up AFM im-
age distinguishing carbonyl side groups (orange arrow) and mw-radicals (yellow arrow). e,
Deduced chemical structure in gas-phase and f, the simulated AFM image.

probe-particle model shown in Figure 3f. The excellent agreement between simulation and
experiment thus allows us to correlate these zero-energy modes to the presence of m-radical
side groups in the KG structure.

To characterize the magnetic signature of radical sites, we performed low-energy dI/dV
point-spectra at T' = 4.5 K. Figure 4a shows the STM topographic image and an AFM image

of a reacted monomer together with its zero-energy dI/dV map. The yellow arrow points
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Figure 4: Kondo resonance of the radical groups. a, STM topography, AFM image and
zero-energy dI/dV map of a reacted monomer. b, Low-energy d//dV spectra acquired at
the black and red dots in a corresponding to a reacted (black) and an unreacted monomer
(red), respectively. Lock-in amplitude: 1.5 mV, fy = 611 Hz. A Hurwitz-Fano lineshape*?
is used to fit the zero-bias peak, which we attribute to a Kondo resonance from the spin-1/2
m-radical with a Kondo temperature Tk of ~ 21 K. ¢, Structure of a dimer on Au with one
radical sites and d, the spin density. e, Simulation of the STM image using the Tersoff-
Hamman approximation. f, Density of states (DOS) calculated by DFT+U showing the
zero-mode induced by a radical in the KG (black dots in the inset).

to the position of the radical site. In Figure 4b, we plot representative d//d V point-spectra
recorded at the radical (black) as compared to a pristine molecule (red), which positions
are shown in Fig. 4a. The sharp zero-bias peak observed at the radical site, absent for the
unreacted monomer, is attributed to a Kondo resonance from the spin 1/2 state of the CH
radical.?* Its linewidth (FWHM < 7.2 mV) extracted from fitting few experimental spectra
with the Hurwitz-Fano lineshape*? is consistent with a Kondo temperature of ~ 21-25 K.
We further explored the electronic structure of a radical site in KG using DFT+U. The
relaxed structure of the unit-cell (UC) we considered is shown in Fig. 4c¢, which includes
a covalent dimer with one radical adsorbed on Au(111) substrate, aligning well with the
experimental structure. The calculated non-spin-polarized density of states (DOS) for free-
standing KG lattice with one radical (black transparent circle in the inset of Fig. 4f) shows

appearance of a non-bonding zero-mode state at the Fermi level, indicating a high-spin state
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in this 2D-KG lattice. Additionally, we observed the opening of a Coulomb gap in the spin-
polarized DOS (Supporting Figure S3), representing the ground state of the system. This
gap results from the repulsive energy cost associated with unpaired spins attempting to oc-
cupy the same site in this magnetic system.*® Furthermore, our theoretical spin-density map
(see Fig. 4d) of the one radical per UC system supports the experimental zero-energy dI/d V'
map, showing magnetic moments along the defect site but no magnetism at the no-defect
site of the UC. This aligns well with our calculated LDOS map showing the localized nature
of the unpaired electron (see Fig. 4e) which also matches with the experimental constant-
height dI/dV maps obtained at zero-energy (Figure 4), validating our theoretical approach
to study this system. Using a 2x2 supercell, we have estimated the Heisenberg spin exchange
parameter,** J = FExp — Fpu (triplety =~ 0 meV for this 2D-KG lattice with one radical per
UC, indicating its paramagnetic nature.

Building on our experimental findings, we extended our investigation into the influence of
multiple defects per unit cell (UC) for the 2D-KG system. Starting with two and four defects
per UC, as shown in Supporting Figures S4b-c respectively, we observed clear antiferromag-
netic (AF) coupling between the spin sites of neighboring monomers forming the UC (see
Figures S4f-g). The energy differences between the AF ground state and the ferromagnetic
(FM) state are indicated at the bottom of each figure, highlighting the system’s energetic
preferences. Interestingly, in the case of four defects per UC, the system displayed FM cou-
pling between the spin sites within a monomer, while maintaining a collective AF coupling
between neighboring monomers. This magnetic behaviour mirrors that of the triangulene
dimer system, which also features four unpaired electrons and exhibits similar magnetic
properties.*3

Turning to panels d and h of Supporting Figures S4, where the system includes six free
radicals per UC, we observe an unexpected deviation in spin configuration. Despite the
expectation that each monomer would exhibit a spin state of S = 3/2 based on the num-

ber of free radicals, the Jahn-Teller distortion reduces the spin state to S = 1/2 for each
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monomer. 2% This distortion lifts the degeneracy of the electronic configuration, stabilizing
the system by lowering its overall energy. Within individual monomer, AF coupling occurs
between adjacent atoms, ensuring that the system adheres to Ovchinnikov’s rule,*> which
requires alternating spin states between adjacent atoms in organic conjugated systems. How-
ever, the small energy difference of 4.5 meV between the AF and FM states in Supporting
Figures S4h suggests a very subtle preference for the FM configuration between monomers,
although the system would remain paramagnetic at certain temperatures or external condi-
tions. This intricated balance between FM and AF interactions in the presence of multiple
defects per UC underscores the significant role played by structural distortions, such as the
Jahn—Teller effect, in modulating the system’s magnetic properties. Despite the presence of
six free radicals and the potential for higher spin states, the reduction to S = 1/2 and the
maintenance of AF coupling between neighboring atoms within monomers demonstrate the
robustness of Ovchinnikov’s rule.

Figure 5 presents the band structures for the 2D-KG system, focusing on configurations
with 1, 2, 4, and 6 defects per UC, all in their ferromagnetic (FM) states. Although the 2- and
4-defect systems have antiferromagnetic (AF) ground states, we focus on their FM states for
a more consistent comparison. As the number of defects increases, the figure highlights how
defect concentration influences the spin polarization, symmetry breaking, and the overall
electronic structure, particularly the disruption and eventual recovery of Dirac cones for 6
defects case with high symmetry.

In the case of the system with 1 defect per UC (see Figure 5a), the band structure
shows distinct spin-up (blue) and spin-down (red) channels, indicating clear spin polariza-
tion caused by the paramagnetic ordering. The introduction of a single defect disrupts the
symmetry of the pristine Kagome lattice, which is most notably seen at the K-point in the
Brillouin zone (BZ), where the characteristic Dirac cones are broken. Despite this symmetry
breaking, the bands still show some dispersion, particularly around the Fermi level, indicat-

ing that while there is some localization, the system retains a level of electronic mobility.

12



T — — |
15 ._< >_ 15 :—C\/— 15 |1 15 ~N—
L — | —1———
1 Ll = g p—— 1 L —
_\_/—/—
l —— T
0.5F 1 osf 1 0.5F 1 osf
B of---- --r----1 3 of---- --r----1 B of---- === === B of---- ==f====4
Q Q o o
c c C c
w w w w
-05F 1 -osf 1 -0.5F = {1 -o05f
] —
1 1 At 1
15 sk~ —] 1.5 1sf ~—] — ]
L —1 \
1 /
2 2 -2 2
r M K r T M K r r M K r r M K F
C. 2 d. 2
~J— 1 -/\
& L s = o
>< —
1 =4 1 7 1 1
— |
05 05 E ] I
s s F—TT1T— < 0.5 < 0.5 __/><
C) ) O L O
2z s 2 2z
B oF---1 -1 B oF---1 --r---- 3 of---4 B e B of---- --r----A
o o o o
& I S S
0.5 0.5 05 0.5 ]
\:
1 1 1 1 —_—
_\__—_/_
/ ]
1.5F 1.5 1 -1.5 1.5
\_\/_
L —1
2 -2 2 2
r M K r r M K r r M K r r M K r

Figure 5: Band structures of the 2D-KG system with 1, 2, 4, and 6 defects per unit cell
(a-d) in their ferromagnetic (FM) states, showing « (blue) and 8 (red) spin channels. The
number of defects is indicated in the gray-shaded box on each panel. The figure highlights the
impact of defect concentration on spin polarization, symmetry breaking, and the disruption
and reformation of Dirac cones.

The moderate splitting of the spin channels, along with the remaining dispersive bands, sug-
gests that the 1-defect configuration only weakly localizes the electronic states, maintaining
a relatively conductive behaviour.

Interestingly, with 2 defects per UC (see Figure 5b), we see less disruption in the Dirac
cone compared to the 1-defect system. Although there are more defects in this configuration,
the interaction between the two defects within the UC introduces some symmetry compen-

sation. The two defects are arranged in such a way that their combined effect on the lattice
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periodicity is more balanced than in the 1-defect case. This results in a more subtle disrup-
tion of the Dirac cones at the K-point, and the bands near the Fermi level remain slightly
more dispersive, indicating reduced localization. In contrast, with 4 defects per UC, the
band structure shows pronounced localization as shown in Figure 5¢c. The bands around the
Fermi level are extremely flat, reflecting strong localization of electronic states. The breaking
of Dirac cones is severe, pointing out a significant reduction in the symmetry of the system.
The flattening of bands near the Fermi level implies that the electronic states are strongly
confined, and the system’s electronic properties are dominated by defect interactions and
symmetry breaking.

However, the system with 6 defects per UC shows a different behaviour from the other
configurations. Despite the high defect concentration, the symmetry of the system is re-
gained, leading to the reformation of Dirac cones at the K-point (see Figure 5d). This re-
covery of symmetry results in a return to more dispersive bands near the Fermi level, which
are characteristic of Dirac-like systems with higher electronic mobility. The reappearance
of Dirac cones in the 6-defect configuration suggests that the lattice undergoes a reordering
that restores periodicity, even in the presence of numerous defects. This symmetry restora-
tion is a remarkable departure from the trend of increasing localization seen in the 2- and
4-defect systems. Although the Jahn-Teller distortion reduces the expected spin state of
each monomer from S = 3/2 to S = 1/2 in this 6-defects systems, this structural distortion
does not prevent the overall system from regaining its symmetry. This behaviour indicates
that the 6-defect system not only recovers its electronic symmetry but also exhibits high-
mobility electronic states, contrasting sharply with the highly localized behaviour observed

in the 4-defect system.
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Conclusion

In summary, we have investigated by means of high-resolution AFM a synthetic route to
produce radical sites in a carbonyl-functionalized kagome graphene and demonstrated their
magnetic signature by tunneling microscopy. The synthesis of kagome graphene was ob-
tained by an on-surface reaction of tribromotrioxoazatriangulene (BRTANGO) molecules on
an Au(111) substrate. We next exposed the KG/Au(111) sample to atomic hydrogen in UHV
in order to substitute the carbonyl (C=0) groups of azatriangulene monomers by CHy func-
tions. A subsequent annealing dehydrogenate these CH, groups leading to CH radical sites
attached at the monomer side as confirmed by AFM imaging. Using tunneling spectroscopy
at low temperature, we demonstrated the magnetic state of the radicals by detecting a Kondo
resonance. Combining experimental d//dV maps and DFT+U calculations, we show that
the radicals have a S = 1/2 spin state which is accompanied by the introduction of low-
energy modes in the band structure of the semiconducting kagome graphene. Our synthetic
approach might enable the experimental realization of a metallic kagome graphene, which
would allow the study of the interplay between topology, magnetism and electron correla-
tion in kagome graphene systems. Additionally, our study of the 2D-KG system with varying
defect concentrations revealed how defects influence symmetry, magnetism, and electronic
localization. Notably, increasing defects led to greater localization and symmetry disruption,
except in the 6-defects system where symmetry and Dirac cones were unexpectedly restored,
enhancing electronic mobility. This demonstrates the potential of defect engineering to tune

the electronic and magnetic properties of 2D materials for spintronics and quantum devices.

Supporting Information

The Supporting Information is available free of charge at !!!
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Methods

Sample preparation. The Au(111) substrate purchased from Mateck GmbH was sput-
tered by Art ions and annealed at 550 °C to remove any surface contaminations. BRTANGO
precursors were synthesized following the procedure described here.3® Molecules were sub-
limed from a Knudsen cell kept at 240 °C in UHV. During sublimation, the sample was kept
at about 200°C to promote the formation of well-extended Kagome graphene domains. For
the hydrogenation of the sample, we reproduced the preparation procedure from reference.’
We used a atomic hydrogen source purchased from Focus GmbH with a leak valve connected
to the preparation chamber. After filling the chamber with a H, pressure of 2x 10~ mbar,
we heated the tungsten filament to 2500 °C until an emission power of 80 W was reached.

The sample was then placed in front of the source for 4 minutes by opening the source

shutter.

STM experiments. The STM experiments were conducted at a temperature of 4.8 K
using an Omicron GmbH low-temperature STM/AFM system operated with Nanonis RC5
electronics. Differential conductance spectroscopy dI/d V(V) spectra were acquired with the
lock-in amplifier technique using a modulation of 610 Hz and a modulation amplitude of 10

meV. All voltages refer to the sample bias Vi with respect to the tip.

AFM experiments. AFM measurements were performed with commercially available
tuning-fork sensors in the qPlus configuration® equipped with a tungsten tip (fy = 26 kHz,
Q = 8000 to 25 000, nominal spring constant & = 1800, N.m™!, oscillation amplitude A
~ 50 pm. Constant-height AFM images were obtained using tips terminated with a single
carbon monoxide (CO) in the non-contact mode (frequency-modulated AFM-FMAFM) at
zero voltage. 2547 CO molecules were adsorbed on the sample maintained at low temperature
below 20 K. Before its functionalization, the apex was sharpened by gentle indentations

into the gold surface. A single CO molecule was carefully attached to the tip following the
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procedure of reference.*® Simulations of the AFM images based on the DFT coordinates
were carried out using the probe-particle model.?® The Af(V) cross-section of 1x40 pixels?
was acquired with Au-coated metallic tips (tunneling setpoints: Iy = 1 pA, V; = 200 mV,
Zofiset = -50 pm).

DFT calculations. To investigate the electronic and magnetic properties of the 2D-KG
with different number of defects, we employed the density functional theory (DFT) with the
Hubbard correction (DFT+U) as implemented in the Quantum ESPRESSO package. %%
This approach is necessary to account for the localized spin contributions and strong electron
correlation effects within the 2D-KG lattice. We utilized the Perdew-Burke-Ernzerhof (PBE)

15t in our DFT+U approach, which has been validated in our prior studies to

functiona
yield accurate results for similar 2D systems.®®? The Hubbard U parameter for the C 2p
orbitals was derived using the linear response method,? ensuring a consistent treatment
of on-site electron-electron interactions. For the geometry optimization of the TANGO
2D Kagome lattice, we employed an energy convergence threshold of 107% Ry and a force
convergence criterion of 10~* Ry/A. A plane-wave cutoff energy of 50 Ry was used, and the
Brillouin zone was sampled using a Monkhorst-Pack k-point grid of 6 x 6 x 1 for the unit
cell optimization. For electronic structure and magnetic properties calculations, a denser
k-point mesh of 12 x 12 x 1 was employed. A vacuum region of 20 A was applied along
the z-direction to avoid spurious interactions between periodic images, ensuring accurate
representation of the 2D nature of the system. Spin-polarized calculations were performed to
explore both antiferromagnetic (AF) and ferromagnetic (FM) coupling scenarios within the
TANGO lattice, with spin alignments restricted along the z-axis for computational efficiency.
The total magnetic moments and spin-density distribution were analyzed to explore the Jahn-
Teller effects and magnetic couplings in the presence of multiple defects per unit cell (UC),

as discussed in the main text. In addition to DFT+U, van der Waals (vdW) interactions

were included using Grimme’s D2 method® to capture weak interlayer interactions where

17



applicable. Projector-augmented wave (PAW) pseudopotentials were used to describe the

55,56

interaction between ions and valence electrons, ensuring accuracy in both the structural

and electronic properties.
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