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Magnetic atoms at surfaces are a rich model system for
solid-state magnetic bits exhibiting either classical"> or
quantum?* behaviour. Individual atoms, however, are difficult
to arrange in regular patterns. Moreover, their magnetic
properties are dominated by interaction with the substrate,
which, as in the case of Kondo systems, often leads to
a decrease or quench of their local magnetic moment®’.
Here, we show that the supramolecular assembly of Fe and
1,4-benzenedicarboxylic acid molecules on a Cu surface results
in ordered arrays of high-spin mononuclear Fe centres on a
1.5 nm square grid. Lateral coordination with the molecular
ligands yields unsaturated yet stable coordination bonds,
which enable chemical modification of the electronic and
magnetic properties of the Fe atoms independently from the
substrate. The easy magnetization direction of the Fe centres
can be switched by oxygen adsorption, thus opening a way to
control the magnetic anisotropy in supramolecular layers akin
to that used in metallic thin films® ™",

The control of magnetic anisotropy is a key issue in the
development of molecule-metal interfaces for magnetic applica-
tions, both at the single-molecule'? and extended-film level®®. In
metallic multilayers used as storage media or spin-valve devices at
present, tuning of the magnetic anisotropy is achieved either by a
careful choice of the overlayer/substrate composition and thickness
or by oxidation of the magnetic elements'"'*!>. Recent studies
showed that the magnetization direction of surface-supported para-
magnetic molecules can be controlled through exchange coupling
with a magnetic film, which provides robust ferromagnetic proper-
ties but does not enable each molecule to be switched independently
from the substrate or its neighbours'®!”. Alternatively, theoret-
ical work suggested that the sign of magnetic anisotropy could
be reversed in metal-organic complexes by exploiting oxidation
processes that affect the hybridization of molecular orbitals with
metal states carrying non-zero orbital magnetization®.

Here, we investigate supramolecular self-assembly on a
non-magnetic Cu surface as a means to produce two-dimensional

(2D) arrays of regularly spaced Fe spins, the magnitude and
magnetic anisotropy of which are manipulated by lateral and
axial molecular ligands. Although Fe atoms adsorbed on Cu(100)
constitute a metallic system owing to the substantial overlap
of the Fe 3d and 4s states with the Cu bands, and exhibit a
Kondo temperature of about 55K (ref. 7), X-ray absorption
spectroscopy (XAS) and multiplet calculations shows that Fe—Cu
hybridization is drastically weakened by square-planar coordina-
tion to 1,4-benzenedicarboxylate molecules (hereafter indicated as
terephthalate acid or TPA), leading to a high-spin configuration
with strongly localized Fe*™ character. X-ray magnetic circular
dichroism (XMCD) measurements confirm the presence of sizeable
spin moments at the Fe sites, together with a large orbital moment
and in-plane magnetic anisotropy that originate from spin—orbit-
induced mixing of ground and first excited molecular states. The
Fe centres in the supramolecular arrays act as selective adsorption
sites for O,, which produces an out-of-plane reorientation of
the easy magnetization axis at the Fe sites. Furthermore, the
saturation of the orbital magnetic moments of TPA-coordinated
Fe is found to be strongly anisotropic, revealing an unusual feature
of surface-supported magnetic systems.

The co-deposition of transition-metal ions and organic ligands
on crystalline surfaces offers the potential to design supramolecular
grids with programmable structural and chemical features'*?,
where the interaction with the substrate is used to stabilize a
planar geometry?"*2. Fe,(TPA), complexes on Cu(100) constitute
a prototypical 2D hetero-assembled system forming a variety of
mono- and bi-nuclear network structures, in which the morphology
is determined by the Fe:TPA stoichiometry, substrate symmetry
and annealing temperature?>?*. Figure la shows a scanning
tunnelling microscopy image of the square-symmetry array of self-
assembled mononuclear Fe(TPA), complexes investigated here.
Each Fe atom is coordinated to four TPA molecules through
Fe—carboxylate bonds, with the supramolecular Fe(TPA), units
organized in a (6 x 6) unit cell with respect to the underlying
Cu lattice (Fig. 1c). Weak hydrogen-bonding interactions between
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Figure 1| Planar supramolecular layers of Fe-TPA complexes
self-assembled on Cu(100). a, Fe(TPA)4 array; blue dots indicate the
position of Fe atoms. Each Fe centre is coordinated to four deprotonated
oxygen ligands of the surrounding TPA molecules. STM image size

62 x 62 A2. b, Selective uptake of O, by Fe; a change of STM contrast is
observed for O,-Fe(TPA)4 (red circle) at the Fe location compared with
Fe(TPA)4 (blue circle). Image size 84 x 84 A2 ¢, Top-view model of
Fe(TPA)4 coordination and supporting Cu(100) substrate. d, Relaxed
Fe(TPA)4 and O,-Fe(TPA)4 supramolecular structures obtained by DFT.
Fe (blue), O (red), C (black) and H (white) atoms are shown together with
the spin density distribution (green).

the complexes favour long-range order extending over entire
terraces of the substrate? (see Supplementary Information, Fig. S1).
The resultant superlattice of individual Fe centres has perfect
15 x 15 A? periodicity. Despite the four-fold lateral coordination
to the carboxylate ligands and the residual interaction with
Cu, Fe centres are chemically active, forming an array of
coordinatively unsaturated sites. On exposure to O,, scanning
tunnelling microscopy images indicate that selective adsorption of
oxygen takes place close to Fe on-top positions, as demonstrated
by the change of contrast in Fig. 1b. The structural properties
of both Fe(TPA), and O,-Fe(TPA), complexes as well as their
interaction with the substrate were further characterized using
density functional theory (DFT) calculations, as described in
the Methods section. The relaxed supramolecular structures are
shown in Fig. 1d together with an isocontour of the spin density
distribution; the optimal O,—Fe(TPA), geometry corresponds to O,
chemisorbed on Fe with the O-O axis parallel to the surface plane,
in agreement with the angular dependence of the oxygen XAS (see
Supplementary Information, Fig. S4).

L-edge X-ray absorption spectra provide a unique probe of
the bonding and magnetic properties of transition-metal ions®,
with the extra advantage of extreme sensitivity to surface-dilute
systems?. This is of crucial importance for the present study, as the
intensity, lineshape and polarization dependence of dipole-allowed
2p — 3d transitions offer information on the spin state, oxidation
state and ligand field of Fe ions in an element-selective way. Figure 2
shows the XAS and XMCD spectra of 0.025 monolayers of Fe
deposited on Cu(100) at room temperature (Fig. 2a), equivalent
to the Fe content in the supramolecular arrays, Fe(TPA), (Fig. 2b)
and O,-Fe(TPA), (Fig.2c). The XAS intensity, shown after Cu
background subtraction, was measured at 8 K with magnetic field
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B =6T applied out-of-plane (§ = 0°) and at grazing incidence
(8 =70°) for parallel (I*) and antiparallel (I7) alignment of the
photon helicity with B. More details about the measurements are
given in Supplementary Information. The comparison of Fig. 2a—c
reveals telltale differences in the XAS lineshape: whereas Fe/Cu(100)
exhibits broad L; and L, peaks typical of a metal, pronounced
narrowing of the spectral features and a well-defined multiplet
fine structure is observed for the Fe~TPA complexes, similar to
the spectra of Fe ions in bulk metal-organic compounds®’. These
changes, related to ligand-induced modifications and localization
of the Fe d-orbitals, indicate that true coordination bonds have
been formed between the Fe centres and carboxylate ligands, with
partial decoupling of Fe from the metal substrate. Interestingly,
electron localization effects are found to be more pronounced in
self-assembled Fe(TPA), compared with chemically synthesized
Fe—porphyrin molecules evaporated on metal films'”. We find
that the XAS (I, I") and the XMCD (It —I7) spectral shape
depend markedly on the orientation of the beam with respect to
the molecular arrays. This is in essence a linear dichroism effect
related to the anisotropic spatial distribution of the Fe d-electrons in
a low-symmetry environment that cannot be observed in bulk-like
molecular powder studies?’, but is resolved here owing to the planar
alignment of the complexes. Both the large XAS L;/L, branching
ratio and the strong XMCD intensity of Fe(TPA), and O,—Fe(TPA),
point towards a high-spin Fe configuration for the complexes,
against the tendency of the Cu electrons to reduce the Fe moment
through the Kondo interaction’.

To gain more insight into the electronic and magnetic properties
of the Fe centres, we carried out XAS and XMCD simulations
using ligand-field multiplet theory with the inclusion of charge-
transfer effects”. The molecular environment was modelled by a
crystal-field potential defined by the parameters Dg, Ds and Dt, as
appropriate for C,, symmetry. Covalent mixing of the metal valence
d-orbitals with the ligand p-orbitals was simulated using a valence
bond configuration interaction scheme, whereby the ground state
of Fe is taken to be a linear combination of 3d" and 3d""' L
configurations, with L indicating a ligand hole. We tested different
combinations of d°, d® and d’ configurations, corresponding to
Fe’t, Fe*™ and Fe'™, respectively. The simulations show that the
ground state of Fe in both Fe(TPA), and O,—Fe(TPA), complexes
possesses almost pure d° character, with maximum 14% and 15%
d’L weight, respectively, depending on the hopping parameters
assumed in the calculations (see Supplementary Information,
Table S1). Within this admixture range, the calculated spectra show
only minor differences and are in very good agreement with the
experimental data, as shown in Fig. 2d,e. This result has important
consequences as (1) it proves that the Fe d-orbitals are interacting
mainly with the ligands and only weakly perturbed by the metallic
substrate (not so for the s-states, see Supplementary Information),
(2) it shows that Fe(TPA), and O,-Fe(TPA), constitute high-spin
Fe*™ complexes, which are expected to exhibit zero-field splitting
and anisotropic g-factors, that is, strong magnetic anisotropy
properties in the language of molecular magnetism. In contrast,
high-spin Fe**, with a half-filled d-shell, would have only
minor orbital contributions to the magnetization and very small
magnetic anisotropy.

Consistently with the geometry of the O ligands, we find that
the crystal-field splitting patterns (Fig. 3c,d) are close to square
planar and square pyramidal for Fe(TPA), and O,-Fe(TPA),,
respectively, whereas the strong tetragonal distortion that charac-
terizes Fe(TPA), reduces significantly in O,—Fe(TPA), owing to
the presence of the apical ligand (see Supplementary Information,
Table S1). DFT calculations further show that the total number
of Fe valence electrons changes from 6.67 to 6.33 following O,
chemisorption, but that the population of the 3d-states remains
essentially stable (see Supplementary Information, Table S2), in
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Figure 2 | Circularly polarized X-ray absorption spectra of Fe(TPA)4, O2-Fe(TPA),4 and Fe/Cu(100) measured at the Fe L; 3-edge and calculated
multiplet structure. a-c, XAS intensity of 0.025 monolayer Fe/Cu(100) (a), Fe(TPA)4 (b) and O,-Fe(TPA)4 (c) for parallel (I7) and antiparallel (I7)
orientation of the photon helicity with field-induced magnetization. Spectra were recorded in the electron-yield mode at T=8K and B=6T at normal

(6 = 0°) and grazing incidence (6 = 70°). The XMCD signal (I*-I7) is shown for each orientation. d,e, Calculated XAS and XMCD spectra of Fe(TPA)4 (d)

and O-Fe(TPA)4 (e). See text for details.

agreement with the ligand-field simulations. There are 0.8 excess
electrons localized on the O, ligand, the largest fraction of which
is supplied by the Cu substrate acting as a charge reservoir, a
behaviour that is specific to surface-supported metal-organic sys-
tems. Notably, the formation of the supramolecular complexes
is accompanied by a substantial increase of the Fe—substrate dis-
tance, calculated as 2.32 A for individual Fe atoms on Cu(100),
2.71 A in Fe(TPA), and 3.32 A in O,—Fe(TPA),, showing together
with XAS how the Fe-Cu metal interactions progressively weaken
with increasing number of ligands. A more detailed discussion of
the crystal-field and DFT electronic-structure results is reported in
Supplementary Information.

Confirmation of the strong magnetic anisotropy behaviour of Fe
in the supramolecular complexes was obtained by angle-dependent
XMCD measurements, exploiting the XMCD proportionality to
the projection of the Fe magnetic moment on the X-ray incidence
direction. The relative magnitude of the XMCD spectra at 6 = 0°
and 70° in Fig. 2 indicates that, whereas Fe/Cu(100) has weak
out-of-plane anisotropy, the Fe(TPA), easy axis lies in-plane. O,
adsorption at the Fe sites, however, further drives an abrupt
magnetic anisotropy reorientation transition, rotating the Fe easy
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axis out-of-plane. The field dependence of the XMCD signal in
Fig. 3a,b underlines the strong change in magnetic anisotropy
induced by O,. This effect is comparable to that reported for
ultrathin metal films*!'!, but opposite in sign with respect to
oxygen-dosed Fe layers on Cu(100) (ref. 11). With respect to bulk
molecular crystals, the planar and open coordination structure
of the self-assembled Fe array makes such a system extremely
sensitive to chemisorption, providing straightforward control of
the preferred Fe spin orientation. Through the analysis of the
XAS and XMCD spectra, we can further identify the cause for
the easy-axis switch in the metal-organic complexes, revealing
a different mechanism from the one proposed by Atodiresei
and co-workers'® based on the control of the metal oxidation
state. Our calculations show that only the ligand field is affected
by O, adsorption, whereas the formal Fe oxidation does not
change. As demonstrated by the crystal-field level schemes in
Fig. 3¢,d, the axial O, ligand induces a change of the Fe ground
state from A, to E,. This effect can be understood also in
an intuitive way, as the on-top O, molecule binds axially to
the d,. Fe orbital, thus effectively pushing up the antibonding
A, state (that is, the term with d,.-like symmetry) relative to
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Figure 3 | Element-selective magnetization curves of the Fe centres and crystal-field diagrams. a,b, Fe(TPA), (a) and O,-Fe(TPA)4 (b) magnetization
measured at T =8 K with the field applied out-of-plane (6 = 0°, filled symbols) and close to the in-plane direction (6 =70°, open symbols). The data
points represent the Fe XMCD intensity integrated over the L3-edge and normalized by the corresponding L3-integrated XAS intensity. ¢,d, Crystal-field
diagram of Fe(TPA)4 (c) and O,-Fe(TPA)4 (d) derived from the XAS multiplet simulations.

the E; term in O,-Fe(TPA),. The change of ground state has
important consequences for the magnetic properties: before taking
the spin—orbit perturbation on the crystal-field levels into account,
the orbital angular momentum is quenched for an A;, term. In
C4 symmetry, on the other hand, the E; term is an orbitally
degenerate doublet with non-zero orbital moment pointing along
the principal symmetry direction. The tendency of O,—Fe(TPA),
to magnetize out-of-plane, together with its stronger magnetic
anisotropy compared with Fe(TPA),, can be traced back to its
unperturbed crystal-field configuration and non-zero first-order
orbital moment perpendicular to the surface plane. In Fe(TPA),,
the orbital moment arises as a second-order perturbation effect
as spin—orbit coupling admixes the nearly degenerate A,; and
E, states”. XMCD sum-rule measurements reflect the difference
between the two compounds, showing that O,—Fe(TPA), has
30% higher orbital magnetic moment compared with Fe(TPA),,
namely 0.55=+0.07 and 0.42+0.06up at T =8K, when B=6T
is applied out-of-plane and in-plane, that is, along the respective
easy magnetization direction. Note that the orbital magnetic
moment measured for Fe/Cu(100) is much smaller, 0.18 £0.03 5.
A complete discussion of the sum-rule analysis is reported in
Supplementary Information.

The ligand-field calculations yield zero-field splitting of about
—3 and +5meV for Fe(TPA), and O,-Fe(TPA),, respectively.
However, we caution that these parameters may be overestimated
by as much as a factor of two, as are the ligand-field predictions
for the orbital moments, owing to covalency effects that are
not treated in the ligand-field approach?. Our data disclose an
extra unusual effect for surface magnetic systems, namely the
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strong anisotropy of the saturation magnetic moments of Fe. This
effect is borne out both by the XMCD curves in Fig. 3 and the
ligand-field calculations, which reveal a large and highly anisotropic
orbital magnetization due to the predominant influence of the
low-symmetry ligand field over the Fe-metal interaction, and
confirmed by the different XMCD multiplet structure observed at
0 = 70° relative to 0° (see Supplementary Information, Fig. S2).
Finally, we note that no sign of magnetic coupling was detected
between the Fe centres. Future investigations may address this issue
using different kinds of molecular ligand to adjust the Fe—Fe spacing
and spin-dependent electron correlation.

The spin behaviour of individual atoms in purely metallic and
molecular environments has been intensively studied in recent
years, leading to the discovery of unusual magnetic'™'>!7 and
electron transport properties’*°. The capability to fabricate 2D
arrays of monodisperse spin centres with nanometre spacing,
and to understand and control their magnetic properties at the
interface with a metal substrate, constitutes a basic step towards
the exploitation of single-spin phenomena in heterogeneous devices
based on either a mono- or multilayer geometry.

Methods

Experiments were carried out at the ID08 beamline of the European Synchrotron
Radiation Facility in Grenoble. Fe(TPA), and O,~Fe(TPA), layers were prepared by
sequential deposition of TPA and Fe on a clean Cu(100) surface and characterized
in situ by STM and low-energy electron diffraction before the XAS measurements.
Ultrahigh-vacuum conditions were maintained throughout the structural and XAS
characterization measurements. For further details about the sample preparation,
multiplet calculations and XMCD analysis, see Supplementary Information. The
DFT calculations were carried out using the generalized gradient approximation
as the exchange—correlation functional of the Kohn—Sham equations using the
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Vienna Ab-initio Simulation Package code (http://cms.mpi.univie.ac.at/vasp/).
The electronic wavefunctions were expanded in a plane-wave basis set, up to a
cutoff energy of 37 Ryd, and the core—valence interaction was modelled with the
projected augmented-wave method. Three substrate layers (first fully relaxed
with adsorbate layer, second only laterally) together with almost 20 A of vacuum
between the two surfaces of the slab were used. A (2 x 2) grid of Monkhorst—Pack
k-points in the first Brillouin zone was used to approximate the integration
over the reciprocal space during the atomic relaxation, and a (4 x 4) grid was
used for the analysis.
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Sample preparation

Samples were prepared and characterized in-situ under ultra-high-vacuum conditions
(UHV, base pressure 2x10™'° mbar). The single-crystal Cu(100) substrate was cleaned by
sputtering (Ar+, 800 V) and annealing cycles up to 600 K until a sharp (100) low-energy
electron diffraction (LEED) pattern was obtained; the presence of surface contaminants such as
O, CO, and impurity metals other than Cu was below the detection threshold of x-ray
absorption spectroscopy (XAS). To fabricate the two-dimensional metal-organic networks, a
molecular precursor layer of 1,4-benzenedicarboxylic acid (terephthalic acid, TPA) was
deposited at room temperature from a Knudsen cell heated to 450 K. TPA spontaneously forms
a close-packed commensurate monolayer with a 3x3 unit cell, with all molecules lying flat
parallel to the surface plane. Cu-induced deprotonation of the TPA carboxylic groups provides
reactive carboxylate ligands'. Self-assembly of supramolecular Fe(TPA),; complexes occurs
upon deposition of Fe from an electron beam evaporator source on the molecular precursor
layer, and annealing to 420 K***. The absolute TPA and Fe coverages were calibrated using a
quartz microbalance and scanning tunneling microscopy (STM). The maximum yield of
Fe(TPA)4, estimated by STM as > 90%, is obtained by depositing one Fe atom every four TPA
molecules, corresponding to 0.025 Fe monolayers (I ML = 1x10'° atoms/cm?). Due to the
strength of the metal-ligand interaction, Fe(TPA)4 complexes are thermally stable up to 500 K.
0,-Fe(TPA), spontaneously forms upon O, dosing (1x10™® mbar) at room temperature. The
oxygen exposure was 72 L (Langmuirs) for the image presented in Fig. 1 b, and 216 L for the
samples investigated by XAS, corresponding to about 96% saturation of the Fe sites. Contrary
to the related Fe,(TPA), compound on Cu(100), which breaks up as a result of O, exposure, no
change of the supramolecular network structure was observed other than the local modification
of the electronic density of states at the Fe sites evidenced by constant current STM images
(Fig. 1b). For each sample, the quality and homogeneity of Fe(TPA)s; and O,-Fe(TPA)4
networks was checked by LEED and STM by repeatedly probing different sample regions
within a 2x2 mm’ square; a representative STM image of Fe(TPA)4 is shown in Fig. S1.
Samples with incomplete Fe incorporation in the TPA layer, as well as excess Fe or TPA
species were discarded as they yield readily observable phases with either a disordered or
ordered 3x3 structure different from the 6x6 Fe(TPA),4 pattern. Sample transfer from the STM
preparation chamber to the 6 Tesla magnet used for the XAS measurements was performed in-

situ maintaining UHV conditions throughout the experiment.



Figure S1: STM image of a supramolecular Fe(TPA), array self-assembled on Cu(100),

showing the periodicity of the Fe(TPA)4 pattern on an extended scale. Image size 520 x 520
A%,

XAS and XMCD measurements

The experiments were performed on beamline ID08 of the European Synchrotron
Radiation Facility located in Grenoble, using the photon beam provided by an APPLE II
undulator source with 99+1% circular polarization rate. The energy resolution was set to about
200 meV using 20 um entrance and exit slits for a dragon-type monochromator with 1200
lines/mm dispersive grating. The sample holder was tightly screwed at the bottom of a liquid
helium flow cryostat and placed in a thermally-shielded environment between the two coils of
a superconducting split magnet, which produced a variable field B = -6 to 6 T collinear with
the incident x-ray direction. The temperature at the sample position was calibrated using a
Cernox® thermometer mounted on a standard sample holder. A differentially-pumped rotary
feedthrough allowed for the rotation of the sample with respect to B and the x-ray beam. XAS
measurements were performed in the total electron yield (TEY) mode by measuring the drain
current of the sample as a function of photon energy. The sample current was flux normalized
by the photocurrent of a gold grid reference monitor placed between the last refocussing mirror

and the sample itself. The beam spot size at the sample position was 0.1x1 mm? FWHM.

Fe spectra: The data shown here were recorded over the Fe L, 3 energy range for parallel (I")
and antiparallel (I') alignment of the photon helicity with B at T = 8 K. For each set, we present
averages of four scans taken at opposite field values in order to cancel out possible spurious

effects due to the alignement of B. X-ray magnetic circular dichroism (XMCD) spectra are



given by the difference 1”- I'; the angle 6 between the surface normal and B was varied in order
to study the angular magnetization dependence. Figure S2a shows the XAS spectra of
Fe/Cu(100), Fe(TPA)4, and O,-Fe(TPA)4 prior to background subtraction. The Cu signal,
shown at the bottom, provides the strongest XAS intensity in absolute terms, with the Fe edge
jump representing about 2% of the TEY. Such background is nonmagnetic and has no
influence on the XMCD, shown in Fig. S2b, but hampers the comparison between

experimental data and theory; it has been subtracted from the data reported in Fig. 2 and Fig.

S3.
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Figure S2: a, Top to bottom: x-ray absorption spectra of Fe/Cu(100), Fe(TPA)4, O,-Fe(TPA)a,
and Cu background measured at the Fe L,3 edge. b, Comparison of the XMCD spectral
lineshape of the same compounds after normalization to the intensity minimum at the L3 edge.
Spectra were recorded at T = 8 K and B = 6 T at normal (6= 0°) and grazing incidence (6=

70°).

It is well known that the L3 edge spectra of transition-metals are composed by the sum
of 2p — 3d and 2p — 4s transitions, the latter being one order of magnitude less-intense

compared to the former’. The so-called 2p — 4S continuum contribution is usually modeled as



a double arctan function with steps in correspondence of the 2p — 3d resonance®, as shown by
the thin solid line in Fig. S3, and subtracted from the total XAS in order to apply the XMCD
sum rules *”%, In ionic transition-metal compounds and molecules, however, it is found that the
relative weight of the 2p — 3d versus 2p — 4s transitions increases compared to bulk metals
near the excitation threshold due to d-electron localization, while the 4s threshold may shift up
in energy’. The first effect is found here (Fig. S3), but a step-like contribution is still evident
for Fe(TPA)4 and O,-Fe(TPA), after background subtraction, suggesting that the Fe 4s states
are still partially hybridized with Cu, in agreement with density-functional theory (DFT)

calculations.
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Figure S3: Integration of the XAS and XMCD spectra and sum rule analysis of a, 0.025
monolayers Fe/Cu(100) (6= 0°); b, Fe(TPA)4 (6= 70°); ¢, O,-Fe(TPA)4 (6= 0°).

O spectra: The data were recorded over the O K edge at 6 = 0° and 70°, using the same field
and temperature as for Fe. No clear XMCD signal could be detected outside the noise level,
even though the DFT calculations show the presence of an induced spin polarization localized
at the O sites next to the Fe centers (Fig. 1d). This is not surprising given that the magnitude of
the induced moment in the O p states is the order of 0.01 pg and that the K-edge XMCD is
sensitive to the 2p-projected orbital moment with a cross section about two orders of
magnitude smaller compared to the L3 thresholds. Further, there are only four O neighbors per
Fe atom over a total of sixteen O atoms in Fe(TPA)s. The total XAS intensity (I" + I),

however, contains information about the bonding of the O atoms. Due to the dipole selection
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Figure S4: a, O K edge x-ray absorption spectra of Fe(TPA); and O,-Fe(TPA)4; b, Calculated
O-projected DOS of Fe(TPA)4, O,-Fe(TPA)4, and O-Fe(TPA),4 obtained by summation over all
O atoms in the unit cell (solid lines) and for the O, ligand only projected onto the py, orbital

(dash-dotted line).

mechanism, a larger absorption intensity is expected when the electric field vector (E) of the
incident photon beam is aligned parallel to an empty orbital'®. Figure S4 shows the 1" + I
spectra of O in Fe(TPA)4 and O,-Fe(TPA)4, which correspond to the sum of linearly polarized
spectra with E parallel and perpendicular to the incidence plane, together with the oxygen-
projected density of states (DOS) calculated by density functional theory (DFT) calculations
(see below). Owing to the small core-hole effects, K-edge spectra may be considered as a first-
order approximation of the oxygen p-projected unoccupied DOS''*. Here, we find a one-to-
one correspondence between the low-energy XAS peaks A, B, and C and the three most
intense features in the oxygen unoccupied DOS indicated as A’, B’, and C’ in Fig. S4. The
analysis of the p-projected DOS reveals that such features arise from states with mainly p;
character involved in O-C antibonding n* orbitals, whose XAS resonance intensity is expected
to be large when probed at grazing incidence, as confirmed by the 6 = 70° spectra relative to 0
= 0° The angular dependence is consistent with the O K-edge spectra of deprotonated

carboxylic groups in glycine adsorbed on Cu(110)“. The spectra of O,-Fe(TPA)s and



Fe(TPA)4 are rather similar, which is expected based on the small relative change of O
stoichiometry. The most prominent difference, however, is a net increase of the intensity of
peak C (arrow in Fig. S4a), which is traced back to O, states with px and py character in the
unoccupied DOS calculated for O, chemisorbed on top of the Fe(TPA), metal center (Fig. S4b,
dash-dotted line). The corresponding enhancement of peak C’ in the DOS is found to be a
characteristic feature of O, chemisorbed on top of the metal site in Fe(TPA)s with the
molecular axis parallel to the surface plane, and is not reproduced by other molecular
structures such as, e.g., atomically chemisorbed O at the Fe sites (labelled O-Fe(TPA), in Fig.
S4 b). In agreement with this interpretation, the intensity of peak C in the O,-Fe(TPA),4 spectra
is found to be larger at 6 = 0° compared to 6 = 70°. Note that the catalytic activity of the Fe
sites can be tuned by the relative stoichiometry of Fe with respect to the TPA ligands; in
particular, O, dissociation requires the presence of two Fe centers close to each other, as shown

by a recent study of Fe-dimer carboxylate networks'.

Multiplet calculations

To interpret the XAS and XMCD spectra of Fe(TPA)4 and O,-Fe(TPA)4 we used the
theoretical simulation approach based on the atomic theory described by Cowan", with the
addition of crystal field interactions'®, and the multiplet model implemented by Thole and
coworkers'”'®, The atomic many-body Hamiltonian includes the on-site energies of the Fe 2p
and 3d levels, full multiplet Coulomb interaction within the 3d shell and between the 2p and 3d
manifolds, as well as spin-orbit coupling in each subshell. The Slater integrals calculated by
Hartree-Fock theory were reduced to 80% of the free ion values to account for over-estimation
of the electron-electron repulsion in solid and molecular compounds. The Fe environment was
simulated using a crystal field (CF) potential with Cs, symmetry defined by the parameters
10Dq, Ds, and Dt. Covalent mixing between the metal d-orbitals with the ligand valence p-
orbitals was further taken into account by a charge-transfer model where two states, d® and d'L,
are mixed by configuration interaction. The charge-transfer parameters 4; and 4 describe the
separation between the d®and d'L configurations in the initial and final state, respectively, and
we allow for anisotropic hopping parameters for terms with unequal symmetry to account for
their different covalent mixing. The effects of the substrate are not explicitly taken into account
by this approach. This may be justified a posteriori by the very good agreement between
simulated and measured spectra, which is indicative of the strong localization of the Fe d
states. Moreover, we note that ab-initio one-electron schemes such as DFT usually employed

to model surface systems do not reproduce correctly electron correlation effects in transition



metals, which are responsible for the sharp multiplet features observed in Fig. 2. The spectra
are calculated from the sum of all dipole-allowed transitions between Fe 2p and 3d states,
weighted by the appropriate Boltzmann factors to take into account finite temperature effects
(T = 8 K). To reproduce the XMCD, a 6 T magnetic field was applied parallel to the C4, high-
symmetry axis, which corresponds to the XMCD spectra measured at 6 = 0° in Fig. 2. The
XMCD spectra at 0 = 70° could not be simulated due to lowering of the symmetry beyond Cay.

Table S1 reports the optimized CF parameters obtained after systematical analysis of
the calculated vs. measured XAS and XMCD lineshape. The best agreement was found for a
predominantly d® configuration with maximum 15% d’L weight for both Fe(TPA), and O,-
Fe(TPA)s. Within this configuration interaction range, the spectral shape is essentially
governed by the relative position of the A, and E, states, and can be equally well reproduced

by the two sets of parameters reported below.

Table S1. Ligand-field parameters employed in the multiplet XAS calculations of Fe(TPA)4
and O,-Fe(TPA),. The pure d® and mixed d® + d’L configurations fit the spectra equally well
when the ligand field parameters are adjusted as shown, and are therefore both reported here.
10Dq, Ds, and Dt are the usual crystal field parameters for C4y symmetry. A; and Ar represent
the energy difference between the d" and d""'L configurations in the initial and final state,
respectively. Units are eV. The mixing parameters describe the relative weight of hopping

between By, Aig, Bog, and E, terms.

Configuration 10Dq | Ds Dt A Ag mixing
Fe(TPA), d° 0.58 | 029|003 - - -
Fe(TPA), 0.86d°+0.14d°L | 0.63 | 0.26 | 0.03 | 6 5 215218
0,-Fe(TPA), d° 1.03 | 0.10 | 0.04 | - - -
0,-Fe(TPA); | 0.85d°+0.15d°L | 0.79 | 0.11 | 0.05 | 4 3 2211

Ligand field parameters and Fe-projected DOS

The crystal field splitting diagrams for Fe(TPA), and O,-Fe(TPA), derived from the
parameters in Table S1 are close to square planar and square pyramidal, respectively, as may

be expected based on simple geometry considerations. There are, however, several comments



to be made, first with respect to the magnitude of the ligand field parameters and, second, to

the influence of the substrate and the comparison with band structure DFT calculations.

Based on XAS simulations, 10Dq values of divalent Fe in bulk octahedral oxides such
as FeO and FeAl,O4 are usually assumed to be close to 0.7 eV!>192 while 0.9 eV has been
reported for oxygen-bridged dinuclear iron molecular complexes®. When comparing these
parameters with those derived from UV-visible spectroscopy, one must notice that the XAS
10Dq values are actually final state values, since the x-ray absorption lineshape depends
mostly on final state effects, contrary to the integrated intensity, which is related to ground
state properties. Due to the presence of the core-hole and the contraction of the 3d states, 10Dq
might result up to 25% smaller in XAS compared to UV-visible spectroscopy®*. Perhaps more
importantly, we shall stress that 10Dq in our case does not represent the actual splitting
between E, and Ty, states: the energy of states having different symmetry is strongly affected
by tetragonal distortion and eventually bears little resemblance with a cubic crystal field
diagram. The strength of the tetragonal distortion given by Ds and Dt relative to 10Dq is found
to decrease substantially upon O, adsorption, consistently with the formation of axial Fe-O,

bonds and the weakening of lateral Fe-O interactions evidenced by DFT.

As mentioned before, the Fe-substrate interaction cannot be explicitly modelled using
the ligand field approach. From a theoretical point of view, the competition and coexistence of
metallic and molecular bonds with strong intra-atomic correlation interactions represents a
formidable challenge, as there is no simple way of relating single-particle wavefunctions used
in the description of itinerant systems with many-electron atomic states. Nonetheless, this
interplay constitutes one of the most important issues in the study of metal-organic complexes
on metals, since it drives their assembly and structure as well as determines their magnetic and
electric transport properties. Local magnetic properties are most sensitive to electron
correlation effects and are therefore best treated using an effective ligand field approach. DFT
calculations provide a complementary framework that exemplifies the complexity of such
systems. Figure S5 shows the calculated Fe 3d-projected DOS of Fe(TPA)s and O,-Fe(TPA),.
It can be easily recognized that the splitting pattern of the one-electron Fe d orbitals is indeed
very far from octahedral, as expected based on the ligand field simulations. A direct
comparison between the 3d DOS features and the crystal field diagrams of Fig. 3c,d is not
appropriate, as the energy level spacings in the crystal field approach result from a many-
electron calculation including both spin and orbital correlation. Moreover, the definition of

crystal field parameters starting from ab-initio methods is not unique and turns out to be
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particularly difficult for systems where the bandwidth is comparable or larger than the crystal
field and a clear ey-t,, separation does not exist™, as is the case here. Nonetheless, we observe
that the most prominent high-energy DOS feature has dy., symmetry for Fe(TPA)s, in
agreement with the ligand field results. The energy separation between dyo.y» and d,, features is
about 1.9 and 1.0 eV for majority and minority electrons, respectively, i.e., on average slightly
larger than the separation between By, and A, states (1.3 eV) obtained from the ligand field
simulations. Due to the square planar symmetry, the dy, and d,, states are completely
degenerate, while near degeneracy is found for the majority d,» and dyy, orbitals, as between
the A, and E, states in the crystal field diagram. When looking at the Fe 3d-DOS of O,-
Fe(TPA)4 one observes that the higher-lying orbital has dy, character, as the orientation of the
O, molecular axis is parallel to x in the DFT calculations. However, for symmetry reasons the
configuration with O, parallel to y is degenerate with O, parallel to X, so that dy, and dy, are
experimentally indistinguishable and the dyoy, orbital turns out to be the most energetically
unfavoured. Due to O, adsorption, the splitting between states with dyo.y2 and d symmetry is
considerably reduced, while prominent d,, features move up in energy, as expected based on

crystal field arguments.

electrons/eV

electrons/eV

Energy (eV)

Figure S5: Spin-resolved Fe 3d-projected DOS of a, Fe(TPA)s; and b, O,-Fe(TPA)s as

calculated by DFT and broadened by convolution with a Gaussian function of 0.5 eV FWHM.
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DFT charge analysis

The electronic population of Fe, O, and Cu atoms was estimated using the Bader charge
analysis method*. As reported in Table S2, the total number of Fe valence electrons (including
states with 3d, 4s, and 4p character) is 6.67 and 6.33 in Fe(TPA); and O,-Fe(TPA),
respectively. The O, molecule chemisorbed on Fe is negatively charged with 0.80 excess
electrons. Interestingly, the majority of the extra electrons supplied to O, is found to originate
from the metallic substrate, which acts as a charge reservoir for the Fe(TPA),; complexes. We
find that a depletion of 0.13 electrons per each of the four Cu nearest neighbors of Fe occurs
upon O, adsorption. The remaining negative charge localized on O, is assigned to Fe 4sp

electrons.

Bader’s analysis is based on the integration of the total electron density within a
partition of the atomic volume defined by “zero flux” surfaces. Alternative charge analysis
techniques based on projection operators are discussed, e.g., in Ref. 25; one must note,
however, that there is neither a unique nor an exact way of apportioning the electron density to

a given atom in a solid or molecule. By relying on a spherical partition scheme defined by the

Table S2: Total number of valence electrons per atom obtained using the Bader analysis (Fe,

Cu, O) and integrating the Fe 3d-PDOS (Fe 3d) as calculated by DFT.

Fe(TPA),

1 ! Total
Fe - - 6.67
Fe 3d 4.53 1.09 5.62
Cu - - 10.96

Fe - - 6.33
Fe 3d 4.56 1.10 5.66
Cu - - 10.83

O - - 6.40
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extension of the projected augmented wave (PAW) potential, it is possible to separately
compute the population of the Fe 3d states by integrating the 3d-projected DOS up to the Fermi
level. This method tends to underestimate the actual 3d occupation since the interstitial charge
is not taken into account correctly. Despite this, the integration of the Fe 3d-DOS up to the
Fermi level gives 5.62 and 5.67 electrons for Fe(TPA)4 and O,-Fe(TPA)4, respectively, which
is compatible with the 3d® configuration obtained in the ligand field simulations. Moreover, the
small relative change of the 3d population between Fe(TPA); and O,-Fe(TPA), further
supports the stability of such a configuration with respect to O, chemisorption evidenced by
the simulations. The difference between majority and minority 3d electrons may also serve to
estimate the saturation spin magnetic moment of Fe, whose determination is not
straightforward using the XMCD sum rules (see below). According to Table S2, we find 3.44
up for Fe(TPA)4 and a slightly larger value, 3.46 ug, for O-Fe(TPA)a.

XMCD sum rule analysis and angular dependent magnetization curves

The spin and orbital sum rules are given below’*:

9jL (1*-1) dE—6jL (- dE
B jL L (I+17+1%) dE

My Q)

.[L3+LZ(I —17)dE n
+ - 0
Lﬂz(l +17+1°)dE

ho 2

where <S>, <L/, and <T> represent the expectation values of the spin, orbital, and spin
dipolar moments of the 3d shell, respectively, with z indicating the incidence direction of the
circularly-polarized x-ray beam. The terms in the denominator contain the integrated isotropic
intensity I'° = 1" + 1" +1°, which is a temperature- and field-independent constant proportional
to the number of unoccupied d-states of the element under investigation. Here, I° stands for the
XAS component measured with electric field vector parallel to the magnetization direction, z, a
geometry which is usually not accessible in a single-magnet XMCD measuring setup. In metal
systems, this term is therefore approximated with good accuracy by the average ="+ 1)2
6 Such an equivalency, however, is questionable for narrow-band and localized

compounds®?’. We estimate that, using I'° = 3/2 (I* + I) to calculate the sum rule—derived
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magnetic moments for Fe(TPA)4 and O,-Fe(TPA)4, as reported in Table S2, may introduce a
relative error up to 12 %. The partial overlap of the L, and L XMCD intensity introduces an
additional uncertainty in the determination of 2<S,>+7<T,> (Eq. 1); for an extensive discussion
on the accuracy of the spin sum rule the reader is referred to de Groot and Kotani'®. The
integrated XAS and XMCD spectra used in the analysis are shown in Fig. S3. Note that only
the easy axis sum rules moments approach saturation at B=6 T and T = 8 K. The Fe/Cu(100)

magnetic moments are found to be in agreement with previous XMCD studies®.

The angular dependence of the magnetization was probed by varying the incidence
direction of the x-ray beam with respect to the sample. As the absolute TEY varies with 0,
owing to the different x-ray probing depth at different incidence angles, the comparison of the
angular-dependent XMCD intensity requires a self-consistent normalization procedure. This is
achieved by normalizing the XMCD signal by the absorption 1" + I. The curves in Fig. 3
report the XAS-normalized XMCD intensity integrated over the L3 edge. According to Egs. (1)
and (2), this signal represents the quantity 2<S>+3<L,>+7<T,>, which is proportional to the
spin magnetization 2<S/>at any given value of the applied field. An important results of our
ligand-field model, however, is that <L,> and <T,> are strongly anisotropic at saturation. The
anisotropy of <T>> is calculated to oppose [follow] that of <L,> for Fe(TPA)4 [O,-Fe(TPA)4].
In neither case, however, the magnitude of the 7<T,> term, estimated to be smaller than 0.7 pup
in the present experimental conditions, affects the conclusions of this paper. The angular-
dependent XMCD curves reflect both the magnetic anisotropy of the Fe ions as well as the
tendency to saturate at different magnetic moment values. In bulk metals such an effect is
present, but practically negligible. For Fe atoms in square-planar complexes, the low-symmetry

molecular environment and unquenched orbital magnetization concur to make it substantial.
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Table S3. Sum-rule derived magnetic moments from the XMCD spectra measured at T = 8 K,
B = 6 T. Number of holes n, = 4 for Fe(TPA)4 and O,-Fe(TPA)4, 3.4 for Fe/Cu(100). Magnetic

moment values are given in pg/ atom.

2(s,)+7(T)) | (L) ﬁ
Fe(TPA); 6 =0° 1.17 0.22 0.19
Fe(TPA)4 6=70° 1.56 0.42 0.27
0,-Fe(TPA)s 0 =0° 2.58 0.55 0.21
0,-Fe(TPA)s 6="70° 0.90 0.25 0.28
Fe/Cu(100) 6 =0° 1.53 0.18 0.12
Fe/Cu(100) 6 =70° 1.33 0.14 0.11
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