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ABSTRACT: Structurally defined interfaces between magnetic substrates and
molecular layers, so-called spinterfaces, represent a critical frontier in the design of B L~
spin-functional devices. Here, we show that long-range molecular order enables O e e e
coherent Umklapp scattering of spin-polarized substrate electrons, modifying the [Fe(001)-p(1x1)0 JESES

spin-resolved electronic structure at the interface. Using spin-resolved .
momentum microscopy and photoemission tomography, we compare iron
(FePc) and metal-free phthalocyanine (H,Pc) monolayers assembled on an
oxygen-passivated iron surface. We find that both molecular lattices give rise to
distinct Umklapp replicas of the substrate valence bands. By selectively probing
the momentum space, we demonstrate that spin polarization near normal
emission is predominantly governed by scattering rather than direct contributions from possibly spin-polarized molecular orbitals.
This work underscores the intricate relationship between structural order and spin functionality, providing valuable insights into
engineering spinterfaces.
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Organic—ferromagnetic interfaces, known as spinterfaces, Despite this growing understanding, a key challenge
are rapidly emerging as key enablers of next-generation remains: disentangling the role of structural order from
spintronic devices. These hybrid systems combine the spin genuine electronic hybridization in governing spin polarization
functionality of magnetic substrates with the tunability and at organic—ferromagnetic interfaces. Long-range periodicity in

molecular overlayers can introduce reciprocal lattice vectors
that scatter substrate-derived photoelectrons, giving rise to
momentum-resolved signatures, such as Umklapp replicas, that
mimic or obscure the electronic states of the interface.'®™>*
Yet, the extent to which such elastic scattering processes
influence spin-resolved signals remains largely underexplored.
Distinguishing between spin-polarized hybrid states and spin-
conserving diffraction replicas is essential for correctly
interpreting spectroscopic data and designing spinterfaces
with predictable spin functionality.

nanoscale precision of molecular layers, offering potential for
low-power, flexible, and molecularly customizable spin-based
logic and memory.' ™ Despite this promise, achieving robust
and controllable spin polarization at such interfaces remains a
major challenge, largely due to complex interfacial interactions
and structural disorder on the molecular scale.

Traditional strategies for engineering spinterfaces have
focused on direct spin hybridization or exchange coupling
between molecular orbitals and magnetic substrates. Such

approaches have demonstrated that transition-metal porphyr- In this work, we explore well-ordered spinterfaces based on
ins and phthalocyanines (TM-P and TM-Pc) can stabilize spin- iron- and metal-free phthalocyanines (FePc and H,Pc)
polarized states via coupling with ferromagnetic films, enabling assembled on an oxygen-passivated Fe(001)-p(1 X 1)O
magnetic order even at room temperature.4’5 Modulation of substrate, a magnetically active, chemically stable platform
this coupling, for instance by introducing atomic interlayers, that enables the formation of a highly ordered molecular
allows transitions between ferromagnetic and antiferromag- superstructure. By comparing FePc and H,Pc under identical
netic coupling regimes, offering the ability to finely tune conditions, we isolate the influence of the central metal ion
spinterface properties,é‘g Chemisorption of these molecules from coherent scattering effects arising from the periodic
can facilitate hybridization between their z-orbitals and molecular lattice. Spin-resolved momentum microscopy
substrate electronic states, resulting in a modified interfacial combined with photoemission tomography reveals that even
electronic structure with enhanced magnetic stability.'>"" This

hybridization not only amplifies the substrate’s magnetic Received: September 18, 2025

response but can also lead to the formation of hybrid interface Revised: ~ November 18, 2025

states (HISs) near the Fermi level, which significantly impact Accepted: November 20, 2025

spin-injection eﬂ'iciency.lz’13 HISs with strong spin polarization Published: November 28, 2025

have been observed in specific combinations of metal-
p
phthalocyanines and ferromagnetic surfaces.*™"”
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Figure 1. (2) Angle-integrated valence band spectra of the Fe(001)-p(1 X 1)O interface before (gray curves) and after the deposition of an FePc
monolayer (black curves). Two integration intervals are shown: [—2, +2] A™" (top curves) and [—0.7, +0.7] A~" (labeled T, bottom curves).
Changes induced by molecular adsorption are highlighted in yellow. (b) Corresponding band maps measured along the X—['—X direction of the
substrate’s first Brillouin zone. The black box marks the location of the highest occupied molecular orbital (HOMO, labeled H). (c) Experimental
two-dimensional momentum map acquired at 1.2 eV binding energy (H) for the FePc/Fe(001)-p(1 X 1)O interface, compared with the map
computed from the HOMO state of the FePc molecule. (d) Low-energy electron diffraction (LEED) pattern of the FePc/Fe(001)-p(1 X 1)O
interface recorded at 20 eV kinetic energy. Substrate and molecular reciprocal vectors are represented by white and red arrows, respectively. (e)
Top-view ball-and-stick representation of the FePc adsorption geometry on the Fe(001)-p(1 X 1)O surface, with the main crystallographic
directions of the substrate indicated. Atom color code: substrate Fe atoms (gray), oxygen (red), carbon (black), hydrogen (white), nitrogen (blue),

and central Fe ion in the phthalocyanine molecule (green).

in the absence of a magnetic center the ordered overlayer
redistributes the substrate spin-polarized bands via Umklapp
scattering. These results highlight the critical role of interfacial
symmetry and long-range molecular order in governing the
detected electronic and spin-resolved properties of spinterfa-
ces.

Engineering spinterfaces requires careful control over
interfacial interactions as the direct deposition of organic
molecules onto metals often leads to substantial modifications
of their structural and electronic properties.””** One strategy
to modulate such interactions involves the introduction of
ultrathin metal oxide layers, which act as a buffer by tuning the
interfacial charge transfer and orbital hybridization.”>* In this
context, the Fe(001)-p(1 X 1)O surface serves as a particularly
suitable substrate. The oxygen monolayer passivates the
reactive iron surface while preserving its intrinsic ferromag-
netism, offering a well-defined and magnetically active template
for molecular adsorption. Importantly, its periodic atomic
structure facilitates the self-assembly of planar organic
molecules, such as phthalocyanines, into ordered over-
layers.”**’

Two model systems, consisting of monolayer FePc and H,Pc
molecules deposited on Fe(001)-p(1 X 1)O, are investigated
herein. This comparative approach enables us to isolate the
influence of the central metal ion on the electronic and spin
properties at the interface. We begin by examining the
momentum-integrated valence band spectra of both the
pristine Fe(001)-p(1 X 1)O surface and the FePc/Fe(001)-
p(1 X 1)O interface, as shown in Figure la. In particular,
measurements on the pristine surface reveal its distinct
electronic structure, where the spectral features near the
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Fermi level (Ep) are attributed to antibonding states arising
from hybridization between O 2p and Fe 3d orbitals, with a
dominant contribution from the latter.”**’

Following the deposition of FePc, the valence band
spectrum exhibits several changes arising from the presence
of the molecular overlayer, as highlighted in yellow in Figure
la. Notably, there is a suppression of the signal near Ep, the
appearance of a distinct peak centered around 1.2 eV binding
energy (BE), and an additional broad feature at higher binding
energies, ie., above 2.5 eV. The near-E; variations could be
attributed to the formation of HISs, in line with previous
reports.'*" The peak at 1.2 eV BE corresponds to the highest
occupied molecular orbital (HOMO) of FePc, while the
broader structure at higher binding energies is associated with
deeper-lying occupied molecular states.’"**

The molecular-induced changes are further evident in the
band maps measured along the X—I'—X direction of the
substrate’s first Brillouin zone, shown in Figure 1b. For the
pristine Fe(001)-p(1 X 1)O system, the spectral intensity is
dominated by sharp, dispersive bands originating from Fe 3d—
O 2p hybrid states, which dominate the region near the Fermi
level. Upon deposition of the FePc overlayer, these substrate-
related features become significantly attenuated across the
entire k,, range, reflecting the damping of substrate photo-
emission due to screening by the molecular layer. Con-
currently, new spectral features emerge that are absent in the
pristine system. These appear predominantly at higher k,,
values, particularly beyond 1.2 A™', and are nondispersive in
nature, consistent with emissions from localized molecular
orbitals.”?¥**

https://doi.org/10.1021/acs.nanolett.5c04710
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Figure 2. Two-dimensional momentum maps acquired at 150 meV binding energy using p-polarized light in the photon energy range from 25 to
40 eV. The top row shows the maps of the bare Fe(001)-p(1 X 1)O interface, while the bottom row displays the FePc/Fe(001)-p(1 X 1)O
interface. In the first map of each row, the contours of the first surface Brillouin zone, along with the main SBZ points, are indicated. For the FePc/
Fe(001)-p(1 X 1)O interface, the reduced SBZ is outlined with white lines.

To probe the origin of these features in more detail, we
acquired momentum-resolved photoemission maps for both
the pristine Fe(001)-p(1 X 1)O substrate and the FePc/
Fe(001)-p(1 X 1)O interface, focusing on energy windows
near Ep and 1.2 eV BE. These molecular signatures provide
access to the orbital structure of the adsorbed FePc and can be
interpreted using the framework of photoemission tomography
(PT).>**>*® In this approach, the measured momentum
distribution of the photoelectrons is compared with
simulations based on the Fourier transform of density
functional theory (DFT)-calculated molecular orbitals
(MO),”” enabling assignment of features to specific MOs
and determination of the molecular on-surface azimuthal
orientation.

The momentum map recorded at 1.2 eV BE for the FePc/
Fe(001)-p(1 X 1)O interface reveals a clear molecular
fingerprint (Figure 1c), while also retaining faint traces of
the substrate signal. A direct comparison with the calculated
Fourier transform of the FePc HOMO, accounting for
rotational domains due to the 4-fold symmetry of the
Fe(001) substrate, shows excellent agreement with the
experimental data. This comparison allows an unambiguous
identification of the spectral features as originating from the
HOMO, which possesses a;, symmetry. Furthermore, the
molecular layer is found to be highly ordered, with molecules
exhibiting an azimuthal angle of 29 + 3° mirrored with respect
to the main crystallographic directions of the substrate.

The highly ordered arrangement of FePc on Fe(001)-p(1 X
1)O is also confirmed by the structural data. Low-energy
electron diffraction (LEED) patterns (Figure le) reveal the
formation of a commensurate (5 X S) superstructure, with the
molecular supercell aligned along the [100] and [010]
directions of the substrate (see Figure le for a schematic
representation of the molecular adsorption).

While the feature observed at 1.2 eV binding energy can be
directly attributed to the HOMO of FePc, the spectral
intensity detected close to the Fermi level arises from a
different mechanism. Rather than originating from a molecular
state, this feature is a manifestation of the ordered molecular
lattice formed by the FePc overlayer on the Fe(001)-p(1 X 1)
O substrate. Specifically, it results from a surface Umklapp
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scattering process, in which photoelectrons emitted from the
substrate bands are elastically scattered by the periodic
potential imposed by the adsorbed molecular superstruc-
ture.'®~*" This coherent scattering leads to the appearance of
replicated substrate band features in momentum space, shifted
by reciprocal lattice vectors of the molecular overlayer. The
presence of a well-defined (5 X §) molecular lattice, confirmed
by LEED, provides the structural periodicity necessary for such
diffraction to occur. Unlike the localized molecular orbitals,
these Umklapp replicas reflect the long-range structural order
of the interface rather than the intrinsic electronic states of the
molecule.

Figure 2 presents photon energy-dependent two-dimen-
sional momentum maps acquired at 150 meV binding energy
for both the bare Fe(001)-p(1 X 1)O substrate (top row) and
the FePc/Fe(001)-p(1 X 1)O interface (bottom row), using p-
polarized light in the 25—40 eV range. Across all photon
energies, the characteristic features of the pristine substrate,
originating from the Fe 3d—O 2p states,”” are clearly resolved
and outline the first surface Brillouin zone (SBZ). Upon FePc
deposition, additional features emerge due to Umklapp
scattering, forming a superlattice in reciprocal space that
reflects the (S X S) periodicity of the molecular overlayer.
Notably, Umklapp periodicity is consistently observed across
the entire photon energy range and leads to the appearance of
substrate band replicas that follow the reduced surface
Brillouin zone defined by the superstructure. These Umklapp
features are more prominently visible at lower photon energies,
in agreement with previous reports of Umklapp scattering
induced by periodic molecular lattices."”™>" In the present
case, they appear most distinctly at 30 eV using p-polarized
light (see Figure S1 in Supporting Information for comparison
between the momentum maps acquired at 30 eV photon
energy using p- and s-polarized light).

The role of the central metal ion in the diffraction process
was further examined through spin-integrated measurements of
metal-free H,Pc adsorbed onto the same Fe(001)-p(1 X 1)O
substrate (Figure S2, Supporting Information). The corre-
sponding LEED pattern confirms the formation of a
comparable (5 X 5) superstructure, albeit with slightly less
defined diffraction spots. Nevertheless, momentum maps

https://doi.org/10.1021/acs.nanolett.5c04710
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measured near Eg reveal an almost identical Umklapp pattern,
strongly supporting the conclusion that the observed replicas
arise from elastic scattering of substrate photoelectrons by the
periodic molecular lattice rather than from hybridization effects
associated with the Fe center.

A detailed assessment of the spin character of these features
and their behavior at the interface was conducted by using
spin-resolved momentum microscopy. This technique provides
simultaneous access to the spin and momentum distributions
of photoemitted electrons across the whole surface Brillouin
zone, offering direct insight into the spin-resolved contribu-
tions from both the substrate and the molecular layer.

We first characterize the spin-resolved momentum distribu-
tion of the pristine Fe(001)-p(1 X 1)O substrate near the
Fermi level (Figure 3). As expected, this surface exhibits well-
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Figure 3. Spin-resolved two-dimensional momentum maps acquired
at 150 meV binding energy for the bare Fe(001)-p(1 X 1)O, the
FePc/Fe(001)-p(1 X 1)O, and the H,Pc/Fe(001)-p(1 X 1)O
interfaces, respectively. Samples were magnetized in situ along (top
row) and opposite (bottom row) to the beam propagation direction
and measured in remanence.

defined spin-polarized bands, where electronic states are
predominantly either spin-up (majority) or spin-down
(minority), aligned with the magnetization direction of the
substrate.”” For all spin-resolved measurements, the samples
were magnetized in situ, and the data were acquired under
remanent magnetization. The spin-resolved momentum map
of the substrate reveals that states near the center of the surface
Brillouin zone, as well as those forming square-like features
with corners at the X point, carry predominantly minority spin
character (blue), while features near the M-point, associated
with O 2p-Fe 3d hybrid bands, show strong majority spin
polarization (red), in agreement with previous works.

We then investigated the spin character of the scattering-
induced features at the FePc/Fe(001)-p(1 X 1)O interface.
The spin-resolved momentum map at 150 meV BE confirms
that the primary spin-polarized substrate bands remain clearly
discernible through the molecular layer. More importantly,
their replicas, arising from the surface Umklapp process, retain
the original spin polarization of the substrate bands. This
behavior is further validated by reversing the magnetization
direction (M1 and M| along the y-axis), which results in a full
reversal of the spin polarization signal, as expected for a
ferromagnetic substrate with a low coercive field.

Consistent with the idea that the spin polarization in the
Umklapp process originates from the substrate bands, the same
behavior is also observed for the metal-free H,Pc overlayer on
Fe(001)-p(1 X 1)O. The spin-resolved momentum map
acquired at 150 meV binding energy reveals that the substrate’s
spin-polarized bands remain visible beneath the molecular
layer, and their scattering-induced replicas likewise retain the
spin polarization of the underlying states. While the overall
spin-resolved band structure closely mirrors that of the FePc
interface, the Umklapp features appear to be broader in
momentum space. This reduced clarity correlates with the
slightly more diffuse LEED pattern observed for H,Pc in
Figure S2 of the Supporting Information, suggesting a lower
degree of long-range structural order in the molecular lattice
compared to FePc.

At the same time, the molecular overlayer induces an overall
suppression of the substrate spectral features, reflecting both
the attenuation of photoelectrons due to the presence of the
molecular film and the partial quenching of substrate-related
intensity at the interface. This effect is clearly illustrated in
Figure 4, which presents spin-resolved band maps measured
along the X—I'—M direction of the surface Brillouin zone for
the different interfaces investigated. For both FePc and H,Pc
overlayers, the intensity of the pristine Fe(001)-p(1 X 1)O
bands is significantly reduced compared with the bare
substrate, while the associated Umklapp replicas remain visible
and retain the original spin polarization.

To gain a more quantitative understanding of how molecular
adsorption affects spin polarization at the spinterface, we
analyzed spin-resolved energy distribution curves extracted
from different regions of momentum space, as shown in the
right panel of Figure 4. These spectra were acquired for both
FePc/Fe(001)-p(1 X 1)O and H,Pc/Fe(001)-p(1 X 1)O
interfaces and integrated over three distinct momentum
intervals: the full momentum range (—1.8 to +1.8 A™"), a
narrower window centered around normal emission (I': — 0.7
to +0.7 A™"), and a region localized around the MO features.
The corresponding spin polarization curves are displayed in
the upper part of each panel, enabling a direct comparison of
spin-resolved behavior across different areas of reciprocal
space.

The full-range integration reflects a broad angular accept-
ance, while the I-centered integration isolates contributions
close to normal emission, where the Umklapp features are
most pronounced. This distinction is especially relevant for
spin-resolved measurements using angle-integrating techni-
ques, where the analyzer’s limited acceptance angle primarily
samples the region around the I' point, making the
measurement particularly sensitive to Umbklapp-induced
features. In contrast, the MO region targets momentum
space dominated by molecular states, allowing us to specifically
assess their contribution to spin polarization.

From this analysis, several significant trends emerge. Over
the full angular range, molecular adsorption leads to a clear
suppression of overall spin polarization for both FePc and
H,Pc. The observed suppression of spin polarization upon
FePc and H,Pc adsorption is consistent with a spin-
independent depolarization mechanism, as proposed by
Greber et al. for ordered, nonmagnetic overlayers.”” The
periodic potential introduced by the molecular lattice facilitates
surface Umklapp scattering of substrate-derived electrons,
leading to a momentum-space redistribution of the spectral
weight and altered photoemission matrix elements. Crucially,

https://doi.org/10.1021/acs.nanolett.5c04710
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Figure 4. Spin-resolved band maps measured along the X—I'—M direction of the substrate’s first Brillouin zone for the bare Fe(001)-p(1 X 1)O,
the FePc/Fe(001)-p(1 X 1)O, and the H,Pc/Fe(001)-p(1 X 1)O interfaces (left column). Corresponding majority- and minority-spin-resolved
spectra measured for the three interfaces are shown in the right column. Different momentum integration intervals, corresponding to different
acceptance angles, are plotted (full range: [—1.8, +1.8] A™!, I" range: [—0.7, +0.7] A™" (yellow box), and MO range around the molecular features
(cyan box)). Reference boxes are indicated in the top-left panel. Spin polarization curves are displayed in the top part of each panel. Measurements
are performed under remanent magnetization after applying a saturating field (M1).

although the scattering itself is spin-independent, the available
phase space for electron—hole excitations differs for spin-up
and spin-down electrons due to the spin-polarized band
structure of the substrate. This imbalance results in an effective
depolarization of the emitted photoelectrons, even in the
absence of direct hybridization between molecular and
substrate states, underscoring the nontrivial impact of
molecular ordering on spin-resolved electronic structure at
organic/ferromagnetic interfaces.

Overlayer-induced changes appear even more evident when
focusing on the I'-centered region, where the Umklapp replicas
are most intense. The spin polarization near the Fermi level, as
associated with the substrate bands scattered by the molecular
lattice, is suppressed due to overlap with Umklapp scattered
bands of the opposite spin. Conversely, the feature at around
1.2 eV binding energy, attributed to the HOMO of FePc,
exhibits a reversal of the spin polarization near the ' point.
This can be attributed to the spectral overlap with spin-
polarized substrate bands that are backscattered into this
region.

When examining spin-resolved spectra integrated around the
MO region, the polarization curves closely resemble those
obtained from the full angular range, even with a reduced
intensity. This similarity suggests that the changes observed
near normal emission are not primarily due to the intrinsic spin
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character of the molecular states but rather stem from
Umklapp scattering processes that also redistribute substrate-
derived photoelectrons at binding energies at which the
molecular states are present.

Moreover, we highlight that the presence of Umklapp
scattering can be clearly observed in the spin-resolved band
maps (Figure 4, left) as nondispersing bands over the entire
first Brillouin zone. This is consistent with the backfolding of
the most intense features of minority spin (at a binding energy
of 0.6 eV) and majority (at a binding energy of 1.3 eV) spin
bands of the substrate due to the presence of the ordered
organic overlayer.

Overall, this analysis underscores the importance of
disentangling molecular electronic contributions from diffrac-
tion-induced effects when interpreting spin polarization at
complex organic—ferromagnetic interfaces and suggests that
structural ordering at the interface can strongly modulate, and
even obscure, the true spin character of buried states.

In conclusion, this study demonstrates the critical role of
structural order in governing the spin-resolved electronic
properties of spinterfaces. Using spin- and momentum-
resolved photoemission spectroscopy combined with photo-
emission tomography, we systematically investigated FePc and
H,Pc monolayers adsorbed on the Fe(001)-p(1 X 1)O
substrate. Our results show that while the HOMO of FePc
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gives rise to distinct molecular emission, the spectral intensity
observed near the Fermi level originates from surface Umklapp
scattering, an elastic diffraction mechanism enabled by the
long-range order of the molecular overlayer. Crucially, these
diffraction-induced replicas inherit the spin polarization of the
underlying ferromagnetic substrate, regardless of the magnetic
nature of the molecular species. A detailed momentum-
resolved spin analysis further confirms that spin polarization
near normal emission is predominantly governed by scattering
rather than direct contributions from spin-polarized molecular
orbitals. Overall, these findings highlight the intricate interplay
between molecular ordering, spin polarization, and electron
diffraction at organic/ferromagnetic interfaces, establishing
structurally defined spinterfaces as a powerful model platform
for disentangling spin interactions at hybrid interfaces with
direct implications for the design and characterization of spin-
functional materials and devices.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c04710.

Sample preparation and methods; additional polar-
ization-dependent momentum maps; LEED and
ARPES of the H,Pc/Fe(001)-p(1 X 1)O interface;
spin-resolved band maps measured along X—'—X and
M~-T'—M for the bare Fe(001)-p(1 X 1)O, the FePc/
Fe(001)-p(1 X 1)O, and the H,Pc/Fe(001)-p(1 X 1)O
interfaces; spin-resolved spectra measured with reversed
magnetization (PDF)

B AUTHOR INFORMATION

Corresponding Author
Iulia Cojocariu — Physics Department, University of Trieste,
34127 Trieste, Italy; Elettra Sincrotrone Trieste S.C.p.A,
34149 Basovizza Trieste, Italy; Peter Griinberg Institute
(PGI-6), Forschungszentrum Jiilich GmbH, 52428 Jiilich,
Germany; © orcid.org/0000-0002-6408-3541;
Email: iulia.cojocariu@elettra.eu

Authors

Daniel Baranowski — Peter Griinberg Institute (PGI-6),
Forschungszentrum Julich GmbH, 52425 Jilich, Germany;
Present Address: Physical and Computational Sciences
Directorate and Institute for Integrated Catalysis, Pacific
Northwest National Laboratory, Richland, Washington
99354, USA; © orcid.org/0000-0002-2533-3093

Vitaliy Feyer — Peter Griinberg Institute (PGI-6),
Forschungszentrum Julich GmbH, 52425 Jilich, Germany;
Faculty of Physics and Center for Nanointegration Duisburg-
Essen (CENIDE), University of Duisburg-Essen, 47048
Duisburg, Germany; © orcid.org/0000-0002-7104-5420

Matteo Jugovac — Physics Department, University of Trieste,
34127 Trieste, Italy; Elettra Sincrotrone Trieste S.C.p.A,
34149 Basovizza Trieste, Italy; ©® orcid.org/0000-0001-
9525-3980

Claus Michael Schneider — Peter Griinberg Institute (PGI-6),
Forschungszentrum Jiilich GmbH, 52425 Jiilich, Germany;
Faculty of Physics and Center for Nanointegration Duisburg-
Essen (CENIDE), University of Duisburg-Essen, 47048
Duisburg, Germany; Department of Physics and Astronomy,

UC Davis, Davis, California 95616, United States;
orcid.org/0000-0002-3920-6255

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.5c04710

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Bogani, L.; Wernsdorfer, W. Molecular Spintronics Using Single-
Molecule Magnets. Nat. Mater. 2008, 7 (3), 179—186.

(2) Sanvito, S. The Rise of Spinterface Science. Nature Phys. 2010, 6
(8), 562—564.

(3) Mannini, M,; Pineider, F.; Sainctavit, P.; Danieli, C.; Otero, E.;
Sciancalepore, C.; Talarico, A. M.; Arrio, M.-A.; Cornia, A.; Gatteschi,
D.; Sessoli, R. Magnetic Memory of a Single-Molecule Quantum
Magnet Wired to a Gold Surface. Nat. Mater. 2009, 8 (3), 194—197.

(4) Scheybal, A.; Ramsvik, T.; Bertschinger, R.; Putero, M.; Nolting,
F.; Jung, T. A. Induced Magnetic Ordering in a Molecular Monolayer.
Chem. Phys. Lett. 2005, 411 (1-3), 214—220.

(5) Wende, H.; Bernien, M.; Luo, J,; Sorg, C.; Ponpandian, N;
Kurde, J.; Miguel, J.; Piantek, M.; Xu, X; Eckhold, Ph.; Kuch, W,;
Baberschke, K.; Panchmatia, P. M.; Sanyal, B.; Oppeneer, P. M,;
Eriksson, O. Substrate-Induced Magnetic Ordering and Switching of
Iron Porphyrin Molecules. Nat. Mater. 2007, 6 (7), $16—520.

(6) Klar, D.; Brena, B.; Herper, H. C.; Bhandary, S.; Weis, C;
Krumme, B.; Schmitz-Antoniak, C.; Sanyal, B.; Eriksson, O.; Wende,
H. Oxygen-Tuned Magnetic Coupling of Fe-Phthalocyanine Mole-
cules to Ferromagnetic Co Films. Phys. Rev. B 2013, 88 (22),
No. 224424.

(7) Bernien, M,; Miguel, J; Weis, C; Al Md. E; Kurde, J;
Krumme, B.; Panchmatia, P. M.; Sanyal, B.; Piantek, M.; Srivastava,
P.; Baberschke, K.; Oppeneer, P. M; Eriksson, O.; Kuch, W.; Wende,
H. Tailoring the Nature of Magnetic Coupling of Fe-Porphyrin
Molecules to Ferromagnetic Substrates. Phys. Rev. Lett. 2009, 102 (4),
No. 047202.

(8) Chylarecka, D.; Wickerlin, C.; Kim, T. K.; Miiller, K.; Nolting,
F.; Kleibert, A,; Ballav, N.,; Jung, T. A. Self-Assembly and
Superexchange Coupling of Magnetic Molecules on Oxygen-
Reconstructed Ferromagnetic Thin Film. J. Phys. Chem. Lett. 2010,
1(9), 1408—1413.

(9) Gruber, M.; Ibrahim, F.; Boukari, S.; Isshiki, H.; Joly, L.; Peter,
M,; Studniarek, M.; Da Costa, V.; Jabbar, H.; Davesne, V;
Halisdemir, U.,; Chen, J.; Arabski, J; Otero, E.; Choueikani, F.;
Chen, K.; Ohresser, P.; Wulfhekel, W.; Scheurer, F.; Weber, W.;
Alouani, M.; Beaurepaire, E.; Bowen, M. Exchange Bias and Room-
Temperature Magnetic Order in Molecular Layers. Nat. Mater. 2015,
14 (10), 981-984.

(10) Raman, K. V.; Kamerbeek, A. M.; Mukherjee, A.; Atodiresei,
N,; Sen, T. K,; Lazic, P.; Caciuc, V.; Michel, R.; Stalke, D.; Mandal, S.
K.; Bliigel, S.; Miinzenberg, M.; Moodera, J. S. Interface-Engineered
Templates for Molecular Spin Memory Devices. Nature 2013, 493
(7433), 509—513.

(11) Callsen, M.; Caciuc, V.; Kiselev, N.; Atodiresei, N.; Bliigel, S.
Magnetic Hardening Induced by Nonmagnetic Organic Molecules.
Phys. Rev. Lett. 2013, 111 (10), No. 10680S.

(12) Lach, S; Altenhof, A.; Tarafder, K.; Schmitt, F.; Ali, Md. E.;
Vogel, M.; Sauther, J.; Oppeneer, P. M.; Ziegler, C. Metal-Organic
Hybrid Interface States of A Ferromagnet/Organic Semiconductor
Hybrid Junction as Basis For Engineering Spin Injection in Organic
Spintronics. Adv. Funct Materials 2012, 22 (5), 989—997.

(13) Methfessel, T.; Steil, S.; Baadji, N.; Grofimann, N.; Koffler, K;
Sanvito, S.; Aeschlimann, M.; Cinchetti, M.; Elmers, H. J. Spin

https://doi.org/10.1021/acs.nanolett.5c04710
Nano Lett. 2025, 25, 17138-17144

920z Jequieidag 60 U0 Jasn HOIMINM WNYLNIZONNHOSHOL Ad Jpd 0L Ly09G1U/991 2222 h/8€E L LLI6YIST/Pd-al01e/paleu/Bi0"soe sqnd woyy papeojumog


https://pubs.acs.org/doi/10.1021/acs.nanolett.5c04710?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c04710/suppl_file/nl5c04710_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iulia+Cojocariu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6408-3541
mailto:iulia.cojocariu@elettra.eu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Baranowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2533-3093
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vitaliy+Feyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7104-5420
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matteo+Jugovac"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9525-3980
https://orcid.org/0000-0001-9525-3980
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claus+Michael+Schneider"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3920-6255
https://orcid.org/0000-0002-3920-6255
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c04710?ref=pdf
https://doi.org/10.1038/nmat2133
https://doi.org/10.1038/nmat2133
https://doi.org/10.1038/nphys1714
https://doi.org/10.1038/nmat2374
https://doi.org/10.1038/nmat2374
https://doi.org/10.1016/j.cplett.2005.06.017
https://doi.org/10.1038/nmat1932
https://doi.org/10.1038/nmat1932
https://doi.org/10.1103/PhysRevB.88.224424
https://doi.org/10.1103/PhysRevB.88.224424
https://doi.org/10.1103/PhysRevLett.102.047202
https://doi.org/10.1103/PhysRevLett.102.047202
https://doi.org/10.1021/jz100253c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz100253c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz100253c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat4361
https://doi.org/10.1038/nmat4361
https://doi.org/10.1038/nature11719
https://doi.org/10.1038/nature11719
https://doi.org/10.1103/PhysRevLett.111.106805
https://doi.org/10.1002/adfm.201102297
https://doi.org/10.1002/adfm.201102297
https://doi.org/10.1002/adfm.201102297
https://doi.org/10.1002/adfm.201102297
https://doi.org/10.1103/PhysRevB.84.224403
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c04710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

Scattering and Spin-Polarized Hybrid Interface States at a Metal-
Organic Interface. Phys. Rev. B 2011, 84 (22), No. 224403.

(14) Djeghloul, F.; Ibrahim, F.; Cantoni, M.; Bowen, M,; Joly, L;
Boukari, S.; Ohresser, P.; Bertran, F.; Le Fevre, P.; Thakur, P.;
Scheurer, F.; Miyamachi, T.; Mattana, R.; Seneor, P.; Jaafar, A,
Rinaldi, C.; Javaid, S.; Arabski, J.; Kappler, J.-P.; Wulthekel, W.;
Brookes, N. B.; Bertacco, R.; Taleb-Ibrahimi, A.; Alouani, M,;
Beaurepaire, E.; Weber, W. Direct Observation of a Highly Spin-
Polarized Organic Spinterface at Room Temperature. Sci. Rep 2013, 3
(1), No. 1272.

(15) Gruber, M.; Ibrahim, F.; Boukari, S.; Joly, L.; Da Costa, V.;
Studniarek, M.; Peter, M.; Isshiki, H.; Jabbar, H.; Davesne, V,;
Arabski, J; Otero, E; Choueikani, F.; Chen, K; Ohresser, P.;
Waulthekel, W.; Scheurer, F.; Beaurepaire, E.; Alouani, M.; Weber, W.;
Bowen, M. Spin-Dependent Hybridization between Molecule and
Metal at Room Temperature through Interlayer Exchange Coupling.
Nano Lett. 2015, 15 (12), 7921-7926.

(16) Urbain, E.; Ibrahim, F.; Studniarek, M.; Nyakam, F. N.; Joly, L.;
Arabski, J.; Scheurer, F.; Bertran, F.; Le Fevre, P.; Garreau, G.; Denys,
E.; Wetzel, P.; Alouani, M.; Beaurepaire, E.; Boukari, S.; Bowen, M.;
Weber, W. Cu Metal/Mn Phthalocyanine Organic Spinterfaces atop
Co with High Spin Polarization at Room Temperature. Adv. Funct
Materials 2018, 28 (29), No. 1707123.

(17) Liu, B.; Xie, H,; Niu, D.; Wang, S.; Zhao, Y,; Liu, Y.; Lyu, L,;
Gao, Y. Effect of Interfacial Interaction on Spin Polarization at
Organic-Cobalt Interface. Org. Electron. 2020, 78, No. 105567.

(18) Rader, O.; Shikin, A. M. An Elastic “Sieve” to Probe
Momentum Space: Gd Chains on W(110). Phys. Rev. Lett. 2004,
93 (25), No. 256802.

(19) Giovanelli, L.; Amsalem, P.; Angot, T.; Petaccia, L.; Gorovikov,
S.; Porte, L; Goldoni, A,; Themlin, J.-M. Valence Band Photo-
emission from the Zn-Phthalocyanine/Ag(110) Interface: Charge
Transfer and Scattering of Substrate Photoelectrons. Phys. Rev. B
2010, 82 (12), No. 125431.

(20) Bocquet, F. C.; Giovanelli L.; Amsalem, P.; Petaccia, L;
Topwal, D.; Gorovikov, S.; Abel, M.; Koch, N.; Porte, L.; Goldoni, A,;
Themlin, J.-M. Final-State Diffraction Effects in Angle-Resolved
Photoemission at an Organic-Metal Interface. Phys. Rev. B 2011, 84
(24), No. 241407.

(21) Giovanelli, L.; Bocquet, F. C.; Amsalem, P.; Lee, H.-L.; Abel,
M,; Clair, S,; Koudia, M.; Faury, T.; Petaccia, L; Topwal, D,;
Salomon, E.; Angot, T.; Cafolla, A. A.; Koch, N.; Porte, L.; Goldoni,
A.; Themlin, J-M. Interpretation of Valence Band Photoemission
Spectra at Organic-Metal Interfaces. Phys. Rev. B 2013, 87 (3),
No. 035413.

(22) Greber, T.; Auwirter, W.; Osterwalder, J. Influence of an
Atomic Grating on a Magnetic Fermi Surface. In Physics of Low
Dimensional Systems; Moran-Lopez, J. L., Ed.; Springer US: Boston,
MA, 2001; pp 411—417. DOI: 10.1007/0-306-47111-6_39.

(23) Cojocariu, I; Windischbacher, A.; Baranowski, D.; Jugovac, M.;
Ferreira, R. C. D. C.; Dolezal, J.; §vec, M.; Zamalloa-Serrano, J. M.;
Tormen, M.; Schio, L.; Floreano, L.; Dreiser, J.; Puschnig, P.; Feyer,
V.; Schneider, C. M. Surface-Mediated Spin Locking and Thermal
Unlocking in a 2D Molecular Array. Advanced Science 2023, 10 (22),
No. 2300223.

(24) Sturmeit, H. M.; Cojocariu, I; Windischbacher, A.; Puschnig,
P.; Piamonteze, C.; Jugovac, M,; Sala, A.; Africh, C; Comelli, G;
Cossaro, A.; Verdini, A.; Floreano, L.; Stredansky, M.; Vesselli, E.;
Hohner, C.; Kettner, M.; Libuda, J.; Schneider, C. M.; Zamborlini, G.;
Cinchetti, M.; Feyer, V. Room-Temperature On-Spin-Switching and
Tuning in a Porphyrin-Based Multifunctional Interface. Small 2021,
17 (50), No. 2104779.

(25) Cojocariu, L; Sturmeit, H. M.; Zamborlini, G.; Cossaro, A.;
Verdini, A.; Floreano, L.; D’Incecco, E.; Stredansky, M.; Vesselli, E.;
Jugovac, M,; Cinchetti, M.; Feyer, V.; Schneider, C. M. Evaluation of
Molecular Orbital Symmetry via Oxygen-Induced Charge Transfer
Quenching at a Metal-Organic Interface. Appl. Surf. Sci. 2020, S04,
No. 144343.

17144

(26) Janas, D. M.; Windischbacher, A.; Arndt, M. S.; Gutnikov, M.;
Sternemann, L.; Gutnikov, D.; Willershausen, T.; Nitschke, J. E;
Schiller, K.; Baranowski, D.; Feyer, V.; Cojocariu, L; Dave, K;
Puschnig, P.; Stupar, M.; Ponzoni, S.; Cinchetti, M.; Zamborlini, G.
Metalloporphyrins on Oxygen-Passivated Iron: Conformation and
Order beyond the First Layer. Inorg. Chim. Acta 2023, 557,
No. 121708S.

(27) Albani, G; Calloni, A.; Picone, A.; Brambilla, A,; Capra, M,;
Lodesani, A.; Duo, L.; Finazzi, M,; Ciccacci, F.; Bussetti, G. An In-
Depth Assessment of the Electronic and Magnetic Properties of a
Highly Ordered Hybrid Interface: The Case of Nickel Tetra-Phenyl-
Porphyrins on Fe(001)—p(1 X 1)O. Micromachines 2021, 12 (2),
No. 191.

(28) Clarke, A.; Brookes, N. B.; Johnson, P. D.; Weinert, M.;
Sinkovi¢, B.; Smith, N. V. Spin-Polarized Photoemission Studies of
the Adsorption of O and S on Fe(001). Phys. Rev. B 1990, 41 (14),
9659—9667.

(29) Janas, D. M.; Droghetti, A.; Ponzoni, S.; Cojocariu, L; Jugovac,
M,; Feyer, V.; Radonji¢, M. M.; Rungger, L; Chioncel, L.; Zamborlini,
G.; Cinchetti, M. Enhancing Electron Correlation at a 3d
Ferromagnetic Surface. Adv. Mater. 2023, 35 (3), No. 2205698.

(30) Djeghloul, F.; Gruber, M.; Urbain, E.; Xenioti, D.; Joly, L.;
Boukari, S.; Arabski, J.; Bulou, H.; Scheurer, F.; Bertran, F.; Le Fevre,
P.; Taleb-Ibrahimi, A.; Wulfhekel, W.; Garreau, G.; Hajjar-Garreau,
S.; Wetzel, P.; Alouani, M.; Beaurepaire, E.; Bowen, M.; Weber, W.
High Spin Polarization at Ferromagnetic Metal-Organic Interfaces: A
Generic Property. J. Phys. Chem. Lett. 2016, 7 (13), 2310—2315.

(31) Cojocariu, L; Carlotto, S.; Sturmeit, H. M.; Zamborlini, G.;
Cinchetti, M.; Cossaro, A,; Verdini, A.; Floreano, L.; Jugovac, M,;
Puschnig, P.; Piamonteze, C.; Casarin, M.; Feyer, V.; Schneider, C. M.
Ferrous to Ferric Transition in Fe-Phthalocyanine Driven by NO2
Exposure. Chem.—Eur. J. 2021, 27 (10), 3526—3535.

(32) Cojocariu, L; Jugovac, M.; Sarwar, S.; Rawson, J.; Sanz, S,;
Kogerler, P.; Feyer, V.; Schneider, C. M. Semiconductor Halogen-
ation in Molecular Highly-Oriented Layered p—n (n—p) Junctions.
Adv. Funct Materials 2022, 32 (51), No. 2208507.

(33) Cojocariu, I; Feyersinger, F.; Puschnig, P.; Schio, L.; Floreano,
L.; Feyer, V.; Schneider, C. M. Insight into Intramolecular Chemical
Structure Modifications by On-Surface Reaction Using Photoemission
Tomography. Chem. Commun. 2021, 57 (24), 3050—3053.

(34) Baranowski, D.; Thaler, M.; Brandstetter, D.; Windischbacher,
A,; Cojocariu, I; Mearini, S.; Chesnyak, V.; Schio, L.; Floreano, L.;
Gutiérrez Bolanos, C.; Puschnig, P.; Patera, L. L.; Feyer, V,;
Schneider, C. M. Emergence of Band Structure in a Two-Dimensional
Metal-Organic Framework upon Hierarchical Self-Assembly. ACS
Nano 2024, 18, 19618.

(35) Puschnig, P.; Reinisch, E.-M.; Ules, T.; Koller, G.; Soubatch, S.;
Ostler, M.; Romaner, L.; Tautz, F. S.; Ambrosch-Draxl, C.; Ramsey,
M. G. Orbital Tomography: Deconvoluting Photoemission Spectra of
Organic Molecules. Phys. Rev. B 2011, 84 (23), No. 235427.

(36) Kliuiev, P.; Zamborlini, G.; Jugovac, M.; Gurdal, Y.; Arx, K. V,;
Waltar, K; Schnidrig, S.; Alberto, R; Iannuzzi, M.; Feyer, V,;
Hengsberger, M.; Osterwalder, J.; Castiglioni, L. Combined Orbital
Tomography Study of Multi-Configurational Molecular Adsorbate
Systems. Nat. Commun. 2019, 10 (1), 5255.

(37) Brandstetter, D.; Yang, X;; Liiftner, D.; Tautz, F. S.; Puschnig,
P. kMap.Py: A Python Program for Simulation and Data Analysis in
Photoemission Tomography. Comput. Phys. Commun. 2021, 263,
No. 107905.

https://doi.org/10.1021/acs.nanolett.5c04710
Nano Lett. 2025, 25, 17138-17144

920z Jequieidag 60 U0 Jasn HOIMINM WNYLNIZONNHOSHOL Ad Jpd 0L Ly09G1U/991 2222 h/8€E L LLI6YIST/Pd-al01e/paleu/Bi0"soe sqnd woyy papeojumog


https://doi.org/10.1103/PhysRevB.84.224403
https://doi.org/10.1103/PhysRevB.84.224403
https://doi.org/10.1038/srep01272
https://doi.org/10.1038/srep01272
https://doi.org/10.1021/acs.nanolett.5b02961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201707123
https://doi.org/10.1002/adfm.201707123
https://doi.org/10.1016/j.orgel.2019.105567
https://doi.org/10.1016/j.orgel.2019.105567
https://doi.org/10.1103/PhysRevLett.93.256802
https://doi.org/10.1103/PhysRevLett.93.256802
https://doi.org/10.1103/PhysRevB.82.125431
https://doi.org/10.1103/PhysRevB.82.125431
https://doi.org/10.1103/PhysRevB.82.125431
https://doi.org/10.1103/PhysRevB.84.241407
https://doi.org/10.1103/PhysRevB.84.241407
https://doi.org/10.1103/PhysRevB.87.035413
https://doi.org/10.1103/PhysRevB.87.035413
https://doi.org/10.1007/0-306-47111-6_39
https://doi.org/10.1007/0-306-47111-6_39
https://doi.org/10.1007/0-306-47111-6_39?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.202300223
https://doi.org/10.1002/advs.202300223
https://doi.org/10.1002/smll.202104779
https://doi.org/10.1002/smll.202104779
https://doi.org/10.1016/j.apsusc.2019.144343
https://doi.org/10.1016/j.apsusc.2019.144343
https://doi.org/10.1016/j.apsusc.2019.144343
https://doi.org/10.1016/j.ica.2023.121705
https://doi.org/10.1016/j.ica.2023.121705
https://doi.org/10.3390/mi12020191
https://doi.org/10.3390/mi12020191
https://doi.org/10.3390/mi12020191
https://doi.org/10.3390/mi12020191
https://doi.org/10.1103/PhysRevB.41.9659
https://doi.org/10.1103/PhysRevB.41.9659
https://doi.org/10.1002/adma.202205698
https://doi.org/10.1002/adma.202205698
https://doi.org/10.1021/acs.jpclett.6b01112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.6b01112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202004932
https://doi.org/10.1002/chem.202004932
https://doi.org/10.1002/adfm.202208507
https://doi.org/10.1002/adfm.202208507
https://doi.org/10.1039/D1CC00311A
https://doi.org/10.1039/D1CC00311A
https://doi.org/10.1039/D1CC00311A
https://doi.org/10.1021/acsnano.4c04191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.4c04191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.84.235427
https://doi.org/10.1103/PhysRevB.84.235427
https://doi.org/10.1038/s41467-019-13254-7
https://doi.org/10.1038/s41467-019-13254-7
https://doi.org/10.1038/s41467-019-13254-7
https://doi.org/10.1016/j.cpc.2021.107905
https://doi.org/10.1016/j.cpc.2021.107905
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c04710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

