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Control of the magnetism of cobalt phthalocyanine by a ferromagnetic substrate
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The electronic and magnetic properties of cobalt-phthalocyanine (CoPc) molecules are modified at the interface
with a magnetic metallic surface: upon adsorption of CoPc on iron film relevant changes are observed in the C 1s

photoemission line shape and on Co L2,3 edges, and N K-edge x-ray absorption spectra. X-ray magnetic circular
dichroism shows Co 3d spin-polarized states, i.e., magnetic coupling with the iron substrate at room temperature.
The interplay among the electronic and magnetic properties and CoPc adsorption sites is fundamental for tailoring
the functionalities of hybrid organic-metallic interfaces.
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I. INTRODUCTION

One goal of spintronics is to achieve control of spin
alignment in matter by electrical manipulation.1 Organic spin
valves operating at low temperature show magnetoresistance
response when applying a bias of a few millivolts.2 The
magnetic coupling between organic films and magnetic sub-
strate in hybrid interfaces can play an important role in
stabilizing the electronic states. The understanding of the
onset of magnetism in the molecular organic film at room
temperature represents one of the challenging issues in both the
fundamentals of spin physics at interfaces and in understanding
possible spintronics functionalities. Paramagnetic molecules
in fact represent a promising option in spin manipulation
with the aim of minimizing the single magnetic unit.3–6 These
systems have the advantage to be more flexible and robust with
respect to single adatoms7 and their weak spin-orbit interaction
should favor the establishment of spin current over a distance
in the order of tens of nanometers.8–10

The magnetic properties of different organic molecules
adsorbed on magnetic and nonmagnetic metal was re-
cently characterized.4–7 For instance, the magnetic anisotropy
of a two-dimensional supramolecular network of organic
molecules on Cu(100) was controlled by the adsorption of
oxygen. In these cases the alignment of the central atom’s
spin occurs in a high applied magnetic field (6 T) and a
very low temperature (8 K).6,11–13 On the other hand, when
ferromagnetic materials are used as substrates, the coupling
of the organic molecules and magnetic substrate appears
even at room temperature.14–17 In iron-porphyrin the magnetic
moment of the host atom can be rotated along the direction in
plane as well as out of plane by a magnetization reversal of
the substrate.15,16 In many of these studies the coupling at the
organic-inorganic interface is driven by the direct exchange
interaction between the magnetic substrate and the central
metal of molecules.15,16 In other cases the magnetic coupling
between the organic molecule and the magnetic substrate
occurs through N molecular sites.18

Among paramagnetic molecules, porphyrin (P) and ph-
thalocyanines (Pc) are used in chemical sensors, optoelectronic
devices, prototypes of solar cells, and field-effect transistors.19

Both types of molecules are quasiplanar heterocyclic macrocy-
cles with high conjugation. They present different end groups

that lead to different functionalization. Both molecules are able
to coordinate metal cations in their centers by binding with
the four central nitrogen atoms, producing metal-porphyrin
(M-P) and metal-phthalocyanine (M-Pc). What makes these
metal-organic molecules unique is the possibility to tune their
structural, chemical, magnetic, and transport properties by
means of changing different cations within the macrocycle or
by changing ligands. The configuration of the ground states of
a transition-metal atom placed in the center of the macrocycle
depends on the ligand field splitting, to which corresponds a
big variety of different electronic and magnetic ground states.
For instance, the magnetic properties of CoPc arise from
unpaired spins in the 3d orbitals of the central atom. CoPc
has a magnetic moment of 1.09μB (Ref. 20) (much smaller
than the isolated Co2+ ion, i.e., 5μB), but, as a free molecule,
it is paramagnetic. The interaction with the magnetic substrate
offers the interesting possibility of orienting and controlling
the CoPc moment. The magnetic coupling occurs when spins
of individual molecules undergo ordering due to the interaction
with the substrate.

Different scenarios have been observed in the case of the
CoPc molecule: the central atom loses its magnetic moment
upon adsorption on gold substrate;21,22 the Co molecular
magnetic moment is reduced upon adsorption on the Co
magnetically oriented nanoisland, but manifests an exchange
interaction with the substrate;23 the Co molecular magnetic
moment is quenched upon adsorption on Fe ferromag-
netic film, but spin-polarized scanning-tunneling microscopy
(STM) images showed the magnetic spin polarization resolved
on a submolecular scale.24 According to these studies the
magnetic response of the molecule was found to depend on the
adsorption site and electronic density of state of the molecule
modified upon adsorption.

Our study provides further understanding of the interplay
among the electronic, the magnetic interaction, and the
adsorption geometry of CoPc on the ferromagnetic substrate
at room temperature. We have chosen iron film grown on
Cu(111) as a magnetic substrate. Fe magnetization switches
from perpendicular [thickness <5 monolayer (ML)] to parallel
to the surface (thickness >10 ML).25 This substrate permits
one to explore the coupling of the magnetic moment of the
molecule along the easy magnetization direction, depending
on the thickness of the iron film. The local arrangement
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and orientation of the molecules was established by STM
and by angle-dependent x-ray absorption spectroscopy (XAS)
exploiting the search light effect with linearly polarized soft
x rays.26 CoPc molecules adsorb with their molecular plane
parallel to the iron film. The formation of bonding between the
molecule and Fe induces a strong modification of the electronic
properties of the molecule at the N and C sites. We observed
evidence of a direct magnetic coupling between the Co atoms
in the molecule and the iron film.

II. EXPERIMENT DETAILS

Sample preparation and characterizations have been per-
formed at APE beamline of IOM-CNR at the Elettra syn-
chrotron radiation facility (Trieste). The photon beam provided
by Apple II undulators can be chosen both linearly and
circularly polarized.28 XAS measurements were performed
measuring the sample drain current with an energy resolution
of 150 meV. X-ray magnetic circular dichroism (XMCD)
spectra were recorded with a fixed helicity of the light and
at remanence, i.e., reversing the magnetization direction for
each point of the spectra. X-ray photoemission spectra (XPS)
data have been acquired by a seven channel Omicron EA-125
analyzer at normal emission using linearly polarized x rays
with photon energies of 480 eV. The overall energy resolution
(photons + analyzer) was about 200 meV. All preparation
and characterization chambers are connected in UHV. 28 STM
images were acquired in UHV on the same samples with
atomic resolution. STM measurements were recorded at RT.
STM data analysis and representation is made using WSXM

software.29

The Cu(111) substrate is prepared in situ by several cycles
of Ar+ sputtering and annealing. Iron is deposited on the
substrate by electron beam evaporator in a base pressure of
∼10−10 mbar. CoPc is evaporated in situ by molecular beam
deposition from a resistively heated quartz crucible in a base
pressure of ∼10−10 mbar. The thickness is estimated by quartz
microbalance.

III. RESULTS AND DISCUSSIONS

The orientation of the molecules depends on substrate
roughness, molecule/substrate and molecule/molecule inter-
actions. A high degree of ordering for phthalocyanines was
observed in many thin films; generally, molecules stand
on rough substrates and lie flat on the single-crystalline
metallic substrates.30,31 We have determined the geometry
and orientation of the molecules by means of STM and
angle-dependent XAS at the N K edge.

In Fig. 1 we show STM analysis of the three stages of
sample preparation: the clean Cu(111) surface (a), the iron
epitaxial film (b), and the CoPc ML on the iron film (c).
Figure 1(b) displays the morphology of the iron 20-ML-thick
film after deposition and thermal treatment: the substrate is
uniformly covered by three-dimensional Fe clusters of lateral
dimension 16 × 20 nm2 (in average) corresponding to Fe(110)
bcc islands. The molecules adsorb flat with their macrocycle
parallel to the Fe island surface and organize in two local
lattices: rectangular with lattice parameters 1.6 × 1.6 nm2

and hexagonal lattice with a molecule-molecule distance of

FIG. 1. (Color online) The quality of the Cu(111) surface (a) and
the growth of iron film (b) were monitored by STM. CoPc molecules
adsorb flat on the Fe/Cu(111) surface as shown in the STM images
[(c),(d)]. Bias and tunneling current of the images: (a) Vb = −1 V,
I = 0.08 nA; (b) Vb = −0.8 V, I = 0.6 nA; (c) Vb = −0.6 V,
I = 0.32 nA.

∼1.53 nm [Figs. 1(c) and 1(d)]. CoPc molecules are identified
by the four-lobed pattern (related to the charge in the four
aromatic rings of the Pc structure).

STM results indicate that CoPc lies flat onto the substrate
which is a signature of a stronger phthalocyanine-iron interac-
tion with respect to the intermolecular interaction. The lying
down adsorption of CoPc on iron is in agreement with reports
on similar molecule/metal interfaces.30,31

Figure 2(a) shows the N 1s XAS spectrum for 1 and
6 ML CoPc on the iron film and 1 ML CoPc on the pristine
Cu(111) surface (θ = 60◦). N 1s XAS spectra of molecular
films are characterized by two different energy regions: the
first with well-resolved peaks below 403.6 eV relative to the
1s-π∗ transitions (i.e., transitions into the lowest unoccupied
molecular orbital, LUMO, and the next unoccupied states:
LUMO+1 and LUMO+2); the second with broad features at
higher photon energies are due to 1s-σ ∗ transitions. The N 1s

XAS spectrum for the 6 ML CoPc film shows representative
features due to the contribution of two different N sites [N1 and
N2 as defined in the CoPc sketch reported in Fig. 3(a)]. The
CoPc layer, in direct contact with iron film, shows broadened
features in the π∗ region well distinguished from the multilayer
spectrum. The change in the spectral line shape indicates that
the electronic properties of CoPc on the N site are different
at or away from the CoPc/Fe interface. This behavior is
characteristic for the CoPc/Fe interface; in fact, the N 1s XAS
spectrum of the CoPc/Cu(111) interface [Fig. 2(a)] displays

FIG. 2. (Color online) (a) N 1s XAS spectra (θ = 60◦) of 1 ML
(hollow circle) and 6 ML (line) CoPc on Fe film and 1 ML CoPc
(circle) on Cu(111). Angle-dependent N K XAS spectra shown for
1 ML (b) and 6 ML (c) of CoPc film on Fe. The measurements were
performed at room temperature.
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a similar line shape to the CoPc multilayer spectra, except
for a reduction of the LUMO intensity. To further understand
this effect, we underline the differences among the CoPc
multilayer and the CoPc/Fe and CoPc/Cu interfaces. The
spectrum of the CoPc multilayer is the closest approximation
to that of the free-like molecule, being the molecule-molecule
interaction is rather weak. CoPc preferentially adsorbs in the
bridge position on the Cu(111) substrate.32 Electronic charge
redistribution occurs at the CoPc/Cu interface with a reduction
of LUMO at both N and Co sites, compatible with a charge
transfer from the substrate to the molecule.20,33 On the other
hand, CoPc adsorbs in the top position on thin iron film,
with Co at the vertical of the substrate atom according to
Ref. 24. In panel (b) of Fig. 3, a sketch of a possible top
site for the molecule on Fe(110) film is reported.34 In this
geometry, N1 atoms are affected by the presence of iron atoms
inducing a strong modification of N electronic structure at
the CoPc/Fe interface. The onset of a direct bonding between
the N atoms and the iron film can be at the origin of the
N 1s spectral line shape similarly to MnPc adsorbed on Co.17

Another explanation for the spectral broadening of the N 1s

spectrum relative to the CoPc/Fe interface is that the charge
transfer between Fe and N is much larger compared to that
between Cu and N, possibly due to the different density of
state for Fe and Cu near the Fermi level. Charge redistribution
at the interface is reflected in the complex structure of the
spectra that cannot directly reveal the amount and sign of net
charge transfer.

In addition to the spectral line shape analysis, more infor-
mation can be inferred by the angle-dependent XAS spectra
measured at the N K edge. In planar π -conjugated systems π∗
orbitals are expected to be out of molecular plane, while σ ∗ are
oriented in the molecular plane. Figure 2(b) displays the N K-
edge XAS performed for the CoPc(1 ML)/Fe interface at nor-
mal (0◦) and grazing (60◦) incidence, with polarization vector
E parallel and perpendicular to the molecule plane [experimen-
tal geometry: Fig. 3]. The disappearance of the π∗ resonances
(except for a residual intensity at about 496.8 eV) when E is in
the molecular plane demonstrates that N atoms lay in a plane
parallel to the substrate, consistently with the STM real-space
images. On the other hand, the spectra of the CoPc multilayer in
Fig. 2(c) show only a weak angular dependence of the first pair
of π∗ resonances. The difference in N 1s→π∗ XAS intensity

FIG. 3. (Color online) (a) CoPc structure; (b) CoPc adsorption
on top Fe site (Ref. 21); and (c) the geometry of the N K XAS
experiment: the orientation of the electric field vector E varies from
parallel (normal incidence: θ = 0◦) to upright (grazing incidence:
θ = 60◦) to the sample surface depending on the incidence angle of
the synchrotron light.

behavior for the CoPc multilayer and monolayer at grazing
incidence indicates the superposition of different molecular
orientations that can be laterally or perpendicularly distributed.

We exploit the chemical sensitivity of x-ray photoemission
and x-ray absorption to probe the electronic properties at
different molecular sites for each molecule/substrate interface.
The change in the chemical bonding of the element corre-
sponds to the change in binding energy in the core electron
photoemission. The response of a highly polarized π -electron
framework to a localized core hole created in an adjacent
molecule can lead to satellite features or shake-up states,
whose energies and intensities reflect specific channels for
intermolecular coupling or substrate/molecule interaction.

In Figs. 4(a) and 4(b) C 1s and N 1s core-level spectra
of 1 and 6 ML CoPc on iron film and 1 ML CoPc on
Cu(111) (bottom spectra) are reported. The C 1s core-level
photoemission spectrum of 6 ML CoPc reflects two different
C sites (C within the benzene ring, Cb, and C within the pyrrole,
Cp) and satellites originated by the shake-up (S) π∗-π∗ process
[the expected transition occurs at ∼1.8 eV (Ref. 35)] and a
further feature at a low binding energy with respect to the main
peak. The low binding-energy feature originates from residual
C impurity on the iron film and can be removed by subtracting
the spectrum of pristine iron (blue line aligned with C 1s
spectrum). To describe the C 1s XPS spectrum we used a fitting
function as shown in Fig. 4(a). The relevant parameters of the
fit are the Cb-Cp peak relative energy shift, their relative in-
tensities, and shake-up satellite intensity.36–38 The interaction
with Fe substrate leads to a binding-energy shift of C features
of about 0.2 eV to a lower binding energy and to a reduction of
Cb-Cp energy separation [from 1.38 (0.08) eV in 6 ML CoPc
to 1.01 (0.08) eV in ML CoPc). We also observed a reduced
intensity ratio of benzene/pyrrole features with respect to 3:1
as expected for the free molecule. The change in the relative in-
tensities indicates that benzene carbon atoms are more directly
affected by the interaction with the substrate. For the CoPc/Fe
interface, C 1s ionization produces satellite features which are
nearly constant in energy, but with enhanced intensity (vertical
dashed region). The increase in the intensity of shake-up
satellites in the C 1s XPS spectrum is interpreted as a bigger
intermolecular charge transfer mediated by the substrate.39

This produces an overall change in the C 1s line shape with the
onset of an asymmetric tail similar to the many-body excitation
spectrum of the metallic core level. The asymmetric tail is
characteristic for CoPc/Fe and is absent in the CoPc/Cu(111)
interface [see the bottom spectrum in Fig. 4(a)], where to the
contrary a reduction in the shake-up intensity is compatible
with a charge transfer from the substrate to the molecule.33

The two N sites of CoPc have binding energies that are not
resolved in the photoemission spectra. The N 1s core-level
spectrum of the CoPc multilayer [Fig. 3(b), top spectrum]
consists of a main feature and a faint high binding-energy
contribution (∼401 eV) attributed to shake-up satellites. Due
to the interaction with Fe substrate the N 1s feature [Fig. 2(b),
bottom spectrum] undergoes a shift of 0.3 (1) eV to a lower
binding energy and the line shape displays a further component
at a lower binding energy (398.5 eV).

The 3d band of the host central atom, Co, is split because of
the ligand field. In the case of the free-like CoPc molecule Co
is divalent (3d7) and the ligand field has D4h symmetry, with

174443-3



ANNESE, FUJII, VOBORNIK, PANACCIONE, AND ROSSI PHYSICAL REVIEW B 84, 174443 (2011)

288 286 284 282 404 402 400 398 396

Binding Energy (eV)

XPS

Cb

Cb

Cp

Cp

S
S

SS S

FIG. 4. (Color online) (a) C 1s and (b) N 1s core-level photo-
emission spectra of 1 ML and 6 ML CoPc film on iron measured
with a photon energy of 480 eV. The C 1s and N 1s core-level
photoemission spectra relative to 1 ML of CoPc on Cu(111) are
reported at the bottom of panels (a) and (b). The photoemission
spectra are aligned with respect to the Fermi edge. The intensity
of the spectra is normalized to a peak height of the most intense
component to highlight changes in the line shape. (a) C 1s XPS: Data
(dots) and peaks fit (solid line) are shown for 1 ML (middle) and 6
ML (top) CoPc film on iron. Five components with gaussian profile
are used in the curve fitting for C 1s spectra (dots) with a FWHM of
circa 0.5 eV. They accounts for two different C sites: Cb [dashed line
(green dashed line)] and Cp [horizontal line pattern (green horizontal
line pattern)] within CoPc and their shake-up satellites relative to Cb

[vertical line pattern (gray vertical line pattern)] and Cp [gray line
(green line)] respectively and a vibrational feature (black line) close
to Cb. The feature at low binding energy is subtracted from C 1s XPS
spectra of pristine iron film (blue line aligned with C 1s spectrum).

possible low or high spin configuration. Many experimental
and theoretical investigations predict a completely empty
3dx2−y2 orbital, but different half-filled orbitals: either 3dxy ,
3dxz,yz, or 3d3z2−r2 . The possible electronic configurations of
CoPc ground states were reduced to two, discernible as a
function of temperature, but equally describing room temper-
ature Co L2,3 XAS spectra of the CoPc multilayer.41 Recently,
XAS and XMCD experimental results and simulations at low
temperature provided the CoPc electronic structure without
ambiguity. Spin-orbit coupling mixes CoPc ground and excited
states, with a configuration (eg)3.8(b2g)2(a1g)1.2, inducing finite
in-plane orbital moment in the ground state.22,41

Co L2,3 XAS spectra probe the unoccupied s and d states
of the molecule as projected to the Co site. The spin-orbit cou-
pling of the 2p core hole of the excited state with j = 3/2 (L3)
and j = 1/2 (L2) appears in the XAS spectra as two main peaks
separated by ∼15 eV. Figures 5(a) and 5(b) report Co L2,3 XAS
spectra at selected incident angles, θ , for the CoPc multilayer
(T = 80 K) and monolayer (T = 300 K), respectively.

Co XAS is superimposed to a nonlinear background
originating from ejecting photoelectrons after excitation at
Fe edges and interacting in the surroundings of nonexcited

FIG. 5. (Color online) Co L2,3 XAS spectra are shown for CoPc
films: 6 ML (a) and 1 ML (b) grown on Fe(20 ML)/Cu(111) after Fe
background subtraction. The spectra were taken at different incident
angles θ between the polarization vector E and the normal to the
sample surface. Co L2,3 XAS spectra of 6 ML CoPc film on iron were
acquired at 80 K. All spectra were normalized to 1 at the high-energy
side. The same color code was used to denote the spectra measured
at the same incident angles (0◦, red; 45◦, black; 60◦, blue) in both
panels. The inset in (b) reports the row XAS data at the Co L2,3 edges
for 1 ML CoPc (circle) and iron film (line).

atoms [iron extended x-ray fine structure (EXAFS)]. Iron
contribution in the spectra is more evident in 1 ML CoPc,
where the amount of Co is 3% of the Fe atoms. Evidence
of Fe contribution is also in the XAS measurements on the
CoPc multilayer, but less intense. In the inset of Fig. 5(b)
the Co XAS data as measured for 1 ML CoPc on Fe (circle)
and for the Fe surface (line) are reported. We subtracted from
the spectrum of 1 ML CoPc on Fe that of the pristine iron
film to remove the iron contribution to Co L2,3 XAS. All the
measurements reported in Fig. 5 are obtained with the data
treatment explained above.

The spectrum relative to the multilayer shows several
spectral features: 773.5 (A), 775.7 (B), 777 (C), and
778.2 eV (D) consistent with the Co2+ valence state. Co L3

XAS spectral intensities vary as a function of the incident angle
and reveal the spatial distribution of unoccupied 3d orbitals,
which are expected to be out or within the molecular plane.
In the CoPc multilayer, the intensity of feature A increases
with the incident angle, whereas the opposite occurs for the
remaining features (B, C, and D). The linear dichroism of
feature A demonstrates that the corresponding 3d orbital
lies out of the molecular plane. Moreover, the line shape of
the spectrum with a large projection of E on the normal to
the surface (60◦) is similar to the CoPc multilayer on gold
measured at room temperature.40 Our results are compatible
with the electronic configuration proposed for CoPc in Refs. 22
and 40.
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The XAS spectral shape changes drastically for the
CoPc/Fe interface, as shown in Fig. 5(b). The peak D on the
high-energy side of the L3 edge has vanished, whereas feature
A is very much reduced with respect to the multilayer. The
Co L3 XAS spectra of the CoPc/Fe interface display intensity
evolution as a function of angle similar to that of 6 ML CoPc,
i.e., the spectral intensity relative to the out-of-plane molecular
component (A) of the 3d orbital increases with angle, whereas
it decreases for 3d orbitals (B,C) in the plane of the molecule.
Co XAS spectra relative to the CoPc/Fe interface indicates
that 3d orbitals are mainly oriented in plane. Similarly to
the CoPc/Au(111) interface the 3d electronic ground state
of CoPc is modified with respect to that of the multilayer and
possibly can be expressed as a superposition of the Co d7 and
d8 configurations.22

The change in Co 3d electronic distribution directly
influences the Co magnetic moment and therefore the magnetic
coupling with the substrate. Calculations predict a reduction
of the Co magnetic moment upon adsorption at Co(111) by
one-third20 and a null magnetic moment at the CoPc/Fe(110)
interface.24

We have measured XMCD spectra with circularly polarized
soft x rays at the L2,3 characteristic edges of Fe and Co
in order to detect independently the magnetic order of the
molecular film and substrate. XMCD exploits the differential
absorption when the alignment between magnetization and
photon helicity switches from parallel to antiparallel. The
XMCD signal reflects the spin and orbital moments of the
molecular central atom.27

For 20 ML Fe/Cu(111) the easy axis of magnetization is
pointing parallel to the surface, i.e., parallel to the molecular
plane of CoPc. XAS spectra recorded at Fe L2,3 with circularly
polarized light with photon helicity parallel and antiparallel to
the magnetization are reported in Fig. 6(a) and are indicated
as I+ and I−, respectively. The XMCD spectrum at the
L2,3 edges of Fe confirms the alignment of Fe spins along
the surface magnetization vector. The Fe XMCD asymmetry
defined as [I+ − I−]/[I+ + I−] is 18%. The field-dependent
Fe L3 XMCD intensity is reported at a fixed photon energy and
describes the Fe square hysteresis loop at room temperature
with a coercive field of 50 (0.5) Oersted.

In Fig. 6(c) we report Co XAS coefficients I+ and I−,
which are the difference spectra obtained by subtracting the
spectrum relative to the Fe surface to that of 1 ML CoPc.
The difference between row Co XAS spectra for parallel
and antiparallel orientation of the magnetization and the light
polarization does not give the Co XMCD signal, because the
superimposed iron EXAFS oscillations are also dichroic (the
EXAFS dichroic signal is one order of magnitude smaller than
that of the XAS Fe L2,3 edges42). Therefore, the Co XMCD
spectrum is obtained by subtracting difference spectra I− from
I+. The estimated error related to this data analysis is 50% of
the measured Co XMCD signal.

The XMCD spectrum shows dichroism both at the L3 and
L2 edges, with the same sign displayed by the iron film. This
indicates that CoPc is ferromagnetically coupled with the iron
film. The Co XMCD asymmetry is 3.6(±1.8)%.

The presence of XMCD in 1 ML CoPc on iron film
implies that modeling the CoPc adsorption on iron with the
full transfer of the dz2 electron and consequent loss of local

FIG. 6. (Color online) Fe L2,3 XAS spectra relative to the parallel
I+ (dots) and antiparallel I− (line) orientations of magnetization and
light polarization and XMCD (I+ − I−) spectra of iron film grown
on Cu(111). The scheme in panel (a) illustrates the experimental
geometry with a magnetic field applied along the sample surface. (b)
Element-specific hysteresis loop of ferromagnetic iron film obtained
by recording the intensity of the Fe L3 XMCD spectra as a function of
the applied magnetic field. (c) Co 2p-3d XAS spectra (I+ and I−) and
XMCD (I+ − I−) spectrum of CoPc (the spectra are reported after
Fe background subtraction). XMCD measurements were performed
at remanence, reversing the magnetization direction for each point of
the spectra. The measurements were performed at room temperature.

magnetic moment is not adequate. In a recent paper a density
functional theory (DFT) analysis showed how the interaction
of CoPc with the iron substrate hybridizes the dz2 electrons
that are lowered below the Fermi level. As a consequence
the d orbitals are partially distributed at Fermi level in a
spin selective way. Taking into account the van der Waals
interactions at the surface the overall spin polarization is
reduced.24 The XMCD result is compatible with some dxz

+ dyz spin polarization revealing that the situation may be
intermediate between the prediction of DFT and DFT +
vdW. Different conclusions were proposed by STM analysis
compared to those calculations. Here we can stress that XMCD
is a high-energy probe that operates a different projection of
the empty density of state on the Co site than probed by STM.
XMCD results point out that magnetism is indeed a relevant
aspect of the CoPc/iron system.

No XMCD was detected at the Co L2,3 edges for the
multilayer grown on iron. In 6 ML CoPc on iron, the
molecules have a molecular neighborhood, mainly charac-
terized by molecule/molecule interaction, and resemble the
free molecules which are paramagnetic. The null magnetic
response of 6 ML CoPc is compatible with a paramagnetic
behavior of molecules at remanence. Alternatively, it can also
be explained in terms of the antiferromagnetic interactions
among CoPc molecules, as observed in Ref. 43.

N atoms may have a role in the magnetic coupling
between CoPc and iron. The involvement of N atoms in the
magnetic coupling is predicted theoretically18 and verified
experimentally at the Alq/iron interface. The N magnetic
moment is one-tenth of that of Co and the magnitude of XMCD
at the K edge is much smaller than that at the L edge, making
XMCD measurements at the N edge challenging. We do not
observe an XMCD signal at the N K edge within our sensitivity
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at room temperature, so we cannot discuss the possible role of
N atoms in the coupling between molecule and substrate.

IV. CONCLUSIONS

In conclusion, this work demonstrates how specific
molecules and ferromagnetic substrates can realize efficient
spin coupling at an organic/ferromagnet hybrid interface even
at room temperature. A small but finite XMCD signal is
observed at the Co edge for the CoPc/Fe interface. The
possible contribution of N atoms in the magnetic coupling
is not detectable within our sensitivity. The onset of the
magnetic coupling at the molecule/ferromagnet interface
corresponds to relevant changes in the electronic properties of

CoPc molecules: (i) the strong modification of Co molecular
electronic distribution upon adsorption on iron; (ii) the direct
bonding between the N atoms and Fe atoms or the charge
transfer between Fe and N; and (iii) the modification of C
electronic structure consisting in the variation of binding-
energy separation of Cb and Cp atoms.
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