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The decoration of technologically relevant surfaces, such as metal oxides, with Single-Molecule Magnets

(SMMs) constitutes a persistent challenge for the integration of these molecular systems into novel techno-

logies and, in particular, for the development of spintronic and quantum devices. We used UHV thermal

sublimation to deposit tetrairon(III) propeller-shaped SMMs (Fe4) as a single layer on a TiO2 ultrathin film

grown on Cu(001). The properties of the molecular deposit were studied using a multi-technique approach

based on standard topographic and spectroscopic measurements, which demonstrated that molecules

remain largely intact upon deposition. Ultralow temperature X-ray Absorption Spectroscopy (XAS) with line-

arly and circularly polarized light was further employed to evaluate both the molecular organization and the

magnetic properties of the Fe4 monolayer. X-ray Natural Linear Dichroism (XNLD) and X-ray Magnetic

Circular Dichroism (XMCD) showed that molecules in a monolayer display a preferential orientation and an

open magnetic hysteresis with pronounced quantum tunnelling steps up to 900 mK. However, unexpected

extra features in the XAS and XMCD spectra disclosed a minority fraction of altered molecules, suggesting

that the TiO2 film may be chemically non-innocent. The observed persistence of SMM behaviour on a metal

oxide thin film opens new possibilities for the development of SMM-based hybrid systems.

Introduction

Single-Molecule Magnets (SMMs) are extremely promising
building blocks for the development of molecular spintronic
and quantum computing applications because of their mag-
netic bistability and unique quantum behavior.1–8 In this

context, the assembling of SMMs on solid substrates is a key
step for developing breakthrough technological devices.9–12

The persistence of SMM properties on a surface, including
magnetic hysteresis and Quantum Tunneling of the
Magnetization (QTM), was demonstrated in 2009 by sub-kelvin
measurements.13,14 Since then, the operating temperature of
surface-supported SMMs has increased considerably and the
current record is 28 K for Tb2@C80(CH2Ph) assembled on gra-
phene.15 More recently, the focus has moved to “active” sub-
strates as a means to either directly control molecular
quantum dynamics (e.g. superconductors),16,17 enhance SMM
performances,18,19 or facilitate single-spin sensing.20–23 Thin
decoupling layers of metal oxides, such as MgO, were found to
dramatically enhance the magnetic remanence of TbPc2 SMM
films (H2Pc = phthalocyanine).18,19 MgO layers20,21,24–26 were
also crucial for sensing the local magnetic features of mole-
cules or atoms by Scanning Tunneling Microscopy
(STM),20,25,27,28 allowing the STM detection of EPR-like signals
from paramagnetic species.20,27,29,30

The vastness of available oxide materials and their wide-
spread use for technological applications leaves additional
space for the exploration of alternative materials which can
support molecular spin functionalities. In this context, TiO2
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has a high technological significance thanks to its
photocatalytic31,32 and electron transport properties,33,34

which are of relevance for sensing,35 catalysis, and
photovoltaics.36–38 The nature of the surface plays a decisive
role in promoting these functionalities, and the richness of
TiO2 structural phases that are accessible by finely tuning the
preparation technique makes this material particularly versa-
tile for multifunctional electronic devices.39 In fact, TiO2 can
be nanostructured as a thin film grown on metals to control its
electronic properties,40–42 which depend on the structural
phase, the surface stoichiometry, and the presence of
defects.43–45 For instance, some of us demonstrated that
Cu(001) surface is a good playground for the growth of con-
tinuous TiO2 films having different structural phases and
electronic properties depending on growth condition para-
meters.46 In parallel, we showed that SMM behaviour of TbPc2
molecules might persist on sub-monolayer TiO2 islands with a
lepidocrocite-like structure grown on Ag(100).47

Here, we investigated the chemical, structural, and mag-
netic properties of tetrairon(III) propeller-like SMMs (Fe4) de-
posited on a single layer of TiO2 grown on Cu(001) (hereafter
called TiO2/Cu). The Fe4 complexes are archetypal, low-temp-
erature SMMs with general formula [Fe4(L

R)2(dpm)6], where a
central FeIII ion is surrounded by three peripheral FeIII ions
arranged at the vertices of a triangle. The dipivaloylmethanido
ligands (dpm−) bind exclusively to peripheral ions, while the
magnetic core is held together by two tripodal ligands (LR)3− =
[RC(CH2O)3]

3−. The bridging oxygen atoms of the tripods
promote antiferromagnetic interactions between the s = 5/2
spins of the central and peripheral FeIII ions, yielding a mole-
cular spin S = 5 ground state.48 Complexes of this family
exhibit slow magnetic relaxation only below 1 K, but have good
chemical stability and can be easily functionalized by proper
choice of the R substituent. In this way, derivatives suitable for
deposition on surfaces by either a wet-chemistry approach,
electrospray, or thermal sublimation in UHV have been

designed.13,14,16,49–54 Recently, a Fe4 derivative with R =
CH2SMe (hereafter called Fe4SMe) was sublimated on Pb(111),
showing great chemical stability and enhanced organization
on the surface promoted by the short S-functionalized tether-
ing group.16 This derivative was indeed originally designed for
deposition on metal surfaces (e.g., Au, Pb) to form a well-
ordered and assembled monolayer. Although it is not specifi-
cally tailored for TiO2 substrates, it exhibits superior stability
during thermal sublimation and improved magnetic behavior
compared to all other Fe4 compounds.51,55

In this paper, we deposited Fe4SMe molecules on the TiO2/
Cu surface and used both STM and X-ray Photoelectron
Spectroscopy (XPS) to check their chemical and structural
integrity after deposition. Furthermore, we used synchrotron-
based X-ray Absorption Spectroscopy (XAS) methods, namely
X-ray Natural Linear Dichroism (XNLD) and X-ray Magnetic
Circular Dichroism (XMCD), to probe their electronic structure
and magnetic properties. This spectroscopic study showed that
the main fraction of Fe4SMe complexes are intact and feature
magnetic hysteresis and QTM up to 900 mK, while a minority
fraction of molecules contain reduced FeII metal centers and
become paramagnetic.

Results and discussion

The TiO2 film was grown on Cu(001) single crystal (see
Methods) and studied by XPS and STM to get chemical, mor-
phological, and structural information. The Ti 2p XPS spec-
trum, reported in Fig. 1a, reflects an estimated coverage of
1 ML. It is dominated by the expected TiIV signal at 458.7 eV
(Ti 2p3/2)

46,56 and by its spin–orbit coupled component (Ti 2p1/2)
shifted by 5.7 eV (Fig. 1a, in light magenta).46,57 Shake-up com-
ponents are present at higher binding energies (460.8 and
466.5 eV, Fig. 1a, in wine) along with satellite features at
471.8 and 482.5 eV (Fig. 1a, in green).46,58–60 Furthermore, an

Fig. 1 (a) Ti 2p XPS spectrum of the TiO2 single layer grown on Cu(001) single crystal. (b) STM image of the TiO2/Cu surface at RT (V = 1.5 V, It =
150 pA).
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additional component located at 457.6 eV, accompanied by its
spin–orbit coupled peak, discloses a small amount of TiIII arising
from the reductive annealing process (Fig. 1a, in blue).61–64 From
the deconvolution analysis of the spectra this reduced fraction
amounts to 10.5% of the overall titanium content (see Fig. S3
and Table S1†). The signals in the O 1s XPS spectrum (Fig. S1†)
are typical for TiO2 films46,62,64 and are discussed in detail in the
XPS characterization section of the ESI.†

STM images at Room Temperature (RT) were acquired to
evaluate the film morphology and to confirm the TiO2 coverage
estimated by XPS. The wide-area image in Fig. 1b shows a com-
plete layer of TiO2, characterized by domain boundaries that
suggest the presence of the quasi-hexagonal (QH) structure
with squared bright spot ascribable to the growth of a second
TiO2 layer.46 The formation of the single layer of TiO2-QH
grown on Cu(001) structure is confirmed by Low Energy
Electron Diffraction (LEED) showing two p(2 × 7) domains
rotated by 30 degrees (Fig. S2†).46,65,66

A monolayer of Fe4SMe was deposited on TiO2/Cu following
the protocol described in Methods. After molecular deposition,

the XPS spectrum in the Ti 2p region (Fig. S3†) shows no signifi-
cant variation as compared with that of the pristine substrate,
thus confirming the stability of the TiO2 surface upon further
processing.47,64,67 The small decrease (0.3%) of the TiIII fraction
lies well within the limits of semiquantitative analysis by XPS
(Table S1†). The C 1s spectrum reported in Fig. 2a reveals two
main contributions attributed to the aliphatic and oxygen-
bound carbon atoms of the molecular layer at 284.9 and 286.5
eV (Fig. 2a, in yellow and dark blue, respectively). An additional
shake-up component is present at 289.6 eV (Fig. 2a, in
cyan).16,68 The S 2p signal consists in two contributions located
at 163.7 eV and at 164.9 eV (spin–orbit coupled component)
(Fig. 2b), indicating the presence of intact CH2SMe functional
groups.69–71 The C/S atomic ratio (46.0 ± 2.3) is in gross agree-
ment with the expected value of 39 based on the molecular
formula (C78H136Fe4O18S2), and suggests the overall integrity of
Fe4SMe molecules on the TiO2/Cu surface. Unfortunately, a
more comprehensive semiquantitative elemental analysis of the
molecular species cannot be carried out due to the overlap of
the molecular Fe 2p and O 1s signals with the Cu LMM Auger

Fig. 2 XPS spectra in the C 1s (a) and S 2p (b) regions after deposition of Fe4SMe on TiO2/Cu surface. (c) STM image at 30 K of Fe4SMe molecules
distributed randomly on the TiO2/Cu surface (V = 2.6 V, It = 15 pA, 120 × 120 nm). (d) STM image at 30 K of the Fe4SMe layer showing the internal
resolution (yellow dots) of single molecules (V = 2.6 V, It = 5 pA, 30 × 30 nm).
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peaks and the oxygen signals, respectively, of the TiO2/Cu
substrate.46,72 However, successful sublimation of Fe4SMe mole-
cules has been demonstrated in a previous study.16

STM images of the TiO2/Cu surface decorated with Fe4SMe
molecules acquired at 30 K and different magnifications are
displayed in Fig. 2c and d. An almost complete coverage of the
surface by Fe4SMe molecules is clearly visible. Molecules have
a quasi-spherical shape but do not form densely packed and
ordered islands, as observed on metals.16 Uncovered parts of
the TiO2 surface and a few additional molecules sitting on top
of the molecular film are visible, confirming that the desired
monolayer coverage was reached. The statistical height distri-
bution in the Fe4SMe monolayer is shown in Fig. S4† and pro-
vides a medium height of 0.65 ± 0.06 nm. This value is slightly
lower than that observed for the same Fe4 derivative on
Pb(111)16 and for the related complex with R = Ph (Fe4Ph) on
Au(111)51 and Cu2N

22 (∼0.8 nm). Such a slightly reduced mole-
cular height could be attributed either to a different molecular
orientation or to a stronger molecule/surface interaction,
which would be consistent with the absence of dense and
ordered molecular packing. Furthermore, within the limits of
our STM investigation, the presence of molecular fragments
can be excluded, confirming the enhanced stability of
Fe4SMe16 vs. Fe4Ph

51,55 upon sublimation.
From the STM image at higher magnification (Fig. 2d) we

estimated a lateral dimension of 1.80 ± 0.15 nm for individual
molecules (Fig. S5†), a value in close agreement with the X-ray
structure (1.7 nm) and consistent with literature data for Fe4
complexes on other surfaces.22,48,51 Additionally, the STM
image in Fig. 2d evidences the internal resolution of single Fe4
units, with a triangle of bright features separated by 0.58 ±
0.06 nm (see line profile in Fig. S5a and S5b†). These features
are similar to those observed on Pb(111)16 and can be attribu-
ted to the –CH2SMe group pointing out of the plane, a tert-
butyl group of the topmost dpm− ligand, and the surrounding
envelope of dpm− ligands.

The electronic and magnetic properties of the Fe4SMe
deposit were investigated by synchrotron radiation at the
DEIMOS beamline (SOLEIL, France) using a dilution cryostat
to reach sub-kelvin temperatures.73 These experiments were
carried out with linearly and circularly polarized light (Fig. 3) by
monitoring the absorption at the Ti L2,3 and Fe L2,3 edges in the
Total Electron Yield detection mode (TEY). Experiments were
performed between 220 and 900 mK and in magnetic fields up
to 30 kOe (see Methods). The XAS profile at the Ti L2,3 edges
confirms the QH structure of the TiO2 monolayer deposited on
Cu (see ESI and Fig. S6† for additional details). The XAS spec-
trum at the Fe L3 edge exhibits a fine structure with two main
signals at 707.6 and 709.2 eV (Fig. 3a). We notice that the first
peak has an additional shoulder approximately centered at
707.1 eV and marked with a green arrow in Fig. 3a. This extra XAS
component was not detected in our previous investigations of Fe4
arrays at surfaces.16,51,74,75 Significantly, it was absent in mono-
layers of the same Fe4SMe complex prepared using identical
thermal sublimation conditions but a different substrate.16

Therefore, the thermal sublimation process is unlikely to be
responsible for this feature.55 Radiation damage is ruled out as a
possible cause of the XAS profile alteration, since there is no evi-
dence of time evolution of this feature under X-ray
irradiation.71,76,77 A plausible explanation is the partial reduction
of molecules interacting with TiIII sites on the TiO2 surface to give
a minority fraction of FeII containing species55,64,78,79 and this
aspect will be the subject of further discussion later.

The XNLD contribution (Fig. 3a) was extracted from the XAS
signals recorded using linearly polarized X-rays with propagation
vector directed at θ = 45° from the surface normal (see Methods
and inset in Fig. 3a). The overall XNLD profile is essentially in
line with that reported earlier for other Fe4 derivatives with short
tethering groups.14,16,75 From the maximum XNLD amplitude,
which reaches 6% of the average isotropic XAS signal, we con-
clude that the extent of preferential orientation on the surface is
similar to that found for the same complex on Pb(111).16

Fig. 3 (a) XNLD and (b) XMCD spectra of Fe4SMe on TiO2/Cu acquired at the Fe L2,3 edges. (a) XAS (top) and XNLD (bottom) spectra recorded at θ =
45°, H = 30 kOe, and T = 220 mK. (b) XAS (top) and XMCD (bottom) spectra recorded at θ = 0, H = 30 kOe, and T = 220 mK. The inset in panel (a)
depicts the experimental geometry used for the acquisition of the XAS spectra. The green arrow indicates the additional contribution at 707.1 eV,
which is observable for all polarization, attributed to a minority fraction of Fe(II) containing species.
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The XMCD profile (Fig. 3b), obtained from the XAS signals
recorded using circularly polarized X-rays at 220 mK and θ = 0,
is dominated by two negative dichroic signals at the L3 edge.
Although the position of the two XMCD minima (707.6 and
709.2 eV, β and α, respectively) agrees with that typically
observed in Fe4 complexes, the exact shape and amplitude of
the XMCD profile are slightly different. In the ground S = 5
state of Fe4 complexes, the opposing contribution of the
central FeIII spin results in three important spectral finger-
prints:16,48,51,74,75,80,81 (i) an intensity ratio of ca. 0.30 between
the two XMCD minima at the L3 edge, (ii) saddle point
between the two intense negative signals (708.3 eV, γ), and (iii)
a maximum XMCD amplitude amounting to ca. 40% of the
average isotropic XAS signal. In Fig. 3b, the intensity ratio
between the two XMCD minima at the L3 edge is 0.55, hence
higher than typically found in Fe4 complexes. In addition, the
XMCD signal at 708.3 eV (−8%) remains significantly different
from zero, and the normalized XMCD intensity at 709.2 eV is
as large as 47%. It is worth stressing that heteronuclear CrIII-
centered Fe3Cr complexes, in which the opposing spin contri-
bution of the central FeIII ion is absent, also exhibit a non-zero
XMCD signal at 708.3 eV and a much increased XMCD ampli-
tude at 709.2 eV.74,80 Here, the Fe4 spectral fingerprints are
presumably partly obscured by the surface-induced reduction
of some FeIII centers to FeII.

To support this interpretation of the XMCD fine structure,
we performed Ligand Field Multiplet (LFM) calculations.
Starting from our previous knowledge of the XAS and XMCD
signals for pristine Fe4 molecules, we replaced FeIII with vari-
able amounts of FeII in the calculations. We reached a good
agreement with the measured XAS spectra assuming that 30%
of the Fe centers are reduced to FeII. With this percentage, the
ratio between the first peak at 707.6 eV and the main peak at
709.2 eV in the XAS plots is nicely reproduced (Fig. S7†). In
order to determine the speciation of FeII, we examined various
situations where the amount of FeII was fixed to 30% of the
total Fe ion content. It should be underlined that if one sup-
poses that all the FeII ions are present as Fe oxyhydroxides at
the TiO2 surface, the XMCD signal at 220 mK and 30 kOe
would be much larger than measured. Thus, one can exclude
this situation as the main location for FeII ions and suppose
that FeII ions primarily occur in the Fe4 molecular structure.
There are only five distinct distributions of oxidation states
which are compatible with a 30% concentration of FeII ions, as
fully detailed in the ESI (see Fig. S7†). Among these five
different distributions, the one with 70% of pristine Fe4 mole-
cules and 30% of FeII4 molecules yields by far the best agree-
ment with the measured XAS and XMCD signals. Note that in
the present fit we always considered that the central ion,
whether it is an FeII or an FeIII ion, is coupled antiferromagne-
tically with the three peripheral Fe ions (see ESI† for the
precise values of the FeII LFM parameters). The resulting simu-
lation features an intensity ratio of ≈0.51 between the two
XMCD minima at the L3 edge, a normalized XMCD intensity of
≈50% at 709.2 eV, and a negative XMCD signal of −4% at
708.3 eV. The three above features rather closely match the

experimental spectra, strongly supporting the presence of a
fraction of FeII ions in the molecular deposit, which however
primarily comprises intact Fe4SMe molecules. An additional
and strong indication that the monolayer contains a fraction of
altered molecules was extracted by monitoring the magnetic
field dependence of the XMCD signal at different energies to
selectively address the magnetic behaviour of the different
species on the surface. We expect that intact Fe4SMe molecules
mainly contribute to the XMCD signal at 709.2 eV, and not at
708.3 eV. The temperature dependence of XMCD at 709.2 eV
(α, Fig. 4a) mirrors the typical magnetic behaviour of Fe4
SMMs, whose hysteresis loop is open below 1 K and becomes
wider with decreasing temperature.48 In particular, the sharp
magnetization steps at 0 and 5 kOe show that Fe4SMe under-
goes resonant QTM on TiO2/Cu, similarly to what has been
observed on Pb(111).16 Additionally, in agreement with XNLD
evidence, the angular-dependent experiment at 220 mK
(Fig. 4b) confirms that the complex is preferentially oriented
with the easy axis close to the surface normal. As the incidence
angle θ increases, saturation is reached more slowly and the
resonant condition for QTM at a nonzero field broadens and
shifts to higher fields.1451

When the photon energy is decreased to 708.3 eV (γ), the
intensity of the XMCD signal at 220 mK decreases consider-
ably, primarily due to the contribution of the reduced species
only (Fig. 4c). Crucially, its field dependence is markedly
different from that of Fig. 4b, evidencing a closed hysteresis
loop. We attribute this paramagnetic response at 708.3 eV to
magnetic species containing FeII centres resulting from
surface-induced reduction but still embedded in a Fe4-like
structure, in accordance with STM measurements and LFM
calculations. For the sake of completeness, setting the photon
energy at 707.6 eV (β) yields a field-dependent XMCD signal
with intermediate characteristics as compared with those
recorded at 709.2 (α) and 708.3 (γ) eV. In this case, the hyster-
esis loop is still detectable but smeared out due to the
additional paramagnetic contribution.

To summarize, our combined spectroscopic studies by XAS,
XNLD, and XMCD converge in indicating that Fe4SMe mono-
layers on TiO2/Cu contain a dominant fraction of intact mole-
cules and a minor fraction of molecules undergoing signifi-
cant modification. XAS spectra suggest that such a modifi-
cation consists of a reduction of FeIII centers to FeII.
Theoretical calculations already predicted a similar effect
for atoms on TiO2.

82 A strong molecule–surface interaction
was also observed when mono and bis-phthalocyaninato
complexes are deposited on TiO2,

64,79,83–86 leading in
extreme circumstances to surface–molecule charge transfer
processes.64,86–88 The latter could be favoured by TiO2 reactive
sites, such as oxygen vacancies.89 We can tentatively associate
the partial modification of Fe4SMe complexes on TiO2/Cu with
the presence of TiIII active sites on the surface. Considering
the overwhelming number of TiIII atoms compared to Fe4SMe
molecules, such a hypothesis does not contradict the obser-
vation that the amount of TiIII remains substantially unaltered
after Fe4SMe deposition (Fig. S3 and Table S1†).

Paper Nanoscale

14382 | Nanoscale, 2024, 16, 14378–14386 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 9

/1
2/

20
24

 2
:4

9:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02234c


Conclusions

We reported the chemical, structural, and magnetic properties
of a monolayer of Fe4SMe complexes sublimated on an ultra-
thin film of TiO2-QH grown on Cu(001). The XPS and STM
measurements evidenced the presence of chemically and struc-
turally intact Fe4SMe molecules assembled into a disordered
monolayer. This might imply that a significant molecule/
surface interaction occurs, as previously observed for other
molecules on TiO2 surfaces.47,64 An ultralow-temperature
investigation by XNLD and XMCD at the Fe L2,3 edges revealed
that Fe4SMe molecules display a preferential orientation in the
monolayer and retain a bulk-phase-like behaviour (i.e., mag-
netic hysteresis up to 900 mK). However, the XAS spectra and
the energy- and field-dependent XMCD signal disclosed a
minor contribution from altered species containing FeII ions.
These reduced species may originate from the reaction of
Fe4SMe with active sites in the TiO2 monolayer, which hosts a
detectable amount of TiIII ions. Additional experiments aimed
at modifying the TiIII content and future DFT investigations
will be required to clarify this aspect. Interestingly, the possi-
bility to selectively address at the monolayer level the magnetic
properties of the altered species combined with the SMM fin-
gerprint can provide information on the underlying interface,
as already observed for the intermediate superconducting state
of a Pb substrate.16 Overall, our findings highlight the chal-
lenges associated with combining 2D oxide materials with
SMM complexes into hybrid architectures suitable for new
spintronic and quantum devices.

Methods

A Cu(001) single crystal from the Surface Preparation
Laboratory (SPL, The Netherlands) was cleaned by several

cycles of Ar+ sputtering (1500 eV) and annealing (770 K) in
UHV. The Cu(001) substrate, kept at the constant temperature
of 570 K, was exposed to an oxygen partial pressure of ≈1 ×
10−6 mbar to provide the oxygen amount necessary for
growing the first TiO2 layer. Finally, titanium (purity 99.999%)
was deposited employing an electron beam Omicron
EFM3 micro-evaporator. The TiO2 deposition was achieved by
consecutive steps following the procedure reported in the lit-
erature.46 After each step, the Cu(001) single crystal was
annealed at ca. 700 K to promote a homogeneous growth on
the metal surface. The deposition rate was monitored using
the integrated flux monitor of the EFM3 and evaluated a pos-
teriori by STM. The structure and the chemical composition of
the TiO2 layer were studied by LEED and XPS, respectively. The
Fe4SMe complex, prepared in pure crystalline form as reported
elsewhere,16 was processed as described for deposition on
Pb(111).16 It was heated at a temperature of around 490 K and
evaporated with a homemade Knudsen cell in an UHV
chamber (with a base pressure of 10−9 mbar). Molecular cover-
age was estimated by a Quartz Crystal Microbalance (QCM)
and by STM measurements. The deposition rate was moni-
tored by placing the QCM in front of the crucible. The mole-
cular integrity after deposition was investigated by XPS. XPS
data were acquired using a micro-focused monochromatic Al
Kα radiation (λ = 1486.6 eV, SPECS mod. XR-MS focus 600)
operating at a power of 100 W (13 kV and 7.7 mA) and a multi-
channel detector electron analyser, model SPECS Phoibos 150
1DLD. XPS spectra were recorded in normal emission with
pass energy of 40 eV with the X-ray source mounted at an
angle of 54.44° with respect to the analyser. XPS spectra were
calibrated to the Cu 2p3/2 signal at 932.7 eV,46 and the back-
ground subtracted was adapted as a function of the elements,
employing linear and Shirley method. A 70%–30% combi-
nation of Gaussian and Lorentzian functions was employed to
fit all the spectra. LEED patterns were acquired using an

Fig. 4 Magnetic field-dependent XMCD curves acquired (a) as a function of temperature at 709.2 eV and normal incidence (θ = 0), (b) as a function
of θ at 709.2 eV and 220 mK, and (c) as a function of photon energy at normal incidence and 220 mK (magnified from −10 to 10 kOe). All data were
obtained at the same field sweep rate of 0.2 kOe s−1. The measurements at 220 mK, θ = 0°, E = 709.2 eV are plotted as dark blue dots with connect-
ing line in (a), (b) and (c) and compared with the other measurements where one parameter (temperature (a), angle (b) and energy (c)) is varied.
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Omicron three grid optics, model NG-LEED. STM measure-
ments were carried out in UHV conditions at RT and at 30 K
using a Variable Temperature (VT)-STM Omicron (model XA
VT-STM) with a Pt/Ir tip.

The electronic and magnetic characterization of the Fe4SMe
complex on TiO2/Cu was carried out at the DEIMOS beamline
(SOLEIL synchrotron).73,90 The XNLD was extracted as the
difference between the cross sections recorded using vertically
(σV) and horizontally (σH) polarized light (σV − σH) at θ = 45°,
H = 30 kOe, and T = 220 mK. The XNLD contribution was nor-
malized with respect to the L3 edge jump of the isotropic spec-
trum (1/3σV + 2/3σH) and expressed as percentage (XNLD%).
Analogously, XMCD was obtained as the difference between
the XAS spectra measured using negative (σ−) and positive (σ+)
circular light polarizations (σ− − σ+) at θ = 0, H = 30 kOe, and
T = 220 mK. The dichroic signal was normalized with respect
to the L3 edge jump of (σ+ + σ−)/2 and expressed as percentage
(XMCD%). The magnetic hysteresis measurements at specific
photon energies were made at θ = 0 or 45° by cycling the mag-
netic field between −15 kOe and 15 kOe with a scan rate of 0.2
kOe s−1 and working at temperatures from 220 to 900 mK. All
the samples were prepared in Florence and transferred to the
beamline employing a home-made suitcase equipped with a
D100 SAES Nextorr Neg-Ion Combination Pump that guaran-
tees a pressure P < 10−10 mbar during the transport. All the
steps from sample preparation to synchrotron measurements
were accomplished without breaking the vacuum connection
(P < 10−9 mbar).16 Data analysis was performed using
pyDichroX software.91

The XAS and XMCD spectra were calculated within the
Ligand Field Multiplet (LFM) theory using Quanty92 (see ESI†
for details).
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