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2D Co-Directed Metal-Organic Networks Featuring Strong
Antiferromagnetism and Perpendicular Anisotropy
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1. Introduction

Antiferromagnetic spintronics is a rapidly emerging field with the potential to

revolutionize the way information is stored and processed. One of the key
challenges in this field is the development of novel 2D antiferromagnetic
materials. In this paper, the first on-surface synthesis of a Co-directed
metal-organic network is reported in which the Co atoms are strongly
antiferromagnetically coupled, while featuring a perpendicular magnetic

anisotropy. This material is a promising candidate for future

antiferromagnetic spintronic devices, as it combines the advantages of 2D
and metal-organic chemistry with strong antiferromagnetic order and

perpendicular magnetic anisotropy.
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Since the first report on the fabrication
of a 2D single-layer metal-organic coor-
dination network (SL-MOCN) on a solid
substrate,['! the number of new nanostruc-
tures has been continuously increasing at
a fast pace,l*?] including lanthanide-based
architectures.I**! Actually, SL-MOCNSs con-
stitute the limiting case of the so-called
2D metal-organic frameworks (2D-MOFs),
thin films where SL-MOCNs layers are
stacked along the z-axis by z—z interactions,
and that have found many potential applica-
tions in different fields (energy, electronics,
membrane separation, electrochemistry, etc.),*] especially
since the discovery of high electrical conductivity.’®! In addi-
tion, SL-MOCNs have been predicted to exhibit exotic quan-
tum properties, like non-trivial topological states, confined
states within the pores affording dispersive electronic bands,
ferromagnetic coupling between magnetic centers, flat Chern
bands responsible for a quantum anomalous Hall effect,
etc.[17-23]

Surprisingly enough, despite all the theoretical insights, es-
pecially on Kagome lattices,?*3* the amount of experimen-
tal work on the magnetic properties of SL-MOCNSs is rather
scarce, particularly taking into account the blooming of 2D
magnetic materials.>>*’] In general, scanning tunneling spec-
troscopy measurements performed on SL-MOCNs have shown
the presence of localized magnetic moments,34% revealing that,
in most cases, the magnetic moments are not quenched de-
spite the presence of the metallic surface. Actually, large or-
bital moments have been reported in Co-HOTP networks on
Au(111).*"] Furthermore, the magnetic properties of lanthanide-
based coordination networks have also been revealed, demon-
strating that a wise choice of the ligands and the magnetic el-
ement allows to tune the energy level alignment with the sub-
strate as well as the magnetic anisotropy.*>*! In addition, fer-
romagnetic coupling of the magnetic centers in Fe-T4PT net-
works on Au(111),[2! or Ni-TCNQ on Ag(100) or Au(111),[4647]
via a superexchange mechanism through the organic linkers,
has been reported. However, although antiferromagnetic cou-
pling has been predicted by density functional theory (DFT) cal-
culations in a number of systems,[3>*®] experimental measure-
ments have only confirmed a weak antiferromagnetic coupling in
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Mn-TCNQ on Au(111),[#*1 or Co-HOTP on Au(111),/!] both of
them featuring in-plane magnetic anisotropy.

In the last decade, antiferromagnetic spintronics has become
a very active field of research.l**>!l Since antiferromagnetic ma-
terials have no net magnetic moment, they are less susceptible to
external perturbations; in addition, they produce no stray fields
and exhibit ultrafast magnetization dynamics. This has given an
extra boost to the quest for revolutionary magnetic materials. In
particular, for applications where long-term stability is a key re-
quirement, such as sensors or magnetic media, it would be im-
portant to find 2D materials with a strong antiferromagnetic char-
acter and out-of-plane magnetic anisotropy.’?! In this letter we
report, to the best of our knowledge, the first experimental obser-
vation of a strong antiferromagnetic coupling and out-of-plane
magnetic anisotropy in a 2D metal-organic network designed
by on-surface synthesis on Au(111), namely Co-HOB (H,HOB =
hexahydroxybenzene, see the inset in Figure 1a).

2. Results and Discussion

The Co-HOB network was prepared by depositing H.HOB
molecules and Co in sequential order on Au(111), and further
annealing to 200 °C. Figure la—c shows scanning tunneling mi-
croscopy (STM) images taken after depositing a submonolayer
amount of H{HOB with the substrate held at room tempera-
ture. Most of the surface appears covered by a regular array of
molecules forming a hexagonal network with a lattice parameter
of ~7.3 A (the unit cell is drawn in Figure 1c). Taking into ac-
count the high symmetry directions of the Au(111) surface with
respect to the molecular layer, a model can be built, where the
unit cell of the molecular layer is related to the gold surface by
12
network would be 7.63 A, very close to the experimental results.
In agreement with the non-contact atomic force microscopy (nc-
AFM) images (Figure 1d), the results of the DFT calculations
(Figure 1e,f) indicate that the molecules lie flat on the surface,
with the molecular center close to a hollow position, at a height
of 3.41 A over the topmost surface layer, interacting via OH—O
hydrogen bonds. As can be seen in Figure 1a,b, the molecular
layer is not completely uniform, but there seems to be a number
ofirregularities randomly distributed over the network, which we
attribute to partial deprotonation of some of the molecules, as
has already been reported after H,HOB deposition on Au(111) at
room temperature.*! It is important to notice that this molecular
layer desorbs completely upon annealing to 125 °C.

After depositing a small amount of Co on top of the H{HOB
layer, the molecular layer breaks into large islands featuring
sharp edges coexisting with much smaller islands (Figure Sla,
Supporting Information). A careful look (Figure S1b, Support-
ing Information) reveals that, although the structure (unit cell
and orientation) of these islands (both large and small) is iden-
tical (Figure Slc, Supporting Information), there are new inho-
mogeneities (more easily seen in the large islands, Figure S1b,
Supporting Information), where molecules with a distinct, darker
appearance, seem to cluster together.

After annealing this layer to 200 °C, only small islands remain
on the surface (Figure 2a). High-resolution STM and nc-AFM im-

the epitaxial relationship ( > The lattice parameter of this
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Figure 1. a—c) STM images of the Au(111) surface after depositing a sub-
monolayer amount of HgHOB molecules. d) Nc-AFM image taken at the
same location as in (c). e,f) Top and side view of the DFT calculated struc-
ture of the HgHOB layer (C = grey, O = red, H = white, Au = yellow). The
inset in (a) shows the chemical structure of the H;HOB species, while the
white lines in (c) and (e) show the unit cell. (a) 0.5V, 0.10 nA, scale bar:
10 nm; (b) 0.01V, 0.12 nA, scale bar: 4 nm; (c) 0.1V, 0.05 nA, scale bar:
1 nm. (d) 0.005 V, 0.15 nA, scale bar: 1 nm.

ages (Figure 2¢,d) reveal that these islands conserve exactly the
same structure (unit cell and orientation) than the H,HOB layer.
There are some characteristics, however, that show that the com-
position of these islands must be different from those formed
by molecules alone. First, the H.HOB molecules desorb already
at 125 °C, while these islands remain stable even after anneal-
ing to 200 °C. Second, under certain scanning conditions, spe-
cially at low bias voltage (Figure 2c), the molecules show a uniax-
ial symmetry axis, never observed in the absence of Co. Third,
although the nc-AFM images of the two systems (Figures 1d
and 2d) look rather similar, a careful examination reveals that
there is a significant difference. In the first case (without Co) the
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Figure 2. a—c) STM images of the Co-HOB metal-organic coordination
network. d) Nc-AFM image taken at the same position than (c). e,f) Top
and side view of the DFT calculated structure of the Co-HOB network (C =
grey, O =red, Co = blue, Au = yellow). The white lines in (c) and (e) show
the unit cell. (a) 0.5V, 0.1 nA, scale bar: 10 nm; (b) 0.2V, 0.03 nA, scale
bar: 4 nm; (c) —0.08 V, 0.4 nA, scale bar: 0.8 nm. (d) 0.005 V, 0.05 nA, scale
bar: 0.8 nm.

elongated extremities, assigned to the functional groups, coming
out of the central moiety of three H,HOB neighboring molecules
do not point to the same place (Figure S2a, Supporting Infor-
mation), which agrees with the hydrogen bond model shown
in Figure le. However, in the second case (after depositing Co
and annealing), such extremities point, approximately, to the ge-
ometrical center of the three molecules (Figure S2b, Support-
ing Information). Since most probably the molecules are com-
pletely deprotonated after the annealing process, in the absence
of coordination with Co this would be a very energetically un-
favorable configuration, with three negatively charged O atoms
close to each other. The most plausible explanation would be that
the deprotonated functional groups are actually pointing to a Co
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atom, forming O—Co coordination bonds, which would imply
that Co presents a three-fold coordination, as recently reported
for a Co-HOTP network on Au(111).Y) The structural model of
the network, based on results of DFT calculations, is shown in
Figure 2e,f. Note that the molecular centers are now on top posi-
tions, while the Co atoms, which form a honeycomb lattice, with
a nearest neighbor distance of 4.37 A, are on hollow positions,
and much closer to the surface (2.43 A) than the molecular layer
(3.15 A).

It is important to mention that, although our previous work
has demonstrated that on Au(111) Co atoms prefer to be three-
fold coordinated to oxygen-containing ligands,[*!) we have also
considered an alternative model where the Co atoms are fourfold
coordinated to four oxygen atoms of two neighboring molecules.
This structure has been observed for similar systems in bulk or
thin sheet form,1** but also for 2D single layers of Fe-HOB on
Au(111)*1 or Cu-HOB on Cu(111).>*] However, both experimen-
tal and theoretical results seem to definitively discard the fourfold
model in favor of the threefold one (see Figures S3 and S4, Sup-
porting Information).

A Bader analysis(®>>® of the electronic distribution indicates
that the Co atoms hold a positive charge of +1.25 |e”|, and the
molecules are negatively charged with —2.22 |e”|. Since there
are two Co atoms per unit cell, this indicates that there is a
net transfer of +0.28 |e”| per unit cell from the network to the
substrate.

The formation of a 2D Co-HOB coordination network explains
the higher desorption temperature: while the adsorption energy
of the H;HOB layer is 1.44 eV per molecule, the adsorption en-
ergy of the Co-HOB network is 2.64 eV per unit cell. Regarding
the uniaxial anisotropy, although in the STM images shown in
Figure 2b,c the symmetry axis seems to have no preferential ori-
entation, a careful inspection of all the STM images indicates
that, for islands nucleated far from the elbows of the herringbone
reconstruction, the symmetry axis of all the molecules within
the island are parallel to each other, and oriented almost per-
pendicular to the dislocation lines of the reconstruction (Figure
S5a,b, Supporting Information), i.e., parallel to the direction of
the reconstruction, where the gold nearest neighbor distance is
the shortest. Since calculations of a system with a unit cell the
size of the entire herringbone reconstruction (22a x 1/3a)l*’] ex-
ceeds our computational capabilities, we have modeled the re-
construction by using a Au substrate with a (1 X 1) unit cell
where the lattice parameter in one direction is contracted ~4.5%
with respect to the bulk gold nearest neighbor distance, that is,
all the substrate layers are distorted, not only the surface layer.
On top of this substrate we have built the Co-HOB layer by us-
ing the same epitaxial relationship as in Figure 2e. After letting
the system to relax, the results (Figure S5c, Supporting Infor-
mation) indicate that, to keep the threefold symmetry of the Co
coordination bonds, the surface is somewhat distorted, which
in turn results in a small distortion of the molecular ring, in
such a way that two opposite C—C bonds are slightly shorter
than the rest, inducing in this way the uniaxial anisotropy ob-
served in the STM images, as shown in Figure S5d (Supporting
Information).

Thus, the structure of this 2D Co-HOB network, with an stoi-
chiometry Co:HOB = 2:1, and where the Co atoms are threefold
coordinated to three O atoms, seems to depart from the expected
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Figure 3. a) dI/dV spectra taken on a HOB ligand (red), on a Co atom (blue), and on the clean bare Au surface (green). The inset shows an STM

image indicating the points where the spectra where taken. b) Higher resolu

tion spectra, similar to (a), around the Fermi level. ¢,d) Band structure of a

free-standing Co-HOB network with the same structure it adopts on the Au(111) substrate, and the corresponding density of states. e,f) DFT calculated
band structure of the Co-HOB/Au(111) system projected onto the molecular network, and the corresponding density of states.

structure for these type of ligands, where the Co atoms are typ-
ically coordinated with four carbonyl ligands,!1%1785% signaling
the importance of the surface for establishing the final coordina-
tion number.[%]

The electronic structure of the Co-HOB network has been
studied by scanning tunneling spectroscopy (STS) and DFT cal-
culations. Representative dI/dV spectra taken at the molecular
center and the Co node are shown in Figure 3a (higher resolu-
tion spectra around the Fermi level are shown in Figure 3b). The
most significant feature is a clear minimum at the Fermi level
that appears all over the network, including the molecular center
(red curve) and the Co atoms (blue curve), tentatively indicating
the semiconductor character of the network with an experimen-

Small 2023, 2309555 2309555

tal bandgap ~0.14 eV. The origin of this minimum seems to be
an electronic band gap between the conduction band and the va-
lence band, as can be seen when calculating the band structure
(Figure 3c) and the density of states (Figure 3d) of a Co-HOB net-
work with exactly the same geometry it adopts on the Au sub-
strate, but without the gold substrate. These results show that
the network is a semiconductor. The value of the gap depends
only slightly on the value of U used in the DFT calculations, go-
ing from 0.17 for U = 0 eV, to 0.33 for U = 4 eV. Figure 3e,f
shows the DFT calculated band structure and density of states
of the complete systems (including the gold substrate) projected
onto the molecular network. As expected, the band gap decreases
due to screening and intermixing with the Au states. Also, our

(4 0‘F9) © 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. a) XAS spectra taken at the Co L, ; edges acquired with positive (., green) and negative (u_, purple) circularly polarized light at Gl (top)
and NI (middle), and the corresponding XMCD (u_—pu, ) spectra (bottom) (B =6 T, T = 2 K). Magnetic fields were applied in the direction of the X-ray
beam incidence. The inset in the bottom panel shows the magnetization curves taken by measuring the XMCD intensity at the most intense peak of the
L; edge at NI (red) and Gl (blue) (T = 2 K). b) XAS spectra acquired with vertical (uy, purple) and horizontal (uy, green) linearly polarized light with
B =0.05T (top) and B=6T (middle), and the corresponding XLD (uy—uy) spectra (bottom) (T = 2 K).

calculations indicate that in the ground state the Co atoms are
antiferromagnetically coupled, with the spins out-of-plane, and
featuring a magnetic moment of 2.5 p; (Figure S6, Supporting
Information). The estimated exchange constant is #0.013 eV. In
addition, Figure S7 (Supporting Information) shows the calcu-
lated spin density distribution in the Co-HOB network, show-
ing that both the O (+0.058 ;) and the C (+0.023 pg) atoms
hold a small magnetic moment. The results indicate that the Co
atoms are ferromagnetically coupled to the adjacent O atom, but
the C atoms within the benzene ring are antiferromagnetically
coupled to each other. Thus, it seems that the antiferromagnetic
coupling between the Co atoms is due to a superexchange mech-
anism through the adjacent O atoms and the p, orbitals of the C
atoms.

The results of the XAS (X-ray absorption spectroscopy), XMCD
(X-ray magnetic circular dichroism), and XLD (X-ray linear
dichroism) measurements are shown in Figure 4. Herein, the
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Table 1. Expectation values of the spin (S.g), orbital (L,), and total (J,) =
(Sefr) + (L,) moments, and the total magnetic moment My = 2(S.g) + (L,)
extracted by XMCD sum rules for normal (0°) and grazing (70°) incidences
for the Co atoms in the Co-HOB network on Au(111).

Incidence angle (S (1) (L) (n) ) My (1)
70° (Gl) 021 0.29 0.42 0.72
0° (NI 0.06 0.07 0.12 0.18

peak structure of the XAS spectra (Figure 4a) seems to indicate a
Co?* oxidation state,[*101-%5] in agreement with the DFT calcula-
tions.

The most surprising result of the XMCD spectra (measured
at 2 K and 6 T) is their very low intensity, although being some-
what higher at grazing incidence (GI, 70°) than at normal inci-
dence (NI, 0°). Table 1 shows the results of applying the sum
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rules/®®®’] to calculate the values of the effective spin (S,), or-
bital (L,) and total (J,) = (S, + (L,) magnetic moments (in
units of #), and also the total magnetic moment M = 2(S,5) +
(L,) (in units of up). Here, (S,5) = (S,) + 7(T,), where (T,) is
the magnetic dipole moment, which provides a measure of the
anisotropy of the field of the spins when the electronic cloud is
distorted,!®”] a quantity hard to estimate experimentally.%8%] The
subindex z refers to the field axis. The values of the total magnetic
moments are surprisingly low. For example, for Co atoms within
the closely-related 2D Co-HOTP metal-organic coordination net-
work on Au(111), (L,) > 0.98 pup, (S,;) = 0.61 pp, at 6 T*)
and for isolated Co atoms on Pt(111), (L,) = 1.1 ug, (Sy) =
1.8 iy, at 7 T.70)

The inset in Figure 4a shows the magnetization curves ob-
tained by measuring the XMCD intensity at the most intense
peak of the L,-edge at NI (red) and GI (blue). The shape of the
magnetization curves clearly indicates that even at 6 T the mag-
netization is far from saturation, which explains the low values of
the magnetic moments. The magnetization seems to follow an al-
most linear dependence on the applied magnetic field, especially
at NI (with the slope for GI being larger than for NI), pointing
to a very large saturation field (>10 T). In contrast, the magneti-
zation of single Co atoms on Pt(111) saturates ~5 T,”!] and the
already mentioned Co-HOTP lattice is almost saturated at 6 T.I*!]

Thus, although these magnetization curves cannot completely
rule out a paramagnetic system, the small value of the magnetic
moments at 6 T (in both GI and NI directions), the almost linear
dependence with the magnetic field, and consequently, the seem-
ingly high saturation field, together with the small separation be-
tween neighbors Co atoms, make paramagnetism a very unlikely
possibility. However, all these behaviors can be much more easily
rationalized by assuming an antiferromagnetic coupling between
the Co atoms, in agreement with the DFT results. In this case, the
magnetization curves are typical of a hard antiferromagnet before
reaching the spin-flip transition, with the easy axis normal to the
surface. In these systems, the perpendicular susceptibility (the
applied magnetic field is perpendicular to the easy axis direction)
is larger than the parallel susceptibility, in agreement with our
experimental results.”273] Notably, the XLD results support this
conclusion. The XLD intensity depends on (M?),l7* and is there-
fore suitable to study antiferromagnetic materials,”>! the detailed
shape of the spectra being related to the anisotropy in the charge
distribution and spin-orbit interaction.l”®! As shown in Figure 4b,
this shape does not change when the magnetic field is increased
from 0.05 to 6 T, implying that the Co electron density is barely
modified.

3. Conclusion

In summary, we report the synthesis of a 2D Co-HOB metal-
organic network on Au(111) featuring strong antiferromag-
netism and out-of-plane magnetic anisotropy. The network ex-
hibits semiconducting behavior with an experimental band gap
~0.2 eV. Most important, the Co atoms, which form a honeycomb
lattice with nearest neighbor distance of 4.4 A, hold a magnetic
moment of ~2.5 pp and are strongly antiferromagnetic coupled,
featuring out-of-plane magnetic anisotropy. Although further ex-
periments are necessary, preliminary measurements seem to in-
dicate that the Néel temperature could exceed 20 K. We consider

Small 2023, 2309555

2309555 (6 of 9)

www.small-journal.com

that our study paves the way for a new generation of long-term
stable 2D antiferromagnetic materials with foreseeable applica-
tions in different fields such as sensing or magnetic media.

4. Experimental Section

Experimental Methods: IMDEA Nanoscience: The experiments were
performed at IMDEA Nanoscience in an UHV system with a base pressure
below 5 x 1071 mbar. Scanning tunneling microscopy (STM) and spec-
troscopy (STS), and non-contact atomic force microscopy (nc-AFM) ex-
periments were carried out on an Omicron LT-STM at 4.3 K. For STM/STS
measurements electrochemically etched tips were used. dl/dV spectra
were measured with an open feedback loop. Non-contact AFM measure-
ments were performed with a tungsten tip attached to a Qplus tuning fork
sensor (Omicron).l”7] The tip was a posteriori functionalized by a con-
trolled adsorption of a single CO molecule at the tip apex from a previously
CO-dosed surface.l”®] The functionalized tip enables the imaging of the in-
tramolecular structure of organic molecules.[”?! The sensor was driven at
its resonance frequency (=26 kHz for Qplus) with a constant amplitude
of ~60 pm. The shift in the resonance frequency of the sensor (with the
attached CO-functionalized tip) was recorded in a constant-height mode
(Omicron Matrix electronics and MFLi PLL by Zurich Instruments for Omi-
cron).

The Au(111) substrate was prepared by cycles of sputtering (Art,
1.0 keV) and annealing (500 °C, 10 min). Hexahydroxybenzene (H¢HOB,
Tokyo Chemical Industry Co., LTD) molecules were deposited by organic
molecular beam epitaxy (OMBE) with a Kentax evaporator heated at 150 °C
with the substrate at room temperature (RT). Co atoms were deposited
from a homemade evaporator with the substrate at RT. The samples were
post-annealed at 200 °C.

Experimental Methods: ALBA Synchrotron:  The magnetic properties of
the 2D Co-HOB networks were experimentally explored at the BOREAS
beamline of the ALBA synchrotron light source, Spain,[3°! through X-ray
absorption spectroscopy (XAS), X-ray linear dichroism (XLD) and X-ray
magnetic circular dichroism (XMCD) experiments. The synchrotron sam-
ple was prepared in situ using the same protocols described previously.
Before the magnetic measurements the sample was checked using an RHK
Pan Flow STM operating at liquid nitrogen temperatures (LN,) using tung-
sten tips.

XAS experiments were performed in the total electron yield (TEY) mode,
with a 100% circularly polarized beam. Magnetic fields up to 6 T were
applied in the direction of the X-ray beam incidence. XLD was defined
as the difference between XAS spectra taken with vertical and horizon-
tal polarizations (uy — p). XLD spectra were measured at 6 and 0.05 T
and normalized at the maximum of Co L;-edge of the isotropic spec-
tra: XAS,, = (%yv + %MH). XMCD was defined as the difference between
the circularly polarized XAS spectra measured with negative and positive
polarizations (u_ — . ), and were normalized by the maximum of the Co
L;-edge of the average absorption spectra: XASy,, = (%) . Magneti-
zation curves were built by evaluating the XMCD intensity of L;-edge for
fields between 6 and —6 T. Expectation values of the magnetic moments
were calculated by sum-rule analysis!®¢67] at the experimental conditions
of 2 Kand 6 T. The effective spin (Sz) = (S,) + %(TZ), orbital (L), and
total (J,) = (S, + (L,) magnetic moments were determined in units of
h. The total magnetic moment per atom was calculated using the relation
MT = 2<Seﬁ> + <Lz> in Hp-

Theoretical Methods: Density Functional Theory: DFT calculations were
carried out using different software packages, with very similar results
when confronted against each other.

A first approximation to the relaxed structures was carried out using
the DMol3 packagel®#?] integrated in the Material Studio program of
Dassault Systémes. The electron exchange and correlation energies were
treated with the generalized gradient approximation (GGA) of Perdew,
Burke, and Ernzerhof.[®3] The valence electron functions were expanded
to a set of numerical atomic orbitals by a double-numerical basis with
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polarization functions (DNP), (a polarization d function on all the non-
hydrogen atoms and a polarization p function on all the hydrogen atoms).
The cutoff radius was set to Rc = 4.5 A. DFT semicore pseudopotentials
(DSPP),[84] which include some degree of relativistic effects, were used
for Au. The Tkatchenko and Scheffler (TS) scheme!33! for dispersion cor-
rection was also included. The convergence criteria were as follows: SCF
tolerance, 2.72 x 10~ eV; maximum displacement, 1.0 x 1073 A; maxi-
mum force, 1.36 x 1072 eV A~T; and total energy, 2.72 x 1076 eV. In all
cases the Brillouin zone was sampled by 12 x 12 x 3 Monkhorst-Pack
mesh.[8]

The entire computational analysis of the Co-HOB/Au(111) system
was conducted by using Quantum Espresso plane-wave simulation
package.[”] In this approach, one-electron wave functions were expanded
using a plane-wave basis set with energy cutoffs of 600 and 700 eV for ki-
netic energy and electronic density, respectively. To account for electronic
exchange and correlation (XC) effects, the revised generalized gradient-
corrected approximation PBESol was employed.[®8] This functional was
renowned for providing highly accurate geometries, with interatomic dis-
tance errors below 0.5% compared to experimental values and superior
vibrational frequencies, surpassing standard GGA functionals due to its
precise representation of the gradient expansion for solids.[#] To accu-
rately model the ion-electron interaction for all the constituent atoms (H,
C, O, Co, and Au), fully relativistic Kresse—Joubert projector-augmented
wave (PAW) pseudopotentials were adopted,!°?] allowing for the inclusion
of spin-orbit coupling effects in the calculations, where Co atoms were
treated with nine valence electrons ([Ar]3d”4s?) to account for the nuanced
role of d electrons in interfacial chemistry. To take into account the long-
range dispersion interactions, a semi-empirical r=® correction to introduce
dispersive forces, following the DFT+D3 formalism, was applied.[>!] Bril-
louin zone in all cases was sampled by optimal Monkhorst—Pack k-point
grids.[®] On the other hand, to enhance the treatment of electronic corre-
lation in systems containing transition metals characterized by localized
d-electrons, such as the current study, a Hubbard-corrected DFT + U ap-
proach was employed.l2?7] |n this context, the Coulombic Hubbard pa-
rameter U was set at 3.75 eV, a value that has been specifically optimized
for Co*2.[%%] This choice was substantiated by the excellent agreement ob-
served between experimental and theoretical electronic properties. The ex-
perimental unit cell was used for the calculations, with the Au(111) sub-
strate modeled as an infinite 2D periodic slab with four physical layers,
keeping fixed the two bottommost ones during the geometrical optimiza-
tions. Systems in neighboring cells along the perpendicular-to-the-surface
direction were separated by at least a 20 A-thick vacuum region to avoid
the interaction between two adjacent slabs.

The calculation of the projected bands onto the network within the
whole interface, just involving the C, O, and Co atoms, has been car-
ried out by the use of the module Projwfc as implemented in the Quan-
tum Espresso package, 3’ which was designed to compute the projec-
tions of wavefunctions onto atomic orbitals, utilizing atomic wavefunc-
tions specified in pseudopotential file(s). The current implementation in-
cludes Léwdin population analysis, akin to Mulliken analysis.

For the Co-HOB coordination network, with the same geometry it has
in the Co-HOB/Au(111) system but without the substrate, the CASTEP
packagel®! integrated in the Material Studio program of Dassault Sys-
témes was used. In this case, on-the-fly generated ultrasoft pseudopoten-
tials with the PBE functional and the TS scheme for dispersion correction
were used. The plane wave basis set was expanded to a 380 eV kinetic
energy cutoff, and a 12 X 12 X 3 Monkhorst—Pack grid was used.

The STM image in Figure S5 (Supporting Information) was calcu-
lated within the TersoffF~Hamman approximation,['%] and shows a slice
through an isosurface of the electron density generated only by states at a
certain energy away from the Fermi level.

Simulations of Atomic Force Microscopy (AFM) images using
the Probe Particle AFM model, following the methodology described
elsewhere,[191:192] based on the previously optimized ground-state struc-
ture were conducted. The PP-AFM model utilizes a molecular mechan-
ics framework, incorporating the electrostatic forces derived from Density
Functional Theory (DFT) calculations. To account for interatomic interac-
tions, the Lennard—Jones (L)) force field, with L] parameters sourced from
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Ref. [[%%]] was employed. The CO tip used in these simulations was char-
acterized by an effective stiffness parameter (k) of 0.25 N m~! and an
effective atomic radius (R) of 1.66 A. To assess the impact of charge on
the results, several calculations, considering various tip effective charges
ranging from —0.1 e~ to +0.1 e~ were performed.

Determination of the Exchange Interaction (J): In a simplified model,
the exchange interaction J between the closest Co—Co pairs within the re-
sulting ground-state AF configuration can be extracted by mapping the en-
ergy of the different magnetic structures to the Heisenberg Hamiltonian
Hse = n X.J;S;S; by considering energy differences for this phase between

]

the corresponding high-spin and low-spin state configurations (0.06 eV).
In this expression, nis the number of nearest Co neighbors (n =3 here), J;
in the case is just limited to a single J parameter between the closest Co—
Co pairs, and S; refers to the spin of the Co coordinative atoms of 1.25.
With these parameters, the resulting J value for the Co—Co closest pairs is
13 meV for the ground-state out-of-plane spin AF structure.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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