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ABSTRACT: Mastering the magnetic response of molecular spin interfaces by
tuning the occupancy of the molecular orbitals, which carry the spin magnetic
moment, can be accomplished by electron doping. We propose a viable route to
control the magnetization direction and magnitude of a molecular spin network, in a
graphene-mediated architecture, achieved via alkali doping of manganese
phthalocyanine (MnPc) molecules assembled on cobalt intercalated under a graphene
membrane. The antiparallel magnetic alignment of the MnPc molecules with the
underlying Co layer can be switched to a ferromagnetic state by electron doping.

MnPc/Gr/Co /Gr/Co

Multiplet calculations unveil an enhanced magnetic state of the Mn centers with a 3/2
to 5/2 spin transition induced by alkali doping, as confirmed by the steepening of the hysteresis loops, with higher saturation
magnetization values. This new molecular spin configuration can be aligned by an external field, almost independently from the hard-

magnet substrate effectively behaving as a free magnetic layer.

KEYWORDS: spin interface, graphene, magnetic molecule, alkali metal, X-ray magnetic circular dichroism

B INTRODUCTION

Molecular-based magnets can exhibit superior properties
compared with their inorganic counterparts, in terms of
chemical stability and tuning. The possibility of molecular spin
manipulation and tuning are attractive abilities, especially with
respect to molecular spintronics.”” Stemming from the
principle of using molecular semiconducting films as a spin-
transport media, several proof-of-concept devices have been
realized, such as organic spin valves” > and organic magnetic
tunnel junctions.”” In more recent experiments the role of the
organic layer—magnetic electrode interface, the so-called spin
interface,” has become apparent, where it has been directly
related to the magnetoresistance sign in organic spin valves”"’
and also to the insurgence of new phenomena such as interface
spin harvesting.'"'* Thus, it turns out that a challenge and an
opportunity to tailor the properties of organic—spintronic
devices is to control the interface hybridization and magnetic
coupling between organic molecules and magnetic electro-
des."'® Recent endeavors to master the magnetic coupling
between spin-carrying organic molecules and magnetic layers
were achieved, tuning the magnetic response with external
stimuli or chemical doping and changing the occupancy of the
electronic molecular states carrying the spin.'*”"" Spin
manipulation of molecular interfaces with a designed
architecture allows us to attain the goal of controlling the
ferromagnetic (FM) or antiferromagnetic (AFM) coupling
with a magnetic substrate, up to room temperature.
Transition metal phthalocyanines (TM-Pcs, TM C3,H;4Nj)
are a class of molecules with an intriguing outlook in
spintronics, thanks to the wide range of spin ground state
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configurations attainable by changing the central TM core'*'”

or by chemical modification of the molecule,”” e.g, bsy electron
doping via alkali metal’”** or oxygen exposure.”” >° Electron
doping of transition-metal phthalocyanines is a viable way to
tune orbital occupation and symmetry, both in free-standing-
like molecules” ' and at the interface with a metallic
support.”” Furthermore, selectivity of the spin-polarized
molecular orbital symmetry can allow us to tune the sign
(and strength) of the magnetic coupling (FM or AFM) with a
magnetic substrate.”

Recently, it has been demonstrated that an advanced organic
spin-interface architecture constituted by MPc molecules
magnetically coupled with metallic Co layers through a
graphene (Gr) spacer presents magnetic remanence even at
room temperature.‘“’34 Graphene acts as a protective
membrane for the magnetic metal substrate and preserves
the electronic/magnetic structure of the molecule, hindering
hybridization/interaction of the spin-polarized molecular
orbitals."”***> This class of spin interfaces, stable against
thermal fluctuations with preserved magnetic states thanks to
the graphene spacer, can be a playground to tune and switch
the AFM or FM coupling, not only by direct exchange between
the molecule and the magnetic substrate but also by exploiting
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Figure 1. Top panels: XAS spectra acquired at the Mn (left) and Co (right) L, ; edges with circularly polarized radiation for the MnPc/Gr/1 ML
Co/Ir(111) sample before (clean) and after (doped) 40 min of K exposure. Bottom panels: XMCD spectra from low K coverage to saturation K
coverage (80 min K deposition) are also reported. All the measurements were performed at a low sample temperature (3 K), in remanence
condition, and with polarized photons impinging the sample at normal incidence.

the indirect ligand-mediated super-exchange interaction.
Tuning the coupling strength between the molecular film
and the magnetic substrate is a fundamental step to enable the
design of molecular spin interfaces responsive to small external
magnetic stimuli, where a low magnetic coupling energy and
high magnetic polarizability are both desirable properties.”°

Herein, we report on the tuning of the magnetic response of
MnPc molecules coupled with a single Co layer, intercalated
under graphene, at increasing electron doping, via deposition
of K. The magnetic coupling, monitored via element-specific
X-ray magnetic circular dichroism (XMCD) measurements,
switches from a strong AFM, with an exchange energy of 6.2 +
0.5 meV/atom,*>** to a field-polarizable FM state, as a result
of a new molecular ground state revealed by multiplet
calculations. The molecular spin interface upon electron
doping presents a high magnetic polarizability mostly
independent from the hard-magnet substrate, enabling possible
applications in molecular ultra-thin spin—valve devices or
multi—sg{in—interface designs with tailored magnetic re-
sponse.

B RESULTS AND DISCUSSION

Graphene-spaced spin molecular interfaces constituted by
MnPc molecules adsorbed on a cobalt layer intercalated under
graphene have been recently magnetically characterized.””™>*
XAS absorption with left and right circularly polarized
radiation in remanence conditions, together with their
XMCD difference at Mn and Co L, ; metal edges for a single
layer of MnPc molecules adsorbed on the graphene membrane
on a Co intercalated layer, before and after exposure to
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potassium, are reported in Figure 1. The dichroic signal,
reported in the lower panel of Figure 1, enlightens an
antiparallel coupling of Mn ion cores and the Co layer, before
doping. The occupancy and symmetry of the MnPc molecular
orbitals carrying the magnetic moment automatically select the
sign of the AFM alignment between the MnPc central ions and
the Co layer. The graphene membrane and the organic cage of
the MPcs play an active role and mediate the magnetic
interaction.”” In fact, the AFM coupling of the MnPc
molecules with the Co layer is driven by a superexchange
Co—Gr—N—Mn 180° channel, efficient to turn on a robust
AFM alignment of the molecules with the Co layer, stable even
at room temperature.34

Electron doping at the MnPc/Co-intercalated Gr interface
may alter the charge density distribution of the frontier
molecular orbitals, hence reshaping the symmetry-matching
criteria of the super-exchange interaction path and opening
different magnetic coupling channels. This can be accom-
plished by K doping of MnPc molecules assembled on the
rippled Gr/Co/Ir(111) interface.”*** An accurate monitoring
of the molecular magnetic state, at increasing K doping, has
been performed to follow the effects of changing the molecular
orbital occupancy and symmetry. The absorption spectra,
measured at Mn and Co L, ; in remanence conditions, together
with their XMCD difference at increasing K deposition time,
are reported in Figure 1.

The XAS spectra at the Mn L, ; edges show a complex line
shape, due to the intermediate S = 3/2 spin configuration with
a rich multiplet structure. Upon electron doping the structured
three-peaked XMCD Mn L; signal of the Mn ions is replaced
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by a sharp feature centered at 640.0 eV. On the other hand, the
XMCD signal at the Co L,; absorption edges is almost
unaltered upon K doping. The Mn L, ; XMCD in remanence
state in the undoped state presents an opposite sign with
respect to the Co one (AFM alignment); it decreases at the
first K deposition stage, and then, it reverses and becomes
parallel to the one of Co at increasing K doping. At saturation
K coverage, the XMCD signals for Mn and Co are both
negative, suggesting an FM magnetic coupling. Furthermore, it
is worth noting that the intensity of the XMCD in the
remanent state is strongly reduced in the K-doped MnPc,
indicating a decrease of the magnetic coupling strength
between the Mn ion and the Co layer.

The evolution is even more striking if a magnetic field (B =6
T) is applied perpendicular to the surface plane (i.e., along the
easy magnetization axis of MnPc/Gr/C034). The XMCD
spectra, acquired at the Mn L; absorption edge as a function of
K coverage, with B = 6 T (solid lines) and in remanence
conditions (dashed lines), are reported in the left panel of
Figure 2. It is worth noting that the magnetic dichroism
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Figure 2. Left: XMCD measurements at the Mn L, ; edges acquired at
normal incidence and low sample temperature (3 K), with
(continuous lines) and without (dashed lines) the 6 T magnetic
field. Center, right: hysteresis loops evolution at different doping
levels. The magnetization curves were acquired by monitoring the
field dependence of the XMCD signal at 642.5 eV (i.e, maximum
XMCD intensity for the clean system, right) and at 640.0 eV (i.e.,
maximum XMCD intensity for the doped system, center).

measured at B = 6 T, after a quenching at low K doses (10 min
K), is strongly enhanced by increasing the K dosing up to
saturation. To unveil the driving forces of this magnetic
activity, the hysteresis loops have been measured by
monitoring the field-dependent XMCD signal, both at the
energy where the dichroic signal for the undoped system is
maximum (E = 642.5 eV), and at the energy where the XMCD
signal is maximum after K doping and almost zero for the
pristine undoped one (E = 640.0 eV). The corresponding
magnetization curves are reported in the right and central
panels of Figure 2, respectively. Following the signal at 642.5
eV, the magnetization curve reduces its amplitude at the early
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K deposition stages, and it is quenched at saturation K
coverage. On the other hand the hysteresis loops at 640 eV
become more intense as the K dosing is increased, indicating a
higher susceptibility of the Mn ion. The magnetic response of
the MnPc molecule to the external field is thus abruptly
changed; in the pristine layer the Mn-ion magnetic moment is
locked anti-parallel to the one of the Co film by the strong AF
super-exchange coupling, up to an applied field of 6 T,** and in
the doped phase the molecular spin can be oriented by an
external field, showing a weak FM coupling to the Co film in
remanence condition.

This K-dosing-induced magnetic-state change may be
attributed to electronic charge donated from K adatoms to
the out-of-plane orbitals located on Mn ions. A direct electron
doping of the Mn orbitals would alter the Mn orbital
occupation and accordingly the metal-ion spin-orbital config-
uration. In order to address the evolution of the electronic
structure of the central Mn ions upon K doping, Mn L,;
absorption edges acquired with linearly polarized light, with
the polarization vector either parallel (in-plane, left) or nearly
perpendicular (out-of-plane, right) to the surface plane are
displayed in Figure 3 (left panels). The pristine MnPc single
layer exhibits the typical electronic multiplet features of a
MnPc thick molecular film,>**"%* confirming an effective
decoupling from the Co layer thanks to the graphene spacer.

The spectral line shape is markedly altered upon K doping,
particularly for the in-plane Mn ion states. Indeed, the
characteristic multiplet structure of the Mn L; edge in the
in-plane polarized spectrum narrows already at the first K
exposure, i.e., before the switch of the sign of the magnetic
dichroic remanence. The out-of-plane spectrum of the
undoped MnPc/Gr/Co/Ir(111) is less structured and under-
goes a similar evolution upon K deposition, presenting a
similar single-featured line shape centered at 640 eV at K-
saturation coverage. The total intensity of the empty Mn 3d
states evaluated as the integral of the L; + L, signal exhibits
only a tiny reduction upon K doping (less than 10% of the
normalized L, ; integral), indicating that the 3d ion electron
occupancy is slightly affected by K adsorption, without a
consistent charge transfer. Accordingly, a direct e” transfer to
Mn molecular orbitals as a consequence of K deposition can be
excluded. It is worth noting that the L; peak spectral weight
has substantially higher total intensity for the K-doped MnPc,
while the L, is reduced, suggesting a transition to a higher spin
state as deduced by the increased L;/(L; + L,) branching
ratio.””

Moving from the central Mn ion to the ligand states of the
surrounding organic cage to ascertain the recipient of the
electron donation, we report in Figure 3 (right panel) the N K-
edge XAS, as a function of K dosing. The N K-edge #*
transitions of the pristine molecule present four features, where
the first two are associated with core level transitions form the
two unequivalent nitrogen atoms of the molecule*’ while the
other two at 401 and 403 eV are associated with macrocycle
molecular states. Upon initial K dosing, the lower energy z*
feature undergoes a substantial intensity reduction, suggesting
a charge donation to N—Mn hybridized orbitals. Further K
deposition induces an energy shift toward lower photon
energies of the macrocycle-related peaks, indicating a charge
donation process involving the organic ligand cage. The
modification of the linear dichroism can be associated with a
partially broken symmetry of the 7* and ¢* resonances,
induced by the adsorption of K adatoms. In fact, a distorted
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Figure 3. NEXAFS spectra at the Mn L, ; (left) and N K (right) absorption edges, acquired with linearly polarized light for MnPc/Gr/1 ML Co/
Ir(111) at increasing K doping. The measurements are performed with the sample kept at 100 K.

line shape and an overall decrease of the total spectral intensity
of the 7* resonances suggest an electron doping at the
macrocycle N sites.””*' There is consensus in claiming that
two stable configurations are found for K-doped TM—Pcs
(TM = Fe, Ni, Cu, Zn), namely, K, TM-Pc and K,TM-Pc, with
electrons being donated mainly to molecular orbitals
delocalized over the organic macrocycle.®*' This evidence
suggests that the electron doping induces a filling of the empty
ligand states, affecting the crystal field exerted on the central
Mn ion and determining a transition to a new Mn ground state
configuration.

A one-to-one attribution to the new configuration of Mn
orbitals upon e~ doping gets complicated by the concomitant
correlation effects at the open 3d shell of the Mn core. To
unveil the origin of the spin configuration before and after the
alkali doping, multiplet calculations (see Experimental
Methods and the Supporting Information for details) have
been performed to simulate the Mn L, ; absorption edges and
XMCD. A comparison between measured (left) and calculated
(right) NEXAFS L, ; spectra for both clean (top) and K fully
doped (bottom) MnPc on Gr/Co/Ir(111) is shown in Figure
4. In order to simulate the ground-state configuration of the
pristine MnPc molecule, a Dy, crystal field symmetry has been
assumed. The charge-transfer parameters are considered
negligible, thanks to the decoupling effect of the Gr layer on
top of the Co film.”> A good agreement between the
experimental and calculated linearly polarized in-plane and
out-of-plane XAS has been obtained with the crystal field
parameters 10Dg = 4.30, Dt = 0.79, and Ds = 0.49, giving a
ground state B;, symmetry with § = 3/2 and a
(eg)*(by)' (1) (bj configuration, in agreement with the
output of other multlplet calculations reported in the literature
for analogous systems.””*> For the doped system, an
agreement between experimental and calculated XAS spectra
has been obtained, imposing an overall marked reduction of
the crystal field potential (10Dg = 1.08, Dt = —0.10, Ds =
0.15), resulting in an estimated (ey)*(b,,)"(aj,)'(byg)" orbital
occupation sequence, with a high-spin S = 5/2 configuration
and an unvaried Mn 3d® occupation number. The magnetic
dichroism is fairly well reproduced for the K-saturated MnPc
(Figure 4) with the set of crystal field parameters previously
reported, thus corroborating a 3/2 — 5/2 spin transition. The

669

reduction of the crystal field parameters in the doped phase
reveals a transition to an almost-octahedral symmetry environ-
ment of the Mn ion, suggesting a weaker Mn—ligand
interaction in the n-doped molecule with respect to the
pristine one, in agreement with previous results reported for
Li-doped MnPc molecules directly adsorbed on the Ag(100)
surface.”’ As revealed by the N K-edge evolution upon K
doping, the marked reduction of the crystal field potential can
be ascribed to the result of charge donated to the organic
ligands surrounding the Mn ions. The reduction of the crystal
field potential is also an indication of an overall reduction of
the orbital overlap between the Mn ion and the organic
ligands, which in turn results in a hindered ligand-mediated
super-exchange interaction channel between the Co and the
Mn-ion magnetic moments. Furthermore, the higher spin
ground state determines an increase of the magnetic moment,
pinpointed by the higher XMCD signal and the field-
dependent magnetization observed as a function of the K
dosing.

The electronic modification of the organic ligands, as a
consequence of e~ doping, causes a strong reduction of the
interaction between the organic cage and the central metal
atom. The lowered ligand—metal interaction determines a
weakening of the Co—Gr—N—Mn super-exchange interaction
path between the Mn ion and the Co layer, in consequence of
the reduced electron-hopping probability in the hybrldlzed
orbitals that governs the super-exchange mechanism.”* This
process in turn leads to a switch between a strong AFM to a
weak FM coupling, eventually allowing the Mn ion magnet-
ization to orient with the external field, independently of the
Co layer one.

B CONCLUSIONS

We demonstrate that the super-exchange mechanism that
determines the magnetic state of a graphene-supported
molecular spin interface can be tuned by electron doping of
the molecular orbitals. The spin interface, constituted by MnPc
molecules arranged on the rippled graphene membrane and
slightly interacting with a Co intercalated layer, reveals a
switching of the magnetic state from strong AFM to weak-field
controllable FM, upon potassium doping. The MnPc
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Nano Lett. 2021, 21, 666—672


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c04256/suppl_file/nl0c04256_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04256?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04256?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04256?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04256?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c04256?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

Ground State
MnPc/Gr/Co K/MnPe/Gr/Co
— & e
awﬂ_ 8 _’l\_ arg
~# BE H-
g S e

XAS @ Mn L, ;-edge

Measured Calculated
oIIII:J,I II|IIIIIIIIIIIPIIII Illlll IIIIIIIIIIIIIIIII
ol i: e.OOP | il
o
3} 8
o %
c 3 A
= SN N

Cala ey d NS

o R
Q
o
3}
o
c 5
E D T o I S B 0 T S S T
635 640 645 650 655 660 640 645 650 655 660

Photon Energy (eV)

XMCD @ Mn L, ;-edge

T~ \Calculated
€
=
P Measured
s
=]
LEJ ~ K doped MnPc
x F320288355830288F GricoNr

PR TS ST TR U SN T TR SR [T TR ST TR TR T S TR ST S [ T S N 1
635 640 645 650 655 660

Photon Energy (eV)

Figure 4. Top panel: Ground state configurations, as obtained by the
theoretical simulation, for the clean (left) and K-doped (right)
samples. Central panel: Comparison between the measured (left) and
calculated (right) XAS spectra with in-plane (continuous lines) and
out-of-plane (dashed lines) polarized light. Bottom panel: Exper-
imental XMCD spectra for K/MnPc/Gr/Co, acquired at NI and with
a 6 T magnetic field at the Mn L, absorption edge (top curve),
compared with the resulting multiplet calculation (bottom curve).

molecular magnetic response is enhanced, changing the
magnetic configuration from an intermediate spin S = 3/2 to
a high spin § = 5/2 state. The resulting molecular spin
interface presents a high magnetic polarizability mostly
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independent from the hard-magnet substrate, enabling possible
applications as molecular spin-sensing devices. This model
system demonstrates that metal phthalocyanines can be key
enablers to explore tunable magnetic interactions, exploiting
different super-exchange pathways, and that a new route can be
opened to design and control the magnetic state of spin
interfaces with an unprecedented role in the future of
molecular spintronics.

B EXPERIMENTAL METHODS

Sample Preparation. The Ir(111) surface was prepared
by cycles of Ar* sputtering (1.5 keV) and annealing (1300 K).
The Gr layer was grown via chemical vapor deposition, i.e., by
exposing the hot Ir(111) surface, kept at 1500 K, to a C,H,
partial pressure of 2.0 X 107° mbar.** Co intercalation was
achieved by depositing metallic Co on the Gr/Ir(111) surface
at room temperature and subsequently annealing the Co/Gr/
Ir(111) sample up to 600 K.*° The surface symmetry was
checked with low-energy electron diffraction measurements,
confirming the presence of a definite single-domain moiré
pattern. MnPc molecules, sublimated from a commercially
available powder (Sigma-Aldrich) previously purified by
several hours of annealing in vacuum, have been deposited
on top of the graphene membrane. The Co (p = 8.9 g/cm?)
and MnPc (p = 1.5 g/cm?) coverage were measured with a
quartz crystal microbalance. K deposition was performed in the
measurement chamber, with two SAES getters pockets in series
kept at 5.5 A, at a distance of 30 cm from the sample kept at
100 K during deposition. The pressure in the chamber during
evaporation was in the low 107'° mbar range.

X-ray Absorption Measurements. XMCD experiments
were carried out at the BOREAS beamline of the ALBA
Synchrotron Radiation Facility (Barcelona, Spain). The
absorption signal was recorded in total electron yield mode
and normalized to the photon flux as measured by a refreshed
gold grid.*® The measurements were performed by impinging
the sample with circularly polarized radiation at 0° with respect
to the surface normal. The sample was kept at low temperature
(2.7 K as measured at the coldfinger of the cryostat) during the
XMCD measurements. In the same experimental conditions,
hysteresis loops were acquired by monitoring the XMCD
signal at increasing (decreasing) magnetic field, normalized
with respect to the pre-edge to avoid field-induced artifacts.
Near-edge X-ray absorption fine structure (NEXAFS) spectra
were collected by impinging the sample at grazing incidence (6
= 70°) with linearly polarized light, either parallel or
perpendicular to the propagation direction.

Multiplet Calculations. Multiplet calculations were
performed using the CTM4XAS package*” in a C4v ligand
field symmetry, in order to take into account the lowered
symmetry of the surface-supported MnPc molecules. The
crystal field parameters are reported in the Supporting
Information and are summarized in the text.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04256.

Detailed materials related to the multiplet calculations to
simulate the XAS measurement at the Mn L,; edges,
including all the parameters (PDF)
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