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Abstract: Achieving magnetic ordering in low-dimensional materials remains a key objective in the field of magnetism.
Herein, coordination chemistry emerges as a powerful discipline to promote the stabilization of magnetism at the
nanoscale. We present a thorough study of exemplary two-dimensional metal-organic nanoarchitectures synthesized on
a Au(111) substrate, which are rationalized by using surface-science techniques and theoretical calculations. By tuning the
stoichiometry, two distinct phases based on the same molecular linker coordinated with Co atoms are obtained, though
featuring a different coordination sphere. Remarkably, our combined experimental and theoretical results suggest that for
one phase the Co centers have an out-of-plane antiferromagnetic ground state, whereas for the other the Co atoms display
in-plane antiferromagnetism. These results pave new avenues for designing two-dimensional (2D) metal-organic magnets

and tailoring their inherent magnetic properties.

J

Introduction

The tendency toward miniaturization of technological devices
has led to an increasing research interest on low-dimensional
materials. Herein, the engineering of magnetic materials at
the nanoscale could lead to the development of applications
in the fields of spintronics or quantum computing.['?] The
early studies on magnetic nano-materials date from the
late 1960’s, with the report of transition-metal magnetic
ultrathin films grown on metallic substrates.[>*] The research
performed in this field resulted in the discovery of the
giant magnetoresistance effect,!>%! leading to the beginning of
spintronics.

The interest on the realization of truly two-dimensional
(2D) magnets has been renewed by the discovery of van der

Waals heterostructures,#] materials composed of stacking
layers with extended in-plane crystalline order and weak
interlayer interaction. When the dimensionality of these
materials is reduced to the 2D or quasi-2D limit, they
frequently present electronic, optical and magnetic properties
that diverge significantly from their bulk counterparts.l’]
Regarding magnetism, 2D van der Waals magnets can present
either ferro or antiferromagnetic long-range ordering.’!
Besides these inorganic materials, low-dimensional mag-
netism can also be achieved in molecular compounds, as is the
case of metal-organic frameworks (MOFs), which can exhibit
intrinsic magnetism due to exchange interactions between the
metallic centers.['”] The exchange coupling can be reinforced
using m-conjugated ligands,!''! being seminal the work on
2D-layered MOFs, materials composed of stacking 2D layers

[*] S. K. Mathialagan™, Dr. S. O. Parreiras™, Dr. C. Martin-Fuentes,

Dr. D. Moreno, L. (Zerna, Dr. M. Tenorio, Dr. B. Muhiz-Cano,
Dr. K. Lauwaet, M. A. Valbuena, Dr. . I. Urgel, Prof. R. Miranda,
Prof. N. Martin, Prof. D. Ecija
Institution Instituto Madrilefio de Estudios Avanzados en
Nanociencia (IMDEA Nanoscience), Madrid 28049, Spain
E-mail: sofia.oliveira@imdea.org

nazmar@ucm.es

david.ecija@imdea.org

Dr. J. Santos™, Prof. N. Martin
Departamento de Quimica Orgénica, Facultad de Quimica,
Universidad Complutense, Madrid 28040, Spain

Dr. M. Tenorio, Dr. P. Gargiani
Department of Materials, ETH Ziirich, Ziirich CH-8093, Switzerland

Dr. M. Valvidares
ALBA Synchrotron Light Source, Barcelona 08290, Spain

Angew. Chem. Int. Ed. 2025, 64, 202509199 (1 of 8)

Dr. ). I. Urgel, Prof. D. Ecija
Unidad de Nanomateriales Avanzados, IMDEA Nanoscience,
Unidad Asociada al CSIC por el ICMM, Madrid 28049, Spain
Prof. W. Kuch
Institut fur Experimentalphysik, Freie Universitat Berlin, Berlin 14195,
Germany
Prof. R. Miranda
Departamento de Fisica de la Materia Condensada and Condensed
Matter Physics Center (IFIMAC), Universidad Auténoma de Madrid,
Madrid 28049, Spain
J. I. Martinez, Dr. J. M. Gallego
Instituto de Ciencia de Materiales de Madrid (ICMM), CSIC, Madrid
28049, Spain
E-mail: joseignacio.martinez@icmm.csic.es

[*] These authors contributed equally to this work.

& Additional supporting information can be found online in the
Supporting Information section

© 2025 Wiley-VCH GmbH


https://orcid.org/0000-0003-2910-7429
https://orcid.org/0000-0001-9009-1994
https://orcid.org/0000-0002-9702-2315
https://orcid.org/0000-0002-4499-2561
https://orcid.org/0009-0004-5469-5028
https://orcid.org/0000-0002-0632-1636
https://orcid.org/0000-0002-9338-7077
https://orcid.org/0000-0003-1024-6779
https://orcid.org/0000-0003-4895-8114
https://orcid.org/0000-0002-0585-5636
https://orcid.org/0000-0001-7608-2979
https://orcid.org/0000-0002-5764-4574
https://orcid.org/0000-0002-6649-0538
https://orcid.org/0000-0002-1064-6724
https://orcid.org/0000-0002-2086-8603
https://orcid.org/0000-0003-1716-0126
https://orcid.org/0000-0002-5355-1477
https://orcid.org/0000-0002-8661-8295
mailto:sofia.oliveira@imdea.org
mailto:nazmar@ucm.es
mailto:david.ecija@imdea.org
mailto:joseignacio.martinez@icmm.csic.es
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202509199&domain=pdf&date_stamp=2025-09-10

GDCh
A -

held together by intermolecular interactions.['?] Some of these
frameworks have been demonstrated to display magnetic
ordering.['>'*] However, it is worth mentioning that these
materials are usually synthesized in wet chemistry and
comprise multilayer stacks.

Coordination chemistry at surfaces has been proposed
as an approach to grow one-atom thick 2D MOFs, also
termed 2D metal-organic networks (2D MONs).[P! On-
surface synthesis allows the surface-confined growth of
regular 2D arrays with long-range ordering, and has been
extensively used for the preparation of metal-organic net-
works based on 3d or 4f metallic nodes coordinated with
different molecular linkers.">-'8] Regarding 2D metal-organic
networks, a few systems have been reported to present mag-
netic ordering. An antiferromagnetic coupling was observed
in Co-based networks with in-plane!’! or out-of-planel?!
magnetic anisotropy, while a very weak antiferromagnetic
coupling was also observed for a Mn-based network.[?!]
Although a ferromagnetic coupling between metallic centers
has previously been suggested,!?'*] magnetic hysteresis with
non-zero remanence was explicitly observed only recently
for an Fe-based network with an out-of-plane easy-axis.[**]
Additionally, the reduced dimensionality due to the surface
confinement has been proven to be an effective route to
unquench the orbital magnetic moment,/*”) which has led to
an increased magnetic anisotropy.

Opverall, coordination chemistry at interfaces has demon-
strated great versatility to engineer 2D metal-organic
networks with specific coordination environments. How-
ever, the study of the magnetic properties upon vari-
ation of their coordination environment, while keeping
the same constituents, linkers and metal node, remains
unexplored.

Here, we report the synthesis of two different 2D
metal-organic nanoarchitectures based on the coordination
of N,N'-dicyano-9,10-anthraquinonediimine(>! (DCAQI, see
Figure S1) linkers with cobalt (Co) atoms on a Au(111) sur-
face. We investigated their structural, electronic, and magnetic
properties by a comprehensive study comprising scanning
tunneling microscopy (STM) and spectroscopy (STS), non-
contact atomic force microscopy (nc-AFM), X-ray absorption
spectroscopy (XAS), X-ray linear dichroism (XLD), and X-
ray magnetic circular dichroism (XMCD), complemented
by first-principles density functional theory (DFT) atomistic
calculations. Our results show that it is feasible to grow two
different Co-based supramolecular 2D networks by regulating
the cobalt-to-molecule stoichiometry ratio, thus making it
possible to tailor the magnetic properties of the Co-directed
nanoarchitectures by keeping the same molecular linker,
while changing the coordination environment, thus modifying
magnetic anisotropy and magnetization at 6 T applied
magnetic field. This level of control over magnetic behavior is
unprecedented, and highlights the power of surface-confined
coordination chemistry at interfaces, where molecular-level
modifications can lead to macroscopic changes in magnetic
properties. Our studies open new avenues for the design
and control of the magnetic properties of 2D metal-organic
magnetic materials.
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Results and Discussion

The deposition of DCAQI molecules (see Scheme 1) on a
Au(111) surface gives rise to four different supramolecular
self-assemblies (see Figure S2). Subsequent Co deposition on
top of a submonolayer coverage of DCAQI on Au(111) and
annealing in the range from 80 °C to 140 °C results in the for-
mation of two distinct metal-organic phases regulated by the
specific cobalt-to-molecule stoichiometric ratio (see Scheme 1
and Figure 1). The role of the annealing temperature is to
control the domain size, since higher temperature promotes
the growth of the average size of the domains (see Figure S3).

The first metal-organic nanoarchitecture, termed phase
alpha and displayed in Figures la and S5a,, is a 2D
supramolecular network. It is based on Co-directed metal-
organic chains that rely on a two-fold Co-cyanimine coordi-
nation. Additional ligands are placed almost perpendicular to
the chains, aligning them in a parallel fashion, presumably
through weak two-fold Co-cyanimine interactions, which
altogether result in a final oblique nanostructure. A constant
height STM image of phase alpha is illustrated in Figure 1b,
which evidences the electronic differences between the
molecules forming the chains and the species aligning the
wires. The molecules involved in the strong metal-organic
coordination (linker motif 1) display a rounder shape with a
bright center, while the weakly coordinated molecules (linker
motif 2) have a more homogenous contrast, exhibiting three
lobes assigned to the anthracene backbone of the linker.
Our rationalization of the supramolecular assembly is ratified
by non-contact AFM imaging using a CO-functionalized tip
(Figure 1c), which allows to discern both, the molecular
backbone and the cyanimine functional groups. An optimized
DFT model of phase alpha is displayed in Figure 1d, based on
a unit cell featuring an oblique lattice with lattice parameters
of 133 A and 182 A. These values agree well with the
experimental values of 13.8(4) A and 17.5(6) A. According
to the DFT model the distance (see Figure 1f) between the
N and Co atoms in the strong two-fold Co-cyanimine bond is
1.8 A, whereas it is 4.4 A for the weakly coordinated species,
a difference in bond distance which is clearly appreciated
in the nc-AFM image (see Figure le). Phase alpha presents
rotational domains with different orientations with respect to
the Au(111) substrate (see Figure S3).

The second metal-organic nanoarchitecture, termed phase
beta and shown in Figures 1g and S5b.d, is a 2D Co-directed
metal-organic network based on a three-fold Co-cyanimine
coordination. The Co atoms are arranged in a honeycomb
lattice, whereas the molecular species, with their anthracene
moieties parallel to the Au(111) high symmetry directions,
form a Kagome network. The optimized DFT model is
presented in Figure 1h with the unit cell indicated by
dashed lines. The size of the unit cell is 23.4 A according
to the theoretical calculations, and 23.8(4) A based on
experimental data. For phase beta the DFT calculations
predict a N-Co bond distance of 2.0 A (see Figure 1i). This
phase is perfectly aligned to the high-symmetry directions
of the Au(111) surface and forms monodomain islands
(see Figure S4).
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Scheme 1. Conceptual scheme of the growth of Co-DCAQI nanoarchitectures on Au(111) affording phases alpha and beta by specific control of the
cobalt-to-molecule stoichiometric ratio. Blue and red balls represent N and Co atoms, respectively.

The electronic properties of both metal-organic phases
were inspected by STS (see Figure 2 for phase alpha and
figure 3 for phase beta). Regarding phase alpha, a broad and
strong resonance is observed above 1.8 eV (blue/grey dots and
lines in Figure 2a,b) where the spatial distribution is over the
rims of both the strongly and the weakly coordinated ligands
(see Figure 2d). The STS measured at the Co atom shows
a wide resonance at negative bias (~—0.8 V, red spectrum).
Additionally, dI/dV maps taken at —50 mV and +50 mV
are identical (see Figure 2e.f), revealing a state crossing
zero bias, and, thus, experimentally pointing toward the
metallic character of phase alpha. This finding is in excellent
agreement with the associated DFT + U calculations, which
predict that the system is metallic along the direction of the
chains (see Figure S6). The spectrum measured at the Co
atom features a dip at zero bias, which is better resolved by
high-resolution STS (Figure 2c), whose plausible explanation
is associated to the Kondo effect, since similar lineshapes were
observed for Co impurities on a Au(111) surface.[?0?7]

Concerning the electronic properties of phase beta, there
is also a broad resonance around 1.8 eV (see Figure 3a,b)
which is located at the rims of the linkers (see Figure 3d).
Additionally, there is a dip for both the center of the linkers
and the Co atoms, which are slightly off-centered from
zero bias, as it can be observed in high-resolution STS (see
Figure 3c). According to the DFT + U calculations (see
Figure S7), there is an electronic band crossing the Fermi
level. The absence of a band gap implies that this network
is also metallic. Additionally, the projected density of states
shows two peaks/features close to zero bias, one at negative
binding energy and one at positive (Figure S7a). The latter
one is positioned only slightly above zero bias and actually
crosses it. This is very similar to the STS data, which shows
two resonances, one at positive and the other one at negative
biases, and the off-centered dip in between them for the cobalt
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center and the molecular linker. Also in this case, the positive
resonance crosses zero bias. This resonance is attributed to the
band crossing Fermi level predicted by the DFT calculations.
Furthermore, dI/dV maps measured at low bias (65 and
—177 meV, respectively) reveal the spatial distribution of the
resonances measured by STS (Figure 3e,f).

DFT calculations were also performed to address the
magnetism of the networks. Different spin configurations
were explored, including non-magnetic, ferromagnetic and
antiferromagnetic ground states. For the magnetic configura-
tions, in-plane, out-of-plane and tilted spin orientations were
considered. For phase alpha, the lower energy configuration
is out-of-plane antiferromagnetic, and for phase beta, DFT
predicts an in-plane antiferromagnetic ground state (see
Figure S8).

Experimentally, the magnetic properties were investigated
by XAS/XMCD/XLD measurements done at BOREAS
beamline of the ALBA synchrotron light source.[?! The
experiments were performed at a nominal temperature of
2 K. Figure 4a,b presents background-subtracted XAS spectra
measured with circularly polarized light and XMCD spectra
taken at normal (0°, NI) and grazing (70°, GI) incidences.
In the case of phase beta (Figure 4b), the XAS spectra
present a fine multiplet structure that is characteristic of a + 2
oxidation state.[192930] The center of mass of the L transition
resonance is located around 778 eV, in agreement with a Co>*
state, whereas a Co** configuration results in a resonance
above 780 eV.['"?%32 For phase alpha (Figure 4a), the
identification of the oxidation state is not so straightforward.
The XAS spectra do not have the same fine multiplet
structure; however, the energy of the peaks is the same as
in the case of phase beta (around 778 eV). The XAS spectra
measured with linearly polarized light (Figure 4c,d) present a
comparable peak structure for the two networks, with more
pronounced multiplet features in the phase beta. The XLD

© 2025 Wiley-VCH GmbH
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Figure 1. Structure of the two distinct Co-DCAQI nanoarchitectures on Au(111). a)—f) Phase alpha; g)-i) phase beta. a) High-resolution constant
current STM image. b) High-resolution constant height STM image. c) non-contact AFM image. d) DFT optimized structure where Au, Co, C, N, and
H atoms are depicted by yellow, red, black, blue and white spheres. The unit cell is represented by green dashed lines. €) Zoom-in of (c). f) Zoom-in
of d), the N—Co bond distance is displayed by green lines. g) High-resolution constant current STM image. h) DFT optimized structure. The unit cell
is represented by green dashed lines. i) Zoom-in of h), the N—Co bond distance is displayed by a green line. Scanning parameters: a) Iy = 100 pA,
Vpias = 500 mV, T = 4.4 K, scale bar = 1 nm; b) open feedback: Iy =100 pA, Vpias = 5 mV, Zygser = 130 pm, T = 4.4 K, scale bar =1 nm; c) open
feedback: It =100 pA, Vpias = 5 mV, Zogser = 130 pm, T = 4.4 K, scale bar =1nm; g) It = 50 pA, Vijzs =8 mV, T=4.4K, scale bar =1 nm.

spectra, obtained as the difference between linear vertical
and linear horizontal XAS, present the same features in both
phases indicating a similar electronic configuration of the Co
ion. It is worth noting that the XLD features of phase alpha
are less intense than their phase beta counterparts, suggesting
that phase alpha is characterized by a more symmetric
charge distribution or less intense ligand field around the
Co atom compared to phase beta. Based on these evidences
we assume that both phases present an oxidation state close
to Co(II). Additionally, DFT calculations predict +1.09 and
+1.21 oxidation states for phases alpha and beta, respectively,
and considering that DFT underestimates the value of the
oxidation states, such theoretical finding corroborates our
assumption.

All XAS spectra measured for both phases present similar
branching ratio BR = L3/(L, + L3), with values ranging from
0.81 to 0.86. These values are much higher than the atomic
branching ratio of 2/3,[*] which points toward a high-spin
state for both phases.

Angew. Chem. Int. Ed. 2025, 64, 202509199 (4 of 8)

A comparison of the XMCD results for both phases
reveals that phase alpha presents low intensity and almost
isotropic magnetization. In contrast, phase beta shows a
higher XMCD intensity, accompanied by in-plane magnetic
anisotropy, as indicated by the stronger XMCD signal
observed at GI compared to NI. Additionally, the XMCD
magnetization curves highlight the differences in the magnetic
behavior of the two phases (Figure 5). The curves measured
for phase beta (Figure 5b) show a higher magnetization in
the GI geometry, in agreement with the XMCD data at
6T, indicating the presence of magnetic anisotropy with in-
plane easy direction. For phase alpha the field dependent
XMCD curves for GI and NI direction are nearly identical,
indicating an isotropic magnetization. The low magnetization
measured on both networks and the absence of magnetic
remanence suggest a antiferromagnetic ordering of the Co
ions.['] These experimental results are thus consistent with
DFT calculations, which predict out-of-plane and in-plane
antiferromagnetism for phases alpha and beta, respectively.

© 2025 Wiley-VCH GmbH

85UBO 1 SUOWILIOD BAIER.D) 3o jdce au) Ag PoUBAOB 912 Ao YO ‘35N J0 SN 10} ARG 1T 8UIIUO AB]IV UO (SUONIPUOD-PUE-SLBILICD" B | 1w AR2.q1Bu 1 |uo//Sdny) SUONIPUOD PUE SULB | au) 95 *[GZ0Z/0T/TE] U0 Aeiqiauliuo ABIIA ‘ullieg 1eISBAIN 8B AJ 66TB0SZ0Z 9 IUB/Z00T OT/I0pC" A1 AIRIGIRUIIUO//SANY WOJ) POpeOIUMOQ ‘v ‘SZ0E ‘EL/ETZST



Research Article

Angewandte

intemational Edition’y, Chemie

@ Au(111)
@ Cobalt

S

di/dV [a.u]

1 1 \;/

c)

-100  -50 0
Sample Bias [mV]

b) @ Au(111)

@ covatt
@ Linker in motif 1
@ Linker in motif 2

di/dV [a.u.]
L ELE LGN RN B

T

1 Il 1 1 1 1

1 1 1 1

1
-1 -0.5 0 0.5 1 1.5
Sample Bias [V]

Figure 2. Electronic properties of phase alpha of the Co-DCAQI nanoarchitecture on Au(111). a) Reference STM image for b) and c), indicating the
positions where the spectra were taken. b), c) STS spectra measured at b) long range and c) short range close to zero bias. The spectra measured at
Au(111), the Co atom, and the linker motifs 1 (strongly interacting molecules) and 2 (weakly interacting molecules) are represented by green, red, blue
and grey lines, respectively. d), e), f) Topographic images and corresponding dI/dV maps at selected bias voltages. Scanning parameters: a) Iy = 150
PA, Vpias = 2.0V, T=4.4 K, scale bar =1 nm; d) I, = 400 pA, Vpis = 1.8V, T=4.4K, scale bar =1nm; e) Iy = 400 pA, Vpizs = =50 mV, T=4.4K,

scale bar =1 nm; f) I = 400 pA, Vyias = 50 mV, T =4.4 K, scale bar =1 nm.

Herein, the weaker XMCD signal for phase alpha could be
attributed to a stronger antiferromagnetic exchange coupling
compared to phase beta.

The expectation values of the magnetic moments calcu-
lated by applying the sum rulesi®*! to the experimental
spectra measured at 6 T are shown in Table 1. Phase
alpha presents similar moments at both incidences, with
differences within the experimental error. The effective spin
moment is 0.25(3) h. Phase beta has a higher magnetic
moment at GI, reflecting an in-plane anisotropy. However,
the orbital-to-effective-spin ratio is larger for phase alpha,
indicating that the different coordination changes the degree
of quenching of the orbital magnetic moment. For phase
beta the experimental effective spin moment at GI is
0.69(7) h.

As discussed previously, the branching ratio of L, and L;
peaks is the same for both phases, and its high value suggests a
high-spin state. It should be noted that the magnetic moments
calculated by sum rules represent expectation values of the
moments projected along the beam incidence direction at the
experimental conditions of 2 K and 6 T, and they should be
considered as lower limits for the real magnetic moments,
since, as can be observed in Figure 5, none of the systems is at
saturation at these conditions. In this situation the branching
ratio is a better indication of the spin state. Considering that
the experimental results are compatible with § = 3/2 for

Angew. Chem. Int. Ed. 2025, 64, 202509199 (5 of 8)

both systems. The DFT calculations predict a total spin of
1.46 per Co atom for phase alpha and 1.04 for phase beta.
However, the DFT values account for s and d electrons, while
the XMCD of L, edges measures only the moment from d
electrons. When only d electrons are taken into account, the
theoretical spin is 1.43 for phase alpha and 1.46 for phase beta,
in agreement with § = 3/2 for both phases.

Conclusion

We report the design of two-dimensional metal-organic
nanoarchitectures driven by the coordination of DCAQI
linkers with Co atoms on a Au(111) surface. Two different
phases with long-range ordering are formed depending on the
stoichiometry. Both phases are metallic, present an oxidation
state close to Co(II), but show very distinct magnetic
properties. The experimental results together with the DFT
calculations point toward out-of-plane antiferromagnetism
with § = 3/2 for phase alpha, while the findings for phase beta
are consistent with weak in-plane antiferromagnetism and
S = 3/2. Our results demonstrate that coordination chemistry
can tailor the inherent magnetic properties of metal-organic
nanoarchitectures by customizing the coordination sphere,
thereby opening avenues for the design of two-dimensional
molecular magnetic materials.

© 2025 Wiley-VCH GmbH
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Figure 3. Electronic properties of phase beta of the Co-DCAQI nanoarchitecture on Au(111). a) Reference STM image for b) and c), indicating the
positions where the spectra were taken. b), c) STS spectra measured at b) long range and c) short range close to zero bias. The spectra measured at
Au(111), Co atom and the molecular linker are represented by green, red and grey lines, respectively. d), ), f) Topographi images and corresponding
dl/dV maps at selected bias voltages. Scanning parameters: a) Iy = 20 pA, Vyj;s = 500 mV, T=4K, scale bar =1 nm; d) Iy =400 pA, Vs =18V,
T=4K, scale bar =1nm; e) Iy = 200 pA, Vpias = 65 mV, T=4K, scale bar =1 nm; f) Iy = 200 pA, Vpias = =177 mV, T= 4K, scale bar =1 nm.

Phase Alpha Phase Beta Phase Alpha Phase Beta

~t2fay T T T T T ety R, T T 6T Stz 0.05T1d) 0.05 T
= A Ls IR = zm, Ls
3 os} r X > o8 ,;f\"s.“ 0y 4
£ — E I N -1-5
2 o4t \ L 204t / S\, 1
k) = o g
o 0.0 @ 0.0
> > 6T
c 12F = c 1.2} T
2 by ! 2 2
5] i~ O
uij 0.8} ;.\“ —&—i, 1 ,\;\4 uij 0.8 ;7 .,“. ——p, T
— % 0° N —_ ¥ , B V)
8 o4} T 8 o4t *, 1
e el / ",

0.0 yaN ~/\:- 0.0pes B
- - 0.2p T
T 00 ) o,
S A s
£ -02f 4 ' : W A SN fovet | I\ r '\’f:‘lr'\ N

— _ 70° (R 4 = 0.0 s o L ey 7 e
s w -, (70°) ﬁ‘ e c WA . Y -3
c Y 1<) A7 \
£ 04 —— -k, () K g - /
8 1 002k ——u, -1, (0.05T) | :
S = I N < -1, (6T) '
775 778 781 784 792 795 775 778 781 784 792 795 777 779 781 777 779 781
Energy (eV) Energy (eV) Energy (eV) Energy (eV)

Figure 4. XAS spectra of the Co-DCAQI nanoarchitectures on Au(111). a)-b) XAS spectra with negative (u_, green) and positive (p4, red) circularly
polarized light and XMCD (p— — p4) taken at the Co L 3.edges at normal (0°, pink) and grazing (70°, blue) incidences for the phases a) alpha and b)
beta (B =6 T). c)—d) XAS spectra acquired with horizontal (pn, gray) and vertical (py, purple) linearly polarized light and XLD (py — pp) taken at Co
L3-edge at grazing incidence for fields of 0.05 T (black) and 6 T (orange) for the phases c) alpha and d) beta.
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Figure 5. Magnetization curves of the Co-DCAQI nanoarchitectures on
Au(111). Magnetization curves of the phases a) alpha and b) beta
acquired by measuring the XMCD intensity at the most intense peak of
the Co L3-edge at normal (0°, pink) and grazing (70°, blue) incidences,
normalized to the respective helicity-averaged L3 peak height.

Table 1: Effective spin ((S.) and orbital ({L;)) operators in h units,
orbital-to-effective-spin  moment ratio ((L2)/2(Seq)), effective spin
(ms,; ), orbital (m,) and total (mr = m + ms, ) magnetic moments
in pg, extracted by XMCD sum rules for norma(r (0°) and grazing (70°)
incidences at 6 T for Co centers on Co-DCAQI networks on Au(111).

Phase Alpha Beta

Incidence angle (%) 70 0 70 0

(Se) () 0.25(3) 0.24(2) 0.69(7) 0.43(4)
(L) (h) 0.21(2) 0.23(2) 0.52(5) 0.26(3)
(L2)[2(Sep) 0.42(6) 0.48(6) 0.38(5) 0.29(4)
ms,;; (be) 0.49(6) 0.48(4) 1.38(14) 0.86(8)
my (ps) 0.21(2) 0.23(2) 0.52(5) 0.26(3)
mr (ug) 0.70(8) 0.71(6) 1.90(19) 1.12(11)
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