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Nanographenes with zigzag edges are predicted to manifest non-trivial π-magnetism re-

sulting from the interplay of concurring electronic effects, such as hybridization of local-

ized frontier states and Coulomb repulsion between valence electrons. This provides a 

chemically tunable platform to explore quantum magnetism at the nanoscale and opens 

avenues toward organic spintronics. The magnetic stability in nanographenes is thus far 

limited by the weak magnetic exchange coupling, which remains below the room tem-

perature thermal energy. Here, we report the synthesis of large rhombus-shaped nanog-

raphenes with zigzag periphery on gold and copper surfaces. Single-molecule scanning 

probe measurements show an emergent magnetic spin singlet ground state with increas-

ing nanographene size. The magnetic exchange coupling in the largest nanographene 

(C70H22, containing five benzenoid rings along each edge), determined by inelastic elec-

tron tunneling spectroscopy, exceeds 100 meV or 1160 K, which outclasses most inor-

ganic nanomaterials and survives on a metal electrode. 

 

Magnetism in solids is usually associated to d- or f-block elements. However, since the 

isolation of graphene, the field of carbon magnetism has gained increased traction1. Though 



 
 

ideal graphene is a diamagnetic semimetal, many of its derivative nanostructures (nanogra-

phenes) are predicted to manifest magnetism that is distinct from magnetism in molecules and 

solids containing transition metal atoms. First, in contrast to the localized nature of magnetic 

moments in transition metal atoms, unpaired electrons in nanographenes are hosted by molec-

ular π-orbitals, which extend over several carbon atoms. Second, the emergence of magnetic 

moments in nanographenes, among other theoretical interpretations2–5, can be understood 

from two competing phenomena relevant in the context of the current research: (1) hybridiza-

tion energy, which is responsible for the formation of the highest occupied and lowest unoc-

cupied molecular orbitals (HOMO and LUMO), leading to a non-magnetic (closed-shell) 

ground state, and (2) electrostatic Coulomb repulsion between valence electrons, which pro-

motes the formation of singly occupied molecular orbitals (SOMOs) hosting unpaired spins, 

resulting in a magnetic (open-shell) ground state. These two energy scales, along with the 

magnetic ordering between unpaired spins, can be efficiently tailored through a rational de-

sign of the shape, size and edge structure of nanographenes. It has long been known that hy-

bridization energy may be strongly reduced or even completely removed in nanographenes 

with zigzag edges6–8, with higher anthenes9–11 and zethrenes12–14 being typical examples of 

nanographenes with open-shell characters. In recent years, this concept has also been utilized 

to fabricate open-shell nanographenes on surfaces, whose magnetic ground states have been 

directly evidenced with the scanning tunneling microscope (STM) through detection of Kon-

do interactions between localized spins and conduction electrons of metal surfaces, and spin 

excitations of coupled spin systems15–19. 

Experimental realization of nanographenes containing zigzag edges is largely restrict-

ed to structures with a mixture of zigzag and armchair edges, with prominent examples being 

anthenes, zethrenes and periacenes20–22, and synthesis of nanographenes with all sides consist-

ing of zigzag edges (zigzag nanographenes, ZNGs) has proven challenging. Triangular 

ZNGs23, which exist as neutral radicals24,25, have been recently synthesized on metal and insu-

lator surfaces under ultrahigh vacuum26–28. However, evidence of magnetism in these nanog-

raphenes is indirect, and relies on the detection of the probability densities attributed to the 

SOMOs and the associated unoccupied molecular orbitals (SUMOs) by scanning tunneling 

spectroscopy (STS). On the other hand, solution synthesis of large ZNGs is limited to closed-

shell systems29–32. Here, we report the on-surface synthesis of rhombus-shaped ZNGs, hereaf-

ter [n]-rhombenes, where n is the number of benzenoid rings along an edge, with n = 4 

(C48H18, 1) and 5 (C70H22, 2), which represent the largest ZNGs synthesized to date (Fig. 1). 

Our inelastic electron tunneling spectroscopy (IETS) measurements, supported by theoretical 

models, show that [n]-rhombenes acquire an open-shell ground state with increasing size. The 

magnetic exchange coupling (MEC) in the larger nanographene, 2, is directly determined to 

be 102 meV, which exceeds the room temperature thermal energy by a factor of four, and 

surpasses the MEC in most known transition metal nanomagnets33. 

 



 
 

Results and discussion 

 

On-surface synthesis of [4]- and [5]-rhombenes  

Our synthetic strategy toward [n]-rhombenes involves the design of the molecular pre-

cursors 7,14-bis(2,6-dimethylphenyl)ovalene (3) and 6,13-bis{10-(2,6-

dimethylphenyl)anthracen-9-yl}-1,4,8,11-tetramethylpentacene (4) (Fig. 1), which are ex-

pected to undergo surface-catalyzed cyclodehydrogenation and oxidative cyclization of me-

thyl groups, thereby yielding 1 and 2, respectively. The synthesis of 3 (Fig. 1a) was performed 

starting from bisanthrone (5), which was treated with 2,6-dimethylphenylmagnesium bromide 

followed by dehydroxylation under an acidic condition to provide 10,10'-bis(2,6-

dimethylphenyl)-9,9'-bianthracene (6). The oxidative cyclodehydrogenation of 6 gave 7,14-

bis(2,6-dimethylphenyl)bisanthene (7), which was subjected to two-fold Diels-Alder addition 

with nitroethylene to obtain 3. The synthesis of 4 (Fig. 1b) was performed through the Suzuki 

coupling of 9-bromoanthracene (8) with (2,6-dimethylphenyl)boronic acid to afford 9-(2,6-

dimethylphenyl)anthracene (9), followed by its bromination to yield 9-bromo-10-(2,6-

dimethylphenyl)anthracene (10). Subsequently, 10 was lithiated to {10-(2,6-

dimethylphenyl)anthracen-9-yl}lithium and reacted with 1,4,8,11-tetramethylpentacene-6,13-

dione to provide 4 after reduction. Toward the synthesis of 1, 3 was deposited on a Au(111) 

surface, which was subsequently annealed to 300 °C to promote the on-surface reactions. 

High-resolution STM imaging elucidated that 92% of the molecules on the surface exhibit a 

uniform rhombic shape (Fig. 2a,b), and chemical structure determination via ultrahigh-

resolution STM imaging34,35 unambiguously proved the formation of 1 (Fig. 2c). We further 

attempted the on-surface synthesis of 2 from 4 using a similar strategy. The overview STM 

image after annealing 4 at 300 °C on Au(111) revealed the predominance of covalently cou-

pled molecular clusters (Fig. 2d and Supplementary Fig. 1), and in contrast to 1, we rarely 

found isolated molecules on the surface. Figure 2e,f show the high-resolution and ultrahigh-

resolution STM images of an isolated molecule, respectively, demonstrating the successful 

formation of 2. The pronounced intermolecular reactions of 2 is indicative of a considerably 

higher reactivity of 2 compared to 1, as the propensity for 1 under identical synthetic condi-

tions is to remain isolated on the surface. As we demonstrate below, this drastic difference in 

the reactivity of 1 and 2 is due to a larger zigzag periphery in 2, leading to an open-shell 

ground state. 

To circumvent the problem of the limited yield of 2 on Au(111), we conducted the 

synthesis of 2 on Cu(110) surface. In contrast to densely-packed (111) surfaces, which exhibit 

weak interactions with molecular adsorbates, the more open (110) surfaces feature compara-

tively stronger hybridization between molecular orbitals and the metal d-states due to energet-

ic upshift of the d-band center36. As a result, molecular mobility may be substantially re-

duced37 which could prevent intermolecular reactions and increase the yield of isolated 

molecules. Figure 2g presents an overview STM image after deposition of 4 on Cu(110) and 



 
 

annealing to 240 °C. In contrast to Au(111), the reaction products on Cu(110) nearly exclu-

sively consist of isolated molecules exhibiting a rhombic shape. The excellent match between 

the experimental STM image of the molecules (Fig. 2h) and the density functional theory 

(DFT)-simulated STM image of 2 on Cu(110) (Fig. 2i) proves the successful formation of 2. 

 

Tunneling spectroscopy measurements and theoretical calculations 

We employ STS to experimentally probe the electronic structures of 1 and 2 on 

Au(111). Differential conductance spectroscopy (dI/dV, where I and V denote tunneling cur-

rent and bias voltage, respectively) on 1 reveals peaks in the local density of states (LDOS) at 

−330 mV and +400 mV (Fig. 3a). Spatially resolved dI/dV maps at the respective energies ex-

hibit excellent agreement with the DFT-LDOS maps of the HOMO and LUMO of 1 on 

Au(111) (Fig. 3b and Supplementary Fig. 2), confirming the spectroscopic features to be mo-

lecular orbital resonances, with the HOMO-LUMO gap being 730 meV. In contrast, dI/dV 

spectroscopy on 2 reproducibly reveals abrupt stepwise change in conductance symmetric 

around the Fermi energy, indicative of an inelastic excitation38 (Fig. 3c and Supplementary 

Fig. 3). The excitation threshold, extracted from a fit to the corresponding IETS spectrum39, 

equals ±102 meV (Fig. 3d). 

To investigate if the inelastic excitation may be ascribed to a spin excitation33, we per-

formed DFT calculations to unravel the magnetic ground states of [n]-rhombenes. Since [n]-

rhombenes have an equal number of carbon atoms in the two interpenetrating triangular sub-

lattices of their honeycomb lattice, the ground state, as per Lieb’s theorem for bipartite lattic-

es40,41, is expected to be a singlet, that is, the total spin quantum number S = 0. However, this 

rule does not predict whether a system with S = 0 ground state is an open-shell or a closed-

shell singlet. Here, this complementary information is obtained from spin-polarized DFT cal-

culations. Figure 4a presents the DFT energy difference between the open-shell singlet and 

closed-shell states for a series of [n]-rhombenes in the gas phase, showing a size-dependent 

onset of magnetism. While for n ≤ 4, the ground state is closed-shell, an open-shell singlet 

ground state emerges for n ≥ 5, in agreement with previous reports4,42,43 and in support of our 

experimental observations. In particular, for 2, the open-shell triplet (S = 1) and closed-shell 

states are 100 meV and 122 meV higher in energy, respectively, compared to the open-shell 

singlet ground state. 

Furthermore, we calculated the magnetic excitation spectrum of 2 in the gas phase via 

an exact diagonalization of the Hubbard model at half filling44,45—known to give results in 

agreement with advanced quantum chemistry methods37—in the complete active space ap-

proximation with two electrons and two orbitals, with third nearest neighbor hopping. Figure 

4b presents the energies of the manifold of excited states of 2 relative to its singlet ground 

state, as a function of the on-site Coulomb repulsion U. The first excited state is an open-shell 

triplet, with the corresponding singlet-triplet gap in the range of 75–150 meV for t1 ≤ U ≤ 



 
 

2.5t1 (where t1 = 2.7 eV is the nearest neighbor hopping parameter), in close correspondence 

to the experimental excitation threshold of 102 meV. Figure 4c presents the gas phase mean-

field Hubbard spin polarization plot of 2, where spin up and spin down populations are sublat-

tice-polarized and localized at the opposite ends of the molecule. Therefore, while S = 0, a lo-

cal spin polarization is maintained at each end. The corresponding picture in the case of a 

closed-shell ground state would entail equal population of spin up and spin down electrons at 

every carbon atom of 2. Supplementary Fig. 4 shows the evolution of the frontier orbital gap, 

and the evolution of the total magnetic moment with U, for [n]-rhombenes with n = 2–7. 

Finally, to establish a quantitative link between the open-shell character of 2 on 

Au(111) to experimental measures of electronic structure (that is, orbital resonances), we per-

formed many-body perturbation theory GW calculations46 (where G and W denote Green’s 

function and screened Coulomb potential, respectively), including screening effects from the 

underlying surface47 (that is, GW+IC, where IC denotes image charge). Figure 4d presents a 

comparative energy spectrum of the HOMO−2 to LUMO+2 resonances of 2 determined from 

STS (Supplementary Figs. 5 and 6) and GW+IC calculations for the open-shell singlet and 

closed-shell states of 2. Both the Coulomb gap and the relative energies of the HOMO−2 to 

LUMO+2 resonances obtained from GW+IC calculation for the open-shell singlet state of 2 

(Coulomb gap: 800 meV) agree well with the corresponding experimental values (frontier 

gap: 900 meV), while the HOMO-LUMO gap of 320 meV from GW+IC calculation for the 

closed-shell state of 2 considerably differs from the experimental frontier gap, which thus 

provides a striking confirmation of the open-shell singlet ground state of 2 on Au(111). 

GW+IC calculation was also performed for the closed-shell state of 1, where we also find a 

reasonable agreement of the theoretical HOMO-LUMO gap and relative energies of the HO-

MO–1 to LUMO+1 resonances with the corresponding experimental values (Supplementary 

Fig. 7), which confirms the closed-shell ground state of 1 on Au(111). We also conducted 

dI/dV spectroscopy of 2 on Ag(111) to probe any change in the MEC (Supplementary Fig. 8), 

where we detect a charge transfer from Ag(111) to 2, leading to complete filling of the SO-

MOs and therefore a closed-shell ground state of 2. In accordance with this observation, no 

spin excitations are seen for 2 on Ag(111). Finally, a short note regarding the influence of the 

surface on the electronic structure of the ZNGs reported in our work is apt. First, charge trans-

fer between a molecule and surface can change the occupation of molecular orbitals that may 

quench magnetism48. In addition, chemisorption has been shown to lead to notable bond-order 

reorganization in molecules49, which may strongly influence their magnetic ground state. 

However, for both 1 and 2 on Au(111), charge transfer clearly does not take place since the 

frontier molecular orbitals of 1 (HOMO/LUMO) and 2 (SOMOs/SUMOs) are located far 

from the Fermi energy, and moreover, 1 and 2 are physisorbed on the surface (Supplementary 

Fig. 9). Second, the surface will also influence the magnetic excitation spectrum16,50 of 2 both 

via dynamical renormalization of the excitation energy due to Kondo exchange51, and screen-

ing of U and the hopping parameters52,53. 



 
 

 

Conclusion 

For robust spin-logic operations at practical temperatures, it is imperative that the 

MEC exceeds the Landauer limit of minimum energy dissipation54 at room temperature55,56, 

kBTln(2) ≈ 18 meV, where kB is the Boltzmann’s constant and T is the temperature. The weak 

MEC of few millielectronvolts commonly found in transition metal nanomagnets limits the 

operation of devices based on such materials to cryogenic temperatures. In recent years, this 

issue has been partially addressed through the synthesis of magnetic nanographenes where the 

MEC is either close to the Landauer limit, as in chiral graphene nanoribbon junctions15 (up to 

10 meV) and triangulene dimers19 (up to 14 meV), or slightly exceeds this limit, as in Clar's 

goblet16 (23 meV). In comparison, the experimental singlet-triplet gap of 102 meV of 2, 

which provides a direct measure of the MEC, is more than five times larger than the Landauer 

limit—highly promising for room temperature stable spintronics. On a fundamental note, our 

results demonstrate that the synthesis of ZNGs with controlled size and shape allows building 

nanostructures with robust all-carbon magnetism, which constitute elementary building blocks 

to explore quantum magnetism. Given the robust MEC and negligible magnetic anisotropy in 

[n]-rhombenes, construction of their nanoscale lattices through established on-surface synthet-

ic techniques could pave the way for exploration of exotic low-dimensional quantum phases 

of matter57,58 in purely organic systems. 
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Figure 1 | Synthesis of [4]- and [5]-rhombenes. a,b, Combined in-solution and on-surface 

synthetic routes toward [4]- (a) and [5]-rhombene (b). Gray filled rings highlight Clar sextets. 

Conditions: (i) 2,6-dimethylphenylmagnesium bromide, THF, r.t., overnight; thereafter 

CH3COOH, r.t., 10 min; (ii) NaI, NaH2PO2•H2O, CH3COOH, reflux, 2 h, 52% yield in two 

steps; (iii) DDQ, Sc(OTf)3, CF3SO3H, chlorobenzene, 140 °C, 18 h, 25% yield; (iv) 2-

nitroethanol, phthalic anhydride, o-xylene, 165 °C, 24 h, 68% yield; (v) 2,6-

dimethylphenylboronic acid, Pd(OAc)2, SPhos, K3PO4, toluene/H2O, 120 °C, 18 h, 73% yield; 

(vi) Bromine, CCl4, r.t., 15 min, 96% yield; (vii) n-BuLi, diethyl ether, −78 °C, 1 h, 1,4,8,11-

tetramethylpentacene-6,13-dione, 0 °C, 48 h; (viii) NaI, NaH2PO2•H2O, CH3COOH, reflux, 6 

h, 29% yield in two steps. 

 

Figure 2 | On-surface synthesis and STM characterization of [4]- and [5]-rhombenes. a, 

Overview STM image after annealing 3 on Au(111) at 300 °C (V = −300 mV, I = 120 pA). 

b,c, High-resolution (V = −330 mV, I = 50 pA) (b) and Laplace-filtered ultrahigh-resolution 

(V = −5 mV, I = 50 pA, Δ = −0.8 Å) (c) STM images of 1 on Au(111). a.u. denotes arbitrary 

units. d, Overview STM image after annealing 4 on Au(111) at 300 °C (V = −400 mV, I = 100 

pA). Inset: High-resolution STM image of a cluster, where two constituent molecules corre-

sponding to 2 are marked with arrows. e,f, High-resolution (V = −10 mV, I = 50 pA) (e) and 

Laplace-filtered ultrahigh-resolution (V = −5 mV, I = 50 pA, Δ = −0.9 Å) (f) STM images of 2 

on Au(111). g, Overview STM image after annealing 4 on Cu(110) at 240 °C (V = −200 mV, 

I = 100 pA). h,i, High-resolution (V = −100 mV, I = 50 pA) (h) and DFT-simulated (V = −100 

mV) (i) STM images of 2 on Cu(110). Scale bars: 10 nm (a,d,g), 2 nm (inset d) and 0.5 nm 

(all other panels). Images in b,c,e,f,h were acquired with carbon monoxide (CO)-

functionalized tips. 

 

Figure 3 | Electronic and magnetic characterization of [4]- and [5]-rhombenes. a, dI/dV 

spectra acquired on 1 with a CO-functionalized tip revealing HOMO and LUMO resonances 

at −330 mV and +400 mV, respectively (open feedback parameters: V = −600 mV, I = 200 pA 

(left panel) and V = +600 mV, I = 500 pA (right panel); Vrms = 16 mV). All dI/dV spectra 

shown in individual panels are vertically offset for visual clarity. b, Constant-current dI/dV 

maps acquired with a CO-functionalized tip (upper panels) and corresponding DFT-LDOS 

maps (lower panels) at the HOMO and LUMO resonances of 1 on Au(111) (V = −330 mV, I 

= 150 pA; Vrms = 20 mV (HOMO dI/dV map) and V = +380 mV, I = 160 pA; Vrms = 24 mV 

(LUMO dI/dV map)). c,d, Background-subtracted dI/dV spectrum acquired on 2 with a CO-

functionalized tip revealing inelastic excitation steps (open feedback parameters: V = −200 

mV, I = 200 pA; Vrms = 4 mV) (c); and corresponding IETS spectrum (filled circles, open 

feedback parameters: V = −200 mV, I = 2.8 nA; Vrms = 10 mV), with fit to the experimental 



 
 

data using the Heisenberg dimer model (solid line) (d). The spin excitation threshold is ex-

tracted to be ±102 mV. Acquisition positions for the respective dI/dV spectra are marked with 

a blue filled circle in the inset ultrahigh-resolution STM images in a,c. The data in c,d were 

acquired on different molecules with different tips. Scale bar: 0.5 nm. 

 

Figure 4 | Theoretical calculations. a, Gas phase DFT-computed energy difference between 

the open-shell singlet (OS) and closed-shell (CS) states of [n]-rhombenes for n = 2–7. b, Gas 

phase excitation spectrum of 2 as a function of U (U is scaled with respect to t1), obtained 

with an exact diagonalization of the Hubbard model. The energies are given with respect to 

the S = 0 singlet ground state (red curve). The first excited state corresponds to an open-shell 

triplet (blue curve). The dashed line indicates the experimental singlet-triplet gap of 102 meV 

obtained from IETS measurements. The two black curves correspond to S = 0 singlet states 

with strong Coulomb repulsion at large U due to double site occupancy. c, Gas phase mean-

field Hubbard spin polarization plot of the open-shell singlet ground state of 2 calculated at U 

= t1. Blue and red isosurfaces denote spin up and spin down populations. d, Energies of the 

HOMO−2 to LUMO+2 resonances of 2 on Au(111) from GW+IC calculations for the OS and 

CS states (orange and black markers, respectively), and STS measurements (purple markers). 

Filled circles indicate the corresponding frontier orbitals (HOMO/SOMOs and LU-

MO/SUMOs). Energies of the calculated and experimental levels are aligned at HOMO−2. 

The spin up and spin down GW+IC levels for the OS state are degenerate. 

 

Methods 

Synthesis of molecular precursors. The detailed solution synthesis of molecular precursors 

3 and 4, and associated characterization data are reported in Supplementary Figs. 10–32. 

Sample preparation and STM/STS measurements. STM measurements were performed in 

a commercial low-temperature STM from Scienta Omicron operating at a temperature of 4.5 

K and base pressure below 5×10-11 mbar. Au(111), Ag(111) and Cu(110) single crystal sur-

faces were prepared by Ar+ sputtering and annealing cycles. Powder samples of precursors 3 

and 4 were contained in quartz crucibles and sublimed from a home-built evaporator at 270 

°C and 310 °C, respectively, onto single crystal surfaces held at room temperature. STM im-

ages and dI/dV maps were recorded in constant-current (that is, closed feedback loop) mode, 

and dI/dV and d2I/dV2 spectra were recorded in constant-height (that is, open feedback loop) 

mode. dI/dV and d2I/dV2 measurements were obtained with a lock-in amplifier operating at a 

frequency of 860 Hz. Modulation voltages for each measurement are reported as root mean 

squared amplitude (Vrms). Bias voltages are provided with respect to the sample. Unless oth-

erwise noted, STM and STS measurements were performed with metallic tips. Ultrahigh-

resolution STM images were acquired by scanning the molecules with CO-functionalized tips 

in constant-height mode, and the current channel is displayed. For ultrahigh-resolution STM 



 
 

images, Δ indicates lowering of the tip height after opening the feedback loop at the center of 

the molecules. CO molecules were deposited on a cold sample (with a maximum sample tem-

perature of 13 K) containing reaction products and post-deposited NaCl islands, which facili-

tate CO identification and pick up. The data reported in this study were processed with 

WaveMetrics Igor Pro or WSxM59 software. 

Tight-binding calculations. Tight-binding calculations have been performed by numerically 

solving the mean-field Hubbard Hamiltonian with third nearest neighbor hopping = − ,〈 , 〉 , , + 〈 , 〉 ,, − 〈 ,↑〉〈 ,↓〉. (1)

Here, ,  and ,  denote the spin selective ( ∈ ↑, ↓  with ∈ ↓, ↑ ) creation and 

annihilation operator at sites  and , 〈 , 〉  ( = 1, 2, 3 ) denotes the nearest neighbor, se-

cond nearest neighbor and third nearest neighbor sites for 	= 1, 2 and 3, respectively,  de-

notes the corresponding hopping parameters (with 	= 2.7 eV, 	= 0.1 eV and 	= 0.4 eV for 

nearest neighbor, second nearest neighbor and third nearest neighbor hopping60),  denotes 

the on-site Coulomb repulsion, ,  denotes the number operator, and 〈 , 〉 denotes the 

mean occupation number at site . Orbital electron densities, , of the th-eigenstate with en-

ergy  have been simulated from the corresponding state vector , ,  by 

, ( ) = , , ( − ) ,  

(2)

where  denotes the atomic site index and  denotes the Slater 2pz orbital for carbon. 

The code provides tools to select the values for parameters, set up the geometry and the Ham-

iltonian, and solves it iteratively. Additionally, post-processing tools are provided to print and 

plot resulting quantities, such as energy levels, orbital maps and spin polarization. 

The following Python code listing demonstrates how to select parameters, set up the Hamilto-

nian and solve it: 

# import the main library and libraries for geometry import and plotting 

import tb_mean_field_hubbard as tbmfh 

import ase.io 

import matplotlib.pyplot as plt 

 

# Load the geometry using the ASE library 

geometry = ase.io.read("5-rhombene.xyz") 

 

# Set up the main object that facilitates all the calculations  

mfh_model = tbmfh.MeanFieldHubbardModel( 

  geometry,                    # input geometry 

  t_list = [2.7, 0.1, 0.4],    # hoppings [1st, 2nd, 3rd] nearest-neighbor 

  charge = 0,                  # possibility to model ions 

  multiplicity = 1             # determines the spin-state 



 
 

) 

# Solve the Hamiltonian for the specified Coulomb repulsion value 

mfh_model.run_mfh(u = 3.0)  

 

The  following code listing demonstrates how to access the calculated properties and plot var-

ious post-processing analyses: 

# access the resulting eigenvalues and eigenvectors 

print(mfh_model.evals) 

print(mfh_model.evecs) 

 

# plot the eigenvector of the first orbital 

mfh_model.plot_orbital(mo_index=0, spin=0) 

 

# plot the LDOS mapping at a specific energy and height value 

mfh_model.plot_sts_map(plt.gca(), energy=1.0, z=3.0) 

Exact diagonalization of the Hubbard Hamiltonian. The exact diagonalization of the Hub-

bard Hamiltonian is carried out in the two-level system at half filling61, for which the energy 

levels ± 2⁄  and ± 4 + 4⁄  of the system can be found analytically. The two levels, 

which are taken into consideration, are the sublattice-polarized zero energy states: |1 =1 √2(| + | )⁄  and |2 = 1 √2(| − | )⁄ , such that = 1 2  

and = ∑ | |1 | . Here,  denotes the third nearest neighbor tight-binding Hamiltonian, 

 the on-site Coulomb repulsion of the carbon 2pz orbital and |  the 2pz orbital of atomic site 

. 

DFT and GW calculations. The equilibrium geometries of the molecules adsorbed on 

Au(111) and Cu(110) surfaces were obtained with the CP2K code62 implementing DFT with-

in a mixed Gaussian plane waves approach63. The surface/adsorbate systems were modeled 

within the repeated slab scheme64 in the following manner: for molecules on Au(111), the 

simulation cell contained 4 atomic layers of Au along the [111] direction and a layer of hy-

drogen atoms to passivate one side of the slab in order to suppress one of the two Au(111) 

surface states, and for molecules on Cu(110), the simulation cell contained 8 atomic layers of 

Cu along the [110] direction. 40 Å of vacuum was included in the simulation cell to decouple 

the system from its periodic replicas in the direction perpendicular to the surface. The elec-

tronic states were expanded with a TZV2P Gaussian basis set for C and H65 and a DZVP basis 

set for Au and Cu. A cutoff of 600 Ry was used for the plane wave basis set. Norm-

conserving Goedecker-Teter-Hutter pseudopotentials66 were used to represent the frozen core 

electrons of the atoms. We used the PBE parameterization for the generalized gradient ap-

proximation of the exchange correlation functional67. We used the D3 scheme proposed by 

Grimme et al. to account for van der Waals interactions68. The Au surface was modeled by a 

supercell of 41.27×40.85 Å2 corresponding to 224 surface units, and the Cu surface was mod-

eled by a supercell of 43.20×35.65 Å2 corresponding to 168 surface units. To obtain the equi-



 
 

librium geometries, we kept the atomic positions of the bottom two layers of the Au slab and 

the bottom four layers of the Cu slab fixed to the ideal bulk positions, and all other atoms 

were relaxed until forces were lower than 0.005 eV/Å. Simulated STM images69,70 within the 

Tersoff-Hamann approximation71,72 were obtained by extrapolating the electronic orbitals to 

the vacuum region in order to correct the wrong decay of charge density in vacuum due to the 

localized basis set72. 

The gas phase geometry optimization and energy calculations for the restricted and un-

restricted DFT were performed with the Martyna-Tuckerman Poisson solver together with a 

cell of size equal to double of the molecular bounding box plus 8 Å, 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. The calcu-

lation was performed based on the unrestricted DFT-PBE wave functions. We employed the 

GTH pseudopotentials and analytic continuation with a two-pole model. The aug-DZVP basis 

set from Wilhelm et al. was used73. To account for screening by the underlying metal surface, 

we applied the image charge model47. To determine the image plane position with respect to 

the molecular geometry, we used a distance of 1.42 Å between the image plane and the first 

surface layer, as reported by Kharche and Meunier74. The calculations were performed via 

workflows based on the AiiDA platform75. 
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Data availability. Additional STM/STS data and theoretical calculations, materials and 

methods, solution synthetic procedures, and characterization data of chemical compounds (X-

ray diffraction, NMR spectroscopy and high-resolution mass spectrometry) are available in 

the Supplementary Information. Crystallographic data for the structures reported in this Arti-

cle have been deposited at the Cambridge Crystallographic Data Centre, under deposition 

numbers CCDC 1978171 (3) and 1978172 (4). Copies of the data can be obtained free of 

charge via https://www.ccdc.cam.ac.uk/structures/. Source data for Fig. 4 and Supplementary 

Figs. 4 and 7 are provided. 

 



 
 

Code availability. The tight-binding calculations were performed using a custom-made Py-

thon program available on the GitHub repository (https://github.com/eimrek/tb-mean-field-

hubbard). 
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