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Magnetic molecules on ferromagnetic metallic substrates have been widely explored to exploit the potential for
molecular magnetic storage and spintronics applications. Recent advances in these hybrid interfaces integrated
with two-dimensional materials have been proposed as a flexible platform for realizing new spin-related effects.
Herein, the impact of inserting graphene on the electronic and magnetic properties of a family of transition metal
phthalocyanines (TMPcs, TM = Cr, Mn, Fe, Co, and Cu) deposited on ferromagnetic Ni(111) surfaces have
been systematically rationalized by density functional theory analysis. Our calculations reveal that the magnetic
exchange interaction across the molecule-substrate interfaces can be significantly mediated by the introduction of
a graphene interlayer. Interestingly, these TMPcs exhibit ferromagnetic coupling with the Ni substrate. However,
the strength of this coupling is reduced in the presence of a graphene decoupling layer, with the exception of
CoPc. In the case of CoPc, the original ferromagnetic coupling with Ni(111) can be altered to antiferromagnetic
when a graphene interlayer is introduced. By analyzing the different channels of communication involved in the
spin interaction between the molecule and the magnetic substrate, we attribute these significant differences to
the varied influences on the exchange interaction caused by the intermediary graphene layer. The presence of the
inserted graphene layer may block the direct exchange interaction between the TMPc molecule and substrate,
while the indirect superexchange interaction facilitated by the nitrogen atoms of the organic ligands is only
reduced. Our study thus demonstrates that the inserted graphene can serve as an optimal intermediary layer
for mediating the magnetic couplings across the molecule-substrate interfaces while allowing effective spin
communication between them. These findings provide important insights into relevant experiments and offer
a promising strategy to control the magnetic exchange interactions via utilizing graphene at metal-molecule

interfaces.

DOI: 10.1103/PhysRevB.109.014428

I. INTRODUCTION

Molecular spintronics has attracted considerable attention
due to interest from the viewpoints of both fundamental re-
search and potential technological application [1-6]. In the
last decade, new insights in the fundamental phenomena of
hybrid interfaces formed by molecules adsorbed on magnetic
surfaces are presenting a new pathway for developing the sub-
field of interface-assisted molecular spintronics—molecular
spinterface [7-12]. Molecular materials play a crucial role
in the development of a new generation of spin-based appli-
cations such as information storage devices [13,14], sensor
[15], and quantum computing [16,17]. Among these mate-
rials, organometallic molecules comprising transition metal
(TM) centers with localized d states are considered to be
a promising class of candidates for the above exploration.
Particularly, a series of TM phthalocyanines (TMPcs), TM
porphyrins (TMPs), and their derivatives have certain ad-
vantages over others. On the one hand, these molecular
species are of extraordinary structural simplicity, chemical
and thermal stability, making them widely used in kinds of
single-molecule experiments [18,19]. Moreover, due to the
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ample choices for the central transition metal as well as the
diversity of the organic ligands bonded to the metal center,
their functionality can be changed in a controlled way [20].
For instance, TMPcs or TMPs with various substitutional
central metal atoms on different substrates have been exten-
sively employed as model systems in many-body quantum
physics and spin-dependent transport phenomena, such as
Kondo effect [21,22], negative differential resistance [23,24],
magnetoresistance [25,26], and spin-flip excitation [27,28].
The richness and complexity of these physical behaviors have
also shown the possibility to engineer the spin and magnetic
anisotropy at the molecular scale, which is a prerequisite for
the realization of ultimately miniaturized magnetic storage
units [29,30].

However, the development of spin-based devices still face
some challenges although considerable progresses have been
made in the past two decades [31-33]. Currently, the typical
spin-based applications particularly require long spin life-
times, i.e., spin-relaxation and spin-coherence time to realize
the successful generation, manipulation, and detection of spin
and charge degrees of freedom [34]. Meanwhile, the develop-
ment of high-density magnetic storage and memory devices
at room temperature is especially demanding due to the need
for sufficient magnetic anisotropy that can resist external
perturbations [35,36]. It should be noted that if the spin is
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coupled with a metallic substrate, spin-flip scattering of the
conduction electrons typically limits the spin-lifetime scales
drastically, and the possible Kondo effect, which is attributed
to the screening of a localized magnetic moment by forming
a correlated electron system with the surrounding conduction
electrons, partially or completely quenches the magnetism of
the system [37-39]. Therefore the operations of writing and
reading the individual spin can not be realized effectively.
To overcome these disadvantages, spins should be electron-
ically decoupled from conduction electrons of the substrate,
so that the corresponding spin-lifetimes can be elongated and
the magnetic moment bearing orbitals are protected against
external perturbations [35]. Considerable efforts have been
devoted toward this direction by the use of different inter-
layers including insulating films and two-dimensional (2D)
materials [40-42], additional TMPc molecular monolayer
[27,43], rare-earth element [44,45], and different substrates
including superconducting, semiconducting or heavy metallic
substrates [35,46,47], etc.

Among all the above feasible approaches, 2D materials
including graphene, hexagonal boron nitride (hBN), and tran-
sition metal dichalcogenides have attracted enormous interest
due to their intriguing mechanical, optical and electronic
properties, making them attractive candidates for various op-
toelectronic and electronic applications [48—50]. In particular,
extensive theoretical and experimental investigations have
revealed that epitaxial graphene and hBN are suitable to de-
couple the molecules from the underlying metal substrates by
virtue of their chemical inertness and low density of states
around the Fermi level. Recent studies have shown that certain
hybrid molecule-metal interfaces involving 2D materials can
serve an ideal platform for creating new spin effects, providing
a representative route towards the realization of nanoscale
architectures with robust magnetic and spintronic properties
[42,51-53]. For example, sizable antiferromagnetic (AFM) or
ferromagnetic (FM) indirect magnetic exchange interactions
have been reported when a graphene interlayer was intro-
duced between TMPc and ferromagnetic Co or Ni substrates
[54-61]. Recently, Xu et al. have predicted that the tunneling
barriers at the interface in CoPc adsorbed on 2D layered VSe,
substrate are spin-dependent [62]. Wang et al. have realized
the ferroelectric control of single-molecule magnetism on 2D
«-In,Se; substrate [63].

Several studies have been conducted on various types
of TMPc molecules deposited on both bare FM substrates
[64-68] and metal-supported graphene [54-57]. However,
there is a lack of comprehensive research [58,68] on the
fundamental mechanism underlying the impact of a graphene
interlayer on the geometric and electronic properties of
adsorbed molecules, particularly the exchange interaction be-
tween organic molecules and ferromagnetic spinterfaces. This
knowledge is vital for the optimization of devices that rely on
these molecules.

In this study, we conduct a systematic investigation into
the structural, electronic and magnetic characteristics of di-
valent first-row magnetic TMPcs (TM = Cr, Mn, Fe, Co and
Cu) adsorbed on graphene deposited on Ni(111). We employ
first-principles calculations to provide detailed insights into
the adsorption energetics, geometries, electronic structures
and magnetic properties of the composite system. Specifi-

cally, we focus on examining the magnetic interactions at
hybrid metal-molecule interfaces both before and after the
introduction of the graphene interlayer. Our findings are then
compared to existing experimental and theoretical research
in the field. Our study reveals the presence of graphene not
only reduces the strength of the magnetic coupling across
the molecule-substrate interfaces, but also reverses its sign;
the magnetic coupling in the CoPc/Ni(111) composite tran-
sitions from FM to AFM when graphene is inserted as an
interlayer. These significant differences are attribute to the
varied influences on the exchange interaction caused by the
intermediary graphene layer. The inserted graphene layer may
hinder the direct exchange interaction arising from the overlap
between the out-of-plane d orbitals of the TM ion in TMPc
and the Ni(111) surface, while the indirect superexchange
interaction facilitated by the nitrogen atoms of the organic
ligands is only reduced. This finding underscores the potential
of utilizing graphene as a means to manipulate the magnetic
characteristics of metal-molecule interfaces, a crucial aspect
in the advancement of spintronic devices with enhanced per-
formance capabilities.

The remainder of this paper is organized as follows. In
Sec. 11, the methodology and model employed for the theoret-
ical investigation are introduced. Calculation results and the
related theoretical analysis are presented in Sec. III. Conclud-
ing remarks are finally given in Sec. I'V.

II. METHODOLOGY AND MODEL

A. Structural model of TMPc¢/Ni(111) and
TMPc/Gr/Ni(111) composites

Figure 1(a) depicts the planar TMPc molecule, which con-
tains a TM atom at its center and eight N neighbors: four
pyridinic nitrogens and four pyrrolic nitrogens coordinated
to the metal core. Ligand field theory indicates the magnetic
moments of free TMPc molecules (TM= Cr, Mn, Fe, Co, Ni,
Cu, and Zn) are 4, 3, 2, 1, 0, 1, and O up, respectively [69-71].
Only these TMPc molecules with nonzero moments are of our
interest, i.e., TM= Cr, Mn, Fe, Co, and Cu.

The Ni-supported graphene composited substrate, denoted
as Gr/Ni(111) hereafter, is built by depositing a [$ } ] super-
cell of graphene on a [g 1%] supercell of Ni(111) surface. DHere,
the lattice constants of graphene and Ni are ag, = 2.46 A and
an; = 3.52 A [72], respectively. Hence the lattice mismatch
of the constructed structure is calculated to be about 1.16%,
justifying our theoretical considerations of commensurate
geometries. Concerning the arrangement of the Gr/Ni(111)
heterostructure, we restrict our discussion to the case of a
graphene layer stacked on Ni(111) in the energetically favor-
able top-fcc geometry [72—75], where one C atom is adsorbed
on top of a Ni atom and the other on an fcc hollow site of the
Ni(111) surface.

When one TMPc molecule is directly adsorbed on the
Ni(111) surface, there are four typical adsorption sites,
namely top, hcp-hollow, fcc-hollow, and bridge [76]. Con-
cerning the angle between the lobe of a TMPc molecule and
the crystalline direction of the substrate gives more com-
plicated conformations [77], and cannot be carried out in a
large-scale systematic study as the one proposed here, we
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FIG. 1. (a) The chemical structure of a TMPc molecule. (b) Typical adsorption sites for single TMPc molecule on Gr/Ni(111). The labels
1, 2, 3, and 4 represent four high-symmetry positions within graphene, i.e., TOP1, TOP2, HEX, and Bridge, corresponding to the TM ion
of the TMPc molecule located above two inequivalent C atoms, the hexagon center and above the center of a C—C bond, respectively. The
graphene layer has top-fcc stacking with respect to the Ni(111) surface. (c) Top and side views of TMPc/Gr/Ni(111) with the bridge adsorption
conformation. The Ni(111) substrate is omitted for a clear comparison in the upper figure.

consider only such four adsorption conformations for each
TMPc in the present calculations.

Then we inspect four possible adsorption sites of TMPcs
on Gr/Ni(111), denoted as TMPc/Gr/Ni(111) hereafter, by
symmetry, sketched in Fig. 1(b): two sites on top of two
inequivalent C atoms of graphene, i.e., “TOP1” where the
C atom below the TM is on a Ni(111) top site and “TOP2”
where this C atom is on the fcc-hollow site. The other two sites
are the sixfold “HEX” and a “Bridge” between two C atoms.
Such a setup consists of four layers of Ni(111) atoms with
a monolayer graphene on one side (19.912 A x 21.555 A),
which has a vacuum region of about 21 A to reduce the slab’s
replica interaction along the z direction. The total number of
atoms per cell amounts to 537 (320 Ni, 160 C, and 57 of the
TMPc molecule).

B. Density functional theory calculations

Spin-polarized density functional theory (DFT) calcula-
tions have been performed using the projector augmented
wave (PAW) method as implemented in the VASP code
[78,79]. A cutoff energy of 400 eV for the plane wave
basis is adopted. The Perdew—Burke—Ernzerhof (PBE) [80]
version of generalized gradient approximation (GGA) for
the exchange-correlation functional is used in combination
with the DFT-D3BJ van der Waals (vdW) dispersion correc-
tion [81,82], which is suitable for the Ni-graphene interface
[72]. Inclusion of vdW interactions in this approximation
together with the GGA-PBE functional has been found to
be a successful approach to describe interactions in similar
graphene/substrate systems [72,83-85]. The localized char-
acter of the 3d orbitals is taken into account by the GGA
+U approach [86]. The effective Uy = U — J value has been
chosen to be 3 eV. These values have been used in previous
studies on similar systems [70,87,88].

Accurate determination of the magnetic exchange coupling
across molecule-substrate spinterfaces is rather challenging
based on the conventional DFT or quantum chemistry meth-
ods. It is known that the conventional DFT method can not

adequately account for the multiplet structures displayed by
TMPc molecules, such as FePc and MnPc [89-91]. Although
the deficiencies of the DFT in accurately describing strongly
correlated systems can be partially mitigated by incorporating
a local Hubbard-like interaction [92,93], it is well-established
that DFT + U calculations are prone to spurious convergence
towards metastable states [94-97]. Additionally, it tends to
overestimate the values of magnetic exchange coupling when
compared to experimental observations. These apparent dis-
crepancy is largely attributed to the fact that the symmetry
of the charge (spin) densities is not sufficient to distinguish
among different multiplets since all the multiplets gener-
ate densities of the same symmetry [89]. For instance, the
Fe ion located at the FePc molecular center can give rise
to three distinct triplet states with similar energy levels:
SE (d%dLdY), PBog(d)dhdy), and Ay (d2did?). Various
DFT methodologies have resulted in varying selections of
triplets for the ground state of FePc [98,99], which is a
long-standing debate in literature [100,101]. On the other
hand, high-level quantum chemistry methods, such as the
multiconfigurational wave functions method can treat mul-
tiplets of TMPc molecules more reliably [102-104], but
their applications are limited to isolated molecules because
of the high computational cost if applied in molecule-
substrate composite systems. In order to achieve a balance
between accuracy and computational efficiency in the calcula-
tions pertaining to the TMPc/Ni(111) and TMPc/Gr/Ni(111)
composites, we have employed the PBE + U + vdW ap-
proach. This approach has been extensively utilized in
prior studies to examine the magnetic exchange couplings
at interfaces involving the adsorption of TMPc molecules
on magnetic metallic surfaces or composite Gr/metal sub-
strates [58,59,87,88]. By employing this methodology, we
expect to enhance the precision of the anticipated ge-
ometric and electronic characteristics of the adsorption
systems [70,105].

Initially, the geometry of the Gr/Ni(111) substrate was
optimized. Subsequently, in the structural relaxations of
TMPc/Gr/Ni(111), the positions of the graphene and metal
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TABLE I. Calculated relative total energies (eV) of five kinds of TMPc molecules (TM=Cr, Mn, Fe, Co, Cu) adsorbed on different
high-symmetry positions of Ni(111) and Gr/Ni(111) substrates. FM (AFM) refers to parallel (antiparallel) alignment of the TM spin moment

of TMPc with respect to the Ni magnetization. The energy for the most stable position is set to zero (highlighted in bold font). “—"" means the
absence of a FM solution for the TOP1 configuration of CrPc/Gr/Ni(111).

TOP HCP FCC Bridge
TMPc/Ni(111) FM AFM FM AFM FM AFM FM AFM
CrPc 1.779 1.808 0.339 0.393 0.390 0.403 0 0.066
MnPc 1.658 1.794 0.379 0.443 1.441 1.487 0 0.138
FePc 1.644 1.785 0.375 0.464 0.447 0.528 0 0.035
CoPc 1.752 1.826 0.427 0.433 0.461 0.498 0 0.013
CuPc 2.384 2.387 0.131 0.152 0.240 0.258 0 0.016

TOP1 TOP2 HEX Bridge
TMPc/Gr/Ni(111) FM AFM FM AFM FM AFM FM AFM
CrPc - 0.033 0.039 0.076 0.054 0.089 0 0.038
MnPc 0 0.071 0.036 0.078 0.061 0.131 0.025 0.081
FePc 0 0.016 0.029 0.056 0.060 0.091 0.047 0.086
CoPc 0.014 0.006 0.037 0.060 0.088 0.085 0.002 0
CuPc 0.035 0.051 0.051 0.053 0.088 0.098 0 0.004

layers were held constant based on the previously optimized
geometry, while only the TMPc molecule underwent full
relaxation. This setup has been tested and verified in lit-
erature [106]. For the TMPc/Ni(111), all atoms except for
the bottom three Ni layers are fully relaxed. The conver-
gence criterion for the total energy and the net force on
every atom is set to 1 x 107 eV and 0.02 eV/A, respec-
tively. Because of the large size of the unit cell, structural
optimizations adopt a I'-centered k mesh only. In all calcu-
lations, a Gaussian smearing with a broadening of 0.05 eV is
applied.

III. RESULTS AND DISCUSSION

A. Electronic structure and magnetic ground state

Table I summarizes the relative total energies of five kinds
of TMPc molecules adsorbed on different high-symmetry po-
sitions of Ni(111) and Gr/Ni(111) substrates, with the total
energy for the most favorite site set as the reference. Regard-
ing the stability of the TMPc molecule directly adsorbed on
Ni(111), the lowest energy from the geometry optimization
has been obtained for the bridge position, i.e., on the bond
between two surface Ni atoms, which is in agreement with
previous calculations and experiments for TMPc on magnetic
Co substrates [65,107,108]. After the graphene interlayer is
inserted, CrPc, CoPc, and CuPc molecules favor the bridge
position of graphene, meaning that the TM center of the
molecule is positioned right on top of the bond between two
graphene C atoms, while MnPc and FePc favor the top site,
i.e., the TM center of the molecule is positioned right on
top of a C atom of graphene [Fig. 1(b)]. This situation is
in contrast to the cases of single TM atoms on Gr/Ni(111),
where the bridge position is not stable and upon relaxation
falls back to one of the other sites [75,109]. Generally,
molecules adsorb on graphene mainly by vdW interactions
[83,84,110]. Nevertheless, note that the difference in ener-
gies between different conformations of TMPc/Gr/Ni(111)

is quite small; for instance, for CoPc, the energy difference
between the “TOP1” and the “Bridge” adsorption sites is
~6 meV, the latter site being favored, indicating that it is
easy to move TMPc on the surface of graphene in a practical
scenario. Such phenomenon is also found in TMPc adsorbed
on inert surfaces such as Au(111) and Cu(111) [76,111].
Compared to TMPc directly adsorbed on Ni(111)—a more
reactive metal surface, the order of magnitude in the en-
ergy difference between different conformations can reach
to several eV, which also indicates the adsorption of TMPc
on Ni(111) is much stable than that on Gr/Ni(111). In other
words, the TMPc molecules are deemed to be chemisorbed
on the Ni(111) surface, while physisorbed onto Gr/Ni(111).
The chemisorption interactions at the interface in the former
case can lead to the formation of chemical bonds between
the molecular adsorbates and the substrate; see Figs. 2(e) and
4(e). Obviously, the strong interactions of TMPc with the
underlying Ni substrate can be hindered by the insertion of
the graphene interlayer. Our calculation results also support
the conclusions of spectroscopy experiments on the same
systems [112].

To make the picture of the substrate-induced effects more
quantitative, we firstly examine the molecular geometry via
(i) the average distance between the TMPc molecule and the
substrate Dy, is defined as the average height of the molecule
minus the average height of the substrate. Here, Dy, in
TMPc/Gr/Ni(111) includes two parts Dy,,_g and Dg_s, which
stand for the distance between the TMPc molecule and the
graphene and the distance between the graphene and the top
Ni layer, respectively; (ii) the vertical displacement of the
TM center of TMPc against the ligand D._; in the molecule
is defined as the height of the TM ion minus the height of
the ligand, which stands for the degree of distortion from
free-molecular planarity. Then the total magnetic moments
of TMPc including the contribution from the TM atom are
also summarized. The structural and magnetic properties of
TMPc/Ni(111) and TMPc/Gr/Ni(111) are obtained from
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FIG. 2. The three panels (left to right) show the d-projected DOS of Co and sp-projected DOS of the N atoms in the (a) free CoPc,
(b) the Bridge absorption configuration of CoPc/Ni(111), and (c) the Bridge absorption configuration of CoPc/Gr/Ni(111). We also show
the out-of-plane d-projected DOS (d2 + d) of the Ni atom in topmost layer in (b) and (c), and the sp-projected DOS on the two different
(by symmetry) C atoms of graphene in (c). The red vertical dash lines indicate the Fermi energy Er that is set to zero. (d)—(f): top and side
views of the system’s spin density distributions. Blue (red) denotes positive (negative) spin density. The isosurface level for the spin density is
0.005 Bohr™>. The spin densities are analyzed by VASPKIT [114] and rendered by VESTA [115].

When TMPc is deposited directly on the Ni(111) surface,
the average molecule-substrate distance Dp,_¢ is ~2.2 A
for all five TMPc molecules, in agreement with reports on

the lowest energy configuration presented in Table 1. Here,
the reference for comparison is the D._; value in the free
TMPc molecules. These properties are listed in Table II.

TABLE II. The average distance (D,,_) between the TMPc molecule and the substrate, the vertical displacement (D._;) of the TM center
against the ligand and the total TMPc magnetic moment (M,,,) along with the contribution of the TM ion (M;,,) in the optimized free
molecules, TMPc/Ni(111) and TMPc/Gr/Ni(111) composites (Iengths in A, magnetic moment in iz). These data are extracted from the
lowest energy configuration of TMPc/Ni(111) and TMPc/Gr/Ni(111) in Table I. For comparison, D._ in the free TMPc molecules are set as
reference.

Free On Ni(111) On Gr/Ni(111)
TMPc Dc—] Mmol Mion Dm—s Dc—l Mmol Mion Dm—G Dc—] Mmol Mion
CrPc 0 4.00 3.55 2.19 0.24 3.21 3.41 3.25 0.03 3.33 3.53
MnPc 0 3.00 342 2.23 0.17 4.23 4.21 3.24 0.00 2.81 347
FePc 0 2.00 2.15 2.19 0.18 2.01 1.91 3.25 0.00 1.71 2.01
CoPc 0 1.00 1.04 2.18 0.16 0.71 0.65 3.24 0.02 1.03 1.01
CuPc 0 1.00 0.59 2.17 0.16 0.44 0.71 3.26 0.00 0.85 0.59
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similar systems [65,113]. Such short distance also indicates
the chemisorption on the Ni(111) surface. In contrast, the
molecule-graphene distance enlarges to ~3.2 A after the
graphene interlayer inserted, meanwhile the graphene-metal
distance Dg_g stays almost unchanged (2.1 A). Obviously,
such large molecule-substrate distance indicates the TMPc
molecules are physisorbed onto Gr/Ni(111). Moreover, as
can be found in Table II, the data D._; standing for the
molecular distortion confirm the aforementioned presump-
tions: regarding some deviation from the molecular in-plane
position occurs for the macrocyclic atoms, D._; increases to a
considerable amount of 0.16—-0.24, which indicates the planar
molecular geometry of free molecule (D._; = 0) is distorted
after depositing on Ni(111); see Fig. 2(e) for example illus-
tration. While in the presence of graphene, the data D._; in
TMPc/Gr/Ni(111) are almost zero, in agreement with our
observation of a mostly unperturbed molecule; see Fig. 2(f).
Meanwhile, a similar behavior can be found from the mag-
netism data My, and My, in Table II, where the magnetic
moments of the TMPc molecules undergo a considerable
change when directly adsorbed on the Ni(111) surface but
recover to their free state values in the presence of a graphene
interlayer.

To achieve further insights into the chemisorption and
physisorption behaviors on different substrates, we then cal-
culated the ground-state electronic structure including the spin
density distribution and spin-polarized projected densities of
states (PDOS) in free, TMPc/Ni(111) and TMPc/Gr/Ni(111)
composites. Here, we take the case of CoPc for an example.
As depicted in the lower panels of Fig. 2, the spin density
distribution of the molecule in three cases mainly concen-
trates at the Co center spreads to the near four pyrrolic N
atoms of the Pc ligands, while the latter possesses a very
small but opposite direction with respect to the Co magnetism.
As shown in Fig. 2(a) for free CoPc, the spin-polarized d,»
orbital contributes significantly to the total magnetic mo-
ment 1.0 up along with the local electronic configuration of
(dyy)*(dr)*(d2)". For comparison, the PDOS distributions of
the Co-d and N-p orbitals of CoPc are changed dramatically
after deposited on the Ni surface. Firstly, while the Co-d,, and
N-p, (p,) orbitals are almost degenerate in the free molecule,
they exhibit a small offset on Ni(111). Obviously, this in-
dicates the planarity of the free molecule is distorted; see
Figs. 2(d) and 2(e). In particular, compared to the free CoPc
molecule whereas the PDOS distribution of all the orbitals
appears a collection of isolated peaks [Fig. 2(a)], the shape of
the out-of-plane orbitals including Co-d,;, Co-d,» and N-p, are
broadened over several electronvolts below Er (the in-plane
Co-d,, and d,»_y orbitals are also broadened, but the degree
is much smaller), resulting in a reduced magnetic moment of
0.7 up of CoPc. These observations demonstrate the presence
of significant interactions between the Co center and the Ni
substrate, as well as between the molecular macrocycle and
Ni. Figure 2(e) also depicts that the chemical bonding of the
molecule to the surface is between Ni surface atoms and N
atoms of CoPc.

When a graphene interlayer is inserted between CoPc and
Ni, the computed electronic structure of CoPc closely re-
sembles that of the isolated molecule, with the exception
that the spin polarization direction is reversed and the PDOS

TABLE III. Calculated the exchange energy E.« (units in meV)
data for the TMPc/Ni(111) and TMPc/Gr/Ni(111) composites.

System CrPc MnPc FePc CoPc CuPc
On Ni(111) 65.5 138.1 34.6 13.3 15.6
On Gr/Ni(111) 38.3 71.2 15.7 —1.5 4.2

distributions are shifted entirely to the left; see Figs. 2(a)
and 2(c). This can be well understood from the analyses of
geometry of CoPc/Gr/Ni(111). As listed in Table II, the opti-
mized distance Dy,_g between CoPc and graphene is 3.24 A,
meanwhile graphene is located above 2.14 A from Ni(111),
and hence CoPc is placed 5.38 A above Ni(111). Such large
distance implies the fact that the vdW interaction dominates
in the system. For the same reason, the ideal planar molecular
geometry of CoPc is almost retained [the tiny D._; = 0.02
also confirms the conclusion]. Our calculations thus depict
the CoPc molecule as physisorbed onto Gr/Ni(111) with the
electronic property being close to that of free-standing. Ac-
cordingly, the above results demonstrate explicitly that the
TMPc molecule is chemisorbed on the bare Ni substrate,
losing its previous electronic and even geometric footprints.
However, the insertion of the graphene interlayer tends to
prevent strong molecule-substrate interactions, allowing the
molecule to recover to its free state.

Previous studies for similar TMPc deposited on non-
magnetic metal-supported graphene reported the molecular
properties are preserved in the TMPc/Gr/Au(111) compos-
ites [84]. Obviously, the magnetism of the metallic substrate
has a trivial effect on the interaction between the TMPc
molecule and the composited substrate. The graphene has
shown the ability to decouple adsorbed molecules from under-
lying substrate thereby preserving the symmetry of molecular
orbitals responsible for magnetic behavior of molecules
[42,112]. Similar procedures also could be established for the
other TMPc/Gr/Ni(111) (TM=Cr, Mn, Fe and Cu) compos-
ites; see Fig. 4 and Figs. S1-S3 in Ref. [116].

In particular, our DFT results reveal that the sign and
magnitude of the magnetic coupling between the spins of
TMPc and the magnetic Ni substrate can be mediated by the
insertion of graphene. Here, concerning the magnetic proper-
ties of ground states we present the exchange energy E.x =
EAM — EPM (defined as the energy difference between the
most stable AFM and FM solutions, with the 3d spin moment
of TMPc coupled antiparallel or parallel to the Ni magneti-
zation, respectively [116]. Positive (negative) values indicate
that FM (AFM) coupling is favored between the TMPc and
Ni substrate spins. As summarized in Table III, all TMPc
molecules prefer the FM coupling when directly adsorbed on
the bare Ni substrate, in agreement with previous reports on
related systems [120], while this FM coupling is retained but
its strength is weakened in the presence of graphene interlayer
except for CoPc, where a magnetic transition from FM to
AFM is achieved.

Previous DFT investigations have revealed that the cal-
culated values of the magnetic exchange couplings between
TMPc molecules and substrates generally lie within the range
of several tens of meV [58,87,88]. As listed in Table III,
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our DFT calculations indicate that the FePc molecule ex-
hibits a preferred FM coupling with the Ni substrate with
a value of 34.6 meV. However, the presence of a graphene
layer significantly reduces this coupling to 15.7 meV. Notably,
the direction and strength of these couplings align well with
the findings of previous study [58]. We also note that for the
case of FePc adsorbed on a Co(001) surface, the coupling
value is 229 meV [87]. In contrast, the experimental measure-
ments give the values of 1.2 and 0.5 meV for FePc on the Ni
substrate and Gr/Ni(111), respectively [58]. Obviously, the
DFT method tends to overestimate the coupling values when
compared to experimental findings, which can be attributed, at
least in part, to the lack of electronic correlation effects inher-
ent in mean-field electronic structure calculations [58]. This
observation has been noted in previous studies of a similar
nature [55,59]. However, it is worth noting that our study has
successfully captured the overall trend of the interaction on
both the Ni substrate and the Gr/Ni(111) composite substrate,
which aligns with empirical experiments.

B. Mechanism of magnetic coupling

As summarized in Table III, our DFT results reveal that
magnetic couplings at organic molecular/ferromagnet inter-
faces can be modified by inserting a single layer of graphene.
These findings provide interesting cases compared to those
known from earlier studies of similar systems. The so-far
observed coupling between the metal-organic species and the
FM substrates in literature can be classified as follows:

(1) direct FM exchange interaction [66,113];

(i) indirect 90° FM exchange interaction [64,67,121,122];

(iii) indirect AFM exchange interaction via organic lig-
ands, oxygen or graphene [55,68,88,123—-125];

(iv) oscillatory Ruderman-Kittel-Kasuya-Yosida (RKKY)
exchange interaction [126].

Generally, when metal-porphyrins and phthalo-
cyanines are directly deposited on FM metal films
[64-68,113,121,123,127], the magnetic moment of the
metal centers can efficiently interact with substrate electronic
states via direct exchange or indirect superexchange paths,
or both, considering the planar structure of such molecules
and close proximity of the metal ions to the substrate. The
direct exchange path mainly occurs between the out-of-plane
orbitals of the TM center and metallic substrates [66,113],
while the indirect superexchange path can be triggered
by the aid of the nitrogen atoms of the organic ligands
[64,67,68,122,125]. Two of the most important factors which
control the sign and strength of such magnetic couplings
are the degree of orbital overlap and the charge transfer,
which depend crucially on the unpaired electrons and the
vacant orbitals on the metal centers [128]. As reported
for all planar complexes deposited on FM metal surfaces
to date, the interaction between the magnetic moment of
the molecules and that of metal substrates has been found
to be FM [120]. However, it has been noted that when
oxygen (O) or graphene is introduced between the molecules
and substrates, the coupling has been found to be AFM
[55,88,123]. Following the introduction of a graphene sheet
between the TMPc molecule and the magnetic substrate, the
direct exchange interaction, characterized by its limited range,

is impeded by the presence of the graphene layer. Instead,
a more complex superexchange mechanism is considered
to enable a magnetic interaction over a substantial distance.
Note that the m orbitals of graphene become magnetically
polarized as a result of hybridization with the Ni-d states
of the substrate [129]. Consequently, these polarized
orbitals of graphene are able to engage in such superexchange
interactions across the TMPc-Ni(111) interface [55,59,60].
For instance, a 180° superexchange interaction involving the
out-of-plane molecular orbitals (d,> and d,) is responsible for
the graphene-mediated AFM coupling in the TMPc/Gr/Co
composites (TM=Mn and Fe), while a 90° FM superexchange
path is triggered, with the magnetic coupling being transferred
through the N-p orbitals, strongly hybridized the in-plane
molecular orbitals (d>_,») in the CuPc/Gr/Co composite
[59,60].

Our DFT calculations give the ground-state electronic
configuration of the TM ion in the free TMPc molecule
as (dy)'(d2)'(dr)* (S=2 for CrPc), (dy)'(d2)'(dr)?
(§=3/2 for MnPc), (dxy)l(dzz)l(dﬂ)4 $§=1 for
FePc), (dxy)z(dzz)l(dﬂ ¥ (S=1/2 for CoPc) and
(dy)*(d2)*(dr)*(d2—,2)" (S = 1/2 for CuPc), respectively;
see Figs. 2, 4, and Figs. S1-S3 in Ref. [116]. Similar ground
states have been reported in previous DFT studies for free
TMPc molecules [84,85]. Regarding the fact that the free
CoPc molecule possesses a half-filled d. orbital with the
out-of-plane symmetry, and CuPc has a half-filled d_
orbital with the in-plane symmetry, we can thus view these
two TMPc molecules as simplified models to understand
how the magnetic interactions between the molecules and the
substrates occur.

We firstly focus on the case of CoPc on Ni(111). As
compared to the free molecule, the spin polarization of the ad-
sorbed CoPc molecule are enhanced. As depicted in Fig. 2(b),
it is apparent that the CoPc molecule displays an intrinsic
disparity between its spin-up and spin-down states within a
defined energy range. Hence the molecule possesses a mag-
netic moment that is mainly localized on the Co ion and
distributed little in the porphyrin ligands, as illustrated in
Fig. 2(e). We can conclude the ground-state electronic con-
figuration of the Co ion in the CoPc/Ni(111) composite is
approximately as (dyy,)*(d.2)' (d,)* with a spin § = 1/2. The
overall magnetic moment of the molecule primarily arises
from the Co-d,» orbital. On the other hand, for the preferred
bridge site of CoPc on Ni(111), the distance between the
Co ion and the Ni(111) surface is 2.34 A, which is in close
proximity to the Ni-Ni bond length of 2.49 A. Additionally,
the average distance between CoPc and Ni(111) is measured
tobe 2.18 A, with a surface distortion of only 0.12 A or lower
occurring; see Table II and Fig. 2(e). These findings suggest
that the magnetic coupling between CoPc and Ni(111) can
occur either by a direct exchange interaction with the out-of-
plane orbitals of the Ni substrate or via an indirect exchange
interaction through the nitrogen orbitals; see Fig. 3(a) for il-
lustration. The former is attributed to the considerable overlap
between the d. orbital of Co and out-of-planes orbitals of
Ni, which would be accompanied by FM coupling [65,68],
leading to the notable broadening of the d,> orbital of Co. The
latter indicates an indirect superexchange interaction between
the d,; orbital of Co and out-of-planes orbitals of Ni through
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FIG. 3. The two panels show schematic diagrams of the in-
teraction mechanism in TMPc/Ni(111) and TMPc/Gr/Ni(111)
composites (TM=Co, Cu). (a) The half-filled out-of-plane d> orbital
of the Co ion can directly interact with the out-of-plane orbitals
of the Ni substrate, or indirectly with the out-of-plane orbitals of
the Ni substrate via the N-p orbital of the organic ligands. (b) The
half-filled out-of-plane d_> orbital of the Co ion indirectly interacts
with the comparable Gr/Ni(111) substrate by the aid of the N atoms
of the organic ligands. (c) The half-filled in-plane d,»_,» orbital
of the Cu ion indirectly interacts with the out-of-plane orbitals of
the Ni substrate via the N-p orbitals of the organic ligands. (d)
The half-filled in-plane d,>_,» orbital of the Cu ion participates in the
indirect superexchange interaction with the comparable Gr/Ni(111)
substrate by the aid of the N-p orbitals of the organic ligands. Inset
images in (a)—(d) show the involved magnetic TM-d orbitals. Box in
(b) and (d) denotes the comparable metallic substrate consisting of
Gr/Ni(111).

the N-p, orbitals [68]. Since the latter superexchange is a
long-range interaction occurring over a significant distance
and the involved d, orbital of Co are full-filled, this indirect
interaction would be much weaker that the direct one. We thus
attribute the dominant coupling between Co and Ni to a direct
coupling, as evidenced in similar systems [65,113]. We also
note that such indirect interaction could make a broadening
of the Co-d,; orbitals in DOS occurs in Fig. 2(b). As a result,
our calculations suggest the magnetic CoPc molecule prefers
a direct FM coupling with the Ni(111) surface. The findings
align with the previously documented observations regarding
the behavior of CoPc on a Co surface [65].

When a graphene interlayer is inserted between the CoPc
molecule and the Ni substrate, the PDOS distribution of CoPc
closely resembles that of an isolated molecule, preserving the
comparable electronic structure of the ground state, specif-
ically (dyy)*(dr)*(d2)"; see Figs. 2(a), 2(c). The half-filled
d,» orbital mainly determines the spin density distribution on
the Co ion [Fig. 2(f)]. Considering the significant separation
between the CoPc molecule and the graphene layer (3.24 A)
makes the overlap between the localized Co-d,» and graphene
7 orbitals negligible. However, there remains a slight over-
lap between the delocalized macrocyclic 7 orbital of CoPc
and the graphene m orbital [55]. It is inferred that the di-

rect interaction between CoPc and graphene is improbable,
instead the molecule only engages indirectly with the spin
polarization of Ni by the aid of the N atoms of ligands and
graphene. In detail, the m orbitals of graphene are magneti-
cally polarized due to hybridization with the Ni-d states of
the substrate, and it hybridize weakly with the macrocyclic
7 orbitals, leading to a small positive spin density mainly on
the N atoms [Fig. 2(f)]. The spin densities on the N atoms
couple to the spins on the Co ion of the molecule, together
with Pauli’ s exclusion principle, force the Co-d,. electron to
align its spin antiparallel to the spins of the N atoms. Conse-
quently, the magnetic moment of CoPc is aligned by a weak
AFM coupling to the Ni substrate underneath the graphene,
in agreement with the conclusion by Avvisati et al. regard-
ing similar molecules [59,60]. This coupling can be likened
to an indirect superexchange interaction between the CoPc
molecule and a comparable metallic substrate; see Fig. 3(b)
for illustration. Here, graphene on Ni(111) can be regarded as
such a comparable metallic substrate, as the laterally extended
7 states of graphene are demonstrated its metal-like electronic
characteristics within the plane when graphene is deposited
on Ni(111) [129]. Meanwhile, the strength of such superex-
change interaction across the graphene layer as opposed to
CoPc adsorbed directly on reactive ferromagnetic substrates
is comparatively small. Indeed, the value E.x = —1.5 meV for
CoPc/Gr/Ni(111) is much smaller than that in CoPc/Ni(111);
see Table III. Our results show that the magnetic coupling
between CoPc and Gr/Ni(111) exhibits a sign and magnitude
that aligns with the findings reported for a similar planar
molecule, namely CoOEP on Gr/Ni(111) [55].

We then consider the case of CuPc on Ni(111). As de-
picted in Fig. 4(b), the distinct peaks observed in the d and
p orbitals in an isolated CuPc molecule undergo considerable
broadening upon adsorption. This broadening phenomenon
can be attributed to the robust interaction between the CuPc
molecule and the Ni substrate. The distribution of PDOS for
CuPc reveals that the spin polarization of the adsorbed CoPc
molecule is significantly enhanced, particularly for the macro-
cyclic portion of the molecule. However, within the energy
range below the Fermi level, the number of spin-up and spin-
down states for the d, d.2, and d,, orbitals is nearly equal. The
overall magnetic moment of the molecule primarily originates
from the Cu-d,>_,» and N-p orbitals. Note that the Cu ion
sits on a bridge position between two surface Ni atoms at a
Cu-Ni distance of 2.32 10\, and the average molecule-substrate
distance is approximately 2.17 A (Table II). Considering the
involved d,»_,» orbital is magnetically polarized with a dom-
inant in-plane symmetry (we should note that here CuPc is
different from the CoPc case which has the half-filled d.
orbital with out-of-plane symmetry), it can be inferred that
the interaction between CuPc and Ni(111) primarily occurs
through an indirect exchange interaction by the aid of the N
atoms of the organic ligands. The direct interaction between
the out-of-plane Cu orbitals (d, and d,» are full-filled) and
Ni is much weaker, and overshadowed by significant changes
to the in-plane Cu-N orbitals (d,>_,» and p,, p,). In detail,
the N-p, orbital hybridizes with the Cu-d,»_,> orbital and a
o -type bond is formed between them, whereas the bonding to
the Ni out-of-plane orbitals occurs via interaction of the N-p,
orbital in the macrocycle of CuPc, as can be recognized from
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FIG. 4. The three panels (left to right) show the spin-polarized PDOS of the molecule in the (a) free CuPc, (b) the bridge configuration of
CuPc/Ni(111), and (c) the bridge configuration of CuPc/Gr/Ni(111). (a)—(f) adopt the same convention as in Fig. 2.

the occurrence of peaks close in energy between —3 to —4eV
for the p states of N and d states of Ni; see Fig. 4(b). Due
to the intra-atomic FM interaction between nitrogen orbitals,
the d,»_» orbital will experience a strong exchange interaction
with the polarized N orbitals, resulting in a parallel alignment
of magnetic moments of Cu and N atoms [Fig. 4(e)]. Here,
the angles between the Ni surface atom, the N atom on top,
and the Cu ion from CuPc are close to 90°, corresponds to
a FM superexchange coupling according to the Goodenough-
Kanamori rules [130]. As a result, the spin of CuPc is FM
coupled to the Ni substrate, as evidenced by our DFT 4 U
calculations; see Fig. 3(c) for illustration.

In the presence of graphene interlayer between the CuPc
moleclue and the Ni substrate, the electronic configuration of
the Cu ion in the CuPc/Gr/Ni(111) composite is analogous
to that in the free case, which is (dxy)z(dﬂ )4(de )z(dxz,yz)1
[Figs. 4(a) and 4(c)]. The substantial separation of
3.26 A between the CuPc molecule and graphene suggests
that the direct interaction between the molecule and substrate
is improbable. Considering Gr/Ni(111) as a magnetic unit,

it is plausible that the half-filled in-plane Cu-d,>_,> orbital
may undergo an indirect superexchange interaction with the
substrate facilitated by the pyrrolic N atoms. This scenario
resembles the behavior observed in the CuPc/Ni(111) com-
posite; see Figs. 3(c) and 3(d) for illustration. Accordingly, the
magnetic moment of CuPc can be aligned by a FM coupling
to the comparable metallic substrate by the aid of the N atoms
of the organic ligands, in excellent agreement with the conclu-
sion by Avvisati et al. regarding similar molecules [59,60]. It
should be noted that the distance of 3.26 A between the CuPc
molecule and graphene is greater than the average distance
of 2.17 A between the molecule and Ni(111). Consequently,
the FM coupling strength in CuPc/Gr/Ni(111) is significantly
weaker than that in CuPc/Ni(111); see Table III.

Based on the above analysis to the cases of CoPc and CuPc,
it is instructive to conclude the varied impacts on the exchange
interaction caused by the intermediary graphene layer. The
presence of the inserted graphene layer may hinder the direct
exchange interaction across the molecule-substrate interfaces,
e.g., for CoPc, while the indirect superexchange interaction
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facilitated by the nitrogen atoms of the organic ligands is
only reduced, e.g., for CuPc. Similar procedures also could
be established to explain the variation of magnetic couplings
for the cases of CrPc, MnPc, and FePc; see Ref. [116].

C. Discussion

Our calculations indicate that the adsorbed TMPc molecule
retains a localized magnetic moment on both Ni(111) and
Gr/Ni(111) substrates. In general, the interplay between local
magnetic moments and their surrounding environment can
lead to a variety of fascinating physical phenomena, including
the Kondo effect and spin excitation. These phenomena have
been observed in transport experiments that involve magnetic
adsorbates on various types of hosts [21,22,126,131-140].
While the majority of experimental studies have primarily
concentrated on the interaction between magnetic impurities
and a nonmagnetic metallic host, there have been many theo-
retical and experimental investigations exploring the impact of
ferromagnetic electrodes on the transport characteristics in the
Kondo effect [131-134,136]. Additionally, theoretical predic-
tions have suggested that magnetic impurities on monolayer
graphene can exhibit the Kondo effect [141], experimental
evidence of the Kondo effect has been observed specifically
for Co on graphene on Ru(0001) substrate [142]. In the cases
of magnetic TMPc molecules on graphene, the evidence of the
Kondo effect is also rarely reported in relevant STM experi-
ments [135,143].

In order to gain a deeper understanding of the underlying
factors contributing to these phenomena, we will examine the
necessary conditions for the manifestation of a Kondo reso-
nance within the framework of the single impurity Anderson
model (STAM). The employment of this particular model is
supported by the following observations: (i) The composite
of TMPc/Gr/Ni(111) exhibits a localized spin magnetic mo-
ment on the TM center, and the STAM effectively accounts for
the screening of these local spin moments by itinerant elec-
trons. (ii) The magnetism of the system is primarily influenced
by spin-unpaired d orbitals, with minimal contribution from
other orbitals. For example, the CoPc/Gr/Ni(111) composite
is tentatively recognized as a spin-1/2 SIAM that can be
used to investigate the potential Kondo effect. The associated
Kondo temperature, denoted as Tk, can be expressed as fol-
lows [144]:

[JU +U
kBTK ~ Texp [—%} (1)

Here, J represents the effective coupling between the p, or-
bitals of graphene and the magnetic d orbital of the Co
ion. Additionally, U denotes the Coulomb repulsion, while
€ represents the impurity orbital energy of the d, orbital.
The values of U and € can be determined by analyzing the
results obtained from DFT calculations [43,99]. The param-
eters for the CoPc/Gr/Ni(111) composite are determined to
be (in units of eV) € = —3.50, U =5.76, and J = 0.11.
By utilizing Eq. (1), we calculate the Kondo temperature

Tk ~ 1.9 x 1075 K. However, this value is deemed too low
to be detected under the present experimental conditions.
In the case of other composites of TMPc/Gr/Ni(111), it is
also improbable to detect the potential Kondo effect through
spectroscopic properties. This is attributed to the electronic
decoupling of the molecules from the metal substrate facil-
itated by the graphene monolayer. Consequently, the Kondo
temperature becomes too low to be observable. Indeed, the
detection of the spin excitation signal, rather than the Kondo
effect, has been experimentally observed in composites con-
sisting of TMPc/graphene/substrates [137,138].

As demonstrated by the above analysis, the introduction of
graphene between TMPc and Ni(111) in experimental setups
can be confirmed by observing the behavior of related signals,
such as the Kondo resonance and spin excitation in the d1/dV
spectra. Therefore it can be inferred that the TMPc/Ni(111)
and TMPc/Gr/Ni(111) composites serve as exemplary sys-
tems for studying the concept of chemical manipulation of the
Kondo effect and spin excitation at the nanoscale.

IV. CONCLUSION

In summary, our work demonstrates that graphene plays
a vital role in mediating the exchange interactions between
magnetic TMPc molecules and ferromagnetic Ni substrates.
Through systematic analyzing the mechanisms of exchange
interaction by structural models constructed from our DFT
calculations, we find that the presence of the inserted graphene
layer can hinder the direct exchange interaction arising from
the overlap between the out-of-plane d orbitals of the TM
ions in TMPc and the Ni(111) surface, while reduce the in-
direct superexchange interaction by the aid of the nitrogen
atoms of the organic ligands. These effects not only affect
the magnitude of the magnetic interaction between the spins
of TMPc and the Ni substrate but also result in a reversal
of its direction in the CoPc/Ni(111) composite. In the in-
stance of CoPc, the initial FM coupling with Ni(111) can
be transformed into an AFM interaction when a graphene
interlayer is incorporated. Although the DFT + U method
utilized in this study does not provide an exact determination
of the coupling values at molecule-substrate interfaces, our
calculations have successfully captured the overall trend of
the interaction on both the Ni substrate and the Gr/Ni(111)
composite substrate, achieving a balance between precision
and computational efficiency. Ongoing research is focused on
refining the calculation method for improved accuracy.
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