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Abstract
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Thin inorganic films, such as metal oxides, are frequently employed as functional materials for
decoupling or optimization of the interaction between molecular magnetic layers and metallic
surfaces. In the case of single-molecule magnet (SMM) deposits, an effective decoupling layer

can reduce the hybridization with the metallic substrate, which would otherwise suppress their
intrinsic magnetic bistability. In this work, we investigate the potential of an ultra-thin Fe oxide
layer as a substrate for the Tb(III) bis-phthalocyaninato (TbPc;) SMM in technological platforms.
A multi-technique approach was employed to evaluate the integrity of a TbPc, sub-monolayer
(ML) deposit and to determine the molecular adsorption geometry at the surface. Furthermore,
large-scale facilities experiments were performed, and x-ray magnetic circular dichroism was used
to probe the magnetic properties of the TbPc, sub-ML. The central finding is that while the mag-
netic moments and electronic configuration of the molecule are preserved, the characteristic slow
magnetic relaxation is suppressed. This highlights the critical role of substrate phonon stiffness and
tunnel barrier thickness in stabilizing the SMM behaviour.

1. Introduction

Molecular spintronics is an expanding research field
dedicated to the development of advanced devices
for sensing, data storage, and quantum applica-
tions by integrating the properties of inorganic and
organic materials [1]. Over the past decades, single-
molecule magnets (SMMs) have garnered signific-
ant attention as fundamental components in spin-
tronic micro- and nano-devices [2-5] due to their
low-temperature magnetic bistability [6] and dis-
tinctive quantum properties [1]. Among the vari-
ous SMM systems, the Tb(III) bis-phthalocyaninato
(TbPc,) neutral complex, consisting of a Tb(III) ion

© 2026 The Author(s). Published by IOP Publishing Ltd

coordinated by two phthalocyaninato ligands (Pc) in
a staggered configuration (~45° relative rotation) [7,
8], has been extensively studied for its slow magnet-
ization dynamics at liquid helium temperatures [7—
10]. It is well established that the magnetic beha-
viour of TbPc, can be modulated via redox pro-
cesses: the neutral molecule and its oxidized or
reduced (ionic) forms exhibit markedly different
hysteresis profiles. Depending on the parity of the
charge state (even vs odd), the hysteresis loop can
be either ‘open’ or butterfly-shaped, due to changes
in the coupling between the Tb 4f orbital moment
and the m-radical(s) of the phthalocyanine ligands
(9,11, 12].
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Its molecular structure facilitates the formation of
monolayer (ML) and sub-ML deposits on solid sur-
faces. In the bulk phase, TbPc, exhibits strong uni-
axial anisotropy with the easy magnetization axis per-
pendicular to the Pc rings. The large energy separ-
ation between the ground-state doublet (J, = £6)
and the first excited state creates an effective barrier
of several hundred Kelvin that impedes magnetiza-
tion reversal, thereby enabling magnetic bistability
[7-10]. However, when deposited on different sub-
strates, the magnetic properties of TbPc, can be sig-
nificantly influenced by interfacial interactions [13—
16]. The planar geometry of the double-decker com-
plex often promotes electronic coupling with the
surface through the 7-electron system of the lig-
ands. In particular, studies have reported a pro-
nounced suppression of magnetic bistability when
TbPc, forms sub-MLs on bare metallic substrates
[17-20]. Conversely, the introduction of decoup-
ling layers, such as graphene or thin MgO films,
has been demonstrated to mitigate these effects
[21, 22]. Wiickerlin et al have shown that a single
ML of MgO is insufficient to effectively decouple
TbPc, from a metallic substrate, whereas increasing
the MgO thickness to five MLs enhances magnetic
bistability [21], yielding a strong magnetic reman-
ence instead of the butterfly-shaped hysteresis loop
characteristic of the bulk phase. The mechanisms
governing these modifications in SMMs behaviour
remain only partially understood. It has been pro-
posed that the reduced phonon dispersion of metal
oxides may play a crucial role in enhancing the
stability of the magnetic state [22]. Furthermore,
charge transfer processes at the interface can modify
the crystal field splitting around the Tb(III) ion,
leading to an alteration in magnetic relaxation
dynamics.

In order to further explore these interfacial effects,
we investigated the use of an oxygen-reconstructed
iron surface, where O atoms occupy the fourfold
hollow sites in between the Fe(001) atoms, result-
ing in a p(1 x 1)O superstructure [23, 24], as an
alternative substrate for TbPc, SMMs. In this scen-
ario, the system has another intriguing possibility of
enabling magnetic interactions: the topmost layer,
which can be viewed as an ultra-thin oxide layer with
a nominal FeO stoichiometry, is grown on ferromag-
netic Fe, possibly interacting with TbPc, molecules,
as reported for other ferromagnetic or antiferromag-
netic metals [25]. This surface, therefore offers not
only the potential to serve as a decoupling layer,
but also to mediate a magnetic interaction between
the molecules and the underlying layer, this being
of particular interest for its potential application in
spintronics [26-29].

Oxygen chemisorption profoundly alters the elec-
tronic and magnetic properties of Fe(001): spin-
polarized scanning tunnel microscopy or scanning
tunnel spectroscopy (STM/STS) measurements show
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the emergence of O-induced resonances at and below
the Fermi level, a reversal of the tunnelling spin polar-
ization driven by strong O-Fe hybridization [24].
More recently, spin-resolved momentum micro-
scopy combined with density functional theory with
dynamical mean-field theory (DFT + DMFT) has
revealed that the same p(1 x 1)O overlayer enhances
electron correlation, leading to a pronounced nar-
rowing of the Fe d-bands, a strong reduction of
the exchange splitting, and the appearance of many-
body satellite features incompatible with a Stoner-like
description [30].

In the case of the Fe-p(1 x 1)O surface, FeO here-
after, extensive investigation employing metalated
tetraphenyl-porphyrin (MTPP) complexes demon-
strated the effectiveness of the oxide layer, in pre-
serving the main electronic and chemical prop-
erties of the molecules, with minimal structural
modifications [31, 32], while it does not comprom-
ise the magnetism of molecules [29, 33].

2. Results and discussion

The structural properties, molecular arrangement
and physical-chemical interactions at the interface
with the FeO have been investigated by low-energy
electron diffraction (LEED) and photoemission spec-
troscopy techniques, such as x-ray and UV photo-
electron spectroscopy (XPS and UPS), and inverse
photoemission spectroscopy (IPES) for incremental
TbPc, coverage in the ML range.

The LEED picture of the ultra-thin FeO layer sur-
face is reported in figure 1(a) and is characterized by
intense diffraction spots arranged to form a square
lattice. Upon molecular deposition (panels b and c),
the original pattern from the substrate fades away and
a new one emerges. This resembles what has been
previously observed on MTPPs layers grown on the
same surface [34, 35]. This pattern can be described
as the superposition of two square lattices rotated by
about +37° with respect to the substrate’s <100>
directions, as shown in the schematic of panel (c).
The square lattice is commensurate with the sub-
strate’s one (in real space, arppe; = 5ag. = 1.43 nm).
These findings are compatible with other literature
reports on sub-ML TbPc, deposition on single crys-
tal substrates [17]. At a nominal coverage of 4 ML, no
LEED pattern is visible (figure 1(d)), indicating the
loss of long-range molecular ordering in multilayer
films as observed in other deposits [36].

STM images of the adsorbed TbPc, molecules
are shown in figure 1(e). The analysis of bare sur-
face before molecular deposition (figure S1) is in
line with what is reported in the literature [23]. The
molecules displayed their characteristic four-lobed
appearance, consistently with previous studies on dif-
ferent substrates, confirming their flat-lying adsorp-
tion geometry (Pc planes parallel to the surface)
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(80 pA, 2V, 65 nm x 50 nm), acquired at 35 K.

Figure 1. (a) LEED picture of the bare substrate. (b)—(d) LEED pictures of the sample surface for incremental TbPc, coverage on
ultra-thin FeO in monolayers (MLs): 0.5 ML, 1 ML and 4 ML. In the inset, zoom of the central region of the 1 ML pattern with a
schematic describing the diffraction pattern as the superposition of two square (5 x 5) lattices tilted with respect to the substrate
crystallographic directions. All pictures have been acquired at an electron beam energy of 55 eV and are slightly overexposed to
highlight finer details related to diffraction from the molecular layer. (e) STM images of TbPc, sublimated on ultra-thin FeO
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with a lateral dimension of the isolated molecules
of 1.70 4 0.15 nm, as observed on both metals and
on metal oxides [13, 14, 17, 37, 38]. Interestingly,
molecules preferentially assemble into well-ordered
square islands rather than remaining dispersed in an
irregular arrangement, at variance with what has been
obtained on Cu(100) [39], TiO, [14], and for CoPc
molecules on TiO2(100) [40]. TbPc, molecules hence
exhibit a low affinity for the substrate, and prefer
molecule-molecule packing.

The valence electronic structure has been invest-
igated by UPS and IPES. Results are shown in figure 2.
For what concerns filled electronic states (UPS spec-
tra, figure 2(a)), the substrate spectral line shape
encompasses the contribution from Fe 3d states (# on
the red spectrum of figure 2(a)) close to the Fermi
energy (Ep), and a sharp peak at a binding energy
(BE) of about 4.3 eV (* on the red spectrum of
figure 2(a)), representative of photoemission from
O 2p states [41, 42]. Upon TbPc, deposition, new
features appear, which are related to photoemission
from molecules. At nominal ML coverage, the oxy-
gen peak is completely quenched, while a substantial
contribution from the Fe substrate is still visible close
to Ep, although smeared out by photoelectron scat-
tering through the molecular layer [29, 43]. Overall,
the LEED and UPS results (in particular the suppres-
sion of the sharp oxygen peak, observed also with
MTPPs)[29] convey the idea of a rather uniform cov-
ering of the substrate by the molecules, with the com-
pletion of the first molecular layer at the nominal cov-
erage of 1 ML.

At multilayer coverage (4 ML), the UPS spectrum
mainly reflects the photoemission signal from TbPc,
molecules not directly in contact with the underly-
ing substrate. The line shape is consistent with other
literature reports on Pc-based systems (see [44] and
references therein). The doublet structure observed
close to Ep, featuring two peaks at a BE of about
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Figure 2. (a) UPS data acquired on the ultra-thin FeO layer
and for incremental TbPc, coverages (1 ML and 4 ML) ver-
tical lines highlight the binding energy position of specific
features. Spectra form different samples have been vertically
offset for clarity. (b) UPS and IPES characterization of the
thick TbPc; film. Highlighted is the relevant energy gap to
be compared with optical absorption experiments.

1.2 eV and 0.7 eV likely arises from the combination
of two effects: (i) the m—m interaction between the
two phthalocyanine rings, which splits the Pc highest
occupied molecular orbital (HOMO) into a com-
pletely filled and a half-filled level, given the radical
nature of the complex, and (ii) an additional Mott—
Hubbard splitting of the latter. The superposition of
these two phenomena generates two distinct maxima
in the UPS spectrum, in agreement with the model
proposed by Fahy et al [45—-47], suggesting a common

3
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Figure 3. X-ray photoemission spectra acquired on 1 ML
and 4 ML TbPc; films on ultra-thin FeO in the (a) C 1s,

(b) N 1s and (c) Tb 4d binding energy regions with Mg Ko
(hv = 1253.6 eV) photons. The 1 ML spectra have been
shifted in BE and scaled in intensity (black dotted lines)

for better comparison with 4 ML data. In the case of panel
(¢), this operation was complemented by the application of
a smoothing algorithm and the addition of a linear back-
ground, in order to account for the high-energy tail related
to the contribution of the Fe 3s emission peak at lower BEs
(not shown). Source satellites have been subtracted from
the data. Spectra from different samples have been offset for
clarity.

nature of HOMO states in both LuPc, and TbPc,
molecular species.

Photoemission features from TbPc, molecules are
seen to shift towards smaller BE with increasing cov-
erage, with the magnitude of the shift showing a
certain feature-related variability (as highlighted in
figure 2(a) with vertical dotted lines). This beha-
viour is known for many m-conjugated organic sys-
tems deposited on metals or oxides and originates
from several interfacial effects [48, 49]. At low cover-
age, the electronic structure is strongly influenced by
the molecule—substrate interaction, including charge
rearrangement and Pauli push-back, which stabilizes
the occupied states and results in higher BEs [50]. As
the film becomes thicker, intermolecular interactions
progressively dominate and an interface dipole layer
forms and stabilizes, leading to a realignment of the
molecular levels toward their bulk-like positions [51—
54]. In parallel, the coverage-dependent electronic-
screening transition from substrate- to molecule-
dominated screening contributes to the shift further
stand [55]. Because these effects depend on the spatial
distribution and character of individual orbitals, the
magnitude of the shift is feature-dependent. Overall,
such coverage-induced BE shifts are fully consistent
with the standard behaviour observed for phthalo-
cyanine and porphyrin films in UPS studies on sev-
eral substrates [56—58], including oxides or passivated
substrates [51, 59—62].

N Giaconi et al

A complete picture encompassing also empty
electronic states is provided for the multilayer film by
combining UPS and IPES. According to the STS res-
ults of [45] and ab-initio calculations [63], contribu-
tions from both the Tb core and the Pc macrocycle are
expected just above Ej, with the former being iden-
tified as the lowest unoccupied molecular orbitals
(LUMOs). A monotonous increase in the IPES signal
is observed in figure 2(b), the energy region immedi-
ately above Ef, culminating in a broad structure set-
tling at about 1.5 eV. Two more intense structures fol-
low at an energy of about 4 eV and 5.5 eV. Nearly the
same line shape is shown in literature [64] for LuPc,
molecules (featuring a completely filled 4f shell),
seemingly confirming a strong similarity between the
valence electronic structure of the two species also for
empty electronic states. Here, the absence of any clear
signal from Tb states can be explained considering the
low cross section of IPES transitions involving 4f elec-
trons at the low photon energy used for the present
characterization [65].

By considering the energy gap between the
centroid of HOMO features in filled states and the
shoulder atabout 1.5 eV in empty states, related to the
lowest unoccupied electronic states of the macrocycle
(LUMO%p,), we retrieve a value of 2.45 eV, roughly
0.5 eV larger than the reported optical absorption
maximum of TbPc, molecules, the so-called Q band
at 640—-690 nm [66], likely due to exciton formation.
As previously specified, the electronic structure of
neutral TbPc, molecules should be characterized by
a radical 7 electron in the antibonding HOMO state
(settling close to Er in figure 2(b)), called the singly
occupied molecular orbital (SOMO), and, as a con-
sequence, by a singly unoccupied molecular orbital
(SUMO) in empty state. This would result in a con-
duction gap as small as 0.5 eV, in agreement with the
narrow-gap semiconducting behaviour observed for
these molecules [64]. The UPS and IPES spectra in
figure 2(b) for the 4 ML film, although not resolv-
ing the SUMO feature explicitly, are fully consistent
with its assignment and, considering the analysis of
Murdey et al [64], provide compelling support for the
interpretation that the transport gap is defined by the
SOMO-SUMO orbital pair.

To shed light on the molecular properties at the
interface, we compared the XPS of 1 ML and 4 ML
(figure 3). The 1 ML spectrum shows nearly the same
line shape of the one acquired on thicker film. Black
dotted lines, obtained from the former spectra after
some shifting and rescaling as described in the cap-
tion of figure 3, help comparing the two datasets.
Overall, the BE position (within few hundreds of
meV) and spectral line shape for N 1s and C 1s fea-
tures are consistent with literature reports [13, 14,
67]. The measured Tb 4d region, dominated by mul-
tiplet effects, is also compatible with the available
literature on oxidized Tb species [68, 69]. Similarly
to UPS, a slight shift of the photoemission features
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Figure 4. Magnetic and structural characterization of the TbPc, sub-monolayer on the Fe(001) p(1 X 1)O substrate. (a) XAS with
vertical and horizontal light polarization (top) and XNLD (bottom) spectra at the Tb My s edge recorded at § = 45°, B=3T,
and T = 2.0 K. (b) XAS acquired at the N K-edge with p- and s-polarized light. (c) XAS with circular left and right light polariza-
tion (top) and XMCD (bottom) spectra at the Tb My s edge recorded at @ = 0°, B=3 T, and T = 2.0 K. (d) Magnetic hysteresis
loop recorded at the Tb M5 edge at 2.0 K and at @ = 0° and 6 = 45° with a scan rate of 0.03 T s™!.

towards lower BE in the thicker film is observed also
by XPS. A conclusive explanation for this specific phe-
nomenon is not straightforward. The modest change
of about 0.1 eV in the sample work function (data not
shown) suggests that electrostatic interactions leading
to charge transfer from the substrate might not be the
only process responsible for the observed behaviour
[44, 67], in line with the above discussed UPS spec-
tra. However, especially with reference to XPS results,
we emphasize that the above observations exclude the
presence of a strong chemical interaction of the first
layer of molecules with the substrate, which other-
wise would have resulted in broader 1 ML spectra and
possibly the presence of additional features at lower-
/higher BE [31, 70].

Low-temperature XAS investigations were con-
ducted on the TbPc¢, sub-ML deposited on the ultra-
thin FeO layer to assess its structural and magnetic
characteristics of both the molecular and the inor-
ganic layers. The absorption spectra recorded using
linear polarized light at the Tb M, 5 edge provided key
insights. The XNLD spectrum (figure 4(a)) displayed
a pronounced negative dichroic signal at 1242.6 eV,
confirming the predominant lying-down orientation
of the TbPc, ML, as previously observed via STM.

The orientation of TbPc, molecules in contact
with the substrate has also been evaluated by near

5

edge x-ray absorption fine structure spectroscopy
(NEXAFS) performed at the N K-edge. Results are
shown in figure 4(b), where the main features are
labelled with letters from A to E according to the
literature [71].

Features from A to D represent N 1s — 7* trans-
itions, with peaks A and B related to transitions to the
molecular LUMOp. and LUMOp. + 1 orbitals, while
features E and F are related to N 1s — o™ transition.
Tb empty electronic states are not expected to con-
tribute strongly to the measured spectral lineshape,
given their different spatial localization with respect
to N 1s core hole. Features A—D are most promin-
ent in the p-polarization spectrum, and they almost
vanish in s-polarization, thus indicating a preferen-
tial orientation of 7* states perpendicular to the sub-
strate, i.e. a flat lying configuration of the Pc sub-
units. The same conclusion can be drawn from the
inspection of the s-polarization spectrum, where the
features E-F, 0* being states oriented in the plane
of the Pc subunits, display a reversed NEXAFS lin-
ear dichroism [72, 73]. A residual contribution from
features A-D is also visible in the s-polarization spec-
trum, albeit with a very small intensity, encompassing
about 5% of the intensity of the same features in
the p-polarization spectrum. This very small signal
can be either related to molecules at defects, like step
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edges, or to a small distortion of the molecular skel-
eton, which is intrinsic of the tetrapyrroles chelation
to the central Tb(III) ion (umbrella-like), rather than
to an average tilt angle (of the order of 10°) of TbPc,
molecules with respect to the Fe surface. Overall, the
NEXAFS results suggest the formation of a layer of
TbPc, molecules whose Pc subunits are nearly flat
with respect to the substrate surface. To further sup-
port these experimental findings, we also simulated
the XNLD spectrum at Tb M5 edge using the pro-
tocol described in the methods section. The simulated
spectrum closely matches the experimental one when
assuming the Pc axis to be perpendicular to the sur-
face (figure S2(a)).

The x-ray magnetic circular dichroism (XMCD)
measurements at 2.0 K (figure 4(c)) corroborates
the characteristic Ms edge dichroic response of
Tb(III) ions at 1244.1 eV, revealing a dichroism of
approximately 135%, consistent with prior studies on
TbPc, thin films exhibiting a comparable absorption
geometry [13, 14]. The XMCD measurement at the
Fe L, 5 edge (figures S3(a) and S3(b)) and the relative
magnetic field scans (hysteresis loops) (figure S3(c)),
obtained by monitoring the trend of the XMCD signal
atits maximum with the field, reveal a strong in-plane
magnetization anisotropy of the film, as reported in
literature [74, 75]. Hysteresis loops were recorded at
2.0 K (see experimental section), and at angles § = 0°
and 45°, 0 being the angle between the propagation
vector of the light, equal to the direction of the mag-
netic field, and the normal to the surface [76]. Field
and angular dependence of the XMCD signal at the
Fe L, 5 edge (figure S3) confirms the strong magnetic
in-plane anisotropy, which matches the expected one
for this type of sample [75]. By applying the XMCD
sum rules [75-77] to the spectra recorded at the Fe
L, 5 edges (figure S4), the orbital (41 = 0.08 uB)
and spin (mpin = 2.22 uB) moments were estimated
and the resulting ratio #m1,,/Mspin = 0.034 is in line
with reported data [23, 75, 78].

The spectral profile, confirmed the presence of
a fully saturated Tb(III) system with a total angular
momentum ] = L + S = 6 [16, 37]. To further con-
solidate this evidence, the experiment results repor-
ted in (figure S3(b)) were compared with simulated
XMCD spectra at different incidence angles (0° and
45°, figures S2(c) and (d)). The remarkable agree-
ment between the relative XMCD intensities provides
compelling validation of our interpretation and high-
lights the robustness of the system’s magnetic config-
uration. A complete picture is reported in table S1.

No significant hysteretic response was observed
for the Tb Ms edge at @ = 0° and at § = 45°, con-
trarily to bulk-phase or when TbPc; is deposited on
other surfaces (figure 4(d)) [14, 15, 21, 22]. This
behaviour differs from that reported for MgO films,
where strong magnetic remanence was detected. The
direct comparison with MgO is, however, complic-
ated by differences in film thicknesses. Indeed, studies
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on MgO multilayers (up to 6 ML) demonstrated an
increase in TbPc, magnetic remanence, coinciding
with reduced electron scattering from the metal sub-
strate to the molecule [79, 80]. Our work provides
direct evidence that no significant exchange is occur-
ring between TbPc; and the Fe(001) through the FeO
ML, at variance with what observed on other mag-
netic substrate [81-84]. We remark that the decoup-
ling effect from the underneath metal substrate has
not been detected on different ultrathin oxides, such
TiO, films [13, 14].

3. Conclusion

XPS, UPS, IPES and STM analyses confirmed the
preservation of TbPc, molecular integrity when a
thermal deposition protocol is adopted to grow ML
deposits on an ultra-thin FeO layer grown on Fe(001).
LEED pattern and STM imaging revealed a strong
adsorption affinity of this SMM for this surface, lead-
ing to the presence of well-organized surface arrange-
ments of molecules; both characterization, flanked by
XNLD and NEXAFS spectra, indicated a preferential
lying-down orientation of TbPc, molecules at vari-
ance with some other oxide surfaces [16, 37].

The absence of magnetic hysteresis in
TbPc,/FeO/Fe(001), despite the preservation of the
Tb (IlI)ground state, provides crucial insight into
the hierarchy of relaxation mechanisms. Unlike MgO
films (>2/3 ML), which act as rigid barriers [79, 85],
our ~1 ML FeO layer (i.e. the maximum achiev-
able thickness, under our experimental conditions,
appears insufficient to decouple the molecule from
the phononic scattering and heat bath of the substrate
[86]. Both theoretical and experimental works on
MgO/Ag(100) indicate that the spin—phonon coup-
ling strength is crucial for retaining the spin prop-
erties, and that a detrimental effect arises from the
thickness reduction of the decoupling layer [43, 79,
85-87]. Moreover, electronic interactions such as
orbital hybridization and tunnelling through the sur-
face layer may add further de-excitation mechanisms,
as we previously reported on other systems char-
acterized by a smaller bandgap or a semi-metallic
nature [14, 15]. The reader is referred to table S3
in the ESI for a more detailed account of these dif-
ferent aspects. Our findings confirm that ultra-thin
decoupling oxide layers do not effectively prevent
TbPc, SMM system from fast relaxation mechanisms,
at variance with stiff MgO layer [21, 22], but hinder
strong magnetic exchange coupling with magnetic
iron substrates, both preserving, on average, their
magnetic moment. Therefore, the TbPc,/FeQ system
seems to be an interesting hybrid structure for prob-
ing and manipulating spin and electron properties
on a local molecular scale by STS experiments [88]
as well as for being used as an interface in a hybrid
molecule—oxide spintronic junction [2]. This work
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highlights the critical role of substrate phonon stift-
ness in stabilizing the SMM behaviour. Although no
hysteresis is observed, the study defines the boundary
conditions for SMM behaviour at hybrid interfaces.
Using FeO, a correlated, magnetically ordered oxide,
we show via XMCD that the Tb moment survives
on a magnetic surface without exchange coupling.
In the ultrathin limit, electronic hybridization with
the metallic substrate prevails over magnetic coup-
ling, providing key design constraints for molecular
spintronic architectures.

4. Methods

The oxygen-reconstructed Fe(001) surface, namely
Fe-p(1 x 1)O, which consists of an ultra-thin oxide
layer with a FeO stoichiometry on top of the metal-
lic bulk, was prepared by exposing the atomic-
ally clean (001) surface of a thick (hundreds of
nm) Fe film grown on crystalline MgO(001) to
301 (11 = 10"% Torr s) of pure grade molecu-
lar oxygen. The surface was kept at a temperature
of 720 K during oxygen exposure and then briefly
heated up to 970 K [89]. TbPc, films were pre-
pared by evaporation in vacuum (10~° mbar range)
from a heated crucible, with the substrate kept at
room temperature. The nominal ML thickness was
calibrated by assuming a TbPc, surface density of
4.9 - 107 molecules m~2, consistent with the regu-
lar arrangement of molecules observed in the present
and previous studies [14, 17] and resulting in a depos-
itedamount of 9.6 - 10? ug m 2, measured by a quartz
microbalance. The crucible temperature was adjusted
around 660 K to yield a deposition rate of about 0.1
ML min~—".

STM measurements were performed with an
Omicron VT-STM equipped with an electrochemic-
ally etched W tip. The experiments were conducted at
35 K by cooling with liquid helium flux, under a base
pressure of 10~ mbar, in order to minimize molecu-
lar mobility on the surface.

LEED was performed with a commercial appar-
atus (Physical Electronics Inc.) equipped with a beam
shutter. LEED images were taken at an incident beam
energy of 55 eV, by exposing the sample to the elec-
tron beam for a few seconds.

XPS and UPS data were acquired by using
lab-based MgKa (hv = 1253.6 eV) and Hel
(hv = 21.2 eV) photon sources and detecting elec-
trons at normal surface emission with a SPECS
Phoibos 150 MCD electron analyser, calibrated on
the Au 4f7/, emission (at a BE of 83.95 & 0.04 eV)
of a polycrystalline Au foil. The pass energy was set
at 20 (0.7) eV for XPS (UPS) yielding a combined
(source + analyser) full width at half maximum
(FWHM) resolution of about 1.0 (0.05) eV. IPES was
performed in the isochromatic mode, i.e. by sending
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variable energy electrons from a GaAs photocath-
ode to the sample at normal incidence and detecting
9.6 eV photons. The overall FWHM resolution of the
spectrometer was of the order of 0.7 eV.

XAS, together with XMCD and XNLD, were car-
ried out at the DEIMOS beamline (SOLEIL synchro-
tron, France) [90]. The experiments were performed
using circular, vertical, and horizontal polarizations
of the incident radiation, while the surface sensitivity
was ensured through the use of the total electron yield
detection mode.

In order to extract the dichroic contributions,
the XNLD signal was determined as the difference
between the absorption spectra acquired with vertical
(0V) and horizontal (¢!!) polarization. Analogously,
the XMCD signal was obtained as the difference
between the spectra measured with left- (¢7) and
right- (67) handed circular polarizations. Both
dichroic contributions were subsequently normalized
with respect to the edge jump of the isotropic spec-
trum at the Ls edge, according to the expression:
oxnipxmen (%) = 100-(a¥'~ — o) /ej(Ls), where
¢j(Ls) represents the step height of the absorption
edge (edge jump).

Magnetic hysteresis curves were obtained by
recording the field dependence of the %XMCD at the
Tb M5 edge (measured at 1244.1 eV and here referred
to the pre-edge dichroism at 1233 eV) sweeping the
magnetic field between —3 T and 3 T with a scan
rate of 2 T min~—!. Data treatment for XMCD, XNLD,
and hysteresis was performed employing pyDichroX
software [91].

The ML sample used for these measurements
was prepared in advance under controlled conditions,
described above and shipped to the DEIMOS beam-
line using a UHYV suitcase.

Polarized XAS spectra at the Tb M, 5 edge were
simulated using multiplet ligand field theory within
the Quanty scripting framework [81]. Free ion para-
meters, including interelectronic repulsions and spin-
orbit couplings, were obtained from Cowan’s code,
with the Slater—Condon integrals scaled by 0.8 to
account for relativistic corrections. Crystal field sur-
rounding the Tb centre was considered to be purely
axial and crystal field parameters were adopted from
the literature [7]. All simulation parameters are listed
in table S2. The experimental geometry was repro-
duced in the calculations, and thermal effects were
incorporated by weighting the transitions accord-
ing to the Boltzmann population of the initial
states.

NEXAFS experiments were performed at the
ALOISA [92] beamline (ELETTRA synchrotron,
Italy), employing linearly polarized light in partial
electron yield mode. The spectra have been meas-
ured with the surface oriented either parallel to
the electric field (s-polarization) or closely normal
to it (p-polarization), by rotation of the sample
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around the photon beam axis (coaxial manipu-
lator), while keeping the surface at a constant graz-
ing angle of 6° (constant illuminated area). The
photon flux normalization and the energy calibra-
tion are described in [54]. The energy resolution was
set to 80 meV. The beamline is equipped with all
the necessary tools for the in-situ preparation of the
samples.
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