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To realize molecular spintronic devices, it is important to externally control the magnetization of a molecular magnet. One class
of materials particularly promising as building blocks for molecular electronic devices is the paramagnetic porphyrin molecule in
contact with a metallic substrate. Here, we study the structural orientation and the magnetic coupling of in-situ-sublimated Fe
porphyrin molecules on ferromagnetic Ni and Co films on Cu(100). Our studies involve X-ray absorption spectroscopy and X-ray
magnetic circular dichroism experiments. In a combined experimental and computational study we demonstrate that owing to an
indirect, superexchange interaction between Fe atoms in the molecules and atoms in the substrate (Co or Ni) the paramagnetic
molecules can be made to order ferromagnetically. The Fe magnetic moment can be rotated along directions in plane as well as out of
plane by a magnetization reversal of the substrate, thereby opening up an avenue for spin-dependent molecular electronics.

The porphyrin molecule is an archetypal metallorganic complex,
which shows up in many biochemical molecules like chlorophyll,
haemoglobin and cytochrome. Probable usage of these molecules
in various applications like optical switches, information storage
and nonlinear optics is reported in the literature1–3. The prospect of
switching the spin in the metalloporphyrin ring is a particularly
interesting one, as this could be used, for example, for spin-
dependent electric transport through biomolecular devices.
Previously, the magnetic and structural properties of porphyrin
molecules in bulk and on surfaces have been studied by
various techniques, such as temperature-dependent susceptibility4,
nuclear magnetic resonance and X-ray diffraction5 and
X-ray photoelectron spectroscopy6 as well as X-ray absorption
spectroscopy (XAS)7–11. Also, electronic-structure calculations have
been carried out for free molecules12,13.

Here we investigate in-situ-prepared monolayer (ML) and
submonolayer coverages of octaethylporphyrin Fe(iii) chloride
(OEP) on 5 ML Co/Cu(100) and 15 ML Ni/Cu(100). By using
these thicknesses of the ferromagnetic films the easy axis of
magnetization can be tuned from in plane (Co) to out of plane
(Ni). For the adsorbed Fe OEP molecules we study the structural
orientation, the electronic structure and, most importantly, the
magnetic properties and exchange coupling between molecules
and the ferromagnetic films. This is achieved by XAS14 and
X-ray magnetic circular dichroism (XMCD) measurements15

in combination with theoretical calculations of the electronic
structure and magnetic exchange coupling.

Our first aim is to assess the orientation of the Fe OEP
molecules on the surfaces and whether these stay intact when
sublimated on the substrate. The molecular orientation is

investigated here by angle-dependent near-edge X-ray absorption
fine-structure (NEXAFS) spectra16 measured at the N and C
K edges for both ferromagnetic substrates (Co, Ni) presented in
Fig. 1 and in the Supplementary Information, respectively. In Fig. 1
the geometry of the porphyrin molecule with a quasi-planar central
part (Fe–N–C bonds) and the end groups is also shown. The
comparison of the spectra at the N K edge reveals the same fine
structures for the Co and Ni substrates and hence indicates a very
similar adsorption geometry. Clear σ∗ and π∗ resonances can be
identified, which show a distinct angular dependence. The detailed
NEXAFS analysis (see the Supplementary Information) reveals that
the plane of the four nitrogen atoms is aligned parallel to the
surface. Furthermore, the N K-edge fine structure (Fig. 1) is also a
sensitive indicator that the porphyrin part of the molecule is intact
on the surface: The spectra show all fine structures discussed in
ref. 10 for a similar molecule: Zn tetraphenylporphyrin (ZnTPP).
If the central 3d atom is missing, a third peak is expected at about
403.0 eV. Because this feature is missing from our spectra, we can
conclude that the Fe atom is located in the molecule.

Now we turn to the analysis of the element-specific magnetic
properties by investigating the XMCD spectra presented in Fig. 2.
The spectra are shown at the L2,3 edges of Fe for both ferromagnetic
Co and Ni substrates at 300 K in an applied magnetic field of 10 mT.
Although the coverage of 1 ML of porphyrin molecules corresponds
to an effective Fe coverage in the 1/100 ML regime, the XMCD
spectra are nearly free of noise, owing to the high photon brilliance.
Because the easy axis of magnetization is out of plane for Ni and
in plane for Co ([110] direction), the measurements were made at
normal and at grazing incidence, respectively. The energy positions
of the Fe L2,3 edges are close to the ones reported for Fe(ii) (see for
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Figure 1 The Fe octaethylporphyrin (OEP) chloride molecule and the structural orientation of Fe OEP determined by NEXAFS spectroscopy. Left: Schematic illustration
of Fe OEP chloride molecule. Right: Angular dependence of NEXAFS (linear polarization) of Fe OEP at the N K edge for the Co and Ni substrates. X-rays at normal and grazing
incidence (20◦ ) were applied to determine the molecule’s orientation.
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Figure 2 Element-specific magnetic properties of the Fe OEP molecule on ferromagnetic substrates determined by XMCD. a,b, X-ray absorption coefficients for right
and left circularly polarized X-rays μ+ (E ) (red) and μ− (E ) (blue) (top) and XMCD (bottom) of the central Fe atom of the OEP molecule on Ni (a) and Co (b) substrates (300 K,
10 mT). The insets depict the orientation of the sample to the incident X-rays. The arrows for Fe and the ferromagnetic films show the alignments of the spins.

example refs 17,18). This indicates that Cl is not present at the
time of the measurement. Furthermore, our spectra show similar
line shapes at the Fe L2,3 edges to the ones published in ref. 18 for
Fe(ii) in haem molecules. To substantiate these observations we

investigated the X-ray absorption coefficient in the vicinity of the
Cl L2,3 edges. As expected, no Cl signal could be detected.

The XMCD signals in Fig. 2 reveal that by adsorption of
paramagnetic porphyrin molecules on the ferromagnetic film the
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Figure 3 The element-specific field dependence of the magnetization of the Fe
atoms in the molecule and the ferromagnetic substrate (Ni). Hysteresis curves of
the Fe atom (filled squares) and Ni (full line) obtained by the L3 edge XMCD maxima
of Fe OEP on Ni/Cu(100) at 300 K.
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Figure 4 Computed total energies as a function of the distance of the Fe
porphyrin from the Co substrate, for parallel (FM) and antiparallel (AFM)
alignments of Fe and Co spins. The Fe–Co distance is defined as the distance of Fe
from the nearest top-layer Co atom. GGA+U total energies (with U= 4 eV) are
shown for de-chlorinated Fe porphyrin, whereas those of the chlorine-ligated Fe
porphyrin are shown in the inset.

molecules are not only structurally but also magnetically ordered.
In Fig. 2 the XMCD signals are negative at the L3 edge (as are the
Co and Ni XMCD signals), which demonstrates that the coupling
of the molecules to the films is ferromagnetic. An analysis of the
absorption coefficients for right and left circularly polarized X-rays,
μ+(E) and μ−(E), respectively, shows that the linewidth for the
experiment on the Ni substrate is sharper (Fig. 2a top) as compared

to that of the Co substrate (Fig. 2b top). This feature is connected
to the pronounced double structure in the Fe XMCD for the Ni
substrate (Fig. 2a bottom) in comparison to the broader XMCD
for the Co substrate. The origin of these variations is the different
Fe orbitals being probed at the respective incidences: at normal
incidence we are investigating the unoccupied Fe orbitals in plane,
whereas at grazing incidence it is partly the out-of-plane orbitals
that are measured. The XMCD spectrum at grazing incidence for
Fe OEP on a double layer consisting of a 5 ML Ni film on a
6 ML Co film, a substrate that has the magnetization in plane,
reveals the same broad dichroic spectrum as seen for porphyrins
on a Co substrate (Fig. 2b bottom), which also shows an in-plane
magnetization. The fact that different substrates result in similar
dichroic spectra demonstrates that the XMCD fine structure seen
in Fig. 2a reflects the magnetization of the Fe orbitals being probed.

To achieve further insight into the magnetic coupling of the
porphyrin molecules to the ferromagnetic films, we measured
element-specific hysteresis loops as presented in Fig. 3 for the Ni
film substrate at 300 K. The field-dependent Fe and Ni L3 XMCD
intensities are shown at fixed photon energy. The signals are
normalized according to the saturation values. It is clear that the
two hysteresis loops coincide. Hence, the orientation of the Fe spin
switches in the same way as the spins of the ferromagnetic film.
This demonstrates the central result of our study: the presence of a
substantial ferromagnetic exchange coupling of the Fe moments of
planar oriented porphyrin molecules to a magnetic substrate.

To unravel the nature of the exceptional magnetic coupling we
carried out density-functional-theory-based electronic-structure
calculations for porphyrin molecules on a magnetic substrate.
Specifically, we have investigated both chlorine-ligated and
unligated iron porphyrin rings on an f.c.c. Co(100) substrate. Our
self-consistent calculations have been carried out using a full-
potential code, in which the generalized gradient approximation
(GGA)19 has been adopted for the exchange–correlation functional.
To treat strong electron interactions beyond those present in the
DFT-GGA functional, we have also used the GGA + U approach,
in which an additional on-site Hubbard-U term is included on the
iron atom. From GGA+U calculations for free-standing porphyrin
molecules similar to the ones studied here, we found that a U value
of 4 eV and an exchange parameter J of 1 eV provided the best
results. These values of U and J predict—for free molecules—a low
S = 1 spin state for the unligated molecule (that is, Fe(ii)) and a
high S = 5/2 spin state for the Cl ligated molecule (corresponding
to Fe(iii)).

The total energy of the system was calculated as a function
of the vertical distance d between the porphyrin molecule and
substrate, measured as the distance between the iron atom and
the nearest, top-layer Co atom for both the ferromagnetic (FM)
and antiferromagnetic (AFM) alignment of the Fe and Co spins.
Figure 4 shows the computed total energies as a function of the
distance d. The depicted total energies have been shifted to zero
value by subtraction of the lowest total-energy value. The Cl atom
of the chlorine-ligated porphyrin molecule was placed at the
known7 experimental distance of 2.16 Å from the Fe atom, pointing
away from the surface. The optimal Fe–Co distance is computed to
be 3.4–3.5 Å, for both the Cl-ligated and unligated molecules; this
value is obtained with the GGA as well as the GGA+ U approach.
A clear difference between the chlorine-ligated and unligated
molecules is calculated for the magnetic coupling of the Fe atom to
the Co substrate: the chlorine-ligated porphyrin prefers the AFM
coupling to the Co surface, as is given by both GGA and GGA+ U
calculations. For the non-ligated molecule the situation is reversed:
here the FM coupling between Fe and Co spin moments is clearly
preferred (see Fig. 4), from both GGA and GGA + U approaches.
The AFM orientation computed for the chlorine-ligated system
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obviously does not tally with the experimental observation. In
contrast, the unligated porphyrin molecule shows a clear preference
for the FM state. Hence, according to our calculations the Cl atom
is evidently not present on the porphyrin molecule when adsorbed
on the substrate.

A first understanding of how the exchange coupling between
Fe and Co takes place can be collected from the partial densities
of states (DOSs). Figure 5 shows the spin-resolved, partial DOSs
for the unligated system, computed with the GGA + U approach.
These DOSs were computed for both the FM and AFM alignments,
at the optimal Fe–Co distance of 3.5 Å. We note that whereas
our GGA and GGA + U calculations provide the same trend in
preferred magnetic orientation and for the equilibrium Fe–Co
distance, the addition of the Coulomb U modifies the energy
positions of the Fe 3d states, and consequently the corresponding
DOS. Figure 5 illustrates that there exists an Fe–N hybridization,
as can be recognized from the occurrence of DOS peaks at the
same energies for Fe 3d and N 2p states (indicated by vertical bars).
These N DOS peaks, moreover, follow the Fe 3d spin polarization,
as they reverse on changing the Fe spin direction from FM to
AFM. No such clear hybridization between Fe and Co can be
observed. This is consistent with the Fe–Co distance of 3.5 Å, which
is sufficiently large to prevent a direct overlap of Fe and Co d
orbitals. A small Co–N hybridization, however, can be deduced
from the N and Co partial DOSs at 2.6–3 eV binding energy. This
shows that the chemical binding of the porphyrin to the substrate
primarily takes place between the C and N atoms of the porphyrin
and the Co atoms of the substrate, which provides a sufficiently
strong chemical bond. The strength of the binding of the whole
molecule to the Co substrate is calculated to be several electronvolts
(see Fig. 4). The use of a Co substrate hence provides a chemical
bonding distinct from that observed for example in studies using
Au substrates20,21.

Deeper insight into the mechanism of the Fe–Co exchange
coupling can be obtained from an analysis of charge and
magnetization densities. Calculated charge densities confirm the
conclusions drawn from the DOS plots, that is, these demonstrate
the absence of a direct hybridization between Fe and Co orbitals.
An energy-resolved analysis of the charge densities showed,
furthermore, that the Fe–N bonding occurring at about 2.5 eV
binding energy is due to π bonding of Fe dπ (dxz , dyz) and N pz

orbitals. Figure 6 shows the GGA + U computed magnetization
density of the unligated molecule, ferromagnetically coupled to the
Co substrate. Magnetization densities are prominently seen around
Fe and Co atoms, whereas a vanishingly small magnetization
density exists in between. Conversely, the nitrogen atoms reveal a
magnetization density extending towards the Co substrate, hence
providing evidence for a spin polarization of the N through
bonding to the Co atoms. As a result, the spin moment of the
whole porphyrin molecule increases slightly from 2.00 μB for the
free molecule to 2.17 μB for the deposited molecule. The Fe(ii)
oxidation state is therefore not changed on adsorption. However,
there is also a small spin polarization on some C atoms, without
any direct bonding to the Fe atom. Our calculations exclude a
direct exchange between Fe and Co. Instead, we identify a 90◦

ferromagnetic indirect exchange mechanism as the reason for the
FM coupling between Fe and Co, a finding that is in accordance
with the Kanamori–Goodenough rules for superexchange22. This
indirect exchange coupling is mediated through the nitrogen atoms,
where the weak bonding of Co and N provides exchange splitting of
the pz orbitals of the four N atoms. The latter are in turn hybridized
with the exchange-split Fe dπ orbitals and an effective stabilization
of the parallel alignment results. The energy difference between
FM and AFM orientations is small, but it is correctly given by our
ab initio calculations.
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Figure 5 Calculated GGA+U partial DOS of the iron porphyrin (without
chlorine) on a Co substrate, for d= 3.5 Å. The spin-resolved partial DOS is shown
for parallel (FM) and antiparallel (AFM) alignment, respectively, of Fe and Co spins.
Positive partial DOS corresponds to spin up, negative partial DOS to spin down.
Vertical bars indicate common Fe and N partial DOS peaks. The inset shows a
three-dimensional visualization of the molecule on the substrate (in the calculations
a larger unit cell than shown was used).

Figure 6 Magnetization density calculated with the GGA+U approach for the
unligated molecule, for the FM orientation of Fe and Co spins. The magnetization
density iso-surfaces around the Fe and Co atoms are shown in blue (atom positions:
C, yellow; H, dark green; N, red). The four nitrogen atoms are spin polarized towards
the Co surface, as is shown by the orange-coloured magnetization densities
extending to the surface.

METHODS

The XAS measurements were carried out on in situ prepared samples at the
UE56/2-PGM2 beamline at BESSY. The NEXAFS and XMCD data were
recorded using total electron yield by measuring the drain current. The
self-consistent ab initio calculations have been carried out using the
full-potential, plane-wave code VASP, based on the projector augmented wave
method23–25. In our calculations we used the experimental geometry of the Fe
porphyrin molecule, available in the literature7. For further details on the
experimental and theoretical techniques, see Supplementary Information.
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