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ABSTRACT: The design of open-shell carbon-based nanomaterials is at the vanguard of materials science, steered by their bene-
ficial magnetic properties like weaker spin-orbit coupling than transition metal atoms and larger spin delocalization, which are of
potential relevance for future spintronics and quantum technologies. A key parameter in magnetic materials is the magnetic exchange
coupling between unpaired spins, which should be large enough to allow device operation at practical temperatures. In this work, we
theoretically and experimentally explore three distinct families of nanographenes (A, B and C) featuring majority zigzag peripheries.
Through many-body calculations, we identify a transition from a closed-shell to an open-shell ground state upon increase of the
molecular size. Our predictions indicate that the largest magnetic exchange coupling for open-shell nanographenes occurs in proxim-
ity to the transition between closed-shell and open-shell states. Such predictions are corroborated by the on-surface syntheses, and
structural, electronic and magnetic characterization of three nanographenes (A[3,5], B[4,5] and C[4,3]), which are the smallest open-
shell systems in their respective chemical families, and are thus located the closest to the transition boundary. Notably, two of the
nanographenes (B[4,5] and C[4,3]) feature record values of magnetic exchange coupling (close to 200 meV) measured on the Au(111)
surface. Our strategy for maximizing the magnetic exchange coupling provides perspectives for designing carbon nanomaterials with
robust magnetic ground states.

INTRODUCTION

Carbon nanostructures may exhibit magnetism arising from n-electrons that is distinct from magnetism in materials containing transition
metal ions.! Unpaired electrons in magnetic (open-shell) carbon-based nanomaterials are hosted by molecular orbitals, which leads to highly
delocalized spin densities. This allows efficient control of the magnetic exchange coupling (MEC) through rational design of molecular size
and shape.?* In addition, carbon-based nanostructures are predicted to exhibit intrinsically weak spin-orbit and hyperfine couplings, which
are major channels of spin relaxation and decoherence, and large spin stiffness values that may lead to augmented Curie temperatures.>8
Such outstanding properties make open-shell carbon-based nanomaterials promising for emerging technologies like spintronics and quantum
computation.® Consequently, enormous efforts have been devoted to the synthesis of open-shell carbon nanostructures, with graphene nano-
ribbons (GNRs) and nanographenes (NGs) being outstanding examples.? 1° Synthesis of open-shell carbon-based nanomaterials in solution
is frequently hampered by their high reactivity that arises from unpaired electrons. In this regard, on-surface synthesis under ultra-high
vacuum (UHV) provides an attractive alternative to synthesize and stabilize reactive species on solid surfaces, while enabling their atomic-
scale structural and electronic characterization using scanning probe microscopies.3-* 11-36

A straightforward route to generate magnetism in carbon nanostructures is to induce a sublattice imbalance in the bipartite honeycomb lattice.
This strategy gives rise to non-Kekulé molecules, where it is impossible to draw Kekulé resonance structures without leaving unpaired
electrons.?* An intuitive approach to attain sublattice imbalance is by creating defects in the honeycomb lattice that locally remove p; orbitals.
This can be achieved by (1) chemisorption of atoms,37-%8 (2) generation of carbon vacancies,® (3) introduction of odd-membered polycycles!®
19 and (4) heteroatom substitutions.?+?® Alternatively, sublattice imbalance can also be expressed by designing NGs of specific shapes and
edge structures, with a notable example being the family of triangulenes. 3 16 32 Non-Kekulé molecules may also be obtained without sub-
lattice imbalance, but examples of such nanostructures remain rare.*’

A distinct approach to express magnetism in NGs is to take advantage of the role of electronic correlations above a critical system size, which
makes feasible that Coulomb repulsion overcomes the hybridization energy of the frontier states, giving rise to a net spin polarization.* 2
3031 Herein, the edge shape of the NG is very relevant, being the zigzag peripheries successful for achieving spin polarizations. A recent
study exemplifying this concept reports on the on-surface synthesis of rhombus-shaped NGs with zigzag peripheries, containing four and
five benzenoid rings along each edge (termed [4]- and [5]-rhombenes, respectively).3° While [4]-rhombene was found to be non-magnetic
(closed-shell), [5]-rhombene exhibited an open-shell singlet ground state with a large MEC of

102 meV.
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Figure 1. Theoretical survey of the open-shell character of the NGs in families A, B and C. (a) Graphs depicting the singlet-triplet
excitation energies (AEs-t) vs. the number of unpaired electrons (7e) for the first four members of A, B and C, obtained with an exact
diagonalization of the Hubbard model. The dashed lines divide the boundary between closed-shell (left) and open-shell (right) regions (see
text for details). (b) Chemical sketch of the first four members of A, B and C. The molecules highlighted with squares are studied in this
work.

A large MEC is often desirable in the context of robustness of the magnetic ground state. MEC values larger than the Landauer limit of
theoretical minimum energy dissipation*® (keTIn(2) =~ 18 meV at T = 300 K) are important to achieve both fast switching and fault-tolerant
operation at reasonable temperatures.

However, there is currently a limited understanding of the tunability of MEC in open-shell carbon nanostructures. In our work, we address
such challenge through a combined theoretical and experimental study of three families of NGs, viz. A, B and C (Fig. 1), which contain a
majority of zigzag edges. Our many-body calculations reveal a size-dependent closed-shell to open-shell transition in NGs of the three
families with increasing size. Furthermore, we find that within each family, the largest MEC for an open-shell NG is achieved when the NG
lies near the boundary of the closed-shell to open-shell transition. Following our theoretical predictions, we perform the on-surface synthesis
of the three open-shell NGs that are predicted to display the highest MEC, viz. A[3,5], B[4,5] and C[4,3] (Fig.1, where the indices [m,n]
denote the number of benzene rings along two adjacent zigzag edges of the NG). The corresponding precursor molecules pA[3,5], pB[4,5]
and pC[4,3] were synthesized in solution and sublimed on a Au(111) surface under UHV conditions, giving rise to A[3,5], B[4,5] and C[4,3],
respectively, upon thermal annealing. The elucidation of their resulting structure and electronic properties is addressed by using scanning
tunneling microscopy (STM) and scanning tunneling spectroscopy (STS) at 4.3 K. Notably, our measurements reveal that NGs A[3,5], B[4,5]
and CJ[4,3] exhibit MEC values of 116, 183 and 190 meV, respectively, thus achieving the largest MEC reported to date for on-surface
synthesized carbon nanostructures.

RESULTS AND DISCUSSION.

We first theoretically studied the closed-shell to open-shell transition upon increase of the molecular size of the above-mentioned families
of NGs. To this end, we obtained the many-body ground state and the magnetic excitation spectra of the selected NGs by solving the Hubbard
model using exact diagonalization (ED) in a reduced active space (see Supplementary Information for details). We determined the open-
shell character according to the occupation number of the natural orbitals,** which yields the number of unpaired electrons 7,.> As an
orientative threshold, a value of n, larger than 1 is taken to mark the (gradual) transition from closed-shell to open-shell (see discussion in
Supplementary Information).
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Figure 2. On-surface syntheses and structural characterization of A[3,5], B[4,5] and C[4,3]. (a-c) Schematic representation of on-
surface syntheses of (a) A[3,5], (b) B[4,5] and (c) C[4,3] on Au(111). Grey filled rings highlight Clar’s sextets. (d, g, j) Overview STM
images after annealing (d) pA[3,5] at 250 °C, (g) pB[4,5] at 320 °C and (j) pC[4,3] at 250 °C on Au(111). White squares in the respective
images highlight isolated A[3,5], B[4,5] and C[4,3] molecules. (e, h, k) High-resolution STM images of (e) A[3,5], (h) B[4,5] and (k) C[4,3].
(f, i, 1) Laplace-filtered ultra-high resolution STM images of (f) A[3,5], (i) B[4,5] and (I) C[4,3]. Images in panels (e), (), (h), (i), (k) and (1)
are acquired with a CO-functionalized tip. Tunneling parameters for STM images: (d) V=200 mV, I =10 pA; (e) V=-300 mV, | =300 pA;
(A V=5mV, | =50pA, Zofiset= 120 pm; (g) V=-700mV, | =40pA; (h) V=-300mV, | =280 pA; (i) V=-5mV, | =50 pA, Zofset =-95
pm; () V=200mV, | =120 pA; (k) V=-300mV, | =300 pA; (I) V=5mV, | =50 pA, Zostset =100 pm. Scale bars: (d) 5 nm, (g) 4 nm, (j)
5 nm, (e-f) 0.5 nm, (h-i) 0.5 nm, (k-I) 0.5 nm. Zosset denotes the offset applied to the tip—sample distance with respect to the STM setpoint
above the NGs. Positive and negative values of Zofsset denote tip approach and retraction from the setpoint, respectively.

Figure 1a shows plots of the singlet-triplet (S = 0 to S = 1) spin excitation energies versus the number of unpaired electrons for the first four
members of each of the three families of NGs (Fig. 1b). We note that the magnetic ground state for all open-shell NGs is a singlet (in
accordance with Lieb’s theorem), while the first excited state for all NGs, irrespective of their open-shell or closed-shell ground state, is a
triplet. The singlet-triplet spin excitation energies, which provide a direct measure of the MEC, are obtained as the difference of the first two
eigenvalues of the many-body Hamiltonian matrix of the Hubbard model, which is diagonalized exactly in the reduced active space of six
molecular orbitals (see Supplementary Information for details). As seen in Fig. 1a, the largest MEC for the open-shell NGs of a given family
is always observed for those that are located nearest to the closed-shell to open-shell transition, which are NGs A[3,5], B[4,5] and C[4,3]
(see Table I in Supplementary Information for calculated values).

Motivated by our theoretical predictions, we next focused our attention on the syntheses of NGs A[3,5], B[4,5] and C[4,3] on a Au(111)
surface and their in-depth structural and electronic characterization, targeting to achieve the design of the nanographenes exhibiting the
highest reported MEC on surfaces.

To this aim, during our synthetic exploration of various NGs with a combination of zigzag and armchair edges, we conceived the molecular
precursors pA[3,5], pB[4,5], and pC[4,3], which were expected to yield A[3,5], B[4,5] and C[4,3] on Au(111), respectively, through surface-
catalyzed oxidative cyclization and dehydrogenation reactions (Fig. 2a-c). The preparation of pC[4,3] was previously described,* and
pA[3,5] and pB[4,5] were synthesized by adapting our reported procedures (cf. Supporting Information for details).30: 4445

Figures 2d, g, j show overview STM images after deposition of the precursor molecules on Au(111) held at room temperature and subsequent
annealing of the surface. The images reveal the presence of individual molecules highlighted by white squares, which are tentatively assigned
to A[3,5], B[4,5] and C[4,3]. In addition, overview images also display several byproducts, whose formation is due to concomitant non-
selective dehydrogenative carbon-carbon (C-C) coupling reactions that occur at the annealing temperature. A statistical analysis of over 100
imaged species revealed that ~ 10%, 63% and 14% of the species on the surface correspond to A[3,5], B[4,5] and C[4,3], respectively.
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Figure 3. Electronic and magnetic characterization of A[3,5], B[4,5] and C[4,3]. (a) dI/dV spectra obtained on A[3,5], B[4,5] and C[4,3].
Acquisition positions are indicated by colored crosses in the inset STM images. Open feedback parameters: V = 0.20 V, | = 450 pA, root
mean squared modulation voltage Vims =4 mV for A[3,5]; V=-0.30 V, | = 750 pA, Vims = 1 mV for B[4,5]; and V=0.25 V, | =300 pA, Vms
= 10 mV for C[4,3]. (b-d) d?I/dV? spectra on A[3,5], B[4,5] and C[4,3] at the positions indicated in the inset STM images in (a). Open
feedback parameters for d21/dV? spectroscopy: (b) V = 0.25V, | = 450 pA, Vims =4 mV; (c) V =-0.25V, | =750 pA, Vims =1 mV; (d) V =
0.25V, I =450 pA, Vims =6 mV. (e) Constant-current dl/dV maps of the NGs near their respective spin excitation energies (I = 350 pA and
Vs =10 mV). (f) Long-range dI/dV spectra acquired on A[3,5], B[4,5] and C[4,3] (I = 100 pA and Vrms = 20 mV). Acquisition positions are
indicated by colored crosses in the inset STM images. The labels H-1, SO, SU and L+1 indicate the HOMO-1, SOMO, SUMO (SUMO
denotes the corresponding unoccupied counterpart of SOMO) and LUMO+1 resonance peaks, respectively. (g) Experimental constant-cur-
rent dI/dV maps and DFT-calculated dI/dV maps acquired at the molecular orbital resonances for each NG. Tunneling parameters for the
experimental dI/dV maps: H-1 (V =-0.60 V, | = 200 pA), SO (V =-0.20 V, 1 =300 pA), SU (V=0.75V, 1 =300 pA)and L +1 (V=14
V, I =400 pA) with Vims =20 mV for A[3,5]; H-1 (V=-0.70 V, 1 =280 pA), SO (V=-0.30 V, | =280 pA), SU (V =0.60 V, | =320 pA)
andL+1(V=140V, =320 pA) with Vims =24 mV for B[4,5]; H-1 (V=-0.88 V, | =300 pA), SO (V=-0.30 V, | =300 pA), SU (V =
0.70V,1=300pA)and L + 1 (V =150 V, | =300 pA) with Vims= 20 mV for C[4,3].

Figures 2e,h,k display high-resolution STM images of A[3,5], B[4,5] and C[4,3], respectively, where a characteristic modulation in the local
density of states is observed along the periphery of the NGs, which, as it is shown later, results from localized states at the extended zigzag
edges of the NGs.*6-4" Finally, we performed ultra-high resolution STM imaging with a CO functionalized tip, which confirmed the chemical
structures of the three NGs, and revealed their stable and planar adsorption geometries on Au(111) (Figures 2f,i,l).

The electronic structure of A[3,5], B[4,5] and C[4,3] was probed by STS, combining differential conductance spectroscopy (dl/dV vs. V,
where | and V denote the tunneling current and bias voltage) with spatially-resolved dI/dV mapping. Figure 3a shows high-resolution di/dV
spectra on A[3,5], B[4,5] and C[4,3], where we observe peaked steps in conductance symmetric around the Fermi energy (see discussion
about the shape of the graphs in Supplementary Information).'? The energetic positions of the steps are found to be at +116, +183 and +190
meV for A[3,5], B[4,5] and C[4,3], respectively, using d?1/dV? spectroscopy (Fig. 3b—d). Stepwise changes in di/dV are indicative of inelastic
excitations. Based on our theoretical predictions, along with the reasonable agreement with the DFT-predicted singlet-triplet gaps of A[3,5]
(114 meV), B[4,5] (192 meV) and C[4,3] (225 meV) (see Table Il in Supplementary Information), we ascribe the dl/dV steps to singlet-
triplet spin excitations in the NGs.*2 17.20. 30-31 \We also obtained dI/dV maps at the spin excitation thresholds (Fig. 3e), which are in line with
the calculated spin polarization plots of the respective NGs (see Supplementary Information).

Additionally, we performed dI/dV spectroscopy on A[3,5], B[4,5] and C[4,3] in a larger bias windows to detect orbital resonances. All the
three NGs exhibit four electronic resonances at —0.60 V, —0.20 V, 0.75 V and 1.40 V (A[3,5]); —0.70 V, —0.30 V, 0.60 V and 1.40 V (B[4,5])
and —0.88 V, -0.30 V, 0.70 V and 1.50 V (C[4,3]) (Fig. 3f). Based on comparisons of the experimental dI/dV maps at these resonances with
the DFT-calculated dI/dV maps of the NGs (Fig. 3g), we assign the pairs of resonances at —0.60 V/1.40 V (A[3,5]), —0.70 V/1.40 V (B[4,5])
and —0.88 V/1.50 V (C[4,3]) to tunneling through the HOMO-1/LUMO+1 of the NGs. In addition, dI/dV maps at the frontier resonances,
viz. —0.20 V/0.75 V (A[3,5]), —0.30 V/0.60 V (B[4,5]) and —0.30 V/0.70 V (C[4,3]) exhibit similar shapes and symmetries at both bias
polarities, which indicates tunneling to/from the same orbitals. Based on this and from comparison of the experimental dI/dV maps with the



DFT-calculated di/dV maps (Fig. 3g), we ascribe the frontier resonances to tunneling to/from the SUMO/SOMO of the NGs, which further
supports the open-shell ground states of A[3,5], B[4,5] and C[4,3]. The frontier electronic gaps of A[3,5], B[4,5] and C[4,3] are deduced to
be 0.95, 0.90 and 1.00 eV, respectively. Finally, for both the closed- and open-shell states of the NGs, we performed many-body perturbation
theory calculations in the GW approximation (where G and W denote Green’s function and the screened Coulomb potential, respectively),
together with image charge (IC) corrections, which include screening effects from the underlying Au(111) surface (see Table Il in Supple-
mentary Information). For all NGs, the experimental frontier gap shows a better agreement with the GW+IC gap for the open-shell singlet
state than for the closed-shell state, providing further evidence for the open-shell nature of these structures.

Conclusion

MEC in open-shell carbon nanostructures is an important parameter that governs the robustness of the magnetic ground state against external
fluctuations such as temperature. In addition, a large MEC is imperative for spin-logic operations at practical temperatures. Our work there-
fore strives to address the general issue of tunability of MEC in open-shell carbon nanostructures. To this end, we perform a detailed theo-
retical and experimental study on three chemical families of NGs, viz. A, B and C, which contain a majority of zigzag edges. Our ab-initio
and many-body theoretical analyses reveal that for each of these families, there is a size-dependent closed-shell to open-shell transition
beyond a critical system size. Furthermore, we show that for open-shell NGs of a given family, the largest MEC is achieved for the NG that
lies closest to the closed-shell to open-shell transition boundary (which, for the three families, correspond to the NGs A[3,5], B[4,5] and
C[4,3]). To corroborate our theoretical findings, we perform the on-surface syntheses of the aforementioned NGs and explore their electronic
structure using STM and STS at submolecular resolution. Consistent with the theoretical picture, we find that A[3,5], B[4,5] and C[4,3]
exhibit open-shell ground states. Markedly, for these three NGs, we find large values of MEC, viz. 116 (A[3,5]), 183 (B[4,5]) and 190 meV
(C[4,3]), thus achieving the largest MEC value reported to date for carbon nanostructures on surfaces.

Our work highlights the importance of theoretical analysis for predicting large magnetic exchange coupling and the enormous capabilities
of organic chemistry and on-surface synthesis for bringing such predictions into reality, giving rise to record values for singlet-triplet exci-
tations in n-directed magnetism on surfaces.
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Supporting Information. The Supporting Information is available free of charge on the ACS Publications website at DOI: Experimental
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