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ABSTRACT: The design of antiferromagnetic nanomaterials preserving large orbital magnetic moments is important to protect
their functionalities against magnetic perturbations. Here, we exploit an archetype H6HOTP species for conductive metal−organic
frameworks to design a Co-HOTP one-atom-thick metal−organic architecture on a Au(111) surface. Our multidisciplinary scanning
probe microscopy, X-ray absorption spectroscopy, X-ray linear dichroism, and X-ray magnetic circular dichroism study, combined
with density functional theory simulations, reveals the formation of a unique network design based on threefold Co+2 coordination
with deprotonated ligands, which displays a large orbital magnetic moment with an orbital to effective spin moment ratio of 0.8, an
in-plane easy axis of magnetization, and large magnetic anisotropy. Our simulations suggest an antiferromagnetic ground state, which
is compatible with the experimental findings. Such a Co-HOTP metal−organic network exemplifies how on-surface chemistry can
enable the design of field-robust antiferromagnetic materials.

■ INTRODUCTION
Magnetic anisotropy is a fundamental property in magnetism
responsible for the preferential directions of magnetization.
Atomistically, the spin−orbit coupling connects the spin and
the orbital magnetic moment of a material. This, together with
the orbital anisotropy, gives rise to magnetic anisotropy.
According to Hund’s rules, free transition metal atoms can
possess large orbital magnetic moments. However, whenever
such atoms are located in a solid, crystal field effects typically
split the energy degeneracy of d-orbitals, which causes partial
or total quenching of the orbital magnetic moment.1 Much
effort has been devoted to overcome such limitations, mostly
centered on reducing the coordination of the transition metal
to increase the orbital magnetic moment and, thus, enhance
the magnetic anisotropy. However, these efforts have been
mainly concentrated on controlling local coordination environ-
ments of discrete molecules,1−7 whereas the route to
comparable control in extended solids remains still blocked.
In this regard, the design of antiferromagnetic solids is
particularly relevant in spintronics because of their robustness
against perturbations from magnetic fields, while not
producing stray fields.8,9 Herein, magnetic anisotropy is one
of the key parameters that determine the degree of protection.

The capability to preserve a large orbital magnetic moment in
two-dimensional metal−organic networks10−12 is crucial to
steer spin−orbit coupling and enhance magnetic anisotropy.
Large magnetic anisotropy has been theoretically predicted for
some two-dimensional (2D) metal−organic systems;13−16

however, the experimental achievement of such systems has
remained elusive.

Metal−organic frameworks (MOFs) have emerged as
molecule-based architectures with chemical and structural
versatilities not comparable to any other synthetic material.17

The last decade has witnessed how the synthetic control over
metal nodes and organic ligands has enabled the design of
materials for targeted applications in fields as diverse as
sensing, gas storage/separation, catalysis, light emission, energy
harvesting, or magnetism.17−23 Chemical diversity and
structural tunability have also been central tools for engineer-
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ing the properties of two-dimensional conjugated metal−
organic frameworks (2D c-MOFs).24 Such metal−organic
nanomaterials are built from the packing of layers formed by
transition metal ions coordinated to −NH2, −OH, −SH, or
−SeH functional groups with single/polyaromatic cores and
predominantly crystallize in porous hexagonal honeycomb
lattices, while there are only a handful of examples of dense
Kagome networks with benzene- and coronene-based ligands.
From a physical standpoint, chemical control of these systems
can allow for the augmented mobility of charge carriers due to
extended intralayer conjugation24−26 or the expression of novel
quantum phases of matter.27−31 The possibility of confining
their growth to just atomically thick 2D layers by an on-surface
chemistry approach offers exciting opportunities for investigat-
ing their electronic and magnetic properties at the ultimate
spatial resolution,32−34 which now we contribute to extend to
the assembly of topologies and metal coordination indexes
only accessible in solvent-free environments.35−37

Here, we carried out a multidisciplinary study combining
scanning tunneling microscopy (STM) and spectroscopy
(STS), noncontact atomic force microscopy (nc-AFM), X-
ray adsorption spectroscopy (XAS), X-ray linear dichroism
(XLD), X-ray magnetic circular dichroism (XMCD), and
density functional theory complemented by a Hubbard model
(DFT + U), to illustrate the on-surface synthesis of an
unprecedented Co-HOTP metal−organic network on
Au(111) based on the deprotonation of H6HOTP
(2,3,6,7,10,11-hexahydroxytriphenylene) species and their
subsequent coordination with cobalt (Co) atoms. The Co-
HOTP architecture displays a large orbital magnetic moment
with an orbital to effective spin moment ratio of 0.8, an in-
plane easy axis of magnetization, and large magnetic
anisotropy. Our density functional calculations predict the
antiferromagnetic nature of the coordinative assembly, which
agrees with the XLD/XMCD results. Thus, our findings
illustrate avenues to engineer field-robust antiferromagnetic
materials.

Figure 1. On-surface design of the Co-HOTP network on Au(111). (a) Synthetic route toward the design of Co-HOTP on Au(111). (b) Mid-
range STM image of the coordinative architecture. (c) High-resolution STM image with a superimposed ball and stick model. Green, red, and
violet spheres depict carbon, oxygen, and cobalt atoms, respectively. (d) Constant-height frequency-shift nc-AFM image acquired with a CO-
functionalized tip. (e) nc-AFM simulation of (d). Image size: (b) 11.7 nm × 11.7 nm; (c) 4 nm × 4 nm; and (d, e) 3.2 nm × 3.2 nm. STM
parameters: (b) Vb = 20 mV, It = 120 pA, and T = 4 K; (c) Vb = 20 mV, It = 100 pA, and T = 4 K; and (d) open feedback: Vb = 5 mV, It = 150 pA,
Zoffset = 150 pm, and T = 4 K.
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■ RESULTS AND DISCUSSION
The deposition of a submonolayer coverage of 2,3,6,7,10,11-
hexahydroxytriphenylene (H6HOTP)38−41 (cf. left panel of
Figures 1a, SI1, and SI2) on a clean Au(111) surface and
further annealing to 250 °C, gives rise to a disordered self-
assembled architecture coexisting with ordered patches, based
on hydrogen bonds and van der Waals interactions between
adjacent molecules (cf. Figure SI3).
This scenario changes in the presence of Co adatoms. The

sublimation of Co on a submonolayer coverage of H6HOTP
on Au(111) held at 100 °C, and its subsequent annealing to
250 °C, results in the formation of long-range supramolecular
islands with rounded borders (cf. Figure SI4). For sufficient Co
dosage, no sign of the pristine H6HOTP architecture is
detected. Instead, a novel Co-directed metal−organic network
is formed, to be termed Co-HOTP, thanks to the full
deprotonation of the linkers38 and the subsequent formation
of Co−O bonds (cf. Figure 1a).
Such assembly is different from the previously reported 2D

honeycomb Co3(HOTP)2 layers in cobalt-directed 2D c-
MOFs synthesized in wet chemistry,38 which illustrates the
crucial role of surface confinement. The confinement in 2D,
the interaction of the adsorbates with the surface, and the
presence of high-symmetry directions direct the growth,
favoring specific coordination symmetries. High-resolution
STM images allow discerning two molecular orientations of
the molecular species per domain, related by a 60° rotation,

featuring a porous self-assembly with two distinct small pores
(cf. Figure 1b,c). Notably, nc-AFM reveals the nature of the
bonds (cf. Figure 1d), which are threefold Co−O links, with a
mean average projected bond distance of 1.9 Å. Importantly,
one species displays a fourfold coordination, whereas the other
one features a sixfold coordinative scheme (see Figures SI5 and
SI7), resulting in an overall periodic metal−organic architec-
ture.

On the basis of the experimental observations, we have
performed calculations based on DFT + U to obtain a fully
relaxed interfacial structure. In the ground-state configuration
(cf. discussion below), the molecular ligands forming the
network lie flat at 3.3−3.4 Å above the Au surface, while the
coordinative Co atoms are located at 2.8 and 3.2 Å above the
surface. The relaxed structure yields Co−O bond lengths
ranging from 1.86 to 1.92 Å, in excellent agreement with the
experimental evidence from nc-AFM images (cf. Figure 1d). In
addition, the simulated nc-AFM images match very well with
the experimental ones, ratifying the rationalization of the self-
assembly (cf. Figure 1e).

The magnetic ground state has been calculated starting from
several geometrical models and spin states accounting for
spin−orbit coupling and noncollinear spin effects (see further
details in the Supporting Information). As illustrated in Figure
2, we have computed the energy of the following interfacial
spin configurations: (i) spin-unpolarized case, (ii) ferromag-

Figure 2. Schematic top view of (fully structurally and electronically relaxed) different interfacial spin configurations considered in the calculations
including both the Co-HOTP network and the Au substrate to elucidate the spin ground state: (top) antiferromagnetic, ferromagnetic, and spin-
unpolarized out-of-plane spin cases; and (bottom) representative inequivalent in-plane spin configurations. The red square highlights the ground
state.
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netic and antiferromagnetic out-of-plane spin couplings, and
(iii) distinct inequivalent in-plane spin cases.
Such calculations reveal that the most energetically favorable

configuration for both free-standing (cf. Figure SI6) and
surface-confined networks corresponds to the local noncol-
linear antiferromagnetic state with all spins in-plane (high-
lighted in Figure 2 by a red square) and with Co atoms
featuring a +2 oxidation state.
We have inspected by DFT + U the electronic structure of

the spin ground-state configuration (red square in Figure 2) of
the interfacial network, where U has been taken in this case to
be 3.75 eV, a value optimized for Co+2.42 Our results shown in
Figure 3a display an electronic gap of 30 meV at the K point
and band extrema at the Γ point located at −0.15 and 0.10 eV,
respectively.
To experimentally probe the electronic structure of Co-

HOTP, we have performed scanning tunneling spectroscopy at
selected positions on the network and on Au(111). Notably,
there are weak features located on the fourfold and sixfold
coordinated molecular species at ∼−0.21 and ∼+0.07 eV, as
well as on Co atoms at ∼−0.16 and ∼+0.13 eV (cf. Figure 3b).
These features might reflect the predicted band extrema at the
Γ point. The linear decrease in DOS leading to a minimum at
the Fermi level might be consistent with the very small gap
predicted by theory. Such a band gap is significantly smaller
than the one reported in Co3(HOTP)2 frameworks.43

Next, we performed XAS, XMCD, and XLD measurements.
Figure 4a presents XAS/XMCD spectra taken at Co L2,3-edges
at grazing (GI = 70°) and normal (NI = 0°) incidences,
measured at 2 K and 6 T. The L3-XAS spectra present a
multiplet peak structure indicative of strong localization of Co
3d electrons, which is consistent with a +2 oxidation state for
Co (cf. Figure SI8 and discussion in the Supporting
Information),44−47 in agreement with the results of DFT +
U calculations. In addition, the XMCD signal has the same
negative sign at both L3- and L2-edges at GI, whereas L2
vanishes at NI; both of them are characteristic of a very large
orbital moment. The XMCD is much larger at grazing
incidence, i.e., a strong anisotropy with an in-plane easy axis
is observed.

Table 1 displays the expectation values of effective spin
(⟨Seff⟩) and orbital (⟨Lz⟩) operators in ℏ units, and effective
spin (meff = 2⟨Seff⟩) and orbital (mL) magnetic moments in μB,
as well as the orbital to effective spin moment ratio (⟨Lz⟩/
2⟨Seff⟩) calculated by sum-rule analysis.48,49 These values are
actually the expectation values of the magnetic moments
projected onto the X-ray incidence direction at the
experimental conditions of 6 T and 2 K. Here, it is worth
pointing out that the real magnetic moments can only be
probed at full saturation, which is not the case (see discussion
below), and, thus, in such scenarios, the expectation values of
the moments represent a lower limit for the real magnetic
moments.

At NI, the small magnetic dichroism reflects that the
expectation values of the magnetic moments are very low. At
GI, on the other side, the XMCD presents high intensity and
large moments. The in-plane orbital moment is 0.98 μB, which
is an exceptionally large and unprecedented value for a 3d
metal in 2D metal−organic networks.

For the spin moment, our DFT + U calculations determine
an average spin quantum number ⟨Sz⟩ of 0.95 for Co atoms
(cf. Figure SI9 and discussion in the Supporting Information).
The sum rule analysis determine the effective spin (⟨Seff⟩ =
⟨Sz⟩ + 7/2⟨Tz⟩), whereby the dipole term (⟨Tz⟩) can be
significant in systems with low symmetry. In Co porphyrins,
for instance, the dipole moment was found to have an inverted
sign and a larger magnitude than the spin moment for some
angles.50 From the sum-rule analysis, the Co-HOTP network
has an ⟨Seff⟩ of 0.61 (6) at GI, 6 T, and 2 K. The impossibility
of reaching saturation hinders the determination of the dipole
term by angle-dependent measurements, so, based on the
experimental data, it is not possible to unequivocally infer the
spin state. Herein, it is worth noting that the real ⟨Seff⟩ at full
saturation could be larger, and the dipole term could be
negative, which would bring the experimental ⟨Sz⟩ into
agreement with the calculation.

Notably, a very large orbital to effective spin moment ratio
(⟨Lz⟩/2⟨Seff⟩) is observed. Such a ratio is obtained from
XMCD alone and without assumptions on the number of
holes, which makes it very robust with respect to background

Figure 3. Electronic structure of the Co-HOTP network on Au(111). (a) Computed DFT + U (U = 3.75 eV for Co+2) electronic band structure
for the network ground-state spin configuration of Figure 2. The zero energy is taken to correspond to the Fermi energy, while the x-axis labels
denote a path through the three-dimensional (3D) space of k-vectors. Points of high symmetry in the Brillouin zone are labeled as Γ(0,0,0), M(0,1/
2,0), and K(1/3,2/3,0), all in reciprocal space coordinates. (b) dI/dV spectra on representative positions of the metal−organic network (marked
with colored circles in the STM image). STS spectra acquired on clean Au(111) are depicted in gray. STM parameters: Vb = 300 mV, It = 300 pA,
and T = 4 K. Image size: 5 nm × 5 nm.
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subtraction. Notice that this ratio is close to the ones reported
in the case of 3d adatoms on top of metallic alkali surfaces.51

The ratio of orbital to effective spin magnetic moment changes
from 0.80 to 0.68 between GI and NI. Because of the unknown
contribution of the dipole term, no direct conclusion about the
anisotropy of the orbital moment can be drawn from these
numbers. However, since the ⟨Tz⟩ term enters with opposite
sign in the two measurements,50 the ratio of orbital to spin

moment is either in between these two values, or >0.80 for GI
and <0.68 for NI. In any case, these are extraordinarily high
values for transition metal coordination networks.

XLD spectra at a low magnetic field (0.05 T, see Figure 4b)
feature giant anisotropy, with more than 90% of dichroism.
This is an indication of strong charge density anisotropy due to
the coordinative crystal field. Consequently, any possible
magnetic contribution to the XLD is hidden by the charge

Figure 4. Magnetic properties of the Co-HOTP network on Au(111). (a) XAS spectra with positive (μ+, red) and negative (μ−, green) circularly
polarized light and XMCD (μ− − μ+) taken at the Co L2,3-edges at grazing (70°, blue) and normal (0°, pink) incidences (B = 6 T, T = 2 K). (b)
XAS spectra acquired with vertical (μV, purple) and horizontal (μH, gray) linearly polarized light and XLD (μV − μH) taken at the Co L3-edge at
grazing (70°) incidence for fields of 0.05 T (black) and 6 T (orange, T = 2 K). (c) Magnetization curves constructed by measuring the XMCD
intensity at the highest peak of the Co L3-edge at grazing (70°, blue) and normal (0°, pink) incidences. Dark (light) dots represent the descending
(ascending) branches (T = 2 K).

Table 1. Effective Spin (⟨Seff⟩) and Orbital (⟨Lz⟩) Operators in ℏ Units, Effective Spin (mSdeff
) and Orbital (mL) Moments in μB,

and the Orbital to Effective Spin Moment Ratio (⟨Lz⟩/2⟨Seff⟩) Extracted by XMCD Sum-Rule Analysis for Grazing (70°) and
Normal (0°) Incidences at 6 T and 2 K for Co Centers on the Co-HOTP Network on Au(111)

incidence angle (°) ⟨Seff⟩ (ℏ) ⟨Lz⟩ (ℏ) mSdeff
(μB) mL (μB) ⟨Lz⟩/2⟨Seff⟩

70 0.61 (6) 0.98 (10) 1.22 (12) 0.98 (10) 0.80 (11)
0 0.14 (1) 0.19 (2) 0.28 (3) 0.19 (2) 0.68 (10)
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effect, and when a 6 T field is applied, the shape of XLD is
similar, only with subtle differences in the peak’s intensity.
Magnetization curves for GI and NI are shown in Figure 4c.

For NI, the curve is almost linear with low intensity even at 6
T. In the case of GI, larger susceptibility and some curvature
are observed. However, it is worth noting that in the case of GI
also, the magnetization curve is not at saturation, possibly
indicating the presence of antiferromagnetic interactions
among Co moments. These results, together with the XLD/
XMCD findings, are compatible with weak antiferromagnet-
ism, as predicted by DFT + U.

■ CONCLUSIONS
In summary, we report the on-surface synthesis of a Co-HOTP
metal−organic network on Au(111) based on the coordination
of H6HOTP species with Co upon thermal activation of -OH
groups. The resulting coordinative pattern relies on fourfold
and sixfold coordinative species, giving rise altogether to a
unique periodic architecture, which illustrates the power of
surface-confined metal−organic chemistry to design unparal-
leled low-dimensional architectures. A comprehensive STS
study, complemented by DFT + U calculations, reveals that the
network features a very low band gap. Our calculations
illustrate that the coordinative architecture displays an
antiferromagnetic ground state, with Co presenting a +2
oxidation state. Such findings are compatible with our XAS,
XLD, and XMCD investigations. As a result of its low
coordination index, cobalt atoms exhibit a large unquenched
orbital magnetic moment and a large orbital to effective spin
moment ratio unprecedented in 2D coordinative architectures
based on 3d metals. We are confident that our results open
new pathways for the engineering of antiferromagnetic low-
dimensional materials featuring strong anisotropy, which are of
great relevance in potential spintronic and memory devices.
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Yáñez, M.; Gómez-Rodríguez, J. M. Some Pictures of Alcoholic
Dancing: From Simple to Complex Hydrogen-Bonded Networks
Based on Polyalcohols. J. Phys. Chem. C 2013, 117, 4680−4690.
(42) Capdevila-Cortada, M.; Łodziana, Z.; López, N. Performance of
DFT+U Approaches in the Study of Catalytic Materials. ACS Catal.
2016, 6, 8370−8379.
(43) Mähringer, A.; Jakowetz, A. C.; Rotter, J. M.; Bohn, B. J.;
Stolarczyk, J. K.; Feldmann, J.; Bein, T.; Medina, D. D. Oriented Thin
Films of Electroactive Triphenylene Catecholate-Based Two-Dimen-
sional Metal−Organic Frameworks. ACS Nano 2019, 13, 6711−6719.
(44) Hollmann, N.; Hu, Z.; Valldor, M.; Maignan, A.; Tanaka, A.;
Hsieh, H. H.; Lin, H.-J.; Chen, C. T.; Tjeng, L. H. Electronic and
magnetic properties of the kagome systems YBaCo4O7 and
YBaCo3MO7 (M = Al, Fe). Phys. Rev. B. 2009, 80, No. 085111.
(45) Hu, Z.; Wu, H.; Haverkort, M. W.; Hsieh, H. H.; Lin, H. -J.;
Lorenz, T.; Baier, J.; Reichl, A.; Bonn, I.; Felser, C.; Tanaka, A.; Chen,
C. T.; Tjeng, L. H. Different Look at the Spin State of Co3+ Ions in a
CoO5 Pyramidal Coordination. Phys. Rev. Lett. 2004, 92, No. 207402.
(46) Mandziak, A.; Soria, G. D.; Prieto, J. E.; Prieto, P.; Granados-
Miralles, C.; Quesada, A.; Foerster, M.; Aballe, L.; de la Figuera, J.
Tuning the Neél temperature in an antiferromagnet: the case of
NixCo1−xO microstructures. Sci. Rep. 2019, 9, No. 13584.
(47) Singh, V. R.; Sakamoto, Y.; Kataoka, T.; Kobayashi, M.;
Yamazaki, Y.; Fujimori, A.; Chang, F.-H.; Huang, D.-J.; Lin, H.-J.;
Chen, C. T.; Toyosaki, H.; Fukumura, T.; Kawasaki, M. Bulk and
surface magnetization of Co atoms in rutile Ti1‑xCoxO2‑δ thin films
revealed by x-ray magnetic circular dichroism. J. Phys.: Condens.
Matter. 2011, 23, No. 176001.
(48) Thole, B. T.; Carra, P.; Sette, F.; van der Laan, G. X-ray circular
dichroism as a probe of orbital magnetization. Phys. Rev. Lett. 1992,
68, 1943−1946.

(49) Carra, P.; Thole, B. T.; Altarelli, M.; Wang, X. X-ray circular
dichroism and local magnetic fields. Phys. Rev. Lett. 1993, 70, 694−
697.
(50) Hermanns, C. F.; Bernien, M.; Krüger, A.; Walter, W.; Chang,
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