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Ferromagnetism is the collective alignment of atomic spins that retain a net
magnetic moment below the Curie temperature, even in the absence of
external magnetic fields. Reducing this fundamental property into strictly two-
dimensions was proposed in metal-organic coordination networks, but thus
far has eluded experimental realization. In this work, we demonstrate that
extended, cooperative ferromagnetism is feasible in an atomically thin two-
dimensional metal-organic coordination network, despite only = 5% of the
monolayer being composed of Fe atoms. The resulting ferromagnetic state
exhibits an out-of-plane easy-axis square-like hysteresis loop with large coer-
cive fields over 2 Tesla, significant magnetic anisotropy, and persists up to
Tc=35 K. These properties are driven by exchange interactions mainly medi-
ated by the molecular linkers. Our findings resolve a two decade search for
ferromagnetism in two-dimensional metal-organic coordination networks.

The formation of extended two-dimensional (2D) magnetic order
has long been an active quest in condensed matter physics. In two
dimensions, the Mermin-Wagner theorem precludes the forma-
tion of isotropic ferromagnetic order when mediated by short-
range exchange interactions at finite temperatures’. This initially
limited the investigation and exemplary cases to bulk materials
featuring dominant in-plane interactions>® and ultrathin inor-
ganic layers supported on metallic surfaces*”. It is only very

recently that the first examples of pure (i.e. substrate decoupled),
extended 2D-ferromagnetism (FM) were obtained by exfoliation
of van der Waals crystals®®. In these cases the Mermin-Wagner
limitations were surmounted by the presence of significant
magnetic anisotropy. This development immediately sparked
widespread attention due to the many envisioned fundamental
implications and extensive practical applications®2, However,
integrating layered van der Waals materials into devices has
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turned out to be extremely challenging as the lateral size and
exact thickness of these layers is difficult to control®.

Earlier candidates to exhibit 2D-FM at the single-layer limit were
metal-organic coordination networks (MOCNs) grown on metallic
supports'*, 2D-MOCNSs a-priori contain all the essential ingredients
to display 2D-FM: Selectable metallic centers providing non-zero
atomic spins and incomplete quenching of the magnetic orbital
moment (given their reduced point symmetry and chemical
coordination)"'¢, periodic spacing of these magnetic moments over
the (non-magnetic) surfaces”, tunable lateral separation between
adatoms by the synthetically variable organic linkers™, reduced
electronic overlap of these metal centers with the substrate after 2D-
MOCN formation'®, and technically simple fabrication as they follow
self-assembly protocols close to room temperature?>?, Despite these
features, 2D-MOCNSs at the single-layer limit have historically failed to
explicitly exhibit 2D ferromagnetic remanence>*'7?>?’, Many pre-
vious studies of 2D-MOCNs exhibited noticeable magnetic aniso-
tropies, but at the single-layer limit neither spontaneous
magnetization nor remanence were ever observed”'*”*?, More-
over, the coupling among these metal centers is generally inter-
preted in terms of superexchange mechanisms through the organic
ligands and less so by surface electrons,

In this work, we study the magnetism of a single, atomically thin
2D-MOCN consisting of Fe atom centers and 9,10-dicyanoanthracene
(DCA) molecular linkers forming a mixed honeycomb kagome lattice
on Au(lll). We take advantage of the monodomain and extended
character of this network in a multitechnique approach. Particularly,
we combine scanning tunneling microscopy and spectroscopy (STM/
STS), low energy electron diffraction (LEED), X-Ray absorption spec-
troscopy (XAS), X-Ray magnetic circular dichromism (XMCD), and
X-ray photoemission spectroscopy (XPS) techniques. We present clear
evidence of long-range ferromagnetic order in a2D-MOCN with a Curie

Fig. 1| Atomic and electronic structure of the Fe-DCA/Au(111) network. Over-
view (a) and close-up (b) images of the 2D-metal-organic lattice. A model of the
MOCN structure is overlaid in b with the molecules forming a kagome substructure
and the Fe centers (orange-brown spheres) a honeycomb sublattice. ¢ LEED pattern
of this network (at 19 eV and room temperature) displaying a (4+/3 x 4v/3)R30°
structure with respect to the underlying substrate. d Stick-ball model of 9,10-
dicyanoanthracene (DCA) molecule (C in gray, N in blue and H in white). e STS

temperature (7¢) of=35K. The ferromagnetic state displays very
strong out-of-plane (OOP) magnetic anisotropy and has a square hys-
teresis loop with a coercive field of = 2.1 T. The XMCD orbital sum rule
yields a maximal unquenched OOP orbital magnetic moment for Fe
centers of (m.)=2 up. The magnetization as a function of temperature
through the FM phase transition falls close to the honeycomb 2D Ising
model involving strong uniaxial anisotropic magnetic centers. These
results strongly differ from those obtained for the inorganic system
formed in absence of DCA molecules, which results in an array of Fe
clusters on the Au(111) surface. We make use of first-principles density
functional theory calculations to explain the observation of FM at finite
temperature in this 2D-MOCN system, which exhibits a large single ion
anisotropy at the Fe atoms and a significant exchange interaction
across the molecular linkers with a limited contribution through the
underlying substrate.

Results and discussion

Spatial and electronic structure of the 2D-MOCN

The self-assembled Fe-DCA lattice is formed by sequential deposition
of DCA molecules and Fe atoms on Au(l11). Prior to the metal eva-
poration, the molecules form compact islands (see Supplementary
Fig. S1) that evolve into the open network under a stoichiometric
Fe:DCA relation of 2:3 (see Supplementary Fig. S2 for the effects of
deviation from this proportion). The network is perfected after a mild
annealing at 373 K for 10 min, generating large and monodomain
network islands, similar to Cu-DCA/Cu(111)”. Figure 1a shows a typical
overview of this 2D-MOCN, where the Fe centers form a honeycomb
array and the DCA linkers a Kagome sublattice (cf. Fig. 1b). This net-
work does not destroy the herringbone reconstruction of the under-
lying Au(l1l), suggesting a weak surface-MOCN interaction”. The
analysis of the LEED patterns (see Fig. 1c and Supplementary Fig. S3e, f)
show a hexagonal network with (4v/3x4+/3)R30° structure with

(S — DCA
— Fe

DCA edge
— pore ceeses Au

di/dV (arb. units)

averaged spectra extracted from a dl/dV grid at the positions marked as circles of
the same color in b. A network (collective) electronic state is located around
0.60 eV. f dl/dV isoenergetic maps at the energies indicated by the vertical dis-
continuous lines in e. The gray dotted line on the left of the maps marks the edge of
an island. g Cartoon of the dominant spatial distribution (dark blue) of the network
state identified at 0.60 eV. STM parameters: a 50 x 50 nm?, 100 pA; -100 mV;

b 6 x 6 nm?, 20 pA; -1V; e, f Setpoint 100 pA, -1V, V,;,s=15.8 mV, fosc = 817 Hz).
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respect to the underlying substrate, resulting in unit vectors of 2 nm
with first Fe neighbors distanced by 1.15 nm.

The electronic structure of this 2D-MOCN is obtained by means of
di/dV grids from which STS spectra at selected network locations
(Fig. 1e) and dI/dV maps (Fig. 1f) are extracted. These STS spectra
clearly differ from the uncoordinated DCA (cf. Supplementary Fig. S1).
Two broad features call for our attention: The first, in the occupied
region close to the Shockley state onset position (=—0.50 V), and the
second at the unoccupied region centered at 0.60 V. In the dI/dV map
at —0.45V this first state is rather featureless both on the metal and
throughout the network, revealing a substrate origin. This is supported
by the fact that no distinct confined state could be detected at the
MOCN nanocavity centers, which further supports the weak surface-
network interaction. Contrarily, the dI/dV map at 0.60 V shows distinct
features throughout the network, primarily at the DCA edges and at
the metal centers, as sketched in Fig. 1g. This has been identified as the
fingerprint of an extended network multi-band in the related Cu-DCA/
Cu(111) system®.

Magnetic characterization

Our results evidence perfect crystalline quality and collective elec-
tronic states in this 2D-MOCN. Therefore, its magnetic properties can
be unveiled using spatially averaging synchrotron-based techniques. A
true magnetic signal probed by XAS and XMCD requires that we pre-
vent Fe cluster formation (cf. Supplementary Figs. S2 and S3). Thus, we
target untraceable Fe undercoverage samples exclusively leading to

single metal centers surrounded by three N atoms (from different
cyano groups) which results in a local three-fold symmetric arrange-
ment (C3,). This is a single layer MOCN system, so interlayer coupling is
discarded due to the non-magnetic character of the underlying Au
substrate. Figure 2a and b show XAS and XMCD spectra respectively,
acquired at the L, ; edges of Fe at normal (¢ = 0°) and grazing (¢ = 70°)
incidence (see Supplementary Information (S.I.) for experimental
details). Both XAS and XMCD show narrow peak contributions, which
are reminiscent of systems featuring monodispersed Fe atoms on
surfaces®**, or embedded in other 2D-MOCNs", or forming part of
molecules®. Indeed, the spectra clearly suggest a Fe(ll) oxidation state
(see for example ref. 32). To further confirm the absence of Fe cluster
formation in the 2D-MOCN, we directly deposit the same amount of Fe
on the clean Au(111) substrate (without DCA molecules) and measure
Fe 1,3 XAS and XMCD under identical experimental conditions. The
Fe/Au(111) results are shown in Supplementary Fig. S4. Distinctly dif-
ferent XAS and XMCD spectra are obtained compared to the ones of
Fig. 2a which exhibit the typical smoother and broader metallic Fe L5
lineshapes™*. These spectra evidence that Fe adatoms are assembled
into small clusters nucleating at the herringbone elbows (see Supple-
mentary Fig. S2a)***. A direct inspection of Fig. 2b reveals a strong
OOP anisotropy for our 2D-MOCN. Identical results have been
obtained in two different XAS/XMCD experimental runs, using differ-
ent Au(111) crystals as substrate (cf. Supplementary Figs. S5 and S6).
Despite a common OOP character, the Fe clusters in the Fe/Au(111)
sample show a considerably smaller anisotropy than that found on the
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Fig. 2 | Experimental demonstration of 2D-Ferromagnetism of the Fe-DCA

network on Au(111). a XAS (displaced vertically for clarity) and corresponding (b)
XMCD spectra acquired with circularly right (/') and left (/") polarized X-ray light for
normal (0°) and grazing (70°) incidence at the L, ; edges of Fe. The Fe L, 3 XAS sits
on top of the Au EXAFS background. A strong out-of-plane magnetic anisotropy is
evidenced by inspection. ¢ Angular dependence of the orbital (red), effective spin
(blue) and total (black) magnetic moments obtained from the sum rules. The lines
follow a cosine relation: u?=° - cos(¢) with k = L, Ser, and Total. d Hysteresis loops
(open symbols) obtained at the L3 edge of Fe at normal (¢ = 0°, blue) and grazing
(¢ =70°, red) incidence. The solid symbols are the result of applying the sum rules
to the XAS and XMCD spectra obtained at remanence after conveniently cycling the

0 20 40 60 80 100 120 140
(HM)"

field from +6 T to zero for both incidence angles. e Integrated area (normalized to
the saturation value) of the L; XMCD main peak measured in normal incidence
under low fields (H=0.1T) as a function of temperature from 7=5 K up to 60 K. The
original XMCD data are shown in the inset. The Onsager 2D Ising analytical solution
(dashed line) and a Monte Carlo simulation (red line), both for a honeycomb lattice
are shown, satisfactorily describing the experimental data for /=2 meV. The
experiment was performed crossing T¢ heating up and then cooling down, exhi-
biting reversibility. Indeed, such T¢ reversibility was reproduced on a second
Au(111) substrate under H=0.05 T (cf. Supplementary Fig. S6). f Modified Arrott-
Noakes plot of isotherms with $=0.30 and y=1.51 corresponding to a long-range
2D-Ising model*.
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MOCN, and their L3 vs L, branching ratio (relative peak intensities) is
significantly lower than for the Fe-DCA network, evidencing a much
smaller Fe orbital moment. Note that the Fe clusters are not fully
comparable to the Fe centers in the 2D-MOCN because their geometry
and chemical environments are different. Particularly, the coordina-
tion differs not only laterally, but also affects its vertical interaction
with the substrate.

We can quantitatively determine the orbital (1) and effective spin

o =i — 7p2) magnetic moments for the 2D-MOCN and the Fe
clusters by using the X-ray magnetic dichroism sum rules***” (descri-
bed in the Supplementary Section S3) with the XAS and XMCD spectra
acquired at 4 different incidence angles (¢ =0°,30°, 54.7°, and 70°).
The spectra were obtained in every case with the magnetic field par-
allel to the beam direction, such that XMCD yields the projection of the
Fe magnetic moment along the direction of the applied field,
m(p) = H-m/H. We use the nominal number of holes in the 3d band for
Fe(ll) (n,=4) in these sum rules. As evidenced in Fig. 2c, i and pﬁﬁl are
strongly anisotropic, being much larger when the applied field is per-
pendicular to the 2D-MOCN plane. The obtained values in normal
incidence are pyf =1.88+0.02 13 and pgffl =4.02+0.04 g, consistent
with a Fe(ll) @ high-spin configuration with L=2 and S=2, carrying a
large orbital moment (m.)~2ug, which is responsible for the large
magnetic anisotropy. Such high spin configuration agrees with the 2*
state of the Fe 2p extracted from our XPS data (see Supplementary
Section S4 and Supplementary Fig. S7). Similar cases of d@® high-spin
strongly uniaxial angular momenta have been observed, such as single
Fe(Il) ions atop the nitrogen site of the Cu;N lattice*® and Co(lll) in one-
dimensional cobaltate Ca;C0,0¢".

The four incidence angles graphed in Fig. 2c were selected to
allow direct separation of the isotropic spin moment, us, from the
dipolar term —7u%. In particular, if the magnetic moments rotate
with the field as the angle-dependent experiment is performed, at the
so-called magic angle ¢ =54.7°, the intra-atomic dipolar contribution
1% cancels, allowing a direct measure of ms™* (see Supplementary
Section S3). However, this is not the case in Fe-DCA/Au(111) since we
find that both 7 (¢) and pgff’ () vary as cos(¢). Such behavior can only
be rationalized if the magnetic moments stay perpendicular to the 2D-
MOCN surface even for the extreme case of ¢ =70° and applied fields
of 6T (see Supplementary Fig. S8), thereby evidencing a robust Ising
character with OOP quantization axis.

Such marked OOP robustness should stand out when recording
hysteresis loops. Therefore, we acquire the magnetization curves at
T=3K by measuring the XMCD intensity at the fixed photon energy of
the L3-edge as a function of the applied magnetic field for normal
(¢ =0°) and grazing (¢ = 70°) incidence (see Fig. 2d). Remarkably, the
2D-MOCN presents a square-like open hysteresis loop with a huge
coercive field value (=2.1T out-of-plane and=5.4 T at ¢ =70°) and a
remanence slightly above 80% of the saturation value. Full zero field
XMCD spectra at ¢ =0° and 70° were measured directly after
saturation with goH =+ 6 T, with sum-rules yielding the values shown
as solid symbols in Fig. 2d, consistently scaling with the hysteresis loop
curve displayed. It is worth noting that the ¢ = 0° hysteresis loop can
be calculated from the ¢ =70° one (and viceversa), by simply scaling
the applied field as Hy =H,, cos(70°) and the magnetization as
M- =My / cos(70°) (see Supplementary Fig. S8). In other words, the
OOP component on the hysteresis loops are identical for all measured
angles when projecting the applied magnetic field in that direction,
evidencing once more the intense uniaxial character of the magnetic
moments of Fe(ll) in this 2D-MOCN.

To determine whether the open hysteresis loop reflects a slow
relaxation single-atom process*® or a truly 2D ferromagnetic coop-
erative phase transition, we measure low field (uoH=0.1 T) XMCD
curves as a function of temperature. The spectra at the L; edge are
shown in the inset of Fig. 2e, where we observe a sudden reduction of
the XMCD signal occurring around T¢=35 K. This critical temperature

is evident in Fig. 2e when plotting the absolute value of the integrated
area of the XMCD main peak at the L3 edge (from 705 to 712.5 eV). The
2D Onsager’s analytical solution (at zero field)* scaled for Tc=35K is
shown for comparison, yielding an exchange interaction of /=[T -
kg -log(v/3+2)]/2~+1.98 meV. A Monte Carlo simulation of the
spontaneous magnetization under this low field (zoH = 0.1 T) with that
particular exchange interaction constant on a simple honeycomb
network of Ising spins with nearest neighbor interactions quite satis-
factorily fits our experimental data. Note that this exchange constant is
considerable when compared with those found in other single-layer
2D-MOCNSs (J < 0.27 meV)722342,

To further demonstrate that a cooperative ferromagnetic phase
transition takes place in our 2D-MOCN we used the so-called modified
Arrott-Noakes plots*, which allow to obtain from the isothermal
XMCD magnetization curves the magnetization § and susceptibility y
critical exponents, while determining the critical temperature. The
modified Arrot-Noakes plot displayed in Fig. 2f shows the expected
temperature-independent slope of the curves at higher fields, neatly
showing the cooperative character of the FM below T¢-=35K (whose
curve satisfactorily crosses the origin) for f=0.30 and y=1.50. How-
ever, given the XMCD signal to noise ratio, we estimate the uncertainty
in the determination of the critical exponents not better than +15%.
The obtained exponents are not coincident with the canonical 2D Ising
model (8=1/8,y="7/4), but are compatible with other well-established
cases of strongly uniaxial 2D systems with long-range interactions,
such as URhAI (8= 0.287 and y =1.47)**. Considering the low amount of
Fe centers present in the system (=5% of a monolayer), the experi-
mental determination of these critical values, even with this large
uncertainty, is a remarkable achievement in itself*. In short, all our
XMCD datasets present this 2D-MOCN as an archetype example of a
two-dimensional ferromagnet at the single-layer limit.

It is worth noting that Fe magnetic moments are strongly dis-
similar when comparing Fe-DCA/Au(111) and Fe/Au(111) samples (cf.
Fig. 2b and Supplementary Fig. S4a and Supplementary Table S1).
Remarkably, the hysteresis loops measured on the Fe clusters (see
Supplementary Fig. S4d) are rather similar at ¢ = 0° and 70° and do not
reach saturation at the highest accessible external field (6 T). More-
over, the butterfly-shape hysteresis found in grazing incidence (clo-
sure at O T) of Fe/Au(lll) is characteristic of paramagnetic (or
superparamagnetic) systems with long relaxation times***. Such dif-
ferences in the Fe magnetic moments are related to a change of oxi-
dation state of the Fe atoms associated with the 3d orbital occupation
of the Fe atoms. In the case of the Fe-DCA/Au(111) network, the Fe atom
is in a 2+ oxidation state, whereas in the case of Fe/Au(11l) itisina O
oxidation state (metallic) (see Supplementary Section S4 and Supple-
mentary Fig. S7). The 2+ state is mostly determined by the mechanism
of charge transfer from Fe to DCA in Fe-DCA/Au(111), although there is
also a sizable charge transfer from the Fe-DCA overlayer to the Au(111)
surface (discussed below). Importantly, such a Fe2" state is also sup-
ported by semi-empirical multiplet calculations based on the XAS/
XMCD spectra (see Supplementary Fig. S9).

Theory and discussion

To shed light on these results we perform first-principles density func-
tional theory (DFT) calculations (details in Supplementary Section S2).
We start by structurally optimizing the Fe-DCA/Au(111) system using its
experimentally determined (4+/3 x 44/3)R30° periodicity and obtain a
non-planar MOCN geometry, shown in Fig. 3a, b (see Supplementary
Section S2 for the crystal structure details). The vertical distortion affects
the cyano groups that bend downwards to the Fe centers. Such buckled
geometry has been observed in many other single-layer 2D-MOCN on
noble-metal surfaces™****, Independently of this buckled geometry,
the MOCN retains its two-dimensional character with respect to the
magnetic properties of interest since the Fe atoms are coplanar, very
much like the transition metal atoms in other 2D-systems, e.g., Crls.
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Fig. 3 | DFT calculations of the Fe-DCA/Au(111) system. Top (a) and side (b) views
of the 2D-MOCN optimized structure with Au, Fe, C, N and H atoms in gold, purple,
black, white, and green colors, respectively. The corresponding spin density iso-
contours [red (blue) denotes the majority (minority) spin component] are shown in
panels ¢ and d. This spin density reveals a predominant coupling between Fe

magnetic moments through the DCA ligands and a sizable spin polarization of the
Au atoms below the Fe atoms. Note that the absence of significant spin density
connecting the Au atoms evidences a limited coupling mediated by the metal
surface.

Importantly, the shortest Fe-Au distance is about 2.8 A (see Supple-
mentary Table S5), which is more than 10 % larger compared to the
optimized Fe-honeycomb/Au(111) system (i.e. the one relaxed without
DCA; see Supplementary Section S5). Thus, the Fe-Au hybridization is
quite limited in Fe-DCA/Au(111), as anticipated experimentally. Such
hybridization reduction related to the separation of the coordination
atom from the substrate is common to other 2D-MOCNs"*~.

Total-energy calculations of this Fe-DCA/Au(111) structure result in
a ferromagnetic isotropic exchange coupling constant of
J~0.7-13meV (Hubbard Uz parameter dependent, see Supplemen-
tary Table S2). This exchange coupling strength appears to be an order
of magnitude weaker when compared to the free-standing planar Fe-
DCA system, as discussed in detail in Supplementary Section S5. Note-
worthy in this context, is that the buckling of the MOCN induced by the
Au(111) substrate makes the Fe-N bond length to be 6-8% longer than in
the free-standing Fe-DCA case. This translates into a significantly smaller
induced spin polarization in the DCA ligands with respect to that in the
free-standing MOCN case, which is consistent with the weaker exchange
coupling between the Fe centers. Incidentally, the spin moment of the
DCA molecules is opposite in sign to that of Fe, revealing AFM coupling
between the Fe centers and DCA ligands, clearly seen in the spin density
isosurfaces (Fig. 3c, d). It should be said, however, that the isotropic
exchange coupling / between Fe atoms in Fe-DCA/Au(111) is of the same
order of magnitude as that between Cr atoms in Crl;™.

Furthermore, for Fe-DCA/Au(111), we find a positive magnetic
anisotropy energy of F;~0.6 meV per Fe atom (see Supplementary
Section S2), indicating an OOP easy magnetization axis, contributions
from the single ion anisotropy D and anisotropic exchange interaction
A being about 2DS’~15meV and 3A$’~-0.25meV (ie.,
E,~ DS*+3)S?%/2), respectively. Since DFT tends to underestimate the
E, value”, we have also performed multiplet calculations within a
many-body approach based on a point-charge crystal field and find a
much larger value of 8.5 meV (Supplementary Section S2 and Sup-
plementary Fig. S10). Despite its quantitative limitations, DFT clearly
confirms that the system is a ferromagnet with an OOP orientation of
the local magnetic moments of 3.7up (S =2 state), which nicely mat-
ches our experimental results (compare Supplementary Tables S1 and
S2 in Supplementary Section S6) and the values obtained from the
multiplet calculations. Note that magnetic coupling has been reported
in other single-layer 2D-MOCNs directly grown on metals™"*"7**%,

However, in contrast to what is reported here, no open hysteresis
loops were detected in any of the previously studied single-layer 2D-
MOCNSs at the atom thickness limit.

An intriguing question remaining is the definition of the exchange
channels that drive the system into such collective magnetic state. From
the spin density isosurfaces (Fig. 3¢, d) it is seen that there is significant
spin density delocalization in the DCA ligands connecting Fe metal
centers. Not only the cyano groups, but also the anthracene backbones
of DCA appear to be polarized, except for hydrogen atoms, which do not
form part of the superexchange coupling path between Fe centers. On
the contrary, the spin polarization is only induced on those Au atoms
that are the Fe atom’s nearest neighbors, which is more clearly seen in
the side view (Fig. 3d). Thus, the spin density in Au(111) is quite localized.
The fact that no appreciable spin density connects two neighboring Fe
centers of Fe-DCA through the Au(111) surface hints to a minor role of the
substrate in mediating the exchange coupling between the Fe centers.
Therefore, the superexchange via organic ligands dominates in Fe-DCA/
Au(111), in agreement with previous works on 2D-MOCN"~***, However,
we do expect some limited coupling mediated by the metal surface,
Jsupse»  caused by the weak (but still non-negligible) Fe-Au
hybridization®%, Regrettably, such coupling mediated by the sub-
strate cannot be separated from that through the ligands in the full Fe-
DCA/Au(111) calculation. Therefore, we perform first-principles calcula-
tions where we remove the DCA molecules from the optimized system,
while keeping the honeycomb Fe array and the underlying Au(111) sub-
strate fixed. Crucially, in this system we fix the Fe-3d manifold occupa-
tions to those of Fe in Fe-DCA/Au(lll), which is done using the
occupation matrix control method. As we discuss in detail in Supple-
mentary Section S5, in spite of being in different chemical environments
(Fe-honeycomb-on-Au(111) vs Fe-DCA/Au(111)), the Fe atoms have nearly
the same magnetic state. Moreover, the fact that the lateral separation
between the Fe atoms as well as their adsorption height above Au(111)
turn out to be exactly the same, gives us grounds to use the Fe-honey-
comb-on-Au(111) system to estimate the scale of the strength of /g, in
Fe-DCA/Au(111). In this way, we find that the substrate contribution to
the isotropic exchange is limited to only Jsps: =~ 0.03 —0.07 meV (fer-
romagnetic coupling). Note that this approximation can only provide an
order of magnitude estimate because in our calculations the Fe atoms in
Fe-honeycomb-on-Au(111) and Fe-DCA/Au(111) are not in an identical
state (see Supplementary Section S5).
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However, this does not mean that the Au(111) surface plays no role
in the observed magnetism of the Fe-DCA MOCN grown on top.
Indeed, after formation on the substrate, the network becomes
buckled, thereby affecting the Fe-N bond length and hence the
induced spin-polarization on the DCA, which in turn influences the
main superexchange channel of the Fe-DCA/Au(111). Moreover, there is
a charge transfer from the MOCN to the substrate (Supplementary
Fig. S11) that affects the Fe-3d occupations (see Supplementary Sec-
tion S5 and Supplementary Tables S4 and S5), defining the spin mag-
netic moment.

Summarizing the theoretical part, for this 2D-FM to occur in a
MOCN, our first-principles calculations identify two necessary condi-
tions: (i) the existence of hybrid bands (see Supplementary Fig. S11)
with magnetic metal centers and organic linker orbital characters
responsible for the ferromagnetic coupling between spin magnetic
moments in the meV range, and (ii) a large magnetic anisotropy that
translates into the opening of a gap in the spin wave excitation spec-
trum to overcome the Mermin-Wagner theorem'. These two key
ingredients turn out to be truly remarkable in this Fe-DCA/Au(111)
system, causing such finite temperature FM to emerge. Indeed, we find
the same order of magnitude in / and roughly equal magnetic aniso-
tropy as in the Crl; monolayer (/= 2.2 meV and E, = 0.65 meV*"). Thus, it
is rather unsurprising that our 2D-MOCN also presents a similar T¢ as
the one experimentally determined for this 2D-van der Waals ferro-
magnet (T¢=45K®). At this point, we should mention that a great effort
is being done to progress and overcome the challenges involved in
tuning the magnetic interactions in metal-organic solids**“°. Improv-
ing the design of magnetic metal-organic compounds is key to obtain
fully functional organic ferromagnets®®%,

In conclusion, we have studied the structural, electronic and
magnetic properties of the Fe-DCA/Au(11l) system at its single-layer
thickness. This 2D-MOCN exhibits delocalized electronic states with
bucked geometry, but limited interaction with the substrate based on
the prevalence of the herringbone reconstruction that sets the stage for
prevailing electronic overlap between molecules and metal centers and
a robust ferromagnetic ground state. Remarkably, we find open hys-
teresis cycles, an extraordinarily large uniaxial anisotropy, and phase
transition behavior which translates into indisputable experimental
evidence of a metal-organic 2D ferromagnet with a Curie temperature
of Tc=35K. The observed 1 /ﬂ_’;ff z ~1/2 value, consistent with Fe(Il)
high-spin d® configuration (L =S=2) is large enough to lead to a high
uniaxial magnetic anisotropy (easy OOP magnetization direction). Our
first-principles calculations confirm both the order of magnitude of the
FM exchange coupling and the sign of the magnetic anisotropy that are
necessary to explain the observed magnetic order at a rather high
temperature. Importantly, the magnetic exchange constant found for
this system is comparable to the highest reported for the ultrathin 2D-
van der Waals ferromagnets'®? and is certainly much higher than all
other previous 2D-MOCNSs studied at the single-layer limit"'*17-2-2742,

Our findings settle over two-decades of search for atom-thick 2D-
FM in MOCNs, thereby representing a clear advance in the transversal
fields of magnetism and surface science. Similarly to the seminal work
of isolating a single layer Crls°, we expect to boost the community’s
interest in magnetic 2D-MOCNs and trigger follow-up theoretical and
experimental work capable of leading to new ferromagnetic systems
that exhibit even higher ordering temperatures with such ultra-low
magnetic atom densities.

Methods
The Methods section, containing experimental and theoretical details,
is included in the Supplementary Information file.

Data availability
The experimental data that support these findings are available from
the corresponding authors upon reasonable request.

Code availability
The theoretical codes that support these findings are available from
the corresponding authors upon reasonable request.
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