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ABSTRACT: The interaction of a 2D metal-organic network (MON) stacked on graphene has been
studied with the help of first-principles density functional theory (DFT) and DFT+U calculations. By
varying the length of a polyphenyl-dicarbonitrile linker, we have evaluated the influence of the
metal-metal distance on the electronic and magnetic properties of the MON complexes. Although
MON composed of small molecules shows a moderately stable ferromagnetic phase, this magnetic
order drops with the size of the complex. After the adsorption of MON on graphene, this last
becomes n-doped due to an important charge transfer that improves with the molecular unit size.
The MON-graphene interaction contributes to drastically reduce the overall stability of any
magnetic order, but the local charge transfer remains strongly spin-polarized-dependent. Hence,
the adsorption of magnetic MON on graphene leads to the modification of the electronic and
magnetic properties of graphene, mostly in a closed proximity region to the active metal atoms of
the MON. Spin-polarized scanning tunneling microscopy simulations reveal a magnetic signature in
graphene that originates from its interaction with the MONs and that could be experimentally
observed.

INTRODUCTION

The creation of a highly ordered array of atom-based magnets remains a key element in the
development of ultimate spintronics devices [1-3]. There are a few examples where a controlled
deposition of magnetic atoms on a surface has been performed, but where the temperature has
been shown to play a central role on the atomic arrangement stability and the lifetime of magnetic
properties [4,5]. In contrast, on-surface synthesis (OSS) represents one of the most promising
approaches to generate extended two-dimensional (2D) materials where the central coordination
sites are metallic atoms [6-10]. By carefully designing the ligands, one can use OSS to synthesize
a plethora of 2D arrays where metal atoms are organized into a specific shape with a well-defined
distribution and physical properties [11,12]. Following such an approach, 2D metal-organic
networks (MONs) have been prepared on various substrates such as transition metals (TMs),
semi-conductors (SCs) including graphene, and insulator (IN) surfaces [13,14] as well as on
stacked heterostructures (TM/TM, SC/TM, IN/TM, etc.) [15,16].

The electronic and magnetic properties of metal atoms in MONs strongly depend on the
metal-ligands interactions within the complexes and are also significantly influenced by their
subsequent interactions with the substrate [17]. For example, Cu can become magnetic when
bonded to thiols [18] or adsorbed on graphene [19,20], while Ni can lose its magnetic character
once it is adsorbed on graphene [19]. Hence, although the MON constitutes a very interesting
alternative to control the distribution of metal atoms in space, we can hardly predict the electronic
and magnetic properties of the metallic moieties without a careful analysis of the entire adsorbed



MON. Beyond the interest in the electronic and magnetic properties of the ordered metal arrays,
the influence of the adsorbate on the properties of the substrate could also be of interest. For
example, the adsorption of organic self-assembly or MON could be used to modify both the
electronic and magnetic properties of graphene. On the other hand, magnetism can be induced
into graphene alone by the presence of structural defects, deformation, and doping [21-23], but this
weak effect can be efficiently screened by the presence of a metallic substrate or an increasing
temperature [23]. Again, the adsorption of a MON on graphene appears quite appealing since it
remains the less invasive way to modify the properties of graphene, while the MON-graphene
interactions can be quite significant.

The aim of the present study is to determine the capability of MON-containing magnetic
atoms (Co) to induce spin-polarized electronic states into graphene (G) in a non-invasive fashion
and to evaluate the persistence of the magnetic characteristics of the MONs. Our computational
approach considers the isolated species to describe the electronic and magnetic properties of
individual MONSs, first to estimate the influence of the Co-Co distance, second to describe their
electronic properties, and third to evaluate the stability of different ordered magnetic phases. Then,
for the MON/G complexes, we focus on the description of the interactions, the influence of
graphene on the variation of magnetic properties including the exchange coupling between Co
atoms, and the effect of MON adsorption on graphene properties.

COMPUTATIONAL METHODS

The DFT electronic structure calculations were performed using the Siesta [24] package (version
4.1.5). We used periodic boundary conditions with the well-known functional of
Perdew-Burke—-Ernzerhof (PBE) [25] in conjunction with van der Waals (vdW) corrections derived
by Grimme [26], also known as the PBE+D2 approach. The computations were performed with
norm-conserving Trouillier—Martins pseudo-potentials and double-{ polarized atomic basis sets.
The mesh cutoff used to form the real space grid in the DFT calculations was 500 Ry, and the
structural relaxation and geometry optimization were carried out using the conjugate-gradient

method until the forces and the variation of total energy were less than 0.01 eV/A and 107° eV,
respectively. We considered a vacuum region of 30 A to minimize the interactions between periodic
images in the direction normal to the slab. All optimizations were performed at "-point (k-point grid
of 1x1x1), and all the properties were obtained with a 9x9x1 k-point grid. A Bader charge analysis
was undertaken with the Bader code developed by the Henkelman group [27]. The simulations of
STM images were carried out at the Tersoff-Hamann level of theory [28], and the topography
images were obtained at constant height mode. In all spin-polarized STM images, the contrast
corresponds to the variation of the spin density component normal to the MON+graphene surface.
The adsorption of the different MONs on graphene was modeled by considering three
polyphenyl-based molecules linked to two cobalt (Co) atoms and where the Co atoms occupy on-
top adsorption sites on the graphene substrate. It is noteworthy that the most stable position of a
single Co atom on the graphene surface has been a source of debate over a long period of
time [29-41]. It appears that the relaxation of graphene during adsorption may lead to different
stable positions of Co on graphene: for the unrelaxed case, the most favorable adsorption site is
the hollow site (the middle of a hexagon on graphene), whereas the on-top site (on top of a C
atom) is privileged for a relaxed graphene sheet. This latter position is also found by considering a
Hubbard correction, as one will see in the following. The different unit cells used for the
calculations are reported in Figure 1, where C1, C2, and C3 have, respectively, one, two, and three
phenyl rings within the para-polyphenyl-dicarbonitrile (NC—CX—-CN) building block. The size of the

graphene substrate unit cell was adapted to fit the size of the MONs that form a hexagonal
arrangement with increasing pore size from C1 (2.27 nm) to C3 (3.98 nm), as shown for the C1
system in Figure 1. For the geometry optimization procedure, we first optimized the different free-
standing graphene substrates containing 128 (C1), 242 (C2), and 392 (C3) carbon atoms. Since
the geometry of graphene is quite robust and very weakly perturbed by the presence of an
adsorbed MON phase, we then used those optimized graphene substrates on which the adsorbed
MONSs were fully optimized, while graphene was fixed. In all the optimization procedures, the



contribution from vdW interactions to the total energy was considered by using the D2 approach
[26].

In order to evaluate the magnetic coupling between Co atoms within a single MON, in other
words, to evaluate the exchange coupling constant (J = Exry — Ery) by comparing the total energy

of antiferromagnetic (AFM) and ferromagnetic (FM) phases, we have adopted a similar procedure
to Pétuya and Arnau [42] that consists in using the optimized non-spin-polarized structure for
calculating the spin-polarized total energy of AFM and FM phases. To validate this approximation,
we performed closed-shell and open-shell DFT calculations on the C1/G system to compare the
geometry of the optimized structures. The most noticeable change observed in the optimized
geometry from the closed-shell to the FM states is a small out-of-plane displacement of the
nitrogen atoms by 0.18 A, which represents a 6% variation with respect to the original closed-shell
value. Moreover, such a change implies an elongation of the Co—N bond distance of 0.07 A,

corresponding to a variation of 4%. All the remaining C1 backbones, including Co atoms, do not
show any significant differences from the closed-shell to the open-shell (FM) structures. Although
such small deformations would not have a significant impact on the electronic structure properties
of a given magnetic phase, this small geometry variation could contribute to the total energy of the
systems by a significant amount with respect to the exchange coupling energy. Then, in order to
minimize this contribution from relaxation energy in the estimation of exchange energy, it appears
quite realistic to fix the geometry to compare the total energy of AFM and FM for evaluating
exchange energy. Following this strategy [42], the difference in total energy between AFM and FM
phases can be more directly attributed to a change in their spin density distributions rather than to
the influence of structural relaxation on the stability of the magnetic phases. Hence, all of the spin-
polarized calculations were performed on fixed geometries after a full relaxation of the closed-shell
systems.
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Figure 1. Unit cells that model the adsorption of MONs made of para-polyphenyldicarbonitrile molecules and
cobalt atoms on a graphene (G) substrate. The top images give the structure of MON units containing one to
three phenyl rings (C1 to C3) and the bottom image shows a (2x2) array of the C1/G unit cell. Green and
gray color atoms are C, blue are N, pink are Co, and white are H atoms.



To better describe the relative stability of FM and AFM phases of the MONs, we performed
additional spin-polarized calculations beyond the generalized-gradient functional (GGA) limits
using Siesta [24] and Quantum ESPRESSO (QE) [43-44] packages with the DFT+U method. The
Siesta package allows investigating larger systems than QE but is often considered to be less
accurate due to the use of a localized atomic orbital basis rather than plane waves as in QE. With
QE, we applied DFT+U corrections from the more recent formulation of Himmetoglu et al. [45] for

cobalt (Co), with U =5 eV. Such a U value with metal-organic compounds containing TM ions was
successfully used for many compounds such as TM—(Fe-tetracyanobenzene) [46], TM—(7,7,8,8-

tetracyanoquinodimethane) [47], and TM—(zwitterionic quinone) [48,49]. The interaction between

the valence electrons and ionic cores was described within the framework of the projector-
augmented wave (PAW) method. The electronic wave functions were expanded in plane waves
with a kinetic energy cutoff of 500 eV and a grid of (2x2x1) points. We validated our DFT+U
approach by using different approaches on a small C1/G system to reproduce the J value obtained
from the PBEO hybrid-functional. Although PBEO is considered the most accurate approach to
determine the magnetic ground state of a system, its use for large systems is much less
computationally practical within a reasonable timeframe. More details on this DFT+U validation
procedure are reported in the Supporting Information and Table S1.
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Figure 2. Optimized structures of the C1 to C3 complexes on graphene show a strong interaction of the Co
atoms with the substrate.

RESULTS AND DISCUSSION

Spin-Density Distribution in MON/G Complexes. The geometry of the graphene substrate is not
significantly altered by the adsorption of MONSs, but the electronic structure of this last is quite
perturbed, especially in the vicinity of the Co moieties. Figure 2 shows side views of the optimized
complexes where the Co atoms have significantly plunged toward the graphene surface, while the
bonded polyphenyl groups have become highly bent. In such configuration, the short Co—graphene
distance (dco_g) slightly decreases from 2.12 to 2.03 A from C1 to C3 complexes, while the

polyphenyl fragments are repelled up to ~3.25 A above the graphene surface, i.e., in the same

range as for vdW distances observed for aromatic molecules adsorbed on graphene [50,51]. In
addition, due to the strong interactions between Co atoms and the terminal CN groups, the
polyphenyl fragments near Co atoms are more strongly deformed.

Table 1 summarizes the electronic and magnetic properties of the different complexes
considered. In order to estimate the influence of graphene on the MON properties, we will first
discuss the properties calculated for isolated MONs with similar geometry to the adsorbed cases.
Those calculated values are reported in parentheses in Table 1. The total magnetization (S)



calculated for freestanding C1 to C3 complexes clearly indicates a magnetic character, and the
exchange coupling energy (J), simply expressed here as the energy difference between AFM and
FM phases, shows that the ground states are slightly FM. Nevertheless, the low magnitude of J
(close to thermal energy, kg T) and its decreasing nature from C1 to C3 suggest a weaker magnetic
order with a complex size. While most of the charge transfer occurs from the Co atoms to the CN
moieties, there is also a significant amount of charge that is transferred from the polyphenyl
fragments to the CN groups. Since the MONSs are slightly bent along the z-direction, this charge
transfer leads to the appearance of an out-of-plane dipole moment.

If we now turn to the MON/G complexes, the total energies for the ground states also indicate
magnetic behavior. The calculated exchange-coupling parameter J generally remains quite small at
both DFT and DFT+U levels. The determination of ground states for such weakly spin-ordered
systems is quite delicate and remains highly challenging. In fact, we have explored several
approaches to determine the value of J for the C1/G complex, which leads to a multitude of ground
states with relatively small absolute energy differences (see Table S1). Moreover, we observed that
the DFT+U+J approach that was successfully used for complexes with significant exchange
coupling is much less reliable for describing MON/G systems in which the exchange coupling is
much smaller (see Figure S1 in Supporting Information). All calculated absolute values of J for the
MON/G complexes are lower than 7 meV; we can then safely attribute a paramagnetic behavior to
those complexes in practical conditions. From a magnetic perspective, we observe that the
presence of graphene reduces the total magnetization of MONs by 30— 50%, but it also contributes

to a significant decrease in the exchange coupling energy.

In contrast, the variation of electronic properties related to charge density is quite
remarkable. For example, the Bader analysis indicates a significant fluctuation of charges within
the MONSs but, more importantly, between the MONs and graphene. Graphene becomes negatively
charged or, in other words, n-doped, and the amount of charge accumulation on graphene
increases with the MON size. Given the proximity of Co atoms to graphene, we may anticipate that
most of the substrate n-doping originates from the Co-to-graphene charge transfer. Table 1
indicates a similar charge accumulation on graphene for both the AFM and FM phases, suggesting
that the magnitude of the charge transfer is not directly related to the magnetic character of the
complexes. The net positive charges on Co atoms remain nearly constant among the different
complexes; however, we observe an increasing amount of negative charges on graphene, while
the net electron charges on the carbonitrile moieties decrease with the size of the MON. Upon
MON adsorption onto graphene, the fluctuation of charges on Co atoms and CN groups from the
isolated complexes does not clearly depend on the building block length; Co atoms provide an

additional ~0.25 e, while CN groups give around ~0.40 e in all complexes. Beyond this ~0.65 e

charge transfer from the “Co,—(CN)s” moiety to graphene, an additional charge transfer from the

polyphenyl backbone is required to explain the increasing amount of negative charge on graphene
with the size of the MONSs. In fact, although the net negative charge increases on graphene from
C1 to C3 complexes, we observe that its relative doping level decreases from 0.007 e/C atom to
0.004 e/C atom from C1 to C3. This last result indicates that doping is limited to the region in the
closed vicinity with the molecular backbone of the MONSs. Finally, the large dipole moment (up)
calculated for the MON/G complexes agrees very well with the increasing amount of negative
charge transferred to graphene with the MON size.



Table 1. Spin-Density Properties of MONs Adsorbed on Graphene”

AE up (Debye)
system J (meV) (eV) Bader charge lel S (FM) (FM)
DEFT DFT + U Co-1 + Co-2 graphene (—=CN),
AFM FM AFM EM AFM FM
Co,— —1.0 (33) 5.0 (27) 2.09 2.10 (1.88) 2.06 (1.92) —0.89 —0.89 —2.62 (—2.98) —2.55 (—2.98) 3.00 (5.98) 4.33 (2.01)
Cl
Co,— -6.6 (47) 23 (19) 232 2.09 (1.85)  2.09 (1.87) —1.18 —117  —228 (-2.64) —228 (-2.63)  4.18 (5.98) 7.37 (2.45)
C2
Co,— 0.2 (30) 1.4 (9) 247 2.20 (1.96) 220 (1.98) —1.47 —1.47 —1.70 (—2.10) —1.70 (—2.09) 3.97 (5.96) 10.05 (2.58)

C3

4The exchange coupling energy, J =~ Earn — Erum (in meV), was calculated at the PBE+D2 (DFT) level with

Siesta and at the DFT + U level with QE. AE is the energy (in eV) of the non-polarized state with respect to
the ground state. The Bader charges, the total magnetization (S), and the net dipole moment (yp) were

evaluated at the PBE+D2 level. All values in parentheses are for the isolated MON. All calculations include a
D2 correction for vdW interactions.
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Figure 3. DOS of different magnetic phases of the C1/G complex. The DOS of pristine graphene (dotted lines) is shown
for reference.

Electronic Structure Properties of MON/G Complexes. The comparison of density of states
(DOS) between AFM (dashed lines with filled area) and FM (solid curves) phases for the C1/G
complex is shown in Figure 3 for both up (blue curves) and down (red curves) spins with respect to
pristine graphene (dotted lines). Although the DOS of both phases indicates that graphene clearly
becomes n-doped upon the adsorption of C1, we observe major electronic structure differences
near the Fermi level. First, the Fermi level is pinned well above the neutrality point of graphene
(around -0.5 eV from Eg[G]). Second, there is a significant amount of mixing of states below and
above the neutrality point of graphene and, more importantly, at the Fermi level. With respect to
pristine graphene, the AFM state (filled curves) shows additional states between —2 and —0.5 and

+1.0 and —0.5 eV, in the valence and the conduction band, respectively. Here, to mention, the AFM

state exhibits degenerate eigenstates for both spins. As for the FM phase, we also observe an
important mixing of states in these energy regions, but mostly for down spin density, for which the
DOS at the Fermi level is even higher than that for up spin density.

A more detailed description of states mixing near the Fermi level is reported in Figure 4 for
the AFM phase. Since the distribution of states is symmetric for up and down spins in the AFM
phase, we show only the projected DOS (PDOS) for the up spin for clarity. It is interesting to note
that states at the Fermi level mostly originate from the mixing of graphene and polyphenyl
backbone states including Co—(CN); fragments, while the larger contribution from Co atoms near

Er is located in the valence band between -2 and —1 eV. Co atoms also moderately mix with



graphene at Eg, and the magnitude of variations observed from pristine graphene to graphene in
C1/ G between 0 and +1 eV is about the same as the contribution from Co atoms (between —2 and
—1 eV). The mixing of states between graphene and MONs at the Fermi level and between 0 and

—1 eV demonstrates that the electronic structure of the graphene substrate is significantly modified
by the presence of the adsorbed MON.
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In order to describe the relationship between Co atoms and graphene in their states-mixing
region near Eg, Figure 5 compares the PDOS of graphene and Co atoms for the AFM and FM
phases of the C1/G complex. To emphasize the role of individual Co atoms in the spin density of
the complexes, we have considered the projection of each Co atom and have included the DOS of
pristine graphene for comparison. In fact, although the contribution from Co atoms is lower at E:
than between -2 and —1 eV, we can clearly observe a larger perturbation of the electronic
structure of graphene at Erfor both AFM and FM phases. Beyond a small spin contamination [52],
we can clearly differentiate the spin density on each Co atom in the AFM phase (spin down = Co-1
and spin up = Co-2). Most of the electronic structure perturbation in graphene is observed at Er for

up and down spins — symmetrically for AFM and more significantly for down spin states in the FM

phase. This result indicates a specific interaction of magnetic Co atoms with the graphene
substrate, but that could not give a well-ordered magnetic phase at room-temperature conditions. A
similar behavior is observed for larger MONSs; Figure 6 shows the projection of Co atoms and
graphene from the different complexes according to the AFM and FM phases.
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Figure 6. Comparison of the spin-polarized PDOS of graphene and Co atoms from C1/G to C3/G complexes for both (a)
AFM and (b) FM phases.

The trends observed for graphene and Co atoms are very similar in both the AFM and FM
phases. From C1 to C3, the neutrality point of graphene is shifted toward the Fermi level,
supporting a decreasing n-doping (per C atom) with a larger MON size, as discussed above. A
decreasing contribution of Co atoms at the Fermi level is observed from C1 to C3 complexes as
well as less apparent perturbations of graphene electronic structure with the MON size. The
increasing PDOS splitting of the neutrality point for up and down spins just below Egfrom C1 to C3
complexes is related to the increasing size of the graphene substrate. In fact, larger models
produce larger amounts of states around Eg, and those become increasingly convoluted as the
substrate size increases due to the broadening factor used to generate the DOS profiles. Figure S2
(see Supporting Information) clearly demonstrates that this neutrality point splitting is related to the
substrate size and not to a bandgap opening induced by the MON; the freestanding (G[Cx]) and
stacked graphene (G—Cx) models give rise to exactly the same amount of DOS at the neutrality

point, which increases with graphene size.



In order to investigate the local electronic and magnetic properties of graphene within the
stacked heterostructure, we performed spin-polarized STM simulations on the backplane of the
complexes, just underneath the graphene plane, to emphasize the direct influence of the MONs on
graphene. Figure 7 compares the STM images of the AFM and FM phases of the C1/G complex,
the calculated image for a single cell, and an arrangement of (3x3) cells to emphasize the

electronic and magnetic patterns induced in graphene.

(1x1)
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Figure 7. Spin-polarized simulations of STM images for (a) single (1x1) and multiple (3x3) unit cells of the C1/G
complex for (b) AFM and (c) FM phases. The out-of-plane component of the spin density was used to generate the STM
image underneath graphene in the C1/G complex. V = -0.2 V, scale: —1 x 107° (blue) to +1 x 107° (red).

The scanning tunneling microscopy (STM) images of the AFM phase clearly show a spin-
density localization on carbon atoms near Co atoms from the MON, specifically on atoms not only
directly bonded to Co but also the next C atoms. Beyond this small zone, we observe a fluctuation
of the spin density from a C atom to the next one, which gradually decreases in magnitude as the
distance from the Co atoms increases. Surprisingly, the highest spin-density magnitude appears on
C atoms with opposite spin to the spin-density induced directly from Co atoms. This phenomenon
is clearly visible for the FM phase where down spin density dominates over the entire domain. As
observed in Figure 5, down spin density is strongly dominant at low voltages below the Fermi level.
Larger-scale STM images allow us to observe that Co atoms induce different spin-density patterns
in graphene, which are partially overlapping through spin-dependent evanescent-induced states
(see also Figures S3 and S4, Supporting Information). Our DFT calculations revealed that the
adsorption of MONs led to a lower exchange coupling J value to a point where no magnetic
coupling is expected. Nevertheless, STM images clearly indicate an influence of the magnetic Co
atoms on both the electronic and magnetic properties of graphene. Then, the interactions of Co
atoms within the MON generate n-doping of graphene, and this doping is spin-polarized (see



Figure S5). To summarize the interaction of magnetic MONs with graphene, Figure 8 shows the
influence of the spin-polarized charge transfer on the variation of the net electric (up) and magnetic
(ug) dipole moments considering the AFM coupling between the MON and graphene. The charge
transfer from Co atoms to graphene invariably induces an increasing dipole moment for both the
AFM and FM phases. In contrast, due to an AFM coupling of Co atoms to graphene, the spin-
polarized charge transfer contributes to decrease the magnetic moment of the FM phases (red
arrows) but has no influence on the magnetic moment of the AFM phase (green arrows).
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Figure 8. Influence of the charge transfer on the electronic and magnetic properties of MON/G complexes.

CONCLUSIONS

In this work, we have shown that the adsorption of magnetic MONs on graphene induces magnetic
and electronic perturbation of the substrate. First, graphene becomes n- doped due to a significant
charge transfer from the MON moiety, where a significant mixing of states between the metal
atoms from the MON and carbon atoms of graphene is observed. Second, graphene contributes to
partially screen the magnetic behavior of the adsorbed MON through an AFM coupling. Beyond
decreasing the magnetic moment of the systems, this coupling creates a clear spin-density
polarization in graphene. Although the magnetic order in all MON/G complexes remains relatively
weak, spin-polarized STM simulations clearly demonstrated a magnetic signature in the electronic
structure of graphene. The AFM coupling between Co atoms in MONs decreases from C1 to C3 as
the separation between Co atoms in the networks becomes nearly negligible once the MONSs are
adsorbed on graphene. This work opens the route to the creation of magnetic and electronic
patterns in graphene and other 2D materials.

Supporting Information

Determination of the ground state for C1/G systems using different DFT+U approaches, PDOS
near the Fermi level of graphene in the absence and in the presence of the adsorbed MON,
calculated spin-polarized STM images of the C1/G complex at different heights among the stacks
for the AFM phase, calculated spin-polarized STM images of the C1/G complex at different heights
among the stacks for the FM phase, and height profile across a single unit cell of the C1/G system
for the FM and AFM phases.
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Table S1 contains the results of the different approaches used to determine the magnetic
ground state of the C1/G system. First, we noticed that the energy difference between AFM
and FM is relatively small, even at PBE+D2 level. As given the size of this model, a total of
172 atoms, the use of PBE0 hybrid-functional with a 25% Hartree-Fock exchange parameter
(cv = 0.25) that is considered the most accurate approach to determine the magnetic ground
state of a system remains computationally realistic. The energy difference between AFM
and FM found with PBEO (+4 meV) gives a slightly FM ground states. This constitutes our
reference to validate the following DFT+U approach. Then, we compare the results obtained
with standard DFT+U technique (non-orthogonalized U projection!) from Siesta and QE
packages. Both cases give an AFM phase as the ground state, and the energy difference
found with Siesta is nearly twice the value obtained with QE. This small discrepancy (22
meV) between Siesta and QE is more probably related to the difference in the methodology
used in Siesta (localized orbitals) and QE (plane waves). More importantly, those DET+U
values are not in agreement with the PBEOQ reference value. Finally, we used the more
recent formulation of Himmetoglu et al.? for building Hubbard (U) projectors using Lowdin
orthogonalized atomic orbitals implemented in QE. For this case, the calculated ground state
of C1/G is FM, and the difference from the PBEOQ reference is about 1 meV. Consequently,
we have adopted this DFT+U approach to evaluate the energy of larger systems, such as
C2/G and C3/G.

Table S1: Determination of ground state for the C1/G system. U* means that
orthogonalized U projection was used in contrast to non-orthogonalized U pro-
jection in DFT+U. All calculations included D2 corrections to account for vdW
interactions.

method  E(AFM-FM)  package

(meV)

PBE —1 Siesta
DFT+U —-21 QE
DFTH4+U —43 Siesta

DFT+U* +5 QE
PBEO +4 QE
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Figure S1: Variation of density of states of free-standing (dashed lines) and stacked graphene
(full lines) with the size of the unit cell model. The unit cell of graphene increases as C1

(128 C) < C2 (242 C) < C3 (392 C).
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Figure S2: Calculated STM images for various positions (indicated by the black line) in the
molecular stack for the AFM phase of the C1/G complex. The color legend is not scaled

and is limited by lowest and highest value.
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Figure S3: Calculated STM images for various positions (indicated by the black line) in the

molecular stack for the FM phase of the C1/G complex. The color legend is not scaled and

is limited by lowest and highest value.
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Figure S4: Amplitude profile of STM images for the AFM (red) and FM (black) phases of
the C1/G complex according to the path shown in lower panels. The spatial positions of Co
atoms are indicated by the stars. A similar arbitrary scale was used for both STM images.
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