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ABSTRACT: Metallo-phthalocyanines molecules, especially iron-
phthalocyanines (Fe-Pc), are often examined due to their rich
chemical, magnetic, and optoelectronic features. Due to these, Fe-
Pc molecules are promising for applications in gas sensors, field-
effect transistors, organic LEDs, and data storage. Motivated by
this potential, this study investigates Fe-Pc molecules adsorbed on
a magnetic monolayer, Crl;. Using quantum-mechanical simu-
lations, the aim of this work was to find pathways to selectively
tune and engineer the magnetic and electronic properties of the
molecules when they form hybrid complexes. The results
quantitatively underline how adsorption alters the magnetic
properties of the Fe-Pc molecules. Interestingly, the analysis points
to changes in the molecular magnetic anisotropy when comparing
the magnetic moment of the isolated molecule to that of the
molecule/monolayer complex formed after adsorption. The presence of iodine vacancies was shown to enhance the magnetic
interactions between the iron of the Fe-Pc molecule and the chromium of the monolayer. Our findings suggest ways to control
oxygen capture—release properties through material choice and defect creation. Insights into the stability and charge density
depletion on the molecule provide critical information for selective tuning of the magnetic properties and engineering of the
functionalities of these molecule/material complexes.
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Bl INTRODUCTION

Synthetic molecules such as phthalocyanines (Pc) have a
structure similar to that of the natural porphyrins. These can
also be found in the active site of many enzymes, such as

ties.'”"” It has also been shown that single molecules can
modify their properties, such as band gap or magnetic
anisotropy, in response to external factors such as temperature,
light, or mechanical strain.'™"” These properties are crucial for

hemoglobin. Enzymes are large molecules found in living
organisms that act as catalysts in biological reactions. They are
highly efficient due to their specificity for certain reactions,
substrates, and regions within a molecule. They can repeat the
same reaction multiple times without being altered. However,
the surrounding environment, such as temperature and
external electric or magnetic fields, can strongly influence
their activity. Pc molecules exhibit structural and thermal
stability.'~* It can also be combined with solid-state materials
and can be adsorbed on these,” ™ giving rise to agplications in
chemical sensors,” intrinsic semiconductors,'’ field-effect
transistors,'! organic light-emitting diodes,'” and photovoltaic
cells."

In such setups, the type of the adsorbent surface is intuitively
very important, since the interaction between molecules and
such surfaces can be utilized for controlling the molecular
properties and functions.'”'® Atomically thin layers are
particularly attractive due to their planarity aligned with the
planarity in the Pc molecular structure as well as their
controllable properties using external stimuli. Such materials
have been studied extensively for their absorption proper-
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using molecules in devices, such as spin valves, or for magnetic
storage. On top of this, Pc molecules are planar and can better
adhere to different surfaces forming long-range structural
patterns.”’~** These characteristics allow for a control of the
molecular properties for specific applications by modifying the
properties of an underlying substrate, interface, or environ-
2528 . . .
Various ways to control magnetic properties of
these molecules are explored, such as selective modification of
the spin-controlled ligand-field,””*° the molecule—surface
: L 31,32 . .
magnetic exchange coupling, or adding functional
groups.” The strong spin—orbit coupling of certain types of
atoms was also suggested as a means for controlling
. ; - 1e 34—36
magnetization effects in complex materials.
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Figure 1. 'Top and side views of (a) Fe-Pc and (b) OFe-Pc, respectively. The color coding of the atoms is defined in the legends. The relative
energy (AE) to the magnetic moment M () for (c) Fe-Pc and (d) OFe-Pc. Panels (e) and (f) depict the atomic decomposition of the electronic
density of states (DOS) of the minimum energy Fe-Pc and OFe-Pc structures, respectively. The data correspond to M = 2 yig.

Molecules, such as Pc, can be easily synthesized and are
stable in an environment harsher than that within a living
organism. Accordingly, they have the potential to be used to
imitate the activity of biological molecules, such as enzgrmes, in
solid-state setups for nanotechnological applications.”” Espe-
cially, the structure of the Fe-Pc molecule is similar to the
active site of hemoglobin which is responsible for holding
oxygen and carbon dioxide in living organisms and hence
capable of assisting release mechanisms. In order to explore
and utilize the similarity of Fe-Pc to the active site of
hemoglobin, we consider a controllable supporting layer that
interacts with Fe-Pc. Typically, in such cases, single-layered
(2D) materials are good candidates.”’~** One of these,
chromium iodide (Crl;) is a single-layer magnet,* is
structurally stable, and can provide a supporting layer for
planar ligand surfaces. In addition, Crl; is ferromagnetic and
can couple with the magnetization of the Fe-Pc molecule, while
having tunable electronic and magnetic properties under the
influence of external stimuli, such as strain and electric
field*** A selective modification of magnetic anisotropy in
Fe-Pc molecules has been previously demonstrated by Lisi et
al, highlighting the role of structural symmetry disruption.’®
However, the potential effects of additional magnetic coupling
between the Pc molecule and the underlying substrate, a
scenario plausible with monolayer Crl;, have not been
explored in the existing literature. This can open up an
additional way to control the properties of Pc molecules,
broadening the options for its selective tuning. Motivated by all
of these points, here, we investigate the possibility of utilizing
the adsorption of Fe-Pc molecules on single-layer Crl; and
targeted modification of the properties of the latter.

B RESULTS AND DISCUSSION

Isolated Fe-Pc w/o Oxygen. We begin the analysis with
isolated Pc molecules. The bare Fe-Pc molecule consists of Fe,
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C, N, and H atoms. The Fe atom is coordinated by four N
atoms, forming a square planar structure, as shown in Figure
la. C rings expand in those four directions and are also in a
planar arrangement, and they are saturated with hydrogen
atoms. The molecule is stable in different magnetic states of
the Fe atom. Therefore, we have considered the different
magnetic moments of the Fe atom in the structural
optimizations with and without accounting for the spin—
orbit coupling (SOC). In order to evaluate the influence of the
SOC in the calculations, we present in Figure Ic, the energy
difference with respect to the magnetic moment of the iron
center. As the energy difference, we calculate the difference of
the total energy of the system with respect to the lowest total
energy of the same system with respect to the magnetic
moment. In the following, we use this energy difference in
order to quantify our results and refer to this as 'relative
energy'. As observed in this figure, the minimum energy, which
is ~0.3 eV (without SOC) less than the second lowest one, is
obtained for M = 2 i3 in both cases. The magnetic anisotropy
energy (MAE) is found to be 1.3 meV preferring the in-plane
direction, as listed in Table 1. The magnetic anisotropy refers
to the difference between the three different (x, y, and z)
contributions to the direction of the magnetic moment. In
Figure le, we show the atomic decomposition of the density of
states as bars of different colors. The highest levels of the
valence bands are occupied by the C + H states. The Fe states
with little hybridization with the states from C, H, and N
atoms correspond to the second and third highest levels.

In the case of the oxygen-bonded Fe-Pc (OFe-Pc), the single
O atom corresponds to the fifth coordination of the Fe atom.
There is a slight change in the position of the iron, which is
shifted from the plane of the molecule toward the oxygen
atom, as shown in Figure 1b (side view) and compared to the
same view in Figure la. The N atoms and C ring remain
planar. As in the bare Fe-Pc, the minimum energy structure is
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Table 1. MAE of the Fe-Pc and OFe-Pc Molecules, as
Denoted in the First Column®”

AE, AEy AEz Mg, EP E
(meV)  (meV)  (meV)  (uy) (V) (V)
Fe-Pc 0.0 0.0 1.3 2.0 1.22
OFe-Pc 0.7 0.0 2.4 2.0 3.65 1.33

“AE,, AE,, and AE, are the relative energies with respect to the
direction of the magnetic moment referring to the lowest energy, Mg,
is the magnetic moment of Fe atom, EP is the oxygen binding energy,
and E, is the energy band gap of the molecule. The results in this and
the following tables that refer to directional dependencies of the
magnetic moment are the ones including SOC. The other properties
that do not strongly depend on the magnetic moment direction as the
ones without SOC.

obtained when the magnetic moment is 2 py both in the
calculations with and without SOC. As listed in Table 1, the
MAE of OFe-Pc is slightly larger, 2.4 eV, yet also favors the in-
plane direction. The binding energy of the O atom is found to
be 3.65 eV, which is rather strong, especially compared to
those of MAE. It should be noted that the binding energy is
defined in eq 1, which refers the difference between the total
energy of the molecule with oxygen to the molecule without
oxygen and a single oxygen atom. Concluding this part
referring to the isolated Fe-Pc molecules, the results strongly
indicate that the magnetic moment of the Fe atom is not
influenced—in magnitude—from its binding to oxygen and is
directed in-plane, i.e., coplanar to the molecule plane. It should
be noted that the AE, = 0.7 is given in meV, thus can be
considered as almost zero, taking into account the resolution of
the DFT calculations and the error range expected. Both

molecules show semiconducting properties, while the binding
energy of O to Fe is relatively high, denoting a strong bond.

(O)Fe-Pc Adsorbed on Monolayer Crl;. In order to
selectively tune the oxygen binding utilizing the magnetic
behavior of the Fe atom, we placed the molecule close to and
on top of the surface of a magnetic Crl; monolayer. It was
previously shown that the nonvanishing magnetization of Crl;
at finite temperatures is due to stronég spin—orbit coupling on I
atoms rather than Cr atoms.”* > This suggests that any
modification of magnetization affects the surface I atoms and
any interacting components. The strong and robust magnet-
ization, combined with the flat ligand surface, makes
monolayer Crl; a perfect platform for the adsorption of Fe-
Pc and the potential tuning of its magnetization and O binding
properties. Although there are different possible arrangements
of the Fe-Pc molecule on the supporting surface, such as the
vertical one discussed in the case of graphene,24 in this work,
the plane of Fe-Pc is considered parallel to the plane of Crl,.
This parallel arrangement of the molecule to the surface
maximizes the respective contact areas of the two parts, leading
to stronger electronic and magnetic coupling.

As a first step, we have optimized the position and distance
of the molecule and the monolayer (Fe-Pc/Crl;), i.e., those
positions corresponding to the minimum energy position. We
considered a sufficiently large supercell of pristine monolayer
Crl; and a grid-like lateral position of the atoms in Crl; as the
initial positions of the Fe atom in Fe-Pc (refer to Figure 2a).
Since the molecule and Crl; exhibit 4-fold and 3-fold
symmetry, respectively, every 30° of rotation of the molecule
generates equivalent arrangements of the two parts. Therefore,
we considered rotations of 0° and 15° for the molecule relative
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Figure 2. (a) Schematic representation (top view) of the considered position of Fe-Pc on the monolayer. The red crosses, gray lines, and green dots
represent the Fe-Pc, Crl;, and the considered positions of Fe-Pc on the Crly lattice, respectively (see text for details). (b) Density of states of
pristine Crl;. Top and side views of the CDD of the molecule on the monolayer for (c) Fe-Pc and (d) OFe-Pc molecules. The density p on the y-
axes corresponds to the CDD, with pr, pcr, and pp(Po—p) as the charge density of the molecule/monolayer system, the isolated monolayer, and

the isolated molecules. The insets on the right are zoomed-in regions of the CDDs. The color coding of the molecule is the same as that in Figure
1a, while the Cr and I atoms are colored purple and dark blue, respectively. For the CDD representation, the charge is being transferred from the
cyan to the yellow regions. The density of state plots of (e) Fe-Pc and (f) OFe-Pc on Crl; are also depicted. The inset in (f) shows the zoomed-in

region indicated by the dashed rectangle.
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Table 2. Energetic Properties of the Fe-Pc and OFe-Pc Molecules on the Monolayer Crl;, as Denoted in the First Column®

AEx (meV) AEy (meV) AEz (meV) Mg, (1) E,q (eV) EP (eV) E;’“Pb‘ (eV)
Fe-Pc/Crl, 18.1 (5.3) 132 (0.0) 0.0 (0.0) 2.0 1.94 127
OFe-Pc/Cil, 117 (~1.0) 12.4 (~0.8) 0.0 (0.0) 2.0 1.90 3.60 1.36
Fe-Pc/d-Crl, 159 (~0.8) 229 (3.7) 0.0 (0.0) 2.0 2.81 m
OFe-Pc/d-Crl, 13.8 (—2.9) 169 (—2.3) 0.0 (0.0) 2.0 237 321 m

“The MAE, AE,, AE,, and AE,, i.e, the relative energies with respect to the direction of the magnetic moment relative to the lowest energy, M,
the magnetic moment of Fe atom, E,4 the adsorption energy of the molecule on Crl;, EY the oxygen binding energy to Fe-Pc, and E;’"PI", and
energy band gap of the molecule—monolayer complex are provided (see text for details). 'm' denotes a metallic behavior. In parentheses, the
relative energies after subtracting the contribution related to the isolated Crl; (d-Crl;) from that of the total system are provided.
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Figure 3. Charge density differences of (a) Fe-Pc and (b) OFe-Pc on d-Crl;. The charge densities of pristine Fe-Pc (OFe-Pc) and d-Crl; are
subtracted from the charge density of the combined molecule/monolayer case. The y-axes labeling corresponds to that of Figure 2. The black dot
marks the position of the vacancy (the missing I atom). The electronic density of states (DOS) are provided for (c) Fe-Pc and (d) OFe-Pc on d-
Crl,. The insets in (c) and (d) show the zoomed-in regions in the dashed rectangles.

to the x-axis on the grid. Each generated structure was
geometrically relaxed. In Figure 2c, the minimum energy
position and corresponding charge density difference (CDD)
are shown. The CDD is calculated as the addition of the charge
densities of isolated Crl; and Fe-Pc subtracted from the charge
density of the combined Fe-Pc/Crl;. The electrons deplete
from the cyan regions to the yellow regions, while Fe-Pc/Crl;
is formed. The depletion is observed on the side of the
molecule closer to the monolayer. A closer look to Fe reveals
that the interaction between the molecule and monolayer
changes the orbital occupancy of the Fe atoms. Regarding the
CDD on Crl;, there is a visible alternating (switching) charge
depletion in the out-of-plane direction in the vicinity of the Fe-
Pc molecule at both the I and Cr atoms. These changes are
relatively local and less prominent compared to those observed
on Fe-Pc. In Figure 2d, the CDD of OFe-Pc/Crl; is shown. In
contrast to the Fe-Pc case, there is no difference obtained in
the vicinity of the Fe atom of the isolated OFe-Pc molecule.
However, the CDD in the oxygen case is more local than the
Fe-Pc case, indicating that the presence of the binding of
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oxygen to the iron atom is strongly influencing its vicinity than
the atoms further away. At the same time, the presence of the
O—Fe bond hinders a stronger electron movement. On the
Crl; side, the CDD becomes less prominent, implying that the
interaction between Fe-Pc and Crlj is reduced in the case of O
binding.

The far right panels of the same figure present the electronic
density of states of the molecule/material complex. Compared
to panel (b) of the pristine material, the overall signatures of
the 2D material are kept intact. In the case of Fe-Pc
adsorption, the iron atom mainly introduces a state below
the Fermi level. When oxygen is bonded to the iron of the
molecule, additional electronic states are provided, enhancing
the anisotropy in the electronic structure. Specifically, the iron
states of the Fe-Pc/Crl; complex are being hybridized with
those of oxygen in the OFe-Pc/Crl; complex also providing
additional states away from the Fermi level. Hence the Fe—O
bond is enhancing the energy spectrum of the underlying
material, providing a basis for tuning these properties. In order
to support these findings, in Table 2, the magnetic anisotropy
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of Fe-Pc/Crl; with and w/o oxygen is given. It is obvious that
the magnetic moment of the total system prefers to point out-
of-plane (in the z-direction). Based on Table 1 for the single
molecule case, the in-plane direction is the favorite one.
Accordingly, the magnetic anisotropy of Crl; should be
subtracted from the total system. The respected relative
anisotropy energies are given in the parentheses. Overall, the
adsorption of the magnetic Fe-Pc molecule on the magnetic
Crl; material changes the preferable direction of the magnetic
moment of the Fe atom. The magnitude with 2 up remains
unmodified for the isolated molecules. However, its direction
moves from the in-plane (xy plane) in the isolated case to the
yz plane in the adsorbed case, i.e., the molecule/monolayer
complex. In the OFe-Pc case, on the other hand, the preferable
direction of the magnetic moment turns to in-plane (coplanar)
as in the single OFe-Pc case; however, the MAE is slightly
reduced. It should be noted that AE,, is —1.0 (—0.8) meV
after subtracting the Crl; contribution, which means that the
MAE of OFe-Pc is more robust. Considering the fact that
pristine Crl; and d-Crl; exhibit robust ferromagnetism and
strong MAE in the out-of-plane direction,”*' we assume that
the MAE of both individual pristine Crl; and d-Crl; remains as
it is while forming the molecule/material complex. Interest-
ingly, no significant change (only about 1%) was observed in
the binding strength of oxygen to iron, denoting that the
adsorption does not strongly influence this bond. The
molecular/monolayer complex remains semiconducting with
energy gaps close to those of the isolated molecules, as the
respective differences are less than 4%. However, the fact that
the O states are provided relatively close to the Fermi level
denotes a possibility for further tuning of the electronic
properties of the complex such as gating and applying external
electric field that can affect the binding and MAE properties.

(O)Fe-Pc Adsorbed on Defective Crl;. We further
investigated the interactions of an Fe-Pc molecule on
monolayer Crl; by including defects in the monolayer. As a
representative defect, we remove one iodine(I) atom from the
monolayer, forming a vacancy, and denote this defective
monolayer as d-Crl;. Throughout the synthesis, such defects
are expected. On top of this, it is anticipated that dangling
bonds due to the absence of an I atom in the vicinity of the Fe-
Pc molecule can possibly lead to the formation of a covalent
bond of the Fe-Pc and the defective monolayer, further
modifying the properties of the whole and providing additional
tuning pathways of the latter. It should be noted that the planar
molecule and pristine 2D Crl; interact through van der Waals
interactions. These limit to a certain extent the oxygen binding
and the magnetic anisotropy strength. Regarding defective Crl;
individually, it has been previously shown that an I vacancy
enhances magnetic anisotropy, strengthens ferromagnetic
interactions between Cr atoms, and increases the magnetic
moment of Cr atoms near the vacancy.“’43 Our results confirm
these findings (see the Supporting Information). In order to
better assess the defective monolayer case and its interaction
with the molecule, we have constructed a different d-Crl,
monolayer by removing each time one I atom at a different
position in the monolayer. The position of the molecule is
optimized similarly to the pristine (no-defect) case in the
previous section. In Figure 3, the energetically favorable
defective structures are shown with the CDD and the missing I
atom represented by a black dot. The CDDs for both
molecules adsorbed on the monolayer are very similar, with
that of OFe-Pc/d-Crl; being slightly more concentrated

toward the O atom. On the Crl; side, the CDD is localized
on two Cr atoms in the vicinity of the I vacancy and shows
slight changes moving from Fe-Pc/d-Crl; to O-bonded OFe-
Pc/d-Crl;. This points directly to the fact that changes in the
electronic and magnetic anisotropy properties are found on the
Fe-Pc(OFe-Pc) part.

A closer check of the molecular planarity reveals that the
molecule leans toward the 2D material at the vacancy position,
locally destroying its planarity. This effect is less strong in the
presence of the oxygen atom (OFe-Pc/d-Crl;), denoting that
the O—Fe binding counterbalances the reduced dispersion
interactions of the molecule and the monolayer in the vicinity
of the defect. Overall, the CDD underlines tunable changes in
the Fe-related energy levels when this is bonded to the oxygen
atom (compare black lines in panels (c) and (d) of the figure).
In (d), the O—Fe binding provides hybridized electronic states,
removing the original Fe states in (c). The former are now
deeper below the Fermi level, while new Fe + O states are
provided above the Fermi level. These could potentially be
further tuned and shifted by accounting for additional or other
defects.

Defect-Dependent Modifications in the Magnetic
Properties of the Complex. In order to unravel the
influence of the defect in the properties of the molecule/
material complex, we carefully examine the differences in both
the CDD and electronic density of states of these systems with
and without the Crl; defect. For this comparison, we refer to
Figures 2 and 3. Inspection of the CDD in these figures reveals
that in both cases, the CDD mainly concentrates on the
molecules. In the pristine material, CDD signatures are also
seen on the Cr atoms in the material. At the same time, the
CDD is more spread-out than in the defective case, in which
the CDD is more localized, denoting an accumulation closer to
Fe and O—Fe. Due to the presence of the defect, the depletion
on the lower part of the molecule, which interacts stronger
with the monolayer, is lower than in the pristine (non-
defective) case. Comparing the structural properties reveals
that the molecule remains planar in the pristine Crl;, while it
shows an off-planar structure in the d-Crl;, especially in the Fe-
Pc molecules (see Discussion above). The adsorption of the
molecule is significantly stronger in the defective case, as
evidenced from the considerable increase of 25—45% in the
adsorption energy of the molecule to the monolayer. It should
be noted that the adsorption energy was calculated as E 4 =
Ejp + Epnol — Ecmpiw Where Eyp and E,,,; are the total energies of
the isolated monolayer and molecule, respectively, while E,,
is the total energy of the complex, including the molecule
adsorbed on the monolayer. At the same time, the oxygen
binding to Fe-Pc becomes slightly weaker, as its binding energy
decreases about 10%.

Turning to the electronic density of states reveals some
more pronounced differences between the pristine and
defective materials for both types of Pc molecules considered.
The presence of the defect introduces electronic states around
the Fermi level, which would be very practical in applications,
as these states would be easier to tune and selectively modified.
In Fe-Pc/d-Crl;, the iron states move deeper below the Fermi
level, while in the pristine material, these are closed to the
Fermi energy. Looking into the effect of the oxygen atom in
both the OFe-Pc/Crl; and OFe-Pc/d-Crl; complexes, the Fe
and O states do hybridize in both and provide additional states
in a way that enhances the anisotropy of the system. However,
these states are much closer to the Fermi level in the defective
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cases than in the pristine case. Accordingly, the presence of the
defect again provides a better template for further tuning.
Overall, the presence of the defect shifts the conducting
properties of the complex from semiconducting to metallic.
Interestingly, the magnetic properties of the complex
compared to the isolated parts were modified in a way that
the preferable direction of the magnetic moment was changed
from in- to out-of-plane. For both the pristine and the defective
Crl;, the magnetic moment turned to noncoplanar to the
planes of both the molecule and the material. Experimental
validation of these findings would be feasible and highly
valuable. Verifying the shift in electronic properties and
especially the change in the magnetic anisotropy through
experimental techniques will provide additional insights.
Supported by the theoretical trends, these would allow further
exploration of how external stimuli can be used to realize
applications in electronics. Such a combined experimental and
theoretical validation has the potential to uncover new
phenomena associated with defect-induced modifications and
an understanding of such hybrid complexes. However, an
interesting observation toward further selective tuning was
observed when subtracting the contribution of the isolated
monolayer (see Table 2. In the pristine Crly and the Fe-Pc
molecules, the magnetic direction prefers the y- and z-
directions and not the x-direction (see figures for the axes
notation). When oxygen is added to Fe-Pg, this is reversed, as
the relative energies of the x- and y- directions are preferable
compared to the z-component, and the magnetic moment is
actually in-plane. Similar are the observations for the defective
case, as again removing the monolayer contribution denotes
that the x-component is preferable over the other two. In the
end, the incorporation of the O atom enhances the planarity of
the magnetic moment.

B CONCLUSIONS

Using quantum-mechanical simulations, we have modeled the
adsorption of an Fe-Pc molecule on a two-dimensional Crl,
material. Both isolated Fe-Pc and OFe-Pc exhibit strong
magnetic moments parallel to the plane of the molecule,
though the magnetic anisotropy for the oxygen-bonded case
(OFe-Pc) slightly increases. When these molecules are
adsorbed on 2D Crl;, the preferable direction of the total
magnetic moment turns perpendicular to both the plane of the
molecule and the material. Considering the (O)Fe-Pc
individually, by removing the energetic contribution of the
2D layer, reveals that each complex of interest exhibits a
unique preferable direction for its magnetic moment. The
complex Fe-Pc/Crl; prefers the yz plane, Fe-Pc/d-Crl; the x-
direction, while OFe-Pc/Crl; and 0Fe-Pc/d-Crl; resemble the
cases of the isolated molecules. The presence of the Fe-Pc
molecules enhances the energy spectrum of the pristine
material, while the additional O in OFe-Pc further allows the
selective tuning of the Fe states, enhancing the magnetic
anisotropy with respect to the Fe-Pc adsorbed on Crl,.
Introducing a defect in the 2D material further enhances the
available electronic states around the Fermi level. Again, the
binding of oxygen to the iron atom in the adsorption of OFe-
Pc provides hybridized states that are shifted with respect to
the Fe states in defective Fe-Pc/d-Crl;.

Using these molecules and materials to form hybrid
complexes, we have provided pathways for modifying their
electronic structure and magnetic anisotropy. It was observed
that a stronger adsorption (in the defective monolayer case)

reduces the binding strength of oxygen to the molecule,
indicating that the oxygen release could be tuned through a
selective engineering of the molecules, materials, and defects.
At the same time, the directionality of the magnetic moment of
the iron atom could also be tailored due to the adsorption
process modifying the in-plane direction to an out-of-plane
one. The presence of oxygen could reduce these differences.
On the same ground, the analysis of the influence of the
monolayer on this anisotropy leads to an assessment of its
influence opening ways for further tuning. Our results have
emphasized the interplay of all the components in the hybrid
complexes, allowing the design of such hybrids. Toward this,
we emphasize the large phase space (molecule, material, and
defect type) for further tuning and tailoring their function-
alities. This deeper understanding of the inherent interactions
of single atoms as well as the influence and distinct roles of the
molecular and material part provides valuable insights for
tailoring properties and functions in view of targeted
applications.

B COMPUTATIONAL DETAILS

In order to investigate the structural, electronic, and magnetic
properties, we perform calculations based on the density
functional theory (DFT). For this, the Vienna ab initio
simulation package (VASP)*™* was used. This solves the
Kohn—Sham equations iteratively using a plane-wave basis set.
It has been shown that for hybrid systems, such as those
consisting of a molecule and surface or 2D materials, as well as
individual 2D materials, the Perdew—Burke—Ernzerhof (PBE)
form of the generalized gradient approximation (GGA)"’
generates reliable results, > +39348 Considering the balance
between computational cost and accuracy as well as the
frequent use of GGA-based functionals for similar systems in
the literature, we have adopted the PBE form of the GGA to
describe the electron exchange and correlation properties. The
van der Waals (vdW) forces were taken into account using the
DFT-D2 method of Grimme.*’ The kinetic energy cutoff of
the plane-wave basis set and the energy convergence criterion
in the ground-state calculations were set at 500 ¢V and 10~
eV, respectively. A Gaussian smearing of 0.01 eV was used, and
the pressures on the unit cell were decreased to a value lower
than 1.0 kbar in all three directions. The on-site Coulomb
repulsion®” parameters, U, were taken as 4.00 and 2.65 eV for
the magnetic Fe and Cr atoms, respectively.”' ~>* In order to
avoid interactions between periodically repeated images of the
computational box (molecule and monolayer), calculations
were performed with a sufficiently large vacuum space of ~15
A in the direction perpendicular to the monolayer.

The DFT simulations discussed above were applied on the
single-isolated Fe-Pc molecules, with and without an oxygen
(referring to Fe-Pc and OFe-Pc, respectively), as well as on
these molecules as adsorbed on the monolayer Crl;. The
binding energy of oxygen is calculated using the following
equation:

B = B30 + B — By 0

where EY"©, Eo, and EY© stand for the total energy system
without O, the energy of the single O atom, and the total
energy of the system with O, respectively. The adsorption
energy of Fe-Pc (OFe-Pc) on the 2D layer is calculated using
the following equation:

Eads = EZD + Emol - Ecmplx (2)
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where E,,, E,p and E,,, represent the energy of the
molecule, (2D) monolayer Crl; (defective Crl;), and
molecule/monolayer complex, respectively. These systems
were modeled twice, once including SOC and once without
SOC. We will refer to these in the following as 'SOC' and
'moSOC' simulations, respectively. The simulations provide an
insight into the electronic and magnetic properties of both the
single molecules, as well as their combination, i.e., adsorption,
on the 2D Crl; materials. Based on the aforementioned
considerations, we calculate and refer to the magnetic
anisotropy energy (MAE) as the main indicator of how the
system responds energetically to the direction of the spin
alignment.
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