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The chemical versatility of carbon imparts manifold properties to organic compounds,
wherein magnetism remains one of the most desirable but also elusive!. Polycyclic aro-
matic hydrocarbons, also referred to as nanographenes, show a critical dependence of
electronic structure on the topologies of the edges and the m-electron network, which
makes them model systems to engineer unconventional properties including magnetism.
In 1972, Erich Clar envisioned a bowtie-shaped nanographene C3sHis?*?, where topologi-
cal frustration in the m-electron network renders it impossible to assign a classical Keku-
1é structure without leaving unpaired electrons, driving the system into a magnetically
non-trivial ground state’. Here, we report the experimental realisation and in-depth
characterisation of this emblematic nanographene known as Clar’s goblet. Scanning
tunneling microscopy and spin excitation spectroscopy of individual molecules on a gold
surface reveal a robust antiferromagnetic order with an exchange coupling of 23 meV,
exceeding the Landauer limit of minimum energy dissipation at room temperature>.
Through atomic manipulation, we realise switching of magnetic ground states in mole-
cules with quenched spins. OQur results provide direct evidence of carbon magnetism in a
hitherto unrealised class of nanographenes®, and prove a long-predicted paradigm
where topological frustration entails unconventional magnetism, with implications for
room-temperature carbon-based spintronics’?.
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The current paradigm in carbon magnetism revolves around two concepts. The first concept
involves nanographenes (NGs) and graphene nanoribbons (GNRs) with zigzag edge topolo-
gies, which are predicted to host low-energy edge-localised states. With increasing system
size, these states approach the Fermi level, and Coulomb repulsion between valence electrons
may trigger spin polarisation”!. Although evidence of edge states in GNRs has been
found!"!?, a firm proof of magnetism therein is lacking, and only recently, magnetic response
in certain fused GNR junctions has been reported'>. The second and conceptually simpler
route involves inducing sublattice imbalance in the bipartite graphene lattice, which translates
to a spin imbalance as per Lieb’s theorem!®. This scenario has been realised through creation
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of atomic defects that remove a p, orbita , or in NGs with specific shapes'® where sublat-

t29-24 such that it is impossible to assign a classical Ke-

tice imbalance is structurally inheren
kulé structure (i.e. alternating single and double bonds) without leaving unpaired electrons.
We refer to such non-Kekulé NGs as sublattice-imbalanced NGs (Fig. 1a, b), and their mag-
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netic nature in solution has been elucidated through electron spin resonance and thermo-

chromism?3-2¢

studies. While presence of spin-split states in these systems has been detected
in scanning tunneling microscopy and spectroscopy (STM/STS) measurements?? 2, direct
magnetic response, however, has not been reported. Finally, ferromagnetism in twisted bilayer
graphene has been recently discovered?’, which extends the repertoire of concepts in carbon

magnetism.

Departing from the above notions, certain benzenoid topologies have long been hypothesised
to result in non-Kekulé NGs despite the absence of sublattice imbalance®. This non-trivial fea-
ture is a consequence of topological frustration in the underlying n-electron network, which
renders it impossible to concomitantly pair all p, orbitals to form n-bonds, thus generating un-
compensated radicals®. We refer to this class of NGs as topologically-frustrated NGs (TF-
NGs, Fig. 1a, b). They can only be constructed for # > 11 (where / is the total number of hex-
agons in a NG), with graph-theoretical analysis having shown that TF-NGs constitute an ex-
ceedingly small fraction of the total number of NGs for a given 4, with abundancies <
0.1%%*. TF-NGs are predicted to exhibit large magnetic coupling strengths and magnetic
state-dependent spatial distribution of frontier orbitals, with implications for spin logic devic-
es and molecular switches*?*3°. However, their synthesis has never been achieved to date due

to their high reactivity and lack of synthetic protocols.

The synthesis of Clar’s goblet (1) involves precursor compound 2 (Fig. 1c), wherein the me-
thyl groups connected to the central benzene ring serve as pre-selected reactive sites that are
expected to undergo surface-catalysed oxidative ring closure against the anthracene moieties
to form 1. To reach the highly sterically-hindered precursor 2, a multi-step organic synthesis
was performed (see Supplementary Information). In particular, an intramolecular Friedel-
Crafts-type cyclisation of the key intermediate compound 9 under Lewis acid conditions was
employed to form the two flanking anthracenyl substituents on the six-fold substituted ben-

zene core. 2 was obtained after silica column chromatography in 15% yield, and unambigu-



ously characterised via nuclear magnetic resonance spectroscopy and mass spectrometry. 2
was then sublimed on a Au(111) surface and annealed to 300 °C to promote on-surface reac-
tions. The choice of Au(111) stems from its relative inertness compared to other coinage met-
al surfaces, which allows probing the intrinsic electronic properties of molecular adsorbates
without significant perturbation. Figure 1d presents an overview STM image of the surface af-
ter the annealing step, showing individual molecules, and linearly- and irregularly-fused oli-
gomers. High-resolution (HR) STM image of an individual molecule (Fig. le) reveals an
overall uniform topography with five distinct lobes at the termini. To obtain the bond-
resolved structure of the molecule, ultrahigh-resolution (UHR) STM imaging was conducted
in the regime of tip-molecule Pauli repulsion®'*? (see Methods), which confirms the success-

ful formation of 1 (Fig. 1f, Supplementary Fig. 1).

To capture the fundamental electronic structure of 1, we employ the nearest-neighbour tight-
binding (TB) and mean-field Hubbard (MFH) models, which provide an appropriate balance
between a clear understanding and relevant description of the low-energy electronic structure
of NGs!. Concurrently, our results are supported by ab-initio calculations where relevant. The
salient features in the TB energy spectrum of 1 are two zero-energy states populated by two
electrons (Fig. 2a). To describe magnetism, electron-electron interactions are included
through on-site Coulomb repulsion within the MFH model, which lifts the degeneracy of the
zero-energy states via spin polarisation and opens an energy gap (Fig. 2b). The MFH solution
predicts an antiferromagnetic (open-shell singlet) ground state of 1 (Fig. 2c), which is in

agreement with previous theoretical reports®* 3>

and our spin-polarised density functional the-
ory (DFT) calculations, wherein for 1 both in the gas phase and on Au(111), the open-shell
singlet state is the ground state, with the ferromagnetic (open-shell triplet) state 25.4 meV
(gas phase) and 13.2 meV (on-surface) higher in energy (Supplementary Fig. 2). The spin-
polarised wave functions of the singly occupied and unoccupied molecular orbitals (SOMOs
and SUMOs) are spatially separated and sublattice-polarised (Fig. 2d). Figure 2e shows the
spin density distribution of 1 and illustrates spin polarisation of the system — although the to-
tal spin S = 0, spin up and spin down population are sublattice-polarised and localised on op-

posite parts of 1, thus maintaining a local spin polarisation.

The experimental electronic structure of 1 was characterised via dI/dV spectroscopy (Fig. 2f),
where a series of reproducible features are found at -1.15 V (H-1), -300 mV (SO), +1.00 V
(SU), +1.80 V (L+1) and +2.20 V (L+2). dZ/dV maps recorded at the respective energies (Fig.
2g) exhibit excellent correspondence to the MFH local density of states (LDOS) maps of
HOMO-1, SOMO, SUMO, LUMO+1 and LUMO+2 of 1 (Fig. 2h, HOMO/LUMO: highest
occupied/lowest unoccupied molecular orbital), which confirms these spectroscopic features
to be molecular orbital (MO) resonances. Detection of MOs with single occupation (i.e. SO-
MOs/SUMOs) exhibiting the same LDOS distribution in dZ/dV maps implies spin splitting of
the frontier orbitals, and therefore suggests a magnetic ground state of 1. The experimental
Coulomb gap of 1 is deduced to be 1.30 eV based on the energies of the SOMO and SUMO



resonances (Supplementary Fig. 3). For accurate theoretical assignment of the energies of MO
resonances, we performed eigenvalue self-consistent GW calculations including screening ef-
fects from the underlying surface (GW+IC) for the open-shell singlet state of 1. Figure 2i pre-
sents a comparative energy spectrum of the HOMO-1 to LUMO+1 resonances of 1 for
GWHIC calculations and STS experiments, where both the GW+IC Coulomb gap and the rel-
ative energies of the charged excitations corresponding to HOMO-1 to LUMO+1 resonances
match excellently with experimental values. Unambiguous evidence of magnetism in 1 is de-
tected as low-energy spectral features in the vicinity of the Fermi level, in the form of steps
located at £23 mV (Fig. 2j, k). In contrast to resonant tunneling of electrons through MOs,
which reflect as peaks in dI/dV spectroscopy, conductance steps symmetric around the Fermi
energy indicate inelastic excitations. To visualise the spatial distribution of the excitation, we
recorded d//dV maps at £23 mV (Fig. 21), which agree well with the computed spin density
distribution of 1 and resemble the SOMO/SUMO LDOS. Based on the S = 0 ground state of
1, we ascribe these spectral features to singlet-triplet spin excitations®® (S =0 to S = 1, Fig.
2m), confirming a magnetic order in 1. While the delocalised n-radical system of 1 confers the
molecule with sufficient stability to prevent spin quenching upon adsorption on a metal, the
broad and peaked profile of the excitation spectrum possibly indicates finite Kondo coupling

of the individual spins with the surface®’.

The simple picture that emerges from the spectroscopic analyses of 1 is that of two spins that
are exchange-coupled antiferromagnetically, with an effective exchange parameter Jerr = 23
meV. Therefore, increasing the separation of the spin-bearing moieties should lead to elec-
tronic decoupling of the spins, such that Jesr = 0 and the spins behave as free paramagnetic
centres with § = '%. It is then plausible that screening of the individual spins by itinerant con-
duction electrons of the surface should result in a many-body Kondo ground state®®. A
straightforward route to confirm such a scenario is outlined in Fig. 3a, wherein linear fusion
of 1 to generate a dimer (di-1) is envisaged, such that the spins are separated by a large non-
magnetic unit. We find that such linearly-fused oligomers coexist with 1 (Fig. 1d) and consti-
tute larger members of TF-NGs. Figure 3b shows the HR-STM image of di-1, where the ter-
mini retain the five-lobed appearance of 1 and no LDOS feature is seen at the central part.
The corresponding UHR-STM image (Fig. 3¢, d) clearly shows the bond-resolved structure of
di-1, and importantly, reveals considerable accumulation of LDOS near zero bias at the termi-
ni — a feature absent in 1. Accordingly, d//dV spectroscopy reveals pronounced zero-bias
peaks (ZBPs) that are localised at the terminal triangular motifs of di-1, and are notably ab-
sent at the central part (Fig. 3e). The resonance linewidth of the ZBPs exhibits an anomalous
broadening with increasing temperature, and follows the characteristic trend of a Kondo-
screened state with the Kondo temperature Ty = 37 + 4 K (Fig. 3f, g). Furthermore, the ZBPs
exhibit pronounced attenuation and eventual Zeeman splitting with increasing magnetic field
(Fig. 3h, 1), which unambiguously proves the ZBPs to be Kondo resonances (see Supplemen-
tary Note 5 for fit procedures). MFH-calculated singlet-triplet (ST) gaps of 1 and di-1 support



our experimental observations, wherein over a wide range of the on-site Coulomb repulsion
(U), the ST gap of 1 presents a finite value with a monotonic increase with increasing U,
while that of di-1 remains zero indicating no spin coupling (Extended Data Fig. 1). The com-
puted spin density distribution of di-1 (Fig. 3j) reveals negligible spin density at the central
part of the molecule, in support of the spatial extent of Kondo resonance (Supplementary Fig.

4). Further spectroscopy data on di-1 are reported in Supplementary Fig. 5 and 6.

The presence of unpaired spins renders 1 susceptible to spin quenching via site-specific chem-
isorption on Au(111). While 1 is mostly adsorbed on the fcc sites at high coverage, it is found
pinned to the elbows of the herringbone ridges at low coverage (Supplementary Fig. 7, we re-
fer to these species as 17), that are known to be reactive sites due to a lower atomic coordina-
tion. Figure 4a presents a HR-STM image of 1°, which reveals a missing central lobe at the
end bound to the elbow?® (highlighted with an arrow). The corresponding UHR-STM image
(Fig. 4b, Supplementary Fig. 8) shows two notable features: (i) a significant loss of resolution
at the central hexagon apex of the end bound to the elbow, and (ii) pronounced accumulation
of LDOS near zero bias at the unbound end — both features absent in 1. This large LDOS
manifests as ZBPs at the unbound end, which exhibit temperature-dependent characteristics of
a Kondo resonance (Extended Data Fig. 2). Since the external carbon atom of the terminal
central hexagon in 1 hosts the largest spin density (Fig. 2¢), we speculate that bonding to an
under-coordinated gold atom at the elbow quenches the spin at that site, such that 1°, whose
chemical structure is proposed in Fig. 4c, can be described as an effective spin-/2 system. To
model this scenario, we consider the DFT-computed structure shown in Fig. 4d, wherein a
gold atom is chemisorbed to 1 at one of its ends. First, it is seen that the carbon atom bound to
the gold atom (indicated by an arrow) shows a slight out-of-plane displacement toward the
gold atom, explaining the corresponding loss of resolution in the UHR-STM image. Second,
the computed spin density distribution of 1" reveals complete quenching of magnetic moment
at the bound end, with spin localisation only at the unperturbed end (i.e. a spin-2 system), in
agreement with the experimental Kondo map (Supplementary Fig. 4). To confirm our as-
sumption we performed lateral manipulation of 1°. As 1" is manipulated away from the elbow
site, a noticeable change in topography (Fig. 4e, g) accompanies recovery of spin excitations
(Fig. 4f, h), indicating a S = 2 to S = 0 switching of the magnetic ground state. Additional
spectroscopy measurements on 1" are reported in Supplementary Fig. 9. We also find species
on the surface where the central carbon atom at one end is passivated by two hydrogen atoms
(2H-1, Fig. 4c). Figure 4i shows a 1 (left) and 2H-1 (right) molecule, where the upper end of
2H-1 exhibits a featureless appearance due to the central carbon atom saturated with two hy-
drogen atoms. Contrary to 1, which exhibits spin excitations at both ends, we find a feature-
less d//dV signal at the upper end of 2H-1 and a pronounced ZBP at the lower (pristine) end
(Fig. 4j). Conceptually, this is the same scenario as in 1°, where the spin density at the upper
end is quenched via bonding to two hydrogen atoms (Supplementary Fig. 2), while the surviv-

ing spin-'2 at the lower end is screened by the surface electrons, associating the ZBP to a



Kondo resonance. Dissociation of the extra hydrogen atom in 2H-1 through a voltage pulse

results in the formation of 1 (Fig. 4k) and leads to recovery of spin excitations (Fig. 41).

We have demonstrated magnetism in Clar’s goblet, a member of the elusive class of TF-NGs.
The antiferromagnetic ground state, which survives contact with a metal electrode, is distin-
guished by an exchange coupling strength of 23 meV that surpasses those of transition metal
nanomagnets>® and exceeds the Landauer limit of minimum energy dissipation, kg7 In(2) = 18
meV, at 7= 300 K° — raising hopes for fault-tolerant spin logic operations near room tempera-
ture’. Our studies provide a firm basis for investigation of larger members of TF-NGs that are
predicted to exhibit magnetic coupling strengths well beyond the thermodynamic threshold®,

thereby ushering in carbon-based spintronics.
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Figure captions

Figure 1 | Synthesis and structural characterisation of Clar’s goblet. a, Conceptual
routes towards magnetism in graphene and NGs. b, Schematic illustrating the difference be-
tween a sublattice-imbalanced NG (top) and a topologically-frustrated NG (bottom) in terms
of sublattice imbalance and resulting total spin from Lieb’s theorem. Filled and empty circles
represent A and B sublattice atoms, respectively. ¢, Combined in-solution and on-surface syn-
thetic route towards 1. d, Overview STM image after annealing 2 on Au(111) at 300 °C, re-
vealing individual molecules (one of them is highlighted with a square) coexisting with linear
(highlighted with arrows) and branched oligomers (V' =-30 mV, I = 150 pA). e, HR-STM im-
age of 1 acquired with a CO-functionalised tip (¥ =-100 mV, I = 100 pA). f, Corresponding
Laplace-filtered UHR-STM image showing the bond-resolved structure of 1 (V'=-5mV, [ =
50 pA, Az =-0.95 A). Scale bars: 5 nm (d), 0.5 nm (e, f).

Figure 2 | Electronic and magnetic characterisation of Clar’s goblet. a, b, Nearest-
neighbor TB (a) and MFH (b) energy spectrum of 1. ¢, Schematic representation of frontier
states. ¥/, and ¥R,y indicate spin-polarised wave functions localised on the left and right
sides of 1, respectively. d, Calculated wave functions of SOMOs. Red/green isosurfaces de-
note opposite signs of wave function. e, MFH spin density distribution of 1. Blue/red isosur-
faces denote spin up/spin down density. f, d//dV spectra acquired on 1 (V' =-2 V, I =300 pA,
Vims = 16 mV). Labels correspond to orbital resonances as explained in the text. Inset: HR-
STM image of 1. g, d//dV maps acquired at the peaks/regions labeled H-1, SO, SU, L+1 and
L+2 in (f). h, MFH-LDOS maps of the HOMO-1, SOMO, SUMO, LUMO+1 and LUMO+2
of 1. i, Energies of the HOMO-1 to LUMO+1 orbital resonances of 1 on Au(111) shown for
GWHIC calculations and STS experiments, with corresponding Coulomb gaps indicated in
red. Energies of the calculated and experimental levels are aligned at HOMO-1. j, k, dI/dV
((§), V'=-50 mV, =500 pA, Vims = 400 uV) and d*//dV?* ((k), V' =-50 mV, I = 1.5 nA, Vims =



4 mV) spectrum acquired on 1 in the vicinity of the Fermi level revealing inelastic spin exci-
tation at +£23 mV. 1, d//dV maps acquired at +23 mV. m, Schematic representation of the spin
excitation. Tip positions for spectra shown in (f, j, k) are marked by filled circles in (f). All
dZ/dV spectra shown in individual panels herein and in rest of the figures are vertically offset
for visual clarity. For the d//dV maps, I = 250 pA-350 pA, with Vims =22 mV (g) and 10 mV
(I). The scale bar of 0.5 nm in the inset of (f) also applies to (g, h, 1).

Figure 3 | Spin decoupling in a fused dimer. a, Schematic representation of the formation
of di-1 via linear fusion of 1. Grey filled parts highlight spin-bearing moieties. b, HR-STM
image of di-1 acquired with a CO-functionalised tip (V' = -100 mV, I = 50 pA). ¢, d, Corre-
sponding UHR-STM image of di-1 (c¢) and its Laplace transform (d) showing large LDOS ac-
cumulation at the termini (¥ = -5 mV, I = 50 pA, Az = -0.40 A). e, dI/dV spectra acquired in
the vicinity of the Fermi level revealing Kondo resonances localised at the terminal triangular
motifs of di-1 (tip positions are marked by filled circles in (¢)). f, Temperature evolution of
the Kondo resonance with fit to the experimental data with Frota function. g, Extracted half
width at half maximum (HWHM) of the Kondo resonance as a function of temperature, with
corresponding fit using Fermi-liquid model. h, Magnetic field evolution of the Kondo reso-
nance at 7 = 1.6 K with corresponding fit with Frota function. A Zeeman splitting is clearly
resolved at 10 T as indicated by two arrows. i, Extracted Zeeman splitting of the Kondo reso-
nance as a function of magnetic field with corresponding linear fit. The extracted Landé¢ factor
g = 2.3 0.2 from the fit is close to the value for a free electron, g, = 2. j, MFH spin density
distribution of di-1. Open feedback parameters for d//dV spectra: V' = -20 mV, I = 300 pA,
Vims =400 uV (e, f) and V'=-20 mV, I =1 nA, Vimod =200 puV (h). Scale bars: 0.5 nm.

Figure 4 | Spin quenching and switching of magnetic ground states in 1" and 2H-1. a,
HR-STM image of 1" acquired with a CO-functionalised tip (¥ = -400 mV, I = 50 pA). The
arrow highlights a missing central lobe at the end bound to the elbow. b, Corresponding
UHR-STM image revealing considerable LDOS accumulation at the unbound end and loss of
resolution at the central hexagon apex of the bound end, as indicated with an arrow (V' = -5
mV, I = 50 pA, Az = -1.00 A). ¢, Schematic representations of 1, 1” and 2H-1. d, DFT-
calculated spin density distribution of 1 chemisorbed to a gold atom (isovalue: +0.003 a.u.,
left panel); and the magnified side view of the system, with the carbon atom bound to the gold
atom indicated by an arrow (right panel). Carbon, hydrogen and gold atoms are coloured grey,
white and yellow, respectively. e, f, STM image of 1" ((e), V' = -100 mV, / = 150 pA), and
corresponding d//dV spectra showing Kondo resonance at the unbound end (f). g, h, STM im-
age after lateral manipulation of 1" to create 1 ((g), V' = -100 mV, I = 100 pA), and dl/dV
spectra showing recovery of spin excitations (h). i, STM image of a 1 and 2H-1 molecule (V'
= -30 mV, I =300 pA). j, dI/dV spectra showing Kondo resonance at the pristine end and a
featureless signal at the dihydrogenated end of 2H-1. k, 1, STM image after voltage pulse-
induced manipulation of 2H-1 to create 1 ((k), V' =-30 mV, I = 300 pA), and d//dV spectra

demonstrating recovery of spin excitations (). Tip positions for spectra shown in (f, h, j, 1) are



marked by filled circles in (e, g, i, K), respectively. Open feedback parameters for d//dV spec-
tra: V'=-50mV, I =500 pA, Vims =400 puV. Scale bars: 0.5 nm (a, b), 1 nm (e, g, i, k).
Methods

Synthesis of molecular precursor: The detailed chemical synthesis of molecular precursor 2
along with solution characterisation data is reported in Supplementary Information (Supple-

mentary Schemes 1-8 and Supplementary Figures 10-35).

Sample preparation and STM/STS measurements. STM measurements were performed
with two commercial low-temperature systems operating at base pressures below 1x1071°
mbar: a Scienta Omicron LT-STM operating at 4.5 K, and a Unisoku USM-1300 STM operat-
ing at 1.6 K with a maximum out-of-plane magnetic field of 11 T. Au(111) single crystal sur-
faces were prepared by iterative cycles of Ar" sputtering and subsequent annealing to 450 °C.
The surface quality was ensured through STM imaging before deposition of precursor mole-
cules. Precursor 2 was contained in a quartz crucible and sublimed from a home-built evapo-
rator at 180 °C onto Au(111) surface held at room temperature. STM images and d//dV maps
were recorded in constant-current mode. Unless noted otherwise, STM imaging and spectros-
copy were conducted with metallic (i.e. gold-coated tungsten) tips which provided reproduci-
ble spectroscopic signatures of the Au(111) surface state on the bare surface. Tunneling bias
voltages are given with respect to the sample. dI/dV and d*I/dV? spectra, and dI/dV maps were
obtained with a lock-in amplifier (f = 860 Hz), wherein a signal proportional to dl/dV
(d*1/dV?) was obtained from the first (second) harmonic of the tunneling current. Lock-in
modulation voltages for individual measurements are provided in the respective figure cap-
tions, wherein Vmoda and Vims refer to the peak-to-peak and root mean square values of the
modulation amplitude. UHR-STM images were acquired by recording the current channel
while scanning the molecules in constant-height mode with CO-functionalised tips. Open
feedback parameters and subsequent tip approach distance (i.e. Az) for each image are indi-
cated in the figure captions. CO molecules (for tip preparation) were deposited on a cold sam-
ple (T < 13 K) containing bilayer NaCl(001) islands. To conduct voltage pulse-induced ma-
nipulation, we first positioned the STM tip at the centre of the molecule at J'= 100 mV and /
= 2 pA and switched off the feedback loop. The tip was subsequently retracted by ~ 5 A to
limit the tunneling current to a few pA. Finally, the tunneling bias was gradually increased un-
til an abrupt change in the tunneling current was observed, corresponding to a manipulation
event. In our experiments, we achieved reproducible manipulation in a bias range of 3.7-4.0
V, which is consistent with the dissociation of a H atom from a —CHz group observed in pre-
vious reports?’. STM lateral manipulation was conducted by moving the tip along a defined
trajectory over the molecule at /< 100 mV and 7 > 5 nA. All data shown in this study were
acquired at a sample temperature of 4.5 K, unless otherwise stated. The data were analyzed

and processed with Wavemetrics Igor Pro or WSxM*’ software.



Tight-binding calculations of electronic structure. The tight-binding calculations of the
molecular m-electron systems have been performed by numerically solving the Mean-Field-

Hubbard Hamiltonian with first nearest-neighbour hopping:

upn ==t ) latatU) (aodias—U ) (neidngs) (1)
(a,B),0 a,o a

Here, cf;,a and cg , denote the spin selective (o € {1,1}) creation and annihilation operator at

neighbouring sites @ and [, t the nearest-neighbour hopping parameter (with t = 2.7 eV used
here), U the on-site Hubbard parameter, n, , the number operator and (n, ;) the mean occu-
pation number at site a. Orbital electron densities of the n-eigenstate with energy E, have
been simulated from the corresponding state vector a,, ; , by:

2

Z an,i,a¢2pz (7;) - 7;)1) (2)

i

Pn,o (7;)) =

where i denotes the atomic site index, and ¢, denotes the Slater 2p;, orbital for carbon (Z =
6).

DFT and GW calculations of electronic structure. To compute the adsorption geometry of
the molecule on Au(111) surface at the DFT level of theory, we used the CP2K code*'*?. We
used periodic boundary conditions and the repeated slab scheme*’ to simulate the Au slab. A
unit cell of 41.27 x 40.85 A? (in the directions parallel to the surface) was used. The simula-
tion cell contained four layers of Au and an additional layer of H atoms needed to passivate
one side of the slab. In the [111] direction, we added 40A of vacuum to decouple the system
from its periodic replicas. To obtain the equilibrium geometries, we optimised the positions of
the atoms belonging to the molecule, and to the two outermost layers of gold. A convergence
criteria of 0.005 eV/A was imposed on the atomic forces. We used Gaussian basis sets** for
the representation of the electronic states (TZV2P for C and H and DZVP for Au). For the
plane wave basis set used in CP2K to represent the charge density in Fourier space, we select-
ed a cutoff of 600 Ry. We used norm-conserving pseudopotentials in the form proposed by
Goedecker, Teter and Hutter*. We used the PBE parameterisation for the generalised gradient

146, To include van der Waals interactions

approximation of the exchange correlation functiona
in our simulations, we used the scheme proposed by Grimme*’. The gas phase geometry op-
timisation and energy calculations for the restricted and unrestricted DFT were performed

with a cell of 28 x 28 x 28 A®, while other inputs were kept equivalent to the slab calculation.

CP2K code was also used to perform the eigenvalue-self consistent GW calculations on the
isolated molecular geometry corresponding to the adsorption conformation. For 1, the calcula-
tion was performed based on the unrestricted DFT PBE wave functions of the open-shell sin-
glet state. The unrestricted DFT-based GW energies of the spin up and spin down channels of
1 match within 20 meV. The shown energy levels for calculations correspond to the average

of spin up and spin down channels for each orbital. We employed the GTH pseudopotentials



and analytic continuation with a two-pole model. The aug-DZVP basis set from Wilhelm et
al.*® was used. To account for screening by the metal surface, we applied the image charge
model®. To determine the image plane position with respect to the molecular geometry, we
used a distance of 1.42 A between the image plane and the first surface layer, as reported by
Kharche et al.>® The calculations were performed via workflows based on the AiiDA plat-

form>'.

Data availability. The data that support the findings of this study are available from the cor-

responding authors on reasonable request.

Code availability. The tight-binding calculations were performed using a custom-made code
on the WaveMetrics Igor Pro platform. Details of the tight-binding code can be obtained from
the corresponding authors on reasonable request.

References

40. Horcas, 1. et al. WSXM: A software for scanning probe microscopy and a tool for nano-
technology. Rev. Sci. Instrum. 78, 013705 (2007).

41. Hutter, J., lannuzzi, M., Schiffmann, F. & Vandevondele, J. CP2K: atomistic simulations
of condensed matter systems. Wiley Interdiscip. Rev. Comput. Mol. Sci. 4, 15-25 (2014).

42. VandeVondele, J. et al. QUICKSTEP: Fast and accurate density functional calculations
using a mixed Gaussian and plane waves approach. Comput. Phys. Commun. 167, 103—128
(2005).

43. Pickett, W. E. Pseudopotential methods in condensed matter applications. Comput. Phys.
Rep. 9, 115-197 (1989).

44. VandeVondele, J. & Hutter, J. Gaussian basis sets for accurate calculations on molecular
systems in gas and condensed phases. J. Chem. Phys. 127, 114105 (2007).

45. Goedecker, S., Teter, M. & Hutter, J. Separable dual-space Gaussian pseudopotentials.
Phys. Rev. B 54, 1703—1710 (1996).

46. Lee, C.-C., Yamada-Takamura, Y. & Ozaki, T. Unfolding method for first-principles
LCAQO electronic structure calculations. J. Phys. Condens. Matter 25, 345501 (2013).

47. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab initio para-
metrization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu. J.
Chem. Phys. 132, 154104 (2010).

48. Wilhelm, J., Del Ben, M. & Hutter, J. GW in the Gaussian and Plane Waves Scheme with
Application to Linear Acenes. J. Chem. Theory Comput. 12, 3623-3635 (2016).

49. Neaton, J. B., Hybertsen, M. S. & Louie, S. G. Renormalization of Molecular Electronic
Levels at Metal-Molecule Interfaces. Phys. Rev. Lett. 97, 216405 (2006).

50. Kharche, N. & Meunier, V. Width and Crystal Orientation Dependent Band Gap Renor-
malization in Substrate-Supported Graphene Nanoribbons. J. Phys. Chem. Lett. 7, 15261533
(2016).



51. Pizzi, G., Cepellotti, A., Sabatini, R., Marzari, N. & Kozinsky, B. AiiDA: automated in-
teractive infrastructure and database for computational science. Comput. Mater. Sci. 111,
218-230 (2016).



R SRR ey W
ef ; P
mg\‘\"‘“ « < Sublattice- " >
¥~ imbalanced NG,

S~ {) .

eSS CC0 OO0
A P — BBr. Au(111) O‘
O L o IO
< [ _ \Topologically- ,beMm 300°C
b "\ frustrated NG 78°Ctort, 14h I l l I I I

.

2 Clar’s goblet, 1

N,=12>N,=10,S=1

B

N,=N,=19,5=0

oe
o >

Figure 1



a U=0eV

2L =
i ol ElZero-energy i
o states o

f

b U=35eV
spin down  spin up
oL - w2 =
L — L+ =
—s0—
0+
— s0 _|.
- — H1 —
2 - Hz —

c

o

diidV (arbitrary units)

Tavagdlh S I

-2.0 -1.0 0.0 1.0 2.0 HOMO-1
Sample Bias (V)
j k
e e e B L Bam s o R N S A
0 2
£ 5 23 mv
> el
® g
g =
g s +23 mV
s L
2 A =2
s 5 [t iy
I [T TN T ST S B S AT AU SAE B PRI RIS N S BT SR R
-40 -20 E -

Sample Bias (mV)

Sample Bias (mV)

SOMOs/SUMOs
= -
Wr, W, 2 N S
v [}
° ‘
L4 %
S et N\
W, Wa, P
Y,
a
=3
£ =
a
@
0.33 YR+

-300 mVv

SOMO

Experimental d//dV maps

+1.00V

MFH-LDOS maps

SUMO

Low  diiViLEER)

Spin excitation maps

Figure 2

-23 mV

Low  di/aVIETTY

+23 mV

E (eV)

LUMO+1

m

|8.8,>=]1,1>,[1,0>, |1-1>

—_LUMO+

SUMOs

T

1.2eV 13eV

J_SOMOS_L

HOMO-1

GW+IC

STS

LUMO+2

A

23 meV

|S.S,>=10,0>




a

L e e e e e e e e B B B R |
e

w

c

=}

2

ol

5

3

=~

=

o
AR AAAA A S VA
| P PR B BN
-20 -10 0 10 20

Sample Bias (mV)

’_‘10|'|'|'|'|'|

E F9 @ Extracted HWHM o

s g8k = Fermi-liquid fit a

I

s | _

T

2 s y

E L 37+4K |

fin]

gl T 0 1 L
4 6 8 10 12 14

Effective Temperature (K)

Zeeman Splitting (mV)

%5

sor

55

&S
l

di-1, J,

1 Veff

=0 meV, paramagnetic

-

h

. ce-ﬁ\tered (a.u)1

L B L e B |

f h T=16K
© Experiment = Experiment
= Frota fit = Frota fit
z )
= b=
=} =]
el fa
ol ol
5 5
= =
~ ~ | 4T
2 K]
© S| 6T
5T H
0T
L. N N B A B B B
-20 -10 10 20 -10 -5 0 5 10
Sample Bias (mV) Sample Bias (mV)
1.5 T T T T &
[ ! [0 Extracted Zeeman splitting ] ]
1.0 [ == Linear fit ]
0sf ]
g=23%0.2 A
0.0 1 | I I - 7.2l
0 2 4 6 8 10

Magnetic Field (T)

Figure 3



/

Au

OO‘OO 409
o>
OO U

U
0‘0

1

Sample Bias (mV)

Sample Bias (mV)

Figure 4

Sample Bias (mV)

f T T T h[— T T T j — T I e e e
Kondo ON Kondo OFF Kondo ON Kondo OFF
0y i) i) 2
E = c E
3 =] =} 3
ol e 2 o
o o [ o
5 5 5 5
8 z z 8
> > > >
3 3 3 3
° M ® % ’ ’
Y
WW\I_,WW | | | rrviar *TWA"WM«.WJWT\«M " W”MW"‘I‘W"WM
-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40

Sample Bias (mV)





