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Two-dimensional metal-organic frameworks (2D MOFs) are atomically thin materials that combine the
properties of organic molecules with the structural characteristics of crystalline inorganic solids. Their
unique magnetic and electronic properties arise from the interaction between transition metal centers
and organic linkers. This study focuses on the high-spin Fe?* centers in a 7,7,8,8-tetracyanoquinodi-
methane (TCNQ)-based 2D MOF, where hybridization between Fe 3d states and n-symmetric orbitals of
TCNQ ligands stabilizes regularly spaced magnetic centers. X-ray magnetic circular dichroism (XMCD)
measurements confirm the robustness of these magnetic properties across various substrates, including
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Introduction

The pursuit of distinct magnetic properties in surface-supported,
well-defined metal centers remains a key challenge in materials
science." While metal adatoms can provide single-atom magnet-
ism, arranging them into ordered arrays presents substantial
difficulties.> Additionally, the inherent interactions with sub-
strates often result in the quenching of magnetic moments,
thereby limiting their utility.** In contrast, embedded transition
metal (TM) centers in two-dimensional (2D) metal-organic
frameworks (MOFs) offer a scalable and robust solution for
achieving stable magnetic behavior on surfaces.”**

A notable example of this approach is reported for Fe-ter-
ephthalic acid (TPA) complexes deposited on Cu(100).” The
network morphology is significantly affected by the Fe : TPA stoi-
chiometry, the symmetry as well as the reactivity of the Cu(100)
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substrate, whereas the thermal annealing allows to stabilize a
high-spin (HS) state configuration with a strongly localized Fe**
character. The HS state of Fe** ions, with four unpaired elec-
trons, results in a relatively high magnetic moment compared to
many other TMs. This, in turn, can enhance magnetic inter-
actions between metal centers, strengthening the over ferro-
magnetic order of the framework.” ™

To stabilize the magnetic behavior of these systems, the
choice of the substrate plays a critical role.”*'* In this context,
inert substrates minimize direct chemical interactions
between the MOF and the surface.”® As a consequence, the
intrinsic properties of the structure can be preserved.
Compared to the highly reactive Cu(100) substrate,” it is poss-
ible to stabilize the HS configuration of Fe*" within the frame-
work on an inert substrate, significantly enhancing the devel-
opment of robust MOFs.

In this study, we investigate the stabilization of regularly
spaced HS Fe** centers coordinated by 7,7,8,8-tetracyanoquino-
dimethane (TCNQ) ligands on two weakly interacting sub-
strates, graphene/Ir(111) (Gr/Ir(111)) and Au(111). These 2D
MOFs not only provide a robust platform for tailored magnetic
properties, but also demonstrate how strong coordination
bonds between Fe ions and TCNQ ligands promote hybridiz-
ation mechanisms between the Fe 3d states and the
n-symmetric orbitals of the molecular linker. X-ray magnetic
circular dichroism (XMCD) confirms that this MOF-specific
coordination environment ensures the stability of unique mag-
netic properties, even in the presence of different substrates.
Ultimately, the arrangement of HS Fe** centers in well-defined
2D arrays presents advanced opportunities for organometallic-
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based electronics and spintronics devices, reinforcing the
potential of these MOFs in next-generation magnetic
materials.

Results and discussion

The Fe-TCNQ MOFs on Gr/Ir(111) and Au(111) substrates are
prepared following the growth protocol described by Jakub
et al."”> They employed scanning tunneling microscopy (STM),
low-energy electron diffraction (LEED), and density functional
theory (DFT) calculations to characterize the structural and
electronic properties of the MOF.'®> These studies revealed that
the lateral arrangement of the 2D TCNQ-based MOFs is
surface-dependent. Specifically, on Gr/Ir(111) the weak inter-
actions between the Fe-TCNQ network and the substrate
enable the ligands to adopt a quasi-tetrahedral, nonplanar
configuration around the Fe centers. In contrast, on Au(111)
the van der Waals (vdW) interactions with the surface draw the
Fe ions closer to the surface, resulting in an in-plane displace-
ment of the metal centers, thus planarizing the MOF."®
Although STM and LEED data are not included in this
work, the identical growth protocols ensure that the Fe-TCNQ
frameworks studied here are consistent with the well-character-
ized structures reported by Jakub et al'>'® On the basis of
these structural insights, the effects of geometric variations on
the electronic and magnetic properties of Fe-TCNQ MOFs, sup-
ported by Gr/Ir(111) and Au(111), are here explored experi-
mentally. This is particularly significant for understanding the
spin and oxidation states of the Fe centers within these frame-
works. To address this gap, we perform X-ray absorption spec-
troscopy (XAS) and XMCD measurements at the Fe L; ,-edges.
These experiments are employed to comprehensively probe the
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bonding and the magnetic properties of TM ions in TCNQ-
based MOFs, thereby enhancing our understanding of how the
substrate influences these properties.

Fig. 1a and b display the XAS spectra with p- and s-polar-
ized light collected across the Fe L;,-edges for the Fe-TCNQ
MOFs on both Gr/Ir(111) (red line) and Au(111) (blue line) sub-
strates. The Fe coverage is estimated to be 0.04 ML (with
respect to the Au(111) substrate) for both networks.

Given that the embedded Fe centers resemble a surface-
diluted system, a comparison with an appropriate reference
system is necessary.>'®'" This aims to confirm that the signal
in the spectra of the Fe MOF is not originating from Fe cluster
species that may have formed after the deposition of Fe on the
pristine TCNQ layer. Therefore, after depositing an equivalent
amount of Fe impurities directly onto the pristine Gr/Ir(111)
substrate (Fig. S1f), a detailed comparison of the XAS line
shapes between Fe MOF and Fe impurities reveals differences.
While the Fe/Gr/Ir(111) spectrum displays broad L; and L,
peaks characteristic of the metallic behavior'”'® and no sign
of linear dichroism, the spectra for the Fe MOF show a pro-
nounced narrowing of features and a well-defined multiplet
structure. In particular, these differences in line shapes
between the two systems indicate changes in the local elec-
tronic environment of the Fe centers, resulting from coordi-
nation with the cyano groups of the TCNQ ligands within the
MOF. This assumption is further supported by N K-edge XAS
spectra, where a notable intensity reduction of n*-type reso-
nances is observed for both Fe MOFs on Gr/Ir(111) and Au
(111) surfaces relative to the self-assembled TCNQ molecules
on their respective supports (Fig. 2). Specifically, upon Fe
deposition, the peaks at 396.9 eV and 398.9 eV of the =n-type
orbitals (solid red and blue lines) are completely quenched,
while the intensity of the resonance associated with the in-
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Fig. 1 XAS spectra recorded across the Fe Ls,-edges of (a) Fe MOF/Gr/Ir(111) (red line) and (b) Fe MOF/Au(111) (blue line) systems, with s-polarized
(s-pol, 8 = 70°, dashed line) and p-polarized (p-pol, 8 = 70°, solid line) light. (c) and (d) XAS spectra at the Fe L3 ,-edges of left- (I, solid line) and
right- (I*, dashed line) hand circularly polarized light (9 = 70° and ¢ = 0°, B = 6 T) and resulting XMCD signal (normalized by the corresponding Ls-
integrated XAS intensity, green line) for (c) Fe MOF/Gr/Ir(111) and (d) Fe MOF/Au(111) systems. A spline background has been subtracted.
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Fig. 2 XAS spectra recorded across the N K-edge of (a) TCNQ/Gr/Ir
(111) (orange line) and Fe MOF/Gr/Ir(111) (red line) systems and (b)
TCNQ/Au(111) (purple line) and Fe MOF/Au(111) (blue line) systems, with
s-polarized (s-pol, & = 0°, dashed line) and p-polarized (p-pol, 8 = 70°,
solid line) light.

plane n*-type orbitals (dashed red and blue lines) is substan-
tially reduced. These spectral characteristics offer a clear spec-
troscopic evidence of the metal-organic coordination and are
consistent with those observed for Fe ions coordinated by
organic ligands (see Fig. 1), thus suggesting a Fe*" oxidation
state.>'® Additionally, the strong intensity of resonances
observed in the XAS spectra measured across L;,-edges with
both p- and s-polarized light is consistent with the HS con-
figuration of Fe** ions, where unpaired electrons are present in
both out-of-plane and in-plane 3d orbitals, allowing for dipole
2p — 3d transitions. Previous DFT calculations'® support the
Fe** HS quintet state in the Fe-TCNQ frameworks as the most
stable configuration on both substrates and show that the
local structural environment of the Fe centers influences the
energy level alignment. Therefore, this leads to slight vari-
ations in the width of the main peak and in the intensity in
the XAS spectra at the Fe L; ,-edges measured for the MOFs on
both substrates, as reported in Fig. 1.

The neutral Fe atom has an electronic configuration of Fe°
as [Ar] 3d°4s®. Summarizing the interpretation of the N K-edge
and Fe L; ,-edges data, we propose that in the Fe-TCNQ system
with 1:1 stoichiometry, the Fe** ions donate two electrons to
the TCNQ LUMO, resulting in the formation of doubly charged
TCNQ anions. The Fe*' ions are, therefore, stabilized in the
[Ar] 3d° configuration. The hybridization in this system plays a
crucial role in determining the electronic configuration of the
Fe ions and the overall electronic structure of the Fe-TCNQ
framework. Indeed, this hybridization leads to the formation
of hybrid states primarily composed of Fe 3d and TCNQ orbi-
tals, with some contribution from Fe 4s orbitals.’®> Moreover,
in the MOF, the TCNQ gas-phase states and Fe 3d orbitals are
reordered due to metal-organic bonding, while the Fe 4s orbi-
tals remain unoccupied.

To understand the magnetic properties of the Fe centers
within the MOFs supported by Gr/Ir(111) and Au(111), we con-
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ducted XMCD experiments. The XMCD signals were obtained
at a maximum magnetic field of 6 T across the Fe L;,-edges,
as shown in Fig. 1c and d. Different measurement geometries
were set at photon incidence angles of 6 = 0° (normal), 6 =
54.7° (magic angle), and 6 = 70° (grazing) with respect to the
surface normal. XMCD measurements performed at various
incidence angles provide insights into the alignment of Fe
magnetic moments relative to the X-ray incidence direction,
revealing the magnetic anisotropy of Fe centers in TCNQ-based
MOFs.

As illustrated in Fig. 1c and d, comparing XMCD intensities
at @ = 0° and 0 = 70° show that Fe centers in TCNQ-MOF on Gr/Ir
(111) exhibit weak anisotropy, with higher XMCD intensity
observed in the grazing geometry. Remarkably, when these
TCNQ-based MOFs are supported on Au(111), a more interacting
substrate,” the in-plane anisotropy remains almost unchanged.
This finding indicates that the Fe-TCNQ coordination bonds
effectively stabilize the magnetic orientation, preserving the an-
isotropy direction across substrates with varying interaction
strengths. This result highlights the robustness of the Fe-TCNQ
MOF compared to other reported 2D MOF structures. '’

A similar dominant in-plane magnetic anisotropy within
the Fe centers was observed in the above-mentioned Fe-TPA
MOFs stabilized on Cu(100). However, adsorption of axial
ligands at the Fe sites within this MOF induced a sudden reor-
ientation, rotating the Fe easy axis out of plane.’> Conversely,
the XMCD measurements of 2D Fe-DCA (9,10-dicyanoanthra-
cene) MOF on Au(111) substrate revealed a strong out-of-plane
anisotropy in the Fe centers, suggesting that the Au(111)
surface has a significant impact on the observed magnetism."°
Notably, the variations in magnetic anisotropy among these
Fe-containing MOFs can be attributed to axial interactions
involving the Fe d,. orbital,>'® particularly through direct sub-
strate binding, as observed with Au(111). These findings high-
light the role of external chemical environments and substrate
properties in modulating the magnetic behavior of Fe centers
within the Fe-TPA and Fe-DCA MOFs. In contrast, the results
of the Fe-TCNQ MOF emphasize the robustness of this frame-
work, which retains its magnetic anisotropy even when inter-
faced with the Au(111) substrate.'®

By applying the sum rules analysis to the XAS and XMCD
spectra®*'?? collected at multiple incidence angles 6, we quanti-
tatively determine the orbital and the effective spin magnetic
moments for the 2D Fe MOFs supported on Gr/Ir(111) and Au
(111) substrates (Fig. S2t1). Notably, at the so-called “magic
angle” configuration (@ = 54.7°), the intra-atomic dipole spin
moment is vanishing, permitting a direct determination of the
isotropic spin moment. However, as Stepanow et al.>* showed,
this approximation may not hold in highly anisotropic environ-
ments similar to that of Fe-DCA MOFs." The Ls/L, branching
ratio in the range of ~4.1-4.6 observed in the Fe-TCNQ MOFs
XAS spectra (Fig. 1a and b) is consistent with values reported for
HS Fe** configurations (S = 2) and contrasts with the smaller
ratios typically observed for intermediate- or low-spin configur-
ations of Fe®*.>**® Furthermore, the spectral shapes of the XAS
spectra are similar to those observed for the HS Fe** in Fe-TPA

This journal is © the Partner Organisations 2025
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MOF.® Therefore, our analysis assumes the nominal number of
four holes in the 3d orbitals to derive the orbital and effective
spin moments. The deduced values in the respective geometries
for the different MOFs on Gr/Ir(111) and Au(111) substrates are
summarized in Table S1.f The isotropic spin moments
(measured at magic angle) for both Fe MOFs on Gr/Ir(111) and
Au(111) are evidently underestimated compared to the expected
absolute values for Fe** in the HS configuration. However,
despite this discrepancy, the analysis of the calculated magnetic
moments reveals a consistent trend for the angular dependence
across the two frameworks, with comparable values, thereby con-
firming similar magnetic responses. Notably, the magnetic
moment of Fe MOF on Gr/Ir(111) is smaller than that on Au
(111). This behavior can be attributed to the differences in Fe-N
bond lengths (~2.08 A on Au(111) and ~2.04 A on Gr/Ir(111)),"
which influence the ligand field strength and the energy level
alignment of the Fe 3d orbitals, consequently affecting the mag-
netic moments. Additionally, the trend of the magnetization
curves (Fig. S31) clearly indicates that even at 6 T, the magnetiza-
tion is far from saturation, contributing to the underestimation
of the magnetic moments and their variation across different
substrates. Distinctly, different trends are observed in the XMCD
spectra and magnetization curves for Fe impurities on Au(111)
(Fe/Au(111))," thus highlighting the influence of the hybridiz-
ation between the Fe 3d states and the MOs of the organic linker
in the Fe-TCNQ network. This hybridization can weaken the
magnetic interactions and hinder the full spin alignment, even
under high magnetic fields. Therefore, the Fe centers in these
MOFs behave as nearly independent paramagnetic units.*
Furthermore, while the linear response of the system seems to
rule out any ferromagnetic coupling between the Fe ions, the
possibility of an antiferromagnetic correlation between the Fe
spins cannot be excluded.®

To gain further insights into the hybridization mechanism
between Fe 3d states and the MOs of TCNQ ligands, induced by
the coordination bonds and crucial for stabilizing the Fe** HS
configuration, we acquired the valence band (VB) spectra using a
photoelectron emission microscope (PEEM).”® The VB spectra
were collected for the Fe MOFs supported on both Gr/Ir(111) and
Au(111) substrates, along with the TCNQ self-assembled layers
and the bare substrate references, as shown in Fig. 3.

The VB spectrum of TCNQ/Gr/Ir(111) shows a prominent
feature at a binding energy (BE) of around 3.0 eV. This feature is
attributed to the highest occupied molecular orbital (HOMO) of
TCNQ. In contrast, the HOMO peak is not observed in the
TCNQ/Au(111) spectrum due to the pronounced contribution of
the Au 5d states, which dominates the spectral region (>2 eV)
where TCNQ molecular orbitals should typically appear.

The absence of charge transfer from both Gr/Ir(111) and Au
(111) substrates to the adsorbed TCNQ molecules is supported
by the N K-edge data collected for the pristine TCNQ layer
(Fig. 2), whose shapes resemble those of the decoupled mole-
cular system.”” This interpretation aligns with the current VB
data, which show no molecule-related features in the low BE
region, typically associated with charge transfer phenomena
from the substrate.>®3°

This journal is © the Partner Organisations 2025
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Fig. 3 Momentum-integrated VB spectra recorded for (a) Gr/Ir(111)
(black line), TCNQ/Gr/Ir(111) (orange line), Fe MOF/Gr/Ir(111) (red line)
and (b) Au(111) (black line), TCNQ/Au(111) (purple line), Fe MOF/Au(111)
(blue line).

In order to better visualize these hybridizations, we plot
energy vs. momentum maps along the high-symmetry direc-
tion K — I — M of the surface Brillouin zone of Gr/Ir(111) and
Au(111) for the Fe MOFs using p-polarized light (Fig. 4a and b
respectively). Upon Fe deposition on the TCNQ layer (i.e., the
formation of the MOF) on both Gr/Ir(111) and Au(111) sub-
strates, distinct new features emerge in the low BE range.
Notably, pronounced peaks appear at BEs of approximately 1.2
eV and 2.6 eV on Gr/Ir(111) and 0.6 and 1.8 eV on Au(111).
Consistently with similar frameworks,'>?*® we attribute these
spectral features to hybridization phenomena within the MOF,
related to the formation of coordinative bonds. Specifically,
predominantly occupied Fe 3d states hybridize with the lowest
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Fig. 4 Band maps along the high-symmetry direction K — ¥ — M of the
surface Brillouin zone of Gr/Ir(111) and Au(111) measured for: (a),(c) Fe
MOF/Gr/Ir(111) and (b),(d) Fe MOF/Au(111) systems, using p- and s-polar-
ized light, respectively.
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unoccupied molecular orbitals (LUMO) of TCNQ, resulting in
the formation of hybrid metal-organic states.'® This inter-
action leads to the partial occupation of the LUMO through
charge redistribution with Fe 3d states. This interpretation is
further supported by complementary XAS data measured at
the N K-edge, where quenching of the associated resonances is
observed as the pristine TCNQ transitions into the Fe MOF
structure (Fig. 2). Furthermore, we observe that the momen-
tum distribution maps obtained with p-polarized light (Fig. 4a
and b) exhibit higher intensity for the hybrid states compared
to those with s-polarized light (Fig. 4c and d). This difference
indicates the predominantly n-symmetric nature of the hybrid
states, involving Fe 3d states and the MOs of the TCNQ ligands
in the hybridization phenomena.

In addition, we synthesized Fe-TCNQ MOFs with varying Fe
quantities. The spectra corresponding to 0.02 ML and 0.08 ML
of total Fe coverage on the TCNQ layer on both Gr/Ir(111) and
Au(111) substrates exhibit similar spectral line shapes
(Fig. S47). Hence, once the free coordination sites provided by
the molecular layer are saturated, any additional Fe deposition
is expected to result in the formation of metallic Fe clusters.
Indeed, the spectrum corresponding to 0.08 ML of total Fe cov-
erage is characterized by a notable shift in the main peak in
the VB spectrum. This observation suggests that at 0.04 ML of
total Fe coverage the saturation is reached, while additional Fe
deposition (~0.08 ML) facilitates cluster formation, effectively
doping the fully saturated Fe MOF structure. This mechanism
accounts for the observed shift in spectral features without
altering the overall spectral shape.

Conclusions

In conclusion, this study elucidates the intricate and complex
interplay between coordinative bonding in 2D MOFs and the
stabilization of HS states of Fe®>" in TCNQ-based frameworks.
Our findings highlight that the interaction with the substrate
results in a minimal effect on the magnetic properties of the
MOFs, thus indicating the intrinsic and inherent robustness of
these materials. This stability can be attributed to the strong
coordinative interactions between the Fe 3d states and the
n-symmetric MOs of the TCNQ ligands.

Experimental section

The Ir(111) single crystal was cleaned by argon ion (Ar") sput-
tering at room temperature, followed by annealing to 1500 K.
The Au(111) single crystal underwent repeated cycles of Ar"
sputtering and was subsequently annealed to 800 K. The sput-
tering was conducted at an energy of 1.5-2.0 keV.

Graphene was synthesized via chemical vapor deposition
(CVD) using the ethylene (C,H,) gas. Ethylene was initially
introduced into the preparation chamber at a pressure of 5 x
10" mbar for 2 minutes, after which the pressure was
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increased to 1 x 10”® mbar for 5 minutes. The substrate temp-
erature was maintained at 1400 °C during the growth process.

TCNQ was evaporated from a Knudsen-type evaporator at
410 K onto the substrate, which was kept at 300 K. We didn’t
observe the formation of a second layer of TCNQ on the sub-
strate. Iron was evaporated from an e-beam evaporator operat-
ing at ion fluxes of 10 nA onto the TCNQ/Gr/Ir(111) and TCNQ/
Au(111) interfaces and, after the Fe deposition, the samples
were annealed to 475 K.

The photoemission measurements were conducted at the
NanoESCA beamline of the Elettra synchrotron, using an electro-
static photoelectron emission microscope (PEEM) set-up
described in detail in Ref. 26. Valence band spectra were collected
at a photon energy of 30 eV with both p- and s-polarized light. A
total energy resolution of 100 meV, which accounts for both the
analyzer and beamline contributions, was found for the PEEM
setup, while the momentum resolution was +0.05 A~*. To prevent
photon beam-induced damage and ensure the acquisition of
high-quality data, the samples were rastered during the experi-
ment. All measurements were performed at a pressure below 1 x
107'° mbar, with the sample temperature maintained at 90 K.

XAS and XMCD measurements were conducted at the
BOREAS beamline of the ALBA synchrotron.?’ Both XAS and
XMCD spectra were collected in total electron yield mode at
the N K-edge and Fe L; ,-edges. The signal was normalized by
the total electron yield measured on a diamond membrane
placed between the last focusing mirror and the sample. In the
XAS experiment, both Transverse Electric (s-polarization) and
Transverse Magnetic (almost p-polarization) polarization
experiments were performed by changing from linear vertical
to linear horizontal polarizations. The XAS measurements
were performed with the sample kept at 300 K to reduce sub-
strate contributions to the background.

For the XMCD signals, obtained by subtracting the XAS
spectra collected with positive helicity (I') from those with
negative helicity (I7) at the Fe L; ,-edges, a magnetic field of B
=6 T and a temperature of approximately 5 K were used, with
the magnetic field aligned with the direction of the incident
light. To prevent beam-induced damage, the sample was con-
tinuously moved to expose fresh, non-illuminated areas.
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