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Superexchange pathways stabilize the magnetic coupling of MnPc with Co in a spin interface
mediated by graphene
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We investigate the magnetic response of a spin interface constituted by MnPc molecules adsorbed on
graphene/Co and its robustness against thermal fluctuations by x-ray magnetic circular dichroism. Element-
selective hysteresis loops reveal a remarkable antiferromagnetic coupling between MnPc and Co that is strong
both in perpendicular and in-plane magnetic orientations, thanks to the magnetic anisotropy properties and
electronic configuration of MnPc. The magnetic interaction between MnPc and Co is mediated by the molecular
states and the graphene 7 orbitals in a superexchange mechanism that allows a strong exchange coupling while
the molecular orbitals symmetries are preserved by the graphene decoupling layer. Our results show that the
strength and stability of the magnetic coupling between MnPc molecules and Co layer(s), intercalated at the
graphene/Ir(111) interface, is further optimized by the open 3d shell of the central Mn ion. The magnetic
properties are compared with analogous molecular spin interfaces with high thermal stability, paradigmatic
examples to exploit in surface-supported molecular spin electronics.
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I. INTRODUCTION

Molecular spin interfaces with tailored electronic and mag-
netic functionalities are emerging as key enablers for ex-
ploring magnetic interactions in spintronic applications [1,2].
New insights in understanding the fundamental phenomena
of molecular interaction with magnetic surfaces are devel-
oping towards a new pathway to design molecular hybrid
interfaces [3], but it is rare to attain both a preserved molec-
ular magnetic state and a stable magnetic response even
at room temperature [4,5]. Transition metal phthalocyanines
(T M C5,H6Ng, TMPcs), square-shaped planar molecules in
which a central transition metal ion, usually in the 2% ox-
idation state, is embedded in an organic cage, have proven
to be promising molecular units in several technological ap-
plications [6]. Their easily-controllable and tunable magnetic
properties depend on the configuration of the central transition
metal atom [7], while the organic macrocycles ensure their
highly stable and ordered assembling upon adsorption on
metal surfaces [8—10]. The magnetic properties of TMPcs
supported on metal surfaces may be changed by chemical
modification of the molecules [11] or by strong electronic
coupling with the substrate due to orbital intermixing with
metallic states [4,12]. While the adsorption of such planar
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molecules on a solid surface often results in a quench of the
molecular spin moment due to the interaction, graphene (Gr)
can act as a buffer layer to decouple the molecular orbitals
and the underlying metallic states [13,14], preserving the
magnetic states of the TMPc molecules [15]. The Gr layer can
also act as a mediator of the magnetic interaction, either by a
direct coupling [16] or by opening an effective superexchange
channel [5,17].

We have recently demonstrated that the electronic con-
figuration of the TMPc metal centers can lead to an anti-
ferromagnetic (AFM) or weak ferromagnetic (FM) coupling
with Co layer(s) intercalated under Gr/Ir(111), depending on
the dominant interaction channel [17]. The robustness of the
magnetic coupling against thermal fluctuations is strongly
related to different superexchange pathways and to the relative
orientation between the molecule and the substrate easy mag-
netization axes [17,18]. Among all TMPcs, MnPc exhibits
the highest Curie temperature (in its § polymorph) [19] and
easy-axis magnetic anisotropy energy [20], making it the ideal
candidate to further optimize the magnetic coupling and the
robustness against thermal fluctuations of such molecular spin
interfaces.

We herewith report on the strength and stability of
the magnetic coupling between MnPc molecules and Co-
intercalated Gr, for a single and few Co layer(s), by means
of x-ray absorption spectroscopy (XAS) and magnetic cir-
cular dichroism (XMCD). In particular, we have investi-
gated both the highly corrugated moiré superstructure of
Gr/l ML Co/Ir(111) [17,21,22], exhibiting an out-of-plane
easy magnetization axis and a strong perpendicular magnetic
anisotropy [21,23], and the flat commensurate Gr sheet on
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FIG. 1. Spin interface architectures: (top) moiré superstructure
of Gr on Ir(111) upon intercalation of 1 ML Co and (bottom) flat and
commensurate Gr/Ir upon 7 ML Co intercalation, as deduced by the
LEED patterns reported in the right panel. At the early deposition
stage, the MnPc molecules are trapped in the valley regions of the
highly corrugated Gr/1 ML Co moiré superstructure, while MnPc
adsorbs flat if the Co intercalated layers arrange commensurate with
the Gr lattice.

7 ML Co [22], with the easy magnetization axis lying parallel
to the surface plane [17], as displayed in Fig. 1 and in the
Supplemental Material [24]. It is worth reminding that the
isolated MnPc molecule has the spin-polarized metal-related
molecular orbitals with projections both lying inside and
protruding from the molecular plane, associated with the * E o
ground state with a byg(dyy) € (drz y2 ) a14(d2) big(dy2y2)°
configuration [7,25]. Therefore, the MnPc molecules ad-
sorbed on the Gr/Co substrate have an electronic/magnetic
matching for activating (both) the superexchange channels
leading to an AFM (FM) alignment, recently proposed for
FePc (CuPc) on Co-intercalated Gr [17]. A detailed com-
parison of the magnetic response of different TMPcs unveils
the role of the symmetry of the molecular orbitals on the
effectiveness of the activated superexchange channel(s) in
these robust spin interfaces, exhibiting stability up to room
temperature.

II. EXPERIMENTAL METHODS

XAS and XMCD measurements were carried out at the
BOREAS beamline of the ALBA synchrotron radiation fa-
cility [26]. The spectra were recorded with parallel and an-
tiparallel helicities by measuring the sample drain current,
normalized with respect to the incident flux, accounted for
as the drain current on a clean gold grid. The magnetic state
of the sample was measured along both the easy and the
hard magnetization axis, by changing the incidence angle of
the x-ray beam, collinear with the applied magnetic field. In
particular, the nearly-in-plane magnetic state was explored
with an incidence angle of 70° with respect to the surface
normal, while the out-of-plane magnetic response was in-
vestigated at normal incidence. Finally, the hysteresis loops
were obtained by monitoring the field dependence of the
L; XMCD intensity, normalized at the pre-edge signal in

order to cancel out any field-induced artifact. The saturation
magnetization of the thick MnPc film was determined with a
Langevin fit of the hysteresis curve, and, as also deduced by
previous experiments [27], a magnetic field higher than 6 T is
required to saturate the magnetic moment of the MnPc film.
We estimate that at 6 T the magnetization along the easy axis
is around 80% of saturation.

The Ir(111) surface was prepared by 2 keV Ar™ sputtering
and annealing above 1300 K. The graphene layer was grown
on the freshly-cleaned Ir surface by exposing the substrate,
kept at a temperature higher than 1500 K, to a partial ethylene
(CyHy) pressure of 1 x 107% mbar. The quality of the Gr layer
was verified for each experiment by monitoring the presence
of sharp and bright low energy electron diffraction (LEED)
spots associated to the moiré superstructure pattern. Metallic
Co was then sublimated with a commercial e-beam evapo-
rator and deposited on the Gr/Ir(111) surface kept at room
temperature. Finally, annealing the Co/Gr/Ir(111) sample at
600-800 K promotes Co intercalation, as also reported in
Refs. [21,22,28]. The thickness of the intercalated Co film was
predetermined with a quartz crystal microbalance and dou-
ble checked with an Auger-calibrated XAS jump-edge ratio
growth. The LEED patterns obtained with a definite moiré
superstructure for a single Co layer and the hexagonal 1 x 1
pattern for the seven Co layers intercalated under graphene are
reported in Fig. 1. Finally, previously purified MnPc powder
was sublimated with a resistively heated quartz crucible and
deposited on the Gr/Co/Ir(111) surface. The thickness of the
molecular adlayer was also determined with a quartz crystal
microbalance.

III. RESULTS AND DISCUSSION

The magnetic response of two peculiar molecular spin
interfaces, constituted by MnPc molecules adsorbed (i) on the
highly corrugated Gr/1 ML Co/Ir(111) and (ii) on the flat
commensurate Gr/7 ML Co/Ir(111), has been investigated by
XMCD, as an element-selective probe of the magnetization.
The molecular spin interface was prepared according to the
procedure already described in Refs. [29,30], intercalating
increasing number of Co layers under Gr/Ir(111). The first
intercalated Co layer is pseudomorphic to the Ir(111) surface,
while, when more than four Co layers are intercalated, they
arrange as HCP bulk Co(0001), commensurate to the Gr
lattice [22,29], as revealed by the LEED patterns reported in
Fig. 1. It is important to remind that the Co-intercalated Gr
substrate presents a tunable easy magnetization direction: per-
pendicular to the surface plane for a single Co layer, in plane
for larger (>4 ML) thicknesses, as deduced from the XMCD
spectra at the Co L, 3 edges, reported in the Supplemental
Material [24]. The MnPc magnetic state has a high magnetic
anisotropy energy with an out-of-plane magnetization direc-
tion [20], thus allowing for the evaluation of the effects of the
relative orientation between the molecule and substrate easy
magnetization axes in the MnPc/Gr/Co spin interfaces.

In Fig. 2 we report the Mn L, 3 XAS and XMCD sig-
nals, measured in remanent magnetization state along the
substrate easy [(a),(e)] and hard [(b),(d)] magnetization axes,
for MnPc molecules assembled on Gr/Co/Ir(111) with out-
of-plane [(a),(b)] and in-plane [(d),(e)] easy magnetization
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FIG. 2. XAS and XMCD of MnPc at the Mn L, 3 edges, acquired in remanence for about 0.5 ML of MnPc on Gr/1 ML Co [(a),(b)] and on
Gr/7 ML Co [(d),(e)]. XMCD of Mn L, 3 edges for a thick paramagnetic MnPc film, acquired with an applied magnetic field of 6 T [(g),(h)].
The insets display the experimental geometries: normal [(a),(d),(g)] and grazing [(b),(e),(h)] incidence. Right panel: the field dependence of
the XMCD signal as acquired along the easy magnetization axis of the systems, i.e., perpendicular (c) and parallel (f) to the surface plane. All

the measurements were performed at a temperature of 3 K.

direction. A schematic view of the experimental geometry
is shown in the inset. In Figs. 2(g) and 2(h) we report for
comparison the XMCD signal of a paramagnetic thick MnPc
film, grown flat lying on a gold (111) surface [31], measured
with an applied magnetic field of 6 T at 3 K. Element-selective
hysteresis loops are extracted by measuring the normalized
XMCD signal as a function of the external magnetic field
applied along the easy magnetization axis of the spin inter-
face. In order to probe the magnetic anisotropy of the MnPc
molecules, we report in Fig. 2(i) the hysteresis loops collected
in normal and grazing incidence on the thick MnPc film.

The XAS and XMCD spectra of the Mn ions in the thick
molecular film show a rich multiplet structure (Fig. 2 bottom
panel) which represents a fingerprint of the *E ¢ ground state,
corresponding t0 a byg(dyy) eg(dyz y:) a1g(d2)" configura-
tion and an intermediate S = % spin state [13,25,27,31-34],
characterized by the coexistence of empty molecular orbitals
with both out-of-plane and in-plane symmetry. The spectral
lineshape, even if with subtle differences in the relative inten-
sity of the features, is preserved for MnPc on Gr intercalated
with 1 and 7 ML Co (Fig. 2 top and central panels), suggesting
that the ground state configuration is not heavily altered upon
adsorption. It is worth highlighting that the magnetic state of
the spin interface is determined by the Co layer(s) and by the
coupling of the Mn?* ions with it, as the MnPc molecules
do not have a remanent magnetization per se. Indeed, both
the magnetic coercivity (see hysteresis loops, Fig. 2 right

panel) and the easy magnetization axis (out-of-plane for the
MnPc/Gr/1 ML Co and in-plane for the MnPc/Gr/7 ML Co
samples) of the spin interface reflect that of the Co layer(s).

The spin and orbital contribution to the MnPc magnetic
moment cannot be easily deduced by applying the sum rules
[35,36] to the XMCD signals, due to the small spin-orbit
splitting compared to the 2p3d Coulomb exchange interac-
tion [37,38], and to the strong AFM coupling, inhibiting the
Mn ions magnetic saturation. However, the similarity of the
XAS and XMCD line shapes for the thick film and the MnPc
sitting on Gr suggests that the orbital intermixing with the
substrate only slightly influences the Mn empty orbitals and
the effective Mn>* magnetic moment. Thus, the graphene
layer electronically decouples the spin interface, while a re-
markable AFM coupling is present with an induced magnetic
remanence of the Mn ions at 3 K.

Recently, a detailed theoretical investigation of the interac-
tion process for FePc and CuPc on Gr/Co substrates unveiled
identical adsorption energy landscapes and geometries for
both molecules, together with similar distances between the
central transition metal atoms and the underlying Co lay-
ers [17]. The assembling geometry is driven by the interaction
between the organic macrocycles with the Gr layer, while the
interaction of the metal-related molecular orbitals protruding
out of the molecular plane with the underlying Gr/Co interface
is weak, as manifested by the subtle intensity decrease of the
related XAS peaks [29].
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FIG. 3. The 180° (top) and 90° (bottom) superexchange paths are
sketched, highlighting the symmetry of the molecular and graphene
orbitals involved in the steps of the activated exchange channel.

Given that the central transition metal ion plays a negligible
role in driving the structural arrangement of the molecular
layer, we can presume that MnPc molecules adsorb with
a similar geometry as compared with FePc and CuPc spin
interfaces. Assuming identical structural configurations, only
the symmetry of the molecular orbitals involved in the inter-
action with the extended states of Co-intercalated graphene
determines the sign of the MnPc-Co magnetic coupling. The
magnetization cycles of the MnPc molecules adsorbed on
the graphene/Co substrate (Fig. 2, right panel) reveal a defi-
nite AFM alignment for all the Co intercalated configurations,
consistent with what recently reported in the case of FePc
molecules assembled on the same surfaces [17].

More in detail, when TMPc molecules are directly ad-
sorbed on magnetic surfaces, they couple ferromagnetically,
due to the (in)direct exchange interaction between the mag-
netic substrate and the central transition metal ion [3,8,39,40].
However, when a paramagnetic buffer layer, e.g., oxygen
or graphene, is interposed between the molecules and the
substrate, more complex superexchange channels can be trig-
gered, generally favoring an AFM alignment [5,41,42] but
with a weaker interaction and without a detectable mag-
netic remanence at room temperature. Nevertheless, it was
recently proposed [17] that the sign of the magnetic cou-
pling can be modified by accurately tuning the superexchange
mechanism. In particular, a 180° superexchange interac-
tion, mostly involving the out-of-plane-symmetric molecular
orbitals (d2, dx. ;) [43], is responsible for the graphene-
mediated FePc-Co AFM coupling [17]. On the contrary, by
selecting a magnetically polarized molecular orbital with a
dominant in-plane symmetry, as for the CuPc molecule, a
weaker 90° superexchange path is triggered, with the mag-
netic coupling being transferred through the N 7 and the
N o orbitals, strongly hybridized with the d,>_,» metal
state (see Fig. 3) [17,44]. The MnPc molecule, with a 4Eg
ground state, has three half-filled metal-related molecular
orbitals, exhibiting both in-plane (by,/d.y, e,/dx; y,) and
out-of-plane (e, /dy;. y, aig/d;>) projections, hence both su-
perexchange channels can be activated. The unambiguous

antiferromagnetic alignment, demonstrated by the data re-
ported in Fig. 2 for both perpendicular and in-plane mag-
netic anisotropy of the Gr/Co substrate, indicates that the
superexchange path at 180° dominates the coupling, similar to
that observed for FePc/Gr/Co [17]. Moreover, in contrast to
FePc/Gr/Co, the out-of-plane easy axis of the MnPc molecule
strengthens the magnetic coupling to perpendicular Gr/Co
layer. Other interaction pathways, such as a direct coupling
between the Gr m orbitals, carrying a small Co-induced
magnetic moment [17,21,45], and the Mn-related molecular
orbitals protruding out of the molecular plane, can also con-
tribute to the Mn-Co magnetic coupling. However, due to
the low magnetic polarization of the Gr sheet and the fairly
large TMPcs-Gr distance [17], a direct channel would have
a negligible effect. Other interaction mechanisms that could
contribute to the TMPc-Co magnetic coupling are of dipolar
nature. The field generated by the Co layer is calculated
[46] in the Supplemental Material [24], and it contributes
by less than 0.05 T in both structural configurations, with
the molecules sitting at more than 5 A from the intercalated
ferromagnetic film [17]. Therefore, the contribution of dipolar
interactions also plays a negligible role in our molecular spin
interfaces and superexchange interactions are the dominant
coupling mechanisms, effectively stabilizing the magnetic
response of the MnPc molecules at such distances.

It is interesting to compare the temperature-dependent
XMCD evolution of these spin interfaces with the robustness
against thermal fluctuations of analogous systems reported
in the literature [5,17]. In Fig. 4 the XMCD intensity is
displayed as a function of temperature, for the spin interface
with MnPc adsorbed on the highly corrugated (left) and on the
flat commensurate (right) graphene-Co substrates. For both
configurations a signal can be detected even at room tempera-
ture, suggesting a robust magnetic remanence against thermal
fluctuations. In the right panel of Fig. 4 we present the thermal
evolution of the XMCD signal intensity of MnPc/Gr/7 ML
Co, where the easy magnetization axis of the MnPc molecules
is perpendicular to that of the Gr/Co substrate. The presence
of a finite XMCD signal at RT proves an unexpected mag-
netic coupling between the Co layer and Mn ions, stabilized
against thermal fluctuations up to room temperature, even if
the molecule and substrate easy magnetization axes are not
aligned. The temperature progression of the Mn ion magneti-
zation and the saturation value at RT are comparable to that
recorded for FePc assembled on the same substrate [17], even
if the latter configuration is more favorable because both the
FePc molecules and the substrate have an easy-plane magnetic
anisotropy. A Brillouin fit [B3/,(E.x/kpT )] performed over
the XMCD thermal evolution can give an estimation of the
exchange energy, equal to 3.4 £ 0.4 meV for MnPc [47] and
2.8 £0.6meV for FePc [17]. It is worth pointing out that,
despite the large predicted out-of-plane magnetic anisotropy
of MnPc molecules, the magnetic coupling with the Gr/7 ML
Co substrate is not hindered by the noncollinearity between
the MnPc-Co easy axis/plane, but still exhibits a dichroic
signal of around 10% at RT (with respect to the magnetic
response probed at 3 K). On the other hand, when the TMPcs
molecules are adsorbed on the Gr/1 ML Co rippled interface
and the easy magnetization axes of the molecules and the
substrate are aligned, the exchange coupling is aided by the
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FIG. 4. Top panel: the thermal evolution of the XMCD signal
intensity is presented for MnPc on Gr/1 ML (left) and 7 ML (right)
Co. In the lower panel the experimental results are compared with the
thermal evolution of analogous spin interfaces, i.e., FePc and CuPc
deposited on the same surface (see Ref. [17]).

magnetic anisotropy term determining an exchange energy of
6.2 £ 0.5meV, the highest value obtained for this class of
systems [5,17]. It is worth pointing out that for FePc and CuPc
adsorbed on the perpendicularly magnetized Gr/Co interface,
the XMCD signal vanishes at 200 K and 50 K, respectively.
In the first case due to the frustrated magnetic interaction,
being the easy molecule and substrate magnetization direc-
tions perpendicular to each other, in the latter due to the less-
effective 90° FM superexchange path. Certainly, these values
for the Mn-Co exchange energy are more than one order of
magnitude smaller than those obtained when the molecular

building blocks are directly deposited on a bare Co sur-
face [48]. In the latter case, however, the exchange coupling
is driven by the orbital intermixing of the molecules with
the metallic magnetic states, with the formation of a hybrid
metal-organic interface. In our case, the graphene buffer layer
preserves the magnetic state of these planar molecules, min-
imizing the orbital intermixing with the underlying metallic
extended states. The large adsorption distance between the
metallic ion centers and the Co layers weakens the exchange
interaction but preserves the magnetic identity of the com-
ponents of the spin interface. In fact, despite the large TM-
Co distance in a TMPc/Gr/Co spin architecture, predicted
to be higher than 5 A [17], the superexchange interaction
mechanism stabilizes the magnetic response of the adsorbed
molecular units, further optimized by accurately selecting the
central TM ion.

IV. CONCLUSIONS

The moments of paramagnetic MnPcs molecules can be
aligned by a remarkable antiferromagnetic coupling to Co
layer(s) intercalated under graphene. The superexchange path-
way, driven by the symmetry of the orbitals carrying the
magnetic moments, is mediated via the organic ligands and
the electronic 7 states of graphene, as recently observed for
FePc and CuPc spin interfaces. The graphene spacer preserves
the spin state of the TMPcs molecules adsorbed on Gr, while a
slight orbital intermixing with the metal leaves their symmetry
almost unaltered. The efficiency of the Co—Gr—-N-TM 180°
superexchange channel in driving a robust antiferromagnetic
alignment between MnPc molecular architectures and Co
layer(s), is stable up to room temperature. In addition, despite
the large predicted out-of-plane magnetic anisotropy energy,
the Mn?* central metal ion exhibits a magnetic activity at
RT both when the molecule-substrate easy magnetization
axes are aligned (MnPc/Gr/1 ML Co) and perpendicular
(MnPc/Gr/7 ML Co) to each other. MnPc molecules are thus
ideal candidates to optimize the magnetic response with both
perpendicular and in-plane magnetic orientations, thanks to
their relatively high magnetic moment and out-of-plane easy
axis.

A new platform is now open to design magnetic molecules
and spin interface architectures with optimized magnetic re-
sponse at room temperature, preserving the magnetic identity
of each component thanks to the insertion of the graphene
layer. These tunable magnetic building blocks can play an
unprecedented role in the future of molecular spintronics.
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