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Graphene-Molecule Hybridization at a Ferromagnetic

Interface

lulia Cojocariu,*® "™ Daniele Perilli,"” Vitaliy Feyer,

The introduction of a graphene (Gr) buffer layer between a
ferromagnetic substrate and a metallorganic molecule is known
to mediate the magnetic coupling between them, an effect
attributed to a weak hybridization between graphene and
molecule. In this paper, we present experimental evidence of
this effect through a detailed investigation of the frontier
electronic properties of iron phthalocyanine deposited on
cobalt-supported graphene. Despite being physisorbed, the
molecular adsorption on Gr/Co induces a sizeable charge
transfer from graphene to the molecular macrocycle leading to

1. Introduction

In the prospect of incorporating organic molecules into
spintronic materials for information processing and storage, the
control of magnetic moments, in both magnitude and direction,
is of paramount importance. While molecules offer various
advantages for spintronics, such as the ability to engineer them
precisely through chemical synthesis,!" the potential for large-
scale nanometric reproducibility, and the possibility of function-
alization through peripheral and axial ligand coordination,” a
major challenge for their use in the spintronics field is
stabilizing the magnetic moments of individual molecules
against thermal fluctuations.

Since individual molecules’ magnetic moments are relatively
small, thermal energy usually exceeds typical magnetic energies
even at temperatures far below ambient, leading to the
disappearance of the thermal average of the magnetic moment
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the partial occupation of the LUMO and the appearance of an
energetically localized hybrid state, which can be attributed to
the overlap between the graphene p, state and the molecular
macrocycle. Graphene is not inert either; the adsorption of the
molecule induces doping and alters the Fermi velocity of both
the hybrid minicone state and the Dirac cone. Similar effects are
observed when the molecular periphery is decorated with
fluorine atoms, known for their electron-withdrawing proper-
ties, with minimal changes in the energy alignment.

and, consequently, the loss of any spin-dependent effect.” The
immobilization of appropriate molecules, necessary for any
form of device contacting, presents a second significant
challenge: once immobilized on a solid surface through
adsorption, the molecule-surface interaction dominates the
molecule’s electronic and magnetic properties, and it is not
unusual for the desired functionality to be quenched.

A strategy for addressing the first challenge involves the use
of molecular interactions with magnetically ordered substrates.
Numerous experiments on metal-embedded porphyrins and
phthalocyanines interfaced to ferromagnetic substrates have
revealed a sizeable ferromagnetic response even at room
temperature and without the need for an external magnetic
field.®"¥ Density functional theory (DFT) calculations for these
systems have shown that the observed ferromagnetic coupling
is mediated by a 90° superexchange via the nitrogen atoms of
the macrocycle core. Despite no overlap between the spin
densities of equal sign of the ion in the molecule and the metal
atoms in the substrate, the indirect 90° coupling via the spin
density of the N atoms with the opposite signs is clearly
visualized.

Moreover, phthalocyanine double deckers, where one rare-
earth ion is coordinated by two parallel phthalocyanine (Pc)
units, exhibit magnetic coupling to ferromagnetic Ni films,*'"
Co films,"® or Fe films as substrates,"” with an opposite sign
compared to planar transition-metal molecules. The opposite
sign, antiferromagnetic instead of ferromagnetic, is attributed
to the larger separation of the magnetic ion from the surface,
altering the superexchange coupling path toward 180° com-
pared to planarly coordinated transition metal ions."™

Relatedly, in particular cases, such as FePc on Gr/Co,
magnetic coupling has been observed to change from
ferromagnetic to antiferromagnetic by introducing a graphene
buffer layer between the molecule and the ferromagnet.'®?”
The sp*hybridized carbon atoms in graphene are not expected
to form covalent bonds with adsorbed molecules; instead, they
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are considered to be purely physisorbed on graphene. Although
the relatively large distance between the molecule and the
graphene carbon atoms,?" which is comparable to the inter-
layer distance in molecular films, the graphene mediates the
magnetic coupling between the molecules and the ferromag-
netic film on which the graphene is grown.?*¥

While the mediating role of graphene in the magnetic
properties is well established, studies on electronic properties
are limited and, until now, have been primarily focused on the
ferromagnetic nickel substrate.

Within this framework, our manuscript aims at presenting a
comprehensive study of the valence properties of the FePc/Gr/
Co system through a combined experimental and theoretical
investigation. Despite the weak interaction between the
supported molecule and the hybrid Gr/Co system, considering
the position of the HOMO and LUMO as well as the gap
between them, the molecular states can not be regarded as
electronically decoupled from the support. Our experimental
findings reveal the presence of a hybrid state resulting from the
overlap between the graphene p, states and the organic
component of the macrocycle (Pc). This hybridization was
theoretically derived in previous work?®" focusing on the
magnetism of the system but had never been experimentally
observed, except indirectly through the magnetic coupling
itself. Furthermore, this hybridization induces notable modifica-
tions in the electronic properties of graphene. We observe
doping and Fermi velocity changes in both the Dirac cone and
the graphene-cobalt hybrid state (minicone). Our study also
demonstrates that the persistence of the hybrid state and the
changes in graphene are unaffected by different degrees of
halogenation of the periphery. A comparison of the FePc/Gr/Co
and F,sFePc/Gr/Co systems, despite leading to a slightly differ-
ent energy level alignment due to the varying work function of
the interfaced molecule, reveals consistent results.

In conclusion, selecting the Gr/Co system as the support for
molecule deposition proves to be highly advantageous for
observing the hybrid state. This observation is hindered on Gr/
Ni due to the energy overlap with the 3d nickel states.”” Thus,
our work contributes new insights into the electronic properties
of this intriguing stacking, holding promise for room-temper-
ature spintronics applications.

2. Results and Discussion

The supporting substrate comprises a monolayer of graphene
grown on top of a 10 nm thick Co film deposited on clean
W(110) using a well-established growth procedure,”® detailed
in the Methods section. The resulting graphene layer exhibits a
(1x1) match with the substrate, as confirmed by low-energy
electron diffraction (LEED). The close contact of graphene with
cobalt significantly influences the magnetic and electronic
properties of both materials.

Concerning the magnetic properties, the interaction induces
a small magnetic moment on the carbon atoms, while the
cobalt film undergoes substantial changes. The capping of thin
cobalt films with graphene enhances the Co perpendicular
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magnetic anisotropy (PMA) and leads to the formation of exotic
magnetic domain structures in ultrathin Co films with PMA up
to a thickness of about 2 nm.”? However, in thicker Co
regimes, such as the one in this preparation, the magnetization
of the film lies in the plane. The domains can be easily oriented
along the easy magnetization axis due to the low coercive field
of few tens of mT.””

Additionally, the contact of graphene to cobalt leads to
significant deviations in the electronic structure compared to
the freestanding case, creating a rich platform for functionaliz-
ing its electronic properties.’*>¥ These changes are clearly
visible in the energy versus momentum map of pristine Gr/Co,
acquired at the K point of the first Brillouin zone, which is
dominated by the main Dirac cone and the minicone near the
Fermi level (see Figure 1a and b). The strong interaction
between graphene and the underlying cobalt substrate is
reflected in the shift of the main Dirac cone to higher binding
energies and the formation of the minicone state.

This characteristic state arises from the orbital hybridization
between Co 3d bands and graphene 2p,. Given the Co 3d
bands involved in this hybridization are single spin-polarized,
the newly formed state is also of a single-spin character.* By
fitting the linear part of the main cone, the Dirac point apex is
determined to be at 2.84 eV below the Fermi energy, with a
Fermi velocity of 0.72x10° m/s, in line with previous reports.”
Using an identical fitting procedure, we find the energy position
of the minicone vertex to be 0.03 eV with a Fermi velocity of
1.25%10° m/s.

The deposition of a monolayer of FePc on Gr/Co induces
several changes compared to the pristine interface, as evident
in the energy vs. momentum map acquired at the K point (see
Figure 1c and d). Notably, the graphene Dirac cone is shifted to
lower binding energies, with its Dirac point now at 2.61 eV. This
shift is accompanied by an increase in the Fermi velocity
compared to the pristine case, reaching up to 0.81x10° m/s.
Moreover, the presence of the molecule strongly affects the
hybrid minicone state. By visual comparison of Figure 1a and d,
it can be immediately noted that the minicone undergoes a
shape modification from conical in pristine Gr/Co to parabolic-
like upon adsorption of FePc on top. This is reflected in a shift
in the minicone maximum to 0.07 eV and a strongly reduced
Fermi velocity (0.80x10° m/s). Being the minicone a Co—C
hybrid state, the charge transfer to the molecule affects the
Gr—Co interfacial interaction and, hence, induces a shift in its
energy position and a change of its E vs. k;, dispersion.

The valence changes induced by molecular adsorption are
readily observable also in the angle-integrated photoemission
spectra. In Figure 2a, we compare the valence band spectra
acquired at the K point of the first Brillouin zone for pristine Gr/
Co and upon adsorption of a monolayer FePc.

Particularly noteworthy is a double peak feature centered at
about 1.5 eV and a broad, intense molecular contribution in the
2.3-4.1 eV binding energy region. Additionally, the peak located
at the Fermi level, attributed to the emission of Co 3d and the
minicone state in pristine Gr/Co, undergoes a shift upon the
adsorption of the molecule (refer to Figure 2b). Moreover, an
additional state arises at around 0.85 eV.
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Figure 1. Comparison of the energy vs. momentum maps acquired at the K point (hv=40 eV) before (a and b) and after (c and d) deposition of FePc on Gr/
Co. b) and c) present the full energy region comprising the main Dirac cone and the minicone. a) and d) present the zoom of the region near the Fermi level
where the minicone state is located. The corresponding values of Fermi velocity and the energy position of the maximum of minicone (v¢*, E,,;;) and Dirac
cone (v, Ep) are given in blue and red boxes for pristine Gr/Co and FePc/Gr/Co, respectively.

To gain a deeper understanding of these experimental
results, we performed density functional theory (DFT) calcu-
lations using a model system, comprising a full monolayer of
horizontally aligned FePc molecules positioned atop the Gr/Co
interface (FePc/Gr/Co, see Figure 2c). We explored various
stacking configurations for the molecule, with energy differ-
ences within ~0.2 eV, and identified the most stable one, as
illustrated in Figure 2c. In this configuration, the Fe atom is in a
bridge position with respect to the C atoms of Gr, and the
FePc—Gr distance is approximately 3.4 A, suggesting a weak
interaction. To unveil the electron interplay at the FePc/Gr/Co
interface, we examined the electronic structure through the
analysis of projected density of states (pDOS), as illustrated in
Figure 2d. The DOS projected on the FePc molecule (bottom
panel in Figure 2d) allows for identifying the energy position of
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). The calculated HOMO
matches the experimentally-determined value of 1.30 eV, while
the HOMO-1, which has a strong Fe character, lies at 1.6 eV,
consistent with the experiment. The energy position of the
HOMO would suggest a weak electronic interaction between
FePc and Gr/Co, additionally supported by the HOMO-LUMO
gap, which remains almost unchanged for the adsorbed FePc as
compared to the gas-phase one (1.44 vs. 1.46 eV); however, a
charge transfer process takes place from Gr/Co to the molecule,
as envisaged by the onset of the LUMO (see Figure 2e), which
for the adsorbed FePc is located at the Fermi level. The
calculated amount of charge transfer is computed to be 0.36
electrons for each molecule. It is interesting to highlight how
this charge transfer originates from the coupling between the
molecule’s LUMO and the p, system of Gr, similar to what seen
by Casotto etal®' However, in this case, due to the
pronounced n-type doping of graphene, there is the partial
occupation of the LUMO.
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It remains to unveil the nature of the new state, labelled
with an asterisk, observed in the experimental valence band
spectrum of Figure 2a, which is located between the HOMO
and LUMO. The hybrid nature of this new state becomes more
evident when examining the projected density of states (pDOS)
onto the molecule and graphene, respectively (see Figure 2d
and e). At the energy position where the state indexed by an
asterisk is located, it is possible to observe an overlap between
the molecular macrocycle and the p, state of graphene
(Figure 2e). The molecular nature of this state is also supported
by the angular distribution in the photoemission map, being
located at large k,, in correspondence with the graphene’s K
point, and also compatible with the FePc’'s MOs angular
distribution (see Figure S1 for the energy vs. momentum maps
acquired along the KI'K' direction of the first Brillouin zone
relative to the Gr/Co system).? The hypothesis on its hybrid
character is corroborated by comparison with the FePc/Gr/O/Co
system, where a monolayer of FePc is deposited on top of
oxygen-decoupled Gr/Co.®” The intercalation of atomic oxygen
is known to electronically decouple graphene from the
substrate, lifting the strong interfacial hybridization. This
ultimately leads to the quenching of the hybrid Gr—Co minicone
state® and to the emptying of the Co 3d emission state at the
Fermi energy (see Figure 2f). The valence band spectrum
acquired after FePc deposition shows clear differences com-
pared to the FePc/Gr/Co system. Indeed, oxygen intercalation
clearly leads to the suppression of the charge transfer to the
molecule. This effect is evidenced by the HOMO positioning,
which locates at binding energies compatible with a fully
decoupled.” The crucial role played by the Gr/Co platform in
promoting the charge transfer to the molecule and the
graphene-molecular hybridization is evidenced by the disap-
pearance of the above-discussed hybrid state at equal molec-
ular coverage. In this regard, it is to be emphasized that the
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Figure 2. a) Valence band spectra acquired at the K point for the pristine Gr/Co (grey) and monolayer FePc/Gr/Co (black) interfaces. b) Zoom-in of the spectra
in a) in the region near the Fermi level. ¢) Ball-and-stick model of DFT relaxed structures (side and top view) of FePc/Gr/Co interface. Color coding: grey-Co,
black-graphene, red-iron, orange-carbon, blue-nitrogen, white-hydrogen. d) DFT projected DOS of the interface: graphene layer (top panel), FePc (bottom
panel). H labels the state assigned to the Highest Occupied Molecular Orbital (HOMO) of the isolated molecule. The asterisk (*) indicates a new hybrid state
formed between FePc and Gr. The two spin channels are marked with red (up) and blue (down) arrows. e) Zoom into the density of states projected onto the
molecule in the energy range of —1.5 eV to + 0.5 eV. f) Comparison of the valence band spectra acquired at the K point for monolayer FePc deposited on

pristine and oxygen-intercalated Gr/Co.

very presence of this p, state of graphene in the energy window
under analysis is due to the strong hybridization between Co
3d,? and the out-of-plane component of graphene. As further
confirmation of this, we present in Figure S2 the density of
states calculated for the FePc/Gr system, computed based on
the geometry of the FePc/Gr/Co system after removing the Co
substrate. It is evident that the hybrid state between the HOMO
and LUMO of the molecule is now completely absent. This
underscores the essential role played by the Co substrate in the
formation of this new FePc—Gr hybrid state. These observations
clearly demonstrate the presence of vertical hybridization

Chem. Eur. J. 2024, 30, 202400857 (4 of 7)
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between graphene and cobalt and, consequently, between the
molecular macrocycle and the graphene p, system. The
interlayer electronic hybridization supports the superexchange
magnetic coupling path reported in previous works.?*?

The key role played by the organic component of the
macrocycle (Pc) in the hybridization with Gr is further demon-
strated by modifying the molecular peripheral via substitution
with fluorine. As fluorine is a strongly withdrawing group, it is
known to significantly affect the energy level alignment, by
enhancing the electron-acceptor character of the molecular
macrocycle.” This effect is clearly reflected in the experimental
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work function (WF) changes. While the adsorption of FePc on
Gr/Co was inducing a change in WF from 3.80 eV to 4.15 eV, the
adsorption of F;;FePc leads the WF to be 4.45 eV, in accordance
with the computed trend (Gr/Co-3.35 eV, FePc/Gr/Co-3.81 eV,
F.cFePc/Gr/Co-4.14 eV). Despite these differences, the projected
DOS on Gr does not exhibit a discernible difference when
comparing the fluorinated case (top panel in Figure 3b) with
the non-fluorinated case (top panel in Figure 2d). This is
because fluorination increases the electron transfer to Gr by
only 0.22 e7, resulting in a negligible effect on the DOS of
metallic system like Gr (strongly coupled with Co), as the extra
electron charge is completely delocalized in the supercell. In
line with theory, the experimental valence band spectra for
monolayer F,,FePc on Gr/Co present a similar shape to the non-
fluorinated case (see Figure 3a). The spectrum is characterized
by a broad and intense molecular contribution located in the
4.2-2.4 eV range and a sharp state (labeled with an asterisk in
Figure 3a) around 0.95eV binding energy. Based on the
position of the states in the pDOS by DFT calculations
(Figure 3b), we propose that the experimental feature around
1eV results from the contribution not only of this new
molecular state mixed with Gr p, bands but also of other states
that we assigned to the highest energy molecular orbitals
corresponding to the HOMO and next HOMO of the isolated
FePc. All the molecular features result experimentally shifted by
about 0.1 eV towards higher binding energy, consistently with a
higher computed charge transfer from Gr/Co to F,sFePc induced
by the electron-accepting macrocycle (0.36 e /FePc vs 0.58 e /
F.¢FePc). The intense state at 0.95 eV comprises the Gr-FePc

hybrid state observed in the case of the non-fluorinated
molecule. The persistence of the state regardless of fluorination,
indicates that its presence is not influenced by inter-molecular
interaction or peripheral repulsions but only governed by the
vertical hybridization between the Gr/Co substrate and the
macrocycle. Notably, the observed enhancement in experimen-
tal intensity of the interfacial state may reflect the higher charge
transfer from Gr/Co to F¢;FePc.

3. Conclusions

By employing a combined experimental and theoretical inves-
tigation based on angle-resolved photoemission and density
functional theory calculations, respectively, we reveal that the
introduction of graphene as a buffer layer between a molecular
layer and a ferromagnetic substrate leads only to partial
electronic decoupling of the molecule and the system is still
affected by hybridization. The herein-reported study on FePc/
Gr/Co and F,¢;FePc/Gr/Co showcases the presence of a hybrid
interface state originating from the vertical interaction between
the graphene’s p, state and the molecular macrocycle, regard-
less of the molecular periphery. We demonstrate that its
persistence is a consequence of the strong interaction between
the graphene monolayer and the ferromagnetic substrate, as
lifting the Gr—Co interaction causes it to disappear. The
interaction between the molecular layer and graphene also
impacts the electronic properties of the latter, leading to energy
shifts and Fermi velocity modifications of the graphene bands.
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* 1
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Figure 3. a) Valence band spectra acquired at the K point for the pristine Gr/Co (grey) and for monolayer F,sFePc/Gr/Co (black) interfaces. d) DFT projected
DOS of the interface: graphene layer (top panel), F,sFePc (bottom panel). H labels the state assigned to the Highest Occupied Molecular Orbital (HOMO) of the
isolated molecule. The asterisk (*) indicates a new hybrid state formed between F,;FePc and Gr. e) Zoom-in of the density of states projected onto the

molecule in the energy range of —1.5 eV to +0.5 eV.
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The findings here are particularly important in the field of
spintronics, where Gr/ferromagnet interfaces have been re-
cently introduced as a platform for stabilizing molecular
magnetic ordering at room temperature. Indeed, it proved that
the FePc—Gr/Co electronic hybridization can be experimentally
visualized, and a magnetic superexchange path based on it is
persuasive.

Experimental Section/Methods

Experimental Methods

The substrate for graphene growth is a 10 nm thick cobalt film
deposited on clean W(110). On this surface, cobalt grows in an hcp
crystalline arrangement, exposing the (0001) surface plane. Gra-
phene is synthesized via ethylene (C,H,) chemical vapor deposition
(p=5x10"" mbar), while keeping the sample at 800 K, which leads
to the appearance of several graphene rotational domains. The
conversion to an epitaxial (1x1) arrangement is achieved by
annealing the sample up to 900 K while backfilling the experimen-
tal chamber with ethylene, taking advantage of the carbon
dissolution and recondensation process.”® The molecules were
thermally sublimated at 680 K (FePc) and 700 K (F,;FePc) from a
homemade Knudsen cell type evaporator onto the substrate kept
at room temperature. The calibration of the molecular layer is
performed using low-energy electron diffraction (LEED), by deposit-
ing the molecules on top of an Ag(100) crystal until the character-
istic sharp LEED pattern was observed.”® In all the experiments, the
base pressure of the preparation and analysis chambers was below
2x107"° mbar.

All the experiments were performed at the NanoESCA beamline of
the Elettra synchrotron in Trieste (ltaly), using a photoemission
electron microscope (PEEM) operating in reciprocal space mode (k-
PEEM).®” The sample is illuminated with soft X-rays from the
beamline equipped with two Apple-Il type undulators, allowing for
obtaining over a range from 40 to 1300 eV with variable polar-
izations: linear horizontal, linear vertical, or elliptical. The kinetic
energy of the photoelectrons is selected by applying a bias voltage
to the sample. The photoemitted electrons are collected by an
optical column, energy-filtered in the double-hemispherical config-
uration (IDEA), and finally projected onto a 2D detector. All the
measurements were performed at 90 K using p-polarized (perpen-
dicular to the sample surface) incoming light with photon energy
35 eV, if not stated otherwise.

Theoretical Simulations

Density Functional Theory (DFT) calculations have been carried out
using the plane-wave-based Quantum ESPRESSO package (QE).%*"!
The ultrasoft pseudopotentials have been adopted to describe the
electron-ion interactions with C (2's, 2p), N (25, 2p), H (1s), F (2’5,
2p), Fe (4, 3d) and Co (45, 3d) treated as valence electrons.*”
Energy cutoffs of 46 and 326 Ry (for kinetic energy and charge
density expansion, respectively) have been adopted for all calcu-
lations. During geometry optimization, a convergence criterion of
0.026 eV/A for forces and 107 Ry for total energy was applied. The
Perdew-Burke-Ernzerhof functional (PBE) was employed for electron
exchange-correlation,”” and van der Waals interactions were
considered using the DFT-D3 formalism."*? A U value™ of 4.4 eV
on Fe was applied across all calculations, consistent with prior
literature recommendations.****! To verify our setup, we computed
and analyzed the ground state of an isolated FePc molecule in the
gas-phase. We found a triplet state featuring two unpaired
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electrons in Fe d-orbitals and the HOMO and LUMO orbitals
spatially localized on the organic part (Pc) of the FePc molecule
(Figure S5). These findings match previous theoretical and exper-
imental studies, confirming our setup’s accuracy.2%4449

The Co(0001) surface was modelled by a three-layer slab model
with the two bottom layers fixed to bulk positions during geometry
relaxation to simulate a semi-infinite solid. Converge tests by
varying the number of Co layers and k-points mesh were
conducted on the Gr/Co unit cell to check the computational
parameters chosen for this study. Specifically, our computational
setup (including k-grid, basis set cut off, vacuum spacing)
accurately reproduces the geometric and electronic structure of
this interface, including electron charge transfer from Co to Gr,
magnetic moment on Co atoms, hybridization between Gr and Co
states, and minicone features (see Figure S3 illustrating the
projected band structure for the Gr/Co system testing a different
number of Co layers (3 vs 6) and different k-points mesh (18x18 vs
24x24)). To simulate the Co(0001)-supported epitaxial graphene
interface (Gr/Co) in the top-fcc registry, we utilized a (7x7)
graphene cell on a (7x7) Co(0001) surface. A Monkhorst-Pack” k-
Points mesh of 3x3x1 and 9x9x1 was used for the geometry
relaxation and density of states (DOS) evaluation, respectively. To
prevent interactions between adjacent periodic images, we in-
cluded a vacuum space of 16.5A along the z-direction in the
supercell model, along with a dipole correction. We confirmed the
lack of interaction between replica images along the vacuum by
plotting the electrostatic potential of Gr/Co and FePc/Gr/Co
systems along the z-direction (Figure S4). We observed a flat
potential between repeating images, indicating the absence of any
interaction along the vacuum.
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