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In this article, we briefly summarize our results gained from recent density functional theory sim-
ulations aimed to investigate the interaction between organic materials containing π-electrons (i. e.,
several benzene-like molecules and graphene) with ferromagnetic surfaces. We show how the strong
hybridization between the pz-electrons that initially form the π molecular orbitals with the magnetic
d-states of the metal influences the spin polarization, the magnetic exchange coupling, and the mag-
netization direction at hybrid organic–ferromagnetic interface. From a practical perspective, these
properties play a very important role for device applications based on organic materials and magnetic
surfaces.
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1. Introduction

The target of molecular electronics [1] is to employ
organic molecules as functional units in electronic de-
vices, i. e., as molecular wires [2], diodes [3], molecu-
lar switches [4], and transistor-like devices [5]. In prac-
tice, these devices rely on the electron charge degree
of freedom by manipulating the electronic properties
of the hybrid molecule–substrate system. Furthermore,
the prospect of integrating the electron spin degree of
freedom into molecular-based electronic devices leads
to the emerging field of molecular spintronics [6].

An example of a molecular spintronic device is the
organic spin valve [7] that consists of a layered struc-
ture of two ferromagnetic electrodes separated by an
organic spacer used to magnetically decouple the two
electrodes. The high performance of such devices re-
lies on the spin injection into and the spin transport
throughout the organic material. Therefore, one of the
most important issues that must be addressed is the
efficiency of the spin injection and spin transport in
hybrid organic–magnetic systems [8, 9]. As a conse-

quence, it is crucial to understand the role of the inter-
face hybrid states in manipulating the magnetic prop-
erties at the interface and, in particular, to overcome
the spin-information loss in spintronic devices [10].
Within this context, the technological steps in future
molecular spintronics aim to

(i) implement specific spin-dependent functions
within single molecular building blocks and

(ii) use organic molecules to tune the magnetic prop-
erties of underlying magnetic substrates.

For example, it has been demonstrated that the
supramolecular spin-valve devices [11] can success-
fully incorporate the properties of the single molecule
magnets [12]. In addition, recent studies showed that
the adsorption of magnetic or non-magnetic organic
materials onto a magnetic surface could be used to
manipulate the spin-filter properties of the hybrid
organic–metal interface [13 – 15]. Moreover, the flat
adsorption of organic molecules based on phenalenyl-
type radicals onto ferromagnetic metals modifies the
magnetic exchange couplings between the surface
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magnetic atoms and proved to be a viable approach
in constructing building blocks for future molecular-
scale quantum spin memory devices and proces-
sors [6].

To summarize, the success of future molecular spin-
tronics devices relies on two important parameters that
determine the performance of such devices:

(i) the spin-dependent electronic structure responsi-
ble for the injected spin polarized current from the
hybrid interface and

(ii) the change of the magnetic properties of the sur-
face metal atoms (i. e., magnetic exchange inter-
action and the spatial direction of the magnetic
moments) due to their interaction with the organic
material.

However, although significant advances have been
reported in the recent years in the field of molecu-
lar spintronics, fundamental theoretical studies are still
necessary to achieve a basic understanding on how to
design and control the spin-based molecular electronic
devices. In particular, in this short review we will ana-
lyze how to control the magnetic properties of hybrid
organic–magnetic interfaces by manipulating the inter-
action between the π-conjugated organic materials and
the magnetic surfaces.

Fig. 1. A general scheme illustrating the energy level alignment as a result of the interaction between an organic molecule with
a metallic surface. (a) The physisorption bonding mechanism characterizes a week molecule–metal interaction and leads to
a renormalization of the HOMO–LUMO gap in molecule due to polarization effects [16, 17]. (b) The chemisorption bonding
mechanism is the consequence of a strong molecule–metal interaction when the atomic type orbitals that initially form the
molecular orbitals hybridize with the metallic bands leading to bonding and antibonding hybrid bands with mixed molecular–
metal character.

1.1. Physisorption and Chemisorption Bonding
Mechanisms

Ideally, the adsorption of a molecule onto a metal
surface could be described by two bonding mecha-
nisms:

(i) physisorption or
(ii) chemisorption.

A general scheme illustrating basic aspects displayed
by the two physisorption and chemisorption bonding
mechanisms is depicted in Figure 1. However, in real
molecular–metal systems these two processes can co-
exist. As a consequence, for some specific combined
molecule–metal systems the bonding mechanism is
mostly dominated by physisorption while in other
hybrid molecular–metallic systems the chemisorp-
tion bonding mechanism is predominant. Furthermore,
a charge transfer between the molecule and the surface
can take place that leads to an additional electrostatic
component of the binding in the case of physisorption
or a strong polar covalent character of the binding in
the case of chemisorption.

The strength of the molecule–surface interaction
is quantitatively described by the adsorption energy
Eads. This is defined as Eads = Esystem − (Esurface +
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Emolecule), where Esystem is the total energy of the
molecule–surface system while Esurface and Emolecule
denote the total energy of the clean surface and that
of the molecule in the gas phase, respectively.

Overall, both physisorption and chemisorption type
interactions lead to changes of molecule and metal
electronic structures due to their mutual interaction.
As a general characteristic, the physisorption bonding
mechanism is driven by the long-range attractive van
der Waals (vdW) forces [18] and does not lead to a sig-
nificant change of the gas-phase electronic structure of
the molecule and the surface (see Fig. 1a). In this case,
the molecular orbitals (MOs) represent still a mean-
ingful concept and can be safely used to describe the
electronic structure of the molecule. Nevertheless, it is
important to note that the physisorption process leads
to a renormalization of the highest occupied molecular
orbital (HOMO)-lowest unoccupied molecilar orbital
(LUMO) gap due to molecule–surface image poten-
tial interaction [16, 17]. The weak molecule–surface
interaction responsible for physisorption is character-
ized by a small adsorption energy with an upper value
of ∼ 0.1 eV and a molecule–substrate distance larger
than 3 Å [18].

Fig. 2 (colour online). The spin-resolved projected local density of states (PDOS) of the C6X6 (X=H,F) molecules adsorbed
on the 2ML Fe/W(110) ferromagnetic surface shows broad molecular–metallic states due to the hybridization between the
atomic type orbitals that initially form the molecular orbitals with the ferromagnetic metallic bands. The black arrows indicate
the spin-up and spin-down channels. A top view of the adsorption geometry for each molecule is shown in the right side of the
figure (color of the atoms C-gray, H-dark gray, F-green and Fe-red). Note that a strong hybridization occurs mostly between
the out-of-plane orbitals (i. e., pz of C and Fe d-orbitals with a z-component as dz2 , dxz, and dyz) while the in-plane orbitals
are weakly interacting (i. e., s, px py of C and Fe d-orbitals as dx2−y2 and dxy). The DOS of both adsorbed molecules shows
an energy-dependent spin polarization implying that in a specific energy interval the number of spin-up and spin-down states
is different and, as a consequence, the molecule has a net magnetization density that can be measured as a spin-contrast in
SP-STM experiments [13, 14]. Reprinted with permission from [34]. Copyright 2011 IOP Publishing Ltd.

The chemisorption bonding mechanism leads to the
creation of a new quantum mechanical system as a re-
sult of the strong hybridization between the atomic
type orbitals that initially form the molecular orbitals
with the metallic states. From this perspective, the hy-
bridization implies the formation of bonding and an-
tibonding electronic states as a linear combination of
atomic orbitals similar to the molecular orbitals as de-
scribed by the molecular orbital theory [19].

These new bonding and antibonding hybrid bands
(see Fig. 1b) have a mixed molecular–metal character
and some of them do not resemble any of the states
of the separated molecule and substrate [13, 20, 21].
The strong molecule–surface interaction that leads to
chemisorption is characterized by a large adsorption
energy with a lower value of∼ 0.5 eV and a molecule–
substrate distance below 2.5 Å [22].

1.2. Theoretical Tools

Nowadays, one of the most used theoretical instru-
ments employed to study the geometrical, electronic,
and magnetic properties of materials containing hun-
dreds and even thousands atoms is the density func-
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Fig. 3 (colour online). The spin-resolved local projected den-
sity of states (PDOS) of an Fe atom of the clean surface (up-
per panel), an Fe atom below a C–C bond (lower panel) of
the C6H6 molecule indicates that the majority of electrons
are in the spin-up channel while the minority electrons are
in the spin-down channel [14, 34]. The black arrows indicate
the spin-up and spin-down channels. Reprinted with permis-
sion from [34]. Copyright 2011 IOP Publishing Ltd.

tional theory (DFT) [23]. Although this theoretical ap-
proach is, in principle, exact for the ground-state prop-
erties of any system, in practical simulations the DFT
accuracy strongly depends on the approximation used
to describe the exchange-correlation functional (i. e.
local density approximation (LDA) [24], generalized
gradient approximation (GGA) [25], and van der Waals
density functional (vdW-DF) [26]).

At this point we note that the structures of the
chemisorbed molecular systems are in general cor-
rectly described by the GGA type functionals, although
the calculated adsorption energies might not be always
chemically accurate [27, 28].

Nevertheless, for the physisorbed molecular sys-
tems the semi-local GGA type exchange-correlation
functionals have a significant limitation since they can-
not describe the long-ranged attractive van der Waals
(vdW) interactions such that even the geometry of
vdW-bonded systems is not correctly reproduced [18,
26]. A simple way to include the vdW effects in DFT
is to use a combination of GGA and a semi-empirical
vdW approach [29] while another way to incorporate
the dispersion interactions in DFT is to employ a func-
tional that explicitly includes the non-local correla-
tion effects [26]. Each of these possibilities to account
for the missing vdW interaction has its advantages or
disadvantages [18, 29, 30] and by using both of these

methods we can achieve thorough understanding of the
hybrid organic material–metal system [31, 32].

1.3. Organic Materials Adsorbed on Ferromagnetic
Surfaces

In Section 1.1 we shortly stated that a weak in-
teraction between the molecule and the surface leads
to a physisorption while the chemisorption implies
a strong interaction that gives rise to a new hybrid
material with both organic and metallic characteris-
tics. Due to the hybridization effects, the electronic
and magnetic properties of the hybrid organo–metallic
system will differ in most cases from those of the
separated parts, i. e., organic material and metal sur-
face. Depending on the metal reactivity, in some com-
bined molecule–metal systems the bonding mecha-
nism is governed by physisorption while for other hy-
brid molecular–metallic systems the binding is driven
by chemisorption [33]. Interestingly, for organic mate-
rials with a large spatial extend as graphene nanoflakes
adsorbed on the Ir(111) and Co/Ir(111) surfaces, the
physisorption and chemisorption processes can be
present independently in different regions within the
same organic–metal system [15, 32]. Even more, in
both physisorption and chemisorption bonding mech-
anisms an additional charge transfer between organic
material and metal surface can take place that further
leads to an electrostatic component in the binding for
the physisorption or strong polar covalent type bonds
in the case of chemisorption [13, 15].

In the next paragraphs, we will summarize several
recent studies performed in our group that demonstrate
how by adsorbing π-conjugated organic materials onto
ferromagnetic metal surfaces, the magnetic properties
of the hybrid organic–metallic system can be specif-
ically tuned by the strength of the organic material–
metal interaction. This can be achieved by

(i) chemically functionalizing the adsorbed organic
molecules or

(ii) an appropriate choice of the metal substrate and
(iii) in the case of extended systems as graphene by

modulating the specific organic–surface interac-
tion using the lattice mismatch of the layered ma-
terials.

As a first example, we consider the adsorption of
the hydrogenated and fluorinated benzene molecules
( C6X6, X=H, F) onto a ferromagnetic surface contain-
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Fig. 4. Cartoon illustrating the interaction between non-magnetic organic molecules and ferromagnetic surfaces. (a) Schematic
drawings of the molecular orbitals (upper panel) and d-states of the ferromagnetic substrate (lower panel). The small black
arrows indicate the spin-up and spin-down channels. The spin-dependent hybridization leads to the formation of bonding
hybrid molecular–metallic states that appear at low energies well below the Fermi level in both spin-up and spin-down
channels. The antibonding hybrid molecular-metallic states are located in an energy window around the Fermi energy for the
spin-up channel and above the Fermi energy for the spin-down channel. Most of the hybrid antibonding bands are situated
below the Fermi energy for the C6H6 molecule (b) (see also the spin-up states in the upper panel of Fig. 2) while for the
C6F6 molecule (c) most of these antibonding bands are shifted just above the Fermi energy (see also the spin-up states in the
lower panel of Fig. 2).

ing two monolayers of iron on W(110) that we will fur-
ther denote as 2ML Fe/W(110). The energetic position
of the σ - and π-orbitals in the molecules can be manip-
ulated by a substitution of the hydrogen in the benzene
molecule with more electronegative atoms as fluorine
that has a strong electron withdrawing effect. In molec-
ular electronics and spintronics this process that is of-
ten referred as chemical functionalization [34, 35].

One of the most important consequences of the
chemical functionalization is that the molecule–
surface binding strength can be finely adjusted [31, 34]
due to the different hybridization of the atomic type
orbitals that initially form the σ - and π-molecular
orbitals with the d-states of the metallic surface.
More specifically, in the case of the fluorinated ben-
zene ( C6F6) the π-conjugation is decreased with re-
spect to the hydrogenated molecule ( C6H6), which
in turn leads to a weaker molecule–surface interac-
tion. Indeed, the adsorption energy of the C6F6 onto
the ferromagnetic 2ML Fe/W(110) substrate amounts
to 0.362 eV while the benzene ( C6H6) binds more
strongly to this metallic surface with an adsorption en-
ergy of 0.978 eV.

A detailed picture of the binding mechanism occur-
ring between the C6H6 and C6F6 with the ferromag-

netic surface can be inferred from the analysis of the
spin-resolved projected local density of states (PDOS)
for our hybrid molecular–metallic systems shown in
Figures 2 and 3. A very important aspect that we
would like to emphasize is that upon adsorption a spin-
dependent hybridization will occur mostly between
the pz-atomic type orbitals that originally form the π-
molecular orbitals and the out-of-plane d-states (i. e.,
the dxz, dyz, dZ2 orbitals containing z-component) of
the ferromagnetic iron atoms. As schematically shown
in Figure 1b this hybridization leads to the forma-
tion of new molecule–metal hybrid bands with bond-
ing and antibonding character specific for each spin-
channel [13, 14].

As depicted in Figure 2, in the spin-up channel hy-
brid organic–metallic bonding states are situated at
low energies while the antibonding combinations of
the molecule–surface orbitals appear in an energy win-
dow situated around the Fermi energy. More precisely,
few of these antibonding combinations are occupied
and situated below Fermi energy, while some other an-
tibonding combinations are unoccupied and situated
above the Fermi energy. We note also that at clean
metal sites the states with large weight around the
Fermi level are present only in the spin-down chan-
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nel. Furthermore, Figure 3 shows that as a result of the
strong hybridization between the Fe with the C atoms,
the shapes of the out-of-plane d-states are changed
with respect to those of the clean surface Fe atoms.
In addition, the magnetic moments of the iron atoms
(e. g. +2.47µB) binding directly to the carbon atoms
are decreased as compared to the clean surface mag-
netic atoms (e. g. +2.82µB) [14, 34].

A very important feature is that upon adsorption
on the ferromagnetic 2ML Fe/W(110) the benzene
(hydrogenated) molecule acquires a very small mag-
netic moment (e. g. −0.076µB) that practically can
be neglected. In contrast, the adsorbed fluorinated
benzene molecule has a quite large magnetic moment
(e. g. −0.278µB) oriented antiferromagnetically with
respect to the iron substrate. It is interesting to note
that the magnetic moment induced in the π-type
orbitals at the molecule site correlates with the
electron affinity of the substituent, i. e., by increasing
the substituent electronegativity when going from
hydrogen to an iron atom the molecular magnetic
moment also increases. An additional observation is
that for the benzene molecule the hybrid antibonding

Fig. 5 (colour online). (a) Simulated spin polarization above the C6X6 (X=H,F) molecule adsorbed on the 2ML Fe/W(110)
surface for energy intervals below (occupied, [EF −0.3]eV) and above (unoccupied, [EF +0.3]eV) the Fermi level. Interest-
ingly, an inversion of the spin polarization with respect to the ferromagnetic substrate for energy intervals below and above
the Fermi energy is present in the case of adsorbed C6H6 molecule. The adsorbed C6F6 molecule shows an inversion of
the spin polarization with respect to the ferromagnetic substrate only for energy intervals above the Fermi level and pre-
serves the spin polarization of the iron ferromagnetic surface for energy intervals below the Fermi level. (b) A spin-polarized
scanning tunneling microscopy (SP-STM) overview image (upper panel) of a multidomain (blue/yellow) 2ML Fe/W(110)
ferromagnetic surface containing phthalocynanine ( H2Pc) molecules (lower panel). The high-resolution SP-STM images for
both spin-up and spin-down channels and the local spin polarization for an adsorbed H2Pc molecule. Note that the molecule
shows a high, locally varying spin polarization ranging from attenuation to inversion with respect to the ferromagnetic Fe
film. (a) Reprinted with permission from [34]. Copyright 2011 IOP Publishing Ltd. (b) Reprinted with permission from [14].
Copyright 2010 IOP Publishing Ltd.

states are located mostly below the Fermi level, while
for the fluorinated benzene these antibonding orbitals
are emptied, i. e., most of them are pushed above the
Fermi energy (see Fig. 2 and also the schematic views
presented in Fig. 4).

The mechanism explaining the spin-dependent hy-
bridization occurring at the organic–ferromagnetic in-
terface is conceptually similar to the pz–d Zener
exchange mechanism [36] and is schematically de-
picted in Figure 4 for both C6H6 and C6F6 molecule–
magnetic metal systems. At this point we would like
to remind the generality of such Zener-type exchange
mechanisms that are successfully employed to describe
the interaction of π-conjugated organic molecules with
ferromagnetic atoms as lanthanides which electronic
structure resembles a π– f Zener exchange mecha-
nism [37, 38].

1.4. Spin Polarization Above the Hybrid
Organic–Ferromagnetic Interface

As already discussed above in Figure 2 and
schematically shown in Figure 4, the spin-resolved
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PDOS of the adsorbed benzene and fluorinated ben-
zene molecules reveals a very fascinating feature: the
energy dependent spin polarization1. This implies that
for a specific energy interval the number of spin-up and
spin-down states is unbalanced. As a consequence, for
that specific energetic interval the molecule has a net
magnetization density delocalized over the molecular
plane.

In the case of the adsorbed benzene molecule
onto the 2ML Fe/W(110) surface, for energy intervals
around the Fermi level, the spin-up states have a large
weight at the molecular site, while on the clean fer-
romagnetic surface the spin-down states are predomi-
nant. Therefore, with respect to the ferromagnetic sur-
face an inversion of the spin polarization take place
at the molecular site for energy intervals below and
above the Fermi level [13, 14]. Interestingly, this is
not the case for the adsorbed fluorinated molecule
where the spin polarization below the Fermi level is
the same as on the ferromagnetic substrate while the
inversion of the spin polarization occurs only for en-

1Note that the spin polarization is defined as n⇑−n⇓)/(n⇑+n⇓),
where the n⇑ and n⇓ represent the spin-up and spin-down charges
integrated over a specific energy interval.

Fig. 6 (colour online). (a) Scanning tunneling microscopy (STM) topography image of a graphene layer adsorbed on the
Co/Ir(111) ferromagnetic surface. A strong hybridization (chemisorption) between the pz atomic orbitals of C and the d-
states of Co occurs at the fcc and hcp sites which appear darker in the experimental image. The top sites that appear brighter
in the STM image weakly interact (physisorption) with the Co/Ir(111) surface. (b) The experimental and (c) the simulated
spin polarization of the region shown in (a) reveals the inversion of the spin polarization between the top sites and fcc/hcp
sites. Note that the strongly interacting fcc and hcp sites show also an inversion of the spin polarization with respect to the
ferromagnetic Co/Ir(111) surface, while the weakly interacting top sites preserve the spin polarization of the magnetic surface
underneath graphene. Interestingly, the panels (b) and (c) define a magnetic Moiré pattern of the graphene/Co/Ir(111) system
for an applied bias voltage of −1.0 V. Reprinted with permission from [15]. Copyright 2013 IOP Publishing Ltd.

ergy intervals above the Fermi energy [13]. These
aspects are clearly visualized in Figure 5a, which
presents the simulated spin polarization maps 3.0 Å
above the molecular site for the energy intervals below
([−0.3,0.0]eV) and above ([0.0,+0.3]eV) the Fermi
level.

Furthermore, our density functional theory investi-
gations showed that by an appropriate chemical func-
tionalization of organic molecules adsorbed onto a fer-
romagnetic surface, we can

(i) induce a magnetic molecule at the molecular site
and

(ii) tailor the spin-unbalanced electronic structure
above the adsorbed molecules.

Besides this, our theoretical simulations indicate the
importance of interface hybrid organic–metallic states
rather than the molecular magnetic moment on the spin
polarization.

The validity of the theory driven concepts was
demonstrated by performing spin-polarized scanning
tunneling microscopy (SP-STM) experiments [39,
40] on the phthalocyanine ( H2Pc) [14] and Co-
phthalocyanine molecules (CoPc) [13] adsorbed onto
the 2ML Fe/W(110) substrate. These SP-STM mea-
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surements can directly detect with high sensitiv-
ity and submolecular resolution the spin polarization
above the magnetic hybrid molecular–metallic sys-
tems. In Figure 5b, we present the experimental spin-
dependent height maps from which we can directly de-
duce the spin polarization above the adsorbed H2Pc
molecules and ferromagnetic iron layers in a given en-
ergy interval. Although the H2Pc adsorbs in different
orientations, it can be easily seen that above all the
molecular sites an inversion of the spin polarization oc-
curs with respect to the clean ferromagnetic iron layer
surrounding the molecule [14].

Interestingly, the inversion of the spin polarization
above organic materials with respect to the ferromag-
netic substrate underneath has been observed for other
organic materials as graphene when it adsorbs onto
ferromagnetic surfaces. In particular, our recent ex-
perimental and theoretical investigations of graphene
adsorbed on the ferromagnetic monolayer Co/Ir(111)
substrate showed the presence of a Moiré pattern (see
Fig. 6a) which arises due to the site-dependent strong
chemisorption or physisorption type interactions. As
depicted in Figure 6a, depending on the specific po-
sition of the substrate metallic atoms with respect to
the carbon atoms, some graphene regions are called
“fcc” and “hcp” sites while other regions are referred
as “top” sites (see definition in [15, 33]). Character-
istic for the graphene/Co/Ir(111) system is that at the
fcc and hcp sites a strong hybridization (chemisorp-
tion) between the out-of-plane orbitals of carbon and
metallic states take place, while at the top sites only
a weak van der Waals (physisorption) type interaction
occurs.

The different nature of the bonding mechanisms
(i. e. chemisorption or physisorption) at the spe-
cific fcc, hcp, and top sites of graphene adsorbed
onto the ferromagnetic Co/Ir(111) substrate influences
strongly the effective local spin polarization. At the
chemisorbed fcc and hcp sites the spin polarization is
inverted with respect to the ferromagnetic cobalt layer.
On the contrary, the physisorbed top sites preserve the
spin polarization of the magnetic surface underneath
graphene due to a π–d spin-unbalanced interaction oc-
curring between the graphene π-orbitals and the ferro-
magnetic d-states of the metal (see Fig. 6b and Fig. 6c).
To conclude this section, we have presented how the
understanding of the spin polarization above hybrid
molecular–ferromagnetic metal systems can be used to
gain knowledge about more complex hybrid organic

materials as graphene adsorbed onto a ferromagnetic
substrate.

1.5. Magnetic Hardening at the Hybrid
Organic–Ferromagnetic Interface

In practical applications based on molecular spin-
tronic devices, the spin polarization discussed in the
previous section determines the efficiency of the spin
polarized current injected from the hybrid interface.
Nevertheless, another challenging issue that has to be
solved is how the magnetic properties of the underly-
ing metal atoms like magnetic exchange couplings and
magnetization direction (spin–orbit interactions) can
be specifically modified due to their interaction with
organic materials.

We recently addressed this question by performing
concept theoretical studies of adsorbed π-conjugated
biplanar organic molecules onto ferromagnetic sur-
faces [6, 41]. As an instructive example, in the fol-
lowing we will shortly discuss the interaction between
the paracyclophane (PCP) molecule with a ferromag-
netic monolayer of iron on a W(110) substrate. The

Fig. 7 (colour online). (a) Ground-state adsorption geome-
try of the paracyclophane (PCP) molecule adsorbed on the
Fe/W(110) surface. (b) Top view of four Fe atoms that hy-
bridize with the lower ring of the PCP molecule. The Fe1 is
directly below a carbon atom while the Fe2 is under a C–C
bond. This leads to a slightly different Fe–C interaction re-
flected by slightly different magnetic moments for the Fe1
and Fe2 atoms as well as magnetic exchange constants J de-
scribing the Fe–Fe magnetic interactions. The magnetic mo-
ment of the clean Fe surface atom is also specified. Reprinted
with permission from [41]. Copyright 2011 IOP Publishing
Ltd.
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Fig. 8 (colour online). Projected density of states (DOS) at the molecular site expressed in terms of the σ (s + px + py) and
π (pz) type molecular-like orbitals of the lower (a) and the upper (b) ring of the PCP molecule in its ground-state on the
Fe/W(110) surface. The lower ring binds to the substrate by chemical bonds and in consequence broad spin-polarized hybrid
molecule–surface bands are formed. In contrast, the PDOS for the upper ring shows distinct sharp spin-split molecular-like
features. Importantly, the spin degeneracy of the PCP molecular orbitals in gas phase is lifted due to the interaction with the
magnetic surface leading to an exchange splitting of 65 meV for the occupied PDOS features at −2.5 eV (P1 peak), 57 meV
for the occupied P2 peak, and an exchange splitting of 88 meV for the unoccupied P3 one at 2.5 eV. Reprinted with permission
from [41]. Copyright 2011 IOP Publishing Ltd.

choice of the PCP molecule is motivated by its molec-
ular structure: it consists of two benzene-like rings
that form a columnar π-conjugated electronic structure
connected by two pairs of two sp3 hybridized carbon
atoms.

Our simulations showed that the molecule
chemisorbs with a 6π-aromatic benzene-like ring
(hereafter denoted as the lower ring) onto the ferro-
magnetic iron surface, while the other 6π-aromatic
benzene-like ring (hereafter denoted as the upper ring)
points towards the vacuum interface (see Fig. 7a).

Due to its specific columnar structure, the molecule–
substrate interaction leads to hybrid electronic states
with very different character at each benzene-like ring.
The lower ring shows broad hybrid molecular–metallic
bands (see Fig. 8a) due to a strong hybridization be-
tween the orbitals of carbon and iron atoms. On the
contrary, the upper ring exhibits sharp hybrid elec-
tronic states (see Fig. 8b) that were previously known
for physisorbed molecules only [6]. We note that
sharp spin-split molecular-like electronic features at

the molecular site of the upper ring are required for
obtaining well-defined spin-filter functionalities [42].

Since the lower ring strongly chemisorbs on four
iron atoms (see Fig. 7), we have also calculated sev-
eral magnetic configurations for which all or some iron
atoms underneath the molecule are oriented antiferro-
magnetically with respect to the clean surface ferro-
magnetic atoms. By using the differences in the total
energies of these magnetic configurations and by ap-
plying a Heisenberg model, we evaluated the magnetic
exchange constants J describing the coupling strength
of the iron–iron magnetic interactions.

One of the most important result of our calcu-
lations is that J1 (15.65 meV) describing the mag-
netic exchange interactions between the iron atoms
below the PCP molecule is drastically increased as
compared to that of the clean iron surface atoms
JS (5.42 meV). Therefore, the PCP molecule together
with hybridized iron atoms below can be considered
as a local molecular-based magnetic unit embedded
within the ferromagnetic substrate. Note also that J2
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(5.84 meV) and J3 (5.17 meV) between the iron atoms
forming the local magnetic molecular unit and the
neighboring clean iron surface atoms are slightly larger
and slightly smaller than JS (5.42 meV). Furthermore,
by including the spin–orbit coupling into the calcula-
tions, our study demonstrated that the local molecular-
based magnetic unit has a more stable magnetization
direction as compared to the one of the iron atom of
the clean surface.

Therefore,

(i) the large increase of the magnetic exchange in-
teraction between the magnetic atoms binding di-
rectly to the PCP molecule and

(ii) the magnetization direction stabilization of the
molecular-based magnetic unit lead to an en-
hanced barrier for the magnetization switching
with respect to the clean iron surface and conse-
quently a magnetic hardening effect [41].

At this point, we mention that the interaction between
phenalenyl derivatives with cobalt ferromagnetic sur-
faces leads to a strong decoupling (magnetic softening)
of the local molecular-based magnetic unit from its sur-
rounding magnetic electrode. The magnetic softening
effect has been successfully implemented in molecular
spintronic devices [6].

2. Conclusions

In this article, we presented an overview of mag-
netic effects arising at hybrid interfaces when organic
materials containing π-electrons interact with ferro-
magnetic surfaces. Our theoretical studies showed that
the density functional theory provides a framework
with predictive power where a realistic understanding
of these organic–metallic hybrid systems can be ex-
pected. Beside this, our studies demonstrated the de-
cisive role played by the van der Waals forces in cor-
rectly describing the interaction between π-conjugated
organic materials and magnetic surfaces. Furthermore,
we showed how the strong hybridization between the
magnetic d-states of the metal with the pz-electrons
that initially form the π-orbitals in organic materi-
als influences the spin polarization, the magnetic ex-
change coupling, and the magnetization direction at
hybrid organic–ferromagnetic interfaces. In particu-
lar, we shortly reviewed how a detailed understanding
gained through theoretical simulations allows us to tai-
lor the magnetic properties of hybrid interfaces. This
knowledge can be of technological interest and used
to design future spintronic devices based on organic
molecules.
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