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We report on the antiferromagnetic exchange coupling between
a submonolayer of Mn(i)-phthalocyanine molecules and a ferro-
magnetic Eu(i)-oxide thin film. The exchange energy is larger by nearly
two orders of magnitude compared to previous studies involving
oxidic substrates.

Within the quest of organic spintronics’ it is important to inter-
face magnetic molecules with inorganic spin injection materials
serving as electrodes.” Spin injection through the ferromagnetic
(FM) semiconductor europium(u)-oxide (EuO) with spin polariza-
tion of almost 100% is more promising than from FM metals* in
which the spin polarization is on the order of only 50%. Yet, the
electronic configuration and magnetic properties of molecules
adsorbed at the surface of FM semiconducting oxides remain
largely unexplored despite their fundamental relevance'® and are
in contrast to the wealth of reports focusing on the magnetic
properties of paramagnetic organic semiconductors at the inter-
face to FM metals.® Only in the case of a Cu(ir) complex adsorbed
on ferrimagnetic magnetite (Fe;0,) a weak exchange interaction
was observed,® while for the TbPc, single-molecule magnet
deposited on the FM semiconductor La, 3Sr, ;MnO; (LSMO) the
magnetic interaction was undetectably small.”

Here we show that Mn(u)-phthalocyanine (MnPc) couples
antiferromagnetically to a thin film of the FM semiconductor
Eu(u)-oxide*”® grown on highly oriented pyrolytic graphite
(HOPG). Our experimental data supported by multiplet calcula-
tions reveal that the molecules adsorb with their macrocycles
parallel to the surface and that the surface-adsorbed MnPc
exhibits a high-spin S = 5/2 state.
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Fig. 1 (a) Structure of MnPc and sketch of the investigated sample. The
magnetic field and the X-ray beam were kept parallel. (b) Atomic force
microscope (ambient conditions) image of the EuO thin film with the line
profile. The height difference between the brightest and darkest areas
is 20 nm. (c and d) XAS and XMCD recorded in remanence at the Eu My 5
(3d — 4f)and Mn L, 3 (2p — 3d) edges. The XMCD spectra are shown with an
offset. The data evidence a net remanent Mn magnetic moment, revealing
that MnPc couples antiferromagnetically to the ferromagnetic EuO thin film.

A sketch of the sample structure and an atomic force micro-
scope image of the bare EuO surface are shown in Fig. 1a and b.
The Eu(u)-oxide thin film was grown in ultra-high vacuum
by reactive molecular beam epitaxy® and, subsequently, a sub-
monolayer amount of MnPc was deposited (cf ESIt).

Grazing-incidence X-ray absorption spectra (XAS) and X-ray
magnetic circular dichroism (XMCD) recorded at the Eu M, 5
and Mn L, ; edges at 4 and 50 K in remanence are plotted in
Fig. 1c and d. The remanent XMCD signal at the Eu M, ; edge
confirms the ferromagnetism of the EuO thin film.** The Mn
L, spectra exhibit a strong XMCD signal with opposite sign
demonstrating antiparallel alignment of the MnPc and EuO
magnetization indicating antiferromagnetic (AFM) coupling of
the MnPc molecules to the FM EuO substrate.

This journal is © The Royal Society of Chemistry 2015
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We have performed effective point-charge atomic multiplet
calculations using the MultiX® software to determine the adsorption
geometry of MnPc and to shed light on the Mn and Eu electronic
ground states and magnetic moments. This powerful approach
is highly useful for the description of the low-symmetry ligand
fields present in surface-adsorbed organometallic complexes.
Least-squares fits optimizing the strengths and positions of
the effective point charges to reproduce the experimental Mn
circular and linear dichroism spectra allow us to extract the
sought information from the experimental spectra.

Grazing-incidence X-ray spectra recorded at the Eu M,
edges at 6.8 T and 4 K are shown in Fig. 2a. The calculated
spectra for Eu(u) considering only the first coordination sphere,
that is, taking into account the closest oxygen atoms, are in
excellent agreement with the experimental data. The comparison
of the calculated spectra for Eu(m) with literature spectra'®
reveals that the nonmagnetic Eu,0; is virtually absent.

The Mn L, ; XAS and XMCD spectra recorded at 6.8 T and
4 K in grazing incidence, the X-ray natural linear dichroism
(XNLD) spectra and the corresponding calculated spectra are
presented in Fig. 2b-d. The Mn spectra differ significantly from
bulk MnPc," e.g., the L; and L, XMCD signals are antiparallel
while in the bulk they are parallel indicating a large difference
in the Mn electronic structure. Notably, the present spectra
are also different from those of MnPc adsorbed on Co and Cu
transition metal surfaces®*’ and on an oxygen reconstructed Co
surface.’” The X-ray spectra exhibit a well resolved substructure
consistent with a low molecule-substrate hybridization.>* The
point charges used as an input for the multiplet calculations
(Table S1, ESIt) were optimized in order to minimize the error
calculated by the sum of squared deviations between the calcu-
lated and experimental spectra, respectively, shown in Fig. 2b—d.
Details are given in the ESIL.{ The calculations reveal that the
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Fig. 2 XAS, XMCD (a-c) and XNLD (d) spectra recorded at the Eu Mys
(3d — 4f) and Mn L, 3 (2p — 3d) edges at the temperatures, magnetic
fields and X-ray incidence angles indicated in the plots. The experimental
data are compared to the calculated spectra which are obtained from
multiplet calculations based on the MultiX code.® Least-squares fits to all
the Mn X-ray spectra indicate that the MnPc molecules adsorb with their
macrocycles parallel to the surface.
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ground-state multiplet is characterized by a high-spin S = 5/2
state of the Mn ion. In contrast, the intermediate S = 3/2 state of
Mn(1) as observed in bulk MnPc,"" as well as Mn(1) and Mn(m)
oxidation states can be excluded because the respective XAS
calculations yield the spectra which are incompatible with the
experimental data (¢f Fig. S1 and S2, ESIt). Moreover, the flat
orientation of the molecules on the EuO surface, consistent with
the strong observed magnetic Mn-Eu coupling, can be directly
inferred from the orientation of the point-charge ligand field
(Table S1, ESIY) obtained from the fits to the X-ray spectra.

The spin and orbital magnetic moments obtained from the
sum rule'” analyses of the Mn L, ; and Eu M, 5 X-ray spectra are
presented in Table S4 (ESIt). Note that the value of the effective
spin projection (Ser.) obtained from the sum rule analysis
of the Mn spectra is lowered with respect to that of the true spin
(S,) because of mixing between the 2ps, and 2p;, compo-
nents."*® Moreover, it can be modified by the presence of a
finite dipole (T;) term. These difficulties can be overcome by
applying the sum rules to the calculated X-ray spectra for which
the (S,) value is known. This approach allows us to extract the
correction factors ¢ = (Ses)/(S;) for Mn and Eu (Tables S2
and S3, ESIt), respectively. The obtained correction factor for
Mn is virtually independent of the X-ray incidence angle 0. It
agrees very well with the values found for high-spin 3d°® Fe(ur)"*?
and Mn(n)."** The sum rule analysis also reveals a small orbital
moment (L;) of up to 0.3 pg which is not reproduced in the
multiplet calculations. We attribute this deviation as well as
the small deviation of the calculated linear dichroism from the
experimental spectra at 639 eV to subtle charge-transfer effects
between the Mn(u) ion and the Pc ligand resulting in a minor
contribution of the Mn(i)-Pc’ configuration."* This configu-
ration which exhibits parallel alighment of spin and orbital
angular momenta is neglected in our calculations. Yet, such
charge-transfer effects could contribute, together with the
exchange coupling to the EuO film with in-plane magnetic
anisotropy, to a slight lowering of the Mn spin magnetic moment
to 3.7 £ 0.3 up observed in grazing incidence at 4 K, which is
below the expected value of 5 ug. The absorption lengths at the
M, 5 edges of bulk rare earths are in the order of ~3-10 nm,**
which also holds for EuO. Since this length scale is comparable
to the electron escape depth of a few nm in the corresponding
X-ray range, saturation effects in the used total electron yield
detection have to be considered. Saturation effects are particu-
larly effective at the Eu M5 edge resulting from a sizeable drop of
X-ray intensity within the top surface layers owing to the strong
absorption. A simple estimation yields that the Eu orbital
magnetic moment extracted by the sum rule analysis vanishes,
as would be expected for the 4f” configuration Eu(i), when the
M; peak of the more strongly absorbed circular polarization is
scaled up by ~10%.

A further important parameter characterizing the MnPc/EuO
interface is the exchange energy E.,, which refers to the energy
needed to reverse the MnPc magnetic moment from the antiparallel
to the parallel alignment. Since the Mn magnetic moment
remains antiparallel to the EuO magnetization even in the
presence of an external field of 6.8 T, the exchange energy
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Fig. 3 Normalized magnetization M(H) of the EuO thin film and of the
adsorbed MnPc molecules obtained from XMCD. Experimental data and
the best-fit curve obtained from the model described in the text are shown
as symbols and as a solid line, respectively. Calculated Mn M(H) for smaller
exchange energies are shown in the inset. The dashed lines denote the
field range in which the Eu magnetization is larger by more than 10%
compared to the remanent magnetization, indicating the fields at which
anisotropy effects may become relevant. The EuO hysteresis opening of
~12 mT is not resolved. Due to the interaction with the EuO substrate, the
magnetization of MnPc saturates already at low magnetic fields.

must be stronger than the corresponding Zeeman splitting
of ~4 meV. In fact, the magnetization curves M(H) obtained
in grazing incidence at 4 K for both Mn and Eu show that the
Mn magnetic moment saturates already for poH > 0.5 T and
remains saturated up to 6.8 T (Fig. 3). The exchange energy
can be estimated from the temperature-dependent ratio of the
remanent Mn and Eu magnetization values (Table S4 and
Fig. $4 and S5, ESI+) by a Brillouin function model (Fig. S7, ESI+),"*
yielding Eg, = —14 + 7 meV. Furthermore, the magnetic field
dependence of the Mn magnetic moment at 4 K and the
magnetic moment measured at 50 K can be calculated from
the spin Hamiltonian H= ,uo,uBS'MngMn(H + He) with Hey =
kexMgy. Here, Sy is the Mn spin operator and gy, = 2 is the
Mn g-factor. The coupling to the FM EuO substrate is taken into
account via the effective exchange field H.x which was set to be
proportional to the magnetization Mg, (in pg) of the substrate.
For Sy = 5/2 as found from the X-ray spectra, the exchange
energy can be determined from a least-squares fit to be Eoy =
28nnSvintlotsHex = —14 + 4 meV, in excellent agreement with the
previous Brillouin function estimation. Magnetic anisotropies
are neglected here in order to avoid overparameterization of the
model; however, they may influence the shape of the Mn and Eu
M(H) at elevated magnetic fields.

The observed exchange energy is two orders of magnitude
above the value found for Er(m) single-ion magnets on Ni,** one
order of magnitude above the exchange coupling strength of
Co-porphyrin on graphene on Ni¥ and of TbPc, on Ni,** but it
is up to one order of magnitude below the exchange coupling
strength of 3d transition metal complexes on Co and Ni.>*/
Remarkably, the Mn-Eu magnetic coupling reported here is
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nearly two orders of magnitude larger than that found for a Cu
porphyrin derivative on magnetite.® The Mn-Eu magnetic
coupling is likely to be mediated via the Eu 5d bands which
have been shown to be spin polarized.'®® Because of an
AFM coupling between Mn 3d and Eu 5d electrons'®” and the
FM coupling between the Eu 4f and 5d orbitals,****” the net
Mn-Eu coupling is AFM with an exchange coupling strength of
J = Eex/(28guSyn) = —0.82 meV taking into account Sg, = 7/2.
The strength of the coupling matches very well with the typical
values for 3d-4f systems.'®” 3d-4f super exchange via O or N
forming a 90° pathway is unlikely because it is expected to be
weak and FM.'® The estimated Eu-Mn dipolar coupling of
Jdipolar = —0.8 peV is far too small to account for the observed
coupling strength.

In conclusion, we demonstrate the presence of a strong
antiferromagnetic exchange interaction at the interface between
the paramagnetic organic semiconductor MnPc and the ferro-
magnetic semiconductor Eu(u)-oxide. Moreover, the X-ray
absorption spectra reveal that the MnPc molecules adsorb flat
on the EuO surface. The electronic configuration of Mn(u) in
MnPec is significantly modified upon adsorption on EuO com-
pared to bulk MnPc, leading to a high-spin S = 5/2 state instead
of intermediate spin S = 3/2. Our results pave the way for a new
class of molecule/ferromagnetic oxide spin interfaces and hybrid
molecule/inorganic tunneling spintronic devices.

The X-ray measurements were performed at the EPFL/PSI
X-Treme beamline'” at the Swiss Light Source, Paul Scherrer
Institut, Villigen, Switzerland. Rolf Schelldorfer and Prof. T. Jung
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recorded at the Scanning Probe Microscopy User Lab, Laboratory
for Micro and Nanotechnology, Paul Scherrer Institut, Villigen,
Switzerland. J.D. and C.W. gratefully acknowledge funding from
the Swiss National Science Foundation (grant no. PZ00P2_142474).
All authors thank Prof. Harald Brune for his kind support.
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